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A family of four atypical protein kinases; WNKs are characterized by a non-

canonical position of the catalytic lysine. The significance of WNKs was first realized 

when they were found to be causatively linked to a rare form of genetic hypertensive 

disease known as PHAII. WNKs are an ancient family of kinases and are known to have 

roles in regulating salt homeostasis in the body in response to osmotic stress, regulating 

vesicular transport and regulating circadian rhythm in plants. All four WNKs can activate 
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their downstream substrate, OSR1 which in turn can activate ion cotransporters 

downstream such as NCC and NKCC which results in regulation of ion balance in the 

cell. WNKs can bind to each other and can potentially form an autoactivable complex. 

Thus, regulation by WNKs is a complex affair. Further, OSR1 binds to its upstream 

regulators and substrates via RFxV motifs. WNK1, depending on the splice form, 

possesses at least five RFxV motifs. I have defined a minimal region on WNK1 required 

for interaction with OSR1. I have shown that expression of this minimal binding region 

in cells is sufficient to inhibit OSR1 activation by WNKs. I have also determined that the 

WNK-OSR1 pathway can cross-talk with the mTORC2 pathway. mTORC2 can directly 

phosphorylate OSR1 and regulate its activity. Finally, to understand why WNKs possess 

a slow substrate turnover rate and whether a crucial cofactor is missing, I have 

determined that WNKs can bind to lipids in vitro. Lipids can alter kinase activity of 

WNK1 towards OSR1. Future studies will be aimed at understanding the mechanism of 

action of mTORC2 in regulating the WNK-OSR1 pathway and to determine whether 

WNKs can bind to lipids in cells and the importance of the lipid binding activity of 

WNKs. Understanding the intricacies of WNKs would give us important tools to 

determine its roles in human diseases.
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CHAPTER ONE 

 

 

INTRODUCTION 

 

The sustenance of all life forms is based on a myriad and complex web of 

chemical reactions in the cell. If left to occur spontaneously, these reactions would be too 

slow and disorganized to maintain any life. Enzymes are catalysts that give these 

reactions a push in the right direction and therefore are indispensable for life. 

Enzymes are traditionally divided into six major classes, namely, 

oxidoreductases, transfereases, lyases, hydrolases, isomerases and ligases. Transferases 

are a class of enzymes that catalyze the transfer of a reactive group from one molecule to 

another. Enzymes that catalyze the transfer of the gamma phosphate group from 

adenosine triphosphate (ATP) to a protein are called protein kinases (Hunter and Cooper 

1985) and constitute one of the major subclasses of transferases.  

Via the transfer of a phosporyl group, protein kinases modify the functions of the 

protein or regulate its activity or localization (Krebs and Beavo 1979). They are one of 

the most important classes of enzymes and are frequently the subject of adverse 

mutations in several diseases including cancer. The human genome codes for over 500 of 

these enzymes and the complement of protein kinases in the organism is now known as 

the kinome (Manning, Whyte et al. 2002).  

 Canonical protein kinases are characterized by the presence of a lysine residue 

that aids in the phosphotransferase reaction, buried in the kinase core structure. More 

than a decade ago, our laboratory serendipitously discovered a novel class of protein 
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kinases that apparently did not have the catalytic lysine. We therefore named them with 

no lysine (K) (WNK) kinases. Structural and biochemical analysis revealed, however, 

that these proteins were catalytically active and the catalytic lysine was found to be more 

exposed on the surface of the kinase core (Xu, English et al. 2000). Other laboratories 

and ours later found three more members of this unique family of enzymes (Verissimo 

and Jordan 2001; Holden, Cox et al. 2004).  

The importance of these unique family members began to be realized when Dr. 

Richard Lifton’s group reported mutations in WNKs 1 and 4 as causative factors in the 

pathogenesis of a heritable form of hypertension known as pseudohypoaldosteronism 

type II (PHAII) and also as Gordon’s syndrome (OMIM #145260) (Wilson, Disse-

Nicodeme et al. 2001). Thiazide diuretics had traditionally been used to control the 

symptoms of PHAII (Furgeson and Linas 2010). Therefore, it made sense that WNKs 

would regulate the sodium chloride transporters which are the targets of this drug. Studies 

done subsequently showed that WNKs indeed regulate the sodium chloride cotransporters 

(NCC) and the related sodium potassium two chloride cotransporters (NKCC 1/2) 

(Darman and Forbush 2002; Moriguchi, Urushiyama et al. 2005; Xu, Lee et al. 2005; 

Yang, Zhu et al. 2005; Anselmo, Earnest et al. 2006).  This is accomplished partly as a 

kinase signal cascade with WNKs phosphorylating and activating their downstream 

substrate oxidative stress responsive kinase 1 (OSR1) and its homolog the Ste20-SPS1 

related proline alanine rich kinase (SPAK) which in turn phosphorylate and activate the 

transporters. 

In this dissertation, I have examined the specificity of the WNK-OSR interaction 

pinpointing the region of WNK1 required for interaction with OSR1. I have explored 
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signals from other pathways converging on WNK-OSR and regulating the dynamics of 

these proteins. Finally, I have examined the fundamental properties of the WNK kinases 

and whether they can be regulated by lipids or can themselves regulate lipid signaling 

pathways. 
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CHAPTER TWO 

 

 

A REVIEW OF THE LITERATURE 

 

 

Introduction to kinases 

 

 

A search for protein kinase on the National Library of Medicine database pulls 

up around 400,000 scientific articles making protein kinases among the most intensely 

researched topic in biology. Kinases are among the most mutated genes in an array of 

diseases including certain types of cancers making them even more fascinating. 

Understanding the different roles these proteins play in the living organism has never 

been more urgent. 

 Proteins can be phosphorylated by protein kinases on amino acids with a 

hydroxyl group on their side chains: serine, threonine and tyrosine. Kinases are grouped 

into three categories, protein serine - threonine kinases, protein tyrosine kinases and dual 

specificity kinases. Protein kinases are activated by upstream activators, either by a 

conformational change due to phosphorylation as is the case with MAP kinases (Ray and 

Sturgill 1988; Sturgill, Ray et al. 1988; Cobb, Robbins et al. 1991; Ahn, Seger et al. 

1992; Chen, Gibson et al. 2001; Pearson, Robinson et al. 2001) or by association with an 

allosteric effector as is the case with protein kinase A (PKA) (Walsh, Brostrom et al. 

1972). Upon activation, kinases phosphorylate their downstream substrates, which may 

include other kinases and thus start a cascade of signals to bring about changes in the cell 

rapidly in response to extracellular or intracellular stimuli. Phosphorylation also regulates 

protein subcellular localization, activity, stability and interaction with other proteins. 
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These activities put protein kinases at the hub of a wide variety of cellular processes 

(Manning, Whyte et al. 2002). 

The mammalian genome codes for a complement of over 500 protein kinases, 

this is called the kinome. The kinome can be divided into a family tree and the different 

kinase families take up positions depending upon the sequence and implied structural 

similarities of the kinase domain and the accessory domains (Manning, Whyte et al. 

2002). There are seven major branches of the kinome tree and six of them are made up of 

protein Ser/Thr kinases while one contains the Tyr kinase family. The seven classes of 

eukaryotic protein kinases are:  

1) The AGC family, which consists of kinases that are activated by second 

messengers such as the cAMP-dependent protein kinase (PKA), the cGMP-dependent 

protein kinase (PKG), the Ca
2+

-dependent protein kinase (PKC), and the phospholipid-

dependent kinase (PDK). 

2) The CMGC family which includes cyclin-dependent kinases (CDK), mitogen-

activated kinases (MAPK), glycogen synthase kinase (GSK), and casein kinase II (CKII). 

3) The calmodulin-dependent kinase (CAMK) family. 

4) The tyrosine kinase (TK) family that includes both receptor tyrosine kinases 

and cytoplasmic protein tyrosine kinases.  

5) The tyrosine kinase-like (TKL) family, which consists of mixed-linkage 

kinase (MLK), Raf, and others. These kinases are similar in sequence to the tyrosine 

kinases but are actually protein serine/threonine kinases. 

 6) The sterile (STE) kinase family so named because of the defects in yeast 

mating pathway caused by defects in these kinases (Chen and Thorner 2007). This family 
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includes members that act upstream of mitogen activated protein kinase (MAPK) 

pathways, such as MAPK kinases (MAP2Ks), MAP2K kinases (MAP3Ks), and MAP3K 

kinases (MAP4Ks).  

 7) The casein kinase (CK) family includes CK1, tau tubulin kinase (TTBK), and 

vaccinia-related kinase (VRK) subfamilies. 

Several of these kinases cross talk with other pathways and create an intricate 

network of signals which help maintain homeostasis. In the era of systems biology and 

next generation sequencing, more and more information is being gathered on the kinome 

and its intricacies are becoming more apparent. To begin to understand how the cell 

works, we have to garner a thorough knowledge of how these different pathways are 

linked and how they cross talk and regulate each other.  

 

The WNKs 

WNKs are a group of four atypical protein- serine/threonine kinases that are distantly 

related to the Ste20 family of protein kinases in the kinome tree. They were 

serendipitously identified in our laboratory in the search for novel members of the 

mitogen activated protein kinase family using degenerate polymerase chain reaction 

(PCR) methods (Xu, English et al. 2000). Sequence alignment with canonical protein 

kinases revealed that these proteins did not possess the catalytic lysine at the position that 

is invariant among all other members of the kinome. Biochemical assays showed 

however, that WNKs possessed catalytic activity and thus were not pseudo-kinases. A 

few mutation studies later, we showed that the catalytic lysine is in a unique position in 

these kinases (Xu, Min et al. 2002). Analysis of the crystal structure of the kinase domain 
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of WNK1confirmed that the catalytic lysine is more exposed in the kinase core structure 

than in the canonical kinases (Min, Lee et al. 2004). However, mutations that restore the 

normal lysine placement inactivate WNK1. The consequence of this unique placement of 

the catalytic lysine and how this makes WNKs different from other kinases is still not 

completely understood. 

