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ABSTRACT

SPAK and OSRI1 are two cytoplasmic serine/threonine protein kinases that regulate the
function of a series of sodium, potassium and chloride co-transporters via phosphorylation.
Over recent years, it has emerged that these two kinases may have diverse function beyond the
regulation of ion co-transporters. Inspired by this, we explored whether SPAK and OSRI1
kinases impact physically and phosphorylate the 3;-adrenergic receptor (32ADR). Herein, we
report that the amino acid sequence of the human B>ADR displays a SPAK/OSR1 consensus
binding motif and using a series of pulldown and in vitro kinase assays we show that SPAK
and OSR1 bind the B2ADR and phosphorylate it in vitro. This work provides a notable example
of SPAK and OSR1 kinases binding to a G-protein coupled receptor and taps into the potential

of these protein kinases in regulating membrane receptors beyond ion co-transporters.



1. INTRODUCTION

The with-no-lysine (WNK) serine/threonine protein kinases 1-4 are key regulators of ion
homeostasis [1-3]. Mutations in the genes that encode these kinases cause an inherited form of
hypertension known as Gordon’s syndrome (Fig. 1a) [4]. The genetic link between WNK-
signalling and hypertension was further strengthened in 2012 when it was reported[5, 6] that
mutations in two ubiquitin E3 ligases known as kelch-like 3 (KLHL3) and Cullin 3 (Cul3),
which we[7] and others[8, 9] later found to control the activity of WNK kinases, resulted in
hypertension (Fig. 1a).

WNK kinases bind to and phosphorylate two serine/threonine protein kinases termed Ste20p-
related proline alanine-rich kinase (SPAK) and oxidant stress-responsive protein kinase 1
(OSR1), [10] which in complex[11] with the scaffolding mouse only protein 25 (MO25)
phosphorylate a plethora of sodium, potassium and chloride ion co-transporters such as the
Na*-K*-CI" co-transporters 1 and 2 (NKCC1 and NKCC2, respectively) and the Na*-CI" co-
transporter (NCC) (Fig. 1a) [10].

To date, most studies on the WNK-SPAK/OSRI1 signalling cascade have focused on its role in
regulating blood pressure through the phosphorylation of ion co-transporters [1, 2]. In 2011,
however, the transcription of the WNK4 gene in the kidney was reported to be regulated by the
B2ADR[12] though some of these findings were later contested [13]. In 2013, a study from the
Kobilka lab where the B2ADR was pulled down from bovine heart lysates treated with either
the inverse agonist carazolol or the full agonist BI-167107 followed by proteomics identified
ca. 250 endogenous proteins as possible binders to the f2ADR among which was the protein
kinase SPAK [14]. Collectively, these studies provided an indication of a possible novel and
unexplored crosstalk between the WNK-signalling pathway and the fADR. Intrigued by these
studies, we embarked on verifying whether SPAK and OSRI1 kinases bind and phosphorylate

the B2ADR.



2. MATERIALS AND METHODS

2.1. Materials. The synthetic biotinylated 18-mer RFQV containing peptide (biotin-Cse-
SEEGKPQLVGRFQVTSSK, catalogue number; 331938), AFQV containing peptide (biotin-
Cs-SEEGKPQLVGAFQVTSSK, catalogue number: 372447), RFHV containing peptide
(biotin-Cs-DKSEGRFHVQNLSQ, catalogue number: 372432), and AFHV containing peptide
(biotin-Cs-DKSEGAFHVQNLSQ, catalogue number: 372438) as well as CATCHtide
(RRHYYYDTHTNTYYLR-TFGHNTRR) were purchased from GLS Peptide synthesis,
Shanghai, China. The ¢cDNA plasmids pCMV5-GST-EV (DU41864), pEBG-HA- SPAK
(DU2923), pPCMV5-FLAG-NKCC2-FL-WT (DU10098), pcDNAS-FRT/TO- FLAG-NKCC2-
R20A (DU17023), pCMV-FLAG-NKCC2 (1-174) WT (DU13857), pCMV5-FLAG-B2AR-
R239A (DU39345), pEBG-HA-OSRI1T185E (DU6130), pGEX- NKCC2 (1-174) (DU13763),
pGEX-OSRI-T185E full length (DU 6231) and pGEX- MO25a (DU2945) were purchased
from the MRC PPU Reagents and Services (Dundee). pcDNAS-FRT/TO-FLAG-B>AR-WT
(10t:390869S) was purchased from GenScript.

