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Abstract. K-ClI cotransport, KCC, is activated by swell- K-Cl cotransport, KCC, is a consequence of inhibition of
ing in many cells types, and promotes volume regulatiora volume-sensitive, swelling-inactivated protein kinase
by a KCI efflux osmotically coupled to water efflux. (Jennings & Al-Rohil, 1990; Dunham, Klimczak &
KCC is probably activated by swelling-inhibition of a Logue, 1993; Jennings, 1999). Inhibition of the kinase
kinase, permitting dephosphorylation, and activation ofleads to dephosphorylation of the cotransporter, or an
the cotransporter by a phosphatase. The myosin lighissociated regulatory protein, by a membrane-associated
chain kinase (MLCK) inhibitor ML-7 inhibits transport- serine-threonine phosphatase (Jennings & Al-Rohil,
ers activated by shrinkage. In red blood cells from three1990: Jennings & Schulz, 1991; Kaji & Tsukitani, 1991;
mammalian species, ML-7 stimulated KCC in a volume-Starke & Jennings, 1993; Bize et al., 1998) and activa-
dependent manner. Relative stimulation was greatest ifion of cotransport. The identity of the kinase is un-
more shrunken cells. Stimulation was reduced by modinown; it is probably not protein kinase C or adenosine
erate cell swelling and abolished by further swelling. 3" 5'_cyclic monophosphate-dependent kinase (Jennings
The half-maximal stimulation is &f20 um ML-7, 50- g Schulz, 1991). The phosphatase is probably type 1

vitro. Stimulation of KCC by ML-7 did not require cell  1g9g).

Ca, while MLCK does. Therefore the target of ML-7 in In addition to the swelling-inactivated kinase, there

stimulating KCC in red cells is probably not MLCK. s a\idence for at least two other kinases playing roles in
The evidence favors stimulation of KCC by ML-7 by o4 jation of KCC in red blood cells. Staurosporine, a

|nhlb|tlng the vqume—sensmve. kinase. Qualitatively high affinity, broad specificity protein kinase inhibitor,
similar effects of ML-7 on KCC in red cells from_ three oimulated KCC in sheep red cells (Bize & Dunham,
mammalian species suggest a general mechanism. 1994). Kinetic studies showed that staurosporine was
not inhibiting the swelling-inactivated kinase. Rather,
staurosporine stimulates a reaction leading to activation
by the phosphatase. Staurosporine stimulates the phos-
phatase indirectly, probably by inhibiting a kinase that in
. turn inhibits the phosphatase (Bize & Dunham, 1994).
Introduction One or perhaps two Src family tyrosine kinases, Fgr
and/or Hck, may inhibit the phosphatase in mouse red
promote efflux of KCI from cells and an osmoticall cells (De Franceschi et al., 1997). Therefore staurospo-
obliged efflux of water. The cotransporter thereby p;’r_rine probably stimulates cotransport by inhibiting Fgr

X and/or Hck. PP-1 is known to be inhibited by tyrosine

ticipates in regulation of cell volume in a number of cell /. .
types and also in transcellular salt and water transport irl{lnases (Johansen & Ingebritsen, 1986), and staurospo-

certain epithelia feeLauf et al., 1992, for a review). rine inhibits tyrosine kinases (Ohmichi et al., 1992). The

There is good evidence that the swelling-activation Ofregulatory input to the Src_ Kinase(s) IS unknown. L
The role of another kinase, myosin light chain ki-

- nase (MLCK), in cell volume regulation has been sug-
Correspondence td?.B. Dunham gested by several studies on two shrinkage-activated

Key words: K-Cl cotransport — Mammalian red blood
cells — ML-7 — Cell volume regulation — Signal trans-
duction

K-CI cotransport, when activated by cell swelling, can



32 S.J. Kelley et al.: Effects of ML-7 on K-CI Cotransport

transport pathways. An inhibitor of MLCK, the naph- red cells lack the Na/K pump. KCC was defined as the Cl-dependent
thalenesulfonamide derivative ML-7 (Saitoh et al., 8Rb influx, the difference between fluxes in Cl-media and Cl-free
1987), inhibits shrinkage-induced activation of Na-K-C media, with NQ the substitute anion. All fluxes were measured in

’ . . , triplicate. The methods for measuring and calculating the influxes
cotre_msport, NKCC, in end_Othe“a[ ce_IIs (O Donnell, were slight modifications of earlier methods (Sachs et al.,
Martinez & Sun, 1995; Klein & O’Neill, 1995), and 1974). Fluxes are expressed as mmd cells x hr'* when carried
Ehrlich ascites tumor cells (Krarup et al., 1998). ML-7 out in normal media. When cells were shrunken or swollen with re-
also inhibits activation of Na/H exchange, NHE, in rat spect to physiological volume, fluxes were corrected to physiological,
astrocytes (Shrode et al., 1995) and C6 glioma cells, &r original cell volume using the hemoglobin concentrations of the flux
model system for astrocytes (Shrode et a|_,sar11ples._ These_ ﬂuxe_s are expresse(_j as Imarb original cells‘l_x
1997). MLCK is specific for myosin light chain, MLC, Zr . Preincubation with phgrmacologlgal agents was for 20 min; the

. . rugs were also present while measuring the fluxes.
so this kinase does not phosphorylate a transporter.
MLCK may play a role in a signal transduction pathway
through the cytoskeleton. REDUCTION OF CELLULAR DIVALENT

