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A Mechanosensitive Channel in Whole Cells and
in Membrane Patches of the Fungus Uromyces

XIN-L1aANG ZBHOU, MAarRY ANN STUMPE, HARVEY C. HOCH,

CHinG Kung*

Bean leaf stomata provide a topographical signal that induces germlings of the
phytopathogen Uromyces appendiculatus to develop specialized infection structures.
Protoplasts from germ tubes of this fungus, when examined with patch-clamp
electrodes, displayed the activities of a 600-picosiem&n mechanosensitive ion channel.
This channel passes a variety of cations, including Ca®*, and is blocked by Gd** at 50
micromolar. This channel could transduce the membrane stress induced by the leaf
topography into an influx of ions, including Ca®*, that may trigger differentiation.

OST PHYTOPATHOGENIC FUNGI
must locate and recognize an ap-
propriate site for entry into their

hosts in order to establish a successful para-
sitic interaction. The rust fungi are the caus-
al agents of the plant diseases wheat rust,
coffee rust, and bean rust. Urediospore germ-
lings of the bean rust fungus Uromyces appen-
diculatus are guided by the topography of the
leaf surface to stomata, where they cease
polarized growth and differentiate appresso-
ria from the germling apices. Such appresso-
ria are the first in a series of specialized
infection structures needed for the pathogen
to enter the plant host (1). The topographical
signal that triggers formation of the appres-
sorium is provided by a feature of the sto-
matal architecture that can be simulated on
chemically inert plastic replicas of the epider-
mis (2) and on polystyrene membranes bear-
ing microfabricated ridges 0.45 to 0.7 um in
height (3) (Fig. 1A).

The various postulated mechanisms by
which a fungal germling can sense minute
surface features include an ionic or electric
change mediated by mechanosensitive (MS)
channels. MS channels that respond to phys-
iological stretch forces in the plasma mem-
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brane have been implicated in the regulation
of cell volume, morphogenesis, osmotic
pressure, guard cell responses, and neuronal
growth-cone functions (4, 5). This type of
ion channel has been identified in animal
and plant cells and microbes, including the
budding yeast, a free-living fungus (5). Con-
tact of the bean rust germling with an
inductive topography could produce local-
ized stretching of the plasma membrane and
cause MS channels to open. The resulting
changes in membrane potential or cytoplas-
mic concentrations of ions, such as Ca2*,
may induce appressorium formation. We
therefore examined the plasma membrane of
U. appendiculatus germ tube protoplasts for
MS channels with the patch-clamp method.

Collected urediospores were germinated
and converted into protoplasts 4 to 7 pm in
diameter (6). Standard patch-clamp elec-
trodes were used to form gigaohm seals with
the plasma membrane of selected protoplasts
(Fig. 1B) (7). We report here the activities
of a large conductance MS channel. Other
smaller conductance channels were also de-
tected that were voltage-sensitive but not
MS. We detected the MS channel activities
in every one of more than 50 protoplasts
examined in the whole-cell mode or in ex-
cised inside-out or outside-out patches. In
contrast to Lymnaea neurons (&), Uromyces
protoplasts readily displayed whole-cell MS
currents. Small pressures applied through
the patch pipette tended to open these chan-
nels, yielding discrete, stepwise changes in

the conductance of the membrane channels
(Fig. 2). Opening appears not to be coop-
erative among these channels (Fig. 2B).

The probability that channels will open in
response to a given applied pressure (open
probability) fits a Boltzmann distribution in
which the mechanical energy partitions the
channel molecule between its open and
closed conformations (Fig. 3). In three cells
analyzed systematically, this curve inflects at
pressures between 10 and 20 mmHg, which
is similar to the sensitivities of MS channels
of other species (4, 5). Because we have
approached saturation of the open probabil-
ity without breaking the protoplasts, we can
estimate the number of MS channels in a
protoplast. In one example (Fig. 3), there
were 111 such MS channels in the whole
membrane of this protoplast. The average den-
sity was about two channels per square mi-
crometer in the ten protoplasts analyzed. The
open probability of this channel under a small
pressure increases strongly upon depolarization
and slightly upon hyperpolarization below
—50 mV (Fig. 3C). However, we could not
activate the channel with voltage alone.

