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Many erythrocyte processes and pathways, including glycoly-
sis, the pentose phosphate pathway (PPP), KCl cotransport,
ATP release, Na*/K*-ATPase activity, ankyrin—band 3 interac-
tions, and nitric oxide (NO) release, are regulated by changes in
O, pressure that occur as a red blood cell (RBC) transits between
the lungs and tissues. The O, dependence of glycolysis, PPP, and
ankyrin—band 3 interactions (affecting RBC rheology) are con-
trolled by O,-dependent competition between deoxyhemoglo-
bin (deoxyHDb), but not oxyhemoglobin (oxyHb), and other pro-
teins for band 3. We undertook the present study to determine
whether the O, dependence of Na*/K*/2Cl~ cotransport (cat-
alyzed by Na*/K*/2Cl~ cotransporter 1 [NKCC1]) might simi-
larly originate from competition between deoxyHb and a pro-
tein involved in NKCC1 regulation for a common binding site
onband 3. Using three transgenic mouse strains having mutated
deoxyhemoglobin-binding sites on band 3, we found that dock-
ing of deoxyhemoglobin at the N terminus of band 3 displaces
the protein with no lysine kinase 1 (WNK1) from its overlapping
binding site on band 3. This displacement enabled WNK1 to
phosphorylate oxidative stress-responsive kinase 1 (OSR1),
which, in turn, phosphorylated and activated NKCC1. Under
normal solution conditions, the NKCC1 activation increased
RBC volume and thereby induced changes in RBC rheology.
Because the deoxyhemoglobin-mediated WNKI1 displacement
from band 3 in this O, regulation pathway may also occur in the
regulation of other O,-regulated ion transporters, we hypothe-
size that the NKCC1-mediated regulatory mechanism may rep-
resent a general pattern of O, modulation of ion transporters in

erythrocytes.
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During transit from the lungs to the tissues, the human
erythrocyte (red blood cell [RBC])* experiences changes in the
partial pressure of oxygen that decrease from ~100 mm Hg on
the arterial side to <5 mm Hg in metabolically active tissues (1).
Although these transitions in O, pressure have long been
known to facilitate O, unloading in the tissues, they have more
recently been established to participate in the regulation of
important RBC properties (2—4). For example, the reversible
O,-dependent association of deoxyHb with the major erythro-
cyte membrane protein, band 3, has been shown to constitute a
molecular switch that controls the association of glycolytic
enzymes with inhibitory sites on band 3, shifting the flux of
glucose from glycolysis atlow O, pressures to the pentose phos-
phate pathway at high O, pressures (5, 6). This shift in glucose
metabolism is thought to be adaptive, because the resulting
increase in NADPH in oxygenated conditions can help protect
the erythrocyte from the oxidative stress that accompanies high
O, pressures (5, 6). The same oxygen-dependent association of
deoxyHb with band 3 has also been found to modulate the flex-
ibility of the RBC membrane by disjoining a fraction of the band
3—ankyrin interactions at low O, pressure (7-9). The improved
membrane deformability associated with this rupture of
membrane— cytoskeletal interactions has been hypothesized to
facilitate the return of deoxygenated RBCs from the microvas-
culature to the lungs (8, 10, 11). Finally, hypoxia has also been
shown to promote ATP release from circulating erythrocytes,
leading to activation of P2Y receptors on endothelial cells and
the consequent vasodilation that facilitates blood flow back to
the lungs (12, 13).

Changes in O, pressure have also been reported to modulate
ion transport in human erythrocytes (14, 15). The Na™/K*/
2CIl™ cotransporter (NKCC1) catalyzes the electroneutral, pas-
sive symport of one Na™ plus one K™ plus two Cl~ ions across
a plasma membrane, promoting an osmotically driven flow of
water in the same direction (16 —18). In the human erythrocyte,
this cotransport is largely inactive in oxygenated cells but acti-
vated in deoxygenated RBCs (15). This O, regulation has been
suggested to involve a kinase, because NKCC1 activation by

“The abbreviations used are: RBC, red blood cell; Hb, hemoglobin; deoxyHb,
deoxygenated hemoglobin; NKCC1, Na*/K*/2Cl~ cotransporter 1; WNKT1,
with no lysine kinase 1; OSR1, oxidative stress-responsive kinase 1; KCC, KCI
cotransporter.
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O,-switched kinase cascade regulates NKCC

deoxygenation can be blocked by kinase inhibitors (19-23),
although the responsible kinase (if any) has not been identified
in erythrocytes. In the kidneys NKCC activity has been shown
to be regulated by a WNK (With-No-K (Lys)) kinase that is
inhibited by intracellular C1™ (24) and activated by an increase
in osmotic pressure. The latter somehow induces phosphoryla-
tion of the oxidative stress-responsive 1 (OSR1) kinase, which
then phosphorylates and activates NKCC (25-32). Whether
the osmotically regulated WNK—-OSR1 signaling cascade is also
involved in O, modulation of NKCC1 in erythrocytes remains
to be examined.

In this paper, we explore the mechanism of O,-dependent
control of NKCC1 by investigating the impact of oxygen pres-
sure on NKCC1 activity in erythrocytes from transgenic mice
that express different mutations in the deoxyHb-binding site on
erythrocyte band 3. We demonstrate that deoxyHb (but not
oxyHb) binds to the cytoplasmic domain of band 3 and dis-
places the WNKT1 kinase from its docking site on band 3. We
further show that this displaced WNK1 kinase activates OSR1,
which in turn phosphorylates and activates NKCC1, leading to
an influx of NaCl and KCl into the cell whenever O, levels
decrease. In this manner, the O, content of the erythrocyte can
modulate red cell volume during RBC transit in the vasculature.

Results

Generation of transgenic murine erythrocytes with altered
deoxyHb-binding sites on band 3

To evaluate the role of the band 3—deoxyHb interaction in
regulating Na*/K*/2Cl~ cotransport through the NKCC1
transporter, we introduced mutations into band 3 that were
known to affect its association with deoxyHb. Based on previ-
ous studies that mapped the deoxyHb-binding site on the iso-
lated cytoplasmic domain of band 3 (33, 34), we generated a
transgenic mouse in which the sequence encompassing the
deoxyHb-binding site (residues 1-45) on murine band 3 was
replaced with the homologous sequence from human band 3
(residues 1-35; i.e. which includes the human deoxyHb-bind-
ing site). The resulting mouse provided us with a humanized
model for analysis of the regulatory role of deoxyHb binding to
band 3 in RBCs (34). In a second transgenic mouse, the same
human sequence was inserted into murine band 3, except the
amino acids responsible for deoxyHb binding (residues 12-23)
were deleted, allowing us to determine how the lack of a
deoxyHb-band 3 affects O, regulation of RBC properties. In the
present study, we introduced a third mutation into murine
band 3 (deletion of residues 1-11) that endows band 3 with a
significantly higher affinity for deoxyHb (33, 35) (Fig. 1). The
representative schematic strategy is shown in Fig. S1. Hemato-
logic analyses of these transgenic mice revealed that their RBCs
display essentially normal indices, except their sodium contents
are slightly elevated, and their potassium contents are some-
what reduced (Table S1). Further analyses of their osmotic fra-
gilities indicate that they also are slightly elevated (Fig. S2),
which we interpret to derive from reduced retention of band 3
in the mutant membranes, as shown in Fig. S3. Although RBC
membranes from a human patient in which band 3 residues
1-11 are similarly missing also contain reduced levels of band 3
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Figure 1. Design of erythrocyte band 3 proteins with altered deoxyHb-
binding sites. To evaluate the role of the reversible O,-dependent binding of
deoxyHb to the N terminus of the membrane-spanning protein, band 3,
transgenic mice containing sequences from human (yellow) and murine
(green) band 3 were generated as described under “Experimental proce-
dures.” As noted elsewhere (34), WT mice and mice containing the human
deoxyHb-binding site substituted for the similar mouse deoxyHb site dis-
played similar affinities for deoxyHb. In contrast, mice lacking a deoxyHb site
(missing residues 12-23) exhibited no affinity for deoxyHb, and mice lacking
amino acids 1-11 of band 3 surprisingly displayed extraordinarily high affinity
for band 3. Together, these transgenic mice allow for analysis of the effect of
the affinity of deoxyHb for band 3 on O, regulation of NKCC1 transport.

Mouse band 3

Transgenic mouse 1
(Human deoxyHb binding site)

Transgenic mouse 2
(w/o deoxyHb binding site)

Transgenic mouse 3
(High affinity deoxyHb binding site)

(i.e. analogous to the mouse with the high-affinity deoxyHb-
binding site on band 3), the mutation in the human RBCs
appears to cause much greater membrane destabilization, per-
haps because it promotes retention of much less band 3 than
seen in the murine RBC membranes (36).

