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ABSTRACT

Monkey fibroblasts maintained in culture regulate their levels of intracellular
protein throughout the growth cycle by means of variations in the rate of protein
biosynthesis. Cytoplasmic mRNA in stationary phase cells was compared to that
in exponential phase cells. In stationary phase cells 56% of the cytoplasmic
polyadenylated RNA was found in the 40-90S postpolysomal region of sucrose
sedimentation gradients, while only 23% was found in this region in exponential
phase cells. Analysis of electron micrographs of sectioned exponential and
stationary phase cells revealed that this shift in polyadenylated RNA location is
accompanied by a loss of polysome-like aggregates of ribosomes. Most if not all
of this species of postpolysomal polyadenylated RNA is not being translated by
single ribosomes since no detectable amounts of nascent peptide were present in
this region. This nonpolysomal polyadenylated RNA is comparable in size to
polysomal polyadenylated RNA. The length of the 3’-poly(A) tract was also
comparable for these two species. The extent of capping of poly(A)-containing
molecules was also comparable for these two species. The template activity of
nonpolysomal RNA in a wheat germ extract was comparable to that of polysomal
RNA. The peptides produced by these two preparations were of a similar large
size. Furthermore, most of the nonpolysomal polyadenylated RNA of stationary
phase cells was driven into polysomes in the presence of a low dose of
cycloheximide. Therefore, we conclude that the untranslated mRNA that accu-
mulates in stationary phase cells is structurally intact, is fully capable of being
translated, and is not being translated due to the operation of a translational
initiation block.

division (growing or the exponential phase), and
the state of slow cell division (resting or the
stationary phase). Thus, their growth characteris-
tics are analogous to those of certain cell types

density dependent growth
in vitro translation

Certain cultured cell types are subject to density-
dependent regulation of cell division (48). During
a growth cycle, as these cells attain a characteristic
high cell density (cell/cm?), they begin to divide
much more slowly. These cells thus can exist in
two interchangeable states: the state of rapid cell
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within the animal body, for example, hepatocytes,
fibroblasts, and kidney cells (7, 11, 19, 39), which
can also experience states of slow division or of
rapid division depending upon their circum-
stances.

In cultured animal cells it has been shown that,
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as the rate of cell division declines, there is a
significant decrease in the rate of ribosomal RNA
synthesis (12) and an increase in the rate of
ribosomal RNA degradation (12, 37, 66). There
is also a decrease in the ribosome content in the
cell (3, 15, 41), as well as a decrease in the
relative specific activity of elongation factor I and
several amino acyl-tRNA synthetases (15). In
other words, at a time when the rate of cellular
protein synthesis is decreasing, there is a general
stepdown of the protein synthetic machinery. Fur-
thermore, the proportion of ribosomes that are
not engaged in protein synthesis is increased (15,
36, 37, 49, 50, 59), and also cytoplasmic polya-
denylated RNA is accumulated in the nonpoly-
somal fraction of stationary phase cells (2, 41, 49,
50). These nonpolysomal polyadenylated RNA
species and nontranslating ribosomes can be
driven into the polysomal fraction in the presence
of a low dose of cycloheximide (2, 16, 58). Thus,
the accumulation of ribosomes and polyadenyla-
ted RNA in the nonpolysomal fraction has led to
the postulation that the decline of protein synthe-
sis in resting cells is due to a translational block
(59).

However, a divergent conclusion has been
reached from experiments with cells resting in
growth-limiting concentrations of serum. Under
this condition, it was found that most if not all of
the cytoplasmic polyadenylated RNA and ribo-
somes are engaged in translation (25, 38), allow-
ing the conclusion that the extent of translation in
resting cells is regulated by the amount of cyto-
plasmic mRNA.

In this study, we have grown Vero cells with
daily medium change. The cells became stationary
at a high density with minimal depletion of essen-
tial growth~promoting components in a condition
more closely analogous to that in living tissues
(31). We then asked whether the decrease in
protein synthesis observed as cells enter the sta-
tionary phase is due to a decrease in the amount
or the extent of utilization of mRNA. Since we
found both, we asked further whether the nonpol-
ysomal mRNA differed from the polysomal
mRNA in structure or function.

MATERIALS AND METHODS

Cell Growth

Vero cells were purchased from American Type Cul-
ture Collection. They were grown in Dulbecco’s modi-
fied Eagle’s medium (DME) (Gibco, Grand Island

Biological Co., Grand Island, N. Y.) plus 10% (vol/vol)
calf serum (Flow Laboratory, Rockville, Md.) at 37°C in
the presence of 5% CO, and 100% humidity. When
exponential phase cells and stationary phase cells were
compared, the cells were plated at a density of 1 x 10*
cells/em? and the growth medium was replaced daily. 3-
4-day cultures at a density of 5-10 x 10* cells/cm?® were
used as exponential phase cells. 10-11-day cultures were
used as stationary phase cells. These cells had reached
the saturation density of ~1 x 10% cells/cm?® by day 8 or
9.

