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Abstract. The effect of akefAmutation on the mecha- coli, KefB and KefC are important in potassium efflux
nosensitive channels in the cytoplasmic membrane oproduced by addinfl-ethylmaleimide [8, 9]. The func-
Escherichia coliwas established by introducing a muta- tion of the third potassium-efflux system, KefA [8], has
tion of thekefAgene into wild-typeE. coli by P1 trans- not been well characterized. Its existence became evi-
duction. The mutation of thkefAgene not only made dent by observing that Kefflux elicited by betaine, di-
the cells sensitive to Kin the medium but also changed ethanolamine, and uncoupler 2,4-dinitrophenol was not
the mechanosensitive channel activity. ThefAmuta-  significantly different between &efB kefCdouble mu-
tion did not change the conductances of the two mechatant and &efBkefC' strain [4]. The K efflux produced
nosensitive channels in the cytoplasmic membrang.of by adding betaine results from the increased turgor pres-
coli, but it prolonged the channel open time. Also, thesure due to betaine accumulation. TkefA gene was
kefAmutation made the cells more sensitive to pressurédentified by a mutation that causésl coli cells to be
in comparison to wild-type cells. The high sensitivity to sensitive to high K concentration in the growth medium
pressure of th&efAmutant was not modulated by beta- (Dr. Wolfgang Epsteinpersonal communication
ine or by the potassium gradient across the membrane. A variety of mechanosensitive channels has been
The effect of thekefA mutation on mechanosensitive observed irE. coli[5, 6, 16, 21, 31]. Although the func-
channels was not due to a membrane fluidity changetion of each channel is not entirely known, a few of them
KefA might be a regulator for mechanosensitive chan-have been shown to play roles during the process of
nels. efflux induced by osmotic-down shock [6, 16]. It has
been found that osmotic down shock Bf coli cells
Key words: Escherichia coli— Mechanosensitive chan- could induce the release of internal ions and small me-
nels — Cytoplasmic membrane — Potassium efflux sys-tabO”teS, such as K glutamate, ATP, and lactose, with-
tem — KefA — Potassium sensitivity out lysis of the cells [6]. This process could be slowed
down or blocked by gadolinium ions [6]. Gtlblocks
_ several mechanosensitive channels in the cytoplasmic
Introduction membrane oE. coli[6, 16]. Therefore it is possible that
] . ] release of internal ions and small metabolites induced by
WhenE. coli cells are subjected to osmotic down shock, gsmotic down shock acts through these mechanosensi
turgor pressure is increased [10]. To dissipate the excesfe channels; at least they might be one of the mecha-
pressureE. coli extrude K and other small molecules pisms involved in the releasing process. Also, the
[10, 15, 22]. There are two known mechanisms thatmechanosensitive channels observed by whole-cell
might be involved in this process: the potassium-effluxpatch_damp recording oE. coli protoplasts could be
systems and mechanosensitive channels. activated directly by osmotic down-shock [16]. If both
Among the three potassium-efflux systemsEn  notassium efflux system and mechanosensitive channel:
are involved in the process of releasing turgor pressure,
it is possible that a relationship exists between these two
Correspondence tal. Adler mechanisms.
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In our previous study [16], we observed two differ- protoplasts, identified by microscope, had gray spherical images and
ent kinds of mechanosensitive channels in the Cyt0p|asusually had outer membrane blebs attached [7, 16]. After the recording
mic membrane oE. coli by whole-cell patch-clamp re- pipette touched the cell (the nonbleb part), the seal between the record-

. . ing pipette and the cytoplasmic membrane was increased by slight
cording of giant protoplasts. These channels could bésuction in the recording pipette. Following the establishment of a gi-

activated either by osmotic down shock of the cells or byyaohm seal (>10 G), either whole-cell or outside-out excised patch
directly applying positive pressure into the cell through ciamp recording was performed by the procedure of Hamill et al. [20].
the recording pipette. We found that a mutation of the  Unless otherwise stated, the electrode pipette solution contained
kefAgene affected the pressure-sensitivity of the chan{in mm): 400 KCI, 2.0 CaCJ, 1.7 MgCl, 10 EGTA, 80 sorbitol and 10

neIS, while akefB kefCdouble mutation had no effect HEPES, pH 7.2. After the reCOrding Conﬁguration had been formed,
the original chamber solution (450 sorbitol, 100 NaCl, 5 KCI, 20
[16] h iginal chamb luti bitol | |