0, regulation of NKCCT1 is inhibited by altered deoxyHb-band
3interactions

Although the activity of NKCC1 has been shown to be
O,-regulated in erythrocytes from several vertebrate species,
including humans (1, 14, 15), O, regulation has not been
reported in mice. As shown in Fig. 24, cotransport of NaCl and
KCl in WT mouse erythrocytes is elevated ~2.5-fold upon
deoxygenation, i.e. comparable with the effect reported in
human RBCs (15). A similar increase in NKCC1 activity is seen
in murine erythrocytes in which the human deoxyHb-binding
sequence has been substituted for the homologous mouse
sequence, suggesting that the human and murine sequences
interact similarly with deoxyHb. In contrast, when the murine
deoxyHb-binding sequence is either deleted or replaced with a
high-affinity sequence that prevents reversible deoxyHb bind-
ing over the physiological range of O, pressures, oxygen regu-
lation of NKCC1 activity is abrogated. These data suggest that
reversible association of deoxyHb with the cytoplasmic domain
of band 3 constitutes the molecular switch that controls
NKCCI activity in erythrocytes and that mutations that either
decrease or increase the affinity of deoxyHb for band 3 inhibit
this regulation of NaCl plus KClI cotransport.

Although this interpretation of O, regulation is consistent
with both the transport data and the previously established
mechanism for O, regulation of glycolysis and ankyrin binding
(34), a replotting of the data showing absolute rather than rel-
ative Na*/K™/2Cl™ transport rates argues for a more complex
interpretation. As seen in Fig. 2B, RBCs in which deoxyHb is
always bound (high-affinity mutant) or always dissociated (Hb
site deletion mutant) both display elevated transport rates,
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Figure 2. Effect of deoxygenation on murine erythrocyte NKCC1 activity and phosphorylation level. A, analysis of NKCC1 activity of deoxygenated
erythrocytes from WT and mutated RBCs relative to the rates of NKCC1 activity in their oxygenated counterparts. NKCC1 transport rates from all
oxygenated erythrocytes were set as 1.0 and compared with the NKCC1 transport rates of deoxygenated erythrocytes (means of four experiments +
S.D.). B, analysis of the absolute transport rates of NKCC1 in oxygenated and deoxygenated WT and transgenic murine erythrocytes (means of four
experiments = S.D.). In both studies, bumetanide (NKCC specific inhibitor)-sensitive K* flux was used as a measure of NKCC1 transport. C, effect of RBC
oxygenation on the phosphorylation of NKCC1 (P-NKCC1) on residues Thr?°® and Thr?'" in intact WT and mutated murine RBCs. Total NKCC1 content is
used as a gel loading control in the lower row of each immunoblot (representative of blots from four experiments). deoxy, deoxygenated; oxy,

oxygenated; WB, Western blot.

regardless of O, pressure. In contradistinction, data from the
same study in WT mice demonstrate that deoxyHb binding to
band 3 enhances Na*/K*/2Cl~ transport, whereas dissocia-
tion of deoxyHb from band 3 reduces Na™/K*/2Cl ™ transport,
suggesting that erythrocytes in which the deoxyHb site has
been deleted should have shown reduced rather than elevated
NKCCI1 activity.

O,-dependent regulation of NKCC1 activity involves NKCC1
phosphorylation

To reconcile the above data, we explored whether the path-
ways of NKCC regulation present in other tissues are similar to
the O, regulation seen in RBCs. As demonstrated by Moriguchi
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et al. (25) and Vitari et al. (26), regulation of NKCC in the
kidneys involves a signaling cascade in which an increase in
osmotic pressure activates WNK kinase, which in turn phosphor-
ylates OSR1 kinase. Activated OSR1 then phosphorylates NKCC
on threonines 212 and 217, leading to NKCC activation and the
consequent volume changes that protect the kidneys from
osmotic stress and facilitate transepithelial salt resorption (37).
To determine whether changes in O, pressure might simi-
larly induce changes in NKCC1 phosphorylation in murine
erythrocytes, we examined the O, dependence of NKCC1 phos-
phorylation in murine RBCs using an antibody directed against
phosphothreonines 212 and 217 of human NKCC1 (equivalent
to Thr**®/Thr*** on murine NKCC1) that are involved in
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Figure 3. Effect of deoxygenation on activation of WNK1 and OSR1. A, comparison of the level of phospho-OSR1 (pThr'®) in oxygenated and
deoxygenated murine RBCs. Intact RBCs were either oxygenated or deoxygenated prior to lysis in Triton X-100 and immunoblotting with anti-phospho
OSR1 (P-OSR1) or total OSR1. The antibody to P-OSR1 recognizes only phosphothreonine 185. The ratios of P-OSR1 to total OSR1 from oxygenated RBCs
was set as 1.0 and compared with those from the deoxygenated cells. Quantitative results are shown as means of three experiments = S.D. B, similar to
A except the antibody to P-OSR1 recognizes only phosphoserine 325. C, WNK1 was immunoprecipitated from the aforementioned whole cell extracts
using anti-WNK1 antibody, and WNK1 kinase activity was determined in the pellets by analysis of their ability to phosphorylate GST-OSR1 on Thr'8>
using the antibody in A (P-OSR1). Kinase activity of WNK1 from oxygenated erythrocytes was set as 1. Total WNK1 in the pellet was also quantitated by
immunoblotting (IP: WNKT). D, same as in C, except the anti-P-OSR1 used recognizes only phosphorylated Ser®%°. Kinase activity of WNK1 from
oxygenated erythrocytes was set as 1. E, translocation of WNK1 from the RBC membrane to cytosol was detected by immunofluorescent staining of
WNK1 in oxygenated and deoxygenated whole murine erythrocytes. Changes in WNK1 staining intensity are due to differences in epitope accessibility
between WNK1 on the membrane and WNK1 in the cytosol (see Ref. 32 for examples of other RBC proteins exhibiting similar behavior). To visualize the
location of the membrane in the same focal plane as WNK1, band 3 was costained in red (center panels). The images were taken under a Fv1000 confocal
microscope (Olympus) using a 60X oil-immersion objective lens. F, quantitative of WNK1 localization to the membrane in oxygenated and deoxygen-
ated murine erythrocytes. ImagelJ analysis was used to compare the location of WNK1 with band 3, where band 3 was assumed to be 100% localized to
the membrane in both oxygenated and deoxygenated erythrocytes (means of 20 cells + S.D.). deoxy, deoxygenated; oxy, oxygenated.

Deoxygenated Oxygenated

NKCCI activation in response to osmotic stress in the kidneys
(38). As shown in Fig. 2C, deoxygenation of erythrocytes con-
taining a functional band 3 deoxyHb-binding site (i.e. either
WT or humanized) promotes a ~2-fold increase in phosphor-
ylation of threonines 206 and 211, whereas deoxygenation of
RBCs either lacking this site or containing the high-affinity
deoxyHb site has no significant effect on NKCC1 phosphoryla-
tion. This O, dependence correlates with the O,-insensitive
and constitutively activated NKCC1 activity that we observed
in RBCs containing either the high deoxyHb affinity mutant
and the deoxyHb site deletion mutant, ie. the two mutant

2522  J Biol. Chem. (2019) 294(7) 2519-2528

erythrocytes that display O, independent and constitutively
high phosphorylation of threonines 206 and 211 (Fig. 2C).

Deoxygenation of erythrocytes activates both WNK1 and
OSR1

To determine whether the catalytic activity of WNKI1 and/or
OSR1 might be regulated by O, in RBCs, we lysed oxygenated
and deoxygenated murine RBCs in Triton X-100 and immuno-
blotted the lysates with antibodies to OSR1 phosphorylated on
threonine 185 and serine 325 (26, 39, 40), i.e. two conserved resi-
dues on OSR1 known to be phosphorylated by WNK1 (25, 26). As
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shown in Fig. 34, similar levels of total OSR1 were present in both
oxygenated and deoxygenated cells; however, the level of OSR1
phosphorylation on Thr'®* and Ser®*® was much higher in deoxy-
genated than oxygenated RBCs. These data suggest that deoxy-
genation promotes OSR1 phosphorylation/activation.

