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It remains unclear how the isotopic signa-
ture of a large spectrum of old lithospheric
fragments, possibly pelagic sediments and al-
tered basalts and gabbros, can be preserved in
the convective mantle and kept isolated from
the well-mixed MORB source. Mantle tomog-
raphy indicates that at least part of the oceanic
lithosphere is dragged down to the core-mantle
boundary (35, 36). At typical plate velocities,
upper mantle material is transferred to the lower
mantle in 10 to 100 million years, implying that
the chemical and isotopic compositions should
become homogeneous very rapidly in the entire
mantle. The mixing time of an clement, that is,
the time it takes for any contrast between the
chemical and isotopic inventories of two parts
of the mantle to be reduced by a factor e, is f(1
— f) M, /Q,, where M, is the total inventory of
the element 7 in the mantle, Q, its flux between
the two parts of the mantle, and fthe fraction of
the mantle mass allocated to one of the parts
(37). For a mass flux equal to the rate of litho-
sphere subduction (about 300 km? year™1), the
maximum mixing time of the whole mantle is
on the order of 0.4 Gy. Therefore, the lower and
the upper mantle should be geochemically in-
distinguishable. Because OIB and MORB are
geochemically distinct, the elemental fluxes O,
must be reduced and the mixing time of radio-
genic isotopes increased so that heterogeneity
between the OIB and MORB reservoirs is pre-
served. Mixing times can be increased by the
delamination of the oceanic crust and its storage
at the core-mantle boundary (13, 38). They may
also be selectively increased for different ele-
ments by the extraction of continental crust
material and by the hydrous stripping of the
lithophile elements from the subducting slabs
into the ambient mantle without substantial re-
duction of the total mass of the lithosphere that
penetrates into the lower mantle (37). Such a
process calls for an overall depleted deep man-
tle with streaks of lithospheric residues altered
by subduction zone processes (such as those
invoked for the U/Pb fractionation in the source
of the Koolau component), but still fertile
enough to produce OIBs.
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Molecular Identification of a
Eukaryotic, Stretch-Activated
Nonselective Cation Channel

Makoto Kanzaki,” Masahiro Nagasawa,” Itaru Kojima,’
Chikara Sato,? Keiji Naruse,® Masahiro Sokabe,® Hidetoshi lida**

Calcium-permeable, stretch-activated nonselective cation (SA Cat) channels
mediate cellular responses to mechanical stimuli. However, genes encoding
such channels have not been identified in eukaryotes. The yeast MID7 gene
product (Mid1) is required for calcium influx in the yeast Saccharomyces cere-
visiae. Functional expression of Mid1 in Chinese hamster ovary cells conferred
sensitivity to mechanical stress that resulted in increases in both calcium
conductance and the concentration of cytosolic free calcium. These increases
were dependent on the presence of extracellular calcium and were reduced by
gadolinium, a blocker of SA Cat channels. Single-channel analyses with cell-
attached patches revealed that Mid1 acts as a calcium-permeable, cation-
selective stretch-activated channel with a conductance of 32 picosiemens at
150 millimolar cesium chloride in the pipette. Thus, Mid1 appears to be a

eukaryotic, SA Cat channel.

SA Cat channels are suggested to act as mech-
anotransducers in various biological functions
including touch sensation, hearing, and mainte-
nance of cardiovascular tone in animals, detec-
tion of touch and gravity in plants, and sensing

of osmotic changes in microorganisms (/).
However, genes or cDNAs encoding eukaryotic
SA Cat channels have not been identified, and
thus, the molecular mechanism of mechano-
transduction in eukaryotic cells is poorly under-
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stood. By contrast, bacterial SA Cat channels
are well characterized, but have no eukaryotic
homolog (2). Several eukaryotic ion channels
are claimed to be mechanosensitive (3).

The MIDI gene of the yeast Saccharo-
myces cerevisiae encodes an integral plasma
membrane protein required for Ca?* influx
stimulated by mating pheromone (4). When
exposed to the pheromone, cells lacking MID/
die because of the restricted Ca®* influx. Thus,
the Midl protein has a crucial role in supplying
Ca?* during the mating process. Although
Mid1 has no overall amino acid sequence sim-
ilarity to those of known ion channels, the
amino acid sequence of its putative transmem-
brane segment is similar to that of the S3 or H3
segment of a superfamily of ion channels (4).
We therefore investigated the possibility that
Midl is an ion channel.