. . MgCl,, 5 CaCl, and 10 HEPES, pH 7.2) was changed to experimental
In this report, we further characterize the effect of solution (described in the legend of each figure) by superfusing with

thekefAmutation on the mechanosensitive channel propsen, times the chamber volume. To activate the mechanosensitive chan.
erties and pressure sensitivity of the cells. From our exnels positive pressure (a blow) was applied into the cell through the
perimental results we postulate a possible mechanism foecording pipette. The pressure applied was monitored by a pressure
the effect of thekefAmutation on the mechanosensitive transmitter (Micro Switch, Omega Engineering, Stamford, CT). Chan-
channels. nel activities were recorded with an APC-8 amplifier (Medical System,
Greenvale, NY). All data were filtered at 1 KHZ and stored directly in
a computer. Axon DMA interface and pClamp software (Axon Instru-
Materials and Methods ments, Foster City, CA) were used for data acquisition and analysis.
To construct current-voltage relationships, the unitary current
steps corresponding to each channel were measured directly on ex:
STRAINS AND CHEMICALS panded recording traces. At least twenty measurements were average
for determining the amplitude of the unitary current in each recording.
To analyze the channel open time, outside-out excised patch con-
figuration was used. Small pressure was applied into the recording
pipette so that the channel openings were well spaced and multiple
simultaneous openings were infrequent. Overlapping events were re-
jected during the analysis. The opening and closing of the channel
were detected by applying a 50% threshold criterion [13]. Since it was
difficult to collect a large number of single-channel open events in a

The three strains used for starting this study are: AW405 [2], the
wild-type strain; RQ2 [16], thkefA mutant; and DSC101 [30], the
kefA" strain which has @upB1:kan insertion, about 20% cotrans-
duceable withtkefA (Dr. Wolfgang Epsteinpersonal communicatign
According to Wolfgang Epsteiruqpublished resuljs RQ2 is a reces-
sive mutant okefAwhich was selected by UV mutagenesis. Its growth
was inhibited by 500 m KCI + 1 mm betaine in tryptone broth. To

introduce thekefA mutation into AW405, P1 transduction [23] was single patch, especially for theefA mutant AW892, the data from

performed in two steps. First, a kanamycin resistance mak@f)(  goyeral independent membrane patches were pooled together and fitte
was introduced into RQ2 from DSC101 by P1 transduction and theyy exnonential distribution. The pooled data showed resuits similar to

transductant AW890 was selected i’ and sensitivity t0 1o gata obtained from the single patch with a large number of open-
K*. AW891 is the RQ2 derivative which has lost thé Kensitivity ings.

after this P1 transduction. Secor@fAandkar were introduced to- To test the pressure sensitivity, the mean current was used to
gethe_r into AWA05 by transduction with P1 lysate from AWSQO' The represent the steady state whole-cell current. Mean current is defined
resulting kefA m‘?‘_af‘t' named AWB92, was selected bY scoring bpth as integration of the current over the recording time and dividing this
karf and K" sensitivity. An RQ2 revertant, AW893, was isolated by its integration by the recording time: = (1%) [\ i(t) dt, wherel is the
ability to grow up after 24 hr in tryptone broth containing 508 #CI mean current and is the recording time. In most cases, 40 sec of
+ 1 mm betaine. . . . recording was used for calculating the mean current. No inactivation of
Cells were grown in tryptone broth, which contains 10 g/l tryp- the channel activity was observed during this period. Since no two

tone and 5 g/l NaCl [3] or Luria—BerFani medium [3]. Tryp_tone "_’md protoplasts have the same size, we used current density, which is the
yeast extract were purchased from Difco Laboratory (Detroit, MI); the oo cyrrent divided by the cell surface area, to represent the curren
other chemicals came from Sigma Chemical (St. Louis, MO).