 A year after we published our first observations on the discovery and properties 

of WNK1, a group from Yale showed that mutations in WNKs 1 and 4 are associated 

with the pathogenesis of a rare form of hereditary hypertension known as 

pseudohypoaldosteronism type II (PHAII) or Gordon’s syndrome (Wilson, Disse-

Nicodeme et al. 2001). Patients suffering from PHAII exhibit hypertension and 

hyperkalemic metabolic acidosis, while retaining normal levels of aldosterone, 

suggesting a functional dysregulation of the ion homeostasis pathways (Furgeson and 

Linas 2010). Thiazide diuretics have traditionally been used to treat the symptoms of 

PHAII patients. These drugs block the uptake of sodium and the release of chloride by 

the sodium chloride transporter (NCC) in the kidney. The discovery of mutations in 

WNKs 1 and 4 and their link to PHAII suggested that WNKs would have a crucial role in 

maintaining salt homeostasis in the body by regulating the ion transporter activities which 

was shown to be the case by later studies (Kahle, Wilson et al. 2004; Rinehart, Kahle et 

al. 2005; Xu, Stippec et al. 2005; Anselmo, Earnest et al. 2006; Yang, Zhu et al. 2007; 

Huang, Yang et al. 2008; Richardson and Alessi 2008). 
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WNK expression, localization and structure 

Expressed sequence tag (EST) survey using the Unigene database 

(http://www.ncbi.nlm.nih.gov/unigene) revealed that the localization of the four WNK 

family members varies. WNK1 is ubiquitously expressed in adult organs as well as 

embryonic tissues. WNK2 is expressed in the brain, testis, uterus, eye, kidney and 

intestine and a few embryonic tissues. The expression of WNK3 is more restricted with 

brain and testis being the major organs expressing the gene while WNK4 is mostly 

expressed in the kidney, eye, mammary gland and prostate. Subcellular localization of 

WNKs is less understood. It is clear that WNK1 is localized in the cytoplasm. We have 

evidence that WNK1 localizes in a punctuate manner in the cell, although it is yet unclear 

what these punctae are (Tu, Bugde et al. 2011). WNK1 colocalizes with its substrate 

OSR1 and with the mitotic spindles, but we have not been able to determine whether it 

localizes with a particular organelle in the cell. 

WNKs have several splice variants. WNK1 has at least six known splice forms 

and WNK3 has two alternatively spliced variants that have been reported (Glover, Zuber 

et al. 2009). One of them is specifically expressed in the kidney while the other is 

localized in the brain. Among the WNK1 isoforms, kidney specific WNK1 (KS-WNK1) 

is the most well-known. This is an isoform that, as its name suggests, is expressed in the 

renal tissues. It is expressed from an alternate promoter and possesses a unique exon at 

the 5’ end. The resulting protein lacks the N-terminus and the kinase domain, but retains 

the rest of the WNK sequence. KS-WNK1 has been reported to be important in 

regulating ion cotransporter activities in association with full length WNK1 (Naray-

http://www.ncbi.nlm.nih.gov/unigene
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Fejes-Toth, Snyder et al. 2004; Subramanya, Yang et al. 2006; Wade, Fang et al. 2006; 

Delaloy, Elvira-Matelot et al. 2008; Liu, Wang et al. 2009). 

All four WNKs share a conserved kinase domain. The crystal structure of the 

kinase domain of WNK1 has been solved and it has the canonical bilobed protein kinase 

structure (Min, Lee et al. 2004). There are however, several differences between the 

WNK1 kinase domain and the kinase domain structure of canonical protein kinases. The 

most striking of these differences is that the catalytic lysine (K233 in WNK1) is on β 

strand II in subdomain I instead of on β strand III of subdomain II. This causes the 

catalytic lysine to be more exposed toward the surface of the kinase core instead of in the 

usual buried position. A glutamate residue forms an ion pair with the catalytic lysine in β 

strand III. There is a glutamate in WNK1 kinase core that is important for maintaining the 

structure of the protein, but that glutamate does not form the ion pair with K233. WNK1 

is missing this ion pair (Min, Lee et al. 2004). The WNK4 kinase domain structure has 

been modeled on the WNK1 structure and a striking observation is the presence of 

several stretches of positively charged residues on the surface of the kinase domain.  

Apart from the kinase domain, WNKs also have an autoinhibitory domain and a 

homologous region that could be a second autoinhibitory domain. WNKs have many 

PXXP motifs that interact with SH3 domains, RFxV motifs that interact with its 

downstream substrates, OSR1 and SPAK and a few coiled coil segments (Lenertz, Lee et 

al. 2005; Xu, Lee et al. 2005). However, besides the kinase domain, no other identified 

domains are present in these large proteins (Figure 2.1). WNK1 has several regions of 

low complexity sequences which are a hallmark of intrinsically disordered proteins. 

Although no studies have yet shown whether WNK1 indeed functions as an intrinsically 
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disordered protein, this might be an interesting avenue for future studies of WNK 

structure and function. 

 

 

 

WNK functions 

WNK1 is an essential gene and mice with a null mutation in the WNK1 gene do 

not survive (Zambrowicz, Abuin et al. 2003). These animals die before embryonic day 13 

which is when the circulatory system starts to develop. Endothelial specific rescue of 

WNK1 allows these animals to develop to term, but they die at postnatal day 1 (Xie, Wu 

Figure 2.1: Schematic of the four WNK family members. The four WNK 

proteins and WNK1 isoform KS-WNK1 have similar organization of the kinase 

domain, the autoinhibitory domains and the coiled coil regions.  
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et al. 2009). The rescued animals are smaller than their wild type littermates. WNK1 

heterozygotes are able to be born. They however, suffer from low blood pressure 

(Zambrowicz, Abuin et al. 2003). A recent report suggests that WNK1 heterozygotes 

have normal blood pressure even on a low salt diet and that WNK1 plays a substantial 

role in regulating blood pressure in the arteries (Susa, Kita et al. 2012).  Although a little 

controversial, these studies nevertheless point to the fact that WNK1 is a protein that is 

essential for regulation of several important functions required to sustain life. I will 

summarize the known functions of the WNK family members in the subsequent sections 

(Figure 2.2). 

Figure 2.2: The importance of WNKs. A schematic showing the varied functions of WNK 

family members in animals and plants, suggested links with other cellular pathways and 

diseases suggested to be associated with dysfunctional WNKs. 
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Regulation of ion transporters: Hyperosmotic stresses (e.g. sorbitol and NaCl) 

(Lenertz, Lee et al. 2005; Zagorska, Pozo-Guisado et al. 2007) and hypotonic low 

chloride conditions (Lenertz, Lee et al. 2005; Moriguchi, Urushiyama et al. 2005; 

Richardson and Alessi 2008; Richardson, Rafiqi et al. 2008) activate the WNK family of 

kinases. This is mostly brought about by autophosphorylation of WNKs at conserved 

residues within the activation loop (Ser 382 in WNK1) (Xu, Min et al. 2002; Zagorska, 

Pozo-Guisado et al. 2007). The four WNK family members can bind to each other 

(Lenertz, Lee et al. 2005; Thastrup, Rafiqi et al. 2012) and it is possible that these 

proteins form an autoactivable complex and activate each other in trans.  Thiazide 

diuretics, which inhibit the solute carrier family 12 member 3 (SLC12A3), also known as 

the sodium chloride cotransporter (NCC), have been used to treat the symptoms of PHAII 

patients (Gordon and Hodsman 1986). WNK mutations are causative of PHAII, therefore, 

it was hypothesized that NCC would be one of the targets of WNK activity. In the 

subsequent decade, in several apparently conflicting studies using the Xenopus oocyte 

and mouse as model systems, WNKs1, 3 and 4 were shown to influence NCC  and the 

related sodium, potassium, two chloride cotransporters (NKCC1 and NKCC2 aka 

SLC12A2 and SLC12A1) activity (Moriguchi, Urushiyama et al. 2005; Yang, Zhu et al. 

2005; Yang, Zhu et al. 2007; Chiga, Rai et al. 2008; Huang, Kuo et al. 2008; Richardson 

and Alessi 2008; Richardson, Rafiqi et al. 2008; Glover, Zuber et al. 2009; Dimke 2011; 

Glover and O'Shaughnessy K 2011; Mercier-Zuber and O'Shaughnessy 2011).  

The human kidney is made up of units called the nephron. Each nephron is 

responsible for filtering the blood, collecting the ions and solutes that make up the urine 

as well as reabsorbing solutes from urine depending on the state of salt homeostasis in the 
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body. The nephron consists of the glomerulus, which is connected to renal capillaries and 

filters the blood, the proximal convoluted tubule (PCT), the loop of Henle and the distal 

collecting tubule (DCT) which merges with the cortical collecting ducts which in turn 

becomes the medullary collecting duct which ultimately becomes the ureter (Thurau, 

Valtin et al. 1968; Montrose-Rafizadeh and Guggino 1990). The PCT, loop of Henle and 

DCT are rich in transporters that are responsible for maintaining ion homeostasis in the 

body. Depending upon the amount of water and levels of sodium, potassium and chloride 

in the body, these transporters are activated and they reabsorb from and secrete ions and 

water into the renal tubular lumen. This is an essential phenomenon which helps maintain 

steady state levels of water and salt in the body and helps maintain a normal blood 

pressure. Aldosterone and angiotensin are two hormones that regulate the ion 

cotransporter activity in the nephron. It was known that several of these cotransporters 

were activated by phosphorylation events (Darman and Forbush 2002; Flemmer, 

Gimenez et al. 2002), but the signaling cascade underlying these phosphorylations was 

incompletely understood. The finding of the WNK activated protein kinases oxidative 

stress responsive kinase 1 (OSR1) and its homolog Ste20 related proline alanine rich 

kinase (SPAK) which phosphorylate and activate NCC has shed new light into the 

regulation of these cotransporters.  

