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Abstract. An increase in the activity of membrane- Introduction
associated protein phosphatase type 1 (mb-PP1) is asso-
ciated with stimulation of erythrocyte K-Cl cotransport Regulation of cell volume after swelling is accomplished
(KCC). We have recently proposed that membraneby mechanisms that decrease the amount of cell solutes.
associated protein phosphatase type 2A (mb-PP2A) ¥ erythrocytes, swelling activates K efflux through K-Cl
also involved in KCC regulation by cell swelling (Bize et cotransport (KCC). In addition to cell swelling, KCC
al., 1999.Am. J. Physiol 277:C899-C912). We used Can be activated by N-ethylmaleimide treatment (NEM)
two protein phosphatase inhibitors, okadaic acid (OA)[40], intracellular acidification [9], protein kinase inhibi-
and calyculin A (CalA), and two KCC activating treat- tors [5, 16, 2], oxidations [51, 6, 1], urea [49, 19, 35],
ments, n-ethylmaleimide (NEM) and Mg-depletion, high hydrostatic pressure [24, 26] and increases in tem-
and determined KCC transport activity and mb-PP1 andPerature [56]. Activation of KCC in isotonic conditions
mb-PP2A activities. OA, an inhibitor of erythrocyte mb- leads to cell dehydration [21, 23].
PP2A, partially prevents stimulation of KCC activity by KCC1 appears to be the prevalent isoform of KCC
NEM but not by Mg**-depletion. CalA, an inhibitor of in erythrocytes [50, 54]. Activation of KCC by several
both mb-PP1 and mb-PP2A prevents stimulation of KCcstimuli (including swelling) takes place via a net dephos-
activity by both treatments. NEM and Md-depletion ~ phorylation of either KCC1 and/or an associated protein
inhibit mb-PP1 activity, suggesting that activation of [for reviewssee33, 48, 28]. KCC1 has consensus sites
KCC can take place in the absence of mb-PP1 activatiofor phosphorylation by the ser/thr protein kinases PKC
Mb-PP2A activity is stimulated in NEM-treated cells but and CK2 [25]. There is substantial evidence for a role of
not in Mg**-depleted cells. In NEM-treated cells, membrane-associated protein phosphatase type 1 (mb-
Mg, **-depletion inhibits both KCC and mb-PP2A. In PP1)in KCC regulation [52, 34, 7]. Recent findings sug-
Mg;**-depleted cells, NEM does not stimulate KCC or gest that KCC activity is also regulated by membrane-
mb-PP2A. The strong correlation between KCC stimu-associated PP2A (mb-PP2A): when human red cells are
lation and mb-PP2A stimulation provides further supportswollen in hypotonic media, activation of KCC is asso-
to the idea that mb-PP2A plays an important role in KCCciated with an increase in the activity of mb-PP1 and
regulation. Our results are consistent with the hypothesighb-PP2A. Furthermore, stimulation of either mb-PP1 or
that KCC regulation involves at least two distinguishablemb-PP2A alone is associated with KCC activation [8].
phosphorylation sites. In mature human erythrocytes at normal volume and

physiological pH, KCC activity is very low [27, 14] but

. . . . it can be stimulated 10-20-fold by NEM treatment [40,

Key words: Okadaic acid — Calyculi A— Magnesium 4441 14 4 11 31, 34]. The effect of NEM is mediated
— N-ethylmaleimide — Red_blood cells — Protein through dephosphorylation of the transporter (or a regu-
phosphatase 1 (PP1) — Protein phosphatase 2A (PP2 tor) [31, 34, 16, 6, 2, 22, 54]. Recently, Jennings has

provided indirect evidence for inhibition by NEM of a

volume-sensitive kinase involved in KCC regulation in
*Present addressCukurova Universitesi, Adana, Turkey rabbit red .Ce”S [3_2]' .

Depletion of intracellular M§" (with A23187 and

Correspondence td: Bize EDTA) also stimulates KCC. This has been observed in
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sheep red cells [40, 3, 18, 43], human sickle red cells [10lation between KCC activity and mb-PP2A activity is
13], in both mature and immature normal human redfurther evidence that mb-PP2A is involved in KCC regu-
cells [20, 14, 10] in rabbit red cells [32], and mouse redlation.
cells [2]. The effect of M§*-depletion, like that of
NEM, is also mediated through phosphorylation reac- )
tions as indicated by its inhibition by OA and CalA [46, Materials and Methods
31, 34, 42, 52, 6, 22]. It has been proposed that Mg
depletion, like NEM, inhibits a volume-sensitive kinase
that phosphorylates and inactivates the transporter [30,
46, 52, 47, 26, 22, 32]. In rabbit red cells, the effects 0fgjood was collected into heparinized Vacutainer tubes from six healthy
Mg**-depletion and NEM are mediated through inhibi- adult volunteers after obtaining informed consent. Blood was passed
tion of a single volume-sensitive reaction [32]. In humanthrough cotton to remove leukocytes and washed four times by cen-
and sheep red blood cells, however, maximal K Cctrifugation in a ;olution containing 152 Mnchgline chlqride, 1 m
stimulation by Md*-depletion is smaller than maximal M9C!z 10 m Tris-MOPS pH 7.4 at 4°C (choline washing solution’).

