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Voltage- and Tension-Dependent
Lipid Mobility in the Outer
Hair Cell Plasma Membrane

John S. Oghalai, Hong-Bo Zhao, J. Walter Kutz,
William E. Brownell*

The mechanism responsible for electromotility of outer hair cells in the ear is
unknown but is thought to reside within the plasma membrane. Lipid lateral
diffusion in the outer hair cell plasma membrane is a sigmoidal function of
transmembrane potential and bathing media osmolality. Cell depolarization or
hyposmotic challenge shorten the cell and reduce membrane fluidity by half.
Changing the membrane tension with amphipathic drugs results in similar
reductions. These dynamic changes in membrane fluidity represent the mod-
ulation of membrane tension by lipid-protein interactions. The voltage depen-
dence may be associated with the force-generating motors that contribute to
the exquisite sensitivity of mammalian hearing.

Membranes define the boundaries of cells and
maintain the electrochemical gradients required
for life. In addition, the lateral wall plasma
membrane of the mammalian cochlear outer
hair cell (OHC) is involved in voltage-depen-
dent changes in cell length, or electromotility
(). OHC electromotility is fundamental to the
hearing sensitivity and selectivity of all mam-
mals (2), but its mechanism is not known.
Voltage-dependent changes in cell length must
involve interactions between components of the
plasma membrane and the cytoskeleton. We
sought to investigate these lipid-protein interac-
tions by measuring the fluidity of the phospho-
lipid bilayer under three different experimental
manipulations. We varied the membrane poten-
tial, modulated the intracellular pressure, and
added drugs known to change membrane ten-
sion and curvature.

The rate of lateral diffusion of intramem-
brane lipids provides a measure of membrane
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fluidity (3). Lipid lateral diffusion can be affect-
ed by the phase state of the membrane, the
individual types of membrane components
(phospholipids, cholesterol, and protein), and
their interactions (4). Guinea pig OHCs were
isolated in vitro and stained with a fluorescent
membrane lipid (di-8-ANEPPS) (5). We mea-
sured the lateral diffusion of di-8-ANEPPS in
the lateral wall plasma membrane with fluores-
cence recovery after photobleaching (6). The
diffusion coefficient of the lateral wall plasma
membrane measured in this study ranged be-
tween 1.34 X 107° and 7.16 X 107° cm?s.
These values are comparable to those previous-
ly reported for the OHC and lie within the range
of those reported for other eukaryotic mem-
branes (5, 7).

OHC membrane potential was controlled by
voltage clamp during measures of lateral diffu-
sion (8). Membrane fluidity was voltage-depen-
dent, decreasing up to 51% with depolarization
(Fig. 1A). Saturation of the diffusion coefficient
occurred at the voltage extremes. Sequential
measurements of the diffusion coefficient in
single cells at —60 mV, 0 mV, and then again at
—60 mV revealed the voltage-dependent
change in lateral diffusion to be reversible. The

23. V. S. Lamzin and K. S. Wilson, Acta Crystallogr. D49,
129 (1993).

24, R. A. Laskowski, M. W. MacArthur, D. S. Moss, J. M.
Thornton, J. Appl. Crystallogr. 26, 283 (1993).

25. B. L. Jacobson, Y. K. Chae, J. L. Markley, I. Rayment,
H. M. Holden, Biochemistry 32, 6788 (1993).

26. G. Capitani et al., in (5), pp. 1939-1942.

27. K. Johansson et al., Biochemistry 38, 4319 (1999);
P.D. Carr, D. Verger, A. R. Ashton, D. L. Ollis, Structure
7,461 (1999).

28. M. Chiadmi, A. Navazo, M. Miginac-Maslow, J.-P. Jac-
quot, ). Cherfils, EMBO j. 18, 6809 (1999).

29. Supported by grants from the Swedish Council for
Forestry and Agricultural Research and Swedish Nat-
ural Science Research Council (to H.E) and the
Schweizerischer Nationalfonds (31-47107.96 to P.S.).
Coordinates have been deposited in the Protein Data
Bank (accession code 1dj7).

