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ABSTRACT Intracellular distributions of the low molecular weight RNA species of Hela cells
were determined by a nonaqueous method of cell fractionation, in which lyophilized cells
were homogenized and centrifuged in anhydrous glycerol. The nonaqueous method was used
to avoid artifactual extraction of weakly bound nuclear RNA during cell fractionation.

We found that the mature small RNA species K, A, C, and D were almost entirely (>95%)
nuclear, and that mature 4S tRNA was partially (5-10%) nuclear. Our results gave higher nuclear
content of the mature species K, A, C, and 4S than was shown previously with conventional
aqueous cell fractionation.

The nonaqueous method also gave higher nuclear proportions of some short-lived precursors
to mature small RNAs. We found that approximately one-half of recently synthesized pre-4S
RNA and more than one-half of recently synthesized 55 RNA were nuclear, whereas these
species had been thought to be cytoplasmic from previous work. The species C' and D,
precursors to the stable nuclear species C and D respectively, were found to be partially
nuclear, also in contrast to earlier work. The stable cytoplasmic species L (oncornavirus 75 RNA)
was found to be mostly nuclear shortly after synthesis.

Mammalian cells contain at least 13 electrophoretically distinct,
long-lived, abundant, small RNA species of sizes between 75
and 300 nucleotides (recently reviewed in references 10, 15, 25,
and 41). The small RNAs include three cytoplasmic classes:
the 4S transfer RNAs, the 5S ribosomal RNA, and the 7S
RNA of retroviruses (which has been called L RNA)." The
other small RNA species are partially or entirely nuclear. Of
the nuclear species, A has been found in isolated nucleoli and
the others in isolated nucleoplasm (41). Two of the nucleo-
plasmic species, C and D, have cytoplasmic precursors (5, 7, 8,
41), which in turn are probably derived from much larger
nuclear initial transcripts (6). The species A, C, and D have 5’
cap structures similar to those of messenger RNAs (28, 29, 34).
A small fraction of C, D, and G’ may be covalently linked to
components of chromatin (26). The species C, D, and H have
been found in nuclear RNA-protein complexes (3, 11, 12, 16,

'Abbreviations used in this paper: Small RNA species A, C, D, F, G', H,
K, and L refer to the nomenclature of Weinberg and Penman (38), and
species C’ and D’ to that of Zieve et al. (40). The species U1, U2, and
U3, in the nomenclature of Busch and colleagues (31), refer to D, C,
and A, respectively. PBS denotes physiological isotonic phosphate-
buffered saline; PPO denotes 2,5-diphenyloxazole; and rRNA denotes
any or all of the 58, 188, 28S, or 458 ribosomal RNA species.
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33). Recently, it has been observed that the species C and D
contain nucleotide sequences that might function in the splicing
of nuclear RNA in the formation of messenger RNA (22, 32).
Except for 4S8 transfer RNA, however, the functions of the
small RNAs are not yet known.

To evaluate evidence for the functions of the small RNAs,
we must know with confidence the nuclear-cytoplasmic parti-
tions of the RNAs. The partitions have been determined to
date by conventional aqueous cell fractionation, which may
give artifactual extraction of weakly bound nuclear RNA into
the cytoplasmic fraction. Indirect evidence for the extraction
of nuclear small RNA during fractionation was given by Lonn
(24) who showed that the precursors to 45 RNA and newly
synthesized 5S RNA of the insect Chironomus tentans were
nuclear when examined by anhydrous cytological fixation and
manual dissection, whereas the two species had appeared to be
cytoplasmic by conventional aqueous cell fractionation. The
relevance of Lonn’s observations on the giant polytene cells of
Chironomus to the much smaller mammalian cells is not known.

To avoid the above objections to conventional cell fraction-
ation, we have now reexamined the nuclear-cytoplasmic distri-
butions of the small RNAs of HeLa cells, using an alternate
bulk nonaqueous cell fractionation technique. The nonaqueous
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technique employs quick-freezing of cells, lyophilization, ho-
mogenization of the dried cells in anhydrous glycerol, and
finally sedimentation of nuclei from the glycerol homogenate
(13, 18). The same method has been used to show that DNA
polymerase-a, formerly thought to be cytoplasmic, was actually
weakly bound to the nuclei of cultured mouse and human cells
(9). In this report, we show that seven species were more
nuclear by nonaqueous fractionation than had been found
previously with aqueous fractionation. We extended the obser-
vations of Lonn, mentioned above, to HelLa cells, among other
findings. Our conclusions for two species, C and D, differ from
those recently reported by Frederiksen and Hellung-Larsen
(10), who used an alternate method of nonaqueous fractiona-
tion.