A role for MLCK had not previously been sought in CaTioN CONCENTRATIONS
the regulation of a swelling-activated transporter. In the ‘
present study, we found that ML-7 affects KCC in red 2L e 0 e o e e ree mecum containing
cells from three S|_oe0|es of mammals, human, sheep, an 3187 (10um) and EGTA (1 nw) for 10 min. The cells were then
dOg' The ef.feCt 1S mqre complex than the effects OfWashed by centrifugation and resuspension and incubated for another
ML-7 on shrinkage-activated transporters. At lower cell 10 min in the A23187-EGTA mediunf®Rb influxes were measured in
volumes, ML-7 stimulates cotransport, while in swollen the same medium; A23187 has no effect on Rb permeability.
cells, ML-7 is inhibitory. Evidence to be presented in-
dicated that the target of ML-7 is not MLCK.

Because the stimulation of cotransport by ML-7 is
VOIume'.SenSItlvef' W_e p.ro_pose.that the targ.et _Of ML-7 ISInorganic salts, ouabain, glucose, HEPES, EGTA, Tris-HCI, and tri-
the elusive swelling-inhibited kinase. The similar effectsfyoperazine were from Sigma (St. Louis, MO). ML-7, ML-9, wort-
of ML-7 on KCC in red cells from three species of mam- mannin, staurosporine, and A23187 were from Calbiochem (La Jolla,
mals suggest that the mechanism of regulation of KCCCA). KT5926 was from Biomol (Plymouth Meeting, PA).
targeted by ML-7 is a general mechanism, at least among
red blood cells.

CHEMICALS

ABBREVIATIONS

KCC: K-ClI cotransport; NKCC: Na-K-ClI cotransport; NHE: Na/H ex-
change; MLC: myosin light chain; MLCK: myosin light chain kinase;
PP-1: protein phosphatase type 1lg/Cconcentration of an agent at
half-maximal inhibition of transport; LK: red blood cells from the
phenotype of sheep with low cell [K] red cells; ML-7: 1-(5-
) ) . ) iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine; ML-9:
Blood was drawn by venipuncture into heparinized containers. Humari—(S—chIoronaphthalene—l—suIfonyl)—1H—hexahydro—1,4—diazepine;
blood was drawn from healthy adult volunteers. Dog blood was drawn, +595¢. (8R*,9S*,115%)-0-9-hydroxycarbonyl-8-methyl-14-
from mongrel dogs maintained at the animal care facility at the U”i'propoxy-2,3,9,10 tetrahydro-8,11-epoxfiBH,11H-2,7b,11a-
ver_sity_of North Carolina School of Medicine and later from beaglestriazadibenzo[a,g] cyclooctajcde] trinden-1-one; HEPES: N-(2-
maintained at Marshall Farms USA, Sodus, NY. Sheep blood WaShydroxy-ethyl) piperazine-N2-ethanesulfonic acid; Tris: tris(hydroxy

optalged fLom .SUffOIK bregld sheep of thedllt_)w K (LK) E)]hen(;typclel main- methyl) aminomethane; EGTA: ethylene glycol-ifisgminoethyl
tained at the Vinzant Family Farms, Borodino, NY. The red ce Swereether) N,N,N,N’ tetracetic acid; TFP: trifluoperazine.

washed free of plasma and white cells by three successive, brief cen-
trifugations and resuspensions in an isotonic, “normal” medium (290
mosmol x kg HO™, measured using a vapor pressure osmometer,
Wescor, Logan, UT) containing (inwm): 145 NaCl, 5 KCI, 10 Tris-
HCI, 5 glucose, the pH adjusted to 7.4 at 37°C usingt HEPES.

Blood was used from three mongrel dogs, four beagles, eight SheeFCONCENTRATION—DEPENDENCE OFSTIMULATION OF K-CI
and three human donors; no significant differences in results were

observed among donors within each species. COTRANSPORT BYML-7 IN DOG, HUMAN, AND SHEEP
Reb BLoob CELLS

Materials and Methods

CELLS AND SOLUTIONS

Results

K INFLUXES Figure 1 shows stimulation of K-Cl cotransport (KCC) in
red cells from the three species over a range of concen-

Unidirectional influxes of K were measured usi*fiRb as a tracer (Rb trations of ML-7. As will be shown below. ML-7-

is a good congener of K in KCC). In experiments on sheep and humarn_,. . . L .

red cells, the media contained 0.Ivnouabain to inhibit the Na/K %tlmUIatlon of KCC is SenSItlve. to changes in cell VQI—

pump. For human red cells, the media also containegvbu- ~ UME. In sheep Ce'||S'|\/|L-7-St|mu|at.es KCC only in

metanide, which inhibits >95% of NKCC and none of KCC (Lim, Shrunken cells, while in dog cells, stimulation was en-