. . . For treatment of intact red cells, cells were incubated with the desired
KCC stimulation by NEM, suggesting that the targets Ofagents for 20 min at 37°C at 10% hematocrit, in media containing 145
these two activators do not always coincide [41, 13, 14].mu NaCl, 5 mv KCI, 5 mm glucose, and 10 m Tris-MOPS, pH 7.4

No data have been published on the effects of" Mg at 37°C. For NEM treatments we have chosen to treat with & m
depletion on mb-PP1 or mb-PP2A. NEM at 37°C because preliminary experiments showed that this treat-
In LK sheep red blood cells, swelling induces ment elicits almost maximal activation of KCC, and maximal inhibition

. . _of the stimulation by OA (200m) and CalA (50 m). The cells were
changes in transport&f., and the affinity of the trans washed free of drugs in ‘choline washing solution’ before K-CI co-

porter for K" [18] through two separable processes [3'transport activity determination and membrane preparation. In most
37], consistent with the presence of 2 distinct signals fofexperiments 2 sequential treatments were performed. Cells were
activation of KCC by cell swelling [19]. KCC stimula- washed once between treatments.

tion by cell swelling is associated with an increase in
mb-PP1 and mb-PP2A activity, indicating that a volume-
sensitive kinase may not be the only mediator of stimu-
lation of KCC by increases in volume [8] Furthermore, Washed control or drug-treated cells were incubated at 10% hematocrit
transport measurements suggest the presence of at leggh 6 v ionophore (A23187) and either 1MMEDTA or 500 pm

two functionally distinct ser/thr phosphorylation sites in MgCl,, in a solution containing (in m): 145 NaCl, 5 KCI, 5 glucose

the transporter (or a regulator) [6]. and 10 Tris-MOPS pH 7.4 at 37°C, for 20 min. To insure maximal

In this work, we determined KCC activity and mb- effect of Mg*_*, we used _SOQLM MgCl, to load the ceI‘Is, (_intracel_lular
PP1 and mb-PP2A activities in cells of normal Volumefree_Mg++ of intact cells is about 30Qm [53]). F_ollowmg mc'ubatlon,

-+ . . . the ionophore was removed by two consecutive washes in the respec-
(and Mg Content)’ _and _m cells with KCC activated by tive loading solutions (either EDTA or Mgg)lcontaining 1% BSA and
NEM or Mg**-depletion, in an attempt to understand the o ionophore, and two incubations in the same media for 15 min at
role of membrane-associated phosphatases in KCC reg@7°C (50% hematocrit). After the ionophore was removed the cells
lation. We used okadaic acid (OA) for specific inhibi- were washed in ‘choline washing solution’.
tion of mb-PP2A, and calyculin A (CalA) to inhibit both
mb-PP1 and mb-PP2A [8].

We found that stimulation of KCC by NEM and by
Mg*_*-d(_ep_letlon differ in the degree of OA'SenSItIVIty: KCC activity was determined using*Kefflux into K*-free media or
OA inhibited more than 50% of KCC stimulation by serp* influx from a media containing 2 mKCI. K* efflux was de-
NEM, but inhibited stimulation of KCC induced by termined in washed red cells by measuring the external K concentration
Mg**-depletion only slightly. Treatment with NEM in- after 5 and 35 min of incubation at 37°C, 2-3% hematocrit, in media
directly stimulated mb-PP2A activity, in agreement with containing (in nw): 140 NaCl, 10 glucose, 1 Mggl10 Tris-MOPS pH
the OA sensitivity of NEM effect. On the other hand, the ;4 & 37°C, 0.1 ouabain and 3« bumetanide (290-300 mosM).

. R oy . Cl™-free media contained 140msodium sulfamate (NaSfa) and Ivm
Sllght inhibition by OA of the Mg -depletlon effect Mg(NOs;),, instead of the respective chloride salts. When efflux was

suggests that the Md-depletion effect is mostly inde- getermined in Mg*-loaded or Md*-depleted cells, the flux media
pendent of mb-PP2A activity. M{-depletion had no contained 5qum EGTA and no Mg*. Efflux was calculated from the
effect on mb-PP2A activity (at least in cells not treatedslope of the concentration of external K versus time, and the hematocrit
with NEM). We conclude that activation of KCC by of the cell suspension. Fluxes are expressed as millimoles per hour per
NEM and by Mg**-depletion can occur by different sig- original liter of cells (i.e., volume of untreated cells in isosmotic con-

. . T ditions). The difference between*Kefflux into chloride-containing
nal transduction pathways of different OA sensitivity.