2.2. Buffers. Lysis buffer 1 (LB1). Cell lysis buffer: 50 mM Tris/HCl (pH 7.5), 1 mM sodium

orthovanadate, ] mM EGTA, 1 mM EDTA, 50 mM sodium fluoride, 0.27 M sucrose, 5 mM
sodium pyrophosphate, 1 % (w/v) Nonidet P40 plus protease inhibitors 0.1 mM
phenylmethanesulfonylfluoride (PMSF), 1 mM benzamidine, and 0.1 % (v/v) 2-

mercaptoethanol. Lysis buffer 2 (LB2) was LB1 supplemented with 1 % (w/v) n-dodecyl -D-

maltoside (catalogue number; 89902, ThermoFisher). Lysis buffer 3 (LB3) was used to

solubilize B,AR-transfected mammalian cells and it contained 50 mM HEPES (pH 7.5),0.5 %
Nonidet P40, 145 mM sodium chloride,2 mM EDTA, and 10 % (v/v) glycerol,0.1 mM PMSF,
1 mM benzamidine, 0.1 % (v/v) 2-mercaptoethanol and 1 % (w/v) final concentration of n-
dodecyl 3-D-maltoside was freshly added before cell lysing. Buffer A:[11] 50 mM Tris—HCl

(pH 7.5),0.1 mM EGTA and 0.1% (v/v) 2-mercaptoethanol.



2.3. Cell culture. Mammalian cells were cultured in T-75 flasks, 10-cm or 6-well plates. The
cells were cultured in DMEM supplemented with 10 % (v/v) FBS and 1 % (v/v) Pen/Strep.
Once they reached 80-90 % confluency (log phase), the cells were regularly passaged in 1:5
ratio every 2-3 days. The cells were washed once by 3-5 ml of PBS after the removal of the
media. Then, they were detached with 2 ml trypsin. Typically, the cells were grown in 12-15
ml media in T75, 7 ml media in 10-cm dishes or 3 ml media in the 6-well plates. All of the
flasks and plates were maintained at 5 % CO» humified incubator at 37 °C.

For protein expression in mammalian cells, HEK293 cells (passage range 5-25) were plated
either in 6-well plates or 10-cm dishes. Once the cells reached 40-50 % confluency, they were
transfected using the PEI method as reported previously[10]. 1 ug of cDNA clones with 2 ul
of 1 mg/ml PEI was mixed in a ratio of 1:2 in 200 ul FBS-free DMEM media per well of 6-
well plates. 3 pg cDNA with 20 pl 1 mg/ml PEI in 1 ml FBS- free DMEM media for a single
10-cm dish. Then, the mixture was vortexed gently and left at room temperature for 25 min.
This mixture was then added to the cells carefully to avoid their detachment and the cells were
incubated at 37 °C. 36-48 hrs post-transfection, the cells were harvested, or underwent
treatment as needed.

2.4. Preparation of mouse heart samples. The mouse heart samples were prepared as
previously reported [15].

2.5. Pulldown and Immunoprecipitation Protocols.

2.5.1.  Biotin-RFxV pulldown of SPAK and OSR1

Once HEK293 cells cultured in 10-cm dishes were 80-90 % confluent, they were harvested
and lysed. Then 1-5 mg of the total cell lysates was incubated with 3 pg of either the RFQV-
peptide, the RFHV-peptide, the AFQV-peptide or the AFHV- peptide for 15 min at 4 °C on
rotator shaker. After incubation, 40 pl of streptavidin 50 % slurry (which had been washed and

equilibrated in lysis buffer) was added to each sample. The samples were then incubated on



rotator shaker for 15 min at 4 °C.[16] After that, the beads were collected by centrifuging at
1,000 g for 2 min at 4 °C. The beads were subsequently washed twice with 1 ml LB1 and
washed again twice with 1 ml buffer A. Finally, the beads were prepared for SDS-PAGE as

described below.