Gasson & Kaji, 1995). Dog and sheep red blood cells lack NKCC; doghanced in slightly swollen cells. Therefore in the experi-
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2 ’ | in dog, human, and sheep red blood cells. The stimulation is
E volume-sensitivegeetext and Fig. 2), so dog cells were swollen
13 07.5% (medium, 270 mosmol x kg @) and sheep cells were
b shrunken20% (350 mosmol x kg KD™%); human cells were at
€ 002 physiological volume (290 mosmol x kg,B™); seetext for
x ' explanation. Results are from single experiments. Similar results
§ were obtained in four other experiments of the same design on dog
S and human red cells and three other experiments on sheep cells. The
§ errors aresps of differences: §p,? + sp,?) %, wheresp, andsp, are
S 000 t— ‘ ‘ . . sbs of Cl-dependent and Cl-independent fluxes, respectively.
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ments in Fig. 1, the dog red cells had been swollerred cells from the three species. The results of a number
[I7.5% in a hypotonic medium (270 mosmol x kg®T™) of experiments are shown in Fig. 2. Effects of varying
and sheep red cells had been shrunke@% in a hyper-  external osmolality on KCC in control cells, determined
tonic medium (375 mosmol x kg J®™). The human at the same time, are also shown. The concentration of
red cells were in an isotonic medium (290 mosmol x kgML-7, 50 uM, gave near maximal stimulation at the os-
H,O™). The KCC fluxes in the sheep cells were par- molalities tested in Fig. 1. In cells at the highest osmo-
ticularly low because the cells were shrunken. The er1alities tested, ML-7 stimulated KCC. As the cells were
rors for sheep cells are large because a small fraction adwollen, absolute stimulation by ML-7 increased to
total K influx in the shrunken cells was Cl-dependent. maxima at 275 mosmol x kg J&* in dog cells, and
ML-7 stimulated KCC 3-fold or more in cells of all between 190 and 230 mosmol x ngG]'l in human
three SpeCies. Half-maximal stimulation was at about 2Q:e||s Stimulation was maximal at 350 mosmol x kg
wm in all three. There was slight inhibition at higher {0 in sheep cells, the lowest osmolality tested. With
concentrations of ML-7 in dog and human cells. Inhibi- frther swelling, the stimulation by ML-7 declined as the
tion by ML-7 is examined further below. curves for control cells increased in slope. The two
curves then intersect, and KCC was lower in ML-7-
treated cells than in controls. The crossover points,
shown in Table 1, were at swollen cell volumes for dog
The effects of ML-7 on KCC as a function of osmolality and human cells, and near or below physiological cell
of the media, and therefore of cell volume, were tested orvolume for sheep cells, with some uncertainty in this

VoLUME-DEPENDENCE OFEFFECTS OFML-7 ON
K-CI COTRANSPORT
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Fig. 2. Effect of varying cell volume on effects of ML-7 on KCC in
, dog, human, and sheep red blood cells. ML-7 was ap.aQa near
e ) maximal dose for stimulation (Fig. 1). The cells were treated with
’ ML-7 before changing the external osmolality. Effects of varying
,/ osmolality on untreated, control cells are also shown. Results are
/ means of 3-19 experiments (dog cells), 3—-18 experiments (human
cells), and 5-8 experiments (sheep cells). Errorssasss; error bars
for control cells have shorter “cap” lines than the error bars for
§ ML-7 cells. For dog cells, the difference between the mean control
.///ﬁ and ML-7 fluxes at 310 mosmol x kg @ was significant P <
0.05,n = 9). The fluxes at 150 mosmol x kg,B™* differed by
[1.5-fold and there was no overlap between values for ML-7- and
control cells, but the difference was not statistically significant(
3). For human cells the mean fluxes at 350 and 150 mosmol x kg
H,O™* were significantly different® < 0.005,n = 5, andP <
0.002,n = 5, respectively). For sheep red cells the mean fluxes at
350 and 190 mosmol x kg JO™* were significantly different® <
0.02,n = 7, andP < 0.0005,n = 7, respectively). Paired Student's
osmolality (mosmol x kg H,O") t-tests, 2-tailed.

Cl-dependent K influx (mmol x orig. | cells™ x h'!)
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estimate. The crossover probably means that ML-7 dekiterature for KCC are at slightly higher osmolalities than

creases the sensitivity of KCC to activation by swelling.those reported here for dog, human, and sheep red cells
The set points for KCC can be estimated from the(Parker, Dunham & Minton, 1995, Figs. 2, 3; Kaji, 1986,

curves for control cells. The set point of a volume- Fig. 3; Dunham et al., 1993, Fig. 11).]

sensitive transporter is the cell volume at the threshold  The crossover points and set points differ among the

for activation. At cell volumes on one side of the setthree cell types. They are at the most swollen volumes in

point, there is relatively little effect of changes in volume human cells and the most shrunken volumes in sheep

on rate of transport. On the other side of the set pointcells. The possible significance of these differences

there is a marked increase in transport with changes immong species is considered below.

volume. The set point is the maximum in the second

derivative Of a p|0'[ Of tranSpoNVS. Ce” V0|ume. ESti- CONCENTRATION-DEPENDENCE OFEFFECT OFML-7 ON

mates of the set pOIntS for KCC for the three cell typeS,K_C| COTRANSPORT INSWOLLEN HUMAN, DOG, AND

shown in Table 1, were made from the control curves ingyeep REp BLoob CELLS

Fig. 2 from the intersections of the low slope portions of

the curves at higher osmolalities and the steep portions dfigure 3 shows the effect of a range of concentrations of

the curves at lower osmolalities. [Set points from theML-7 on cotransport in human and dog red cells swollen
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45% and sheep red cells swollen 30%. Concentrations ofable 1. Crossover points between control and ML-7 curves and set
ML-7 higher than 50uM inhibited KCC in dog and hu- points of control curves of KCC for human, dog, and sheep red cells
man cells. KCC in sheep cells was inhibited at all ML-7

concentrations and the Jgwas[20 v, the same as the Species Crossover point Set point
concentration for half-maximal stimulation of KCC in (mosmol x kg HO™)

shrunken sheep cells (Fig. 1). ML-7 at @& stimulated  Human 175 200

K-ClI cotransport in human cells. In dog cells 284 Dog 210 270
ML-7 neither inhibited nor stimulated. The superimpo- Sheep 290-330 290

sition of the curves for these effects on the curves for

inhibition makes the Ig difficult to estimate in dog Yalues were gstlmateq from the results in Fig. 2. The crossover point
is the osmolality at which the curves for control cells and ML-7-treated
and human cells.