To determine whether WNKI1 might catalyze the above
O,-dependent OSR1 phosphorylation as it does osmotically
induced OSR1 phosphorylation in kidneys, we immunoprecipi-
tated WNKI1 from both oxygenated and deoxygenated RBCs
and examined its ability to phosphorylate exogenously added
OSR1 on Thr'®* and Ser®?®. As shown in Fig. 3 (C and D),
respectively, phosphorylation of OSR1 on Thr'®® and Ser®*®
was significantly higher when performed with WNK1 immuno-
precipitates from deoxygenated than oxygenated cells. Impor-
tantly, more than 90% of WNKI1 proteins were localized to the
membrane in oxygenated erythrocytes, whereas more than 50% of
WNK1 was translocated into the cytoplasm in deoxygenated
erythrocytes (Fig. 3, E and F). These data suggest that WNK1 is
predominantly membrane-bound and inactive in oxygenated
RBCs but cytosolic and more active in deoxygenated RBCs, similar
to behavior observed for glycolytic enzymes (41, 42).

WNK1 interacts with the N-terminal of band 3

To confirm that the deoxyHb-binding site on band 3 is
involved in WNK1 binding, we used an anti-WNK1 antibody to
pull down the WNK1 kinase from detergent extracts of murine
erythrocytes to determine whether band 3 is coprecipitated
with it. As shown in Fig. 4, similar amounts of WNK1 were
pelleted from WT erythrocytes and erythrocytes from all three
mutant mice, suggesting that the kinase is similarly expressed in
all four mice. However, the amount of band 3 copelleted with
WNK1 was 2-fold higher in RBCs containing a functional
deoxyHb-binding site (i.e. WT and humanized) than in mutant
erythrocytes either lacking the deoxyHb-binding site or
expressing the high-affinity binding site. These data argue that
mutations in the deoxyHb site on band 3, regardless of whether
they enhance or eliminate deoxyHb binding, cause a concur-
rent loss in WNK1 binding, confirming that at least some of the
deoxyHb binding residues at the N terminus of band 3 are
involved in WNK1 binding. Because displacement of WNK 1
from band 3 induces its activation (Fig. 3), these results explain
why both deoxyHb-binding site mutants (i.e. mutants without a
Hb site and mutants containing the high-affinity Hb site)
exhibit a similar constitutive O,-independent activation (Fig.
2B) and phosphorylation (Fig. 2C) of NKCC1. Taken together,
our data demonstrate that RBC deoxygenation induces
deoxyHb binding to band 3 (residues 12—-23 (43)), which in turn
promotes displacement and activation of WNKI.

To determine whether the same regulatory pathway for O,
modulation of NKCC1 activity in the mouse might be operative
in human RBCs, we expressed GST fusion constructs of the
intact cytoplasmic domain of human band 3 (cdb3; residues
1-379) containing no mutation, the high-affinity deoxyHb-
binding site mutation, or the deoxyHb-binding site deletion
mutation and examined their relative abilities to copellet
WNKT1 from crude extracts of HEK293 cells expressing WNK1
(Fig. 5). Although GST pulldown of WT human cdb3 was found
to copellet WNK1, none of the cdb3s containing a mutated
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Figure 4. Effect of mutations in the deoxyHb-binding site on the interac-
tion between WNK?1 and band 3. A, whole-cell RBC lysates (see Fig. 3) from
either WT or transgenic mice were incubated with anti-WNK1 antibody, and
the amount of coprecipitated band 3 was analyzed by immunoblotting (/P:
WNKT). B, densitometric analysis of coprecipitated band 3 from the transgenic
murine erythrocytes. The amount of band 3 copelleted from WT murine
erythrocytes was set as 1.0 and compared with the amount of band 3 copel-
leted from the transgenic murine erythrocytes (means of three experi-
ments = S.D.).

deoxyHb-binding site was able to copellet WNK1. These data
confirm that deoxyHb and WNK1 share an overlapping bind-
ing site on both murine and human band 3 and that mutation of
this site to either decrease or increase deoxyHb affinity leads to
loss of WNKI1 binding in both species.

WNK1 is believed to respond to osmotic stress in the kidneys
by regulating the locations and activities of multiple ion trans-
porters and channels (27). Important to this regulatory role
appears to be the translocation of WNK1 to intracellular com-
partments, mediated by its C-terminal domain in response to
elevated osmotic pressure (27). To determine whether the same
domain of WNK1 might be involved in regulating WNK1’s
O,-dependent translocation in RBCs, we expressed intact

J. Biol. Chem. (2019) 294(7) 2519-2528 2523
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Figure 5. Effect of deoxyHb-binding site mutations in the cytoplasmic
domain of band 3 on its association with WNK1. A, Coomassie Blue stain-
ing showing the GST fusion of WT or mutated human cdb3 used in the pull-
down assay. B, lysates from HEK293 cells expressing Myc-tagged WNK1 were
incubated with a GST fusion of WT or mutated human cdb3. Copelleted WNK1
with GST-cdb3 was then detected by immunoblotting with an anti-Myc tag
antibody (/B: Myc). The whole cell lysate lane contains 5% of the total cell
lysate. The blot shown here is representative of blots from three independent
experiments. Densitometric analysis performed with ImageJ software indi-
cates that ~9.3 £ 1.8% of WNK1 in the total lysate is pulled down with WT
human cdb3.

WNKI1, the WNKI1 N-terminal kinase domain, and the WNK1
C-terminal “translocation domain” in HEK293 cells and exam-
ined which construct associated with a GST fusion of human
cdb3. Asshown in Fig. 6, both the intact and C-terminal domain
of WNKI1 were readily pulled down by GST-cdb3, whereas the
N-terminal domain of WNK1 was not. These data argue that a
similar domain and mechanism is involved in regulating
osmotic translocation of WNKI1 in the kidneys and O, translo-
cation of WNKI1 in erythrocytes.

Discussion

Orskov and others (1, 15, 22, 44, 45) have shown that several
erythrocyte cation transporters are O,-regulated. Initially, a
deoxyHb-binding site competition mechanism was dismissed,
because erythrocyte cation transporters are not thought to
associate with band 3. The binding site competition mechanism
then became even more implausible when either elimination or
augmentation of deoxyHb’s binding affinity for band 3 yielded
the same enhancement of NKCCI1 transport (Fig. 2B). Recon-
ciliation of these data finally occurred when we discovered that
(i) band 3 interacts directly with WNK1, (ii) deoxyHb-induced
displacement of WNK1 from band 3 initiates a signaling cas-
caderesulting in phosphorylation/activation of OSR1 and phos-
phorylation/activation of NKCC1 (Figs. 2 and 3), and (iii) muta-
tions leading to either elimination or augmentation of the
deoxyHb-binding site on band 3 cause dissociation of WNK1
from band 3 (i.e. accounting for its activation in both mutant
RBCs; Fig. 4). Thus, similar to oxygen’s regulation of ankyrin
affinity and glucose metabolism, the molecular mechanism for
oxygen’s control of NKCC1 reduces to a simple competition
between deoxyHb and another protein (i.e. WNK1) for docking
on band 3. To the best of our knowledge, this report constitutes
the first description of a molecular mechanism by which O,
regulates any solute transporter.

With the O, switch for regulation of glycolysis, ankyrin bind-
ing, and NKCCI1 activity now all involving a competition
between deoxyHb and another protein for a shared binding site
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on band 3, the question naturally arose of whether other still
uncharacterized O,-regulated pathways (e.g ATP release (13),
KCI cotransport (1, 15, 46), NO release (47), the Na*/K*-
ATPase (48,49),and Na™ /H™" exchanger (50, 51), etc.) might be
similarly modulated by competition between deoxyHb and
another band 3-binding protein for a common site on band 3.
Based on the regulatory mechanism elucidated here, it seems
possible that membrane-spanning proteins like Piezo-1, the
KCl cotransporter, the Na*/H" exchanger, and the Na™ /K™ -
ATPase may not directly compete with deoxyHb for association
with band 3, but rather might be regulated by other signaling
proteins that do directly compete for binding to band 3. The
most obvious candidate would be the KCl cotransporter (KCC),
because KCI cotransport has been shown to be inhibited by a
signaling pathway involving WNKI1 activation of OSR1 fol-
lowed by OSR1 phosphorylation of the KCC (29, 52, 53).
Because the effect of O, on KCl cotransport is exactly the oppo-
site of its effect on Na*/K"/2Cl™ cotransport (1, 54—56) (i.e.
oxygenation of RBCs activates KCl cotransport while it inhibits
Na™/K*/2Cl~ cotransport and vice versa) and because the
phosphorylation sites on the KCC and NKCC are homologous
(57, 58), it seems reasonable to posit that the same deoxyHb
displacement of WNK1 might be responsible for the reciprocal
inhibition/activation of KCl and Na®/K*/2Cl~ cotransport,
respectively. Indeed, in view of the plethora of signaling pro-
teins reported to bind band 3 in RBCs (e.g. Fgr, Hck, Lyn, Syk,
SHP2, and casein kinase I (59 -61)), it is not inconceivable that
many of the erythrocyte’s known O,-regulated processes might be
controlled by a similar deoxyHb-mediated displacement mecha-
nism involving release of a signaling enzyme from band 3.