Radioactive Labeling

When cells were pulse labeled with [*S]methionine
{Amersham Corp., Arlington Heights, Ill.; 1,000C¥
mmol}, unlabeled methionine was deleted from the
DME, although trace amounts were provided by un-
dialysed calf serum. To label the nascent peptide
chain, regular growth medium was removed and pre-
warmed medium containing {**S}methionine at 50 uCi/
ml was added. Cells were incubated at 37°C for 2.5 min.
At the end of this time, the monolayers were washed
twice with ice-cold phosphate-buffered saline (150 mM
NaCl, 4 mM KCl, and 9.5 mM phosphate, pH 7.2) and
processed immediately for sucrose gradient analysis. The
trichloroacetic acid-precipitable radioactivity in each
fraction was determined by scintillation counting.

When cells were labeled with ¥PO, (New England
Nuclear, Boston, Mass.; carrier free), the concentration
of orthophosphate in the growth medium was reduced to
1/100 of the regular level. Cells were grown in the
presence of ¥POy at 50 uCifml for 24 h. Under this
condition, no reduction in the amount of polysomes was
detected as compared to cells grown in the absence of
32PQ;,, although the generation time of growing cells was
slightly increased (30 h as compared to 22-24 h).

Cell Fractionation

Monolayers were washed twice with ice-~cold phos-
phate-buffered saline. Hypotonic lysis buffer (15 mM
NaCl, 15 mM Tris-HCl, pH 8.3, and 16.5 mM MgCl,
with 0.2% (vol/vol) diethylpyrocarbonate added imme-
diately before use) was added. Cells were removed from
plastic dishes with a rubber scraper, and the plasma
membrane was disrupted in a stainless-steel piston ho-
mogenizer (clearance 0.015 inch). After nuclei and cell
debris were centrifuged into a pellet at 1,000 g for 7
min, the supernate was adjusted with 10% (vol/vol) NP-
40 (Shell Chemical Co., Chicago, Il1.) to 0.5%. The
final volume of cell extract was 1.5-fold that of the lysis
buffer applied. The entire operation was carried out at
4°C. Sucrose gradients of 15-50% (wt/vol) with a su-
crose cushion of Y2s of the volume of 70% (wt/vol)
were routinely used to separate ribosome subunits and
monosomes from polysomes. All sucrose solutions were
made in 10 mM NaCl, 10 mM Tris-HCI, pH 8.3, 10
mM MgCl,, saturated with diethyl pyrocarbonate, The
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optical profile of each gradient was monitored with an
ISCO UV-flow analyser. (ISCO, Lincoln, Neb.).

RNA Preparation

Whole cytoplasmic RNA was extracted from cytoplas-
mic extracts with phenolchloroform-isoamyl alcohol
(50:48:2) in the presence of 0.1 M NaCl, 0.5% sodium
dodecyl sulfate (SDS), 15 mM EDTA, and 10 mM Tris-
HCI, pH 7.6, and precipitated twice in 2.5 vol of
absolute ethanol at —20°C for 15 h each. It was then
dissolved in a small amount of autoclaved water and
dried by lyophilization.

Nonpolysomal and polysomal RNA, extracted from
material sedimenting at 40-90S and >90S, respectively,
were prepared from the appropriate sucrose gradient
fractions. Fractions were collected into tubes containing
a sufficient amount of 10% (wt/vol) SDS to make an
approximate final concentration of 0.5%. The pooled
fractions were adjusted to 0.1 M NaCl, and then ex-
tracted with phenol-chloroform-isoamyl alcohol (50:48:2)
as described above.

The Isolation of

Polyadenylated RNA

Polyadenylated RNA was isolated by a one-step pro-
cedure (33). Specifically, the postpolysomal and poly-
somal regions of sucrose gradients were collected into
10% SDS and adjusted to a final concentration of 0.4
NaCl, 0.5% SDS, and with a sucrose concentration of
lower than 20%. The mixture was subsequently sub-
jected to poly(U)-affinity chromatography. Poly(U)
(Sigma Chemical Co., St. Louis, Mo.) was immobolized
to GF/C glass fiber filters (Whatman, Inc., Clifton, N.
1.) by the method of Sheldon et al. (54) at 500 ug/filter.
Four filters were then cut into 1-mm? pieces and packed
into a siliconized Pasteur pipet with a bed volume of
~0.75 ml, as described by Silverstein et al. (55). After
extensive washing with elution buffer (70% (vol/vol)
formamide, 5 mM EDTA, 10 mM Tris-HCl, pH 7.6,
and 0.5% SDS) and equilibration with hybridization
buffer (0.4 M NaCl, S mM EDTA, 10 mM Tris-HCI,
pH 7.6, and 0.5% SDS), the column has the capacity to
bind more than 500 ug of poly(A). Although the upper
limit of the binding capacity has never been tested, this
capacity is more than 1,000-fold in excess of what is
actually required in our isolation procedure. The chro-
matography is routinely carried out at 37°C. The elution
of poly(U) from the glass fiber has been tested over a
period of 48 h and found to be undetectable. When
polyadenylated RNA was to be isolated, the sucrose
solution was passed through the column at 10 ml/hr.
Then the column was washed with 50 ml of hybridization
buffer at the same flow rate. The polyadenylated RNA
was eluted with 3 ml of elution buffer over a period of
30 min. 4 M NaCl was added to the eluted material to
give a final concentration of 0.2 M, and the RNA was
precipitated in the presence of 3 vol of absolute ethanol

for 15 h at —20°C. With this procedure, the recovery of
polyadenylated RNA is over 95%. In isolating %2P-
labeled polyadenylated RNA, 50 ug of Escherichia coli
tRNA was added as carrier during ethanol precipitation.