cells intersect. There was uncertainty in the estimate of the crossover
point for sheep cells. The set point is the threshold for swelling-

activation of KCC ¢eetext for further explanation).
EFFeCcTs OFTHREE OTHER INHIBITORS OF MLCK ON ¢ P )

K-CI CoTRANSPORT INHUMAN RED CELLS

staurosporine was much greater than by ML-7. These
results indicate that the stimulatory effects of the two
kinase inhibitors are exerted on different targets.

The additivity of the effects of two agents was in-
vestigated. As shown in Table 3, the effects are not ad-
ditive when tested at concentrations giving maximal
stimulation. (KCC is not maximal at pm staurosporine
at normal cell volume since swelling stimulated further.)
Since the targets of ML-7 and staurosporine are not the
same (Fig. 4), the lack of additivity indicates that the two
agents are acting on the same step in the signal trans-
duction pathway, most likely the phosphorylation/
dephosphorylation of the cotransporter.

Three other inhibitors of MLCK were tested: ML-9 (a
derivative of ML-7; Saitoh, Naka & Hidaka, 1986),
KT5926 (a derivative of the broad specificity kinase in-
hibitor K252a; Nakanishi et al., 1990), and wortmannin
(Nakanishi et al., 1992). [In thevnrange, wortmannin is
a specific inhibitor of phosphatidylinositol 3-kinase
(Powis et al., 1994), but in them range, it inhibits
MLCK (Nakanishi et al., 1992).] Table 2 compares the
effect of ML-7 with those of the other three inhibitors at
concentrations used in the literature cited to inhibit
MLCK in intact cells. Both ML-7 and ML-9 stimulated
KCC, but KT5926 and wortmannin were without effect.
The dose/response of the stimulation by ML-9 was
similar to that of ML-7 ¢esults not shown The stimu-
latory effects of ML-7 and ML-9 at their maximal doses Ro s oF CELL Mg AND Ca IN STIMULATION OF K-Ci
were not additive. Therefore their targets are probablycyrransporT BYML-7
the same, not surprising since their structures are nearly
identical (the only difference is that ML-7 is iodinated at

a position where ML-9 is chlorinated). MLCK has an obligatory dependence on Ca/calmodulin

for its activity (Trybus, 1996). If the target of ML-7 in
stimulating KCC is MLCK, then stimulation should re-

COMPARISON OF THEEFFECTS OFML-7 AND quire Ca.
STAUROSPORINE INSTIMULATING K-CI COTRANSPORT IN To test this, the effects of reducing and restoring
HumaN Rep BLoob CELLS intracellular Mg and Ca on KCC and its stimulation by

ML-7 in human red cells were determined. Cells were
Staurosporine, a protein kinase inhibitor with high affin- treated with A23187 to deplete them of divalent cations.
ity and broad specificity, also stimulates KCC in sheepTable 4 summarizes the results of six experiments.
red cells. It stimulates indirectly by promoting the phos- Treatment with A23187 stimulated cotransport in control
phatase reaction (Bize & Dunham, 1994). It was impor-cells. This effect was reported earlier, and was shown to
tant to determine if ML-7 stimulates by the same mechabe a consequence of reducing cell Mg, not cell Ca
nism as staurosporine. The first comparison of the twaBergh et al., 1990; Dunham et al., 1993). Adding Mg
inhibitors was their stimulation as a function of cell vol- (125-300uwm; free [Mg], (110 ™) to suspensions of red
ume. Figure 4 shows KCC in media of varying osmo- cells with A23187 reduced the flux to near the control
lality (390, 290, and 190 mosmol x kg, ) in control  flux, while adding Ca (5-25um Ca; free [Ca],[0L um)
human red cells and in cells treated withjo@ ML-7 or ~ had little effect on the A23187-stimulated flux. The ef-
5 wm staurosporine, concentrations giving maximalfect of lowering cell Mg is presumably due to reducing
stimulation. The stimulation by ML-7 was greatly in- the concentration of Mg-ATP, the substrate for the swell-
creased by cell swelling (as in human cells in Fig. 2),ing-inhibited kinase.
whereas there was modest stimulation of KCC by swell-  Table 4 also shows the effects of varying Ca and Mg
ing in staurosporine-treated cells. At physiological cellon cotransport in ML-7-treated cells. ML-7 stimulated
volume (290 mosmol x kg ¥0™%), the stimulation by cotransport nearly 3-fold compared to untreated control
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Table 2. Comparison of effects of four inhibitors of MLCK on KCC seems clear is that stimulation by ML-7 is sensitive to
in human red cells cell [Mg], but not to cell [Ca].
The effect of a calmodulin antagonist should provide

