
enter cells. Furthermore, a leupeptin-in- 
sensitive alkaline protease also seems to 
participate in protein turnover in skeletal 
muscle (16). 

These results also do not establish that 
cathepsin B is the only protease inhibited 
by leupeptin in this tissue. Cathepsin L, 
an enzyme very similar to cathepsin B 
and also inhibited by leupeptin, has been 
found in liver lysosomes (21). In addi- 
tion, muscle contains a soluble alkaline 
protease, activated by calcium (5), which 
seems sensitive to leupeptin (16). These 
enzymes or perhaps unknown proteases 
may also contribute to the effects of leu- 
peptin reported here. 

These experiments illustrate the value 
of inhibitors of this class as probes for 
investigating the functions of proteases 
in vivo and for elucidating the pathway 
of protein catabolism. In addition, the re- 
sults with atrophying muscles provide an 
experimental rationale for attempting to 
treat muscle atrophy with leupeptin or 
other protease inhibitors. Stracher and 
co-workers (22) reported delayed degen- 
eration of cultured cells from normal and 
dystrophic chick embryo muscles ex- 
posed to leupeptin, antipain, and pepsta- 
tin. They hypothesized that this was a 
consequence of decreased protein break- 
down. Our results with intact muscles 
show that leupeptin could indeed act as 
these workers suggest. Leupeptin may 
have potential therapeutic uses, since it 
is apparently nontoxic and is absorbed 
orally (23). However, it may not be an 
ideal compound for therapeutic use since 
it is rapidly excreted in the urine and in 
some species may inhibit other impor- 
tant proteolytic enzymes (such as pro- 
teases involved in hemostasis, fibrin- 
olysis, or maturation of secreted pro- 
teins) (23). Nonetheless, further phar- 
macological studies with leupeptin and 
related compounds seem warranted by 
the results reported here and elsewhere 
(22). 
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fusion and release. 

New information about molecular 
events involved in the process of vesicu- 
lar secretion has been obtained with the 
freeze fracture technique (1, 2). The se- 
cretory process has been carefully stud- 
ied in two ciliated protozoa, Tetrahy- 
mena and Paramecium, where the pres- 
ence of an intramembrane particle array, 
the fusion rosette, marks the sites to- 
ward which the secretory organelles of 
these cells (mucocysts and trichocysts, 
respectively) have migrated and docked 
prior to membrane fusion and release (2, 
3). The rosette consists of 11 P and E 
face particles, 15 nm in diameter with 
one central particle. In Paramecium, but 
not in Tetrahymena, the rosette is sur- 
rounded by one or two rings of particles 
(about 7.5 nm in diameter), which play 
no role in secretion (4, 5). An intimate 
connection between the rosette and se- 
cretion was clearly demonstrated with a 
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series of secretory mutants of Para- 
mecium. Beisson et al. (4) showed that a 
temperature-sensitive mutant, nd9, when 
grown at the nonpermissive temperature 
(27?C) neither assembles rosettes nor se- 
cretes mature attached trichocysts; how- 
ever, the same cell grown at the per- 
missive temperature (18?C) both assem- 
bles rosettes and regains the normal 
capacity for secretion. 

In many systems, control of secretion 
appears to be dependent on the presence 
of Ca2+ (6). Although the exact role that 
this ion plays at a molecular level is still 
unclear, it is postulated that a rise in 
cytoplasmic free Ca2+ is usually neces- 
sary for normal stimulus secretion cou- 
pling. Secretion can be induced in wild- 
type Paramecium in the presence of ex- 
tracellular Ca2+ by exposure to iono- 
phores such as X-537A or A23187, com- 
pounds that facilitate transport of diva- 
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Paramecium Fusion Rosettes: Possible Function as Ca2+ Gates 