OSR1 and SPAK are members of the Ste20 family of serine threonine protein 

kinases. OSR1 was first identified by a group looking for candidate tumor suppressor 

genes on the human chromosome 3 (Tamari, Daigo et al. 1999). Through homology 

searches they found that OSR1 had sequence similarity to the Ste20 family members 

SOK1 and MST1 and belonged to the germinal center kinase (GCK) subfamily of the 
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Ste20 family. They named it oxidative stress responsive kinase because of the homology 

with SOK1 which is an oxidant-responsive gene. OSR1 and SPAK like other members of 

the GCK arm of the Ste20 family, have an N-terminal kinase domain. They also have two 

domains known as the PF1 (named after PASK, another name for SPAK and Fray, the 

Drosophila ortholog) and the PF2 domains which are essential for interaction with 

upstream regulators and downstream substrates (Gagnon, England et al. 2006; Vitari, 

Thastrup et al. 2006; Delpire and Gagnon 2007).  OSR1 and SPAK were shown to bind 

to and regulate the cation chloride cotransporters via RFxV motifs (Piechotta, Lu et al. 

2002; Dowd and Forbush 2003). We found that the PF1 domain was important for 

catalytic activity as fragments containing the kinase domain were less active than 

fragments containing both the kinase and the PF1 domain(Chen, Yazicioglu et al. 2004) . 

X-ray crystal structures of OSR1 and SPAK show that they have the typical bilobed 

structure of the kinase domain and a very floppy activation loop (Lee, Cobb et al. 2009) 

(and Juang, Sengupta et. al, manuscript in preparation). WNKs phosphorylate OSR1 and 

SPAK at conserved residues in the activation loop (T185 in OSR1 and T243 in SPAK) 

(Moriguchi, Urushiyama et al. 2005; Vitari, Deak et al. 2005; Anselmo, Earnest et al. 

2006). This phosphorylation activates the kinase which then phosphorylates its 

downstream cotransporter substrates. A residue C-terminal to the kinase domain (S325 in 

OSR1 and S383 in SPAK) was also shown to be phosphorylated in cell extracts(Vitari, 

Deak et al. 2005) . However, this residue is apparently not phosphorylated by WNK1 

suggesting cross-talk with another pathway. I will show in later chapters that the WNK1-

OSR1 pathway cross-talks with the mammalian target of rapamycin complex 2 

(mTORC2). 
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WNKs have been shown to regulate the activity of several sodium, potassium 

and chloride cotransporters, namely, the sodium potassium chloride cotransporter 1 

(NKCC1) which is ubiquitously expressed and its homolog NKCC2 which is expressed 

solely in the connecting tubule and cortical collecting duct of the nephron that transport 

sodium and potassium ions inside the cell while exporting two chloride ions out. They 

also control the potassium chloride cotransporters which are also ubiquitously expressed 

and transport potassium in and chloride out, the sodium chloride cotransporter (NCC) 

expressed in the DCT of the kidney, the epithelial sodium channel (ENaC) expressed in 

the DCT and the renal outer medullary potassium channel (ROMK) that is expressed in 

the DCT (Deaton, Sengupta et al. 2009). 

Xenopus laevis oocytes have been commonly used as a model system to study 

ion transporter activity due to the ease of transporter expression and lack of any 

endogenous transporter proteins to cause complications. However, these studies use 

overexpression and therefore caution is warranted in interpreting the results without 

reinvestigation using in vivo or cell culture systems. 

 Coexpression of WNK4 along with NCC had an inhibitory effect on sodium 

reuptake in Xenopus laevis oocytes suggesting that WNK4 inhibited NCC action. PHAII-

causing mutations in WNK4 increased the inhibitory action of WNK4 on NCC 

(Richardson and Alessi 2008; Richardson, Rafiqi et al. 2008). WNK1 inhibited the action 

of WNK4 on NCC while WNK3 was a positive regulator of NCC (Rinehart, Kahle et al. 

2005; Yang, Zhu et al. 2007).  These results are further complicated by the presence of 

the different isoforms of WNK1, especially the expression of KS-WNK1 in the DCT 

(Delaloy, Lu et al. 2003). KS-WNK1 inhibits the action of the long form of WNK1 on 



16 

 

NCC in a dominant negative manner. (Subramanya, Yang et al. 2006). A KS-WNK1 

knockout mouse shows sodium retention, high blood pressure and increased the surface 

expression of NCC and its related cotransporters NKCC in the renal tubule (Liu, Xie et 

al. 2011). The level of expression of KS-WNK1 influences its action although the exact 

mechanism is still unknown.  

WNK4, like the other WNKs, phosphorylates OSR1 and SPAK which in turn can 

phosphorylate NCC, NKCC1 and NKCC2 (Vitari, Deak et al. 2005; Anselmo, Earnest et 

al. 2006; Vitari, Thastrup et al. 2006; Kahle, Rinehart et al. 2010; Richardson, Sakamoto 

et al. 2011) on conserved serine and threonine residues. All four WNKs can 

phosphorylate and activate OSR1 to the same extent ((Richardson, Rafiqi et al. 2008) and 

Sengupta, Tu et. al. manuscript in preparation). Phosphorylation at these residues 

activates the transporters. Therefore, the negative regulation of these transporters by 

WNK1 and WNK3 suggests two possibilities. First, that we are missing a bigger picture 

when we use Xenopus oocytes as model system and second, that some other protein or 

pathway is regulating the effect of WNK1 and WNK3 on NCC. 

  Complicating this regulation further, some studies have suggested a second 

mechanism of transporter regulation by WNKs that involves trafficking to the membrane 

(Kahle, Wilson et al. 2004; Richardson and Alessi 2008; Richardson, Rafiqi et al. 2008). 

Several groups have showed that coexpression of WNK4 along with NCC in mammalian 

models causes inhibition of Na+ flux through inhibition of surface expression of the 

transporter in a dynamin-independent manner  (Golbang, Cope et al. 2006). WNK4 

inhibits delivery of NCC to the membrane without affecting the net rate of internalization 

by targeting NCC to the lysosome. WNK4 interacts with the adaptor protein AP-3 which 
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marks cargo destined for lysosomes (Subramanya, Liu et al. 2009). In another study, 

sortilin, a lysosomal sorting receptor similar to the yeast vacuolar protein Vps10p, was 

determined to mediate the degradation of NCC brought about by WNK4 (Zhou, Zhuang 

et al. 2010). These apparently conflicting ideas concerning regulation of NCC by WNKs 

still need to be reconciled.  

Several interesting studies done recently suggest that the WNK-OSR/SPAK-

NKCC/NCC pathway is not a simple pathway but is complicated by several other facts 

listed below.  

1. KS-WNK1 can act in dominant negative manner to inhibit the function 

of WNK1 (Xu, Modrek et al. 2002; Subramanya, Yang et al. 2006; Liu, 

Wang et al. 2009; Liu, Xie et al. 2011). The level of expression of KS-

WNK1 can regulate the action of the long form of the protein. Yet, clear 

evidence showing that they actually function as a complex in vivo is 

lacking. 

2. There are at least six known splice forms of WNK1.  

3. WNK family members can interact with each other via a C-terminal 

coiled-coil region and can phosphorylate each other. WNKs 

autophosphorylate and can phosphorylate each other on an activation 

loop residue and have the potential to form an autoactivable signaling 

complex and their hetero-oligomerization may be affected by expression 

of single forms (Lenertz, Lee et al. 2005; Thastrup, Rafiqi et al. 2012).  

4. A recent study showed the presence of a kidney specific isoform of 

SPAK (KS-SPAK), that is induced upon sodium intake and acts as a 
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dominant negative to endogenous SPAK (McCormick, Mutig et al. 

2011). 

All of these studies indicate that there are intricate networks regulating the WNK-

OSR1/SPAK-ion transporter pathway and that to get a better understanding of this 

regulation, we need to take into account redundancies, competitions and therefore the 

complicated networks involved in this pathway in future studies. 

The potassium chloride cotransporters (KCC1-4) which are also members of the 

SLC12 family are also under WNK regulation (Rinehart, Maksimova et al. 2009). WNKs 

1, 3 and 4 have been shown to inhibit KCC1-4. It is likely that this regulation is brought 

about via the WNK-OSR1/SPAK phosphorylation cascade, but that remains to be 

determined.  

WNKs also regulate the chloride flux by mediating the activation of chloride 

channel and other proteins involved. WNK4 phosphorylates claudins 1-4, which are tight 

junction proteins involved in paracellular Cl- flux (Balkovetz 2009). WNKs also regulate 

the chloride channel SLC12A9 (Dorwart, Shcheynikov et al. 2007). The inositol-1,4,5-

trisphosphate (IP(3)) receptor-binding protein released with IP(3) (IRBIT) is suggested to 

be involved in mediating fluid and bicarbonate secretion by the basolateral solute carrier 

family 4 member 4 (NBCe1-B) and the cystic fibrosis transmembrane conductance 

channel (CFTR). IRBIT antagonizes the effects of the WNK-SPAK pathway (Yang, Li et 

al. 2011) on these channels and thereby regulates chloride, bicarbonate and fluid 

secretion in epithelial cells. The Caenorabditis elegans WNK ortholog can bind to and 

activate Gck-3, an OSR1 relative and thereby regulate the ClC anion channel. The ClC 

has multiple roles in volume regulation during development, cell cycle control, osmotic 
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homeostasis and ovulation in these organisms (Hisamoto, Moriguchi et al. 2008; Falin, 

Morrison et al. 2009). 

WNKs 1, 3 and 4 inhibit the renal outer medullary potassium channel (ROMK). 

This is brought about by a loss of ROMK on the surface of the cell (discussed more in 

later sections) (Leng, Kahle et al. 2006; Huang, Yang et al. 2008; Wang, Liu et al. 2008; 

Liu, Wang et al. 2009). KS-WNK1 acts as a dominant negative and inhibits WNK-

mediated ROMK inhibition and interestingly PHAII mutations in WNK4 cause increased 

inhibition of ROMK.  