The Size Determination of
Polyadenylated RNA and
Poly(A)-Fragments

To determine the length of poly(A), RNA samples
were digested with ribonuclease A (RAF, Worthington,
Biochemical Corp., Freehold, N. J.) at 20 upg/ml and
ribonuclease T, (RT1, Worthington) at 20 U/ml in the
presence of 0.3 M NaCli, 30 mM Tris-HCl, pH 7.4, and
20 mM EDTA, at 37°C for 30 min. At the end of
digestion, 10% SDS was added to a final concentration
of 1% followed by E. coli tRNA to 50 ug/ml as carrier,
and 3 vol of absolute ethanol. Precipitation was carried
out at —20°C for 15 h.

The size of polyadenylated RNA and poly(A)-frag-
ments was determined by polyacrylamide gel electropho-
resis as described by Bishop et al. (4). Gels were
polymerized in 0.5 X 13.2 cm glass tubes. RNA samples
were dissolved in 5 mM Tris-acetate, pH 7.2, 2 mM
EDTA, 0.2% SDS, and 50% (vol/vol) formamide, and
heated at 75°C for 5 min before being loaded on gels.
Bromphenol blue was used as the tracking dye. Electro-
phoresis was carried out at 90 V. At the end of the run,
the gels were extruded from the glass tubes, placed in a
rectangular quartz cell, and scanned in a Gilford gel
scanner at 260 nm to locate the positions of various
RNA size markers. To determine the electrophoretic
mobility of polyadenylated RNA, gels were frozen and
sliced into 0.125 cm thick pieces. Groups of six adjacent
slices were soaked in 0.5 ml of 0.375 M Na(Cl, 0.0375
M Tris-HCI, pH 7.4, and 0.5% SDS at 37°C overnight
to elute the RNA. The poly(A) content in each fraction
was determined by [*H]poly(U) hybridization.

SH-Poly(U) Hybridization

3H-Poly(U) with a specific activity of 300 cpm/ng was
prepared by the method of Bishop et al. (5) and used
throughout this sudy. Hybridization was performed as
described by Rosbash and Ford (46). Namely, hybridi-
zation was carried out in 0.3 M NaCl, 0.03 M Tris-HCI,
pH 7.4, and 0.5% SDS. The amount of [°H]poly(U)
used was 5-10-fold in excess of the estimated amount of
poly(A) in the reaction. After being incubated at 45°C
for 10 min, the reaction mixtures were chilled on ice,
and diluted with 10 vol of ice-cold 0.3 M NaCl, and 0.03
M Tris-HCI, pH 7.4. Ribonuclease A was added to a
concentration of 20 wg/ml, and the mixture was incu-
bated for 10 min. at 0°C. Ribonuclease A-resistant
radioactivity was precipitated by adding trichloracetic
acid, to 12%, in the presence of carrier. The precipitate
was collected on Millipore filters (Millipore Corp., Bed-
ford, Mass.) and counted in a scintillation spectropho-
tometer.
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The Measurement of 5'-Capping in
the Polyadenylated RNA

32P-labeled polyadenylated RNA was dissolved in 0.3
ml of autoclaved water. 2 ul were removed and added
to 0.5 ml of 0.3 M NaCl, 30 mM Tris-HCl, pH 7.4,
20 mM EDTA, and 10 ug of RNAse A and 10 U of
RNAse T, were added. After incubation at 37°C for 30
min, trichloracetic acid precipitable radioactivity was
determined in the presence of carrier, and used as a
measure of the amount of poly(A) in the RNA prepara-
tion.

To the rest of the sample, sodium acetate, pH 4.5,
and EDTA were added to a final concentration of 50
mM and 20 mM, respectively. Complete enzymatic
digestion of the RNA was achieved with 10 ug of
RNAse A, 10 U of RNAse T, and 30 U of RNAse T,
(Sankyo Co., Tokyo) at 37°C for 15 h. Additional fresh
enzymes were added 2 h before the termination of the
digestion. DEAE-sephadex (A-25, Pharmacia Inc.,
Piscataway, N. J.) chromatography was performed as
described by Perry and Kelly (43). 0.7 X 20 cm columns
with 8 ml of DEAE-sephadex equilibrated in 20 mM
Tris-HCl, pH 7.6, and 7 M urea were used. The RNA
digest was mixed with 150 ug of oligo(A) as charge
markers, and loaded on the column in 4 ml of 20 mM
Tris-HCI, pH 7.6, and 7 M urea (Tris-urea buffer). 40
ml of 0.135 M NaCl in Tris-urea buffer was used to wash
through the mononucleotides and dinucleotides, then the
more highly charged material was eluted with 85 ml of a
linear gradient of 0.14-0.4 M NaCl in Tris-urea buffer.
With this procedure, the material eluting between -5 and
-6 charge was essentially free of contamination by lower
charged material. At the end of the chromatography, 1
M NaCl in Tris-urea buffer was used to wash the column;
little radioactivity was detected in the wash. The optical
profile of the eluate was measured by a LKB Uvicord 11
UV monitor (LKB Instruments, Inc., Rockville, Md.).
1.97-ml fractions were collected. 0.4-ml aliquots were
taken to measure the amount of radioactivity. The flow
rate was 10 ml/h throughout the chromatography. The
material with charge -5 to -6 was further treated with
nuclease P1 and bacterial alkaline phosphatase, and the
digestion product was shown to contain the dinucleotide
m’GpppX by thin-layer chromatography in the presence
of known standards (P-L Biochemicals, Inc., Milwaukee,
Wis.) (data not shown), according to the procedure of
Schibler and Perry (52).