Abstract. The function of a specific intramembrane particle array, "the fusion 
rosette," an essential requirement for exocytosis of trichocysts in Paramecium, was 
probed with a temperature sensitive secretory mutant (nd9). The cells were grown at 
27?C, the nonpermissive, nonreleasing temperature at which fusion rosettes do not 
assemble. Exocytosis could be triggered, nonetheless, by addition of 40 IM iono- 
phore A23187 and 15 mM Ca2+ but not Mg2+. Rosette function is bypassed by this 
procedure, suggesting that during normal release, the rosette acts as a Ca2+ channel 
that allows development of a site-specific increase in Ca2+, which in turn induces 
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lent cations across membranes (7). 
Further, in Paramecium, Ca2+ has been 
localized histochemically at the sites of 
trichocyst attachment (8). Using the ion- 
ophore A23187 and the temperature-sen- 
sitive secretory mutant nd9 of Para- 
mecium tetraurelia, we have examined 
the question of whether the function of 
the fusion rosette in secretion is related 
to transport of Ca2. 

We have grown nd9 cells in bacterized 
0.25 percent cerophyll, 0.05 percent 
Na2HPO4 at either permissive (18?C) or 
nonpermissive (27?C) temperatures. Tri- 
chocyst release is tested qualitatively in 
these cells by addition of picric acid (sat- 
urated solution) to the medium, the re- 
sult of which is shown in Fig. 1, a and b, 
at 18?C and 27?C, respectively. As is well 
known for these cells, picric acid appar- 
ently acts as a nonspecific trigger of mas- 
sive secretion before the cell is fixed and 
is used routinely in selection of secretory 
mutants (4). In nd9, at the permissive 
temperature, secretion occurs as in wild 
type, and the secretory product (tri- 
chocysts), easily visible in the light mi- 
croscope, can be seen as long thin nee- 
dles surrounding the entire cell (Fig. la). 
However, at the nonpermissive temper- 
ature this halo of trichocysts is complete- 
ly absent (Fig. lb). 

For standardization of the assay of tri- 
chocyst release, the cells, harvested in 
late log phase, were washed and resus- 
pended in a defined salt solution contain- 
ing either 15 mM CaCI2 or 15 mM MgC12 
and 1 mM KCI, 0.1 mM EDTA, and 
5 mM tris-HCI (pH 7.4) at a cell concen- 
tration of about 10,000 cells per milliliter; 
the cells were tested for release after 
being resuspended in this solution from 0 
to 2 hours. When trichocyst release was 
again induced by the addition of picric 
acid to CaCI2-containing medium, re- 
lease of about 40 percent of total tri- 
chocysts present per cell occurs in nd9 
cells grown at the permissive temper- 
ature (18?C) (Table 1) (9), an amount not 
significantly different from the amount of 
discharge obtained previously. When 
MgC12 was substituted for CaCl2, exo- 
cytosis was inhibited (Table 2). Further, 
nd9 cells grown at 27?C did not release 
with picric acid in either the Ca2+- or 
Mg2+-containing solutions (Table 2). 

If the effect of picric acid addition in 
producing trichocyst discharge is primar- 
ily to open Ca2+ channels so that an in- 
crease in local Ca2+ concentration occurs 
at the trichocyst site, then (i) the inhibi- 
tion of exocytosis by Mg2+ and (ii) iono- 
phore substitution in the presence of 
Ca2+ for picric acid stimulation could 
readily be explained. As a test for this, 
A23187 was dissolved in dimethyl sulf- 
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Table 1. Quantitation of release in nd9. 

Temp- Trychocyst 
era- release Treatment ture per cell 
(?C) (No. + S.D.) 

18 Picric acid + medium 205 + 79* 
Picric acid + Ca2+ 167 + 86* 
A23187 + Ca2+ 92 + 59 

27 A23187 + Ca2+ 67 ? 21 

*Not significantly different (Student's t-test, 
P - .15) 

Table 2. Relative release of trichocysts in nd9 
after various treatments. Picric acid experi- 
ments provide a count of standard halo 
around fixed cells. Ionophore and dimethyl 
sulfoxide experiments provide a count of 
quiescent living cells over a 15-minute period. 
Comparative values are based on samples 
from the same culture. At least 30 cells were 
counted for each value. 

