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reporting the effects of outer hair cell forces in the absence of
forward mechano-electrical transduction. Cochlear amplifica-
tion switches in only when these movements are fed back to
augment the sensory input to the hair cells* °. Nevertheless, the
cochlear responses reported here show comparable tuning to
those induced by sound in a similar preparation®* where a
heterodyne interferometer, constructed around an optical
sectioning microscope and sensitive to velocity, detected light
backscattered from the cochlear partition. Our results support
the hypotheses*®?° that outer hair cells are responsible for ampli-
fication within the cochlea as well as for electrically evoked
otoacoustic emissions from the intact cochlea®®, and show that
it is possible to bridge the gap between in situ>*** experiments
and in vivo™ ** observations. ]
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MyosiN-I is thought to supply the force for movement of cell
membranes relative to actin filaments (reviewed in refs 1, 2), but
confirmation of this hypothesis has been difficult because of the
presence of multiple isoforms of myosin-I and other unconventional
myosins in most cells>. We report here the first evidence that a
myosin-I isoform is essential for a specific class of intracellular
membrane movements in vivo. In Acanthamoeba, the contractile
vacuole is an autonomous structure which fuses with the plasma
membrane to control the water content of the cell. Because myosin-
IC is the only myosin-I isoform concentrated in the contractile
vacuole complex**, and a protein antigenically related to myosin-
ICis located on or near the Dictyostelium (slime mould) contractile
vacuole®, we thought this organelle might provide the best oppor-
tunity to demonstrate a relationship between myosin-I and mem-
brane motility. Antibodies that inhibit the activity of
Acanthamoeba myosin-IC in vitro interfere with expulsion of
excess water by the contractile vacuole in vivo, leading to overfil-
ling of this organelle and cell lysis. Myosin-IC may generate the
force required to contract the vacuole and may also be involved in
transfer of water to the contractile vacuole during refilling.
Antibodies raised against a synthetic peptide with the
sequence of the myosin-IC phosphorylation site* inhibited
myosin-IC activity in vitro in three assays (Table 1): (1) phos-
phorylation of myosin-IC by the myosin-I heavy chain kinase
(phosphorylation is required for activation of Acanthamoeba
myosin-1 ATPase activity™® and motility in vitro™'); (2) actin-
activation of the Mg”*-ATPase activity of prephosphorylated
myosin-IC; and (3) crosslinking of actin filaments by myosin-
IC, indicating that the ATP-sensitive actin binding site (which
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TABLE 1 Antibody inhibition of myosin | activities in vitro

Antibody
concentration Activity (% of control)
Experiment (HM) ATPase Crosslinking Phosphorylation
Myosin-IC 0.01 100 95 100
+ 0.06 68 — 100
anti-myosin-IC 0.11 - 0] -
0.63 0 — 87
2.50 — — 41
3.13 — — 3
3.65 — — 0
Myosin-I1B 0.01 100 84 —
+ 0.08 32 — —
anti-myosin-18 0.11 — ] —
0.63 0 0 —

Anti-myosin-IC IgG and anti-myosin-IB I1gG were tested for inhibition
of three activities: actin-activated Mg -ATPase activity; crosslinking of
F-actin; phosphorylation of myosin-l heavy chain. Myosin-I and myosin-
| heavy chain kinase were purified by the method of Lynch et al.2”. Actin
was purified by the method of Spudich and Watt**. The Mg?* ATPase
activity of 0.2 uM myosin-l was assayed as described?*?® in the pres-
ence and absence of 4 uM F-actin, with the basal activity in the absence
of F-actin being subtracted to give the actin-activated Mg®*-ATPase
activity (control activity: 14.8 s ). Crosslinking of F-actin (4 pM) by
myosin-l (0.2 pM) was measured by a pelleting assay using a low centri-
fugal force (18,500g) which was just sufficient for pelleting only
crosslinked F-actin®®. The mixture before pelleting and the supernatant
after pelleting were analysed by SDS-PAGE and scanning densitometry
to calculate the proportion of myosin-l present as F-actin crosstinks
(control value: 100%). Myosin-IC (2uM) was phosphorylated by auto-
phosphorylated myosin-I heavy chain kinase (60 nM); autophosphoryla-
tion is required for kinase activity®. Kinase was autophosphorylated by
a 30 min incubation at 30 °C in 2.5 mM ATP, 3.5 mM MgCl,, 2 mM
EGTA, and 50 mM imidazole, pH 7.0. Myosin-| was phosphorylated in
the same buffer supplemented with [y->’P]JATP (control activity: 1 mol
P/mol myosin-l). Relative phosphoryiation levels were determined by
densitometer scans of autoradiograms after SDS-PAGE.

is near the antigenic epitope in the globular head) was blocked.