in a unit area.
To test the pressure sensitivity, different amounts of pressure
PREPARATION OF GIANT PROTOPLASTS were applied into the cell through the recording pipette. The pressure

applied P) was converted to tensioff) by Laplace’s law,T = d-P
The detailed procedure for preparing giant protoplasts was describeti4 (d is the diameter of the cell). Current density was plotted against
previously by Cui et al. (16 and Fig. 1 reported therg).coli cells tension to characterize the pressure sensitivity of the cell.
were first grown into long filamentous cells (100 to 12) by block-
ing cell d|V|s_|on with cephalexin [26]. By use of Iy_sozyme and EDTA, |SOLATION OF CYTOPLASMIC AND OUTER MEMBRANES
these long filamentous cells were then converted into giant spheroplasts
(3-5pm in diameter), which had both peptidoglycan and outer mem-g ¢ cells were grown in tryptone broth and harvested as described
prane. Osmotic shock and further Iy§ozyme treatment yvere used t?”]_ The cell pellet was washed once i 10 Tris buffer, pH 7.4,
finally make these spheroplasts into giant protoplasts, which have onlyq resuspended in 5 ml of 400 sucrose, 10 EGTA, and 10 Tris, pH 8.2.

their cytoplasmic membrane intact. Lysozyme was added to the cell suspension at a final concentration of
0.2 mg/ml. After a half hour on ice, the cell suspension was passed
ELecTRICAL RECORDING AND DATA ANALYSIS through a French-press (American Instrument, Silver Spring, MD)

twice at 10,000 Ib/ih DNase (20Qul of 5 mg/ml) and RNase (200l
The giant protoplasts were made from giant spheroplasts in the recordbf 5 mg/ml) were added before centrifuging away the unbroken cells
ing chamber by means of the procedure just described. Suitable giarjil7]. The supernatant fraction was loaded directly on the top of a
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sucrose gradient [27] and centrifuged for 22 hr at 25,000 rpm. A
The separated cytoplasmic and outer membrane fractions were col-

lected and each was resuspended in 1 ml of 40Tms, pH 7.4. 10

MEASUREMENT OF PHOSPHOLIPIDS

s)

The phospholipid contents of 0.1 ml cytoplasmic and outer membrane—
fractions were determined by modifying the method of Ames and Du- © +
bin [1]. The phospholipid content was calculated by assuming an av-« 9
erage molecular weight of 700 [25].

MEASUREMENT OF MEMBRANE FLUIDITY

(number o

The membrane fluidity of wild-type AW405 and theefA mutant
AW8B92 was measured by the fluorescence polarization method [29]. 5,
The procedure used was the same as that described previously [28]o
The fluorescence probe DPH (1,6-diphenyl 1, 3, 5-hexatriene) was

used. It was excited at 375 nm and the emission was detected at 430 + i | 1 1
nm. The fluorescence polarization paramefenyvas directly obtained J T 1 1
by using a SLM 800 Photon Counting Spectrofluorometer (SLM In- 0 100 200 300 400

struments, Urbana-Champaign, IL). The membrane microviscasjty (
was calculated by the equatian = 2P/(0.46—- P) [29]. Membrane
fluidity is the reciprocal of microviscosity. B

Time (minutes)

10
Results i

Potassium SENSITIVITY OF KEFA MUTANTS

RQ2, the strain containingefA,is sensitive to high con-
centrations of K in the growth medium (Wolfgang Ep-
stein,unpublished resul}s As RQ2 was selected by mu-
tation with UV light, it is possible that there are several
mutations in it, and so the Ksensitivity could result
from mutations in one or several genes. To study this
we introduced th&efAmutation into wild-type AW405
by P1 transduction, which resulted in thefA mutant
AWS892, and then we tested for “Ksensitivity. The
growth curves in tryptone broth with 500mKCI and 1
mm betaine were measured. Figuréd $hows that the
growth of AW892 and RQ2 were inhibited compared to 0 100 200 300 400
AW405 and AW891, kefA" derivative of RQ2; AW892 Time (minutes)