The conductance of the channel was 601
+ 10 pS (mean = SD, n = 9) in symmetric
290 mM KClI solutions (Fig. 4A). This
conductance is large for ion channels among
eukaryotic species. We investigated the ion
selectivity in the whole-cell mode by exam-
ining the changes in the current-voltage
(I-'V) plots of the unitary current after
changing the ionic species and concentra-
tions of the bath. Diluting the bath KCI
concentration from 290 to 58 mM caused a
shift of the I-V curve such that the current
reversed at —35 mV, close to the calculated
equilibrium potential of K* (Fig. 4A). Sim-
ilar results were obtained in three other five-
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Fig. 1. Germlings of U. appendiculatus. (A) Scan-
ning electron micrograph of two germlings
grown on a polystyrene substrate bearing ridges
0.5 pm high and 2.0 pm wide, prepared as in (3).
One of the germlings encountered an inductive
ridge and developed an appressorium (arrow).
(B) Protoplasts derived from young germlings
(6). Bars represent 10 pm.
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or tenfold dilution experiments. Thus, the
channel passes K* and excludes Cl~ in KCI
solutions. Equimolar substitution of K*
with Na*, Cs*, or Rb™ did not greatly
affect the I-7” plot (Fig. 4B). This indicates
poor selectivity among these monovalent
cations, although a slight preference in the
order of K* = Cs* = Rb* > Na™ can be
discerned.

To test the permeability of divalent cat-
ions, we replaced the bath K* with Ca®>* or
Mg?*. At positive voltages, K* carried the
outward currents from the pipette as expect-
ed. At voltages more negative than —20
mV, inward currents were observed that
could only be carried by the bath divalent
cations (Fig. 4C). The unitary conductance
for Ca®>* was found to be 565 + 16 pS (n =
3) (Fig. 4D). From the shift of the reversal
potential in these bi-ionic experiments, the
permeability ratio was calculated by the ex-
panded constant field equation (9) to be
Pg:Pc, = 1.1:1.0.

Neither tetracthylammonium ion nor
Ba?* blocked the activities of this channel.
However, Gd3*, which is known to block
MS channel activities of several species, in-
cluding budding yeast (4, 5), did reversibly
block the MS channel of the bean rust
fungus, with a half-maximal effective con-
centration of 50 pM (Fig. 4E). That MS
channels may be involved in growth and
differentiation of this fungus is supported by
the observation that germ tube growth and
differentiation are inhibited by 10 pM Gd**
(10). The presence of 5 mM Ca’* in the
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Fig. 2. MS channel activities in protoplasts of U.
appendiculatus. (A) The application of pressure at
10 mmHg (1 mmHg = 133 Pa) to a protoplast
through the pipette activated the channels, which
were recorded in the whole-cell mode at mem-
brane potential, ¥, = +26 mV. (B) Current
amplitude histogram of a 30-s record from the
same protoplast showing seven discrete levels of
current. This histogram can be adequately fitted
by Poisson distribution (14). After gigaohm seal
formation on a protoplast, the patch was disrupt-
ed by application of increased suction through the
pipette to establish the whole-cell mode of record-
ing at room temperature (19° to 22°C).
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media causes a slight increase in differentia-
tion and at pH 5.5 alleviates the inhibitory
effects of up to 25 pM Gd3*

In germlings of U. appendiculatus, contact
with a topography inductive for appres-
sorium development, such as a stomatal lip
on the host leaf or a ridge on artificial
substrata (3), probably results in ion fluxes.
Although MS channels may be operative
and essential for signal reception, they are
probably not sufficient for completion of the
appressorium. A different K*-specific chan-
nel is apparently involved, because appres-
sorium formation and, to a lesser extent,
germ tube growth are inhibited by tetraeth-
ylammonium (6 mM, pH 7 or 5.5), a K*

channel inhibitor, or elevated concentrations
of external K* (10). These findings indicate
that there might be a K™ -specific channel
among the channels on the protoplast.
Uromyces protoplasts display whole-cell
MS currents (Fig. 3), with distinctly quan-
tized activity, cation selectivity, and satura-
tion at higher pressure. We cannot be sure
of the localization of the MS channels rela-
tive to the growing portion of the germ
tube, where topographic sensing takes place.
That topographic sensing occurs only at the
apical region could simply reflect the local
mechanical properties. Here the cell wall is
still being polymerized and the subjacent
membrane can more easily be stressed (11).

Fig. 3. Sensitivities of the MS pA A mmHg B12°
channel to pressure. (A) Chan- 5o 0 100
nel activities were recorded in . 80
whole-cell mode (+15 mV) at 20 st e bk o 4 S 60
various applied pressures. Ref- 40
erence lines are aligned with the 20 laAMtt st i g 20
scale markers on left. Note scale ol
0 10 20 30 4o

changes and the near saturation
of opening at 30 mmHg. These

memw‘wm

Pressure (mmHg)

pressures did not damage the 20

cell membrane or the seal, as the e
final recording (bottom trace) 200 20
showed no additional leakage

current. (B) Open probability, 400L 38
Npo, of the MS channels plotted 20 EIK) e . 0

against the applied pressure.

Np, was calculated from 20 s of recording, parts of which are shown in (A), as the integral of the total
channel current during the analyzed period divided by the.integral of a single-channel current through
the same period. The points are fitted by linear regression to the Boltzmann curve. Npo/Npomax = exp
[(P-P, ,2)/SP]/{1 + exp [(P = Py1,)/S, ]}, where Npy is the open probability of all channels in the patch,
P is the positive pressure, Py, is the pressure at which channels are open half of the time, and 1/S,, is
the slope of the plot of In [Npo/(1 — Npg)]versus pressure. (C) Open probability of the MS channels
of another protoplast at various voltages in the whole-cell mode at 12 mmHg pressure.