WNKs also regulate the epithelial sodium channel (ENaC) in a kinase- 

independent manner. ENaC is expressed in the DCT and is responsible for sodium 

reabsorption.  Regulation of ENaC by WNK is brought about via changes in membrane 

localization. We have shown that all four WNKs can interact with the sodium- and 

glucocorticoid-regulated kinase (SGK1) via regions of their N-termini that precede the 

kinase domain (Xu, Stippec et al. 2005; Heise, Xu et al. 2010). Interaction with this N-

terminal region is necessary and sufficient to activate SGK1. To be activated, SGK1 is 

translocated to the membrane by an unidentified mechanism where it is phosphorylated 

on its activation loop by phosphoinositide-dependent kinase (PDK1) in a 

phosphatidylinositol-3-kinase (PI3K) dependent manner. SGK1 is also phosphorylated at 

its hydrophobic motif residue by mTORC2 which plays a regulatory role (Yan, Mieulet et 

al. 2008; Lu, Wang et al. 2010). Active SGK1 phosphorylates Nedd4-2 (neurally 

expressed and developmentally downregulated), an E3 ligase, one of whose targets is 

ENaC (Xu, Stippec et al. 2005; Chen, Chen et al. 2009; Lu, Wang et al. 2010).  

Phosphorylation by SGK1 creates a 14-3-3 binding site on Nedd4-2. Binding of 14-3-3 to 
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Nedd4-2 causes its sequestration, which results in ENaC being retained on the plasma 

membrane. If present on the plasma membrane, ENaC has a high open probability 

thereby facilitating sodium reabsorption.  Although thiazides have been most useful in 

treating PHAII patients, symptoms of some patients are improved with spironolactone, an 

aldosterone antagonist.  Aldosterone stimulates ENaC biosynthesis; thus, the aldosterone 

receptor antagonist decreases the amount of ENaC expressed. 

The flux of sodium ions inside the neuronal cell is responsible for the generation 

of action potential. Thus, maintenance of excitatory properties of a neuron is dependent 

upon the tight control of ion balance inside and outside of the cell. WNKs can regulate 

ion balance by controlling the activation of transporters. Due to the fact that WNK3 is 

most highly expressed in the brain, it was logical that WNK3 could be responsible for 

maintaining ion balance in neuronal cells. WNK3 co-localizes with NKCC1 and KCC1/2 

in  gamma amino butyric acid (GABA) receptor-expressing neurons (Kahle, Rinehart et 

al. 2005). It helps regulate the activity of NKCC1 and KCC1/2 and maintain cell volume 

in response to osmotic stress. WNK2 is expressed in adult and fetal brains, especially in 

the neocortical pyramidal cells, thalamic relay cells, and cerebellar granule and Purkinje 

cells. WNK2 forms a complex with SPAK in these neuronal cells and regulates the cation 

chloride transporters NKCC1 and KCC1/2 (Rinehart, Vazquez et al. 2011).  

Involvement in vesicular transport: The activation of channel and cotransporter 

activity by WNKs is, in some cases, apparently kinase-independent. Most of these 

kinase-independent mechanisms involve a change in the surface expression of the 

transporter proteins. Transport of proteins to the plasma membrane is brought about by a 

pathway involving the endoplasmic reticulum, the Golgi complex and membranous 
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vesicles and is called vesicular transport. A wide-array of proteins in the cell is involved 

in carrying out vesicular transport with fine precision. We hypothesized that regulation of 

surface expression of ion transporters by WNK is brought about by interaction with and 

regulation of proteins involved in vesicular transport. We used a yeast two-hybrid screen 

to determine whether WNK1 could interact with any of the proteins involved in vesicular 

transport. We identified synaptotagmin2 (Syt2) as a potential WNK1-interacting protein 

(Lee, Min et al. 2004). Synaptotagmins regulate membrane fusion and vesicle transport in 

neuronal and neuroendocrine cells (Davletov and Sudhof 1993; Zhang, Rizo et al. 1998; 

Fernandez, Arac et al. 2001; Gustavsson and Han 2009). Two family members, Syt1 and 

Syt2 are expressed in the neurons. Much more is known about Syt1 than Syt2, but Syt2 

has similar structure and function to Syt1. Synaptotagmins are regulated by calcium and 

have calcium sensing domains known as C2 domains (Sudhof 2012). Through their C2 

domains Syts can bind to lipid membranes upon Ca2+ influx and enhance membrane 

fusion events. WNK1 can bind to and phosphorylate the C2 domain of Syt2 causing a 

change in the calcium requirement for the membrane binding activity of the Syt2 C2 

domain. This alteration of calcium requirement suggests that WNK1 might be regulating 

the calcium-sensing properties of Syt2 and thereby regulating its roles in mediating 

membrane fusion. 

WNKs1 and 4,  via a clathrin and dynamin dependent mechanism, decrease the 

surface abundance of the renal outer medullary potassium channel (ROMK) thereby 

inhibiting channel activity (He, Wang et al. 2007). WNKs 1 and 4 interact with the 

scaffold protein intersecting (ITSN1) via the PXXP motifs on their N-terminus. SH3 

domains of ITSN1 were found to interact with the three N-terminal PXXP motifs on 
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WNK1 in the region preceding the kinase domain. Interestingly, this region is also 

involved in activating SGK1. Mutation of all three PXXP motifs completely abolishes 

interaction with ITSN1. PHAII causing missense mutations on WNK4 increase the 

affinity for interaction with ITSN1 and ROMK, leading to enhanced ROMK 

internalization and decreased potassium uptake.  

As mentioned before, WNKs are also involved in lysosomal trafficking. WNK4 

interacts with the adaptor protein AP-3 which flags cargo destined for destruction in the 

lysosomes. In this manner, WNK4 inhibits delivery of NCC to the membrane without 

affecting the net rate of internalization (Subramanya, Liu et al. 2009). In another study, 

sortilin, a lysosomal sorting receptor similar to the yeast vacuolar protein Vps10p, was 

determined to mediate the degradation of NCC brought about by WNK4 (Zhou, Zhuang 

et al. 2010). 

WNK3 and apoptosis: WNK3 was shown to interact with caspase-3 in HeLa 

cells. Expression of WNK3 inhibits, while downregulation of WNK3 accelerates, 

apoptosis in a caspase-3 dependent manner (Verissimo, Silva et al. 2006). Apoptotic 

stimuli cause translocation of WNK3 to the nucleus. The details of the mechanism by 

which WNK3 can regulate apoptosis need to be elucidated. Roles of the other WNK 

family members in apoptosis also remain to be determined.  

WNK1 and cell cycle regulation: WNK1 affects regulation of cell proliferation 

and migration in multipotent C17.2 neuronal stem cells from mouse (Sun, Gao et al. 

2006). Using RNA interference to inhibit WNK1 expression, the authors found a 

phenotype of altered cell morphology, reduction in cell migration and an impairment of 

progression of the cell cycle. WNKs have been identified as proteins of interest in screens 
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of proteins involved in development, cancer, survival and proliferation (Bjorklund, 

Taipale et al. 2006; Hong, Moorefield et al. 2007; Conery and Harlow 2010). We have 

shown that WNK1 is involved in regulation of the mammalian cell cycle and survival. 

Using immunofluorescence, we have shown that WNK1 co-localizes with the mitotic 

spindle. Downregulation of expression of endogenous WNK1 in HeLa cells causes 

multipolar spindle formation and results in multinuclear daughter cells. Further, the cells 

show a highly elongated bridge between the daughter cells and aberrant abscission. This 

phenotype can be rescued by expressing full-length rat WNK1. This indicates that this 

phenomenon is specific to WNK1 knockdown. This effect is independent of the WNK 

substrate OSR1 (Tu, Bugde et al. 2011). It remains to be seen whether other WNK family 

members also play a role in cell cycle progression and the mechanism involved in this 

pathway. 

To summarize, WNKs are not only involved in osmotic stress sensing and 

maintaining salt homeostasis by regulation of ion transporters, but are also required for 

several other cellular functions such as vesicular transport, cell cycle progression, 

excitatory properties of neurons and programmed cell death. All of these observations 

point to the fact that WNKs have diverse roles in the cell. Regulation of these activities 

requires that WNKs regulate and in turn are regulated by several different signaling 

pathways in the cell. In the next section, I will mention the interconnections of WNKs 

with known signaling pathways in the cell. 
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Connections with other pathways 

MAPK pathways: The mitogen-activated protein kinase pathway is one of the 

most studied kinase cascades in the cell. This pathway also contains components that are 

among some of the most frequently mutated proteins in cancer (Chen, Gibson et al. 2001; 

Pearson, Robinson et al. 2001; Chen and Thorner 2007; Lawrence, Jivan et al. 2008). As 

the name suggests, this cascade is induced by mitogens and regulates the growth and 

proliferation of the cell. The MAPK cascade consists of three kinases at the core, which 

may be regulated by a small G protein or an additional protein kinase (sometimes called 

MAP4K), or may be activated by oligomerization.  The first kinase in the core cascade is 

the MAP kinase kinase kinase (MAPKKK, MAP3K, or MEKK). The MAP3K in turn 

phosphorylates and activates its downstream substrate the MAP2K which then activates 

the MAPK.  The extracellular signal-regulated kinase (ERK1/2) pathway, the c-Jun N-

terminal kinase (JNK) pathway, the p38 pathway and the ERK5 pathway are among the 

most researched MAPK pathways (Raman and Cobb 2003).  

About two decades ago, we isolated cDNAs encoding WNK1 and the kinase 

domain of WNK2 while searching for homologues of the MAP2K, MEK1 (we called it 

W-MEK for a while). Therefore, one of the first tests we carried out was to determine 

whether WNK1 could activate the different MAPK pathways. (Xu, Stippec et al. 2004). 