was actually more inhibited than RQ2. These results

show thatkefA makes the cells sensitive to*Kn the

\

Log (number of cells)
o

: : . - Fig. 1. Potassium sensitivity of growth. An overnight tryptone broth
growth medium, and that mtroducwigsz into RQ2 culture (100pl) was inoculated into 10 ml of growth medium and

e“m'nf’ﬂ_es the _K Sen_3|t'V|ty of the Ce”S'_ Therefore t_he shaken at 35°C. The growth of the cells was monitored by measuring
sensitivity to high K in the growth medium was attrib- the optical density at 590 nmA) Cells were grown in tryptone broth
uted to thekefA mutation alone, not to any additional +500 mu KCI + 1 mm betaine O: wild-type AW405; ®: kefAmutant
mutations. The kanamycin resistance marker in AW892AW892; [I: AW891 (the RQ2 derivative which has lost its” sensi-
did not contribute to K Sensitivity since AW40%ar, tiyity); u: kef_A mutant RQ2. B) AW892 cells were grown in three
like AW405, was not sensitive to high*Kin the growth different meqha.O: tryptone broth;@®: tryptone broth + 400 m l_\laCI
. . . + 1 mm betaine;J: tryptone broth + 400 m KCI + 1 mm betaine.
medium @lata not showh In the remaining experiments
AW405 and AW892 were used for studying the effect of
KefA on mechanosensitive channels in the cytoplasmianutant AW892. As shown in Fig. B, AW892 was
membrane oE. coli. grown under three different conditions: tryptone broth,
Unlike KCI, high concentrations of NaCl in the tryptone broth with (in mr): 400 NaCl+ 1 betaine, and
growth medium did not inhibit the growth of theefA  tryptone broth with 400 KC# 1 betaine. Only 400 KCI
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A.
AW405 — i
T
AW892 — Base line
50 pA
p zloonS
B.

AW405 — Base line
Fig. 2. Mechanosensitive channels in the

cytoplasmic membrane of wild-type AW405 and
kefAmutant AW892. A) Outside-out excised
patch recording of the big mechanosensitive
channel in AW405 and AW892. The recording
chamber solution contained (inmjt 520 sorbitol,

AW892 ., o T"’U —Baseline 109 Nacl, 20 MgC), 5 CaCh, and 10 HEPES, pH
7.2. B) Outside-out excised patch recording of the
50 L small mechanosensitive channels in AW405 and
PA AWB892. Symmetrical 400 m KCI solution was
900 mS used. pH 5.2. The pipette voltage weS0 mV.

+ 1 betaine inhibited the cell growth, but not 400 NaCl mechanosensitive channels in the cytoplasmic membrane
1 betaine. This shows that inhibition of the growth of of AW405 and AW892. The mechanosensitive channels
AWS892 is not due to sensitivity to high-osmolarity behaved differently in AW405 and AW892. Both of the
growth conditions but rather to a high concentration oftwo channels observed in the cytoplasmic membrane of
KCl in the growth medium. Actually, a KCI concentra- AW405 were also present in AW892. However, the
tion in the tryptone broth as low as 50mwith 1 mw channels had longer open times in AW892: this is espe-
betaine could inhibit the growth of AW892. cially obvious for the big channel (FigA2. To a lesser
degree, the same was found with the small channel (Fig.

2B). The channel open time was further analyzed below
MECHANOSENSITIVE CHANNELS IN THE CYTOPLASMIC (seeCHANNEL OPEN TIME).