We used syringe loading'’ to introduce these antibodies into
living Acanthamoeba cells. We added rhodamine-dextran to the
loading solution, and isolated the loaded cells by fluorescence-
activated cell sorting (Fig. 1). The combination of these two
techniques is considerably easier than microinjection, particu-
larly with Acanthamoeba'?, and rapidly yields a large population
of loaded cells amenable to statistical analysis. Syringe-loaded
anti-myosin-IC IgG was associated with the contractile vacuole

841

© 1993 Nature Publishing Group



LETTERS TO NATURE

and plasma membrane after fixation of unlysed loaded cells
(Fig. 2h).

Acanthamoeba cells loaded with anti-myosin-IC IgG lysed in
response to osmotic stress, as judged by microscopic observation
(Fig. 3a). Lysis was directly related to osmotic stress, because
cells loaded with anti-myosin-IC antibodies and incubated in
isotonic growth medium lysed at a much lower frequency than
those incubated in water (Fig. 3a). The fraction of cells that
lysed directly depended on the fraction of cells above a specific
fluorescence level; therefore, lysis occurred when a threshold
dose of antibody was introduced into the cell. We determined
empirically that a fluorescence level of 700 (arbitrary units) was
the minimum required for lysis (Fig. 34). Assuming the same
quantum yield for fluorescence from rhodamine-dextran loaded
amoebae and quantitative flow cytometry standards, propor-
tional uptake of IgG and rhodamine-dextran, and the myosin-
IC content previously estimated’, the threshold fluorescence level
was equivalent to an intracellular stoichiometry of about 0.5
IgG binding sites per myosin-IC heavy chain. Control popula-
tions loaded with anti-myosin-IB IgG, purified preimmune IgG,
bovine serum albumin, or inactivated anti-myosin-IC IgG lysed
at low levels and, in each of these cases, the fraction of lysed
cells was unrelated to the extent of loading (Fig. 3a). The small
percentage of cells that lysed in these control samples may have
done so because of damage during the loading procedure irre-
spective of the amount of protein loaded.

Release of loaded IgG into the supernatant is another way to
measure the number of lysed cells (Fig. 3b). The time course of
IgG release suggested that all loaded populations contained
some damaged cells which lysed within 10 minutes and which
accounted for almost all of the lysed cells in the negative control
samples. Cells loaded with anti-myosin-IC IgG had a second,
larger population that lysed more slowly over 3-4 hours in
response to osmotic stress.

DAPI (4',6-diamidino-2-phenylindole) staining combined
with flow cytometry is a third method for measuring lysis of
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FIG. 1 Fluorescence distribution of cells after loading with immunoglo-
bulins in buffer containing rhodamine-labelled dextran. Note the bimo-
dal distribution of fluorescence. After sorting, no cells with fluorescence
below 50 fluorescence units remained in the sample.

METHODS. Acanthamoeba cells were grown to stationary phase and
concentrated to 107 cells mi~* in loading buffer*? containing 2 mg ml™*
purified immunoglobulins and 20 mg ml~* rhodamine-labelled dextran
(M, 73,100; Sigma) before loading. Cells were syringe-loaded** with five
slow passes through a 30-gauge needle. The syringe plunger was drawn
back to the 1 ml mark for filling, and the loading suspension was forced
out of the syringe at roughly 0.2 ml ™. The suspension was centrifuged
for 1 min at 5,000¢, the loading buffer was removed, and the cells were
washed briefly in growth medium. The cells were resuspended in 1-4 mi
growth medium and sorted on a Becton-Dickinson FACStar fluores-
cence-activated cell sorter (FACS). The population was screened for
viable cells by forward and side light scattering and the live cells were
sorted on the basis of rhodamine fluorescence in the same FACS run.
Cells with >10 times the median fluorescence of control cells were
accepted as loaded.