2.5.2.  GST affinity pull down

Once cultured HEK293 cells in 10-cm dishes reached 50 % confluency, they were transfected
with glutathione S-transferase (GST)-tagged proteins e.g. SPAK and OSRI alone, or co-
transfected with other FLAG-fusion proteins. 36 hrs post-transfections, the cells were
harvested by adding 0.4 ml of suitable lysis buffer. Then, the cell suspensions were collected
and clarified from cellular debris by centrifugation at 12,000 g for 10 min at 4 °C. The
supernatants were collected, and protein concentration was measured by the Bradford assay
and the samples were prepared for SDS-PAGE to assess protein expression while the remaining

lysates were stored at -80 °C.

Pulldown of GST-tagged proteins was carried out by using glutathione Sepharose high
performance (GST) beads (catalogue number: 17-527-01, GE Healthcare). GST beads were
washed with 1 ml PBS three times by incubating with PBS and then centrifuging at 1,000 g at
4 °C for 5 min. After this, the collected GST- beads equilibrated in PBS at 50 % slurry. 0.5 mg
of the cell lysates was incubated on rotator shaker in a 20 pl slurry of GST-beads either
overnight at 4 °C or 1 hr at room temperature.[16] The beads were then collected by
centrifugation at 1,000 g at 4 °C for 5 min. The collected beads were washed twice with 1 ml
LBI and twice with 1 ml buffer A. Finally, the beads were prepared for SDS-PAGE

electrophoresis as described below.

2.5.3.  Affinity pulldown of FLAG-,AR




HEK293 cells were cultured and transiently transfected in 10-cm plates using PEI. 36-48 hrs
post-transfection, the cells were washed once with 2 ml ice-cold PBS and detached by adding
400 pl/plate of ice cold LB3. Following cell detachment by scrappers, the suspension was
vortexed and incubated on rotator shaker for 2 hrs or overnight at 4 °C.[15] The lysate was
subsequently centrifuged at 12,000 g for 10 min at 4 °C. The supernatant was collected, and
samples were prepared for SDS-PAGE to check receptor expression while the remaining lysate

was stored at -80 °C.

In order to isolate FLAG-B2AR from cell lysate, pre-clearing of the cell lysate was first
performed three times by incubating 1 mg cell lysate with 100 pl of 50 % slurry of protein-G-
Sepharose beads (GE Health care life sciences, catalogue number: PG5- 161501) on rotator
shaker at 4 °C for 10 min. After this, the beads were collected by centrifuging at 1,000 g at 4
°C for 5 min. Anti-FLAG antibody (F3165, Sigma) conjugated to the protein-G Sepharose
beads was added to the pre-cleared lysate at a ratio of 1:100, (10 pg conjugated-antibody: 1 mg
cell lysate).[10] After incubation for 1 hr on rotator shaker at 4 °C, the solid beads were
collected by centrifuging at 1,000 g for 5 min at 4 °C. The beads were then washed twice by
resuspending in 1 ml of LB3, centrifuging at 1,000 g for 5 min at 4 °C. For preparing samples
for kinase assay, beads were washed two more washes with LB3 contained 0.5 M NaCl. After
the last spin the beads were subsequently washed twice by resuspending in 1 ml buffer A and
centrifuging at 1,000 g for 5 min at 4 °C. For Western blotting, proteins were eluted from the
beads, by adding 60-80 pl of 1x SDS-sample buffer, mixed well by a bench vertex and heated
in a dry heater at 90 °C for 10 min. Then samples were stored at -20 °C.

2.5.4.  Immunoprecipitation of endogenous OSR1/SPAK

To immunoprecipitate endogenous SPAK from the mouse heart, pre-clearing steps were
carried out as before. Then, 50 pg of conjugated anti- OSR1 or anti-SPAK antibody was added

to 5 mg of total protein lysate [10]. After incubation for 1 hr on rotator shaker at 4 °C, the beads



were collected by centrifuging at 1,000 g for 5 min at 4 °C. The beads were washed twice by
resuspending in 1 ml LB1, then centrifuging at 1,000 g for 5 min at 4 °C. After the last spin,
the beads were washed twice by resuspending in 1 ml buffer A and centrifuging at 1,000 g for
5 min at 4 °C. Then, 60 pul of 1x SDS-sample buffer was added to the beads and mixed well by
bench vertex. Subsequently, the samples were either prepared for SDS-PAGE as before or

stored at -20 °C.