MATERIALS AND METHODS
Cell Culture

HeLa S-3 celis (27) and a monolayer HeLa strain used in adenovirus research
(39) were both grown in monolayers in Dulbecco’s modification of Eagle’s
medium plus 10% bovine serum to a density of 2 X 107 cells per 100-mm petri
plate. Some cultures were labeled for 15 or 40 min with [5-*Hjuridine (20 pCi/
ml, 25 Ci/mmol, 2 ml per plate in fresh growth medium) and were harvested
immediately, or else were incubated further for 11 h or 24 h after addition of 15
ml of fresh medium per culture. Other cultures were labeled for 15 or 40 min
with [methyl-"H]methionine (65 pCi/ml, 13 Ci/mmol, 2 ml per plate, in growth
medium lacking nonradioactive methionine).

Nonaqueous Fractionation

A more detailed description of the procedure has been published eisewhere
(13). Two to four cultures were chilled to 2°C with cold PBS and then were
treated with 2 ml of 100 pg/ml crystalline trypsin in PBS for 5 min at 2°C. The
trypsin was neutralized by a brief rinsing with 2 ml of soybean trypsin inhibitor
in PBS (20 ug/ml) at 2°C. After being rinsed twice more with PBS at 2°C, the
cells were detached from the petri plates by gentle pipetting and were sedimented
(2,000 g, 2°C, 1 min). The pellet of cells was resuspended at 2°C in two pellet
volumes of hypotonic phosphate (10 mM sodium phosphate, pH 7.0). The cells
were frozen within 5 min of resuspension by dripping the concentrated hypotonic
suspension into melting Freon 12 (dichlorodifluoromethane) (—158°C). The
frozen cells were then lyophilized (3 torr, —28°C, 18 h). Dried cells were
suspended at 2°C in spectral-grade glycerol and homogenized by a 1-cm rotating
blade at 6,000 rpm for 15 min. The homogenate was then centrifuged (140,000 g,
0°C, 3 h), and the nuclear pellet and cytoplasmic supernate were separated at
2°C. The cell fractions were stable for several months at —35°C.

Purification of RNA from Cell Fractions

We precipitated RNA from the nonaqueous supernatant fractions by diluting
glycerol to 20% (vol/vol) in 0.15 M sodium acetate, | mM EDTA, pH 7.0, and
then adding ethanol to 70% (vol/vol). After chilling at —20°C for 18 h, the
precipitated crude RNA was recovered by sedimentation (10,000 g, 0°C, 30 min).

The nonaqueous nuclear pellets and the precipitated material from the non-
aqueous cytoplasmic supernate were suspended separately in 30 mM Tris-HCl,
pH 8.0, | mM EDTA, 0.3% (wt/vol) SDS, 100 ug/ml self-digested pronase (17)
at S ml per 2 x 107 cell equivalents. The mixtures were first incubated at 37°C
for 30 min and then extracted at 23°C for 2 min with an equal volume of 1:1
mixture of liquified water-saturated phenol and chloroform. The aqueous phases
of the emulsions were adjusted to 0.15 M sodium acetate and then to 70% (vol/
vol) ethanol to precipitate the nucleic acids (—20°C, 18 h). The precipitated
nucleic acids were recovered by sedimentation (10,000 g, 0°C, 30 min) and
dissolved at 2°C in 2 ml of 0.2 M sodium acetate, pH 7.0, 10 mM MgCl, per 2
X 107 cell equivalents. The dissolved nucleic acids were digested at 2°C for 60
min with 10 pug/ml bovine pancreatic DNase I that had been treated with
iodoacetate to inactivate contaminating ribonuclease activity (42). The mixtures
were then adjusted to 100 pg/ml self-digested pronase (17), 10 mM EDTA, 0.3%
SDS, pH 8.0, incubated, and extracted with phenol-chloroform as described
above. After ethanol precipitation as above, the purified RNA from 2 X 107 cell
equivalents was dissolved in 50 ul of 10 mM triethanolamine-HCl, pH 7.4, 1 mM
EDTA, 0.5% SDS, and was stored at —20°C.

Electrophoresis, Fluorography, and Quantitation
of Small RNA

RNA was electrophoresed in 6-15% polyacrylamide linear gradient slab gels
(Fig. 1) according to the methods of Studier (35) with the modifications of Zieve
and Penman (41). Alternatively, RNA was electrophoresed in 10% polyacryl-
amide slab gels according to the method of Loening (23). The dimensions of the
10% polyacrylamide slab were 14 X 20 x 0.12 cm. Electrophoresis was in the
long dimension (20 cm) for 10-12 h at 90 V. After electrophoresis, the gels were
prepared for fluorography by impregnation with the fluor PPO in dimethyl
sulfoxide, according to the methods of Bonner and Laskey (1) and Laskey and
Mills (20). Impregnated gels were used to expose prefogged Kodak XR X-ray
film at —80°C for 1- 40 d. The developed X-ray film was photographed with
low-contrast film (Kodak Panatomic-X) and printed on low-contrast paper
(Kodak RC-soft).