. . (CI") and chloride-free (Sfa media was taken as the KCC activity.
Stimulation of KCC and of mb-PP2A by NEM re- 85Rb" influx was determined as previously described [6], in the same

quires Mg™". Mg;"*-depletion inactivates KCC and mb- media as above except the media also contained Kn(Cl~ or Sfa)
PP2A in cells previously activated by NEM. The corre- and 10-20.Ci ®Rb/ml.
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PREPARATION AND TREATMENT OF MEMBRANES a *

= (Control
(i) Hypotonic LysisRed cells were lysed in 15 volumes of ‘hypotonic . 12 s NEM
lysis buffer’ containing: 10 m Tris-MOPS pH 7.4, 0.198-mercap- 3 10 ‘
toethanol, 1um phenylmethyl sulfonyl fluoride and 2fg/ml each of % = \\
leupeptin and aprotinin. (ilsotonic LysisCells were lysed inisotonic ¢, * = 8 4 N #
solutions by freezing/thawing or by sonication. Cell lysis media con- % =
tained ‘hypotonic lysis buffer’ and NaCl and KCl such that NaCl + KCI § ° 6 \
equaled 150 m. The red cell suspensions (10-15% hematocrit) were & % 4 \
lysed by 1-3 cycles of freezing (dry ice with ethanol, 5 min) and & & N\
thawing (30°C, 8 min). Alternatively, cells were lysed by sonication "‘? g 2 \
with a probe inserted into the tube with the cell suspension. Cell ly- T \\\Q A
sates obtained by any of the above procedures were centrifuged (30,000 0 - >
x g for 20 min) and the membrane pellets were washed three times by Control OA

centrifugation and resuspension in *hypotonic lysis buffer’ (no NaCl or
KCI). The membranes were stored frozen (=70°C) in lysis buffer at a 4 e Mg -loaded
concentration of 2-5 mg protein/ml, until use. Protein concentrations |

were determined using the Lowry assay [45] with bovine serum albu-
min as standard.

A * s Mg -depleted

PHOSPHATASEACTIVITY

dent K" efflux

mmol/ 1 cells * h

Phosphatase activity was determined usifiylabeled glycogen phos-
phorylase-a as substrate in dilute cell-free extracts, as previously de-
scribed [7]. Unless indicated the phosphatase assay buffer contained?
100pm EDTA and no added cations. Phosphatase activity is expresse(b‘
as units/mg protein, where one unit (U) equals 1 nmole of phosphate
released per minute. Our PPase measurements were performed with 0 -
phosphorylase-a, a substrate for both PP1 and PP2A. This substrate Control o
however, does not distinguish between different isoforms of PP1.

epen

i *

>

Fig. 1. (@) NEM stimulation of KCC is reduced in OA treated cells.
Cells were pretreated with OA, washed and then treated +0.5/EM.
Results show Ctdependent K efflux (mean +sem) of 4 experiments

The activity of PP1 was determined by assaying phosphatase activity irlln 4 subjects. Efflux was significantly stimulated by NEM in control

* i =
the presence of 2mnokadaic acid. The activity of PP2A was deter- ce_‘lls ( ’.P < 0.001),_and n O.A trea_ltec_i gellﬁ,.(P 0.04). b) EDTA
mined as the portion of total phosphatase sensitive to Dkaaic stimulation of KCC is only slightly inhibited in OA treated cells. K-ClI
. . ) . . cotransport activity was determined in control cells and in cells pre-
a_cm_i. Tr_us concentration of OA in the phosphatase assay is adequate EPeated with OA (200 m). Each group of cells was then loaded or
distinguish between PP1 and PP2A [29]. depleted of Mg* (500 um MgCl, (Mg;**-loaded) or 1 mi EDTA
(Mg;"*-depleted). Results are meansem of 3 experiments in 3 sub-
STATISTICS jects. *,P = 0.02, different from control-Mg*-loaded cells?, P =
0.03, different from OA-Mg¢™*-loaded cells.

PP1aNnD PP2A AcTiviTY

Data were analyzed using Student'dest for paired or unpaired
samples depending on the experimental protocol. All error bars are

standard error of the mean of several experimestsi)( depleted of Mg™ after OA treatment. Cells were incu-
bated with OA (200 m, 20 min, 37°C, 10% hematocrit).
MATERIALS After removal of OA, cells were incubated +0.5vm

NEM (20 min, 37°C, 10% hematocrit, Figa), or were

Media components and drugs were obtained from Sigma Chemical (S, - A+ + e .
Louis, MO). Enzymes for the phosphatase assay were obtained fro ﬁoaded with Mg"™ or depleted of Mg (Fig. Ib). Figure

Gibco BRL (Gaithersburg, MD) or from RBI (Natick, MA)*?P-y- ﬂia shows that NEM _St'mmates steady state Cl
ATP was obtained from Dupont, New England Nuclear (Boston, MA). dependent K efflux in control cells (>10-fold).

Calyculin A and okadaic acid from RBI (Natick, MA). Acationox However, the stimulation by NEM is greatly reducéd (
from Baxter (MgGraw Park, IL), and A23187 from Calbiochem (San = 0.02,n = 4) in OA-treated cells. A significant OA-

Diego, CA). sensitive component in NEM stimulation of KCC activ-
ity had been shown previously [31, 34]. Similar results
Results were obtained when the order of treatments is reversed
(Table 1). The results suggest that full NEM stimulation
EFrecT OFOA AND CalA ON THE STIMULATION OF o_f _KCC may require PP2A activity, which is highly sen-
KCC By NEM AND Mg;**-DEPLETION sitive to OA.