We found that WNK1 was unable to activate ERK1/2 or JNK. It had only a marginal 

effect on p38. However, expressed WNK1 could activate the ERK5 pathway. The 

MAP3Ks, MEKK2 and MEKK3 are upstream regulators of ERK5 which is activated in 

response to growth factors and stress conditions, including osmotic and oxidative stresses 

and is implicated in cell survival and proliferation. We showed that WNK1 can bind to 
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and phosphorylate MEKK3. However, this phosphorylation is dispensable for its 

activation. The effect of phosphorylation of MEKK3 on its activation and ability to 

activate the ERK5 pathway is yet to be defined.  

WNK2 on the other hand, was shown to regulate the ERK1/2 pathway via MEK1 

and Rho GTPase (Moniz, Verissimo et al. 2007; Moniz, Matos et al. 2008). Knockdown 

in WNK2 in HeLa cells caused phosphorylation of ERK1/2 and phosphorylation of 

MEK1 at S298 in response to epidermal growth factor (EGF) stimulation. Depletion of 

endogenous WNK2 caused an increase in Rac GTP loading and concomitantly a decrease 

in the amount of Rho-GTP in HeLa cells. WNK2 cannot directly phosphorylate MEK or 

PAK1. However, depletion of endogenous WNK2 causes upregulation of phospho-

PAK1. WNK2 interacts with RhoA and localizes to the membrane. These data suggest 

that WNK2 might have a negative regulatory effect on ERK stimulation in HeLa cells in 

response to growth factors. Depletion of WNK2 caused more cells to enter the S-phase of 

cell cycle, thereby implicating WNK2 in growth and survival. However, whether 

phosphorylation of ERK1/2 in this situation actually activates the kinase was not 

measured using substrate phosphorylation assays. It was also not determined whether the 

phosphorylation of MEK at S298 in this system is directly through PAK1. Whether this 

effect of WNK2 is cell or tissue type specific is also uncertain. 

In another study, WNK4 was implicated in regulation of NCC expression via the 

ERK1/2 pathway (Zhou, Wang et al. 2011). The authors show that WNK4 expression in 

a mouse distal convoluted tubule (DCT) cell line increase ERK1/2 activation modestly in 

a dose dependent manner. PHAII mutations on WNK4 decreased the ability of WNK4 to 

activate ERK1/2. Depleting either WNK4 or ERK1/2 caused increase in surface 
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expression of NCC. However, these data lack any mechanistic details and are correlative 

at best. Also, because of the use of heterologous expression system, some additional 

control experiments would have made the study more convincing. Nevertheless, the 

indication that WNKs 2 and 4 cross talk with the ERK1/2 pathway, while WNK1 does 

not, suggests that the four family members might have divergent functions in mammals. 

Additionally, cross talk with the essential cell growth, proliferation and survival 

pathways indicates a wider range of physiologic functions of WNKs. 

PLC, PI3K and mTOR:  Insulin is a peptide hormone that is secreted by the 

pancreas in response to elevated blood glucose and is responsible for regulating processes 

involved in glucose and energy homeostasis, cell growth and proliferation. Insulin binds 

to its receptor, a receptor tyrosine kinase which activates protein kinase cascades 

involving phosphatidylinositol 3-kinase (PI3K), protein kinase B/Akt, the MAPK 

pathways, among others. These pathways result in activation of metabolic pathways, 

upregulation of transcription of required genes  and help maintain steady state levels of 

glucose in the body(Cobb and Rosen 1984; Saltiel and Pessin 2002; White 2003; 

Taniguchi, Emanuelli et al. 2006). Insulin signaling is at the core of metabolic diseases 

and is misregulated in numerous disease pathways, most importantly in diabetes.  

It was therefore extremely interesting to determine that WNK1 can be 

phosphorylated by protein kinase B/Akt downstream of insulin and insulin like growth 

factor (IGF1) stimulation. In screens to determine Akt substrates, several labs found that 

Akt phosphorylates WNK1 specifically at an N-terminal threonine residue (T60 in human 

WNK1) in response to IGF1 stimulation in vitro which can be inhibited using PI3K 

inhibitors. Phosphoinositide dependent kinase (PDK1) phosphorylates and activates Akt. 
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PDK1 null cells reveal that this phosphorylation of WNK1 is dependent on Akt under 

physiological conditions (Vitari, Deak et al. 2004; Lenertz, Lee et al. 2005; Horita, Seki 

et al. 2011). Using myelin basic protein (MBP) as a substrate, it was determined that the 

phosphorylation of WNK1 by Akt does not affect its kinase activity suggesting a more 

regulatory role. This phosphorylation is however, required for the inhibition of surface 

expression of ENaC and ROMK (Xu, Stippec et al. 2005; Cheng and Huang 2011). This 

suggests that one of the consequences of phosphorylation of WNK1 by Akt could be a 

change in the conformation of WNK leading to change in its binding properties to 

different proteins.  

WNK1 is also implicated as a novel regulator of phospholipase C β (PLCβ) 

activity. PLCβ hydrolyzes phosphotidylinositol 4, 5 bisphosphate (PIP2) to generate 

second messengers diacylgylcerol (DAG) and inositol triphosphate (IP3) downstream of 

signals from G-protein coupled receptors that work through Gq. The concentration of 

PIP2 in the membrane is rate limiting for PLCβ action. This study shows that WNK1 

promotes the synthesis of PIP2 by stimulating phosphatidylinositol 4 kinase type IIIα 

(PI4K IIIα), which converts phosphatidylinositol-4 phosphate to PIP2 (An, Cha et al. 

2011), thus activating PLCβ. Using antibodies against WNK1, the authors showed that 

WNK1 activity is essential for PLCβ function downstream of Gq coupled receptors. 

Insulin and IGF1 potentiate the signaling downstream of Gq, possibly via 

phosphorylating WNK1. This study implicates WNK1 as a coordinator and mediator of 

two distinct pathways. 

The mammalian target of rapamycin (mTOR) is a protein serine threonine kinase 

that is reported to be involved in a staggeringly wide array of cellular activities (Brown, 
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Albers et al. 1994). mTOR is regulated by metabolic state of the cell and is activated 

downstream of PI3K and Akt (Brunn, Williams et al. 1996).  mTOR forms at least two 

functional complexes, mTOR complex1(mTORC1) and mTORC2 (Tee and Blenis 2005; 

Corradetti and Guan 2006; Lee, Inoki et al. 2007; Ikenoue, Inoki et al. 2008; Zoncu, 

Efeyan et al. 2011). These two complexes are characterized by the presence of different 

binding partners of mTOR. mTORC1 is activated by the nutrient state of the cell and  is 

involved in regulation of translation, autophagy and metabolic processes. mTORC2 is 

activated by growth factors and carries out cell growth and proliferation activities. 

mTORC2 regulates the activity of the mTOR complex 1 by phosphorylating and 

activating Akt which inhibits mTORC1. mTORC2 phosphorylates the hydrophobic motif 

of several AGC kinases including Akt and SGK1 (Choo and Blenis 2009; Lu, Wang et al. 

2010). This phosphorylation is essential for activation and stability of these proteins. Akt 

and SGK1 both are implicated upstream of WNK1. WNK1 is important for the activation 

of SGK1 (Xu, Stippec et al. 2005; Xu, Stippec et al. 2005; Chen, Chen et al. 2009). In a 

phosphoproteomic analysis to determine proteins downstream of mTOR, two groups 

independently identified peptides corresponding to WNK1 whose phosphorylation was 

deregulated by mTOR inhibitors rapamycin and KU0063794 (Hsu, Kang et al. 2011; Yu, 

Yoon et al. 2011). The crosstalk between mTOR and WNK pathway is extremely 

interesting and could reveal important facets of functions of WNK proteins.  

TGF-β pathway: Embryogenesis, differentiation, proliferation and apoptosis 

among others are a few of the processes under the direct control of the transforming 

growth factor β (TGF-β) pathway. The TGF-β receptor is a serine- threonine protein 

kinase. Ligand association with the receptor stimulates the formation of heteromeric 
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complexes of type I and type II serine-threonine kinase receptors and subsequent trans-

autophosphorylation of these receptor complexes. Downstream of the TGF-β receptor are 

a family of transcription factors called the Smads. Activated type I receptors activate 

specific receptor-activated Smads (R-Smads) which leads to interaction with the co-

mediator Smad. The dimerization of these transcription factors mediates signal relay to 

the nucleus where downstream genes are transcribed. In a yeast two hybrid screen, we 

identified Smad2 as an interacting partner for WNK1 (Lee, Chen et al. 2007). WNK1 can 

phosphorylate Smad2 in vitro. Interestingly, reduction in WNK1 levels in HeLa cells 

caused reduction in Smad2 expression subsequent to its activation and nuclear 

translocation. This results in increased signaling through this pathway suggesting that 

WNK1 acts as a negative regulator. OSR1was reported to interact with the TGF-β 

receptor, further suggesting a functional interaction of WNK1 with this pathway (Barrios-

Rodiles, Brown et al. 2005). The TGF-β-Smad pathway is implicated in several cancers 

due to its roles in controlling proliferation and apoptosis. Implication of WNK1 as a 

negative regulator of this pathway suggests another linkage of WNK1 to tumorigenesis. 

c-Src: The first identified oncogene was the homolog of the viral sarcoma gene 

(v-Src) expressed in cells called c-Src. These genes encode a family of non-receptor 

associated protein tyrosine kinases and are among the most mutated genes in several 

forms of cancers. Using the Xenopus oocyte model system, a group showed that 

expression of c-Src along with ROMK decreased the activity of the channel. Inhibition of 

the protein tyrosine phosphatases reversed this effect (Moral, Dong et al. 2001). This 

effect of Src on ROMK was enhanced when WNK4 was coexpressed (Yue, Lin et al. 

2009). Src was shown to affect the SGK1-mediated phosphorylation on WNK4. These 
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results, although fascinating and linking WNKs to yet another important cellular 

signaling pathway with implications in cancer biology, need to be reevaluated under 

more physiological conditions. 