RNA was also electrophoresed in tandem cylindrical gels to quantitate large
RNAs (458, 288, 18S) and small RNAs (C, D, 58, 4S) simultaneously in a single
preparation. The cylindrical gels consisted of 8 cm of 2.4% polyacrylamide (to
resolve large RNAs) over 12 cm of 10% polyacrylamide (to resolve small RN As).
The electrophoresis, slicing, and liquid scintillation counting were carried out as
described previously (4. 5).

RESULTS

Fractionation

To test fractionation of well-described RNA species under
our experimental conditions, HeLa cells were labeled for 11 h
with [*H]uridine and fractionated. RNA extracted from whole
cells and from the nuclear and cytoplasmic cell fractions was
electrophoresed in 2.4%-10% polyacrylamide tandem cylindri-
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FIGURE 1 6-15% polyacrylamide gradient gel resolution of low

molecular weight RNAs extracted from whole cells and nonaqueous
cell fractions. Each lane contained RNA from cells labeled with
[*H]uridine for 11 h, 15 min, or 40 min. The figure is a composite of
several film exposures. (7) Whole-cell { W) RNA labeled for 11 h.
(2) Whole-cell RNA labeled for 11 h; shorter film exposure to show
large species. (3) Nuclear (N) RNA labeled for 11 h. (4 and 5)
Cytoplasmic (C) RNA labeled for 11 h. (6) Whole-cell RNA labeled
for 15 min. (7) Nuclear RNA labeled for 15 min. (8) Cytoplasmic
RNA labeled for 15 min. (9) Whole-cell RNA labeled for 40 min.
( 70) Nuclear RNA labeled for 40 min. ( 77) Cytoplasmic RNA labeled
for 40 min. Lanes 7-5 are from one gel electrophoresis; lanes 6- 177
are from arother one. In Figs. 1, 3, and 4, the number of cell
equivalents in gel tracks from the same cell harvest are not neces-
sarily similar. For example, there are considerably more cell equiv-
alents of cytoplasmic RNA in lane 77 than cell equivalents of nuclear
RNA in lane 70 (in comparison to the number of cell equivalents of
whole-cell RNA in lane 9).
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cal gels. The radioactivities of the RNA species 458, 188, 58,
48, C, and D from a typical experiment are shown in Table L

In computing the extent of fractionation we have assumed
that 458 rRNA was 100% nuclear and that 185 TRNA was
~1.2% nuclear (38). Our nuclear cell fraction contained 15% of
the cellular 18S rRNA labeled in an 11-h exposure of cultured
cells to [*H]uridine, and the cytoplasmic fraction contained no
detectable 458 TRNA of the same cells. By comparison with
the aqueous fractionation (38), we conclude that the cytoplas-
mic fraction described in Table I did not contain detectable
nuclear material (<1%) and that the nuclear fraction contained
14% of the cytoplasmic material of the cells. The results of
Table I are typical of several fractionations of HeLa cells.

Our cells were used in rapidly dividing state, ~4% being
mitotic cells without nuclear membrane. The majority of these
mitotic cells were broken during homogenization, and their
nuclear low molecular weight RNAs would then contaminate
the cytoplasmic fraction (30).

Distributions of the Small RNA Species

K RNA: Using aqueous fractionation, Zieve and Penman
(41) found that after 10 min of labeling, K RNA was totally
cytoplasmic; after 90 min, K RNA was 10% nuclear; and after
18 h, K RNA was 60-95% cytoplasmic. In contrast, we found
that K RNA was almost exclusively nuclear in both short- (15
min) and long-term (40 min) labeling (Figs. 1 and 2).

L RNA: L RNA (or oncornavirus 7S RNA) is found both
in the virion of oncornaviruses and in the cytoplasm of mam-
malian cells (36, 41). In nondenaturing gel electrophoresis, it
appears as a major band plus a family of faster-running con-
formers (41). We found that the main L RNA band was mostly
nuclear after 15 min of labeling, about half nuclear after 40

TABLE |

Subcellular Levels of Long-labeled Low Molecular Weight RNA
Species: Quantitation by Liquid Scintillation Counting

Radioactivity, cpom

Experi- RNA Nuclear Cytoplasmic
ment species Whole cell fraction fraction
1* 45S 3,000 3,000* 0
18S 49,7000 7,600* 49,700*
55 3,880 1,330% —
4S 32,130 6,950* 30,600*
2t C 1,960 19
D 2,360 0

*

i

RNA was extracted from cells labeled for 11 h with [*H]uridine and analyzed
by electrophoresis on 2.4-10% polyacrylamide tandem cylindrical gels, which
were sliced and counted by liquid scintillation. Radioactivity was summed
over the peaks representing the species of interest.

