calcium ions were applied at pH 8.7
(8). These facts strongly support Wor-
ley’s hypothesis that contractile systems
concerned with beat and with reversal
may be separable and distinct from each
other (9).

In another series of experiments, a
glass microcapillary electrode (about
0.5 p in tip diameter) filled with 0.1M
NH,CI (10) was introduced into cyto-
plasm of Paramecium, and the potential
difference between the inserted electrode
and a reference electrode placed in the
external solution was amplified, dis-
played on a cathode-ray tube, and
photographed.

Penetration of the microelectrode into
cytoplasm of a normal Paramecium was
generally accompanied by a sudden shift
to a negative direct current level in re-
corded potential ranging from —15 to
—40 mvolt (10, 13). Sometimes small,
irregular, repetitive fluctuations in po-
tential level (less than 1 mvolt) were
found (Fig 2A). Intracellular potentials
of a similar nature were also recorded
from a nickle-treated Paramecium with
nonbeating cilia (Fig. 2B). Therefore,
the small perturbations in potential level
would appear to have no relation to
ciliary beat. Moreover, the degree of
the inside negativity in nickel-treated
Paramecium (21 = 1.0 mvolt; mean
and S.E. of five measurements on five
different specimens) was found to be
almost equal to that in normal Para-
mecium (20 = 0.27 mvolt; mean and
S.E. of five measurements on five differ-
ent specimens). In contrast, in the
ciliated cells of the ctenophore comb
plate, depolarizing action potentials are
associated not only with natural ciliary
beats but also with beats initiated in
response to mechanical vibrations of
cilia (11).

Low concentrations of extracellular
calcium (72) frequently cause spon-
taneous reversal in the ciliary beat of
normal specimens (/2). Similar spontane-
ous reversals of orientation occur in
nickel-treated specimens in media with
a low calcium concentration as does
nickel-treated Paramecium without cili-
ary beat. Spontaneous reversals in nor-
mal specimens are accompanied by
transient membrane deplorizations (70,
13). Recordings of intracellular poten-
tials of nickel-treated Paramecium made
simultaneously with photographic re-
cording of spontaneous reversal re-
sponses of nonbeating cilia in 0.01 mM

CaCl, (Fig. 3) show that the reversal

response of nonbeating cilia are always
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associated with depolarizations of the
membrane.

It is concluded that membrane de-
polarization is specifically concerned
with the ciliary reversal and not with
ciliary beat in Paramecium.

YuTaka NAITOH
Zoological Institute, Faculty of Science,
University of Tokyo, Tokyo, Japan
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Arrested Protein Synthesis in Polysomes
of Cultured Chick Embryo Cells

Abstract. Cells deprived of serum synthesize proteins at a reduced rate; when
serum is restored the rate returns to normal. The polysomes do not dissociate,
but show reduced incorporation of amino acid in vitro, and are less responsive to
polyuridylic acid than are those from normal cells.

In primary cultures of chick embryo
cells, protein synthesis shows an abso-
lute requirement for serum (I): in its
absence there is no detectable net syn-
thesis of protein or RNA, and incor-

" poration of precursors into these classes

of macromolecules is sharply curtailed.
The three principal classes of RNA—
ribosomal, messenger, and soluble—
continue to be synthesized but at a
very reduced rate (2).

In order to identify the phase of
protein synthesis that requires serum,
the effect of serum withdrawal from
cells that are synthesizing protein at
the maximum rate was explored. The
results suggest (i) that polysomes re-
main intact when deprived of serum;
(i) that messenger RNA (mRNA) is
not destroyed; and (iii) that these poly-
somes are relatively ineffective in in-
corporating amino acids in vitro.

Cells cultured as monolayers in
Eagle basal medium (3) with 3 per-
cent calf serum synthesize protein for
several days, the rate of growth being
linear (I). When the medium was re-
placed by one without serum at any
time during the linear phase of growth,
the net protein and RNA syntheses
ceased abruptly (Fig. 1). The amount
of cellular protein and RNA decreased
during the next 24 hours by approxi-
mately 20 percent, probably represent-

" ing cells which had become detached

from the surface.