Percent of 
Treatment standard release at 

18?C 27?C 

Picric acid + Ca2+ 100* 0.2 
Picric acid + Mg2+ 0.4 0.1 
A23187 + Ca2+ 30 66 
A23187 + Mg2+ 1.7 5 
DMSO + Ca2+ 0.7 0.0 
DMSO + Mg2+ 0.3 1.0 

*The value 100 percent is equal to 76 ? 7 (standard 
error) trichocysts counted for picric acid plus Ca2. 

Fig. 1. Phase contrast micrographs of tri- 
chocyst discharge and controls in nd9 cells. 
(a) Normal release response after addition of 
picric acid to cell grown at 18?C. The halo of 
released trichocysts (thin needles) surrounds 
the cell body. The cells were in cerophyll 
growth medium. (b) An nd9 cell grown at non- 
permissive temperature (27?C). No release oc- 
curred on addition of picric acid. (c) Iono- 
phore solvent control. Cells were grown at 
27?C and placed in defined salt solution con- 
taining Ca2+, and at a final concentration of 5 
percent dimethyl sulfoxide. (d) Release re- 
sponse triggered in nd9 cells grown at 27?C on 
addition of A23187. The conditions were iden- 
tical to those in (c), except for the addition of 
100 ,M A23187. 

oxide and added to the standard test solu- 
tion containing either 15 mM CaCI2 or 
MgCl2 to a final concentration of 40 ILM 
ionophore in 5 percent dimethyl sulfox- 
ide. In solvent controls we omit the ion- 
ophore. 

Cell viability as determined by ex- 
clusion of trypan blue (1.5 percent) in- 
dicates that no cell damage occurs as a 
result of exposure to either solvent or 
ionophore at these concentrations. Cells 
were normally trapped in a shallow layer 
of fluid between cover slip and slide for 
observation. The number of trichocysts 
released was counted during a 15-minute 
period after stimulation. In order to ob- 
tain more accurate quantitation where 
mass discharge occurs, we made phase 
contrast micrographs of the cell at sever- 
al focal levels. 

At the permissive temperature (18?C) 
in the presence of Ca2+, as was expected, 
A23187 substituted for picric acid and 
stimulated exocytosis. About 10 to 20 
percent of total trichocysts were dis- 
charged, about half of that observed with 
picric acid stimulation (Table 1). Al- 
though discharge was greatly inhibited 
when Mg2+ was substituted for Ca2+ in 
these experiments, some discharge (1 to 
2 percent of total trichocysts) was still 
seen (Table 2). This result suggests that 
some Ca2+ may have been available from 
internal sources when ionophore was 
added. Under our conditions, the pres- 
ence of solvent (DMSO) alone did not 
trigger discharge with either Ca2+ or 
Mg2. 

At the nonpermissive temperature 
(27?C), an unexpected result was ob- 
tained. Mass discharge of trichocysts 
was still induced by the presence of 
40 ,/M ionophore and Ca2+ (Tables 1 and 
2). The effect of ionophore on discharge 
at 27?C is shown dramatically in Fig. 1, c 
and d. Here we have increased the iono- 
phore concentration to 100 /M in order 
to retain the secreted trichocysts around 
the cell body for direct comparison to the 
picric acid results (Fig. Ib). This concen- 
tration of ionophore was lethal. Figure 
Ic represents the solvent control (no dis- 
charge) and Fig. Id demonstrates dis- 
charge in the presence of ionophore and 
Ca2+. Therefore, the ionophore A23187 
in the presence of Ca2+ apparently 
phenocopies the fusion rosette in this 
mutant in ability to induce exocytosis. 

Light and transmission electron micro- 
graphs of cells exposed to ionophore or 
solvent (or both) under the various con- 
ditions showed no major morphological 
differences between discharging and 
nondischarging cells other than changes 
in the number of released trichocysts. In 
particular, trichocyst attachment was 
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normal, and no increase in intracellular 
release of trichocysts was observed. Al- 
though no information is yet available for 
Paramecium, freeze fracture micro- 
graphs of ionophore-induced mucocyst 
discharge in Tetrahymena (10) indicates 
that discharge occurs via the normal se- 
quence of membrane fusion processes. 