In Vitro Translation in
Wheat Germ Extract

The wheat germ extract was prepared essentially as
described by Marcu and Duddock (40), except that 20
mM KCl, 30 mM K acetate, S mM HEPES-KOH, pH
7.6, 1 mM Mg acetate, 0.1 mM CaCl,, 0.2 mM spermi-
dine, and 1 mM dithiothreitol were used at the step of
Sephadex G-25 chromatography. Small aliquots were

stored at —70°C. The translation reaction contains: 6
mM HEPES-KOH, pH 7.6, 0.3 mM ATP, 0.024 mM
GTP, 1.92 mM creatine phosphate, 6 ug/ml creatine
phosphokinase, 1.45 mM Mg*?, 111 mM K+, 0.02 mM
Cat?, 0.12 mM spermidine, 2 mM dithiothreitol, and 30
M each of the 19 amino acids and the 20th amino acid
isotope-labeled. 10 ul of wheat germ extract (1.9 ODjq)
was used in a 50 ul reaction. The reaction was carried
out at 29°C. The amino acid incorporation was linear for
at least 75 min, and continued for more than 120 min.
Translation was terminated by adding 0.4 ml of 0.1 M
KOH. This material was incubated for an additional 20
min at 29°C, then 2 ml of 12% (wt/vol) trichloracetic
acid was added. It was then allowed 10 min on ice. The
precipitates were collected on GF/A glass fiber filters,
washed with absolute ethanol, and processed for scintil-
lation counting.

When the translation products were to be analyzed by
gel electrophoresis, [®*S]methionine (New England Nu-
clear, 600 Ci/mmol) was used. 1-ul aliquots of the
reaction were added to 0.4 ml of 0.1 M KOH to
determine the trichloroacetic acid-precipitable radioac-
tivity. To the rest of the reaction, 12 ul of 0.25 M Tris-
HCl, pH 6.8, 5% SDS, 0.7 M mercaptoethanol and
20% glycerol was added. After being boiled for 2 min,
the reaction mixture was subjected to electrophoresis on
a 10% SDS polyacrylamide gel (34).

The Preparation of Thin Sections
for Electron Microscopy

The cells were scraped off the monolayer, then
washed with cold phosphate-buffered saline and fixed
with 1% glutaldehyde in Sorenson’s phosphate buffer
(0.1 M sodium phosphate, pH 7.2) for 3 h at 4°C. The
fixed cell pellet was then postfixed in osmium tetroxide
and rapidly dehydrated in graded ethanols (30-100%),
infiltrated overnight with propyline oxide, embedded,
and mounted in Epon 812. Thin sections were cut with
a Cambridge Ultramicrotome (Cambridge Instrument,
Monsey, N. Y.). They were stained with uranyl acetate
and lead citrate as described by Rifkind et al. (44), and
examined in a Elmiskop 1A Siemens electron micro-
scope.

RESULTS

The Distribution of Polyadenylated
RNA in the Cytoplasm of Vero Cells

To determine whether all of the polyadenylated
RNA in the cytoplasm is engaged in protein
synthesis, its distribution in sucrose gradient sedi-
mentation profiles was measured and is repre-
sented in Fig. 1. In exponential phase cells (Fig.
1a) the majority of the cytoplasmic polyadenyla-
ted RNA sediments in the region of the poly-
somes, while in stationary phase cells (Fig. 1b) it
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sediments in the nonpolysomal region. The quan-
titation of this determination is reported in Table
L

Since the reduced levels of polysome-associated
polyadenylated RNA as well as ribosomes in
stationary phase cells could have resulted from the
increased sensitivity of stationary phase cells to
the preparation procedures (although precautions
were taken to minimize cell breakage and ribonu-
clease activity), the state of the ribosomes within
the cells was determined by electron microscopy.
Thin sections of exponential phase cells and sta-
tionary phase cells are shown in Fig. 2. Although
clear differences can be seen in the proportion of
ribosomes associated in polysome-like structures
in these sections, precise quantitation is difficult
with this approach (15, 45). From repeated deter-
minations, we estimated that ~3/4 of the ribo-
somes in exponential phase cells are in polysome-
like structure while only !/4 are in polysome-like
structures in stationary phase cells.