When serum was added to the cells

at any time for several days after its
initial removal, the rate of protein syn-
thesis increased rapidly (Figs. 1A, and
2), and within 4 hours the rate was
equal to that of cells maintained in
serum. An unusually high initial rate
of protein synthesis is often observed
under such circumstances (4). For 24
hours after serum had been restored,
the net amount of protein synthesized
was essentially normal.

When actinomycin D was added
with the serum, after the cells had been
deprived of serum for various periods,
the initial rate of protein synthesis
(that during the first 4 hours) (Fig.
2), was not adversely affected. It thus
appears that when serum is absent
mRNA is present but not translated.

These results could be due to per-
sistence or to renewal of mRNA while
the cells were deprived of serum. To
distinguish between these possibilities,
actinomycin was used to prevent re-
newal of mRNA during incubation
without serum. The capacity for pro-
tein synthesis was then tested after
the serum was restored. This capacity
slowly decreases during 16 hours (Fig.
3), but the decrease was even faster
in identically treated cultures incubated
with both actinomycin and serum. It
appears that depriving cells of serum
impairs the translation of mRNA but
does not impair, and even promotes,
the persistence of RNA in functional
form. Although the effect of actinomy-
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Fig. 1 (right). Effect of serum removal on
protein and RNA synthesis.
cultured in Eagle basal medium with 3
percent calf serum for 48 hours were
washed twice with balanced salt solution.
Fresh medium with 3 percent serum was
added to half the bottles and the medium
without serum to the other half. (CS, 3
percent calf serum). Cells were harvested
and proteins were estimated by the Lowry
procedure (1). Each point represents the
average of two bottles of approximately
107 cells per bottle. (B) Incorporation of
C*-leucine (0.25 uc per bottle) or C"-
uridine (0.25 uc per bottle) into the frac-
tion insoluble in cold trichloroacetic acid.
Labeled precursors were added when the
medium was replaced. Estimate of cumu-
lative amino acid incorporation was made
by harvesting the cells from two bottles
for each point indicated.

cin D on the synthesis of RNA is
probably its primary effect, secondary
effects cannot be dismissed (5). Since
its -addition did not hinder the recov-
ery of protein synthesis, secondary
toxic effects need not be considered in
interpreting these results.

The effect of serum deprival upon
the synthesis of protein in the whole
cell might be the result of altered
ribosomes or of soluble factors asso-
ciated with protein synthesis. :

Microsomes were obtained from cells
grown in pyrex dishes (surface area
approximately 540 cm?®). The cells
were rinsed with Hanks’ balanced salt
solution, scraped from the glass sur-
face with a rubber spatuIa, and chilled.
Next they were centrifuged and
washed, first with cold saline and
then quickly with hypotonic standard
buffer for reticulocytes (RSB) (6).
The cells were suspended in RSB on
ice and allowed to swell for 30 to 45
minutes, after which they were dis-
rupted by grinding with
glass homogenizer. The extract was
centrifuged at 15,000¢ for 10 minutes
in a refrigerated Servall to remove
nuclei and mitochondria. The micro-
somes were obtained by centrifuging
the supernatant for 2 hours through
1.0M sucrose (pH 7.5) at 100,000g
in a Spinco preparative ultracentri-
fuge at 4°C. Microsomes largely free
of endoplasmic reticulum were also ob-
tained by deoxycholate (0.5 percent)
treatment of the S-15 supernatant fluid
(7). The fluid was then layered over
a medium of 0.25M sucrose and cen-
trifuged for 2 hours at 40,000 rev/min.
The pellet obtained was resuspended
in RSB for use in the studies of in-
corporation of amino acids in vitro.

Microsomes, whether or not treated
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Fig. 2 (left). Effect of actinomycin D on reactivation of protein synthesis by restoring
serum. The serum was removed at time zero from the medium after 48 hours by
the procedure followed in Fig. 1. At various times thereafter serum was restored
to the medium with or without actinomycin D (1.0 wg/ml) and with C*-leucine.
After 4 hours the cells were harvested and the incorporation of C'-leucine into
TCA-insoluble material was measured. The incorporation of C"-uridine into cells
treated with actinomycin D was less than 8 percent of the control value (first 4 hours
after actinomycin D was added). Hatched bar, control—serum restored; unhatched
bar, actinomycin D when serum restored. Fig. 3 (right). Effect of serum deprival
on persistence of capacity for protein synthesis. Actinomycin D (0.5 ug/ml) was added
at time zero to cultures freshly transferred to medium with or without serum. After
prior incubation for varying intervals serum was added to the cultures lacking serum,
and the amount of C'-leucine incorporated into TCA-insoluble material in the subse-
quent 4 hours was determined in both cultures. C*-uridine incorporation into cultures
treated with actinomycin D was less than 8 percent of control (first 4 hours after
actinomycin D was added). Wide hatches, control; narrow hatches, serum-deprived.
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with deoxycholate, incorporated amino
acids in vitro; incorporation was stimu-
lated by the addition of polyuridylic
acid (polyU) (Fig. 4A). Microsomes
from cells treated with actinomycin D
had a reduced capacity for the endogen-
ous incorporation of amino acids, but
were stimulated to a greater degree by
polyU.