It is interesting that oxygen regulation of Na™/K"/2Cl™
transport in the erythrocyte turns out to be so similar to
osmotic regulation of Na™/K*/2Cl™ transport in the kidneys.
Except for the transition from osmotic stimulation to oxygen
stimulation, the signaling cascade appears to be almost identi-
cal. However, evolutionary implementation of this regulatory
capability in erythrocytes may not have been mechanistically
trivial. Thus, although band 3 is expressed in the kidneys, kid-
ney band 3 lacks the first 65 amino acids present in erythrocyte
band 3 (62), and these amino acids are precisely those that are
required for O, regulation (Figs. 2 and 4). Because these addi-
tional 65 amino acids are not homologous to any other
sequence reported in the protein sequence databases (except
other erythrocyte band 3’s), it is also unlikely that the new N
terminus of band 3 could have derived from an exon normally
present elsewhere in the genome. Rather, the fact that addition
of these amino acids induces global changes in band 3’s struc-
ture (63, 64) and function that endow band 3 with the ability to
bind ankyrin, multiple glycolytic enzymes, several kinases, and
deoxyhemoglobin, etc. (64 —66), suggests that the added N ter-
minus evolved to improve erythrocyte function. Although fur-
ther studies will be required to define how O, regulation of
Na*/K"/2Cl™ transport enhances the erythrocyte’s evolution-
ary fitness, the above considerations suggest that the ability of
O, to modulate RBC cation content must somehow improve
the red cell’s function. It will be important in the future to deter-
mine how O,-regulated changesin Na™ and K* concentrations
benefit the erythrocyte’s performance. However, the fact that
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Figure 6. Mapping of the interaction between WNK1 and band 3. A, schematic representation of WNK1 fragments used in pulldown assay of B. B, HEK293
cell lysates expressing Myc-tagged full-length WNK1 (WNKT-FL), the kinase domain of WNK1 (WNK1-KD), or the C-terminal fragment of WNK1 (WNK1-CT) were
mixed with a GST fusion of human cdb3. Copelleted proteins were separated by SDS-PAGE, and WNK1 fragments were detected by immunoblotting using an
anti-Myc tag antibody. The blots shown here are representative of blots from three independent experiments.

catecholamine’s have been found to regulate NKCC activity in
avian RBCs (21, 67) but not in mammalian erythrocytes) and
that catecholamine regulation of avian NKCC has been shown
to be modulated by oxygen tension and osmolarity (21, 68) sug-
gests that regulation of NKCC in erythrocytes probably
occurred early in erythrocyte evolution and that participation
of oxygen in this regulation was also an early event. It would be
interesting to determine whether the catecholamine-mediated
control of NKCC activity might also involve band 3-WNK1
interactions.

Finally, with >20 proteins thought to bind band 3 in red
blood cells (AQP1, GAPDH, LDH, PFK, PK, aldolase, Syk,
casein kinase 1, SHP2, adducin, ankyrin, protein 4.1, protein
4.2, carbonic anhydrase 2, RhAG, Rh, CD47, glycophorin A,
Lyn, Hck, Fgr, and WNK1), the question naturally arises of
whether sufficient copies of band 3 exist to accommodate them
all. Rough estimates of the number of copies of band 3’s most
prominent protein ligands suggest that the answer is affirma-
tive. Thus, there are 1.2 X 10° copies of band 3 per RBC (69, 70).
If one assumes that there are also 120,000 ankyrins (71), 30,000
adducin dimers (72), 350,000 glyceraldehyde-3-phosphate de-
hydrogenases (73), 100,000 aldolases, 30,000 phosphofructoki-
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nases (74), 200,000 proteins 4.1 (75), and 200,000 proteins 4.2
(76), ~300,000 copies of band 3 should still remain to accom-
modate all of the above signaling enzymes, which far exceeds
their numbers in RBCs. Thus, even if all known band 3 periph-
eral protein ligands were to compete for the same deoxyHb-
binding site, there should still be sufficient deoxyHb sites avail-
able to accommodate them all. As a consequence, the potential
for regulation of still other erythrocyte pathways by O, via com-
petition for the deoxyHb-binding site on band 3 is still not
exhausted.

Experimental procedures
Generation of transgenic mice and blood analysis

All mouse studies were approved by the National Human
Genome Research Institute Animal Care and Use Committee
(protocol number (G-04-2)). The National Institutes of Health
Intramural Research Program is accredited by Association for
Assessment and Accreditation of Laboratory Animal Care
International. Transgenic mice expressing a “humanized” band
3 with the human deoxyHb-binding site, a band 3 lacking
deoxyHb-binding site, or a band 3 with high-affinity deoxyHb-
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binding site were generated through standard homologous
recombination techniques in embryonic stem cells as described
previously (34). Detailed protocols are included in the support-
ing Materials and methods. Blood was collected by retro-orbital
bleeding from 6-10-week-old WT mice or transgenic mice
with homozygous band 3 mutations. Complete blood counts
were performed on an automatic hematology analyzer (Sie-
mens ADVIA 120 hematology system) following the manufa-
cturer’s instructions. Reticulocyte counts were determined
using Syto RNASelect green fluorescent cell stain (Invitrogen).
Osmotic fragility was determined by measuring hemolysis of
erythrocytes placed in sodium chloride solutions of varying
concentrations as described previously (77).

Tonometry

Blood was collected by retro-orbital bleeding and shipped on
ice overnight prior to analysis. Red blood cells were washed and
resuspended at 20% hematocrit in equilibration buffer (10 mm
MOPS, 150 mm NaNO;, 10 mm glucose, pH 7.4, 330 = 5
mOsm). The samples were placed in tonometers (Eschweiler)
and equilibrated with fully humidified air or N, for 20 min at
37 °C.

Analysis of O,-dependent K* influx for NKCC1

NKCCT1 activity was measured as bumetanide (NKCC spe-
cific inhibitor)-sensitive K" influx using ®**Rb™ as a tracer for
K™ as described previously (78). Oxygenated or deoxygenated
RBCs from tonometers were diluted to a hematocrit of ~2%
into equilibration buffer containing 7.5 mm of K and 1 mm
ouabain (pre-equilibrated at the same O, tension), with or
without the presence of bumetanide (10 uMm). °Rb™ was added
into each sample to a final concentration of 1 uCi/ml. Influx
was measured for 10 min at 37 °C with continuous equilibration
of air or N,. Influx was terminated by washing the cells with
ice-cold isotonic MgCl, solution. The cells were then lysed in
0.1% Triton X-100, and hemoglobin was removed by 5% TCA
precipitation. Cell **Rb* was determined with a scintillation
counter (PerkinElmer). NKCC1 activity was expressed as
bumetanide-sensitive K" influx in mmol/liter of cells/h.

Analysis of O,-dependent phosphorylation of erythrocyte
NKCC1 and OSR1

Oxygenated or deoxygenated RBCs were lysed in 10 volumes
of ice-cold 5 mm phosphate buffer containing 1 mm EDTA, pH
8.0, in the presence of phosphatase and protease inhibitors
(Roche). The membrane fractions were pelleted at 25,000 X g
for 30 min at 4 °C and separated by SDS-PAGE. NKCC1 was
detected by immunoblotting using a monoclonal anti-NKCC1
antibody (Developmental Studies Hybridoma Bank). Phosphor-
ylated NKCC1 was analyzed by using anti-phospho (Thr*'?/
Thr*'”)-NKCC1 antibody (Millipore). For analysis of OSRI,
whole cell lysates in 1% Triton X-100 were separated by SDS-
PAGE and immunoblotted with anti-OSR1 antibody (Develop-
mental Studies Hybridoma Bank) to detect total OSR1 or
with anti-phospho (Thr'®)-OSR1 (Sigma) and anti-phospho
(Ser®*®)-OSR1 (Millipore) to detect phosphorylated OSR1.
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Immunoprecipitation and assay of WNK1

Preparation and assay of WNK1 were modified from the
method published by Zagérska et al. (27). Briefly, oxygenated or
deoxygenated RBCs were lysed in 10 volumes of lysis buffer (20
mMm Tris-Cl, 150 mm NaCl, 1% NP-40, 1 mm EDTA, pH 7.5)
containing protease and phosphatase inhibitors (Roche) and
centrifuged at 16,000 X g for 10 min at 4 °C to remove the cell
debris. Clear cell lysate was incubated with 4 ug of anti-WNK1
antibody (Abcam) and 30 ul of 50% slurry of protein A/G-
agarose beads (Pierce) for 2 h at 4 °C with end-over-end rota-
tion. The beads were then washed twice with lysis buffer con-
taining 0.5 M NaCl and twice with kinase assay buffer (20 mm
Tris-Cl, pH 7.4, 1 mm DTT). In vitro phosphorylation reactions
were carried out in a final volume of 30 ul in kinase assay buffer
containing 5 uM of recombinant kinase inactive GST-tagged
OSR1 (D164A), 10 mm MgCl,, and 0.1 mm ATP. After 30 min,
reactions were terminated by adding SDS sample buffer. Phos-
phorylation of OSR1 was analyzed by immunoblotting with
anti-phospho (Thr'®*)-OSR1 and anti-phospho (Ser®*®)-OSR1.