The MID! gene was placed under the
control of the Zn-inducible human metallo-
thionein Ila promoter in the vector pMEP4;
the resulting plasmid, pMEP4-MIDI, was
then transfected into Chinese hamster ovary
(CHO) cells (5). Immunoblot analysis re-
vealed that pMEP4-MIDl-transfected cells
specifically produced a protein of 95 kD size
when incubated for 24 hours in medium con-
taining 80 uM ZnCl,, but not in medium
without ZnCl, (Fig. 1D). Cells transfected
with the vector did not produce the 95-kD
protein in response to ZnCl, (6). Because the
molecular size of Midl deduced from its
amino acid sequence is 61.5 kD, it appears
that Midl might be modified by N-glycosyl-
ation in CHO cells, as it is in yeast cells (4).

To examine whether the expression of
Midl could alter Ca®>* permeability across
the plasma membrane, we monitored changes
in [Ca?*]_ (cytosolic calcium concentration)
in response to an increase in the extracellular
Ca?* concentration, using the Ca®* indicator
fura-2 (7). An increase in the extracellular
Ca?* concentration from nominally 0 to 2
mM resulted in an increase in [Ca®*]_ in
Midl-expressing cells (Fig. 1 A). When extra-
cellular Ca?* concentration was further in-
creased from 2 to 10 mM, an additional in-
crease in [Ca’*]_ was observed (Fig. 1B).
Removal of extracellular Ca™* (Fig. 1C), ad-
dition of lanthanum (8), or an increase in
osmolarity in the medium (from 320 to 350
mosM) (8) caused a decrease in [Ca®*]_. The
last result suggests that Mid1-expressing cells
are exposed to a turgor pressure. Under the

TLaboratory of Cell Biology, institute for Molecular
and Cellular Regulation, Gunma University, Maebashi,
Gunma 371-8510, Japan. 2Supermolecular Science Di-
vision, Electrotechnical Laboratory, Tsukuba, Ibaraki
305-8568, Japan. *Department of Physiology, Nagoya
University School of Medicine, Nagoya, Aichi 466-
8550, Japan. “Department of Biology, Tokyo Gakugei
University, Koganei, Tokyo 184-8501, Japan.

*To whom correspondence should be addressed. E-
mail: iida@u-gakugei.ac.jp

REPORTS

same conditions, essentially no change in
[Ca®*], was observed in ZnCl,-treated, mock-
transfected cells (Fig. 1, A and B) or MIDI-
transfected cells not treated with ZnCl, (9).
To examine the possibility that Midl

A B

functions as a Ca®*-permeable channel, we
employed the whole-cell voltage-clamp tech-
nique (10). The steady-state current-voltage
(I-V) relationship showed that control cells
not treated with Zn produced little Ca%* cur-
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Fig. 1. Detection of Mid1 and changes in [Ca®"]_in CHO cells. [(A) to (C)] CHO cells
were treated with ZnCl, for 24 hours and then loaded with fura-2. Extracellular Ca®** D
concentration was changed from 0 to 2 mM (A), further to 10 mM (B) or from2mM 5
to 0 mM (C) as indicated by the arrows. Open and solid circles represent Zn-treated, 200
pMEP4-MID1-transfected cells and Zn-treated, mock-transfected cells, respectively. oril -
(D) Immunoblot analysis showing Zn-dependent expression of the Mid1 protein. CHO
cells transfected with pMEP4-MID1 were incubated for 36 hours in the presence (+) -
or absence (—) of 80 uM ZnCl,. Cell extracts were prepared and analyzed by immu- g
noblotting with affinity-purified rabbit antibodies to a synthetic oligopeptide corre- J
sponding to the COOH-terminus of Mid1 (***TCNYIGNSSLMVIHPLDDT>*8) (27). iy

- +
ZnCl,

Fig. 2. Whole-cell current A Control D
properties of Mid1-express- L | +100 mV
ing CHO cells. [(A) to (D)]
Inward Ca?* currents in ( 100 ms f —omV
Mid1-expressing cells. (A) 200 PAI_
A control cell not treated . -100mv
with Zn; (B) A Midl-ex- B Mid1 | (pA)
pressing cell treated with
InCl, for 24 hours; and V (mV)
(C) A Mid1-expressing cell -100 0 100
treated for 24 hours with e S —O~ Control
ZnCl, and then with 05 ¢ —e— Mid1

mM GddCl, in the bath so-
lution. Note that the data

in (B) and (C) were ob-

tained from the same cell.
(D) Steady-state /-V re-
lationships for whole-cell
Ca®* currents calculated