Microsomes obtained from cells de-
prived of secrum for 24 hours had re-
duced incorporating activity per unit
of endogenous RNA. Moreover they
responded only slightly when polyU
was added (Fig. 4B). When serum
was restored, the microsomes returned
to full activity within 3 hours (8).
The addition of serum or dialyzed se-
rum to the in vitro system, however.
did not alter the activity of the micro-
somes from cells either provided with
or deprived of serum. If we assume
that the microsomes treated with de-
oxycholate are substantially free of
membrane, the ribosomes are prob-
ably inactivated by the withdrawal of
serum. , '

To compare the optical density pro-
files of the polysomes of normal cells
and of cells deprived of serum, the
pellet obtained from deoxycholate-
treated microsomes after they were
centrifuged through 0.25M sucrose at
40,000 rev/min was recentrifuged
through a sucrose gradient (15 to 30

35,000 rev/min (Spinco rotor SW39)
for 1.5 hours at 4°C. Optical density
at 260 mp was determined with a
Gilford flow cell and an automatic
recording device. Fractions were col-
lected arbitrarily from the gradient and
ribosomes were removed from them
for the incorporation in vitro.

The removal of serum for as long
as 24 hours did not modify in any sig-
nificant way the optical density pro-
file (Fig. 5). Incorporation of amino
acids by endogenous RNA in fractions
obtained from the gradient was, how-
ever, markedly reduced in the prepara-
tions from cells deprived of serum. In
both preparations amino acid incorpo-
ration occurred mainly in the larger
polysomes. The use of a normal super-
natant fraction in these incubations
may have minimized the differences by
providing elements in short supply in
ribosomes prepared from cells deprived
of serum.

Several

tentative conclusions are

“drawn. (i) In the cultivated chick cell

a class of polysome exists that is re-
sistant to ribonuclease and sensitive to
tryspin. (ii) In the absence of serum
some of these polysome complexes re-
main intact but cease functioning. (iii)
Their failure to function is not due to
mRNA destruction; it persists when
polysomes released from cells are tested
in vitro. (iv) Their insensitivity to

ther the absence of a required poly-
somal factor or the presence of an in-
hibitor. (v) Serum contains an “acti-
vator” which itself restores polysome
function in cells or induces the syn-
thesis of such a molecule without syn-
thesis of new RNA; the “activator”
is not effective in vitro. (vi) The acti-
nomycin D-induced decrease of the
cell’s capacity to synthesize protein is
curtailed in the absence of serum.

We propose to call the aggregates
of inactivated ribosomes “arrested poly-
somes” although they apparently differ
qualitatively from those to which the
term polysome was originally applied.
They are relatively resistant to ribo-
nuclease (2 pg/ml for 30 minutes at
2°C), but they dissociate to form sin-
gle ribosomes when exposed to trypsin
(10 pg/ml; plus ribonuclease, 2 pg/ml
at 2°C). Similar responses to enzy-
matic treatment have been described
by Rabinowitz et al. (9) for poly-
somes from the heart muscle of chick
embryos; Humphries et al. (10) have
observed polysomes resistant to ribo-
nuclease from dermal cells of chick
embryos.