Fig. 4. Permeation or blockage of A
the MS channel by different ions.
(A) I-V plots of unitary currents in
KCi solutions. <, Recordings from

a cell in solutions of 290 mM KCl, K+

102 mM CaCl,, and 5 mM Hepes ~ -100

1(pA)
50 o B

at pH 7.2, in both the pipette and e
in the bath; O, same cell after a
change in the bath to 58 mM KCl, &
5 mM Hepes, pH 7.2, and 464 mM b
sorbitol to maintain the osmotic 4
balance. (B) I-V plots from another c
cell in baths of various alkaline met-

al ions (chloride salts), each at 290

mM. The bath solutions also con-
tained 10~2 mM CaCl, and 5 mM
Hepes at pH 7.2. x, CsCl; O,
RbCl; A, NaCl; &, KCL. (C) Diva-

lent ion permeation through the

Q9

L4+50 mV
gJ'—'—' \ L+ 40mv

" -50 mv
& W L0

-50

-60 mVv

MS channel at negative pipette oUW

voltages (c, closed; o, open). Re-

corded from an excised inside-out ~ 22PAL—

patch in a bath solution of 200 mM

CaCl, and 5 mM Hepes at pH 7.2 E 0. Before 100 pM Gd* Washout
without any K*. (D) I-V plots from o, b - 1, ‘ U "
this cell in baths of 200 mM Ca®* ¢

(@) or Mg?* (V) or 290 mM K* 2opAL

(©). (E) Recordings from a whole-

cell mode under 10 mmHg pressure in 290 mM KCl, 1 mM CaCl,, 5 mM Hepes, adjusted to pH 7.2
with KOH. Perfusion with the same bath solution containing 100 uM GdCl; completely blocked the
channel activities,’and the final reperfusion of the same bath solution without GdCl; restored activities.
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Although membrane tension at the site of
ridge contact can only be estimated, calcula-
tions (12) indicate that the germlings can
experience tensions similar to those in patch-
es, provided that signal transduction is lim-
ited to a small area such as a small portion of
the cell apex. One might suspect that ridges
<0.2 or >0.8 um in height are noninduc-
tive for different reasons: too few MS chan-
nels may be affected, or contact may be
made with an area in which the wall has
already polymerized, respectively.
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Depletion of CD4* T Cells in Major
Histocompatibility Complex Class II-Deficient Mice
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The maturation of T cells in the thymus is dependent on-the expression of major
histocompatibility complex (MHC) molecules. By disruption of the MHC class IT {1“;
gene in embryonic stem cells, mice were generated that lack cell surface expression of
class TI molecules. These MHC class II-deficient mice were depleted of mature CD4*
T cells and were deficient in cell-mediated immune responses. These results provide
genetic evidence that class II molecules are required for the maturation and function

of mature CD4* T cells.

HE NORMAL DEVELOPMENT OF MA-

ture CD4" T lymphocytes requires

their interaction with MHC-encod-
ed elass IT molecules in the thymus (1-6).
These polymorphic molecules are present on
thymic cortical epithelial cells, and their
engagement with the ap T cell receptor on
immature thymocytes is thought to result in
the positive selection of CD4* T cells and
their ultimate export to the periphery (4-7).
Gene targeting (8) is a method by which
specific genes can be altered in embryonic
stem (ES) cells regardless of their expression
(9) and’subsequently passed through the
germ line (10-17). We have used this tech-
nique to generate mice that are devoid of cell
surface expression of MHC class IT mole-
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cules by introducing a loss of function mu-
‘tation into the A gene (18) in ES-D3 cells.
ES-D3 cells ar¢ derived from mice of the
H-2° haplotype (19) and thus harbor a
deletion in their ES gene that prevents the
expression of I-E molecules on the surface of
class II expressing cells (20). Disruption of
the A gene in ES-D3 cells would similarly
prevent the cell surface expression of I-A
molecules on class II expressing cells. There-
fore, mice of this genotype should be defi-
cient in the cell surface expression of both
I-E and I:A class I MHC molecules.

The targeting vector (Fig. 14) incorpo-
rates the neomycin resistance (neo”) gene
into the second exon of the Af gene, con-
tains 5.4 kb of homologous flanking se-
quence, and contains the herpes simplex
virus (HSV-1) thymidine kinase (tk) gene,
allowing positive-negative selection of trans-
fectants (21). Of the 2 x 10”7 ES-D3 cells
transfected with this construct, 720 colonies
were G418" (calculated from control plates),
whereas 143 were resistant to both G418
and gancyclovir. Of these 143 colonies, 86
were screened by Southern (DNA) blot
analysis and four clones contained a disrupt-
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