LKB1-MO25-STRAD: Identified as a kinase mutated in Peutz-Jegher’s syndrome, 

LKB1 is a tumor suppressor. Its activity is regulated by interactions with two adaptors 

namely mouse protein25A (MO25α) and the Ste20-related adaptor (STRAD). STRAD is 

a component of the GCK-VI family of the Ste20 protein kinase family like OSR1 and 

SPAK (Baas, Boudeau et al. 2003; Boudeau, Baas et al. 2003; Tee and Blenis 2005; 

Alessi, Sakamoto et al. 2006; Filippi, de los Heros et al. 2011). This complex regulates 

development, growth and proliferation. A fascinating study linked MO25α upstream of 

OSR1 and SPAK. SPAK and OSR1 have conserved binding sites for MO25α and 

expression of this adaptor causes increase in activity of OSR1 and SPAK (Filippi, de los 

Heros et al. 2011). The underlying mechanism of action and relationship of MO25α-

LKB1-STRAD complex with OSR1 and SPAK and whether this is a WNK independent 

action of OSR1 and SPAK remain to be seen. 

SYKand CFTR pathway: WNKs have been linked to the cystic fibrosis 

transmembrane conductance regulator (CFTR) by a few groups (Yang, Liu et al. 2007; 

Luz, Kongsuphol et al. 2011; Mendes, Matos et al. 2011; Yang, Li et al. 2011). Mutations 

in CFTR are linked to the debilitating disease of cystic fibrosis (CF). CFTR is a chloride 

channel and deficiencies in this channel activity affect lungs, pancreas, liver, intestines, 

sinuses, and sex organs. CF patients have thick mucus which can block the lungs and 

airways. 
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 As in the case of ROMK, WNKs 1 and 4 regulate the surface expression of 

CFTR. Recent evidence suggests that the spleen tyrosine kinase (Syk) via 

phosphorylating CFTR on a tyrosine residue (Y512) on CFTR alters the surface 

expression of this channel (Mendes, Matos et al. 2011). Using biochemical and 

physiological assays, the authors showed that WNK4 can interact with Syk in a kinase 

independent manner and that WNK4 and Syk play antagonistic roles in regulating the 

surface expression of the channel. The mechanism by which WNK4 inhibits Syk function 

and whether PHAII mutations in WNK4 alter this activity needs to be determined. It 

would be interesting to determine whether CF patients exhibit mutations in WNK4 and 

whether other WNKs have similar effects on CFTR activity. 

These data indicate that the members of the with no lysine family of protein 

kinases are associated not only with maintaining osmotic balance in the cell, but are 

involved in numerous cellular processes and are pivotal during development. They have 

connections with several signaling pathways. Many of these functions are dependent on 

the kinase activity of the protein, but there are several others that are carried out 

independently of the kinase activity (Table 2.1). Due to the lack of known secondary or 

tertiary structural elements and the presence of large segments of low complexity 

sequences in these large proteins, it is possible that they function as intrinsically 

disordered proteins (IDPs). A characteristic of IDPs is that they act as adaptors to link 

proteins to each other and relay signals and that they can interact with several different 

proteins. IDPs are hypothesized to gain secondary structure upon binding to interacting 

proteins (Halfmann, Alberti et al. 2010; Jarosz, Taipale et al. 2010; Halfmann, Alberti et 

al. 2011; Uversky, Babu et al. 2011). Any or all of these could be true of WNKs and 
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would provide interesting avenues of future research. Another area of investigation that is 

lacking is on upstream regulators of WNKs. In the next section, I summarize the little 

that is known about this area. 

Target               Process WNK kinase activity 

          OSR1            Ion transport 
         Required 

          SPAK            Ion transport 
         Required 

          SGK1            Ion transport 
Not required 

      Intersectin       Vesicular transport 
Not required 

            AP-3       Vesicular transport 
            NA 

        Sortilin       Vesicular transport 
            NA 

    Claudins1-4 

Tight junction formation and Ion 

transport   Required 

          Syt2      Vesicular transport 
        Required 

       MEKK3              Survival and proliferation 
        Required 

        Smad-2 Proliferation, apoptosis, differentiation 
        Required 

 

 

 

Table 2.1: List of WNK targets, the processes they are involved in and whether 

kinase activity of WNK1 is required. NA- Involvement of WNK kinase activity not 

clear. 
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Upstream regulation of WNKs 

Since 2000, WNKs have been extensively studied as protein kinases and as 

effectors of downstream events in the cell. However, the regulators of WNKs themselves 

have been elusive. WNKs are activated by osmotic stress. Whether they are the actual 

sensors for osmotic stress or are activated by another protein that senses changes in 

membrane curvature for example, is unknown. A study shows that WNK4 can respond to 

angiotensin signaling (San-Cristobal, Pacheco-Alvarez et al. 2009). This suggests that 

they may be downstream of other effectors that respond to hypovolemia.  

Recently, a study has demonstrated that WNKs might be regulated by 

microRNAs. Given that intronic deletion causes Expression of WNK1 in PHAII, 

regulation by micro RNAs seems plausible. The authors show that the micro RNA miR-

192 has a target sequence in the 3’ untranslated region (3’UTR) of WNK1 gene. They 

also show that miR-192 can regulate WNK1 expression in a tissue culture system and 

aldosterone can regulate the expression of this micro-RNA (Elvira-Matelot, Zhou et al. 

2010). This result is intriguing in itself and raises important questions of first, whether 

this is true under physiological conditions, and second, whether there are other small 

RNAs that can affect the expression and activity of the WNK family members. Recent 

intriguing structural information being developed in the Goldsmith laboratory may also 

reflect on WNK regulation. 
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Roles in other diseases 

With the recent discoveries linking WNK family members to several key 

pathways in the cell, it has become increasingly clear that WNKs are involved in the 

disease pathogenesis. WNKs 1, 2 and 3 have been linked to several different forms of 

cancer, which has been extensively reviewed (Moniz and Jordan 2010). Through its 

regulation of the TGF-β pathway and interaction with Src, WNK1 and 4 are indirectly 

related to initiation and progression of cancer. WNK3 is implicated in regulating 

metastatic potential of certain gliomas (Haas, Cuddapah et al. 2011). WNK2 has been 

shown to be silenced epigenetically in different types and grades of tumors (Jun, Hong et 

al. 2009).  

Familial microdeletions in the WNK3 gene have been shown to be linked to 

some forms of autism (Qiao, Liu et al. 2008). Interestingly, a group found that OSR1 and 

WNK3 were highly expressed in postmortem brains from schizophrenia patients (Arion 

and Lewis 2011). This result again points to the importance of the expression levels of 

these proteins and suggests that a change in expression pattern and/or kinase activity of 

WNK and OSR might affect chloride transport through NKCC and KCC in schizophrenia 

patients and thereby affect GABA-ergic neuronal function. 

 A genome wide screen for genes misregulated in women with postmenopausal 

osteoporosis showed that in circulating B cells of these women WNK1 was one of the 

genes that was downregulated (Xiao, Chen et al. 2008). This study suggests that WNKs 

might be responsive to estrogen and progesterone, perhaps regulated by genes that are 

downstream of these hormones. WNKs might also be involved in maintaining bone 
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structure and mineral deposition; this might be also due to its action on ion channels and 

transporters in osteoblasts. 

It is evident from these studies that WNKs are enzymes involved not just in one 

form of genetic hypertensive disease, but are implicated both indirectly and causatively in 

other disease systems making these proteins even more intriguing. Since yeast does not 

have a homolog of WNK, it was assumed that WNKs are a recently evolved family of 

proteins with functions limited to metazoans. However, with the discovery of WNK 

homologs in unicellular eukaryotes such as Chlamydomonas, it is now clear that WNKs 

are an ancient class of proteins whose functions appear to be conserved throughout 

eukaryotes. I will describe the functions of WNKs in plants in the next section. 

 

WNKs in unicellular organisms and plants 

WNKs represent an ancient class of protein kinases that have sequence conservation 

among several phyla. WNK family members are not expressed in everyone’s favorite 

unicellular eukaryote, S. cerevisiae. WNKs are expressed in several other unicellular 

eukaryotes such as Chlamydomonas reinhardtii, Giardia lamblia and Phytophthora sojae 

(Hong-Hermesdorf, Brux et al. 2006). These unicellular WNKs share similar 

characteristics such as size and domain organization with the WNKs found in 

multicellular plants such as mustard (Arabidopsis thaliana) and rice (Oryza sativa). The 

kinase and the autoinhibitory domains are conserved among unicellular organisms and 

multicellular plants and mammals (Figure 2.3).  
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Plant WNKs have been studied using two model systems, namely mustard and 

rice. The Arabidopsis genome encodes the maximum number of WNK family members 

among all organisms. It encodes for 11 WNK kinases while the Oryza genome encodes 

for five of them (Hong-Hermesdorf, Brux et al. 2006). Plant WNKs not surprisingly were 

classified as members of the MAPK family after the discovery of the first homolog in 

mustard. Further sequence comparison revealed that they lack the catalytic lysine in 

subdomain II which is a hallmark of the WNK family of proteins. In plant WNKs, this 