The fact that polysomes from the
uncultured 10-day chick embryo are
sensitive to ribonuclease (1 pg/ml for
30 minutes at 2°C) suggests that in
cell culture certain cell types may be
selected, or particular species of poly-
somes formed. The resistance of the

cells deprived of serum J
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Fig. 4 (left). Amino acid incorporation by deoxycholate-treated
microsomes from cells grown with actinomycin D or without
serum. Cells were disrupted in a Potter-Elvehjem homogenizer
and the microsomes were collected; the homogenate was cleared

of debris, treated with deoxycholate, then centrifuged at 100,-
000g, the microsomes being collected in the pellet. Microsomes
from cells exposed to actinomycin D (0.1 ug/ml) for 16 hours or cells deprived of serum for 24 hours were compared with micro-
somes from untreated cells in the presence of the supernatant fraction prepared from normal chick embryo cells. The cells were
incubated for 40 minutes at 37°C. Total volume was 0.7 ml: mercaptoethanol, .006M; ATP, 0.9 X 10°M; creatine phosphokinase,
28 ug; creatine phosphate, 1.0 mg; GTP, 10*M; KCl, 7.6 x 10°M; MgAc, 5 X 10°M; C"-phenylalanine, 0.25 puc; 19 amino
acids, 0.0254M in each; approximately 1.5 mg of S-100 protein (7) and 100 to 200 ug of microsomal RNA; polyU (Miles) as in-

Fig. 5 (right). Amino acid incorporation into polysomes of normal cells and cells deprived of

serum. Microsomes from cells cultured in 3 percent serum and from cells of the same population deprived of serum for 24 hours
were treated with sodium deoxycholate (0.5 percent) and subjected to sucrose gradient fractionation at 4°C. Fractions from the
gradient were used as ribosomes for studies of in vitro amino acid incorporation due to endogenous RNA; a normal supernatant
fraction from whole chick embryos was used. Conditions for incorporation are the same as those in Fig. 4.
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polysomes to ribonuclease and their
sensitivity to trypsin is important be-
cause this may be significant for the
stability of the polysomes in cells de-
prived of serum.

The argument could be advanced
that only a small percentage of the
total ribosomes are responsible for the
protein synthesis observed. The disso-
ciation of that minority would not be
detected in the optical density pattern.
However, 107 cells can make 200 ug
of protein in 24 hours (Fig. 1A),
which is about 40 percent of the total
cell protein. The rate of amino acid
incorporation corresponding to such net
synthesis is reduced by at least 80 per-
cent when serum is removed. Darnell
et al. (I11) conclude that at least 70
percent of the protein synthesis of Hela
cells is carried on by polysomes. These
disappear with a half-life of 3 hours
in cells treated with actinomycin; pro-
tein synthesis by the cells decreases
at the same rate.

The inactivating effect of serum de-
prival on ribosomal function may be
related to observations with animal
cells in situ and in culture reported
by other investigators. Salb and Mar-
cus (12) found that ribosomes from
Hela cells in mitosis exhibit low ac-
tivity and can be reactivated by tryp-
sin. They proposed that basic proteins
from the nucleus were the inhibitors.
Monroy et al. (13) reported that tryp-
sin reactivates ribosomes obtained from
sea urchin eggs. Hoagland et al. (14)
have presented evidence for the exist-
ence of an inhibitor of protein syn-
thesis which is closely associated with

polysomes prepared from rat liver.

The serum factor required for ac-
tive polysomes could act directly on
the protein synthesizing machinery or
could neutralize a ‘“governor” which
normally regulates polysome function.

‘The “governor” appears to inhibit poly-

some activity without dissociating the
ribosomes from mRNA and without
destroying mRNA.
Ruy SoEkiro*

HAROLD AMOS
Department of Bacteriology and
Immunology, Harvard Medical School,
Boston, Massachusetts

References and Notes

—_

. H. Amos and M. O. Moore, Exp. Cell Res.

32, 1 (1963).

. A. DiGirolamo, H. H. Hiatt, H. Amos, un-

published results.

. H. Eagle, Science 122, 501 (1955).

. H. Amos and C. Christopher, unpublished

results.

. R. Soeiro and H. Amos, Biochim. Biophys.

Acta, in press.

J. R. Warner, P. Knopf, A. Rich, Proc. Nat.

Acad. Sci. U.S. 49, 122 (1963).

M. W. Nirenberg and J. H. Matthaei, ibid.

47, 1588 (1961).

. R. Soeiro and H. Amos, in preparation.

M. Rabinowitz, R. Zak, B. Beller, O. Ram-

persad, I. G. Wool, Proc. Nat. Acad. Sci.