MEMBRANE OF WILD-TYPE AND KEFA MUTANT

Two different mechanosensitive channels have been of>HANNEL CONDUCTANCE

served in the cytoplasmic membranekofcoli by whole-

cell patch-clamp recording of protoplasts [16]: one is anin order to find out whether thkeefAmutation affects the
1100 pS channel referred to here as the “big channel,”’conductances of the channels, the channel currents wer
the other is a 350 pS channel called the “small channel”’recorded at various voltages and th¥ relationships
here. To find out how thé&efA mutation affects these were established (Fig. 3). ThieV relationship of the
channels, whole-cell or outside-out excised patch-clamgmall channels was determined only at negative voltages
recordings were performed on protoplasts of wild-typebecause it was difficult to determine its unit current at
AWA405 and thekefA mutant AW892. Figure 2 shows positive voltages [16]. The conductances of the channels
the outside-out excised patch recordings of the twowas determined by the slopes of th& relationships.
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60 two exponential functions. For AW892, the channel
open-time was prolonged: it was distributed from 1 msec
40 + to 9420 msec. Three exponential functions were needec
to best fit the histogram of the open time.
—~ 20 4+ For the small channel, the open-time was not dra-
<Q_ matically changed, although it was also prolonged (Fig.
-~ 9 ) 4C and D). The open-time distribution of the small
t channels in both AW405 and AW892 could be fitted by
® .04 i/i/./. two exponential functions. The difference of the time
5 constants of the small channels in AW405 and AW892
© _sp0 4l did not disappear by using different fitting methods
(squareY or log Y, whereY is the number of events) or
by different ways of dividing the curve.
-60 - The different effects of th&efA mutation on these
two kinds of mechanosensitive channels could be ex-
-80 f f } 1 f d plained if KefA is more closely related to the big mech-
—-80 -60 -40 -20 0 20 40 60 anosensitive channel than the small one.

Voltage (mV)

Fig. 3. Current-voltage relationship of mechanosensitive channels inpRESSURESE'\ISI-I-IVH-Y

symmetrical 400 ma KCI solution. O: big channel of wild-type
AW405; @: big channel okefAmutant AW892;1: small channel of  To test the pressure sensitivity1 whole-cell patch_clamp
wild-type AW405; M: small channel ofkefA mutant AW892. Each  recordings were performed on protoplasts of wild-type

point is the average of data from at least three independent experimentﬁw405 and thekefAmutant AWS92. Different amounts
The error bars represent the standard deviation. The data points were :

fitted to linear regressiony(= a-x + b) by use of the Sigma-plot of pres,sure ,Were applied into the p(otoplasts throth.t.he
program. recording pipette. The corresponding mechanosensitive

currents activated were recorded. The mean curssd (

Materials and Methods) was used to represent the stead
Neither of the two channels in AW892 had significantly State whole-cell mechanosensitive current. Because the
different conductances than in AW405. The conduc-mechanosensitive channels are activated by tension bu
tances (meat sp, n = 3) of the two channels in Aw405 hot directly by pressure [19], the current density was
were 356+ 34 pS and 107} 26 pS; in AW892 they Plotted against tension, which was calculated on the basis
were 393+ 21 pS and 1073 77 pS. This shows thatthe Of cell diameter and the applied pressuseg¢Materials

kefAmutation did not affect the unit conductances of theand Methods). _
mechanosensitive channels. Figure 5A shows the data obtained from three

AW405 cells and three AW892 cells. The data mostly

indicated that the membrane ruptures at membrane ten:
CHANNEL OpPEN TIME sions just a little in excess of those that steeply activate

the channels. The data were fitted to an exponential dis-

As shown in Fig. 2, thekefA mutation prolonged the tributiony = -a-exp b-x). The pressure sensitivity
open times of the mechanosensitive channels. To furtheias evaluated by the tension threshold for channel acti-
analyze this character, the single-channel activities of/ation and steepness of the cunke, The curves for
each of the two mechanosensitive channels were reAW892 were not only shifted to lower tension but also
corded under conditions such that simultaneous openin§hanged in steepneds= 8.9+ 2.3 (meant sp, n = 5) in

of several channels was rare. The histogram of opef?W892 and 3.9+ 1.2 (mean+ sp, n = 5) in AW405.

m _ _ lower tension threshold than those in AW405 and also

= 2 (Wi /r;) - expet/r). The weightofthe thterm W)  that the channels in AW892 were much more sensitive to

and the time constantf are listed in Table 1. pressure than those in AW405. The curves did not reach
For the big channel, the open-time distribution wassaturation at the pressure applied. With higher pressure

greatly changed in AW892 compared to AW405 (Fig. 4 the whole-cell configuration was disrupted before the

andB). Not only the channel open-time was prolongedcurves got saturated.

