the most primitive among the spiroplas-
mas now known, those of the Drosophila
sex-ratio spiroplasmas (6) might be con-
sidered the most highly evolved. These
organisms, apparently lacking a gut
phase, may be wholly dependent on
transovarial transmission for their sur-
vival, although transmission by mouth
has been reported in one species (24).

We cannot yet compare the ecology of
spiroplasmas from insects with those of
other arthropods such as ticks. Although
two tick genera have been reported to
harbor spiroplasmas (20), the mainte-
nance cycles of the organisms have not
been elucidated. Knowledge of the host-
parasite relationships of tick spiroplas-
mas might provide evidence concerning
the existence of alternative vertebrate
hosts.

Thus it is clear that a diversity of
spiroplasma-insect relationships exist.
However, the contamination of plant
surfaces by feces or regurgitated gut
contents from insects infected with spi-
roplasmas is an important means of
spreading infections in nature. This con-
clusion is supported by the observation
that a spiroplasma found in the bettle,
Melolontha melolontha in Europe (25) is
serologically identical to spiroplasmas of
group III (26). This group of strains
includes strain 23-6 of Davis (27) and
BNRI1 of Clark (/2), both from the tulip
tree (Liriodendron tulipifera) and OBMG
of Clark (/2) from the southern magnolia
(Magnolia grandiflora). The name Spiro-
plasma floricola has been proposed for
these strains (28). Although many spiro-
plasmas may not be pathogenic to their
usual insect hosts, their exceptional sta-
bility on various surfaces (29) and wide
experimental host ranges suggest that
some may have application for biological
control.

TRUMAN B. CLARK
Insect Pathology Laboratory,
Plant Protection Institute,
U.S. Department of Agriculture,
Beltsville, Maryland 20705
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Differential Breakdown of Phylogenetically Diverse Ribosomal

RNA'’s Inserted via Liposomes into Mammalian Cells

Abstract. Liposomes were used to deliver ribosomal RNA’s from three different
organisms into cultivated mouse plasmacytoma cells. Ribosomal RNA from Esche-
richia coli was degraded intracellularly within 1 hour, whereas mouse and yeast
ribosomal RNA’s were degraded more slowly. This indicates that cells can discrimi-

nate between different ribosomal RNA's.

Although the regulation of protein syn-
thesis is controlled mainly at the level of
messenger RNA (mRNA) synthesis, reg-
ulation may also occur at the posttran-
scriptional level, by modulation either of
the initiation of translation (/) or of the
stability of RNA (2). Any method that
would allow direct delivery of mRNA
into cells and permit a study of the
differential processing of RNA mole-
cules in an unmodified environment
would facilitate the investigation of post-
transcriptional regulatory mechanisms.

In recent years lipid vesicles (lipo-
somes) have been used to deliver biologi-
cally active macromolecules into a varie-
ty of eukaryotic cells in vitro (3). The
liposomes protect the sequestered mole-
cules from external agents and can deliv-
er macromolecules to a large number of
cells. In particular, liposome-seques-
tered RNA is protected from the action
of ribonuclease (4). Translation of globin
mRNA (5), infectivity of polio RNA (6),
and association of myosin mRNA with
ribosomes (7) have been demonstrated in
foreign cells into which the appropriate
RNA was injected via liposomes. We
have shown that a substantial amount of
liposome-entrapped RNA can be deliv-
ered into cells and that most of the cell-

associated RNA is internalized (8). We
now describe experiments indicating that
liposome-detivered ribosomal RNA’s
(rRNA’s) of different phylogenetic origin
are degraded at different rates. Because
rRNA in vivo is usually bound to pro-
teins, these experiments were not in-
tended as a means of studying the degra-
dation of rRNA in vivo, but rather were
performed to assess whether this tech-
nology could be used to investigate the
putative differential processing of RNA
molecules.

Total RNA from Escherichia coli A
155 (U™) was labeled with *H or 3P (4).
Mouse rRNA labeled with 3*P was pre-
pared from P3XAg6593 cells (derived
from the myeloma MOPC21) grown for
24 hours in Eagle’s minimal essential
medium containing one-tenth the normal
amount of inorganic phosphate and sup-
plemented with [*?P]phosphate (10 to 20
pCi/ml). Cells were lysed in a buffer
containing 10 mM sodium acetate (pH
5.1), 100 mM NaCl, 1 mM EDTA, and
0.5 percent sodium dodecyl sulfate and
extracted with a phenol-chloroform mix-
ture (1:1). The total nucleic acid was
precipitated with ethanol and repeatedly
suspended in 3M sodium acetate (pH
6.0) to solubilize 45 to 5§ RNA and
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DNA. Polyadenylated (poly A) RNA
was eliminated by oligodeoxythymidy-
late cellulose chromatography (9). Yeast
rRNA labeled with **P was extracted
from Saccharomyces cerevisiae grown
in low-phosphate medium in the pres-
ence of [**Plphosphate (10 to 20 n.Ci/ml)
(10). The 45 to 55 RNA, DNA, and poly
A RNA were eliminated as described for
mouse RNA. The specific radioactivities
of the rRNA preparations were never
less than 10° count/min per microgram.
The RNA’s carrying different labels (at
least 100 pg or 107 count/min) were se-
questered simultaneously in liposomes
(13 pmole of lipids) prepared by the
reverse-phase evaporation technique
(I11) and containing phosphatidylcholine
and phosphatidylserine at a molar ratio
of 1:2. Liposomes were purified by chro-
matography on a column of Sepharose
2B (1 by 50 ¢cm) with phosphate-buffered
saline as the elution buffer. The lipo-