Mid1 + Gd3*
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from (A) to (C), showing l

that Gd*>* blocks the in-
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ward Ca2* current. Mem-
brane potential was jumped
from a holding potential of
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current in Mid1-expressing
cells under symmetrical G
Cs*-gluconate solutions.
Pipette and bath solutions
contained 150 mM Cs*-
gluconate, 1 mM EGTA-Cs,
and 10 mM HEPES-Cs (pH
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7.4). (E) A control cell not treated with Zn; (F) A Mid1-expressing cell; and (G) A Mid1-expressing cell
in the presence of 2 mM CaCl, in the bath solution. Note that the data in (F) and (G) were obtained
from the same cell (H) The steady-state /-V relationships for whole-cell Cs* currents calculated from

(E) to (G).
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rent (n = 5) (Fig. 2, A and D) and that cells
treated with ZnCl, for 24 hours produced a
Ca?™ current up to 492 = 64 pA (n = 22) at
—100 mV (Fig. 2, B and D). The inward Ca®*
current was increased in a time-dependent man-
ner from 10 to 24 hours after addition of ZnCl,
(11). The Ca** currents were inhibited to
198 + 23 pA (n = 16) by Gd®* (0.5 mM) in
the bath solution (Fig. 2, C and D) and com-
pletely blocked by La®* (0.1 mM).
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To evaluate the monovalent cation selec-
tivity of the Midl-induced conductance, we
examined the membrane currents with 150
mM Cs™-gluconate solutions in the pipette
and the bath (12), and Cs™ in the bath was
subsequently replaced by K* (150 mM) or
Na* (150 mM). Nearly equivalent inward
and outward currents were recorded with Cs™
in both solutions (Fig. 2F), and the overall /-
curve was nearly linear crossing 0 mV with
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Fig. 3. Single-channel currents from Mid1-expressing CHO cell. (A) A typical record of single-
channel currents from a cell-attached patch on a Mid1-expressing cell in response to suction (O to
40 cm H,0) in the pipette at —60 mV. Solutions were 150 mM Cs™-gluconate, 1 mM EGTA-Cs, and
10 mM HEPES-Cs (pH 7.4) (pipette) and 137 mM KCl, 5 mM NacCl, 1 mM MgCl,, 2 mM CaCl,, and
10 mM HEPES-Na (pH 7.4) (bath). (B) Dependence of channel open probability (NPo) on pressure
in the pipette. The NPo gradually increased with negative pressure (suction). NPo was normalized
to that obtained at 40 cm H,O suction. (C) The /-V relationship with 150 mM Cs™ in the pipette.
(D) The /-V relationship with 10 mM Ca?™ in the pipette. (E) Changes in channel activity with
various pipette suctions at —60 mV; (F) Pressure dependency of mean open and mean closed times
calculated from (E); (G) Pressure dependency of short (closed 1) and long (closed 2) closed times
calculated from (E). (H) A typical channel current recorded from an excised inside-out patch derived
from a Mid1-expressing cell. Membrane potential was held at —60 mV, and negative pressure (O
to 40 cm H,0) was applied under the conditions described in (78). Values are the mean = SD for

three to four experiments.

little indication of voltage dependency (Fig.
2H). Replacement of extracellular Cs™-glu-
conate with equimolar K- or Na™-gluconate
did not alter conductance or reversal poten-
tial. Little whole-cell current was recorded in
cells not treated with Zn (Fig. 2E) or mock-
transfected cells (13). Inward but not outward
Cs™ currents were inhibited by adding 2 mM
Ca?* to the bath solution (Fig. 2, G and H).
These results indicate that the expression of
Midl results in an increase in cation conduc-
tance with similar permeability among Cs™,
Na*, and K*, and that Ca?" behaves as a
blocker for monovalent cation currents as
well as a permeant ion.

The Gd** effect (Fig. 2, C and D) indi-
cates that Midl may be a SA Cat channel.
Midl appears to be distinct from known ion
channels, including voltage-dependent Ca?"
channels and ligand-gated Ca?* channels:
Midl has no overall amino acid sequence
similarity to these ion channels, and its activ-
ity was not blocked by channel blockers we
tested, including verapamil, nifedipine, dilti-
azem, w-conotoxin, or heparin.