but also more exponential functions were needed to best  To further study the effect of thkefAmutation on

fit the open-time distribution. In AW405, channel open pressure sensitivity, we tested AW405 and AW892 under

times observed were from 1 msec to 510 msec and thether conditions. Betaine has been known as an osmaotic

histogram of open-time distribution was best fitted by protectant oE. coli[12]. Betaine accumulates inside the
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Table 1. The open-time fitting parameters of the mechanosensitive channels in wild-type AW405

and kefAmutant AW892
AW405 AW892
Big channels W=54x10r,=18x 10" W, =19x%x10° r, =2.0x 10
W, =45x%x10% r, = 7.0x 10* W, =7.4%x10% r, = 2.7 x 10*
W3 =1.1x10%r;=1.6x 10°
Small channels W=52x10°r, =25x 10 W, =79x%x10° r, =2.7x 10"
W, =1.8x10%r,=1.2x 10? W, =1.3x 10% r, = 2.6 x 1%

The open-time histograms (Fig. 4) were fitted by the sum of the exponential distributions,

n
_El(V\/i Ir}) - expg(—t/r;), whereW, is the weight of the th term andr; is the time constant.
iz

cells when it is present in high-osmolarity growth me- Therefore we measured the membrane fluidity by first
dium [11, 14]. As we have shown abowe&€PoTassiuv  separating the cytoplasmic and outer membranes on &
SensimiviTy), 400 mu KCI + 1 mm betaine inhibited the sucrose gradient. The phospholipid content of each
growth of AW892 while 400 ma NaCl + 1 nm betaine  membrane fraction was measuresk¢ Materials and

did not inhibit its growth. To find out whether the pres- Methods). Membrane suspensions corresponding to 5C
sure sensitivity is different under these two different con-p.g of phospholipids were used for fluorescence polar-
ditions, we mimicked these growth conditions by usingization measurements. The membrane microviscosity
300 mv betaine+ 250 mu KCI inside the recording (m) for each membrane fraction are listed in the Table 2.
pipette and either 400 mKCI or 400 mv NaCl outside  Since membrane fluidity is the inverse of microviscosity,
the cells. The results are shown in Fi@g.5The pressure the higher then value the lower the membrane fluidity.
sensitivity of the cells with 400 m KCI outside was no  The results indicate there is no significant difference of
different from the pressure sensitivity with 400iMaCl  values between AWA405 and AW892 (T-test= 0.05).
outside. The AW892 cells under both of the conditionsThis means that both the cytoplasmic and outer mem-
(Fig. 5B) were more sensitive to the pressure thanbrane fluidity of the two strains are very similar. There-
AWA405 (Fig. 5A). These results indicate that although fore the different channel activities of AW892 and
400 mv KCI inhibits cell growth of AW892 while 400 AWA405 are not due to a membrane fluidity change.

mm NaCl does not (Fig. B), they do not affect differ-
ently the mechanosensitive channels or pressure senﬁ\i/l-

tiVity (Flg SB) ECHANOSENSITIVE CHANNELS IN A REVERTANT OF

kefAMuUTANT

MEMBRANE FLUIDITY To further test the relation between KefA and the mecha-
nosensitive channels we also studied an RQ2 revertant
The mechanosensitive channels in tkefA mutant ~ AW893, whose growth was not inhibited by S0&ri{CI
AW892 had a prolonged open time (Fig. 4) and low (see Materials and Methods). Unlike in RQ2, we ob-
tension threshold for activation (Fig. 5). One possibleserved in AW893 mainly small mechanosensitive con-
mechanism underlying these phenomena could be thafuctances (Fig. 6). Since both thé Eensitivity and the
there is a general membrane property change ikéfi®@  mechanosensitive channels in tkefA revertant were
mutant. ThekefAmutation could allow a small pressure changed, these results could be explained in two ways:
across the membrane to achieve the activation of the¢l) There was a mutation in the big mechanosensitive
channel. channel gene in the revertant and this channel mutation
Since membrane fluidity change will affect the me- decreased the Ksensitivity. (2) There was another mu-
chanical properties of the membrane, such as elastigation in thekefAgene which reduced the'ksensitivity,
moduli [24], it was possible that changes in the mechaand at same time this mutation could cause the inactiva-
nosensitive channel activity in thefAmutant were due tion of the big mechanosensitive channel. Either way,
to a change in membrane fluidity. To test this possibil-the K* sensitivity is closely related to the mechanosen-