From the relative sedimentation value of these
polyadenylated RNA-containing structures (see
Fig. 1), it is possible that some are associated with
ribosomes as small functioning polysomes, as has
been reported in resting lymphocytes (10). To test
this, cells were pulse labeled with [3S]methionine
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Ficure 1 The distribution of polyadenylated RNA in
the cytoplasm of Vero cells. Cytoplasmic extract was
prepared as described in Materials and Methods. 0.25
ml of this cytoplasmic extract (approximately equivalent
to 1 X 107 cells) was layered on 11.2 mil of 15-50% (wt/
vol) sucrose gradient with 0.5 ml of 70% sucrose
cushion. Centrifugation was carried out at 35,000 rpm
for 150 min, in a SW41 rotor at 4°C. 0.5-ml fractions
were collected into tubes containing 10% SDS. 0.15-ml
aliquots of each fraction were taken for the analysis of
poly(A) content, with the [*H]poly(U) hybridization
assay. Sedimentation is from left to right. —= Ag;
@ — ® = [*H]poly(U) hybridized. (a) Exponential phase
cells. (b) Stationary phase cells.

TasLE 1
The Distribution of Polyadenylated RNA in the
Cytoplasm of Vero cells
% of total cytoplasmic poly(A)
Cells Polysomal Nonpolysomal
Exponential phase 77 + 4.8 23
Stationary phase 4 +73 56

The determination of the subcellular distribution of
polyadenylated RNA was performed as described in Fig.
1. Polyadenylated RNA detected in the region of 40-
90S is considered as nonpolysomal; that detected in the
region greater than 90S is considered as polysomal.
These percentages are the average of five separate
determinations. The standard deviation is included.

for 2.5 min, and the distribution of radioactivity
was analyzed on a sucrose gradient. As can be
seen in Fig. 3, no radioactivity is accumulated in
the monosome regions. In fact, the ratio of pep-
tide to polyadenylated RNA in this region is <!/s0
that at the maximum point of polysomal polya-
denylated RNA. Similar results were obtained
with [*H]leucine (data not shown). Thus, we
conclude that most of the nonpolysomal polyaden-
ylated RNA in stationary phase cells is not being
translated by single ribosomes.

In Vitro Translation of Vero Cell
Cytoplasmic Polyadenylated RN A
in a Wheat Germ Extract

mRNA content can also be measured by its
capacity to promote protein synthesis when added
to a cell-free translation system. We chose a
system derived from fresh wheat germ. In this
system, the amount of amino acid incorporation is
directly proportional to the amount of exogenous
RNA added up to 1.5 ug per 50-ul reaction, and
1 ug of cytoplasmic RNA from Vero cells (either
exponential or stationary phase) leads to the in-
corporation of no less than 4 pmol of leucine. The
template activity of nonpolysomal and polysomal
RNA from exponential and stationary phase cells
was determined (Table II). No significant differ-
ences were found when the nonpolysomal RNA
from exponential phase cells and stationary phase
cells was compared or when the polysomal RNA
from these same cells was compared. However,
the nonpolysomal RNA was slightly less active
than the polysomal RNA, regardless of the growth
state of the cells. The percentage of the total
template activity present in these two fractions is
also presented in Table II. It was found that, in
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Ficure 2 Electron micrographs of sectioned Vero cells. Arrows indicate the polysomelike structures.
(a) The exponential phase cell. (b) The stationary phase cell. Bar, 1,000 A.

exponential phase cells, 75% of the total template
activity is present in polysomes, while in stationary
phase cells over 60% is in nonpolysomal fractions.
Therefore, there is an accumulation of mRNA, by
this criterion, in the nonpolysomal fraction as cells

enter the stationary phase. A similar conclusion
was obtained with the use of preparations of
polyadenylated RNA isolated by poly(U) affinity
chromatography (Materials and Methods).

The products of in vitro translation were also
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Figure 3 The distribution of nascent peptide chains in
stationary phase Vero cells. Vero cells in stationary
phase were labeled with [3S]methionine for 2.5 min, as
described in Materials and Methods, and processed for
sucrose gradient analysis as described in the legend to
Fig. 1. Trachloracetic acid-precipitable radioactivity was
determined by scintillation counting. The cytoplasmic
extract prepared from an unlabeled culture was analyzed
on a parallel gradient, and the poly(A) content in each
fraction was quantitated with [*HJpoly(U). —= A,g;
A—A = [*H]poly(U) hybridized; ® — @ = [*H]methio-
nine incorporated.

TABLE 1I

The Template Activity of RNA Isolated from Cyto-
plasmic Fractions

Template activity
_—_— Total template
pmol leucine/ng of poly(A)

RNA activity

%
Exponential Nonpolysomal 5.2 26.2
phase Polysomal 5.9 73.7
Stationary Nonpolysomal 6.4 62.5
phase Polysomal 7.3 37.5

Cytoplasmic RNA was fractionated, extracted, and
translated under conditions which were optimized for
the translation of Vero mRNA in a wheat germ extract
as described in Materials and Methods. The translation
was carried out at 29°C for 45 min. 1 uCi of [*H]Leu at
a final concentration of 8 uM was included in 50 wl
reaction translation mixture. The template activity of
each RNA preparation was then determined from the
slope of the stimulation within the linear range of RNA
concentrations. The percentage of total template con-
tributed by each fraction was obtained from the product
of the template activity times the amount of RNA of
each fraction.

analysed by SDS-polyacrylamide gel electropho-
resis (Materials and Methods) and found to be of
comparable size. Detailed analysis of these data
will be reported in a subsequent publication.