Immunofluorescent staining of WNKT1 in intact erythrocytes

Immunofluorescent staining of WNK1 in oxygenated deox-
ygenated erythrocytes was performed as described previously
(41). Briefly, deoxygenated erythrocytes were fixed in 1% form-
aldehyde under deoxygenated condition for 20 min and then
further fixed in 0.5% acrolein (Sigma) for 5 min. Oxygenated
erythrocytes were fixed in 0.5% acrolein for 5 min. Fixed eryth-
rocytes were permeabilized in 0.1% Triton X-100 and blocked
in 0.2% fish skin gelatin (Sigma) and then immunostained with
anti-WNKI1 (1:100 dilution; final concentration, 10 ug/ml), fol-
lowed by Alexa Fluor 488 —labeled secondary antibody (Jackson
ImmunoResearch Laboratories).

GST-pulldown assay

GST-pulldown assays were performed as described previously
(79). Briefly, clear lysates from HEK 293 cells expressing Myc-
tagged WNK1 proteins were precleaned with GSH-agarose beads
and GST protein and then incubated with 10 ug of cdb3-GST
fusion proteins or GST and 50 ul of 50% slurry of GSH-agarose
beads for 2 h at 4 °C with end-over-end mixing. After incubation,
the beads were washed four times with the lysis buffer. Pelleted
proteins were separated by SDS-PAGE and immunoblotted with
anti-Myc antibody to detect WNKI1 proteins.

Author contributions—S. Z., N. A. K., M. M. M., and Y.-H. L. data
curation; S. Z., D. M. B,, and P. S. L. formal analysis; S. Z. validation;
S.Z, N.A. K, M.M.M,, Y.-H.L,, and L.J. G. investigation; S. Z.
visualization; S. Z. and A.H. methodology; S. Z.,]. S. G.,D. M. B.,and
P. S. L. writing-original draft; S. Z.,]. S. G., D. M. B., and P. S. L. writ-
ing-review and editing; D. M. B. and P. S. L. resources; D. M. B. and
P. S. L. supervision; D. M. B. and P. S. L. funding acquisition; D. M. B.
and P. S. L. project administration; P. S. L. conceptualization.

References

1. Gibson,].S., Cossins, A. R.,and Ellory, J. C. (2000) Oxygen-sensitive mem-
brane transporters in vertebrate red cells. /. Exp. Biol. 203, 1395-1407
Medline

SASBMB


http://www.jbc.org/cgi/content/full/RA118.006393/DC1
http://www.jbc.org/cgi/content/full/RA118.006393/DC1
http://www.ncbi.nlm.nih.gov/pubmed/10751155

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Barvitenko, N. N., Adragna, N. C., and Weber, R. E. (2005) Erythrocyte

signal transduction pathways, their oxygenation dependence and func-
tional significance. Cell. Physiol. Biochem. 15, 1-18 CrossRef Medline

. Ellsworth, M. L., and Sprague, R. S. (2012) Regulation of blood flow distri-

bution in skeletal muscle: role of erythrocyte-released ATP. . Physiol. 590,
4985-4991 CrossRef Medline

. Lang, F.,, Abed, M., Lang, E., and Féller, M. (2014) Oxidative stress and

suicidal erythrocyte death. Antioxid. Redox Signal. 21,138 —153 CrossRef
Medline

. Messana, L, Orlando, M., Cassiano, L., Pennacchietti, L., Zuppi, C., Cast-

agnola, M., and Giardina, B. (1996) Human erythrocyte metabolism is
modulated by the O,-linked transition of hemoglobin. FEBS Lett. 390,
25-28 CrossRef Medline

. Lewis, I. A, Campanella, M. E., Markley, J. L., and Low, P. S. (2009) Role of

band 3 in regulating metabolic flux of red blood cells. Proc. Natl. Acad. Sci.
U.S.A. 106, 18515-18520 CrossRef Medline

. Kaniewski, W. S., Hakim, T. S., and Freedman, J. C. (1994) Cellular de-

formability of normoxic and hypoxic mammalian red blood cells. Biorhe-
ology 31, 91-101 CrossRef Medline

. Stefanovic, M., Puchulu-Campanella, E., Kodippili, G., and Low, P. S.

(2013) Oxygen regulates the band 3—ankyrin bridge in the human eryth-
rocyte membrane. Biochem. ]. 449, 143—150 CrossRef Medline

. Wei, H. S., Kang, H., Rasheed, I. D., Zhou, S., Lou, N., Gershteyn, A,

McConnell, E. D., Wang, Y., Richardson, K. E., Palmer, A. F., Xu, C., Wan,
J., and Nedergaard, M. (2016) Erythrocytes are oxygen-sensing regulators
of the cerebral microcirculation. Neuron 91, 851—862 CrossRef Medline
Caro, C. G., Parker, K. H., and Doorly, D. J. (1995) Essentials of blood flow.
Perfusion 10, 131-134 CrossRef Medline

Jones, S. A. (1995) A relationship between Reynolds stresses and viscous
dissipation: implications to red cell damage. Ann. Biomed. Eng. 23, 21-28
CrossRef Medline

Ellsworth, M. L. (2004) Red blood cell-derived ATP as a regulator of skel-
etal muscle perfusion. Med. Sci. Sports Exerc. 36,3541 CrossRef Medline
Sprague, R. S, and Ellsworth, M. L. (2012) Erythrocyte-derived ATP and
perfusion distribution: role of intracellular and intercellular communica-
tion. Microcirculation 19, 430 —439 CrossRef Medline

Bogdanova, A., Berenbrink, M., and Nikinmaa, M. (2009) Oxygen-depen-
dent ion transport in erythrocytes. Acta Physiol. (Oxf) 195, 305-319
CrossRefMedline

Drew, C., Ball, V., Robinson, H., Clive Ellory, J., and Gibson, J. S. (2004)
Oxygen sensitivity of red cell membrane transporters revisited. Bioelectro-
chemistry 62, 153—158 CrossRef Medline

Haas, M., and Forbush, B., 3rd (1998) The Na-K-Cl cotransporters. J. Bio-
energ. Biomembr. 30, 161-172 CrossRef Medline

Mount, D. B, Delpire, E., Gamba, G., Hall, A. E,, Poch, E., Hoover, R. S.,
and Hebert, S. C. (1998) The electroneutral cation-chloride cotransport-
ers. . Exp. Biol. 201, 2091-2102 Medline

Russell, J. M. (2000) Sodium-potassium-chloride cotransport. Physiol.
Rev. 80, 211-276 CrossRef Medline

Pewitt, E. B., Hegde, R. S., Haas, M., and Palfrey, H. C. (1990) The regula-
tion of Na/K/2Cl cotransport and bumetanide binding in avian erythro-
cytes by protein phosphorylation and dephosphorylation: effects of kinase
inhibitors and okadaic acid. /. Biol. Chem. 265, 20747-20756 Medline
Palfrey, H. C., and Pewitt, E. B. (1993) The ATP and Mg** dependence of
Na*-K*-2Cl™ cotransport reflects a requirement for protein phosphory-
lation: studies using calyculin A. Pflugers Arch. 425, 321-328 CrossRef
Medline

Muzyamba, M. C,, Cossins, A. R., and Gibson, J. S. (1999) Regulation of
Na*-K*-2Cl~ cotransport in turkey red cells: the role of oxygen tension
and protein phosphorylation. /. Physiol. 517, 421-429 CrossRef Medline
Flatman, P. W. (2005) Activation of ferret erythrocyte Na*-K"-2Cl~
cotransport by deoxygenation. . Physiol. 563, 421—431 CrossRef Medline
Matskevich, 1., Hegney, K. L., and Flatman, P. W. (2005) Regulation of
erythrocyte Na-K-2Cl cotransport by threonine phosphorylation.
Biochim. Biophys. Acta 1714, 25—34 CrossRef Medline