The nuclear radicactivities were normalized to a complement of 455 rRNA
of 3,000 cpm, which was the measured 455 radioactivity in the whole cell
sample. The cytoplasmic radioactivities were likewise normalized to an 185
rRNA radioactivity of 49,700 cpm measured in the whole cell sample. If
~1.2% of the cellular 185 rRNA is nuclear (38), in this experiment the
cytoplasmic contamination of the nuclear preparation was ~14%. The radio-
activity found in 45 RNA in the nuclear fraction (6,950 cpm) minus 14%
cytoplasmic contamination (4,280 cpm) equals 2,670 cpm; that is, ~8% of
the cellular 45 RNA would be nuclear. The radioactivity detected in 55 RNA
in the nuclear fraction (1,330 cpm) minus 14% cytoplasmic contamination
(420 cpm) gives 910 cpm; therefore, ~23% of the cellular 55 RNA appears to
be nuclear. (RNA species G' was not separated from 55 rRNA in these gel
electrophoreses; however, the Hela cell content of 55 rRNA is ~27-fold
higher than G’ RNA (37, 38).

Radioactivities were normalized as above, to 6,000 cpm of 455 rRNA and
193,000 cpm of 285 rRNA found in the whole cell RNA sample of this
experiment.
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min of labeling, and mainly, or exclusively, cytoplasmic after
long-term incubations with [*HJuridine (Figs. 1 and 2). After
long-term labeling, a minor nuclear species of unknown origin
comigrated with the main L RNA band in gel electrophoresis
(Figs. 1 and 2).

A RNA (OR U3 RNA): Zieve and Penman (41) found A
RNA only in the aqueous cytoplasmic fraction during the first
15 min of labeling, then found equal amounts in the cytoplas-
mic and nuclear fractions after 2 h of labeling, and finally
found >90% of A RNA in the nucleolus after 16 h of labeling.
In contrast, using nonaqueous fractionation, we found A RNA

40 min
W5 W N ¢

15 min

W N C L] N C

-y 0

1 2 3 4 5 6 7 8 910

FIGURE 2 10% polyacrylamide gel resolution of small RNAs from
nonaqueous cell fractions. Samples were prepared as in Fig. 1; the
15-min and 40-min samples are from the same preparation as in Fig.
1. The figure is a composite of 2-d, 4-d, 6-d and 11-d film exposures,
all from the same slab gel. ( 7) Whole-cell RNA labeled for 24 h. (2)
Nuclear RNA labeled for 24 h. {3) Cytoplasmic RNA labeled for 24
h. (4) Whole-cell RNA labeled for 15 min. (5) Nuclear RNA labeled
for 15 min. (6) Cytoplasmic RNA labeled for 15 min. (7) Whole-cell
RNA labeled for 40 min, one-fifth as much as 8. {8) Whole-ceil RNA
labeled for 40 min, five times as much as 7. (9) Nuciear RNA labeled
for 40 min. ( 70) Cytoplasmic RNA labeled for 40 min. We assume
that the number of cell equivalents in lane 6 (cytoplasmic RNA
labeled for 15 min) is comparable to that in lane 4 (whole cell RNA
labeled for 15 min), because the level of labeled 45 RNA of mature
size (a predominantly cytoplasmic species) is similar in both gel
lanes. Because the main L RNA band cannot be seen in lane 6, this
species should be mostly nuclear after 15 min of labeling. Therefore,
we also assume that the number of cell equivalents in lane 5
(nuclear RNA labeled for 15 min) approximates that in lane 4,
because the level of the labeled main L RNA band is similar in both
gel lanes.



to be nuclear at all times of labeling, 15 and 40 min, and 11
and 24 h (Fig. 1). A RNA exhibited the same difference in
electrophoretic mobility relative to C RNA in the two electro-
phoresis systems (Figs. 1 and 2) as reported by Zieve and
Penman (41).

C RNA (OR U2RNA) AND ITS PRECURSORS: Zieve and
Penman (41) reported that 25-40% of mature C RNA appeared
in the aqueous cytoplasmic fraction. By contrast, we found that
essentially no C RNA could be detected in the nonaqueous
cytoplasmic fraction (Table I; Fig. 1, lanes 4 and 5). Long
exposures of the cytoplasmic fraction (Fig. 2, lane 3) showed
faint bands at the mobilities of C and D RNA, but we believe
that the origin of this “cytoplasmic” C and D RNA was broken
mitotic cells that were present at frequencies between 1% and
5% in homogenates of our unsynchronized cultures. Our results
do not agree with those of Frederiksen and Hellung-Larsen
(10), who reported that rat liver C and D were 40-60% cyto-
plasmic, using another method of nonaqueous fractionation.