2.6. SDS-PAGE electrophoresis and Western blotting. These were conducted using the
protocols that were reported by Filippi B.M. et al. 2011[11].

2.7. ADP-Glo™ In Vitro Kinase Assay. OSR1-T185E, MO25a and NKCC2 (1-174) were
expressed and purified from LB21 E.coli as reported previously[11] while FLAG-3,AR was
immunoprecipitated from transfected HEK293 cells. Non-radioactive ATP was used in this
assay. The kinase reaction was performed in 1.5 ml Eppendorf tubes at a final volume of 25
ul/reaction in triplicate. Each reaction contained 0.4 uM OSRI-T185E with the presence or
absence of 2 uM MO25a. The substrates were either 250 pM CATCHtide
(RRHYYYDTHTNTYYLRTFGHNTRR), 5 uM GST-cleaved NKCC2 (1-174) that were used
as positive control, or 10 pg beads conjugated to immunoprecipitated [3,AR. After all proteins
were freshly prepared in kinase buffer which containing 10 mM MgCl,, and 0.1 mM ATP.[17]
The samples were incubated on 30 °C for 40 min on gentle agitation. Then, the samples were
transferred into a 96-wells plate and developed according manufacturer’s instructions (ADP-
Glo™ kit, Promega). This involved adding 25 pl of reagent-1 to each sample and incubation
for 40 min at room temperature. Then, 50 ul of reagent-2 was added to each sample followed
by incubation for 1 hr at room temperature.[18] The luminesce was subsequently measured by
reading the plate on BMG FLUOStar Omega plate reader. The results were analysed by Graph

Pad Prism and the data was presented as mean + SD of three independent experiments.



3. RESULTS AND DISCUSSION

The binding of SPAK and OSR1 kinases to their upstream kinases, WNKs, and downstream
ion co-transporters is mediated by their highly conserved C-terminal domains, which bind
unique Arginine-Phenylalanine-any amino acid-Valine/Isoleucine (RFx[V/I]) tetrapeptides
from the upstream and downstream protein binders [19]. With this in mind, we first analysed
the amino acid sequence of the human BADRs 1-3 to determine if they have the SPAK/OSR1
binding motif. Such analysis showed that the human B>ADR possesses an RFHV motif (239-
242), which matches perfectly the SPAK/OSR1 RFx[V/I] consensus binding motif, while
human ; and B3ADRs did not (Fig. 1b). Previous work focused on determining the 3D
structure of the human B2ADR indicated that the RFHV motif is located in the cytoplasmic
loop (loop 3) of the B2ADR [20], thus supporting its possible binding to cytoplasmic proteins.
To establish whether the B2ADR’s RFHV motif mediates binding to SPAK and OSR1 kinases,
we synthesised an N-terminally biotinylated 14-mer peptide derived from the human B2ADR
(aa. 234-248), which contains the RFHV motif. In addition, we also synthesised the same
peptide with one single point mutation where the arginine (R) of the RFHV motif was mutated
to alanine to generate the corresponding ARHV 14-mer peptide. As controls, we used an 18-
mer RFQV peptide derived from WNK4 and its single point mutant 18-mer AFQV peptide
[16]. These peptides were then incubated individually with HEK293 lysates, which
endogenously express SPAK and OSRI1 kinases. This was then followed by a biotin-
streptavidin pulldown assay and the results showed that the positive control RFQV peptide
pulled down endogenous SPAK while its corresponding AFQV did not as expected (Fig. 2a)
[16]. Encouragingly, the B2ADR-derived RFHV peptide pulled down endogenous SPAK while
its corresponding AFHV mutant did not (Fig. 2a). This suggested that this f2ADR-derived
motif mediated the binding to SPAK. Next, we overexpressed full-length GST-tagged SPAK

wild-type (WT) and FLAG-tagged B>ADR in HEK293 cells. GST-affinity pulldown of the