 
Mus              SQQQDDIEELETKAVGMSNDGRFLKFDIEIGRGSFKTVYKG 238 
Homo             SQQQDDIEELETKAVGMSNDGRFLKFDIEIGRGSFKTVYKG 238 
Glycine          MYKGRFGGKAELGYVETDPSGRYGRFRDILGKGAVKVVYRA 41 
Arabidopsis      MNNLSYLEPDYSEFVEVDPTGRYGRYNEVLGKGASKTVYRA 41 
                 :           *  .  **: ::   :*:*: *.**:. 
Mus              LDTETTVEVAWCELQDRKLTKSER--QRFKEEAEMLKGLQHPNIVRFYDSWESTVKGKKC 296 
Homo             LDTETTVEVAWCELQDRKLTKSER--QRFKEEAEMLKGLQHPNIVRFYDSWESTVKGKKC 296 
Glycine          FDEVLGREVAWNQVKLGDVFHSPDLLPRLYSEVHLLKNLEHDSIMTFHDSWIDVHC--RT 99 
Arabidopsis      FDEYEGIEVAWNQVKLYDFLQSPEDLERLYCEIHLLKTLKHKNIMKFYTSWVDTAN--RN 99 
                 :*     **** :::  .. :*     *:  * .:** *:* .*: *: ** ..    :  
Mus              IVLVTELMTSGTLKTYLKRFKVMKIKVLRSWCRQILKGLQFLHTRTPPIIHRDLKCDNIF 356 
Homo             IVLVTELMTSGTLKTYLKRFKVMKIKVLRSWCRQILKGLQFLHTRTPPIIHRDLKCDNIF 356 
Glycine          FNFITELFTSGTLREYRKKYQRVDIRAVKNWARQILSGLEYLHSHDPPVIHRDLKCDNIF 159 
Arabidopsis      INFVTELFTSGTLRQYRLRHKRVNIRAMKHWCRQILRGLHYLHSHDPPVIHRDLKCDNIF 159 
                 : ::***:*****: *  :.: :.*:.:: *.**** **.:**:: **:*********** 
Mus              ITGPTGSVKIGDLGLATLKRAS-FAKSVIGTPEFMAPEMYEEKYDESVDVYAFGMCMLEM 415 
Homo             ITGPTGSVKIGDLGLATLKRAS-FAKSVIGTPEFMAPEMYEEKYDESVDVYAFGMCMLEM 415 
Glycine          INGHLGQVKIGDLGLAAILRGSQHAHSVIGTPEFMAPELYEEEYNELVDIYSFGMCMIEI 219 
Arabidopsis      VNGNQGEVKIGDLGLAAILRKS-HAAHCVGTPEFMAPEVYEEAYNELVDIYSFGMCILEM 218 
                 :.*  *.*********:: * * .*   :*********:*** *:* **:*:****::*: 
Mus              ATSEYPYSECQNAAQIYRRVTSGVKPASFDKVAIPEVKEIIEGCIRQNKDERYSIKDLLN 475 
Homo             ATSEYPYSECQNAAQIYRRVTSGVKPASFDKVAIPEVKEIIEGCIRQNKDERYSIKDLLN 475 
Glycine          FTSEFPYSECSNPAQIYKKVTSGKLPEAYYRIHDLEAQKFVGKCSAN-VSERLSAKELLL 278 
Arabidopsis      VTFDYPYSECTHPAQIYKKVMSGKKPDALYKVKDPEVKCFIEKCLAT-VSLRVSARELLD 277 
                  * ::***** :.****::* **  * :  ::   *.: ::  *     . * * ::**  
Mus              HAFFQEET 
Homo             HAFFQEET 
Glycine          DPFLATEQ 
Arabidopsis      DPFLRIDD 
                 ..*:  :                                               

Figure 2.3: The sequence of the kinase domain is highly conserved among 

WNKs. Alignment of sequences from mouse, human, rice and mustard show 

significant conservation in the kinase domain residues. 
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lysine is most often replaced by an arginine residue (asparagine in Phycomyces) while in 

mammalian WNKs, a cysteine residue replaces the catalytic lysine (Nakamichi, 

Murakami-Kojima et al. 2002; Hong-Hermesdorf, Brux et al. 2006). All of the WNK 

family members found in plants share a conserved domain which is absent in mammalian 

WNKs. This domain is called the plant-WNK (pWNK) domain (Figure 2.4). The 

significance of this domain is still being determined. 

 

Functions of plant WNKs  

Using a yeast two-hybrid approach, to find interacting partners of the circadian 

clock protein APRR3 (Arabidopsis pseudo response regulator 3) in Arabidopsis, a group 

discovered the first member of the Arabidopsis WNK family (Murakami-Kojima, 

Nakamichi et al. 2002). APRR3 is a fascinating protein. It is part of a quintet of proteins 

whose transcription is regulated in response to the circadian rhythm. Therefore, these 

proteins are suggested to be the regulators of the clock genes. Each of the APRR 

transcripts start to accumulate after dawn in intervals of two hours in the sequence 

Figure 2.4: Plants WNKs are characterized by a plant WNK motif. Schematic 

of the domain organization of mammalian WNK1 and plant WNK1 showing the 

different domains. Plants have a P-WNK motif exclusive to the kingdom. 
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APRR9-APRR7-APRR5-APRR3-APRR1 (Matsushika, Makino et al. 2000; Makino, 

Matsushika et al. 2001). The Arabidopsis WNK1 (AtWNK1) can interact with APRR3 

and phosphorylate it. It can also associate with APRR5, but not with other APRR 

proteins. Expression of AtWNK1 is also regulated in tandem with APRR3 in response to 

the circadian rhythm (Murakami-Kojima, Nakamichi et al. 2002; Nakamichi, Murakami-

Kojima et al. 2002). Similarly, expression of the rice WNK1 (OsWNK1) is also regulated 

in response to the light-dark cycle (Kumar, Rao et al. 2011). Therefore, AtWNK1 and 

OsWNK1 are suggested to be novel regulators of the circadian rhythm in plants. This 

function of WNK1 seems to be unique to plants as WNKs have not been found to 

associate with any of the clock genes in mammals yet.  

WNKs can interact with the embryonic flower 1 (EMF1) protein and thereby 

regulate flowering time in Arabidopsis (Park, Lee et al. 2011). AtWNK1 knockouts have 

delayed flowering while deletion of AtWNK2, AtWNK5 and AtWNK8 genes cause early 

flowering (Wang, Liu et al. 2008). These data suggest that the different AtWNKs have a 

complicated and concerted action in regulating the photoperiod and therefore flowering 

times. The complicated action of the different plant WNKs in regulating each other seems 

to be similar to the mammalian WNKs, perhaps due to formation of an autoactivable 

complex and suggests that determining how the different isoforms of the WNK family 

members cross-talk with each other will be crucial to completely understanding their 

functions. 

Another function apparently exclusive to plant WNKs is the regulation of pH and 

evergy balance. In an in vitro experiment, AtWNK8 is able to interact with and 

phosphorylate the subunit C of the vacuolar ATPase of Arabidopsis (VHA-C) (Hong-
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Hermesdorf, Brux et al. 2006). Whether this translates to a real physiological function 

remains to be seen.  

Plant WNKs are also convergent in their functions. Plant WNKs act as osmotic 

stress sensors. The soybean (Glycine max) WNK1 (GmWNK1) has been implicated 

downstream of abscissic acid (ABA) signaling. GmWNK1 can regulate lateral root 

growth and maintain the root architecture in response to osmotic stresses (Wang, Suo et 

al. 2010). This study also revealed that plant WNKs are also involved in maintaining salt 

balance and homeostasis in plants. Transgenic plants constitutively expressing GmWNK1 

have altered ABA levels and altered expression of ABA responsive genes and they are 

more tolerant to osmotic stresses during seed germination and seedling development 

(Wang, Suo et al. 2011). Plant and animal WNKs are evolutionarily conserved proteins 

which have convergent functions in regulating salt homeostasis as well as divergent 

functions such as circadian rhythm regulation that are specific to the kingdom.  

The discovery of plant and unicellular WNKs suggests that WNKs are an ancient 

class of proteins whose importance has been underrated. This has been partly due to the 

fact that WNKs are large proteins with unstructured domains. This makes it challenging 

to express and purify the recombinant full length proteins. The large size also makes it 

difficult to visualize these proteins using biochemical and cell biological tools.  This has 

resulted in most studies on WNKs been carried out using transient and heterologous 

expression of fragments. Nevertheless, there have been exciting studies that implicate 

WNKs in a wide variety of cellular processes suggesting that this family of proteins will 

have many as yet unknown functions. These studies suggest that the field will be rife with 

excitement in the near future. 
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This dissertation 

In the course of this dissertation, I have examined several intricacies of WNKs and its 

interacting partners that I outline below: 

1. I have examined the details of the mechanism of interaction of WNKs with 

OSR1. I have determined that the C-terminal tail of WNK1 starting from residue 

1570 (in the rat isoform containing 2126 amino acids) is sufficient to interact 

with OSR1. Expression of this fragment in cells causes sequestration of OSR1 

from endogenous WNK1 resulting in reduced activation of OSR1.  

2. I have determined that the mTORC2 pathway is involved in phosphorylating 

OSR1 and depletion of mTORC2 expression or function specifically decreases 

OSR1 activity. OSR1 is the first Ste20 family member suggested to be regulated 

by mTORC2 and this is a novel and potentially important cross-talk with a 

crucial pathway in the cell. 

3. WNKs are inefficient protein kinases. This led us to hypothesize that we are 

missing a coactivator of the protein kinase activity or that WNKs might be acting 

as lipid kinases. I have investigated this avenue and have determined that WNK1 

is capable of binding to complex lipids in vitro. WNK1 can also phosphorylate 

simple lipids in vitro and binding to lipids affects the kinase activity of WNK1 

possibly by competition. Whether this can be recapitulated under physiological 

conditions needs to be studied. 

I will finish this dissertation with a few thoughts that I have about WNKs in general and 

future directions that would be exciting avenues of research.
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CHAPTER THREE 

 

 

TELL-TAIL SIGNS OF WNK-OSR INTERACTION 

 

Introduction 

The yeast Sterile 20 protein pioneers a family of protein kinases very diverse in 

functions and structures. Ste20p is a MAP4K linking the pheromone response pathway, 

the pseudohyphal growth pathway and the high osmolarity glycerol (HOG) pathway 

through activation of different MAP3K downstream (Dan, Watanabe et al. 2001; Chen 

and Thorner 2007; Delpire and Gagnon 2008; Gagnon, Rios et al. 2011). There are about 

thirty protein serine threonine kinases that are grouped into the Ste20 group of kinases 

which are further subdivided into two major families, namely the germinal center kinases 

(GCK) and the p21 activated kinases (PAK). Several MAP4Ks, thousand and one amino 

acid kinases (TAO), mammalian Ste20 kinase (MST), synthetic lethal kinase (SLK) are 

just a few examples of the proteins included in this family (Dan, Watanabe et al. 2001; 

Gagnon, Rios et al. 2011). OSR1 and SPAK are also bonafide members of this family of 

protein kinases and along with STRAD form the GCK-VI subfamily of Ste20 kinases.  