18 October 1999; accepted 7 December 1999

average diffusion coefficient went from 4.26 X
107° £ 042 X 107°t0 1.96 X 107° + 0.33 X
107° to 3.74 X 107° = 0.55 X 107° cm?s
(mean = SEM; n = 4). The diffusion coeffi-
cient in cultured rat hippocampal neurons (our
control cells) did not change with changes in
holding potential, going from 3.55 X 107° +
024 X 107° cm%s at —60 mV to 3.59 X
107° = 0.21 X 107° cm?/s at 0 mV (mean =
SEM; n = 9).

Changes in membrane potential result in
OHC length changes. Another way to change
OHC length is to vary the intracellular pressure
by changing the osmolality of the extracellular
bathing media (9). Solutions with lower osmo-
lality caused cell shortening and a decrease in
the diffusion coefficient (Fig. 1, B and C).
These effects were reversible, and both the cell
length and the diffusion coefficient saturated at
the osmotic extremes. The relation of cell
length to membrane fluidity is exponential (Fig.
1D). Deiters’ cells (supporting cells in the co-
chlea that co-isolate with OHCs) were used as
controls. They underwent shape changes in re-
sponse to osmotic challenge but had no change
in their membrane diffusion coefficient.

Finally, the plasma membrane was directly
manipulated by applying amphipathic drugs
known to change membrane tension and curva-
ture in red blood cells (RBCs) and COS cell
cultures (/0). The bilayer-couple hypothesis
(11) argues that drugs which alter membrane
curvature preferentially partition into either the
outer or the inner leaflet of the phospholipid
bilayer, selectively increasing that leaflet’s sur-
face area. Differences between outer and inner
leaflet area alter membrane tension and curva-
ture. We applied a drug that bends membranes
outward (salicylate) and another that bends
membranes inward (chlorpromazine) to a prep-
aration containing guinea pig OHCs and RBCs
(Fig. 2) (12). Although we found the expected
morphologic changes in RBCs, the drugs
evoked no change in the microscopic appear-
ance of the OHCs (n = 39). However, mea-
surements of OHC lipid lateral diffusion did
show an effect of drug application (Fig. 2F).
The presence of salicylate alone or chlorprom-
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Fig. 1. Lateral diffusion in the OHC lateral wall plasma membrane. Each point is the average
of at least five different measurements, each from a different cell. The error bars represent
the SEM. (A) D was measured at holding potentials ranging from +40 to —100 mV (total
of 70 measurements from 41 cells). The error bar for the point at 40 mV is smaller than the
symbol size. The Boltzmann fit values are: Do, iorizeq = 2.18 X 107° cm?/s, Dy, o oiorized =
444 X 107° ecm?/s, V,,, = =36 mV, s = 12 mV (23). (B) D was measured while the
osmolality of the extracellular solution was varied between 245 and 365 mOsm/kg (total of
275 cells, one measurement per cell). The error bar for the point at 300 mOsm/kg is smaller
than the symbol size. The Boltzmann fit values are: Dyyporonic = 3.70 X 107° cm?/s,
Diypertonic = 6.34 X 1072 cm?/s, Osm, , (the osmolality at the midpoint of the change in
D) = 316 mOsm/kg, s = 20 mOsm/kg. The slightly higher D values in these cells compared
with those in (A) may be related to differences in intracellular pressure associated with the
patch-clamp technique (77). (C) The percent change in cell length (L) was measured while
the osmolality of the extracellular solution was varied. This was normalized to their length
at 300 mOsm/kg (total of 154 measurements from 77 cells). The Boltzmann fit values are:
Liypotonic = —5.79%, Luypertonic = 3.51%, Osm.,, = 294 mOsm/kg, s = 13 mOsm/kg. (D)
D was plotted versus L [with the same data as (B) and (C)]. The relation was fit with
an exponential function, D = D, + Aexp(RL), with fit values D, = 3.43 X 107° cm?/s, A =
1.21 X 107° em?/s, R = 0.21.
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azine alone reduced the diffusion coefficient by
53 and 33%, respectively. There was no signif-
icant difference between the diffusion coeffi-

tromotility and modulates the nonlinear capaci-
tance of the plasma membrane (15, 17, 18). It is
likely that changes in membrane tension, in-