Condition Cl-dependent K influx further evidence on the dependence of the effects of

(mmol x 1 cells® x hr?) ML-7 on Ca. The effect of trifluoperazine (TFP) was
Control 0.32+0.04 tested on stimulation of KCC by ML-7 in human red
ML-7 (50 M) 0.73+0.01 cells. TFP remains a cell permeant calmodulin antago-
ML-9 (50 pm) 0.90 £0.04 nist of choice (Li, Joyal & Sacks, 2000). Table 5 shows
KT5926 (10puM) 0.24£0.01 the effect of ML-7 on control fluxes and fluxes in TFP-
Wortmannin (30um) 0.31+£0.09

treated cells. ML-7 stimulated KCC only 2-fold in this
Cells were suspended in media of physiological osmolality. Results ar@Xpe”ment' ML-7 also stlmulgted KCC '_n T'_:P'treated
means 1sps of differences from one experiment. Stimulation by ML-7 CE€lls. Therefore the Ca|m0dU|.|n'ant?gon'S_t did not pre-
and ML-9 was demonstrated numerous other times. Similar result&/ent ML-7’s effect. The possible slight stimulation by

were seen with KT5926 in four other experiments and with wortmanninTFP alone was not a consistent finding.
in one other experiment of the same design.

cells. Reducing cell Ca or cell Mg reduced KCC Discussion

slightly. Adding Ca had little effect. Addition of Mg

resulted in a fluX.B0% greater than that in cells treated The MLCK inhibitor ML-7 stimulated KCC in red blood
with ML-7 alone. This effect was unexpected. What cells of three mammalian species. The stimulation was
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Fig. 4. Cell volume-dependence of stimulation of KCC by staurospo-
rine (5 wm) and ML-7 (50um) in human red blood cells. Fluxes are

also shown for untreated, control cells. Osmolalities of the media were

390, 290, and 190 mosmol x kg,8 % Shown are means #ps of
differences from one experiment. Error bars not shown when smalle
than the symbols. Similar results were obtained in three other experi
ments of the same design.

Table 3. Test for additivity of stimulatory effects of ML-7 and stau-
rosporine on KCC in human red blood cells

Condition Cl-dependent K influx
(mmol x 1 cells* x hr'?)

Control 0.21+0.04

ML-7 0.50 +£0.02

Staurosporine 1.63+0.05

ML-7 - staurosporine 1.78 £0.17

Staurosporine- ML-7 151+0.11

Cells were suspended in media of physiological osmolality. ML-7 was
50 wM, staurosporine fum. For treatment with two agents in sequence,

37

Table 4. Effects of depleting and restoring cellular divalent cations on
KCC in control and ML-7-stimulated human red cells

Condition Cl-dependent K influx
(mmol x 1 cells* x hr?)
Control ML-7
Control 0.16 * 0.03 0.47 + 0.03
A23187 0.43 + 0.05 0.32 + 0.03
A23187 + Mg 0.17 + 0.03 0.61 + 0.08
A23187 + Ca 0.34 + 0.03 0.38 + 0.04

Cells were suspended in media of physiological osmolality. Media with
A23187 (10wm) also contained 1 m EGTA. Added concentrations of
Mg and Ca were 125-200m and 5-50uMm, respectively. ML-7 con-
centration was 5Q.m. Results are meanssewms of differences from six
experiments.

Table 5. Effects of trifluoperazine and ML-7 on KCC in human red
blood cells

Cl-dependent K influx

(mmol x 1 cells* x hr?)
r

Control cells TFP-treated cells
Tontrol 0.28 + 0.05 0.42 = 0.02
ML-7-treated 0.56 £ 0.10 0.67 = 0.03

Cells were suspended in media of physiological osmolality. Pretreat-
ment with TFP was for 20 min followed by ML-7, as indicated, for 20
min with TFP present. Both agents were at;50. Results are means

+ sps from one experiment. Similar results were obtained in two other
experiments of the same design.

stimulation by ML-7,[20 pwm, is nearly two orders of
magnitude greater than the JCfor the inhibition of
MLCK (Saitoh et al., 1987). (ii) Two other inhibitors of
MLCK, wortmannin and KT5296, had no effect on KCC.
(i) Reducing cell [Ca] and treatment with a calmodulin
antagonist had no effect on the stimulation of cotransport

cells were preincubated with the first agent for 20 min; the seconddy ML-7; MLCK requires Ca/calmodulin.

agent was added without washing the cells for an additional 20 min
Results are means 4ps of differences from one experiment. Similar
results were obtained in three other experiments of the same design

observed in cells at near physiological volume. Cell
swelling reduced stimulation; in the most swollen cells,
ML-7 inhibited cotransport. Other evidence supports t
view that MLCK is not the target of ML-7 in modulating
KCC in red cells. The argument will be made that ML-

he?

s MLCK THE TARGET OF ML-7 IN
SHRINKAGE-ACTIVATED TRANSPORTER®

There are reports of inhibition by ML-7 of shrinkage-
ctivated transport pathways. It was concluded that ML-
7’s target is MLCK, but not all of the evidence is sup-
portive. Very different concentrations of ML-7 were re-

7's target is the swelling-inhibited kinase that inactivatesdired in different systems. For NKCC in Ehrlich ascites

KCC.