Radioactivity (%)

5 10 15 20 25

Fraction number

Fig. 1. Differential breakdown of RNA from
E. coli and from mouse, delivered by lipo-
somes to mouse plasmacytoma cells; (O) *H-
labeled E. coli RNA; (@) *?P-labeled mouse
rRNA. (A) RNA extracted from liposomes:
*H, 15,000 count/min; 2P, 2500 count/min.
(B) RNA extracted from cells incubated with
liposomes in the absence of actinomycin D:
*H, 1300 count/min; **P, 1500 count/min. (C)
RNA extracted from cells incubated with lipo-
somes in the presence of actinomycin D: °H,
2700 count/min; P, 4200 count/min. The
radioactivity of each fraction is expressed as a
percentage of total radioactivity of each iso-
tope.

60

somes, which routinely sequestered 20
to 30 percent of the RNA, eluted with the
void volume.

To assess whether mouse myeloma
P3XAg6593 cells can discriminate be-
tween ‘‘naked’’ homologous and a heter-
ologous (E. coli) rRNA, liposomes con-
taining the two RNA’s carrying different
labels were incubated with these cells in
serum-free RPMI 1640 medium for 60
minutes (Fig. 1). In one experiment, acti-
nomycin D added at a concentration of 5
pg/ml inhibited more than 95 percent of
the endogenous RNA synthesis. After
the liposome-cell interaction, the cells
were washed four times with RPMI
1640—a procedure that completely frees
cells from adhering liposomes (8). RNA
was extracted from the cell pellets and
from the liposomes in the supernatant of
the first wash and analyzed on sucrose
gradients (/2). The >3H-labeled RNA
from E. coli and the ?P-labeled RNA
from mouse were extracted from the
liposomes that had not interacted with
the cells; their sedimentation profiles
were characterized by 165 and 23§ and
by 185 and 28§ peaks, respectively (Fig.
1A) and were undistinguishable from the
sedimentation profiles of the original
RNA’s (not shown). We concluded that
RNA was not degraded during the pro-
cess of sequestration.

In the RNA extracted from the cells
after interaction with liposomes, the **P-
labeled mouse RNA gave a sedimenta-
tion pattern characterized by large 185
and 285 peaks, whereas the *H-labeled
E. coli RNA had lost 'its characteristic
165 and 23§ peaks and appeared almost
totally degraded (Fig. 1B). When lipo-
some-cell interaction was carried out in
the presence of actinomycin D, E. coli
RNA was totally degraded, with only a
small shoulder at 165 being evident (Fig.
1C). Conversely, the presence of 18§
and 285 peaks of 2P radioactivity shows
that homologous rRNA was not degrad-
ed. We conclude that mouse rRNA was
preferentially protected from degrada-
tion within the cells. Since actinomycin
D did not affect the results, it is unlikely
that both RNA’s were degraded and that
the *?P-labeled, homologous rRNA in
the cells resulted from a preferential reu-
tilization of the *’P. To eliminate the
possibility that residual RNA synthesis
(not inhibited by actinomycin D) was
responsible for the appearance of *2P in
mouse rRNA, E. coli RNA preparations
labeled with *’P or 3H were sequestered
within the same liposomes and delivered
to myeloma cells in the presence of
actinomycin D. Both labels were found
in populations of RNA molecules that

had been completely degraded (not
shown).

We investigated the time course of
degradation of homologous naked rRNA
delivered into P3XAg6593 cells. Mouse
32p_labeled rRNA was sequestered with-
in liposomes together with *H-labeled E.
coli RNA as a positive control for the
degradation and reutilization of the label.
After 60 minutes of liposome-cell inter-
action in the absence of actinomycin D,
cells were suspended in RPMI 1640 me-
dium at 37°C (time 0). RNA extracted
from equal samples of the culture at time
0 and at 3 and 19 hours was analyzed on
sucrose gradients. At time 0 (Fig. 2A), E.
coli RNA, but not mouse rRNA, was
degraded, indicating that no liposomes
containing intact rRNA were adhering to
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Fig. 2. Kinetics of breakdown of RNA ex-
tracted from cells incubated with liposomes in
the absence of actinomycin D: (O) H-labeled
E. coli RNA; (@) **P-labeled mouse TRNA.
(A) RNA extracted from cells immediately
after incubation with liposomes: *H, 1000
count/min; *?P, 3400 count/min. (B) RNA
extracted from cells after 3 hours in culture:
*H, 200 count/min; *?P, 1800 count/min. (C)
RNA extracted from cells after 19 hours in
culture: *H, 500 count/min; **P, 2200 count/
min. The radioactivity of each fraction is
expressed as a percentage of total radioactiv-
ity of each isotope.
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the cells. The presence of a peak of *H
activity in the 85 to 12§ region may be
partly due to incorporation of the label
from E. coli RNA into mammalian
mRNA. After 3 hours (Fig. 2B), little *P
activity was found in 18§ and 28S re-
gions, indicating that homologous rRNA
had largely been degraded by this time.
Activity resulting from both *H and 3?P
in the 85 to 125 region may indicate their
incorporation into host mRNA. After 19
hours (Fig. 2C), all radioactivity showed
a sedimentation profile typical of bulk
mammalian RNA. We conclude that na-
ked homologous rRNA is mostly degrad-
ed in 3 hours and that its radioactivity
can be utilized by host cells.