The Structural Characteristics
of Polyadenylated RNA

The size of polyadenylated RNA from the
nonpolysomal and polysomal fractions of expo-
nential and stationary phase cells was determined
by polyacrylamide gel electrophoresis and is
shown in Fig. 4. The size of polysomal polyaden-
ylated RNA in cells at the two growth states is
indistinguishable, as is the size of nonpolysomal
polyadenylated RNA. However, when the non-
polysomal and polysomal polyadenylated RNA
are compared, the former has a slightly smaller
modal size regardless of the growth state of the
cell. This observation presents the possibility that
the nonpolysomal polyadenylated RNA is par-
tially degraded. To pursue this possibility the size
of the poly(A) fragment on the 3’-terminus was
measured and, then, the level at which the mole-
cules with a 3'-poly(A) tract have the characteris-
tic 5'-cap structure was determined. The ratio of
cap structures to poly(A) fragments was used as a
measure of the relative intactness of these mole-
cules.

The length of poly(A) fragments at the 3'-
terminus of the polyadenylated RNA was deter-
mined by polyacrylamide gel electrophoresis after
digestion with ribonucleases A and T, (Materials
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Ficure 4 The size determination of polyadenylated
RNA. RNA was subjected to electrophoresis in 2.4%
polyacrylamide-0.5% agarose gels as described in Mate-
rials and Methods. The absorbance profile at 260 nm
was determined to locate the positions of 28, 18, and
4S. The RNA in gel slices was eluted with hybridization
buffer. The amount of poly(A) in each fraction was
quantitated with [*H]poly(U). () Nonpolysomal RNA
from exponential phase cells, (b) Polysomal RNA from
exponential phase cells, (c) Nonpolysomal RNA from
stationary phase cells, (d) Polysomal RNA from station-
ary phase cells.
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and Methods). The results are shown in Fig. 5. As
can be seen, little, if any, size difference exists in
any of the RNA preparations.

To determine the extent of capping at the 5'-
terminus of the polyadenylated RNA, cells were
grown in the presence of 32PO, for 24 h to label
the majority of the cytoplasmic RNA. The polya-
denylated RNA was then isolated and subjected
to extensive digestion with ribonucleases (Materi-
als and Methods). The amount of radioactivity in
the cap structure was then determined by DEAE-
Sephadex chromatography. The elution profiles of
RNA digests prepared from the nonpolysomal
and polysomal regions of exponential and station-
ary phase cells were similar, if not identical. A
representative pattern is shown in Fig. 6. The
results of this determination are reported in Table
III. As can be seen, for every 100 nucleotide
phosphates in poly(A), there are ~2.5 nucleotide
phosphates in cap structures. No significant differ-
ence exists between nonpolysomal and polysomal
polyadenylated RNA in this respect, regardless of
whether they are in exponential or stationary
phase cells. Therefore, we conclude that nonpoly-
somal polyadenylated RNA is intact relative to
polysomal polyadenylated RNA.
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Figure 6 Chromatography on DEAE-sephadex col-
umn of enzymatic digests of polyadenylated RNA. %*P-
labeled polyadenylated RNA was digested with ribonu-
cleases A, T,, and T, as described in Materials and
Methods, then loaded with oligo(A) of various lengths
onto a DEAE-Sephadex column preequilibrated with 20
mM Tris-HCI, pH 7.6, and 7 M urea. The column was
then washed with 40 m! of 0.135 M NaCl in Tris-urea
buffer. The oligo nucleotides were then eluted with an
85-ml linear gradient of 0.14-0.4 M NaCl in Tris-urea
buffer. The radioactivity in each fraction was determined
by scintillation counting.

TasLE III

The Determination of 5’-Cap Structures in Polya-
denylated RNA

No. of nucleotide phosphates in cap struc-
tures per 100 phosphates in poly(A)
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Ficure 5 The length determination of poly(A) frag-
ments. Poly(A) fragments prepared from various RNA
samples were subjected to electrophoresis in 12.5%
polyacrylamide gels as described in Materials and Meth-
ods. An RNA sample containing 4 and 55§ RNA was
loaded on a parallel gel to serve as size markers.
Electrophoresis was carried out at 90 V until the brom-
phenol blue reached 1.5 cm from the bottom. The
poly(A) fragments were eluted from the gel slices and
then hybridized to [*H]poly(U). (a) Nonpolysomal RNA
from exponential phase cells, (b) Polysomal RNA from
exponential phase cells, (¢) Nonpolysomal RNA from
stationary phase cells, (d) Polysomal RNA from station-
ary phase cells.

Cells Experiment Nonpolysomal Polysomal
Exponential phase 1 2.7 2.2
IT 23 2.1
Stationary phase 1 2.4 2.1
I 31 2.5
Stationary phase + Cy- I 3.1 29

cloheximide

Cells were labeled for 24 h with 2PO, at 50 uCi/ml in
DME plus 10% calf serum with 1% of regular level of
phosphate. The polyadenylated RNA was isolated by
poly(U)-GF/C column. The amount of radioactivity in
cap structures was quantitated by DEAE-sephadex chro-
matography, and was compared to that in poly(A)
fragments.