Figure D shows the effect of lowering intracellular
Figure Ja shows Cl-dependent K efflux in cells treated Mg™ on KCC activity. There is a small but statistically
with NEM (after OA), and Fig. th shows efflux in cells  significant effect of OA pretreatment on the stimulation
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Table 1. Effects of OA and CalA on KCC stimulation by NEM and by Mgdepletion (EDTA)

KCC activity: CI-dep K" efflux, (mmol/l cells* hr)

1st treatment Control A* NEM NEM OA NEM CalA
2nd treatment OA NEM CalA NEM
0.26 +0.14 (9) 95+1.1(% 4.4+1.2 (3 3.7+15(4¥ 3.4+1.1(3f 0.6 +0.4 (47
1st treatment Control B* Mg*-dep Mg**-dep OA Mg**-dep CalA
2nd treatment OA Mg*-dep CalA Mg**-dep
0.49 0.1 (6) 2.4+0.3(6) 1.9+0.3 (4 1.9+0.5 (3% 1.3+0.4 (4 -0.1+0.1(3f°

Cells were incubated with either 0.5MYNEM, or with A23187 and 50@wm MgCl, or 1 mv EDTA. In cells with double treatments, cells were
washed once between treatments in control incubation media witih MgCl, (except in EDTA experiments). Control A*, no A23187. Control
B*, A23187 plus 500um MgCl,. %, different from ControlA, P < 0.001.275, different from NEM:?, P = 0.009;3 P = 0.04;% P = 0.003;°,

P = 0.02.5, different from Control BP = 0.007.7, different from Mg**-depleted’, P = 0.05;%, P = 0.04;°, P = 0.007; and®, P = 0.03.

In addition,® is different from Mg**-depleted + OAP = 0.002.

of KCC by Mg™*-depletion (<20% inhibition, 2.4 + 0.2 NEM stimulation and Mg™-depletion stimulation of
mmol/l cells* hr, in controlvs.1.9 = 0.3 mmol/l cells KCC activity, suggests the presence of at least two phos-
hr in OA, P = 0.03). Since there is almost full stimu- phorylation sites involved in KCC regulation, and indi-
lation by Mg**-depletion in OA-treated cells, the results cates that the sites can be distinguished by their sensi-
suggest that mb-PP2A (the OA-sensitive PPase) is ndivity to OA.

playing a major role in KCC activation by Mg~ CalA does not abolish stimulation of KCC in cells
depletion (or that the Mg*-inhibited reaction is mostly pretreated with NEM or Mg*-depletion as previously
independent of mb-PP2A). observed [31, 52, 16, 6, 22]. This result suggests that full

Table 1 shows the results of the above experimentsstimulation of KCC by NEM and by M@*-depletion
of analogous experiments with CalA (5013 and of also involves inhibition of kinases, consistent with re-
experiments where the treatment with PPase inhibitorsults in rabbit red cells [32].
(OA and CalA) was carried out after the treatment with To investigate whether NEM but not Mg-
NEM or Mg;,"*-depletion. The table shows results of ex- depletion may stimulate mb-PP2A activity, we deter-
periments with treatments with the KCC activators in themined the activity of both phosphatases (PP1 and PP2A)
absence or presence of PPase inhibitors. In experimenis the membranes and cytosol of control cells and of cells
with double treatments, PPase inhibitor exposure eithepretreated with NEM or Md*-depleted. We also deter-
preceded or followed treatments with the activators.  mined the direct effects of NEM and EDTA on mb-PP1

Table 1 shows that control KCC activity (untreated and mb-PP2A activity.
cells in isosmotic conditions) is not different in intact
cells and in Mg"™-loaded (cells treated with A23187 and
500 M MgCl,, P = 0.1). OA and CalA inhibit Cl-  PHOSPHATASEACTIVITY : EFFECTS OFNEM AND Mg**
dependent K transport in both types of cellsn¢t N MEMBRANE PREPARATIONS
showr). NEM stimulation is >10-fold, while that by
Mg;*"-depletion isCb-fold, similar to previous data [41, Mb-PP1 and mb-PP2A activities from control cells were
13, 11]. Treatment with OA or CalA inhibits the stimu- determined in the presence of increasing concentrations
lation by NEM, when the inhibitors are added eitherof NEM (0 to 0.5 nm) in the PPase assay. NEM was
before or after NEM treatment. Pretreatment with CalAadded to the membranes, rather than to intact cells.
prevents stimulation of KCC by NEM and by Mg-  There was no significant direct effect of NEM on either
depletion. Stimulation of KCC by Mg -depletion is mb-PP1 or mb-PP2A activity. Mb-PP1 activity was 0.32
only slightly inhibited by subsequent treatment with OA. £ 0.02 (U/mg protein) in control, and 0.35 + 0.03 (U/mg
Stimulation of KCC by NEM on the other hand has a protein), in the presence of 0.5wviINEM. Mb-PP2A was
large OA-sensitive component. The results suggest thal.1 + 0.01 (U/mg protein) in control, and 0.08 + 0.01
stimulation by NEM, but not stimulation by M-  (U/mg protein) in NEM. Mb-PP1 and mb-PP2A activi-
depletion, is partly mediated by a dephosphorylationties were also determined in the presence of increasing
event at a mb-PP2A regulated site. The results also sudvg** concentrations. Mg inhibits mb-PP1 (1G, = 2
gest that the effect of M§"-depletion is restricted to a mm). At 300 um calculated Mg™ (close to normal
site whose phosphorylation state is mostly independenig; ™) mb-PP1 activity is inhibited 18 + 3%(= 0.001,
of mb-PP2A activity. The differential effect of OA on n = 3).
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a — Control with Mg,"* or depleted of Mg, lysed in isotonic media
sssss NEM . and membranes were isolated. Mb-PP1 and mb-PP2A
activities were assayed in the absence of M@00 pm
EDTA). Mb-PP1 and mb-PP2A activities from Mg
loaded cells were similar to PPase activities from cells