overexpressed SPAK resulted in a clear pulldown of the overexpressed FLAG-tagged f2ADR
as shown by the FLAG blot (Fig. 2b). Interestingly, the addition of the synthetic SPAK-derived
18-mer RFQV peptide to the cell lysates resulted in competing out FLAG- f2ADR binding to
GST-SPAK (Fig. 2b). GST-pulldown from untransfected cells and the GST empty vector cells
did not show any detectable FLAG- B,ADR binding (Fig. 2b). To investigate this further, in
HEK?293 we overexpressed a fragment of FLAG-tagged NKCC2 WT, a physiological substrate
of SPAK and OSRI1 kinases, and its R20A mutant, which is known not to bind SPAK and
OSRI [16]. In parallel, we also overexpressed full-length FLAG-tagged B2ADR WT and its
R239A mutant, which corresponds to the AFHV mutant peptide. Following GST-pulldown,
we performed Western blotting for FLAG. As expected, NKCC2 WT was pulled down while
the binding to its R20A mutant led to significant reduction of binding to GST-SPAK (Fig. 2¢).
Encouragingly, GST-SPAK pulldown resulted in pulling down FLAG- B2ADR WT, but not its
R239A mutant (Fig. 2¢). The GST and FLAG blots of the total lysate confirmed the
overexpression of SPAK, NKCC2 and B ADR WT and mutants in equal amounts (Fig. 2c¢).

To establish if the B,ADR binds SPAK and OSR1 when expressed at endogenous levels in
native tissue, endogenous SPAK was immunoprecipitated from mouse heart lysates. To
maximise the extraction of the foADR from the membrane, we used two different mild
detergents in lysing the mouse heart tissues; NP40 and NP40 plus dodecyl B-D-maltoside
(DBM), a combination that was used previously with success in immunoprecipitating
B2ADR[15]. The results showed that the immunoprecipitation of endogenous SPAK pulled-
down endogenous B2ADR (Fig. 2d) and this was more prominent in the DBM-containing lysis
buffer. Critically, the empty beads did not show any pull down of B2ADR (Fig. 2d). This
provided a compelling evidence of the binding of SPAK and the B2ADR at the endogenous

level.
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Once the binding of SPAK to the f2ADR was confirmed, we then explored whether SPAK and
OSRI kinases phosphorylate the B2ADR in vitro. First, OSR1 T185E, where the threonine was
swapped into a glutamic acid to mimic phosphorylation and generate a constitutively active
OSR1,[10] was used to phosphorylate FLAG-B,ADR WT and GST-NKCC2 (1-174) (as a
positive control). The results showed that OSR1 T185E was able to phosphorylate GST-
NKCC2 in vitro as expected and this was suppressed by verteporfin, an OSR1 inhibitor[17]
(Fig. 3a). Interestingly, OSR1 T185E was also able to phosphorylate FLAG-B2ADR WT to the
same extent as the known substrate NKCC2 (Fig. 3a). Notably, the in vitro phosphorylation of
the FLAG-B2ADR WT by OSR1 T185E was also supressed by the OSR1 inhibitor verteporfin
(Fig. 3A). Using the same kinase assay and employing the FLAG-B>ADR R239A protein as a
substrate led to a significant reduction in its phosphorylation by OSR1 T185E as compared to
that observed with FLAG-B>,ADR WT (Fig. 3b).

In conclusion, this work provides evidence of SPAK and OSR1 kinases binding to the f2ADR
and that these kinases phosphorylate in vitro this pharmacologically important G-protein
coupled receptor. The results presented herein will stimulate further research into mapping the
exact phosphorylation sites of the B2ADR that are phosphorylated by SPAK and OSR1 kinases
as well as efforts aimed at unravelling the physiological relevance of such phosphorylation.
Additionally, they suggest that SPAK and OSR1 kinases are likely to bind and regulate the
function of other membrane receptors beyond ion co-transporters, a possibility that is currently

unexplored.

Declaration of Competing Interests

The authors declare no competing financial interest.

11



REFERENCES

[1] D.R. Alessi, J. Zhang, A. Khanna, T. Hochdorfer, Y. Shang, K.T. Kahle, The WNK-
SPAK/OSRI1 pathway: master regulator of cation-chloride cotransporters, Science Sci., 7
(2014) re3.

[2] J. Hadchouel, D .H. Ellison, G. Gamba, Regulation of Renal Electrolyte Transport by WNK
and SPAK-OSRI1 Kinases, Ann. Rev. Physiol., 78 (2016) 367-389.