cient of control OHCs and OHCs incubated in
salicylate and chlorpromazine together. Perfu-
sion -of the curvature-altering drugs did not
change the zero-current potentials or current-
voltage characteristics of OHCs under voltage
clamp (/3). We measured the electromotile
voltage-displacement relations with a voltage-
step protocol (Fig. 3) (14). OHCs bathed in
either the control medium or in chlorpromazine
alone had similar transfer functions. OHCs
bathed in salicylate alone had an attenuated
electromotile response. Although chlorproma-
zine had reversed salicylate’s effect on lateral
diffusion, it did not reverse salicylate’s attenu-
ation of electromotility.

Here the dynamic modulation of membrane
fluidity is described. Specifically, we measured
the lateral diffusion of a fluorescent probe as an
estimate of lipid (as opposed to protein) mobil-
ity within the plasma membrane. The voltage
range over which lateral diffusion is voltage-
dependent suggests that the change in mem-
brane fluidity is linked to electromotility. Our
measurements are sensitive to the lipid-protein
interactions that occur in the membrane, and the
shape of the voltage-diffusion coefficient rela-
tion extends our understanding of the interaction
between the motor complex and the plasma
membrane. An intramembrane area—motor that

flickers between two states (/5) should agitate

T T T T T T T T

2 2 0 2
L (% cell length)

duced by each of our experimental manipula-
tions, are responsible for the dynamic changes in
membrane fluidity.

(12)

. A
3 (12)

*

ol _(12)
cntl sal cpz both

the surrounding membrane phospholipids and
result in an increased lateral diffusion. Because
the highest rate of flicker should occur at the
V., (the potential at the midpoint of the length
change) of the electromotility transfer function
(16), the diffusion coefficient would be expect-
ed to peak between —40 and —20 mV. Our data
do not reveal a peak in this voltage range.
However, electromotility and membrane tension
are intimately related. Tension applied to the
OHC influences the voltage dependence of elec-

Fig. 2. The effects of curvature-altering drugs on cell morphology and lateral diffusion. The RBCs
serve as a bioassay for the curvature-altering drugs. (A) RBCs were biconcave in the control
solution, (B) crenulated in salicylate alone, (C) biconcave in a solution of salicylate and chlorprom-
azine combined, (D) cupped in chlorpromazine alone, and (E) biconcave after wash-out with control
solution. During this 5-min sequential drug application, the length, width, and morphologic
appearance of the OHC did not change appreciably. (F) The D value of the OHC lateral wall plasma
membrane was reduced from controls (cntl) in the presence of either salicylate alone (sal) or
chlorpromazine alone (cpz). It was unchanged in the presence of salicylate and chlorpromazine
combined (both) (P = 0.38). The values in parentheses indicate the number of cells averaged
together for each measurement and the error bars represent the SEM; a significant difference from
control is indicated by an asterisk (P < 0.01, Student’s nonpaired t -test). The D values were as
follows (mean =+ SEM): cntl, 5.46 X 107° + 0.44 X 10™° cm?/s; sal, 2.58 X 107° + 0.25 X 10~°
cm?/s; cpz, 3.64 X 1072 * 0.32 X 1072 cm?/s; both, 4.83 X 107° * 0.41 X 107° cm?/s.
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Most membranes bend easily, as seen by
changes in membrane curvature driven by ther-
mal fluctuations (/9). Microscopic changes in
RBC membrane curvature with amphipathic
drug application are evident as crenulation or
cupping. However, none of our manipulations
generated visible bending of the OHC plasma
membrane. This may reflect the fact that the
stiffness parameter of the OHC is much greater
than that of the RBC (20). Despite the lack of
evidence for microscopic changes in OHC
membrane curvature, the highly organized, or-
thotropic nature of the OHC cytoskeleton could
permit nanoscale changes in membrane curva-
ture (Fig. 4). As the OHC shortens, the inter-
actin distance would decrease and result in in-
creased membrane crenulations. The bending
associated with the interactions between the cy-
toskeleton and the plasma membrane modulates
membrane tension.