U.S. 52, 1353 (1964).

10. T. Humphries, S. Penman, E. Bell, Biochem.
Biophys. Res. Commun. 17, 618 (1964).

11. J. E. Darnell, S. Penman, K. Scherrer, Y.
Becker, Cold Spring Harbor Symp. Quant.
Biol. 8, 211 (1963).

12. J. Salb and P. 1. Marcus, Proc. Nat. Acad.
Sci. U.S. 54, 1353 (1965).

13. A. Monroy, R. Maggio, A. M. Rinaldi, ibid.,
p. 107.

14, M. B. Hoagland, O. A. Scornik, L. C.
Pfefferkorn, ibid. 51, 1184 (1964).

15. Supported by grants from the American
Cancer Society and the National Institute of
Arthritis and Infectious Diseases, U.S. Pub-
lic Health Service. We thank S. Hacker for
technical assistance.

* Present address: Department of Biochemistry,

Albert Einstein College of Medicine, Yeshiva

University, New York, New York.

2 September 1966 n

AW N

w

vE N @

Enhanced Growth of Human Embryonic Cells

Infected with Adenovirus 12

Abstract. Fibroblast-like cells from human embryonic lung were infected with
adenovirus type 12, and they survived as an established line, with the characteris-
tics of “transformation” following considerable cellular killing. Inclusion bodies
disappeared and cells became resistant to reinfection with type 12 virus as they
grew in thick multilayered strands, and giant and syncytial cells became common-
place. An induced new cell antigen demonstrable by complement-fixation and
fluorescent-antibody studies persisted for at least 20 culture passages after in-

fection.

After oncogenicity of human adeno-
viruses was observed in hamsters (7),
we made attempts to “transform” (2)
human cells with the oncogenic types
of human adenoviruses. This became
feasible when, in the course of de-
veloping a plaque assay with adeno-
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viruses in human cells (3), a type 12
viral clone was isolated that ap-
peared to be less lytic than other
plaque-clones of the “wild” strain
(Huie). Whether it is a mutant is being
considered.

Human

embryonic  fibroblast-like

lung (HEL) cells of the 21st passage
in monolayer were infected with adeno-
virus at a multiplicity of about one.
Other cultures of the same passage
were not infected but were otherwise
treated the same way. In 18 to 24
hours, inclusion bodies were seen in
about 5 to 10 percent of cells that
were stained with Giemsa. Cytopatho-
genic changes, typical of adenovirus
infection, with enlargement of nuclei
and eventual rounding of cells, de-
veloped within 3 to 4 days. The cyto-
pathogenicity appeared less rapidly with
type 12 than with types 4 or 7. De-
tachment and death of cells was prac-
tically complete in 10 to 14 days.
However, one of several adenovirus
(type 12) plaques, when cloned and
plated on fresh monolayers of HEL
cells, appeared to be less lytic than
other plaque-clones because a number
of cells remained viable 10 days after
infection. To support their survival, the
augmented FEagle medium (4) was
changed repeatedly at 3- to 4-day in-
tervals. From these cells, two colonies
of fibroblast-like cells began to grow
out about 3 weeks after infection. Cells
looked normal by phase microscopy,
but typical adenovirus inclusions were
visible in a few enlarged nuclei. The
grown colonies were then trypsinized
and transferred; uninfected control cul-
tures that had not gone through the
cytopathogenic stage of infection were
treated in the same way. The latter
grew less well, however, and failed
to replicate after the 24th passage. On
the other hand, the infected line of
cells continued to multiply and have
now been transferred altogether over
65 times since the original culture.
During repeated passage of adeno-
virus-infected cells, medium and cells
together were checked periodically for

the presence of virus by plating un-

diluted material (0.2 ml) on fresh mono-
layers of HEL cells. Figure 1 gives
periodic titers of combined cell-associat-
ed and free virus and cumulative cell
mass over a period of 24 -weeks after
infection. Virus was released steadily
for at least eight passages and then the
rate of release declined slowly during
subsequent generations until cytopatho-
genic virus was no longer detectable at
the 42nd overall passage. Such negative
cultures were passed blindly on oc-
casion in fresh HEL cells. without
issue. Giemsa staining and indirect im-
munofluorescent tagging of rabbit anti-
viral serum with fluorescein isothiocy-
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