ity, we compared the membrane fluidity of wild-type sitive channels in the cytoplasmic membraneEofcoli.
AW405 andkefA mutant AW892 by using the fluores-

cence polarization method [29]. It is difficult to accu-

rately measure the membrane fluidity of intdet coli ~ Discussion

cells because the fluorescence probe DPH (1, 6-diphenyl

1, 3, 5-hexatriene) can not easily access the cytoplasmithis work demonstrates thatkefA mutation, which af-
membrane, even in the case of EDTA-treated cells [18]fects the potassium sensitivity of the cells, can change
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Fig. 4. Open-time distribution of mechanosensitive channels in wild-type AW405%affimutant AW892. A) Open-time distribution of the big
mechanosensitive channel in AW405. The bin width was 5 m&dOpen-time distribution of the big mechanosensitive channel in AW892. The
bin width was 15 msec. Note that the ordinate and abscissa are differemd)fand @). (C) and D) Open-time distribution of the small
mechanosensitive channels in AW405 and AW892. The bin width of the data was 10 msec. Each histogram of open time was fitted to the st
exponential distributionsN = E(W /') - exp €t/ r;), whereN is the number of event§), is the weight of the th term,r; is the time constant,

andt is the open time. The goodness of fit of the open timeA,iB, C,andD, was=2.1. The pipette voltage wa$0 mV. The recording conditions
were the same as in Fig. 2.

the activity of the mechanosensitive channels in the cyAW892 could be explained by incomplete closure once it
toplasmic membrane d&. coli. Although thekefAmu-  was in the open state. However, it is also possible that
tation did not alter the conductances of the two differentthe channel did close but the closing was so brief that the
kinds of mechanosensitive channels, it affected the charrecording system could not detect such quick events, anc
nel open times and the pressure sensitivity of the cellsso the adjacent two or several openings were detected a
These results suggest that the diameters of the chamsingle openings which resulted in apparent longer open
nel pores were unaffected but the gating of the channetimes.
was altered by th&efAmutation. The prolonged chan- ThekefAmutation increased the open time of the big
nel open time of the big channel in tHefA mutant mechanosensitive channel while it had less effect on the
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Table 2. Membrane microviscosity of wild-type AW405 akdfAmu-
tant AW892

AW405 AW892

|
N
o

M * sD (poise) T * sD (poise)

Cytoplasmic
membrane 1.0£0.06,n
Outer membrane 1.480.06,n

4
3

5 0.97+£0.08,n
3 1.45+0.05,n

-40

Membrane fractions corresponding to p@ of phospholipids were
used for fluorescence polarization measurements [29]. Each sample
was mixed with the fluorescence probe DPH by vigorously vortexing.
A sample without DPH was used as contrglis microviscosity.

2

Current density (pA/um™)
&
o

|
o]
o

. sults in inhibition of growth by high concentrations of K

' v T in the growth medium (Fig. A); the other is that it

0 1 2 3 4 S 6 changes the mechanosensitive channel activity and
makes the cells more sensitive to pressure (Fig. 4 and
Fig. 5). To investigate whether the factors that affect the
growth of thekefA mutant also affect the pressure sen-
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400 mM NaCl sitivity we tested effects of betaine and kn the chan-
400 mM NaCl nels. The results shown in FigBSndicate that neither

-10 400 mM NaCl including the osmotic protectant betaine in the recording
400 mM KCI pipette nor changing the *Kgradient across the mem-
400 mM KClI

brane affected the pressure sensitivity of AW892 cells.
400 mM KCl Even with absence of Kin both the recording pipette
and the recording chamber, thefAmutant AW892 still
had higher pressure sensitivity than the wild-type
AW405 (Fig. BA). These results suggest that the pres-
sure sensitivity of AW892 was not directly modulated by
betaine or K.