with unmodified Mg™ (no A23187 treatment, compare
with Fig. 2a). In Mg,""-depleted cells there is a decrease
in mb-PP1 P < 0.001,n = 18), while there is no sig-
: . nificant change in the activity of mb-PP2A.
To investigate whether the changes in mb-PP1 ac-
tivity and mb-PP2A activity described above are due to

redistribution of the phosphatases, we determined the
mb-PP1 mb-PP2A effects of NEM and A23187+EDTA on cytosolic PP1
and PP2A. Table 2 shows a summary of the effects of

i
fo

i

o
o

7

Phosphatase activity
(U/ mg membrane protein)

e
o

<2

Phosphatase activity
o
[

(U/ mg membrane protein)
o
[N}

o
=

o
=

mmmm Mg;-loaded pretreatment with NEM and A23187+EDTA on the ac-
Mg;-depleted tivity of soluble PP1 (cyto-PP1), and soluble PP2A
(cyto-PP2A). In NEM-treated cells, cyto-PP1 is signifi-
] cantly decreased, while cyto-PP2A is unaffected. Since
mb-PP1 is also inhibited by NEM (Fig.a, the results
indicate that NEM is an indirect inhibitor of the catalytic
| subunit of PP1, regardless of its subcellular location.
* NEM treatment does not change cyto-PP2A activity,
| therefore we conclude that the increase in mb-PP2A elic-
ited by NEM is not due to cellular redistribution of
PP2A.
| Mg;""-depletion decreases both cyto-PP1 activity
mb-PP1 mb-PP2A (34 £ 15%) and cyto-PP2A activity (20 + 4%). There-
fore the inhibitory effect of Mg *-depletion on mb-PP1
Fig. 2. (a) NEM treatment inhibits mb-PP1 and stimulates mb-PP2A (Fig. 2b), like that of NEM-treatment (Fig.&), is not due
ach‘"‘:y- F;F’é fg‘éppsé GCtQ’i“eTtwer:e de‘erm";id i”fthz ?Ie:bea(;‘e °to release of PP1 into the cytosol. Since;Medepletion
cells treated t0.om . Results show mean SEmM of mb- an H H e ;
mb-PP2A activity. *,P < 0.001,n = 15. () Mg;™* depletion inhibits I;?(S(K/?g/ S :nzrrlln?)”caL:n;grggcr?]nk}-gggr:a:ceti\l/ﬁy%tv% PCZiA
mb-PP1 activity and does not affect mb-PP2A activity. Cells were i ’ .
loaded with Mg (500 um Mg;**) or depleted of Mg* (1 mv EDTA)  clude (similarly to NEM-treatment) that Mg'-
as detailed in Materials and Methods. Membrane fractions were isodepletion-treatment does not affect the cellular distribu-
lated from each group of cells and mb-PP1 and mb-PP2A activity werdion of mb-PP2A. In summary, neither inhibition of mb-
determined. Mb-PP1 activity is decreased in;Mglepleted cells (*P PP1 by NEM or by Mg++-dep|etion, nor stimulation of
< 0.001). Mb—PP_ZA activity does not change. Results show the mean #,H-PP2A by NEM, appear to be explained by changes in
SEm of 18 experiments. the association of these phosphatases with the red blood
cell membrane.
PHOSPHATASEACTIVITY . EFFECTS OFNEM TREATMENT

AND Mg;"*-DEPLETION OF INTACT CELLS
Mg;"*-DePENDENCE OFNEM EFFECTS

NEM-Treatment of Erythrocytes Decreases the Activity
of mb-PP1 and Increases the Activity of mb-PP2A Mg;** -Depletion Inhibits KCC Activity in

Figure 2 shows results of the effects of NEM pretreat- NEM-Treated Cells

ment on mb-PP1 and mb-PP2A activity. Cells were pre- .
treated +0.5 m NEM, washed and membranes were Cells were treated +0.5 mNEM and then treated with

++
isolated. In untreated cells, mb-PP1 and mb-PP2A hav .23187 + 500pum Mg™" or A23187 + 1 mw EDTA.

+ . . .
similar activities. However, in NEM-treated cells, mb- ' '94"® & shows that Mg™-depletion stimulates KCC in

R ) g control cells P = 0.007,n = 3), but it inhibits KCC in
PP1 activity is inhibited and mb-PP2A is stimulated. NEM-treated cells @ — 0.007.n — 3). A failure to

Mg, -Depletion Inhibits mb-PP1 Activity, and Has No olzserve activation by M§'-depletion of CT-dependent
Effect on mb-PP2A Activity K™ fluxes after NEM treatment has been reported [41].