The dimeric appearance of C RNA after short-term labeling
(Figs. 2 and 3) has been noted previously (37, 41), with the
slower component of the doublet being called B (37).

The distribution of C' RNA, a precursor to C RNA (8) was
reexamined by use of nonaqueous fractionation and the supe-
rior resolution afforded by long-slab gel electrophoresis. Based
on the data given in the legend to Fig. 2, lanes 4, 5, and 6 of
Fig. 2 represent similar numbers of cell equivalents. The radio-
activity of C' RNA in the nuclear fraction (Fig. 2, lane 5) was
approximately equal to the radioactivity of C’ in the cytoplas-
mic fraction (Fig. 2, lane 6). The rather high level of nuclear C’
radioactivity could not be attributed to cytoplasmic contami-
nation of nuclei, as the level of contamination measured as
described above was only 14%. We therefore believe that nuclei
contain a substantial fraction (30-50%) of C’' RNA.

D RNA (OR Ul RNA) AND ITS PRECURSORS: D RNA
was essentially all nuclear, as was C RNA. Traces of D RNA
radioactivity in the cytoplasmic fraction (Fig. 2, lane 3) could
be explained as arising from broken mitotic cells, as discussed
above for C RNA,

We reexamined the distribution of D’ RNA, the precursor to
D RNA (8), by nonaqueous fractionation and long-slab gel
electrophoresis. The electrophoresis has resulted in better res-
olution of D and D’ RNAs than available previously. As with
the case of C’ RNA, some nuclear D’ RNA radioactivity could
be detected in short-term-labeled material, and the level of
nuclear D’ RNA radioactivity was higher than expected from
known contamination of nuclear RNA with cytoplasmic ma-
terial (Fig. 2, lane 5; Fig. 3, lane 3).

53 rRNA: 58 RNA is the nonmethylated small RNA species
that is present in the large subunit of cytoplasmic ribosomes.
In some gel electrophoresis systems, 58 TRNA has a mobility
similar to that of the nuclear methylated RNA species G’ (also
called 5S RNAn) (31). In 10% polyacrylamide gels (Figs. 2
and 3) G’ RNA and 5S rRNA were well separated and we
found that about one-fourth of the uniformly labeled cellular
58 rRNA was nuclear after nonaqueous fractionation (Table
I), in agreement with the aqueous fractionation values of
Knight and Darnell (19). Weinberg and Penman (38) estimated
that only 10% of mature 5S RNA was nuclear. After 15 min of
incubation with [*H]uridine, essentially all of the labeled cel-
lular 5S rRNA was found in the cytoplasmic fraction after
aqueous cell fractionation (21), whereas the majority was in
the nuclear fraction after nonaqueous fractionation (Fig. 2). A
large fraction of short-term-labeled 58 RNA could be removed

from nonaqueous nuclei by rinsing with an aqueous buffer
(not shown).

A precursor of mammalian 58 rRNA has been detected that
is eight nucleotides longer than the mature form at the 3’ end
(14). Gel electrophoresis in the presence of 7 M urea showed
that after 15 min of labeling, cytoplasmic 5S rRNA and nuclear
58 rRNA were both just slightly larger than cytoplasmic 58
rRNA from cells labeled for 24 h (not shown).

G’ RNA (OR 58 RNA 111):  G" RNA is methylated (38) and
has a very different base sequence from that of cytoplasmic 585
rRNA (31). In agreement with aqueous fractionation data (41),

15min
uridine
+25min

40 min 40 min

methyl  wridine  actinomycin
N C N C N ¢

1 2 3 4 5 6

FIGURE 3 Distributions of methylated species and of unstable spe-
cies. (7) Nuclear RNA labeled for 40 min with [ methy/-*H]methio-
nine. (2) Cytoplasmic RNA labeled for 40 min with [methyl-
%H]methionine. (3) Nuclear RNA labeled for 40 min with [5-3H]-
uridine. (4) Cytoplasmic RNA labeled for 40 min with [5-3H]uridine.
(5) Nuclear RNA labeled for 15 min with [5-*H]uridine and then
chased for 25 min with 5 ug/ml actinomycin D. (6) Cytoplasmic
RNA labeled and chased as in 5. All lanes are from the same gel
slab.
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this species was nuclear by nonaqueous fractionation (Fig. 2).
Fig. 3 shows the resolution of the methylated G’ RNA ([methyl-
*H]methionine labeling in lane /) from the nonmethylated 5S
tRNA ([*H]uridine labeling in lane 3).