[3] M. Murthy, T. Kurz, K.M. O'Shaughnessy, WNK signalling pathways in blood pressure
regulation, Cell. Mol. Life Sci. 74 (2017) 1261-1280.

[4] F.H. Wilson, S. Disse-Nicodeme, K.A. Choate, K. Ishikawa, C. Nelson-Williams, I.
Desitter, M. Gunel, D.V. Milford, G.W. Lipkin, J.M. Achard, M.P. Feely, B. Dussol, Y.
Berland, R.J. Unwin, H. Mayan, D.B. Simon, Z. Farfel, X. Jeunemaitre, R.P. Lifton,
Human hypertension caused by mutations in WNK kinases, Science, 293 (2001) 1107-
1112.

[5] LM. Boyden, M. Choi, K.A. Choate, C.J. Nelson-Williams, A. Farhi, HR. Toka, I.R.
Tikhonova, R. Bjornson, S.M. Mane, G. Colussi, M. Lebel, R.D. Gordon, B.A.
Semmekrot, A. Poujol, M.J. Valimaki, M.E. De Ferrari, S.A. Sanjad, M. Gutkin, F.E.
Karet, J.R. Tucci, J.R. Stockigt, K.M. Keppler-Noreuil, C.C. Porter, S.K. Anand, M.L.
Whiteford, 1.D. Davis, S.B. Dewar, A. Bettinelli, J.J. Fadrowski, C.W. Belsha, T.E.
Hunley, R.D. Nelson, H. Trachtman, T.R. Cole, M. Pinsk, D. Bockenhauer, M. Shenoy,
P. Vaidyanathan, J.W. Foreman, M. Rasoulpour, F. Thameem, H.Z. Al-Shahrouri, J.
Radhakrishnan, A.G. Gharavi, B. Goilav, R.P. Lifton, Mutations in kelch-like 3 and cullin
3 cause hypertension and electrolyte abnormalities, Nature, 482 (2012) 98-102.

[6] H. Louis-Dit-Picard, J. Barc, D. Trujillano, S. Miserey-Lenkei, N. Bouatia-Naji, O.
Pylypenko, G. Beaurain, A. Bonnefond, O. Sand, C. Simian, E. Vidal-Petiot, C.
Soukaseum, C. Mandet, F. Broux, O. Chabre, M. Delahousse, V. Esnault, B. Fiquet, P.
Houillier, C.I. Bagnis, J. Koenig, M. Konrad, P. Landais, C. Mourani, P. Niaudet, V.
Probst, C. Thauvin, R.J. Unwin, S.D. Soroka, G. Ehret, S. Ossowski, M. Caulfield, P.
International Consortium for Blood, P. Bruneval, X. Estivill, P. Froguel, J. Hadchouel, J.J.
Schott, X. Jeunemaitre, KLHL3 mutations cause familial hyperkalemic hypertension by
impairing ion transport in the distal nephron, Nature Genet., 44 (2012) 456-460, S451-
453,

[7] A. Ohta, F.R. Schumacher, Y. Mehellou, C. Johnson, A. Knebel, T.J. Macartney, N.T.
Wood, D.R. Alessi, T. Kurz, The CUL3-KLHL3 E3 ligase complex mutated in Gordon's
hypertension syndrome interacts with and ubiquitylates WNK isoforms: disease-causing
mutations in KLHL3 and WNK4 disrupt interaction, Biochem. J., 451 (2013) 111-122.

[8] S. Shibata, J. Zhang, J. Puthumana, K.L. Stone, R.P. Lifton, Kelch-like 3 and Cullin 3
regulate electrolyte homeostasis via ubiquitination and degradation of WNK4, Proc. of the
Natl. Acad. Sci. US.A., 110 (2013) 7838-7843.

[9] M. Wakabayashi, T. Mori, K. Isobe, E. Sohara, K. Susa, Y. Araki, M. Chiga, E. Kikuchi,
N. Nomura, Y. Mori, H. Matsuo, T. Murata, S. Nomura, T. Asano, H. Kawaguchi, S.
Nonoyama, T. Rai, S. Sasaki, S. Uchida, Impaired KLHL3-mediated ubiquitination of
WNK4 causes human hypertension, Cell Rep., 3 (2013) 858-868.