842

cells loaded with anti-myosin-IC IgG after osmotic shock (Fig.
3c¢). DAPI is a DNA-binding fluorescent dye that does not cross
the plasma membrane of intact cells during short incubations
and therefore stains only DNA from lysed cells in this assay.
Lysed cells, nuclei, and possibly mitochondria have high DAPI
fluorescence and low rhodamine fluorescence, intact cells have
low DAPI and high rhodamine fluorescence, and membrane
fragments and other organelles have low fluorescence from both
DAPI and rhodamine. The largest population of control cells
loaded with anti-myosin-IB IgG and osmotically stressed con-
sisted of intact cells (49%, Fig. 3d) that had light-scattering
characteristics similar to unloaded intact cells (data not shown).
The remaining major groups were composed of lysed cells and
nuclei (17%), and small organelles and membrane fragments
(29%). The ratio of these three groups was dramatically different
for anti-myosin-IC-loaded osmotically shocked cells. Less than
3% of the cells remained intact and the two major populations
(Fig. 3¢) consisted of: (1) lysed cells, nuclei and possibly mito-
chondria (49%); and (2) membrane fragments and other
organelles (44%).

We also observed cells loaded with anti-myosin-IC antibodies
by time-lapse video microscopy after osmotic shock. Lysis in
these cells appeared to occur by two distinct mechanisms. Many
cells lysed because of overextension of the plasma membrane by
the distended contractile vacuole (Fig. 2a-g), with the vacuole
occasionally remaining intact even after total rupture of the
plasma membrane (Fig. 2d). In another group of cells, the vacu-
ole suddenly stopped increasing in size after contraction, fol-
lowed by swelling of the cytoplasm and lysis.

FIG. 2 Video microscopy of cell lysis. a-d, Time course of lysis of a
single cell over 35 min (@, 3 min 30s; b, 17 min 20s; ¢, 30 min 5 s;
d, 35 min). The plasma membrane ruptured (c), whereas the contractile
vacuole remained substantially intact. e-g, Time course of lysis of a
single cell over 12 min (e, 1 min 15s; f, 7min 15s; g, 12 min 5s).
The enlarged contractile vacuole distended the plasma membrane and
ruptured, followed by lysis of the cell. Scale bar in a, 15 um. h, immuno-
fluorescence detection of anti-myosin-IC 1gG in loaded cells fixed after
incubation in growth medium and stained with fluorescein conjugated
goat anti-rabbit IgG. The anti-myosin-IC antibody labels the contractile
vacuole complex (arrowhead) and plasma membrane. Scale bar, 10 um.
METHODS. Cells were syringe-loaded with anti-myosin-IC IgG and sorted
by FACS (see Fig. 1). After sorting, the cells were resuspended in 250 pl
growth media and pipetted onto a glass coverslip. After 15 min for the
cells to attach, the excess media was wicked off and the cover slip was
inverted onto a glass microscope slide with a drop of distilled water
within a ring of petroleum jelly. The cells were observed on a Zeiss
Axiovert 135TV microscope equipped with a Plan-Neofluar x 100 objec-
tive using differential interference contrast optics (courtesy of D. B.
Murphy). The image was collected with a Hamamatsu C2400 television
camera and controller and was processed with a Hamamatsu Argus-
10 image processor. The processed images were photographed using
a Polaroid freeze frame video recorder and 35 mm camera adapter with
Kodak TMax 100 film. For immunofluorescence, loaded cells without
FACS sorting were allowed to settle in growth medium onto poly-L-lysine
coated microscope slides for 20 min before fixation, permeabilization
in 100% acetone and reduction with sodium borohydride as
described*®. Anti-myosin-IC IgG was detected by goat anti-rabbit 1gG
conjugated to fluorescein (10 ug mi~*; Molecular Probes).
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FIG. 3 Acanthamoeba cells loaded with antibodies 100
against myosin-IC lyse when incubated in distilled water.

a, Percentage of cells that lyse within 2 h of incubation 80 +
as a function of fluorescence level. O, Cells loaded with
anti-myosin-IC 1gG and incubated in water; B, cells
loaded with anti-myosin-IC 1gG and incubated in growth
medium; A, cells loaded with preimmune IgG and incu-
bated in water; A, cells loaded with anti-myosin-IB 1gG
and incubated in water; [, cells loaded with inactivated 20 -
anti-myosin-IC 1gG and incubated in water, @, cells

40

% of cells lysed

o
-
=)

A

Supernatant IgG (ug mi-)

loaded with BSA and incubated in water. b, Time course o3
of the release of igG from lysing cells. O, Cells loaded 0