This may be due to a requirement for Mg (or Mg-
Figure b shows results of the effects of M{-depletion ~ ATP) on NEM-activated mb-PP2A, among other possi-
on mb-PP1 and mb-PP2A activities. Cells were loadedilities.
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Table 2. Summary effects of NEM-treatment and Mgdepletion-treatment on soluble PP1 and PP2A

Phosphatase activity, U/mg protein

Control A* NEM Control B* Mg "*-dep
Cyto-PP1 (U/mg protein) 0.023 +0.003 (9) 0.011 x 0.002 (9)* 0.029 +0.003 (12) 0.015 + 0.003 (12)*
Cyto-PP2A (U/mg protein) 0.273 +0.05 (9) 0.245 + 0.03 (9) 0.259 x 0.044 (12) 0.200 x 0.03 (12)***

Values are averagessem. (* and ***, P = 0.01; **, P = 0.001, different from respective control). Number of experiments in parenthesis. Control
A*, no A23187. Control B*, A23187 plus 500.m MgCl,.

Mg;"" -Depletion Inhibits mb-PP2A Activity in activity, mb-PP1 and mb-PP2A activities in NEM-
NEM-Treated Cells treated and MJ*-depleted cells. NEM stimulates KCC,
as determined by Cldependenf®Rb* influx from a 2
Cells were treated as for Figa%and membranes were mm K*-containing media. NEM treatment also stimu-
isolated from cells lysed in isotonic media after A23187lates mb-PP2A activity and inhibits mb-PP1 activity.
removal. Mb-PP1 and mb-PP2A activities were deter-Mg;"*-depletion stimulates KCC activity (to a lesser ex-
mined. Figure B shows the results on mb-PP2A (results tent than NEM-treatment), has no effect on mb-PP2A
on mb-PP1 are shown later in Table 3). In cells treatecactivity, and inhibits mb-PP1 activity. In NEM-
with NEM, mb-PP2A activity is elevated if the cells are pretreated cells, M§*-depletion completely blocks the
not depleted of Mg* (see alsoFig. 2a). Figure 3  stimulation of KCC and mb-PP2A activities by NEM.
shows that there is no effect of Mg-depletion on mb-  In these cells, Mg*-depletion further inhibits mb-PP1
PP2A activity in control cellsgee alsoFig. 2b) but in  activity. In Mg, **-depleted cells, NEM fails to activate
NEM-treated cells Mg*-depletion reduces the activity further KCC activity and mb-PP2A activity, but it does
of this enzyme to levels similar (or below), to those reduce the activity of mb-PP1.
found in control-Mg"*-depleted cells, demonstrating In summary, our results show that in addition to the
that Mg**-depletion abolishes the stimulation of mb- inhibitory effects on a volume-sensitive kinase involved
PP2A by NEM. This result is consistent with mb-PP2A in KCC regulation [32], NEM and Mg*-depletion may
being required for full NEM stimulation of KCC activity. regulate KCC activity in human red cells by additional
pathways. Activation of KCC by NEM is associated

NEM Does Not Stimulate KCC Activity in with inhibition of mb-PP1 and stimulation of mb-PP2A,
Mg,** -Depleted Cells whereas activation of KCC by Mg-depletion is accom-
' panied by inhibition of mb-PP1 and no effect on mb-

Figure 4 shows KCC activity in Mg *-depleted cells PP2A.

subsequently treated with NEM. KCC activity was de-

termined using Ckdependent Kefflux. Similar results  piscussion

were obtained witf®Rb" influx (seeTable 3). Figure 4

shows that there is a Ia}rrge stimulation of KCC by NEM geyera lines of evidence suggest that mb-PP1 and mb-
in cells loaded with Mg™ (P = 0.003,n = 3) similarto  ppoa are positive regulators of KCC activity. Starke
(or larger than) that of cells with unmodified Mg  ang Jennings [52] showed pharmacological evidence that
(compare to Fig. d). However, all stimulation by NEM ke is regulated by protein phosphatase type 1 (PP1).

is prevented by Mg"-depletion. Krarup and Dunham [39] showed that PP1 can reactivate
KCC in CalA-treated dog red cell ghosts, demonstrating

NEM Does Not Stimulate mb-PP2A in that this phosphatase can regulate KCC activity. Incom-

Mg,"" -Depleted Cells plete inhibition of KCC activity by OA [46, 31, 34, 42,

52, 48, 6, 22], suggests that mb-PP2A (in addition to
Mb-PP1 and mb-PP2A activities, assayed in cells treatethb-PP1), may be involved in KCC regulation.
as above, were determined in the absence of M#00 In the present report, we present data on the effects
pwM EDTA). Figure 4 shows that while NEM stimulates of two activators of KCC activity on mb-PP1 and mb-
mb-PP2A in control (Mg*-loaded) cells, it does not PP2A activity. The results indicate that activation of
stimulate mb-PP2A in Mg*-depleted cells. This result KCC by NEM is mediated by mechanism sensitive to
may partially explain the lack of effect of NEM on KCC OA and CalA, consistent with stimulation of mb-PP2A
activity in Mg,"*-depleted cells (Fig. &. by NEM, and with mechanism resistant to OA and CalA,