A possible mechanism for high concentrations &f K
inhibiting the growth of AW892 (Fig. A) could be that
the cells are unable to maintain a normal intracellular K
0 1 2 3 concentration due to th&efA mutation. Because the
cells grow well in low K" media but grow poorly in high
K™ media (Fig. B), it is possible that the mutated cells
Fig. 5. Pressure sensitivity of wild-type AW405 aricefA mutant (AW89+2 a”‘?' RQ2) COUld_nOt extrude the eXC,eSJrS"Ka
AW892. The current of the cell was recorded by the whole-cell patch-Nigh K™ environment. This would lead to an increase of
clamp recording configuration under different pressurs@, m, ¢ the pressure across the membrane, especially in the pres
AW405; O, O, A: AW892. The recording pipette solution contained ence of betaine in the growth medium. The increased
400 mv NaCl instead of KCI. The recording chamber solution was the pressure would activate the mechanosensitive channel:
same as in Fig. & (B) Pressure sensitivity of AW892 under different 54 cquse the leakage of the cells. The prolonged chan

condltlons:_O, 0, A three independent e?<per|me_nts with 4001 m nel opening would make the cells lose components nec-
NaCl solution outside of the cell®, H, 4 : three independent ex-
essary for growth.

periments with 400 m KCI solution outside the cells. The recording

|
N
o

Current density (pA/;J,mz)
&
o

1
I
o

B. Tension (mN/m)

pipette solution contained 300mrbetaine and 250 m KCI. Current The (?YtOp'asmiC_ membrane fluidity of AW892 is
density = mean current / cell surface area. Tensien cell not significantly different from that of AW405.
diameter pressure / 4. Therefore the channel activity change is not due to a

membrane fluidity change. The different effects of the
kefAmutation on the small and big channels also indicate
open time of the small channel. These results support ththat the effects are not a result of general membrane
idea that the big channel and the small channel are diffluidity change.
ferent entities, rather than that the small channel is a A possible mechanism for the effect of KefA on
subunit of the big channel. mechanosensitive channels is that KefA might be a bind-
The kefAmutation has dual effects. One is that it ing protein. It is possible that KefA binds to the mech-
sensitizes the cells to high*Kconcentration, which re- anosensitive channel like a spring. A mutationkefA
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would release the tension on the channel applied by this
spring. Because of lack of the tension, only a relatively
small pressure would be needed to open the mechanoser®

sitive channel, which would make thieefA mutants,

Fig. 6. Whole-cell patch clamp recordings of the
mechanosensitive channels in the cytoplasmic
membrane of AW893, the revertant of RQ2. The
pressure applied into the recording pipette is
indicated for each trace. The recording condition
was the same as FigA2The pipette voltage was
-60 mV.

1987. Evidence for multiple Kexport systems i&scherichia coli.

J. Bacteriol.169:3743-3749

Berrier, C., Coulombe, A., Houssin, C., Ghazi, A. 1989. A patch-
clamp study of ion channels of inner and outer membranes and of
contact zones oE. coli, fused into giant liposome$zEBS Lett.

AWB892 and RQ2, more sensitive to pressure in compar-
ison to wild-type cells. Also, because there is no extra g
tension causing the open channel to close, it would re-
main in the open state longer. This could explain the
prolonged open time (Fig. 4) and high pressure sensitiv-

259:27-32

Berrier, C., Coulombe, A., Szabo, |., Zoratti, M., Ghazi, A. 1992.
Gadolinium ion inhibits loss of metabolites induced by osmotic
shock and large stretch-activated channels in bactéta.J. Bio-
chem.206:559-565

ity (Fig. 5) of mechanosensitive channels in th&séA 7.

mutants. If this mechanism were correct, then KefA is
likely a regulatory protein and is localized together with

and the mechanosensitive channels.
The results obtained with thkefA mutant and its

revertant indicate that the mechanosensitive channels in

the cytoplasmic membrane & coli are closely related

to KefA. Up to now no mechanosensitive channels have
been linked to any transport systems. The discovery tha
mechanosensitive channels in the cytoplasmic membrang

of E. coli are regulated by the KefA potassium transport
system can highlight the further study of the physiolog-
ical role of these channels.
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