T T T T T T
20 40 60 80 100 0 60 120 180 240 300

with anti-myosin-IC IgG and incubated -in water; A, cells % of Cells > 700 fluorescence units Time (min)

loaded with preimmune IgG and incubated in water. ¢, d,

Flow cytometry analysis of cell lysis. As cells lyse, they 1000 {7 ~ 1000 d 7

lose the rhodamine fluorescence signal and increase in ) Lyssd Cells Lysed Cells
DAPI fluorescence. As analysed by light scattering, the 8 800 & Nuclei 8 800 & Nuctei
population with high rhodamine fluorescence is primarily S S

made up of intact cells, whereas the high DAPI/low rhod- ? 600 4 3 600 { <

amine population is a mixture of lysed cells and free g g <

nuclei (and perhaps mitochondria) of lysed cells. The 2 2

population with both low DAPI and low rhodamine signals T 7 T %7

is made up of small cell fragments with no DNA content. < Call (ntact £ calt Mact

¢, Cells loaded with anti-myosin-IC 1gG and incubated in 200 | Debris 200 |Debris

water. d, Cells loaded with anti-myosin-IB IgG and incu- @
bated in water. 0+ T 5 3 0 -%ﬁ‘ T 13 3
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(see Fig. 1). The distribution of fluorescence level in the

celt population was determined by flow cytometry during

sorting, and the percentage of cells above 700 arbitrary fluorescence
units was calculated. Immediately after sorting, the cells were allowed
to recover in 1 ml growth medium for at least 30 min. The data shown
in a were obtained by incubating the cells for 15 min on tissue culture
slides (Miles Scientific, Napierville, IL) in growth medium to allow the
cells to attach to the surface. The growth medium was gently removed
and either distilled water or additional growth medium was added. After
2 h at least 500 cells in each sample were examined by each of two
observers, and phase transparent cells were scored as lysed. The flow
cytometer was calibrated with fluorescent standards of known rho-
damine content. For data shown in b, loaded and sorted cells were
allowed to attach to wells in a 16-well tissue culture plate for 15 min.
The growth medium was gently removed and the cells covered with

Contraction of the vacuole was severely inhibited in cells
loaded with anti-myosin-IC IgG, but not those loaded with anti-
myosin-IB IgG. We observed at least 100 vacuole filling and
contraction cycles in both loaded and unloaded cells. The aver-
age time between contractions after osmotic shock was increased
from 92 s for unloaded cells and 105 s for cells loaded with anti-
myosin-IB, to 237 s for cells loaded with anti-myosin-IC. Abor-
tive partial contractions accounted for 18% of the observed con-
tractions in anti-myosin-IC-loaded cells; no partial contractions
were observed in either unloaded cells or anti-myosin-IB-loaded
cells. Contraction of isolated contractile vacuoles in vitro
requires ATP (data not shown).

These observations strongly suggest that myosin-IC is essen-
tial for active contraction of the vacuole. The exact mechanism
remains unclear, but it is apparent that it is an active process
involving an actomyosin-I interaction, rather than a passive
mechanism of membrane rupture and concomitant contractile
vacuole collapse'®. Myosin-IC may also be a motor for move-
ment of spongiome vesicles during filling of the vacuole. It
remains a possibility that anti-myosin-IC IgG disrupts water
regulation at the plasma membrane, leading to overloading of
the contractile vacuole system, but in that case we would expect
that the time between vacuole contractions would decrease
before cell lysis rather than dramatically increase as we observed.
Also, this possibility does not explain the presence of ‘frozen’
non-contracting contractile vacuoles observed only in anti-
myosin-IC-loaded cells.

Our observation that osmotic shock is required to reveal the
phenotype of myosin-IC deficient cells has more general implica-
tions. The actomyosin system in motile cells is quite robust under
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water. The supernatant was sampled at various time points, and 1gG
was quantified by ELISA. For data in ¢, d, loaded and sorted cells were
allowed to recover in growth medium, and then collected by centrifuga-
tion for 5 min at 1,000¢ and resuspended in water. After a 40 min
incubation, DAPI (4',6-diamidino-2-phenylindole, Molecular Probes) was
added to the suspension, which was incubated for 5 min, and then
analysed by dual wavelength flow cytometry. DAPI undergoes a 20-fold
increase in fluorescence on binding to DNA, and does not cross intact
cell membranes during short incubations. Anti-myosin-IC and -IB poly-
clonal antibodies were previously described®®. Inactivated antibodies
were biotinylated with four to five moles of biotin per mole of antibody.
The biotinylated igG did not recognize myosin-l on protein immunobiots,
nor did it stain cells by indirect immuno- fluorescence.

laboratory culture conditions, with cells surviving even after
inhibition or genetic elimination of major cytoskeletal
proteins'>'*??. Subjecting these cells to severe stress analogous
to osmotic shock might reveal interesting new phenotypes. [
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