[10] A.C. Vitari, M. Deak, N.A. Morrice, D.R. Alessi, The WNK1 and WNK4 protein kinases
that are mutated in Gordon's hypertension syndrome phosphorylate and activate SPAK
and OSRI1 protein kinases, Biochem. J. 391 (2005) 17-24.

[11] B.M. Filippi, P. de los Heros, Y. Mehellou, I. Navratilova, R. Gourlay, M. Deak, L. Plater,
R. Toth, E. Zeqiraj, D.R. Alessi, MO25 is a master regulator of SPAK/OSR1 and
MST3/MST4/YSK1 protein kinases, EMBO J., 30 (2011) 1730-1741.

12



[12] S. Mu, T. Shimosawa, S. Ogura, H. Wang, Y. Uetake, F. Kawakami-Mori, T. Marumo,
Y. Yatomi, D.S. Geller, H. Tanaka, T. Fujita, Epigenetic modulation of the renal beta-
adrenergic-WNK4 pathway in salt-sensitive hypertension, Nature Med., 17 (2011) 573-
580.

[13] S. Uchida, M. Chiga, E. Sohara, T. Rai, S. Sasaki, Does a beta2-adrenergic receptor-
WNK4-Na-Cl co-transporter signal cascade exist in the in vivo kidney?, Nature Med., 18
(2012) 1324-1325; author reply 1325-1327.

[14] K.Y. Chung, P.W. Day, G. Velez-Ruiz, R.K. Sunahara, B K. Kobilka, Identification of
GPCR-interacting cytosolic proteins using HDL particles and mass spectrometry-based
proteomic approach, PLoS One, 8 (2013) e54942.

[15] S.O. Han, K. Xiao, J. Kim, J.H. Wu, J.W. Wisler, N. Nakamura, N.J. Freedman, S K.
Shenoy, MARCH2 promotes endocytosis and lysosomal sorting of carvedilol-bound ((2)-
adrenergic receptors, J. Cell Biol., 199 (2012) 817-830.

[16] A.C. Vitari, J. Thastrup, F.H. Rafiqi, M. Deak, N.A. Morrice, H.K. Karlsson, D.R. Alessi,
Functional interactions of the SPAK/OSR1 kinases with their upstream activator WNK1
and downstream substrate NKCC1, Biochem. J., 397 (2006) 223-231.

[17] M.A. Alamri, H. Kadri, L.J. Alderwick, M. Jeeves, Y. Mehellou, The Photosensitizing
Clinical Agent Verteporfin is an Inhibitor of SPAK and OSR1 Kinases, ChemBioChem,
19 (2018) 2072-2080.

[18] M.A. AlAmri, H. Kadri, L.J. Alderwick, N.S. Simpkins, Y. Mehellou, Rafoxanide and
Closantel Inhibit SPAK and OSR1 Kinases by Binding to a Highly Conserved Allosteric
Site on Their C-terminal Domains, ChemMedChem, 12 (2017) 639-645.

[19] C. Richardson, D.R. Alessi, The regulation of salt transport and blood pressure by the
WNK-SPAK/OSRI1 signalling pathway, J. Cell Sci., 121 (2008) 3293-3304.

[20] S.G. Rasmussen, H.J. Choi, D.M. Rosenbaum, T.S. Kobilka, F.S. Thian, P.C. Edwards,
M. Burghammer, V.R. Ratnala, R. Sanishvili, R.F. Fischetti, G.F. Schertler, W.I. Weis,
B K. Kobilka, Crystal structure of the human beta2 adrenergic G-protein-coupled receptor,
Nature, 450 (2007) 383-387.

[21] C. Richardson, K. Sakamoto, P. de los Heros, M. Deak, D.G. Campbell, A.R. Prescott,
D.R. Alessi, Regulation of the NKCC2 ion cotransporter by SPAK-OSR1-dependent and
-independent pathways, J. Cell Sci., 124 (2011) 789-800.