PRECURSORS TO 45 RNA: We assume that the briefly
labeled RNA species migrating in gel electrophoresis between
H RNA and mature 48 RNA are mostly 45 RNA precursors
(Fig. 2). (The basis for this assumption has been reviewed by
Burdon [2]). After aqueous fractionation, most, if not all, of
the population of apparent 4S RNA precursors is found in the
cytoplasm (2). In contrast, perhaps as much as half of the 45
RNA precursors were present in nuclei prepared by the non-
aqueous method (Fig. 2, lanes 4-6). The majority of the
presumptive pre-4S nuclear RNA could be removed from the
nuclei by washing in an aqueous buffer (not shown).

4s RNA: Nuclei prepared in aqueous medium are esentially
free of mature 4S RNA. For example, Weinberg and Penman
(38) estimated their level to be below 0.2% of the total cellular
4S5 RNA content. Instead, by nonaqueous fractionation, ~8%
of the cellular 4S RNA appeared to be present in the nuclear
fraction (Table I).

OTHER RNA SPECIES: F RNA and H RNA (41) were
found to be nuclear, in agreement with aqueous fractionation
(1).

After long-term (11 or 24 h) labeling, we detected three or
more cytoplasmic species migrating more slowly than K RNA
(Figs. 1 and 2). After 40-min [*H]uridine labeling, we detected
two nuclear species that comigrated with two of these long-
term-labeled cytoplasmic species (Fig. 1). After 40 min [methyl-
*H]methionine labeling, we detected a minor methylated nu-
clear species that migrated slightly more slowly than K RNA
(Fig. 3, lane I).

We detected a nuclear species of mobility between K and L
RNA, which was detected after both short-term and long-term
labeling. This species was not detectably methylated.

A minor cytoplasmic species was observed migrating slightly
more slowly than C’ in short-term labeled material (Fig. 3, lane
4). Long film exposures showed that this species was methyl-
ated (not shown).

A minor nuclear methylated species was observed migrating
between 5S RNA and G’ RNA (Fig. 3, lane I).

The possibility exists that some of the minor species not
previously described could be conformers of other species.

Refractionation Experiment

To examine the possible redistribution of small RNAs during
nonaqueous fractionation, nuclei from cells labeled for 40 min
were first isolated by the methods given above, then suspended
again in glycerol, rehomogenized, and centrifuged as in the
first fractionation. Samples of RNA from whole cells, once-
fractionated nuclei, cytoplasm, twice-fractionated nuclei, and
the glycerol supernate from the second centrifugation were
electrophoresed op a 10% polyacrylamide gel slab. The patterns
of radioactivities from nuclei once- and twice-fractionated were
essentially identical (not shown). The glycerol supernate from
the second fractionation contained 2.2% of the radioactivity of
twice-sedimented nuclei and gave an electrophoretic pattern
essentially identical to that of the cytoplasmic fraction after the
first centrifugation. This experiment therefore showed that the
species identified as nuclear by the first fractionation sedi-
mented again with nuclei in the second fractionation.
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DISCUSSION

Nonaqueous fractionation showed that most of the newly
synthesized 58 rRNA and about one-half of the 4S RNA
precursors were nuclear in HeLa cells. Lonn (24) has shown by
other methods that essentially all newly synthesized 5S rRNA
and 4S RNA precursors of polytene insect cells were nuclear.
We have no direct evidence to address the possibility of partial
elution of 58 rRNA and 4S RNA prescursors, but we can say
from the refractionation experiment above that the RNA of
isolated nuclei was not eluted further during a second round of
nonaqueous manipulations. The evidence available therefore
supports two interpretations: either the fractionation results
represent actual distributions of 5S rRNA and 4S RNA pre-
cursors in HeLa cells; or there exist two populations of nuclear
5S rRNA and 4S RNA precursors, one of which can be eluted
into the cytoplasmic supernate in nonaqueous fractionation.

Some RNA species were more nuclear than has been re-
ported previously by aqueous fractionation. These included
long-term-labeled RNA species K, A, C, and D and newly
synthesized L, C’, and D’. Our results differ from those of
Frederiksen and Hellung-Larsen (10), who observed, by use of
an alternate non-aqueous method, that 40-60% of C and D
from rat liver was cytoplasmic. We cannot explain the disa-
greement except to suggest that the differences in biological
material or in methods may have been responsible.

It is estimated from our nonaqueous fractionation data that
~8% of the total cellular 4S RNA may be nuclear. This value
represents ~8 X 10° molecules of 4S5 RNA per HeLa cell
nucleus (38). Because of this result, the possibility of a nuclear
function of 48 RNA should not be ruled out. It should be
noted also that our estimations of the nuclear content of 4S
and 58 RNA depend on the assumption that ~1.2% of the total
cellular 18S rRNA is nuclear (38). The latter value was ob-
tained by aqueous cell fractionation, which tends to give arti-
ficially low nuclear concentrations of various in vivo nuclear
components. If the nuclear level of 18S rRNA in the living cell
were actually higher, our estimates of nuclear content of 4S
and 5S RNA would be also higher.