Piala, A. T., Moon, T. M., Akella, R., He, H., Cobb, M. H., and Goldsmith,
E.J. (2014) Chloride sensing by WNKI1 involves inhibition of autophos-
phorylation. Sci. Signal. 7, ra41 CrossRef Medline

SASBMB

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

O,-switched kinase cascade regulates NKCC

Moriguchi, T., Urushiyama, S., Hisamoto, N., lemura, S., Uchida, S., Nat-
sume, T., Matsumoto, K., and Shibuya, H. (2005) WNKI1 regulates phos-
phorylation of cation-chloride-coupled cotransporters via the STE20-re-
lated kinases, SPAK and OSR1. J. Biol. Chem. 280, 42685— 42693 CrossRef
Medline

Vitari, A. C., Deak, M., Morrice, N. A., and Alessi, D. R. (2005) The WNK1
and WNK4 protein kinases that are mutated in Gordon’s hypertension
syndrome phosphorylate and activate SPAK and OSR1 protein kinases.
Biochem. J. 391, 17-24 CrossRef Medline

Zagobrska, A., Pozo-Guisado, E., Boudeau, J., Vitari, A. C., Rafiqi, F. H,,
Thastrup, J., Deak, M., Campbell, D. G., Morrice, N. A., Prescott, A. R., and
Alessi, D. R. (2007) Regulation of activity and localization of the WNK1
protein kinase by hyperosmotic stress. J. Cell Biol. 176, 89 —100 CrossRef
Medline

Richardson, C., and Alessi, D. R. (2008) The regulation of salt transport
and blood pressure by the WNK-SPAK/OSR1 signalling pathway. /. Cell
Sci. 121, 3293-3304 CrossRef Medline

Kahle, K. T, Rinehart, J., and Lifton, R. P. (2010) Phosphoregulation of the
Na-K-2Cl and K-CI cotransporters by the WNK kinases. Biochim. Bio-
phys. Acta 1802, 1150-1158 CrossRef Medline

Alessi, D. R., Zhang, J., Khanna, A., Hochdoérfer, T., Shang, Y., and Kahle,
K. T. (2014) The WNK-SPAK/OSR1 pathway: master regulator of cation-
chloride cotransporters. Sci. Signal. 7, re3 CrossRef Medline

Hadchouel, ], Ellison, D. H., and Gamba, G. (2016) Regulation of renal
electrolyte transport by WNK and SPAK-OSRI kinases. Annu. Rev.
Physiol. 78, 367—-389 CrossRef Medline

Shekarabi, M., Zhang, J., Khanna, A. R,, Ellison, D. H., Delpire, E., and
Kahle, K. T. (2017) WNK kinase signaling in ion homeostasis and human
disease. Cell Metab. 25, 285—299 CrossRef Medline

Chu, H., Breite, A., Ciraolo, P., Franco, R. S., and Low, P. S. (2008) Char-
acterization of the deoxyhemoglobin binding site on human erythrocyte
band 3: implications for O, regulation of erythrocyte properties. Blood
111, 932-938 CrossRef Medline

Chu, H., McKenna, M. M., Krump, N. A., Zheng, S., Mendelsohn, L.,
Thein, S. L., Garrett, L. J., Bodine, D. M., and Low, P. S. (2016) Reversible
binding of hemoglobin to band 3 constitutes the molecular switch that
mediates O, regulation of erythrocyte properties. Blood 128, 2708 —2716
CrossRef Medline

Sega, M. F., Chu, H., Christian, J., and Low, P. S. (2012) Interaction of
deoxyhemoglobin with the cytoplasmic domain of murine erythrocyte
band 3. Biochemistry 51, 3264 —3272 CrossRef Medline

Perrotta, S., Borriello, A., Scaloni, A., De Franceschi, L., Brunati, A. M.,
Turrini, F., Nigro, V., del Giudice, E. M., Nobili, B., Conte, M. L., Rossi, F.,
Iolascon, A., Donella-Deana, A., Zappia, V., Poggi, V., et al. (2005) The
N-terminal 11 amino acids of human erythrocyte band 3 are critical for
aldolase binding and protein phosphorylation: implications for band 3
function. Blood 106, 4359 — 4366 CrossRef Medline

Gamba, G. (2005) Molecular physiology and pathophysiology of electro-
neutral cation-chloride cotransporters. Physiol. Rev. 85, 423—493
CrossRef Medline

Darman, R. B., and Forbush, B. (2002) A regulatory locus of phosphoryla-
tion in the N terminus of the Na-K-Cl cotransporter, NKCC1. /. Biol.
Chem. 277, 37542-37550 CrossRef Medline

Kahle, K. T., Wilson, F. H., Leng, Q., Lalioti, M. D., O’Connell, A. D., Dong,
K., Rapson, A. K., MacGregor, G. G., Giebisch, G., Hebert, S. C., and
Lifton, R. P. (2003) WNK4 regulates the balance between renal NaCl re-
absorption and K* secretion. Nat. Genet. 35, 372-376 CrossRef Medline
Vitari, A. C., Thastrup, J., Rafiqi, F. H., Deak, M., Morrice, N. A., Karlsson,
H. K., and Alessi, D. R. (2006) Functional interactions of the SPAK/OSR1
kinases with their upstream activator WNK1 and downstream substrate
NKCC1. Biochem. J. 397, 223—231 CrossRef Medline

Campanella, M. E., Chu, H., and Low, P. S. (2005) Assembly and regulation
of a glycolytic enzyme complex on the human erythrocyte membrane.
Proc. Natl. Acad. Sci. U.S.A. 102, 2402—2407 CrossRef Medline
Campanella, M. E,, Chu, H., Wandersee, N. ], Peters, L. L., Mohandas, N.,
Gilligan, D. M., and Low, P. S. (2008) Characterization of glycolytic en-
zyme interactions with murine erythrocyte membranes in wild-type and

J. Biol. Chem. (2019) 294(7) 2519-2528 2527


http://dx.doi.org/10.1159/000083634
http://www.ncbi.nlm.nih.gov/pubmed/15665511
http://dx.doi.org/10.1113/jphysiol.2012.233106
http://www.ncbi.nlm.nih.gov/pubmed/22586223
http://dx.doi.org/10.1089/ars.2013.5747
http://www.ncbi.nlm.nih.gov/pubmed/24359125
http://dx.doi.org/10.1016/0014-5793(96)00624-2
http://www.ncbi.nlm.nih.gov/pubmed/8706822
http://dx.doi.org/10.1073/pnas.0905999106
http://www.ncbi.nlm.nih.gov/pubmed/19846781
http://dx.doi.org/10.3233/BIR-1994-31108
http://www.ncbi.nlm.nih.gov/pubmed/8173047
http://dx.doi.org/10.1042/BJ20120869
http://www.ncbi.nlm.nih.gov/pubmed/23013433
http://dx.doi.org/10.1016/j.neuron.2016.07.016
http://www.ncbi.nlm.nih.gov/pubmed/27499087
http://dx.doi.org/10.1177/026765919501000302
http://www.ncbi.nlm.nih.gov/pubmed/7579761
http://dx.doi.org/10.1007/BF02368297
http://www.ncbi.nlm.nih.gov/pubmed/7762879
http://dx.doi.org/10.1249/01.MSS.0000106284.80300.B2
http://www.ncbi.nlm.nih.gov/pubmed/14707765
http://dx.doi.org/10.1111/j.1549-8719.2011.00158.x
http://www.ncbi.nlm.nih.gov/pubmed/22775760
http://dx.doi.org/10.1111/j.1748-1716.2008.01934.x
http://www.ncbi.nlm.nih.gov/pubmed/18983458
http://dx.doi.org/10.1016/j.bioelechem.2003.07.003
http://www.ncbi.nlm.nih.gov/pubmed/15039019
http://dx.doi.org/10.1023/A:1020521308985
http://www.ncbi.nlm.nih.gov/pubmed/9672238
http://www.ncbi.nlm.nih.gov/pubmed/9639584
http://dx.doi.org/10.1152/physrev.2000.80.1.211
http://www.ncbi.nlm.nih.gov/pubmed/10617769
http://www.ncbi.nlm.nih.gov/pubmed/2147426
http://dx.doi.org/10.1007/BF00374182
http://www.ncbi.nlm.nih.gov/pubmed/8309793
http://dx.doi.org/10.1111/j.1469-7793.1999.0421t.x
http://www.ncbi.nlm.nih.gov/pubmed/10332092
http://dx.doi.org/10.1113/jphysiol.2004.080507
http://www.ncbi.nlm.nih.gov/pubmed/15618270
http://dx.doi.org/10.1016/j.bbamem.2005.06.001
http://www.ncbi.nlm.nih.gov/pubmed/15996636
http://dx.doi.org/10.1126/scisignal.2005050
http://www.ncbi.nlm.nih.gov/pubmed/24803536
http://dx.doi.org/10.1074/jbc.M510042200
http://www.ncbi.nlm.nih.gov/pubmed/16263722
http://dx.doi.org/10.1042/BJ20051180
http://www.ncbi.nlm.nih.gov/pubmed/16083423
http://dx.doi.org/10.1083/jcb.200605093
http://www.ncbi.nlm.nih.gov/pubmed/17190791
http://dx.doi.org/10.1242/jcs.029223
http://www.ncbi.nlm.nih.gov/pubmed/18843116
http://dx.doi.org/10.1016/j.bbadis.2010.07.009
http://www.ncbi.nlm.nih.gov/pubmed/20637866
http://dx.doi.org/10.1126/scisignal.2005365
http://www.ncbi.nlm.nih.gov/pubmed/25028718
http://dx.doi.org/10.1146/annurev-physiol-021115-105431
http://www.ncbi.nlm.nih.gov/pubmed/26863326
http://dx.doi.org/10.1016/j.cmet.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28178566
http://dx.doi.org/10.1182/blood-2007-07-100180
http://www.ncbi.nlm.nih.gov/pubmed/17942752
http://dx.doi.org/10.1182/blood-2016-01-692079
http://www.ncbi.nlm.nih.gov/pubmed/27688804
http://dx.doi.org/10.1021/bi201623v
http://www.ncbi.nlm.nih.gov/pubmed/22452706
http://dx.doi.org/10.1182/blood-2005-07-2806
http://www.ncbi.nlm.nih.gov/pubmed/16118313
http://dx.doi.org/10.1152/physrev.00011.2004
http://www.ncbi.nlm.nih.gov/pubmed/15788703
http://dx.doi.org/10.1074/jbc.M206293200
http://www.ncbi.nlm.nih.gov/pubmed/12145304
http://dx.doi.org/10.1038/ng1271
http://www.ncbi.nlm.nih.gov/pubmed/14608358
http://dx.doi.org/10.1042/BJ20060220
http://www.ncbi.nlm.nih.gov/pubmed/16669787
http://dx.doi.org/10.1073/pnas.0409741102
http://www.ncbi.nlm.nih.gov/pubmed/15701694