13



FIGURES

a.
Mutated in some humans with an [Na*, K*, CI
inherited form of hypertention
Ubiquitylation ion
€] co-transporters
Mutated in some humans with an
inherited form of hypertention
. Phos,
Dsph°"’\a“°“ \ ph°'y’alion
T 5 o
(C] *50 @
‘_OQV'

B2ADR 214 IMVEVYSRVFQEAKRQLQKIDKSEGRFHVONLSQV:
B1ADR 239 IMAFVYLRVFREAQKQVKKIDSCERRFLGGPARPP:!
BADR 219 VMLEVYARVFVVATRQLRLLRGELGRFPPEES-PP;

Figure 1. a. A representation of the main components of the WNK-SPAK/OSRI signalling
pathway. WNK kinases phosphorylate SPAK and OSRI1, which in complex with the
scaffolding protein MO25, phosphorylate a series ion co-transporters such as NKCC1/2, NCC
and KCC. (-) indicates inhibition while (+) indicates activation. b. Sequence alignment of the
human BADR 1-3 showing the region of the B2ADR with the possible SPAK/OSR1 RFHV
binding motif (shaded in green). The yellow shaded regions are transmembrane sequences. The

sequence alignment was conducted using UniProt Align.
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Figure 2. SPAK and OSRI1 kinases bind the f2ADR. a. 5 mg of untransfected HEK293 lysate

was incubated with 3 pg of 1) the 18-mer RFQV peptide (SEEGKPQLVGRFQVTSSK

equivalent to human SPAK amino acids 379-394), which bind SPAK and OSR1, 2) its single

point mutant 18-mer AFQV peptide (SEEGKPQLVGAFQVTSSK equivalent to human SPAK

amino acids 379-394), which does not bind SPAK and OSRI1, 3) 14-mer RFHV peptide

(DKSEGRFHVQNLSQ) derived from the human B2ADR (amino acids aa. 239-242) and 4) its

corresponding mutant single point mutant 14-mer AFHV peptide (DKSEGAFHVQNLSQ).

All of these peptides carry an N-terminal biotin. Following streptavidin-biotin, pull down the

material underwent western blotting for endogenous SPAK. n = 3. b. HEK293 were co-

transfected with GST-SPAK full length and FLAG-B,ADR. The cells were lysed 48 h post-
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transfection and the lysates were incubated with the 18-mer RFQV peptide for 2 h at 4 °C
where indicated. Following GST-pull down, the pulled down material was blotted for FLAG
to check FLAG-B2ADR pull down. ¢. HEK293 cells were transiently transfected with GST
empty vector or co-transfected with GST-SPAK wildtype and either with Flag-NKCC2 full-
length wildtype or its mutant R20A, or FLAG- B2ADR wildtype or FLAG-B2ADR R239A.
After GST pulldown, the samples underwent western blotting for FLAG. d. Mouse heart tissues
were lysed in either a lysis buffer containing the detergent NP40 or a lysis buffer with NP40
supplemented with DBM. Endogenous SPAK was subsequently immunoprecipitated from both

samples and the obtained material underwent Western blotting for SPAK.
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Figure 3. OSR1 phosphorylates p2ADR in vitro. a. OSR1 T185E, where T185 was mutated
into glutamic acid to mimic phosphorylation and generate a constitutively active OSR1,[11]
was used to phosphorylate FLAG-B2ADR WT and GST-NKCC2 (1-174) in the presence or
absence of the OSR1 inhibitor Verteporfin. b. Phosphorylation of FLAG-B2ADR WT and its
R239A mutant by OSR1 T185E in vitro. Phosphorylation of the OSR1 peptide substrate

CATCHTtide[16] was used as a control. FLAG and GST blots were used to show the loading of
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the f2ADR WT, its R239 mutant and the NKCC2 (1-174). The FLAG-B>ADR WT and R239A
were pulled down from 200 pg of HEK293 total lysates overexpressing the FLAG-tagged
protein using 10 pg of FLAG antibody conjugated to sepharose beads. GST-NKCC2 (1-174)
was purified from E.coli as reported,[21] and the in vitro kinase assay was conducted using
Promega’s ADP-Glo as we reported previously.[18] All results are represented as mean +
S.E.M for triplicate samples, P value was calculated by one-way ANOVA, P < 0.05 was

determined as statistical significance. (***): P value = 0.0001 and (**): P value =0.0025.
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