MLCK 1s NOT THE TARGET OF ML-7 IN ReD CELLS

cells, the IG, for ML-7 was 0.38um (Krarup et al.,
1998), consistent with MLCK being ML-7’s target in
these cells. In bovine aortic endothelial cells, theyC
for inhibition of NKCC was 0.3um (O’'Donnell et al.,
1995). In calf aortic endothelium, the Jgfor inhibition

Three observations indicate that MLCK is not the targetwas (U0 pum (Klein & O’Neill, 1995). There is no ob-

of ML-7 in the regulatory pathway for KCC in mamma-
lian red cells. (i) The concentration for half-maximal

vious explanation for this 100-fold difference between
these two very similar systems. Shrinkage-activated
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NHE in astrocytes was inhibited by ML-7 with andgof bly PKC. Gap junctional intercellular communication in
91 M (Shrode et al., 1995). two cell lines was inhibited by ML-7 (Jansen, de Vrije &

The signal for changes in MLCK activity is likely to Jongen, 1996), perhaps due to inhibition of calmodulin-
be changes in cell Ca activity; MLCK has an obligatory dependent kinase Il. ML-7 inhibited the mammalian
requirement for Ca/calmodulin. Loading Ehrlich ascitessmall heat-shock protein (HSP25) kinase with a particu-
cells with the Ca chelator BAPTA inhibited shrinkage- larly low affinity, IC5, > 200 pm (Hayess & Benndorf,
activation of NKCC (Krarup et al., 1998), consistent with 1997). Finally, ML-9 and ML-7 inhibited cAMP-
the target of ML-7 being MLCK in these cells. However dependent kinase, PKC, and Ca/calmodulin-dependent
there was only a modest increase in cell Ca activity in-phosphodiesterase with ¢ of 32, 54, and 5Qum, re-
duced by shrinkage (90- 100 nv) (Jensen, Jessen & spectively (Saitoh et al., 1987). So there are precedents
Hoffmann, 1993). O’'Donnell et al. (1995) found no for targets of ML-7 other than MLCK.
shrinkage-induced increase in Ca activity in bovine aor-
tic endothelial cells. In these cells, reduction of Ca 8C\ /| UME-SENSITIVITY OF STIMULATION OF K-Ci
tivity by BAPTA-loading had little effect on shrinkage- C

R . . . OTRANSPORT BYML-7 IN ReD CELLS
activation of NKCC measured as unidirectional K influx,
but had a large effect on shrinkage-activation of NKCC o :
measured as net K influx (O’'Donnell et al., 1995). In A striking feature of the effect of ML-7 on KCC in

astrocytes there was no increase in Ca activity followin mammalian red cells was its sensitivity to cell volume.
ocy ) ; ; y "It the lowest volumes tested, where control KCC was
shrinkage; furthermore shrinkage induced NHE in

- the lowest, there was significant stimulation by ML-7 in
BAPTA-loaded cells (Shrode et al., 1995). These studle:?ed cells from all three species (Fig. 2). As cells were

g}:j(l;;asteesths\t/r:n: l;{/lal_rgi{ r?lfaML;tiI; n:tzci:natﬁee?:ngggg:qnswolIen, relative stimulation by ML-7 was reduced as
: y P P 9 absolute stimulation increased. With further swelling,

of some shrinkage-activated transporters, it may not be the control and ML-7 curves crossed (Fig. 2) and KCC
part of a general mechanism. was less in ML-7-treated cells than in the controls.

10-fc-:|2elr§v\;:rasgﬁgilﬁ\t/?tl Tgs&lf_éogr: dOI\AI\LA-I}CtTIaVr\IIIt?h: Therefore in addition to stimulating KCC, ML-7 appears
y to reduce the sensitivity of KCC to activation by swell-

ig??o)th MTL&SKC I?roarr?dmgﬁﬁzltiainzs{n”;ﬁh(iaL:tsocrl]e e;n?jl'i’ng. The stimulation can be understood if the target for
: stimulation by ML-7 is the volume-sensitive kinase, as

non-muscle cells are the same protein and this enzyme fiscussed below. The kinase may also be the target for

distinct from skeletal muscle MLCK (Stull, Nunnally & , o d o
) ) L the reduction of sensitivity to swelling-activation and for
Michnoff, 1986; Gallagher et al., 1991). It is probable inhibition of KCC in the most swollen cells. The expla-

:Zsit(:\?vzgoi?o?ftm Lscnljo'gt:]hﬁqﬁzléltgﬁ%?'_r;]tgseciutd'esJlfltc’rt] nations for these last two effects of ML-7 are not clear.
ype. oles of the kinase in both seem likely because of the

skeletal muscle type has been found only in S'kem"’lsimilarity in the apparent affinities of ML-7 as an stimu-

musc!e apd the other type of MLCK in every other tlssueIator and inhibitor of KCC in cells of different volumes
in which it has been sought. Figs. 1 and 3)
Smooth muscle MLCK can undergo Ca-independent( gs. '

autophosphorylation (Tokui, Ando & Ikebe, 1995). The

activity of the Ca/calmodulin-independent autophos-CoMPARISON OF THEEFFECTS OFSTAUROSPORINE

phorylated MLCK is much less than the Ca/calmodulin-anp ML-7

dependent activity. It is not clear if autophosphorylated

MLCK has a role in smooth muscle. It is not known if it KCC in ML-7-treated cells is highly sensitive to swell-

is present in other cell types. ing-activation (Figs. 2, 4). In contrast, swelling of stau-
rosporine-treated cells provokes modest activation (Fig.
4). This is consistent with the earlier conclusion that