O,-switched kinase cascade regulates NKCC

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

membrane protein knockout mice. Blood 112, 3900-3906 CrossRef
Medline
Chu, H., and Low, P. S. (2006) Mapping of glycolytic enzyme-binding sites
on human erythrocyte band 3. Biochem. J. 400, 143-151 CrossRef
Medline

. Orskov, S. L. (1954) The potassium absorption by pigeon blood cells; a

considerable potassium absorption by pigeon- and hen blood cells in ob-
served when a hypertonic sodium chloride solution is added. Acta Physiol.
Scand. 31, 221-229 CrossRef Medline

Tosteson, D. C., and Robertson, J. S. (1956) Potassium transport in duck
red cells. J. Cell. Comp. Physiol. 47, 147—166 CrossRef Medline

Gibson, J. S., Speake, P. F., and Ellory, J. C. (1998) Differential oxygen
sensitivity of the K"-Cl™ cotransporter in normal and sickle human red
blood cells. J. Physiol. 511, 225-234 CrossRef Medline

Tejero, J., Basu, S., Helms, C., Hogg, N., King, S. B., Kim-Shapiro, D. B., and
Gladwin, M. T. (2012) Low NO concentration dependence of reductive
nitrosylation reaction of hemoglobin. J. Biol. Chem. 287, 18262—18274
CrossRef Medline

Bogdanova, A., Ogunshola, O. O., Bauer, C., Nikinmaa, M., and Gassmann,
M. (2003) Molecular mechanisms of oxygen-induced regulation of Na*/K*
pump. Adv. Exp. Med. Biol. 536, 231-238 CrossRef Medline

Bogdanova, A. Y., Ogunshola, O. O., Bauer, C., and Gassmann, M. (2003)
Pivotal role of reduced glutathione in oxygen-induced regulation of the
Na*/K* pump in mouse erythrocyte membranes. J. Membr. Biol. 195,
33-42 CrossRef Medline

Pedersen, S. F., and Cala, P. M. (2004) Comparative biology of the ubiqui-
tous Na™/H"* exchanger, NHE1: lessons from erythrocytes. J. Exp. Zool. A
Comp. Exp. Biol. 301, 569 —578 Medline

Kristensen, K., Koldkjaer, P., Berenbrink, M., and Wang, T. (2007) Oxy-
gen-sensitive regulatory volume increase and Na transport in red blood
cells from the cane toad, Bufo marinus. J. Exp. Biol. 210, 2290-2299
CrossRef Medline

de Los Heros, P., Kahle, K. T., Rinehart, J., Bobadilla, N. A., Vézquez, N.,
San Cristobal, P., Mount, D. B,, Lifton, R. P, Hebert, S. C., and Gamba, G.
(2006) WNKS3 bypasses the tonicity requirement for K-CI cotransporter
activation via a phosphatase-dependent pathway. Proc. Natl. Acad. Sci.
U.S.A. 103, 1976 -1981 CrossRef Medline

de Los Heros, P., Alessi, D. R., Gourlay, R., Campbell, D. G., Deak, M.,
Macartney, T. J., Kahle, K. T., and Zhang, J. (2014) The WNK-regulated
SPAK/OSRI kinases directly phosphorylate and inhibit the K+-Cl™ co-
transporters. Biochem. J. 458, 559 —573 CrossRef Medline

Berenbrink, M., Vélkel, S., Heisler, N., and Nikinmaa, M. (2000) O,-de-
pendent K™ fluxes in trout red blood cells: the nature of O, sensing re-
vealed by the O, affinity, cooperativity and pH dependence of transport.
J. Physiol. 526, 69 —80 CrossRef Medline

Khan, A.L, Drew, C., Ball, S. E., Ball, V., Ellory, J. C., and Gibson, J. S. (2004)
Oxygen dependence of K"-C™ cotransport in human red cell ghosts and
sickle cells. Bioelectrochemistry 62, 141—-146 CrossRef Medline

Joiner, C. H., and Franco, R. S. (2001) The activation of KCl cotransport by
deoxygenation and its role in sickle cell dehydration. Blood Cells Mol. Dis.
27, 158 =164 CrossRef Medline

Kahle, K. T., Deeb, T. Z., Puskarjov, M., Silayeva, L., Liang, B., Kaila, K., and
Moss, S. J. (2013) Modulation of neuronal activity by phosphorylation of
the K-Cl cotransporter KCC2. Trends Neurosci. 36, 726 -737 CrossRef
Medline

Rinehart, J., Maksimova, Y. D., Tanis, J. E., Stone, K. L., Hodson, C. A,,
Zhang, J., Risinger, M., Pan, W., Wu, D., Colangelo, C. M., Forbush, B.,
Joiner, C. H., Gulcicek, E. E., Gallagher, P. G., and Lifton, R. P. (2009) Sites
of regulated phosphorylation that control K-Cl cotransporter activity. Cell
138, 525-536 CrossRef Medline

Wang, C. C., Tao, M., Wei, T., and Low, P. S. (1997) Identification of the
major casein kinase I phosphorylation sites on erythrocyte band 3. Blood
89, 3019-3024 Medline

Brunati, A. M., Bordin, L., Clari, G., James, P., Quadroni, M., Baritono, E.,
Pinna, L. A., and Donella-Deana, A. (2000) Sequential phosphorylation of

2528 J Biol. Chem. (2019) 294(7) 2519-2528

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

protein band 3 by Syk and Lyn tyrosine kinases in intact human erythro-
cytes: identification of primary and secondary phosphorylation sites.
Blood 96, 1550 -1557 Medline

Bordin, L., Brunati, A. M., Donella-Deana, A., Baggio, B., Toninello, A.,
and Clari, G. (2002) Band 3 is an anchor protein and a target for SHP-2
tyrosine phosphatase in human erythrocytes. Blood 100, 276-282
CrossRef Medline

Brosius, F. C., 3rd, Alper, S. L., Garcia, A. M., and Lodish, H. F. (1989) The
major kidney band 3 gene transcript predicts an amino-terminal trun-
cated band 3 polypeptide. J. Biol. Chem. 264, 7784 —7787 Medline

Pang, A. ., Bustos, S. P., and Reithmeier, R. A. (2008) Structural charac-
terization of the cytosolic domain of kidney chloride/bicarbonate anion
exchanger 1 (kAE1). Biochemistry 47, 4510 —4517 CrossRef Medline
Cordat, E., and Reithmeier, R. A. (2014) Structure, function, and traffick-
ing of SLC4 and SLC26 anion transporters. Curr. Top. Membr. 73, 1-67
CrossRef Medline