Several subcellular distribution patterns are found during
the processing of the various small RNA species. The majority
of the nuclear RNA species (A, K, H, and G’) remain in the
nucleus of the interphase cell at all times, even within minutes
after their transcription. The exceptions seem to be nuclear
RNA species C and D, which are found briefly in the cytoplasm
shortly after their synthesis. Some newly made cytoplasmic
RNAs (e.g., L and 58 RNA) have a fairly long nuclear phase
before appearing in the cytoplasm, whereas 15 min after ad-
dition of [*H]uridine most of the labeled 4S8 RNA is already of
mature size and cytoplasmic.

The excellent assistance of Arnold Oliphant, Leslie Abplanalp, and
Margaret Woolf in Salt Lake City and Celeste M. Reisch in St. Louis
is gratefully acknowledged.

This work was supported by grants CA 17504, GM 26137 (to T.
Gurney), and CA 20683 (to G. L. Eliceiri) from the National Institutes
of Health.

Received for publication 1 April 1980, and in revised form 25 June 1980.

REFERENCES

L. Bonner, W. M., and R. A. Laskey. 1974. A fiim detection method for tritium-labeled
proteins and nucleic acids in polyacrylamide gels. Eur. J. Biochem. 46:83-88.



ad

- w

o v

~

L

Nl

20.

21

22.

. Kavenoff, R. and B. H. Zimm. 1973. Chromoso!

Burdon, R. H. 1975. Processing of tRNA precursors in higher organisms. Brookhaven
Symp. Biol. 26:138-153.

Deimel, B., C. H. Louis, and C. E. Sekeris. 1977. The presence of small molecular weight
RNAs in nuclear RNP particles carrying HnRNA. FEBS. (Fed. Eur. Biochem. Soc.} Lett.
73:80-84.

Eliceiri, G. L. 1972. The ribosomal RNA of hamster-mouse hybrid cells. J. Cell Biol. 53:
177-184.

Eliceiri, G. L. 1974. Short-lived small RNAs in the cytoplasm of HeLa cells. Cell. 3:11-14.
Eliceiri, G. L. 1979. Sensitivity of low molecular weight RNA synthesis to ultraviolet
radiation. Narure (Lond.) 279:80-81.

. Eliceiri, G. L., and T. Gumney, Jr. 1978. Subcellular location of precursors to small nuclear

RNA species C and D and of newly synthesized 5S RNA in HeLa cells. Biochem. Biophys.
Res. Commun. 81:915-919.

Eliceiri, G. L., and M. S. Sayavedra. 1976. Small RNAs in the nucleus and cytoplasm of
HeLa cells. Biochem. Biophys. Res. Commun. 72:507-512.

. Foster, D. N, and T. Gurney, Jr. 1976. Nuclear location of mammalian DNA polymerase

activities. J. Biol. Chem. 251:7893-7898.

. Frederiksen, S., and P. Hellung-Larsen. 1979. Low molecular weight RNA components:

occurrence, metabolism and genes. In Specific Eukaryotic Genes. Alfred Benzon Sym-
posium, Munksgaard, Copenhagen, Denmark. 13:457-469.

. Gallinaro, H. and M. Jacob. 1979. An evaluation of small nuclear RNA in HnRNP.

FEBS. (Fed. Eur. Biochem. Soc.) Letr. 104:176-182.

. Guimont-Ducamp, C., J. Sri-Widada, and P. Jeanteur. 1977. Occurrence of smail molec-

ular weight RNAs in HeLa nuclear ribonucleoprotein particles containing HnRNA
(HnRNP). Biochimie (Paris). 59:755-758.

. Gurney, T., Jr. and D. Foster. 1977. Non-aqueous isolation of nuclei from cultured cells.

Methods Cell Biol. 16:45-68.

Hamada, H., M. Muramatsu, Y. Urano, I. Onishi, and R. Kominami. 1979. In vitro
synthesis of a 58 RNA precursor by isolated nuclei of rat liver and HeLa cells. Cefl. 17:
163-173.

. Hellung-Larsen, P. 1977. Low Molecular Weight RNA Components in Eukaryotic Celis.

F.A.D.Ls Forlag, Copenhagen, Denmark.

. Howard, E. F. 1978. Small nuclear RNA molecuies in nuclear ribonucleoprotein complexes

from mouse erythrc ia cells. Bioch

istry. 17:3228-3236.
ized DNA molecul

from Dr

Chromosoma (Berl.). 41:1-27.

. Kirsch, W. M., I. W. Leitner, M. Gainey, D. Schultz, R. Lasher, and P. Nakane. 1970.

Bulk isolation in nonaqueous media of nuclei from lyophilized cells. Science {Wash. D.C.).
168:1592-1595.