We envision the sequence as follows. 
When the cell is stimulated at its external 
surface, a transmembrane event at the 
site of the fusion rosette is triggered. The 
simplest explanation of this event would 
be that the rosette particles act as Ca2+ 
channels that open upon stimulation. A 
site-specific increase in Ca2+ between the 
two competent partner membranes 
would then induce membrane fusion and 
subsequent exocytosis (11). At 18?C in 
nd9 cells, in the presence of Ca2+ picric 
acid would stimulate exocytosis. In the 
presence of external Mg2+ rather than 
Ca2+, no Ca2+ would be available and 
exocytosis would be blocked. At 27?C, 
where the fusion rosette is missing, with 
an external stimulus (that is, picric acid) 
exocytosis cannot take place even where 
Ca2+ is present in the medium. lono- 
phore addition would substitute for the 
rosette by providing the necessary Ca2+ 
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Double-Stranded RNA Is Present in Extracts of 

Tobacco Plants Infected with Tobacco Mosaic Virus 

Abstract. Serologically specific electron microscopy was used to detect double- 
stranded RNA in extracts of tobacco infected with tobacco mosaic virus. Assays 
were made immediately after extraction, without purification, concentration, or 
treatment with phenol or detergent. This indicates that the double-stranded RNA is 
native and is not an artifact induced by purification methods. 
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The possible presence of double- 
stranded RNA in tissues infected with vi- 
ruses that have single-stranded RNA 
genomes has been reviewed (1). RNA 
complementary to parental viral RNA is 
present in these tissues and is considered 
to function as a template for the syn- 
thesis of viral RNA. Evidence has been 
given to show that these complementary 
strands of RNA are double-stranded 
and, in contradiction, they are probably 
only loosely bound in short segments at 
the point of synthesis. The case for 
double-stranded RNA is supported by 
experiments showing that it can be iso- 
lated from virus-infected tissue and from 
viral replicase systems in vitro. Methods 
for isolating double-stranded RNA in- 
clude treatment with phenol and deter- 
gent, which remove proteins from nucle- 
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ic acids; under such conditions com- 
plementary strands tend to become 
double-stranded. Double-stranded RNA 
is indicated by resistance to ribonuclease 
and, after sufficient purification and con- 
centration, by biochemical character- 
ization or examination with the electron 
microscope. Arguments against the exis- 
tence of double-stranded RNA include 
experiments showing that very little ri- 
bonuclease-resistant RNA is found in in- 
fected tissue extracts or replicase sys- 
tems when they are not treated with phe- 
nol or detergent. An immunofluorescent 
technique was used to suggest the pres- 
ence of double-stranded RNA in the 
cytoplasm of cells infected with sindbis 
virus (2). Since as few as five nucleotide 
pairs may be sufficient to provide a bind- 
ing site for antibodies, this technique is 
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Fig. 1. Electron micrographs showing double-stranded RNA from an extract of tobacco leaf 
infected with TMV (left) and from a solution containing double-stranded polyinosin- 
ic polycytidylic acid (2 /Lg/ml) (right). Samples of tobacco leaves inoculated with TMV were 
collected at intervals after inoculation and stored at -20?C. Double-stranded RNA was readily 
detected 40 hours after inoculation. The result shown is from a sample collected 4 days after 
inoculation. Filmed electron microscope grids were floated for 30 minutes on antiserum to 
double-stranded RNA (diluted 1: 1000 with 0.05M tris-HCl, pH 7.2). The grids were washed 
with this tris buffer and placed on dilutions of synthetic double-stranded RNA, or on extracts of 
leaf tissue prepared by grinding 60 mg of frozen tissue with 0.54 ml of the tris buffer containing 
0.4M sucrose and 0. 15M NaCI (10). After 2 hours, the grids were washed with the tris buffer and 
placed on cytochrome c (0.1 mg/ml) in tris buffer for 15 minutes. The grids were then washed 
with distilled water, dipped for 30 seconds in 5 x 10-5M uranyl acetate and 5 x 10-5M HCI in 
95 percent ethanol, rinsed with 95 percent ethanol, dried in air, and rotary-shadowed with plati- 
num-palladium (5) (scale bar, 500 nm). 
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