The maximal size of the crenulations when
the OHC is depolarized can be estimated by
assuming the membrane to be flat when the
OHC is hyperpolarized. Assuming a maximum
cell shortening of 7.5%, the inter-actin distance
would decrease from 40 to 37 nm; however, the
intervening membrane would still be 40 nm
long. Modeling this as two back-to-back right
triangles, each base would be 18.5 nm and each
hypotenuse would be 20 nm. The angle be-
tween the base and the hypotenuse is >20° and

L (% cell length)
v

64
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-150 -100 -50 0 50
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Fig. 3. The effects of curvature-altering drugs on
OHC electromotility. The percent change in cell
length (L) was measured as the holding potential
was varied, normalized to cell length at —60 mV.
The control cell (cntl) demonstrated the normal
electromotile response. The presence of chlor-
promazine alone (cpz) did not suppress electro-
motility. Salicylate alone (sal) blunted the elec-
tromotile response. Chlorpromazine failed to
restore electromotility in the presence of salic-
ylate (both). Each curve was obtained from a
different cell. The Boltzmann fit values are: entl,
=225%,L

Lhyperpolarized depolarized =-5 '64%' V1/2
=19 mV, s = 42 mV; sal, L oo ooiaized =
039%, Lyeooiarized = —0-65%, V,,, = —35 mV,

s=41m Pz, Lhyperpolarized = 2'10%: Ldepolarized
= —6.73%, V,,, = —17 mV, s = 3/ mV;
both, Lhyperpolarized = 0.91%, Ldepolarized =
—0.81%, V,,, = —58 mV, s = 59 mV.
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the crenulation height is 7.6 nm (slightly greater
than the width of most biological membranes).
The nanoscale membrane rippling in the short-
ened cell means there is ~10% greater mem-
brane surface area than the cell’s apparent sur-
face area under the microscope. This, however,
could not account for the 50% change in the
diffusion coefficient we measured. Transmis-
sion electron microscopy of the OHC consis-
tently reveals submicroscopic crenulations in
the lateral wall plasma membrane (27). Al-
though this is most likely due to fixative-in-
duced shrinkage of the proteins of the cytoskel-
eton and it demonstrates that the membrane will
bend with the cytoskeleton, there is no evidence
that the actin-spectrin network is the active
element in electromotility.

Our data indicate that OHC membrane ten-

sion can be modulated by voltage, osmotic chal- -

lenge, and curvature-inducing drugs. Changes in
tension, in turn, appear to affect the molecular
environment of the membrane, changing its flu-
idity. This is compatible with a model of passive

Fig. 4. Hypothetical nanoscale membrane rip-
pling within the lateral wall of the OHC. The
plasma membrane is tethered to a subplas-
malemmal cytoskeleton by 30-nm-long “pil-
lars” (p) (24). The molecular composition of
the pillars is unknown. The pillars bond to
parallel actin filaments (a) that run circumfer-
entially around the cell. The actin filaments are
spaced about 40 nm apart and cross-linked
with molecules of spectrin (s) that run longitu-
dinally along the cell. (A and C) The OHC when
hyperpolarized and depolarized, respectively.
Depolarization makes the OHC shorter and
wider. (B and D) Potential alterations in mem-
brane curvature resulting from electromotile
length changes. Note the increased membrane
crenulations in (D).

nanoscale changes in membrane curvature,
which could be based on an area-motor mecha-
nism in which the lipid-protein interactions gen-
erate progressive changes in membrane tension.
Alternative possibilities for the electrically
evoked changes include an interaction of the
probe with the glycocalyx of the cell or a vari-
ation in the binding properties of the probe;
however, the osmotic results and our control
experiments suggest such possibilities are un-
likely. Four voltage-dependent phenomena have
been identified with the lateral wall over the past
15 years. Voltage-dependent length changes (7),
cell stiffness (22), and lateral diffusion are
unique to the OHC. Nonlinear membrane capac-
itance (/6) shows' that a membrane-bound
charge movement is associated with electromo-
tility, possibly within the motor complex itself.
A complete understanding of electromotility
must explain all four phenomena and will .un-
doubtedly provide an explanation for the elegant
organization of the lateral wall.
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Creating a Protein-Based
Element of Inheritance