. Knight, E., Jr., and J. E. Darneil. 1967. Distribution of 58 RNA in HeLa cells. J. Mol.

Biol. 28:491-502.

Laskey, R. A, and A. D. Mills. 1975. Quantitative film detection of *H and "C in
polyacrylamide gels by fluorography. Eur. J. Biochem. 56:335-341.

Leibowitz, R., R. Weinberg, and S. Penman. 1973. Unusual metabolism of 58 RNA in
HelLa celis. J. Mol. Biol. 73:139-143.

Lerner, M. R., J. A. Boyle, S. M. Mount, S. L. Wolin, and J. A. Steitz. 1980. Are snRNPs

23.
24.
25.

26.

27.

28.
29.
30.
3L
32.

33.

34,

35.
36.
37.
38.

39.

4i.

4.

GURNEY AND ELICEIRI

involved in splicing? Nature (Lond.). 283:220-224.

Loening, U. E. 1967. The fractionation of high molecular weight RNA by polyacrylamide
gel electrophoresis. Biochem. J. 102:251-257.

Lénn, U. 1977. Exclusive nuclear location of precursor 48 RNA in vivo. J. Mol. Biol. 112:
661-666.

Naora, H. 1977. Nuclear RNA. /n The Ribonucleic Acids. P. R. Stewart and D. S. Letham,
editors. Springer-Verlag, New York. 43-80. 2nd ed.

Pederson, T., and J. S. Bhorjee. 1979. Evidence for a role of RNA in eukaryotic
chromosome structure. Metabolically stable, small nuclear RNA species are covalently
linked to chromosomal DNA in HeLa cells. J. Mol. Biol. 128:451-480.

Puck, T. T., P. I. Marcus, and S. J. Cieciura. 1956. Clonal growth of mammalian cells in
vitro, growth characteristics of colonies from single HeLa cells with and without a feeder
layer. J. Exp. Med. 103:273-283.

Reddy, R., D. Henning, and H. Busch. 1979. Nucleotide sequence of nucieolar U3B RNA.
J. Biol. Chem. 254:11097-11105.

Reddy, R, T. 8. Ro-Choi, D. Henning, and H. Busch. 1974, Primary sequence of Ul
nuclear ribonucleic acid of Novikoff hepatoma ascites cells. J. Biol. Chem. 249:6486—6494.
Rein, A. 1970. The small molecular weight i nuclear RNAs in mitotic cells.
Biochim. Biophys. Acta. 232:306-313.

Ro-Choi, T. S., and H. Busch. 1974. Low molecular weight nuclear RNAs. In The Ceil
Nucleus HI. H. Busch, editor., Academic Press, Inc., New York. 151-208.

Rogers, J., and R. Wall. 1980. A mechanism for RNA splicing. Proc. Natl. Acad. Sci. U.
S. A. 77:1877-1879.

Seifert, H., M. Scheurien, W. Northemann, and P. C. Heinrich. 1979. Low molecular
weight RNAs as components of nuclear ribonucleoprotein particles containing heteroge-
neous nuclear RNA. Biochim. Biophys. Acta. 564:55-66.

Shibata, H., T. §. Ro-Choi, R. Reddy. Y. C. Choi, D. Henning, and H. Busch. 1975. The
primary sequence of nuclear U-2 ribonucleic acid. The 5'-terminal portion of the molecule.
J. Biol. Chem. 250:3909-3920.

Studier, F. W. 1973. Analysis of bacteriophage T7 early RNAs and proteins on slab gels.
J. Mol. Biol. 79:237-248.

Walker, T. A, N. R. Pace, R. L. Erikson, E. Erikson, and F. Behr. 1974. The 7S RNA
common to oncornaviruses and normal cells is associated with polyribosomes. Proc. Natl.
Acad. Sci. U. S. A. 71:3390-3394.

Weinberg, R. 1973. Nuclear RNA metabolism. Annu. Rev. Biochem. 42:329-354.
Weinberg, R., and S. Penman. 1968. Small molecular weight monodisperse nuclear RNA.
J. Mol. Biol. 38:289-304.

Williams, J. F. 1970. Enhancement of adenovirus plaque formation on HeLa cells by
magnesium chloride. J. Gen. Virol. 9:251-255.

. Zieve, G., B. J. Benecke, and S. Penman. 1977. Synthesis of two classes of small RNA

species in vivo and in vitro. Biochemistry. 16:4520-4525.

Zieve, G., and S. Penman. 1976. Small RNA species of the HeLa cell: metabolism and
subcellular localization. Cell. 8:19-31.

Zimmerman, S. B, and G. Sandeen. 1966. The ribonuclease activity of crystallized
p ic deoxyribonucl Anal. Biochem. 14:269-277.

Distribution of Hela Cell Small RNA Species 403