We made single-channel analyses with
cell-attached patches that can be stretched by
negative pressure in the pipette (/4). The
pipette solution contained 150 mM CsCl and
the bath solution contained a high concentra-
tion of K™ solution (137 mM) to depolarize
the membrane potential to near 0 mV. Appli-
cation of negative pressure in the pipette by
suction increased channel activity, but the
magnitude of the unitary current was not
changed (Fig. 3A). This activation was re-
versed immediately after the cessation of suc-
tion in the pipette. The pressure dependence
of the channel open probability (NPo) was
sigmoidal over the range of tested pressures
from 0 to 40 cm H,O (Fig. 3B). Preliminary
results indicated that addition of Gd** in the
pipette solution reduced NPo with little
changes in the conductance (15). Inward Cs™
currents were recorded at various holding
potentials in a Midl-expressing cell under a
negative pressure of 20 cm H,O (Fig. 3C).
The I-V curve displays a slope conductance
of 32 £ 47 pS (n = 26) and a reversal
potential of 0 mV. Similar results were ob-
tained when NaCl or KCI was present in the
pipette instead of CsCl, indicating similar
permeability among monovalent cations,
which is consistent with the property of whole-
cell currents. We measured inward Ca®* cur-
rents using a pipette solution containing 10
mM CaCl, under negative pressure (20 cm
H,0) in the pipette at various holding poten-
tials (Fig. 3D). The I-V curve displays a slope
conductance of 3.5 = 0.46 pS (r = 21) with
a positively shifted reversal potential, sug-
gesting that Ca?™ is more permeable than
monovalent cations (P.,/P; = 7.13). These
conductances did not change when chloride
or aspartate was the anion in the pipette
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solution, confirming that the currents were
carried by an influx of cations, rather than by
outward flux of anions, which would display
negative reversal potentials in these experi-
mental conditions. The inward cation current
activated by suction was not detected in
mock-transfected cells. These properties of
single-channel currents of the Midl channel
appear to be similar in most respects to a
mechanosensitive ion channel observed in the
S. cerevisiae plasma membrane, except for its
conductance and permeability for Ca®* (16).

Application of negative pressure in the
pipette increased the channel activity (Fig.
3E), where the mean open time increased and
the mean closed time decreased with in-
creased suction (Fig. 3F). Analysis of the
dwell time histograms for open and closed
times suggested that the Midl channel has
one open state and two closed states, because
the open-time histogram was well fitted by a
single exponential function and the closed
time by a double exponential function using
the maximum likelihood method (7). Suc-
tion in the pipette produced minor changes in
the flickery closed state (short closed time),
but significant decreases of the interburst
closed state (long closed time) (Fig. 3G).

We also analyzed the pressure depen-
dence of Midl-channel activities with the
inside-out patch configuration (/&) and found
that they were essentially the same as those
obtained from the cell-attached patch-clamp
configuration (Fig. 3H), suggesting that the
single-channel currents observed are activat-
ed directly by the membrane stretch, not by
an intracellular second messenger.

To examine the stretch-activated, whole-cell
activity of the Mid1 channel, Mid1-expressing
CHO cells were cultured on a fibronectin-coat-
ed, thin silicone membrane as in (/9) and sub-
jected to uniaxial stretch (120%) for 2 s, and the
average [Ca®"], from about 60 cells was mea-
sured under a fluorescence microscope (20).
Although the [Ca®"], during stretch could not
be measured because of the out-of-focus cell
image with this method, we could approximate

Fig. 4. Stretch-activated Ca®*

response in CHO cells. Cells cul- A conrolcels

= 1.0
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the degree of [Ca®™]_ increases from the tail
response. Control cells not treated with Zn
showed essentially no change in [Ca>*]_ (Fig.
4A). By contrast, cells treated with Zn for 12
hours did show an increase in [Ca**], (Fig.
4B), which was abolished by removal of extra-
cellular Ca?* (Fig. 4C) or by externally applied
GdCl, (20 pM) (Fig. 4D). The Gd** effect was
dose-dependent, and 50 pM Gd** completely
blocked the response. Essentially the same re-
sults were derived from cells loaded with an-
other Ca?™ indicator, fluo3, in conjunction with
confocal microscopy. These observations are
essentially the same as those obtained with
cultured endothelial cells (79) and confirm that
the Mid1 protein expressed in CHO cells acts as
a Ca?*-permeable SA Cat channel. We do not
have data that can directly explain the differ-
ence in Gd** sensitivity of the Midl channel
between the whole-cell currents (Fig. 2, C and
D) and the [Ca*"], increase (Fig. 4D). It is
possible that the whole-cell currents were mea-
sured under a putative constant stretch generat-
ed by turgor force, as suggested above in the
hypertonic inhibition of steady Ca?* influx. On
the other hand, the [Ca®*], response by stretch
pulse (Fig. 4D) might be mediated by the SA
Cat channels that had not been activated by the
putative background turgor force. Presumably,
the pharmacological property of the Mid1 chan-
nel in an adapted state by turgor force may be
different from that in a non-adapted one, but it
remains to be solved.