OTHER TARGETS OFML-7 staurosporine exerts its stimulatory effect upstream to the
phosphatase which directly activates KCC (Bize & Dun-

A number of targets for ML-7 have been shown with ham, 1994); the phosphatase has been argued to be in-

relatively high IGgs. Fibronectin-binding to fibroblast sensitive to volume changes (Jennings & Al-Rohil, 1990;

membranes is inhibited by ML-7 with an igof 49 pm, Dunham et al., 1993; Jennings, 1999; Bize et al.,

an effect attributed to inhibition of protein kinase C, PKC 1999). Therefore staurosporine and ML-7 stimulate at

(Somers & Mosher, 1993). ML-7 inhibited shape different targets, the former volume-insensitive and the

changes in lymphocytes and in U937 cells (motile vari-latter volume-sensitive. However the effects of the two

ants of the monocytoid cell line); the Igs were 10 and agents are not additive (Table 3). This result suggests

40 wMm respectively (Thorp, Southern & Matthews, that the two agents affect the same step in the signal

1994). A serine/threonine kinase was implicated, possitransduction process, the phosphorylation/dephos-
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phorylation of the transporter. Staurosporine promotesMLCK. The pertinent data are the sensitivity of stimu-

indirectly, the activating phosphatase reaction. ML-7lation by ML-7 to cell volume. The volume-sensitive

may stimulate by inhibiting the volume-sensitive, inhibi- stimulation can be understood in terms of the following
tory kinase reaction. hypothesis. ML-7, a nucleotide analogue that binds to
nucleotide binding sites on kinases (Saitoh et al., 1987),
binds to the kinase, both that free in the cytoplasm and
bound to the anchor. ML-7-kinase complex bound to the
anchor will not phosphorylate the cotransporter. There-
fore when a fraction of the kinase bound is the ML-7-

Kinase complex, cotransport will be correspondingly en-

latory protein). The kinase is probably in equilibrium .
. . anced. In shrunken cells, with most of the anchors oc-
between free in the cytoplasm and bound. The klnas%upied by kinase, the relative stimulation of KCC by

may not bind directly to the cotransporter but rather to AIL-7 will be larger than in swollen cells with fewer of

nearby “anchoring” protein (Mochly-Rosen, 1995). An . : : :
anchoring or scaffold protein regulating the N-metbyl- the anchors occupleq by klngse, either the ML-7-kinase
: . _complex or the uninhibited kinase.
aspartate receptor binds both a phosphatase and a kinase : :
In cells swollen[130% above physiological volume,

(Westphal et al., 1999). This type of arrangement is en- . X
visioned to regulate KCC: an anchor protein with a phos-contrOI KCC was stimulated an order of magnitude or
ore. At this volume, there was small but measurable

phatase, PP-1, constitutively bound, and a kinase whos

binding is sensitive to changes in cell volume. The frac-> imulation by ML-7 in dog and human cells. Further

i 0
tion of total kinase bound to the anchor is highest in cellsSWeIIIng of the cells tolb5% above normal volume

of lowest volume, accounting for the low KCC activity in caused a further increase in control cotransport but ML-7

shinken el Thebound knase phosphorytes he N0 STUALE (F10.2) Acearing o o oty
transporter. With swelling, binding of the kinase de- ' P '

creases and KCC increases due to the phosphatase regcr:‘-d sweII|ng-act|yat|on at these higher volumes is inde-
tion. péndent of the kinase.

The sweling-nduced dectease n g ofthe - [ 1S% (TS 1 S be indeisos o
nase to the anchor is hypothesized to be a Consequence\(/)élume—sensitive kinase and wh stimulat)i/on b Ml_g-7 is
the reduced thermodynamic activity of the kinase (andvolume-sensitive y y

all other cytoplasmic proteins) due to reduced macromo- The reduction of sensitivity to swelling-activation

lecular crowding (Zimmerman & Minton, 1993; Minton, aused by ML-7 mav also be a consequence of interac-
1994; Parker et al., 1995). The high concentrations of; y y g

proteins in the cytoplasm of cells at physiological vol- é?/groaz)hest?;?gh\tNI]‘tgr\t/\k/]aerz\jlotlalj(rnlz-rws:t?osrlf“i/: ;maasrznt'-'o'l\',\r/]-e
ume (300 g/l in red cells) result in thermodynamic ac- 9 P PP j

tivities of all cytoplasmic proteins far in excess of those _sr?]rgel é truaer:f;ir;s”g\rhlg tl?hnebgowéézltlgt?g\:\cgligrcﬁglsf'-
in dilute solution. Small changes in protein concentra- oS

: : maximal stimulation in cells nearer physiological vol-
tions due to cell volume changes result in large changes axima’ stimufatio cells nearer physiological vo

in thermodynamic activities of proteins (Zimmerman & Engg Ik;] Uts\l,t,(ljsugr?tccéﬁzr why binding to the kinase inhibits