To extend our observations and to
determine whether an evolutionarily dis-
tant eukaryotic rRNA is protected from
rapid degradation in mouse myeloma
cells, we used liposomes to deliver
p_labeled rRNA from yeast into
P3XAg6593 cells in the presence of acti-
nomycin D (5 pg/ml); *H-labeled E. coli
RNA was also delivered to provide a
reference to the previous experiments.
RNA was extracted from target cells
immediately after liposome-cell incuba-
tion (time 0) and after 3 hours of culture
in RPMI 1640 in the presence of actino-
mycin D. At time 0, the yeast rRNA
appeared intact. In fact, peaks of P
activity at 165 and 25§ were present,
whereas most of the E. coli RNA was
degraded (Fig. 3A). In the RNA prepara-
tion obtained after 3 hours of culture, the
radioactivity due to E. coli RNA was
greatly reduced and the RNA was totally
degraded, while most of the yeast rRNA
was not degraded. During the 3 hours of
incubation (wWhen endogenous RNA syn-
thesis was effectively blocked by actino-
mycin D), the total acid-precipitable P
activity associated with the cells also
decreased (by a factor of 3). We have not
investigated the mechanism by which
this loss of radioactivity occurred.

These experiments show a differential
rate of breakdown of eukaryotic and
prokaryotic rRNA’s delivered into
mouse cells by liposomes. Whether the
RNA is delivered into the cells by fusion
or endocytosis, is not certain; in the
latter case most of the RNA would be
delivered to the lysosomes (3). Howev-
er, evidence that most of the RNA was
inserted into the cytoplasm includes the
following: (i) cytochalasin B, an inhibitor
of endocytosis, reduces the amount of
RNA delivered into the cells by choles-
terol-free liposomes by no more than 30
percent (4) and (ii) liposome-delivered
mRNA can be faithfully translated (5, 6).
The breakdown of RN A was assessed by
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sucrose gradient centrifugation, a tech-
nique that allows. the use of relatively
large amounts of RNA to maximize the
amount of radioactivity analyzed.

Mouse myeloma cells appeared to de-
grade liposome-delivered E. coli rRNA
faster than they degraded eukaryotic
rRNA. The more rapid degradation of E.
coli rRNA may be due to its different
pattern of methylation, or cytoplasmic
proteins may preferentially bind eukary-
otic rRNA.

The rate of degradation of both RNA’s
under the conditions used is higher than
that observed in vivo. In fact, mammali-
an TRNA has a half-life of about 100
hours or more (13), whereas E. coli and
yedst rRNA’s have half-lives of about 20
hours (/4). This more rapid degradation
was very likely the result of the use of
naked RNA. The RNA preparations ex-
tracted from cells after 3 hours of incuba-
tion (Figs. 2B and 3B) contained a large
peak of radioactivity due to E. coli RNA
in the 4S5 to 5§ region. This is probably
attributable to degraded rRNA as well as
to transfer RNA (tRNA), which was
present in the E. coli RNA preparations
used. The persistence of tRNA in the
cells is consistent with data (/5) indicat-
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Fig. 3. Kinetics of breakdown of RNA ex-
tracted from cells incubated with liposomes in
the presence of actinomycin D; (O) 3H-la-
beled E. coli RNA; (@) *?P-labeled yeast
rRNA. (A) RNA extracted from cells immedi-
ately after incubation with liposomes: *H,
2600 count/min; *?P, 7700 count/min. (B)
RNA extracted from cells after 3 hours in
culture: *H, 1000 count/min; 2P, 2800 count/
min. The radioactivity of each fraction is
expressed as a percentage of total radioactiv-
ity of each isotope.

ing that prokaryotic tRNA can remain
biologically active when delivered into
cells by cultivation of cells and tRNA
together.

These data indicate that liposome-me-
diated RNA delivery into cells consti-
tutes an efficient model system that
might be used to study mRNA discrimi-
nation by different cell types. The advan-
tage of this model system lies in the ease
with which liposomes can be prepared
and in the protection from external
agents that they provide to the seques-
tered molecules. Moreover, in contrast
to microinjection téchniques (/6), lipo-
somes can deliver their content to a very
large number of cells.
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