Our results indicate that Midl can .func-
tion as an SA Cat channel in CHO cells,
although it remains to be determined whether
Midl is an SA Cat channel itself or a subunit
that up-regulates the activity of endogenous
SA Cat channel in CHO cells. We have ob-
tained electrophysiological data from cell lines
of different species including mouse Balb/c
3T3 cells and green monkey COS-7 cells, sim-
ilar to those obtained with CHO cells (21),
which suggests that the latter possibility is
unlikely. In either case, further functional and
mutational studies on Midl should provide
important new clues for molecular charac-
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terization of cukaryotic SA Cat channels.

In S. cerevisiae, Mid1 is activated in cells
exposed to mating pheromone after a lag
period of 30 min or more (4), and during this
time, the remodeling of the cell wall is in-
duced to form a polarized mating projection
(22). This remodeling possibly causes in-
creased stretch in the plasma membrane be-
cause of turgor and activates the Midl chan-
nel. Although eukaryotic SA Cat channels are
known to respond to stretch produced by
extracellular forces, they may also respond to
stretch generated by the activity of the cell
itself directing cell polarity during cell divi-
sion, cell morphogenesis, or cell migration.

A potential Mid1 homolog, Yam8 (SWISS-
PROT number Q10063), from the fission yeast
Schizosaccharomyces pombe was cloned, and it
complemented the mating pheromone-induced
death phenotype of the midl mutant (23). Be-
cause the divergence of homologous genes
between S. cerevisiae and S. pombe is similar
to that between yeasts and mammals (24), it
is possible that Mid1 homologs are present in
other eukaryotes.
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Requirement of Rsk-2 for

Epidermal Growth Factor-

Activated Phosphorylation
of Histone H3

Paolo Sassone-Corsi,"*{ Craig A. Mizzen,?} Peter Cheung,?
Claudia Crosio,” Lucia Monaco,” Sylvie Jacquot,’
André Hanauer,? C. David Allis?*

During the immediate-early response of mammalian cells to mitogens, histone
H3 is rapidly and transiently phosphorylated by one or more unidentified
kinases. Rsk-2, a member of the pp90™* family of kinases implicated in growth
control, was required for epidermal growth factor (EGF)~stimulated phospho-
rylation of H3. RSK-2 mutations in humans are linked to Coffin-Lowry syndrome
(CLS). Fibroblasts derived from a CLS patient failed to exhibit EGF-stimulated
phosphorylation of H3, although H3 was phosphorylated during mitosis. In-
troduction of the wild-type RSK-2 gene restored EGF-stimulated phosphoryl-
ation of H3 in CLS cells. In addition, disruption of the RSK-2 gene by homologous
recombination in murine embryonic stem cells abolished EGF-stimulated phos-
phorylation of H3. H3 appears to be a direct or indirect target of Rsk-2, sug-
gesting that chromatin remodeling might contribute to mitogen-activated
protein kinase-regulated gene expression.

In mammalian cells, various environmental
stimuli induce a Ras-dependent MAP (mito-
gen-activated protein) kinase cascade that re-
sults in the transcriptional activation of im-
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mediate-early-responsive genes (7, 2). These
transcriptional responses are thought to de-
pend on modulation of the nuclear localiza-
tion, DNA binding, and activation properties
of transcription factors, but the roles of
MAPK phosphorylation in this process re-
main poorly defined (7).

Remodeling of chromatin structure ap-
pears to have a primary role in transcriptional
regulation (3), and posttranslational modifi-
cations of histones are thought to contribute
to this remodeling. Widespread phosphoryl-
ation of histones, particularly histones H1
and H3, correlates with mitosis in many cells
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