Table 3 shows a summary of the changes in KCCconsistent with inhibition of kinases. Activation of KCC
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Fig. 4. (@) NEM does not stimulate KCC activity in Mg -depleted
0.0 - cells. The effect of NEM on K-CI cotransport activity was determined

in cells loaded with Mg™* (500 pm) and depleted of Mg*™ (1 mwm
EDTA). After removal of the ionophore, M -loaded cells and Mg*-
Fig. 3. (a) Mg;"" depletion inhibits KCC activity in NEM treated cells. depleted cells were treated + 0.51mMEM. K* efflux was measured in
The effect of Mg™*-loading and Mg™*-depletion on KCC activity was  isotonic media. Results are meansem of 3 experiments in different
determined in control cells and in NEM-treated cells (0:)nControl subjects. (*,P = 0.003). b) NEM does not stimulate Mb-PP2A in
and NEM-treated cells were loaded with Mg(500 M) or depleted of  Mg,** depleted cells. Cells were treated as in Fig, @nd mb-PP2A
Mg;** (1 mu EDTA), and Cr-dependent K efflux was determined.  activities was determined. Results are meagntof 9 experiments. (¥,
Results are meanssewm of 3 experiments in different subjects. (*and p = 0.01, different from Mg *-loaded (control) cells).

# P = 0.007, different from respective controls (Mloaded cells).

(b) Mg;** depletion inhibits mb-PP2A in NEM treated cells. The effect L . .
of Mg,*loading and Mg"*-depletion on mb-PP1 and mb-PP2A ac- after activation of KCC by NEM or Mg *-depletion,

tivities was determined in membranes from control cells and NEM-there is only incomplete inhibition by CalA, consistent
treated cells. Phosphatase activity was assayed in the presence of 19fith the effects of NEM and I\/Iig+-dep|etion being me-
um EDTA. The increase in mb-PP2A elicited by NEM pretreatment (*, djated by an inhibitory kinase.
Z=Po.036déf£erzmg:gnmt C](E’:rtrzo:\lcg'ﬂsirza”t‘gg'is&gf"lggﬁgd(ecp;?tir%rl‘) Our present results also show that stimulation of
f:élls). Results show meansem of 4 experim'enlts in 2 individuals. KCC and mELP,PZA bY NEM is prevented, in cells de-
pleted of Mg™™, indicating a strong correlation between
mb-PP2A and KCC activity, supporting the hypothesis
by Mg,**-depletion, on the other hand, is inhibited by that mb-PP2A regulates KCC activity. In addition, the
CalA but it is only slightly sensitive to OA, consistent large inhibition by OA of NEM-stimulated KCC also
with inhibition of a kinase that phosphorylates a sitesuggests that NEM may stimulate mb-PP2A. Deter-
dephosphorylated by mb-PP1. mination of mb-PP2A activity demonstrates that this is
Two lines of evidence suggest that NEM and;Mg  indeed the case: mb-PP2A activity is indirectly stimu-
depletion stimulated KCC activity through inhibition of a lated by NEM (Fig. 2).
kinase that inactivates KCC. First, the effects of both Our results demonstrate indirect inhibition of mb-
treatments require ATP [43], and second, both treatment®P1 by NEM and by Md*-depletion. Thus, stimulation
activate KCC with a delay [32]. Our results show that of KCC by NEM and by Mg *-depletion occurs in spite

Control
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Table 3. Summary effects of NEM-treatment and Mgdepletion-treatment on KCC, mb-PP2A, and mb-PP1

1st treatment Control* NEM Mg*-dep NEM Mg**-dep

2nd treatment Mg;,"*-dep NEM
CI™-dep®Rb* influx (mmol/l cells» hr)  0.03+0.003(3) 0.38+0.09(8) 0.15%0.05 (3§ 0.14+0.05(3  0.18+0.05 (3}
mb-PP2A (U/mg protein) 0.23+£0.04(12) 0.49+0.07fl2) 0.27+0.06 (15 0.26+0.06 (5§  0.35+0.09 (9
mb-PP1 (U/mg protein) 0.31+0.05(15) 0.10+0.02(15)9 0.09 + 0.0212) 0.06 + 0.02 (5)*  0.04 % 0.02 (732

Control*, A23187 plus 50Gum MgCl,. KCC activity (CI-dependent®Rb* influx), mb-PP2A and mb-PP1 activities were determined as detailed
in Materials and Methods-?*° and*, different from respective control$; P = 0.01;% P < 0.001;% P = 0.002;° and*°, P < 0.001.347:811
and*?, different from NEM:3, P = 0.006;%, P = 0.006;’, P = 0.002;%, P = 0.002;**, P = 0.003;*? P = 0.03.** and*?, different from
Mg;**-depleted!, P = 0.001;*% P = 0.006.

of inhibition of mb-PP1. This finding argues against de- P

phosphorylation by mb-PP1 being an absolute require- F P
ment for KCC activation. However, it is possible that a \ PP1
particular isoform of mb-PP1 [55] (insensitive to NEM S‘dﬁ = sL_/s2
and/or Mg*™*-depletion) may be involved in KCC regu- = B
lation. Therefore, a firm conclusion about this require- PKI1
ment can only be reached when mb-PP1 activity is as-
sayed with the relevant substrate, not yet identified. R

The mechanisms by which these treatments affec !
mb-PP1 and mb-PP2A activities are unknown; our datah)2A iT PK2 PK2 ‘ \LPPZA
show that enzyme relocalization is an unlikely possibil-
ity. Kamibayashi et al. (1991), have shown that NEM p
can activate PP2A by inducing the release of an inhibi- \ PKI o 5

S

tory subunit [36]. Itis possible that in erythrocytes NEM ol 2

indirectly activates PP2A by a similar mechanism. The =
mechanisms by which M§"-depletion decreases the ac-
tivity of mb-PP1 is also unknown. It is likely that mb-
PP1 activity in erythrocytes is controlled by kinases, asrig. 5. Diagram of proposed ‘activity states’ in a transporter with 2

in other cells [55], and therefore M§and Mg-ATP are  phosphorylation sites.

indirectly required for PP1 activity.