Ding, Y., Casey, J. R., and Kopito, R. R. (1994) The major kidney AE1
isoform does not bind ankyrin (Ank1) in vitro. An essential role for the 79
NH,-terminal amino acid residues of band 3. J. Biol Chem. 269,
32201-32208 Medline

Walder, J. A., Chatterjee, R., Steck, T. L., Low, P. S., Musso, G. F., Kaiser,
E. T, Rogers, P. H., and Arnone, A. (1984) The interaction of hemoglobin
with the cytoplasmic domain of band 3 of the human erythrocyte mem-
brane. J. Biol. Chem. 259, 10238 —10246 Medline

Haas, M., Schmidt, W. F., 3rd, McManus, T. J. (1982) Catecholamine-
stimulated ion transport in duck red cells. Gradient effects in electrically
neutral [Na + K + 2Cl] Co-transport. /. Gen. Physiol. 80, 125-147
CrossRef Medline

Haas, M., and McManus, T.]. (1985) Effect of norepinephrine on swelling-
induced potassium transport in duck red cells. Evidence against a volume-
regulatory decrease under physiological conditions. J. Gen. Physiol. 85,
649 — 667 CrossRef Medline

Fairbanks, G., Steck, T. L., and Wallach, D. F. (1971) Electrophoretic anal-
ysis of the major polypeptides of the human erythrocyte membrane. Bio-
chemistry 10, 2606 —2617 CrossRef Medline

Reithmeier, R. A., Lieberman, D. M., Casey, J. R., Pimplikar, S. W., Werner,
P. K., See, H., and Pirraglia, C. A. (1989) Structure and function of the
band 3 CI"/HCOj transporter. Ann. N.Y. Acad. Sci. 574, 75-83
CrossRefMedline

Bennett, V. (1979) Immunoreactive forms of human erythrocyte ankyrin
are present in diverse cells and tissues. Nature 281, 597-599 CrossRef
Medline

Gardner, K., and Bennett, V. (1986) A new erythrocyte membrane-asso-
ciated protein with calmodulin binding activity. Identification and purifi-
cation. J. Biol. Chem. 261, 1339 —1348 Medline

Lux, S. E. (1995) Blood: Principles and Practice of Hematology, pp.
1709-1951, ].B. Lippincott Company, Philadelphia, PA

Jenkins, J. D., Madden, D. P., and Steck, T. L. (1984) Association of phos-
phofructokinase and aldolase with the membrane of the intact erythro-
cyte. . Biol. Chem. 259, 9374-9378 Medline

Goodman, S. R, Yu, J., Whitfield, C. F., Culp, E. N., and Posnak, E. J. (1982)
Erythrocyte membrane skeletal protein bands 4.1 a and b are sequence-
related phosphoproteins. J. Biol. Chem. 257, 4564 — 4569 Medline

Steck, T. L. (1974) The organization of proteins in the human red blood
cell membrane: A review. J. Cell Biol. 62, 1-19 CrossRef Medline

Roper, D., and Layton, M. (2011) Investigation of the hereditary haemo-
lytic anaemias: membrane and enzyme abnormalities. In Dacie and Lewis
Practical Haematology (Bain, B.]., Bates, I, Laffan, M. A., and Lewis, S. M.,
eds) pp. 245-272, Churchill Livingstone, New York

Dunham, P. B., and Ellory, J. C. (1981) Passive potassium transport in low
potassium sheep red cells: dependence upon cell volume and chloride.
J. Physiol. 318, 511-530 CrossRef Medline

(2004) Detection of protein—protein interactions using the GST fusion
protein pull-down technique. Nat. Methods 1, 275

SASBMB


http://dx.doi.org/10.1182/blood-2008-03-146159
http://www.ncbi.nlm.nih.gov/pubmed/18698006
http://dx.doi.org/10.1042/BJ20060792
http://www.ncbi.nlm.nih.gov/pubmed/16836485
http://dx.doi.org/10.1111/j.1748-1716.1954.tb01133.x
http://www.ncbi.nlm.nih.gov/pubmed/13197092
http://dx.doi.org/10.1002/jcp.1030470110
http://www.ncbi.nlm.nih.gov/pubmed/13306736
http://dx.doi.org/10.1111/j.1469-7793.1998.225bi.x
http://www.ncbi.nlm.nih.gov/pubmed/9679176
http://dx.doi.org/10.1074/jbc.M111.298927
http://www.ncbi.nlm.nih.gov/pubmed/22493289
http://dx.doi.org/10.1007/978-1-4419-9280-2_30
http://www.ncbi.nlm.nih.gov/pubmed/14635672
http://dx.doi.org/10.1007/s00232-003-2042-8
http://www.ncbi.nlm.nih.gov/pubmed/14502424
http://www.ncbi.nlm.nih.gov/pubmed/15229867
http://dx.doi.org/10.1242/jeb.002824
http://www.ncbi.nlm.nih.gov/pubmed/17575034
http://dx.doi.org/10.1073/pnas.0510947103
http://www.ncbi.nlm.nih.gov/pubmed/16446421
http://dx.doi.org/10.1042/BJ20131478
http://www.ncbi.nlm.nih.gov/pubmed/24393035
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-1-00069.x
http://www.ncbi.nlm.nih.gov/pubmed/10878100
http://dx.doi.org/10.1016/j.bioelechem.2003.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15039017
http://dx.doi.org/10.1006/bcmd.2000.0365
http://www.ncbi.nlm.nih.gov/pubmed/11358377
http://dx.doi.org/10.1016/j.tins.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/24139641
http://dx.doi.org/10.1016/j.cell.2009.05.031
http://www.ncbi.nlm.nih.gov/pubmed/19665974
http://www.ncbi.nlm.nih.gov/pubmed/9108423
http://www.ncbi.nlm.nih.gov/pubmed/10942405
http://dx.doi.org/10.1182/blood.V100.1.276
http://www.ncbi.nlm.nih.gov/pubmed/12070037
http://www.ncbi.nlm.nih.gov/pubmed/2542243
http://dx.doi.org/10.1021/bi702149b
http://www.ncbi.nlm.nih.gov/pubmed/18358003
http://dx.doi.org/10.1016/B978-0-12-800223-0.00001-3
http://www.ncbi.nlm.nih.gov/pubmed/24745980
http://www.ncbi.nlm.nih.gov/pubmed/7798219
http://www.ncbi.nlm.nih.gov/pubmed/6469962
http://dx.doi.org/10.1085/jgp.80.1.125
http://www.ncbi.nlm.nih.gov/pubmed/7119727
http://dx.doi.org/10.1085/jgp.85.5.649
http://www.ncbi.nlm.nih.gov/pubmed/3998706
http://dx.doi.org/10.1021/bi00789a030
http://www.ncbi.nlm.nih.gov/pubmed/4326772
http://dx.doi.org/10.1111/j.1749-6632.1989.tb25137.x
http://www.ncbi.nlm.nih.gov/pubmed/2634358
http://dx.doi.org/10.1038/281597a0
http://www.ncbi.nlm.nih.gov/pubmed/492324
http://www.ncbi.nlm.nih.gov/pubmed/3511042
http://www.ncbi.nlm.nih.gov/pubmed/6235228
http://www.ncbi.nlm.nih.gov/pubmed/7068651
http://dx.doi.org/10.1083/jcb.62.1.1
http://www.ncbi.nlm.nih.gov/pubmed/4600883
http://dx.doi.org/10.1113/jphysiol.1981.sp013881
http://www.ncbi.nlm.nih.gov/pubmed/6798197

	Regulation of erythrocyte Na+/K+/2Cl− cotransport by an oxygen-switched kinase cascade
	Results
	Generation of transgenic murine erythrocytes with altered deoxyHb-binding sites on band 3
	O2 regulation of NKCC1 is inhibited by altered deoxyHb–band 3 interactions
	O2-dependent regulation of NKCC1 activity involves NKCC1 phosphorylation
	Deoxygenation of erythrocytes activates both WNK1 and OSR1
	WNK1 interacts with the N-terminal of band 3

	Discussion
	Experimental procedures
	Generation of transgenic mice and blood analysis
	Tonometry
	Analysis of O2-dependent K+ influx for NKCC1
	Analysis of O2-dependent phosphorylation of erythrocyte NKCC1 and OSR1
	Immunoprecipitation and assay of WNK1
	Immunofluorescent staining of WNK1 in intact erythrocytes
	GST-pulldown assay

	References