Liming Li and Susan Lindquist*

Proteins capable of self-perpetuating changes in conformation and function
(known as prions) can serve as genetic elements. To test whether novel prions
could be created by recombinant methods, a yeast prion determinant was fused
to the rat glucocorticoid receptor. The fusion protein existed in different her-
itable functional states, switched between states at a low spontaneous rate, and
could be induced to switch by experimental manipulations. The complete
change in phenotype achieved by transferring a prion determinant from one
protein to another confirms the protein-only nature of prion inheritance and
establishes a mechanism for engineering heritable changes in phenotype that

should be broadly applicable.

Two genetic elements in Saccharomyces cerevi-
siae, [PST*] and [URE3], are widely believed to
transmit phenotypes through proteins with self-
perpetuating changes in conformation, rather
than through altered nucleic acids (/). These
elements are called yeast prions because of con-
ceptual similarities between their modes of
transmission and that postulated for the infec-
tious agent in mammalian prion diseases (2).
The yeast proteins, however, are unrelated to the
mammalian prion protein and to each other.
Moreover, they usually do not kill the organism,
but produce cytoplasmically transmitted, herita-
ble changes in phenotype (3, 4). For [PST*], the
protein determinant is Sup35, a translation ter-
mination factor. In [ psi~] cells, Sup35 is soluble
and functional (5, 6). In [PSI*] cells, most
Sup35 is insoluble and nonfunctional, causing a
change in translation fidelity (5, 6). This pheno-
type is heritable because Sup35 protein in the
[PSI*] state influences new Sup35 protein to
adopt the same state and passes from mother cell
to daughter to perpetuate the cycle of conversion
(6-8). [PSI*] is, however, metastable: [PSI*]
cells occasionally give rise to [psi~] cells and
vice versa (3), as the [PSI*] conformation is lost
or gained.

Sup35 has three distinct regions (9). The
NH,-terminus (N) plays a critical role in
Sup35’s self-perpetuating change in state (/10—
13). The middle region (M) provides a solubi-
lizing and/or spacing function (/4). The
COOH-terminus (C) provides translation-ter-
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mination activity (10, 15). To test whether other
proteins can be made to undergo a prion-like
change in state, we fused N and M to a steroid
hormone-regulated transcription factor, the rat
glucocorticoid receptor (GR), and to a consti-
tutive variant (GR32°) (16) that lacks the heat
shock protein 90 (Hsp90) and hormone-binding
domain (Fig. 1A) (/7). The fusion did not
block GR’s inherent transcriptional activity:
when NMGR and GR were expressed in [ psi~]
cells over a broad range of induction levels, the
activity of NMGR was in each case similar to
that of GR (Fig. 1B, left). NMGR>2° and GR>2¢
also had similar activities in [ psi~] cells (/8).

Three lines of evidence indicate that NM
fusion proteins can interact with endogenous
Sup35 to undergo prion-like changes in state.
First, in contrast with [psi~] cells, in [PSI*]
cells, newly synthesized NMGR had much low-
er activity than GR (Fig. 1B, right). Immuno-
blotting demonstrated that this was not due to a
reduction in NMGR expression (/8). Second,
transient expression of NMGR, but not of GR,
induced new heritable [PS/*] elements in
[psi™] cells (Table 1). The NMGR>?% variant
also induced [PSI*] elements, but not if the
protein carried a small deletion of residues 22
through 69 in N (A22-69) (Table 1), which
blocks [PSI*] induction by Sup35 (/0). Third,
NMGR and NMGR5>2¢ exhibited the same un-
usual pattern of plasmid incompatibility as
Sup35 (10, 13). High-copy Sup35 plasmids can-
not be transformed into [PST*] cells because
excessive Sup35 aggregation inhibits transla-
tional termination so severely that cells die.
Cells are immune to the toxicity of the plasmid
when the genomic copy of SUP35 has its N and
M regions deleted (ANMSUP35) (10, 13). Con-
versely, plasmids are not toxic if they carry the
A22-69 deletion. When GR and NMGR were
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