Jennings has recently demonstrated that during ac-
tivation of KCC by cell swelling, the rate constant for the tion of each site. We name s-1 a site dephosphorylated
rate-limiting inactivation event (supposedly a ser/thr ki- by mb-PP1 and phosphorylated by PK1 (an unidentified
nase), is strongly dependent on cell volume, suggestinginase), and we name s-2 a site dephosphorylated by
that the main ‘signal event’ in swelling-activation of mb-PP2A and phosphorylated by PK2 (an unidentified
KCC of rabbit erythrocytes involves inactivation of a kinase, which could be the same as PKdgeFig. 5.
kinase [30, 18, 32]. In sheep red cells, swelling appeardhe model assumes that a decrease in phosphorylation at
to induce changes in more than one rate constant, indiither site will result in an increase in transporter activity.
cating that there might be more than one ‘signal’ for This is not unlikely to occur [31].
activation of KCC by cell swelling [18]. The finding that full KCC activation (i.e., by NEM)

It has been proposed that there are two independeri$ possible in spite of partial mb-PP1 inhibition (by
signal transduction pathways for activation of KCC by NEM), suggests that dephosphorylation at s-1 (by mb-
cell swelling [19]. Consistent with that proposal, we PP1) is not required for dephosphorylation at s-2. On the
have observed that stimulation of KCC in hypotonic me-other hand, there is almost full stimulation of KCC by
dia is also the result of activation of two different signal Mg;**-depletion in cells pretreated with OA, therefore it
transduction pathways [8]. In one of these pathways, th@ppears that dephosphorylation at s-2 (by mb-PP2A) is
decrease in intracellular ionic strength stimulates mb-not required for dephosphorylation at s-1. Since the ac-
PP1 (or increases its binding to the membrane). In theumulated evidence suggests that mb-PP1 and mb-PP2A
other pathway, the increase in cell size activates mbare involved in KCC activation, and neither is an abso-
PP2A [8]. lute requirement of KCC activation, the results suggest

The simplest model of regulation in a system with that activation of KCC, most likely is not ‘ordered’ with
two phosphorylation sites involves independent regularespect to dephosphorylation of individual sites.
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We propose that KCC can exist in 4 different activ- References

ity states (‘A’, ‘B’, ‘B*’, and ‘C’) according to the phos-
phorylation status of each of two distinct ser/thr phos-
phorylation sites. Data with OA and Cal A (Table 1)
indicate that to a large extent only mb-PP1 is involved in
the Mg**-depletion-stimulated event, therefore, we have 2.
assigned Mg ™-depletion sensitivity to the reactions that
regulate phosphorylation of s-1 (mb-PP1 and PK1). The
inhibitory effect of Mg™*-depletion on mb-PP1 cannot
explain the increase in flux elicited by this agent. There-
fore we assume that Mg-depletion inhibits PK1 in 4
agreement with data in rabbit red cells suggesting that
Mg;*"-depletion inhibits a kinase [32]. The kinase that
phosphorylates KCC has not been identified. Recently, -
Klein et al. (1999), have demonstrated that a volume-
sensitive kinase (JNK) phosphorylates the Na-K-Cl ¢
transporter [38]. Whether this same kinase phosphory-
lates KCC is unknown.

As in any model of this type, the measured flux 7-
depends on the intrinsic flux rate of each state, and the
relative amounts of transporters in each state. This last
component is determined by the relative rates of phos-g
phatases and kinases that regulate the transporter.
Clearly, a change in one rate constant can be balanced by
a change in another rate constants, and the flux can red-
main unchanged. In our view, the large stimulation of

1.

KCC by NEM is due to a large decrease in PK1 activity,

and a large increase in mb-PP2A activity. The increase

in flux in Mg;""-depleted cells is mostly due to a large 11.

decrease in PK1 activity.

The model represents an oversimplified approxima-
tion of KCC regulation since transporter activity is also
regulated by phosphorylation/dephosphorylation of tyro-

syl residues either of the transporter itself or of a regu-3.

lator(s). The activity of protein tyrosine kinases (TPKs)
and protein tyrosine phosphatases (PTPs) proposed to be

involved in KCC regulation [5, 16, 22, 17], have not 14

been taken into account. Since TPK inhibitors inhibit
KCC activity [5, 22], effects of NEM in addition to those

envisioned here are also likely, and may include tyrosineg 5

phosphorylation of the transporter or regulatory proteins
[57]. Furthermore, some effectors (e.g., pH) may have
direct effects on the transporter [43, 47].

Since KCC is elevated in SS red cells, where it16.

contributes to the cell dehydration that marks the onset of
acrisis [12, 15, 21, 23], the model presented here may b
useful for understanding the events leading to KCC ac-
tivation and sickle cell dehydration.
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