Minton, 1993; Minton, 1994). Decreased cell volume o , : . L

and the resultant increased crowding promote binding oIhe \Tc?lljr;setrs]zr?srist}\/r:i?rr\;g];a ﬁggﬁzrm;t‘ﬂfgg '\r,'v?t'r? If\l/lnl?- 7

the kinase to the anchor, phosphorylation of the cotrans- Id lead to the identifi t'. f the Ki

porter, and inhibition of cotransport. could lead fo Ihe identiication of the Kihase.
With moderate swelling, a large reduction in kinase

binding is expected due to reduced crowding. The rater,c DirrERENCESAMONG SPECIES

constant of the reaction promoted by the kinase, a func-

tion of the fraction of total kinase which is bound, has

been proposed to decrease 100-fold with 50% swelling inThe quantitative difference among species in volume-

Sensitivity of the response to ML-7 is apparent in the
sheep red cells (Dunham et al., 1993). differences in crossover points (Table 1), the osmolalities

at which the curves for control and ML-7 cells intersect.
DoEs ML-7 INHIBIT THE VOLUME-SENSITIVE KINASE? The crossover is likely to be a consequence of the re-

duced sensitivity to swelling-activation caused by ML-7.
The results presented here are consistent with ML-AVith no clear explanation for this reduced sensitivity, it
stimulating cotransport by inhibiting the volume- is difficult to explain the differences in crossover points.
sensitive kinase. As discussed above, ML-7 inhibits sev-  Another difference among the species is in the set
eral kinases in the concentration range in which it stimuspoints for KCC (Table 1). The set point of a volume-
lates KCC, and ML-7 appears not to act by inhibiting sensitive transporter is the cell volume of the threshold

THE VOLUME-SENSITIVE KINASE

The putative volume-sensitive kinase inhibits KCC by
phosphorylating the cotransporter (or an associated reg



40 S.J. Kelley et al.: Effects of ML-7 on K-CI Cotransport

for activation. The crossover points and set points are activity of mammalian small heat-shock protein (HSP25) kinase.
correlated: they are at the lowest osmolalities (most Biochem. Pharm53:1239-1247 _ _

swollen cells) for human cells and at the highest osmo#2"se": LA, de Vrie, T., Jongen, W.M. 1996. Differences in the
lalities (most shrunken cells) for sheep cells. This may calcium-mediated regulation of gap junctional intercellular com-

. . . . munication between a cell line consisting of initiated cells and a
be the first report of differences in set points for KCC  ¢arcinoma-derived cell lineCarcinogenesid 7:2311-2319

among speciex{. Romero et al., 1997). Jennings, M.L. 1999. Volume-sensitive"ACI~ cotransport in rabbit
The set point for KCC can be understood as a critical ~ erythrocytes: Analysis of the rate-limiting activation and inactiva-

concentration of the volume-sensitive kinase, the con- tion events.J. Gen. Physiol114:743-757

centration at the set point (Parker etal., 1995)_ The nearJ_ennin_gs, M.L., AI_—Rohi!, N. 1990. Kinetics of activation and irlfe\cti-

discontinuity at the set point in the curve of transpeat vation of swelling-stimulated KCI~ transport. Volume-sensitive

L . . parameter is the rate constant for inactivatidn.Gen. Physiol.

osmolality is a consequence of thg_hlghly nonlinear dg— 95:1021-1040

pendence of thermodynamic activities of cytoplasmicjennings, M.L., Schulz, R.K. 1991. Okadaic acid inhibition of KClI

proteins, including the kinase, on their concentrations cotransport. Evidence that protein dephosphorylation is necessary

and therefore on cell volume (Zimmerman & Minton, for activation of transport by either cell swelling or N-

1993; Minton, 1994). Since crossover points and set ethylmaleimide.. Gen. Physiol97:799-818 )

points are correlated among the three cell types, botHensen B.S., Jessen, F., Hoffmann, E.K. 1993, KaCI" cotransport

parameters are probably determined by a property of the and its regulation in Ehrlich ascites tumor cells.*@ealmodulin

. . . .~ and protein kinase C dependent pathwaysMembrane Biol.
kinase, a property that differs among species. The ki- 131:1%1_178 P pathway.

nases i'n the thrge _Ce” types may vary in_ affinity for the johansen, J.w., Ingebritsen, T.S. 1986. Phosphorylation and inactiva-
anchoring protein, in molecular mass, or in total concen- tion of protein phosphatase 1 by pp6t. Proc. Natl. Acad. Sci.
tration. USA83:207-211

The physiological significance of this difference in Kaji, D.M. 1986. Volume-sensitive K transport in human erythrocytes.

set points is also unclear. There may be none in red cells, J- Gen- Physiol88:719-738

. . - Kaji, D.M., Tsukitani, Y. 1991. Role of protein phosphatase in activa-
but there could be in other cell types. One can imagin€ tion of KCI cotransport in human erythrocyteAm. J. Physiol.

a functional significance of a set point at a particular cell  550.c176_c180
volume in one Ce_”_ type and_ at a different Ce”_V0|Ume IN Klein, J.D., O'Neill, W.C. 1995. Volume-sensitive myosin phosphor-
another, the significance being related to varying patterns ylation in vascular endothelial cells: correlation with Na-K-2Cl
of cell volume regulation, cotransportAm. J. Physiol269:C1524-C1531

Krarup, T., Dunham, P.B. 1996. Reconstitution of calyculin-inhibited

) K-ClI cotransport in dog erythrocyte ghosts by exogenous RR¥L.
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