The Effect of Cycloheximide on the
Translation of Polysomal
Polyadenylated RNA

While the nonpolysomal polyadenylated RNA
may be largely intact in both exponential and
stationary phase cells, some subtle alteration may
have rendered it incapable of initiating translation
in vivo. Cycloheximide at a concentration that
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partially inhibits protein synthesis has been shown
to cause the accumulation of large polyribosomes
in the cells (16, 58). The effect of 0.2 ug/ml of
cycloheximide on the subcellular distribution of
polyadenylated RNA in stationary phase cells is
shown on Fig. 7. As can be seen under this
condition, stationary phase cells resumed a distri-
bution pattern almost identical to that of untreated
exponential phase cells (Fig. 1a). The proportion
of nonpolysomal polyadenylated RNA in the
treated stationary phase cells was even slightly
lower than that of untreated exponential phase
cells. Thus, most of the nonpolysomal polyaden-
ylated RNA in the stationary phase cells can
function as a template for translation in vivo in
the presence of cycloheximide.

Again, the intactness of the polyadenylated
RNA present in the nonpolysomal fraction after
cycloheximide treatment was tested, as described
above, with respect to the length of poly(A)
fragments and the extent of 5'-capping. This de-
termination, presented in Table III, shows that
the small portion (<10%) of polyadenylated
RNA remaining in the nonpolysomal fraction is
structurally intact by these criteria, and thus prob-
ably represents the basal level of cytoplasmic
polyadenylated RNA that is not associated with
polysomes.

The Level of Cytoplasmic
Polyadenylated RNA in Exponential
and Stationary Phase Cells
The proportion of poly(A) tracts in RNA
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Figure 7 The effect of cycloheximide on the distribu-
tion of polyadenylated RNA in stationary phase cells.
Cells that have reached stationary phase were treated
with cycloheximide at 0.2 ug/ml for 45 min. Cytoplasmic
extract was prepared, and the distribution of polyaden-
ylated RNA was determined as described in Fig. 1. —=
Agsy; @ — @ = [SH]poly(U) hybridized. (a) Cells treated
with cycloheximide, (b) Untreated controls.

isolated from the cytoplasmic extract sap by
phenol-choroform-isoamyl alcohol extraction
(Materials and Methods) from exponential and
stationary phase cells was determined by satura-
tion hybridization with [*H]poly(U). For exponen-
tial cells it is 0.10 = 0.024%, and for stationary
phase cells it is 0.098 *+ 0.019%. (These numbers
are the average and standard deviation from four
independent determinations.) Thus, no difference
has been found between cells in these two growth
states. Since the size of the poly(A) fragments is
the same (Fig. 5) and the majority, if not all, of
the poly(A) fragments are covalently linked to
large RNA molecules (Fig. 4), the ratio of cyto-
plasmic polyadenylated RNA to ribosomes is con-
stant in cells in different states of growth. Previous
experiments in this laboratory have demonstrated
a decreased level (to 21%) of ribosomes in sta-
tionary phase Vero cells (15). Therefore, we
conclude that there is also a parallel decline in the
amount of mRNA in stationary phase cells.

DISCUSSION

Vero cells are derived from an African green
monkey kidney (67). They grow with a typical
epithelial-like pattern (17). They are aneuploid
with a modal chromosome number of 55. Their
growth requires serum, and is anchorage depend-
ent and density inhibited.

The Existence of Nonpolysomal mRNA

In this study, the steady-state distribution of
cytoplasmic polyadenylated RNA was measured.
In the cytoplasmic extracts prepared from station-
ary phase cells, large amounts of polyadenylated
RNA were present in the nonpolysomal region of
the sucrose gradients (Fig. 1). The presence of
this RNA could have been brought about by the
lysis of nuclei or by the activation of a ribonuclease
during the sample preparation. The first possibility
was ruled out by the cycloheximide experiment
(Fig. 7), since after treatment with a low dose the
level of nonpolysomal polyadenylated RNA was
significantly lowered. Nuclear polyadenylated
RNA would not be expected to respond to this
treatment. The second possibility, the effect of
ribonuclease, was ruled out by the electron micro-
scope study. Direct examination of thin sections
of stationary phase cells revealed that the majority
of the ribosomes were not in polysomal structures
in the intact cells. The activation of a ribonuclease
during extract preparation cannot explain this
observation. Therefore, we conclude that this
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nonpolysomal polyadenylated RNA is in fact pres-
ent in the cytoplasm of the intact stationary phase
cells.

The majority of the nonpolysomal polyadenyl-
ated RNA is present in structures with sedimen-
tation values of 60-90S. This observation sug-
gested that at least a portion of this nonpolysomal
polyadenylated RNA may be translated by single
ribosomes. However, the lack of detectable
amounts of nascent polypeptide chains in this
region (Fig. 3) excludes this possibility at least for
the majority of these polyadenylated RNA-con-
taining structures.

Untranslated cytoplasmic mRNA has been
found in a wide range of cell types, for example,
cells in the liver of fasting rats (22, 68), unfertil-
ized sea urchin eggs (56), cultured cells under
conditions where protein synthesis was interrupted
(51, 64), and cells in the quiescent state of growth
(2, 41, 49, 50). In this work, while the level of
nonpolysomal mRNA was higher in stationary
phase cells, the proportion of nonfunctioning ri-
bosomes (0.5 M NaCl-dissociable 80S ribosomes
as described by Kay et al. [29] and Cooper et al.
(10]) was also higher (Lee, unpublished results).
In fact, the ratio of polyadenylated RNA to
ribosomes was the same in exponential phase and
stationary phase cells, indicating that neither the
supply of ribosomes nor the supply of mRNA is
the limiting factor in the protein synthetic machin-
ery. These observations suggest that the accumu-
lation of nonpolysomal mRNA in the cytoplasm
may represent a strategy of the cell to respond
immediately to the elevated demand of protein
synthesis during metabolic step up.

The Structural Characteristics
of Nonpolysomal mRNA

The nonpolysomal mRNA observed in this
work migrated slightly faster than the correspond-
ing polysomal mRNA during electrophoresis (Fig.
4). At least two explanations for this are possible.
Either this species of RNA has been degraded
(either in the cell or as an artifact of isolation) or a
subfraction of this RNA preparation is in fact
naturally smaller. In this work, we have concerned
ourselves particularly with the first possibility.

When the length of poly(A) fragments was
analyzed by polyacrylamide gel electrophoresis,
it was found to be comparable for nonpolysomal
and polysomal polyadenylated RNA (Fig. 5). The
extent of the cap modification of the polyaden-
ylated RNA was also determined. Since any

nucleolytic cleavage of the polyadenylated RNA
molecule will affect the ratio of the nucleotide
phosphate in caps to that in 3’-poly(A) frag-
ments, this ratio was used as a measure of the
relative intactness of the various polyadenylated
RNA species. With this measurement, the non-
polysomal polyadenylated RNA was shown to be
as intact as polysomal polyadenylated RNA. Sev-
eral lines of evidence have suggested that for
certain messenger RNA species the capped mes-
senger molecules are selectively translated over
the uncapped (30, 42, 47). The demonstration
that nonpolysomal polyadenylated RNA is trans-
lated with similar efficiency in vitro (Table II), as
well as this measure of the relative intactness of
the molecules excludes the possibility that the
utilization of mRNA is regulated by the enzymatic
activity that blocks the 5’-terminus of mRNA in
cells at different states of growth.

The finding that the cytoplasmic polyadenylated
RNAs shift from the nonpolysomal region into
the polysomal when the rate of peptide chain
elongation is reduced with cycloheximide suggests
that the nonpolysomal RNA can be translated in
vivo. Thus, there are two populations of mRNA
in stationary phase cells; one is translated at a
higher frequency than the other. The difference
between these two mRNA populations may reside
in subtle structural modifications, such as methyl-
ation (6, 42), or in the presence of specific pro-
teins bound to one or the other fraction, thus
impeding translation (9, 63). It is also possible
that these two populations of mRNA contain
sequences that code for different peptides. Subse-
quent data from this laboratory support this latter
suggestion (Lee and Engelhardt, manuscript in
preparation).

The Effect of Growth Conditions
on Nonpolysomal RNA

In general, one of two approaches has been
adopted to effect the transition of cells between
growing and resting states: growth into the station-
ary phase, or deprivation of an essential nutrient
or growth factor. These two procedures have led
to different results with regard to the questions of
nonpolysomal mRNA accumulation. With the
first procedure, where cells were permitted to
progress into the stationary phase, it has been
shown that protein synthesis diminishes (13, 36,
59, 61, 65). This is true even when medium is
replaced continually by perfusion (8, 32) or by
daily medium change (35). In this work, we
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adopted the experimental approach of replacing
the growth medium daily. This procedure elim-
inates the possibility that the cells have entered
stationary phase because the growth medium has
been depleted of growth factors (21, 24, 60) or
essential nutrients (Pergolizzi and Engelhardt, un-
published data). Using this procedure, we found
an accumulation of mRNA that is not being
translated in stationary phase cells. This observa-
tion agrees with the observations made in other
stationary phase cells grown in high concentration
of serum (2, 41, 49).

The second general experimental approach
used to effect the transition between growing and
resting cells was the manipulation of the concen-
tration of an essential nutrient or growth factor in
the growth medium. For example, lowering the
serum level leads to a decrease in protein synthesis
(1, 20, 23, 25, 28, 53, 57). We do not distinguish
here between serum deprivation (1) and lowering
the serum concentration in the growth medium
(18, 62), since conventional serum deprivation
procedures never completely removed serum
growth factors from the medium (21).

When exponential phase Vero cells were grown
in the absence of serum for 20 h, there was a
decrease in the rate of protein synthesis (20), but
there was no accumulation of nonpolysomal poly-
adenylated RNA and ribosomes as was seen with
stationary phase Vero cells (data not shown).
Thus, this finding is consistent with the observa-
tion that cells maintained in medium containing a
low concentration of serum (with periodic
changes) did not have any nonpolysomal polya-
denylated RNA (26, 27, 38). In studies with 3T6
cells, during the reinitiation of growth by supple-
menting the medium with sufficient fresh serum,
the increased rate of protein synthesis was accom-
panied by a rapid influx of polyadenylated RNA
(26, 27).

Therefore, it is likely that the cells respond to
growth cessation in stationary phase by reducing
the utilization of preexisting mRNA, while they
respond to the arrest of growth by limiting-levels
of serum by reducing the amount of mRNA
available for translation. However, further inves-
tigation is required to clarify this point.
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