 The GCK family is characterized by a N-terminal kinase domain while PAKs 

contain a C-terminal kinase domain. The structure of the kinase domains among Ste20p, 

GCKs and PAKs are conserved. In the subdomain VIII of Ste20 kinases, there exists a 

Ste20p signature peptide sequence: (v/i)GTPyWMAPEv (less conserved residues are 

indicated in lower case). Most of the members of this family, however, show very 

minimal sequence similarity overall.  
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 OSR1 and SPAK are the best characterized substrates of WNKs (Moriguchi, 

Urushiyama et al. 2005; Vitari, Deak et al. 2005; Anselmo, Earnest et al. 2006). They 

were identified as proteins that interact strongly with WNKs using yeast two-hybrid and 

immunoprecipitation followed by mass spectrometry (Moriguchi, Urushiyama et al. 

2005; Vitari, Deak et al. 2005; Anselmo, Earnest et al. 2006). OSR1 and SPAK interact 

with their upstream regulators and downstream substrates via specific sequence motifs 

consisting of a positive charge (Arg or Lys) at position +1, phenylalanine at +2, any 

amino acid at +3 followed by a valine or isoleucine at the last position (RFxV/I)  

(Gagnon, England et al. 2006; Vitari, Thastrup et al. 2006; Delpire and Gagnon 2007). 

Osmotic stresses can activate OSR1 and SPAK and the activated Drosophila ortholog can 

activate the c-Jun N-terminal kinase (JNK) pathway (Chen, Yazicioglu et al. 2004). This 

mechanism is not yet linked with mammalian orthologs. OSR1 and SPAK can interact 

with the cation chloride cotransporters NCC, NKCC1 and NKCC2 as well as KCC1 and 

2 via conserved RFxV motifs. They can regulate the cotransporters via phosphorylation 

of serine and threonine residues (Piechotta, Lu et al. 2002; Dowd and Forbush 2003; 

Moriguchi, Urushiyama et al. 2005; Delpire and Gagnon 2008; Mercier-Zuber and 

O'Shaughnessy 2011). OSR1 (Lee, Cobb et al. 2009) and SPAK (Juang, Sengupta et. al. 

in revision) crystallize as dimers with the activation loops being swapped between the 

monomers. Whether this domain swapping is essential for the activation of the kinase is 

still under investigation. 

The identification of WNKs as upstream activators of OSR1 and SPAK led to the 

filling in of a crucial piece of the puzzle (Moriguchi, Urushiyama et al. 2005; Vitari, 

Deak et al. 2005; Anselmo, Earnest et al. 2006).  OSR1 and SPAK are activated by 
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WNK1 by phosphorylation of a threonine residue in the activation loop of the protein 

(Vitari, Deak et al. 2005; Gagnon, England et al. 2006). Previous work in our laboratory 

and others has shown that all four WNKs can phosphorylate and activate OSR1 to the 

same extent (Thastrup, Rafiqi et al. 

2012) (Sengupta, Tu et. al. manuscript 

in preparation). The four WNKs 

possess similar kinetic constants (Km 

of ~1 µM and Kcat of ~1 /min) when 

OSR1 is used as a substrate.   

OSR1 interacts with WNK1 

via its PF2 domain (Vitari, Thastrup et 

al. 2006). All four WNKs contain at 

least one RFxV motif and are therefore 

capable of interacting with OSR1 and 

SPAK. 

Depending on 

the splice form, 

WNK1 

possesses five of these motifs and therefore, has five potential points of interaction with 

OSR1 and SPAK. One of these RFxV motifs resides in the kinase domain of WNK1, one 

is in the middle of the protein and three are clustered near the C-terminal coiled coil 

Figure 3.1:  RFxV motif in the kinase domain of WNK1 does not affect kinase 

activity towards OSR1. Recombinant wild type (in duplicates) or V318E mutant 

(in triplicates) kinase domain of WNK1 was used in a coupled kinase assay 

towards OSR1 and its substrate NKCC2 1-175. Top panel: Autoradiograms  

(upper) and Coomassie stained gels (lower) . Bottom panel: Bands from the 

autoradiogram were cut and counted using liquid scintillation counting and the 

values plotted on a graph. Figure courtesy: Kyle Wedin 
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domain. We sought to understand which of these RFxV motifs was required for 

interaction of WNK1 with OSR1. 

Since WNK1 can phosphorylate OSR1, the RFxV of the kinase domain was an 

obvious possibility. A previous graduate student in the laboratory chose to tackle this 

problem and made recombinant WNK1 kinase domain protein containing a mutant RFxV 

motif. He mutated the valine in the RFxV 

(V318) to glutamate (V318E) and used the 

recombinant protein to determine that 

mutating V318 to glutamate did not affect 

the kinase activity of WNK1 towards OSR1 

(Figure 3.1). This suggested to us that the 

RFxV motif in the kinase domain was likely 

to be dispensable for interaction with 

OSR1.  

Meanwhile, 

a technician in the 

lab was using C-

terminal fragments 

of WNK1 to determine whether any of them could interact with OSR1. She used 

fragments starting from residue numbers 1371, 1480 and 1570 and ending at the very C-

terminus (2126 amino acid of the rat homolog). She found that all three fragments could 

coimmunoprecipitate with endogenous OSR1 when expressed. Expression of these 

Figure 3.2: WNK1 C-terminal fragments can bind to OSR1. HeLa  cells were 

either untransfected or transfected with WNK1 C-terminal fragments. Endogenous 

OSR1 was immunoprecipitated from cell lysates and coimmunoprecipitating 

WNK1 and FLAG-tagged fragments was monitored using immunoblotting. Kinase 

assay was carried out using the immunoprecipitates and the autoradiogram is 

shown. Figure courtesy: Svetlana Earnest 
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fragments could decrease the amount of WNK1 in complex with OSR1. Interestingly, she 

found that only 1570-2126 could inhibit OSR1 phosphorylation in a kinase assay. This 

suggested that this particular fragment could compete with endogenous WNK1 for 

binding to OSR1 and thereby inhibit OSR1 phosphorylation (Figure 3.2).  

In the rest of this chapter, I will show that the entire C-terminal domain of 

WNK1 starting from residue 1570 is essential for interaction with OSR1. I will also show 

that this fragment when expressed can inhibit WNK-OSR interaction and inhibit OSR1 

phosphorylation and activity.  

 

Methodology 

Materials: Plasmids encoding WNKs and NKCC2 were as described previously. 

(Xu, English et al. 2000; Lenertz, Lee et al. 2005). WNK1 fragments were generated 

using restriction digestion and ligation, PCR and Quickchange (Stratagene). Ouabain 

(Na
+
/K

+
 ATPase inhibitor), bumetanide (NKCC2 inhibitor) were from Sigma. Anti-

WNK1 (Q256) (Xu, English et al. 2000) , anti-OSR1 (U5566) (Chen, Yazicioglu et al. 

2004) were as described.  Antibodies to Myc epitopes were from the National Cell 

Culture Center and FLAG epitopes were from Sigma (058K6113). [γ-
32

P] ATP was 

obtained from MP Biomedicals and Perkin Elmer Life Sciences. dsRNA oligonucleotides 

were from Ambion. Recombinant proteins used for kinase assays were purified from E. 

coli strain BL21 using standard protocols.  

Cell culture and transfection: HeLa and HEK293 cells were grown in 

Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum and 2 

mM glutamine. Cells were transfected with the constructs encoding WNK1 fragments 
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using Fugene 6 (Promega) (1:3 DNA: Fugene 6) and used for immunoprecipitations (IPs) 

and immune complex kinase assays. Cells were harvested in lysis buffer (50 mM HEPES, 

pH 7.7, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 100 mM NaF, 0.2 

mM NaVO4, 50 mM beta glycerophosphate) containing 0.1% Triton X-100, 10 µM 

phenylmethyl sulfonyl fluoride (PMSF) and protease inhibitors (0.2 mM 

phenylmethylsulfonyl fluoride, and 10 mg/L each N 
a
-p-tosyl-l-lysine chloromethyl ester, 

N 
a
-p-tosyl-l-arginine methyl ester, N 

a
-p-tosyl-l-lysine chloromethyl ketone, leupeptin, 

and pepstatin A) as described (Barylko, Wlodarski et al. 2002).  

Immunoprecipitation and immunoblotting: Proteins were immunoprecipitated 

from cell lysates using 1mg of soluble protein. 5 µl of respective antibodies were 

incubated with the lysates overnight at 4
o
C. 30 µl of a 50% protein A-Sepharose slurry 

was added to the lysates and incubated for a further two hours at 4
o
C. Beads were washed 

three times in lysis buffer and then proteins were eluted using 5X Laemmli buffer. 

Proteins in cell lysates or immunoprecipitates were resolved by sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose. 

Immunoblots were developed using Li-COR infrared imaging system.  

RNAi:  HeLa cells were detached from a dish with trypsin and immediately 

transfected with 10 nM dsRNA oligonucleotides (hWNK1.1, sense, 

cagacagugcaguauucacTT; antisense, gugaauacugcacugucugTT; (Ambion) using 

Lipofectamine RNAiMax (Invitrogen).  For the rescue experiments, a construct encoding 

WNK1 full length construct was transfected 24 hours after the oligonucleotide 

transfection using Lipofectamine 2000 (Invitrogen). 
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 IP kinase assays: 20 µl of the beads containing immunoprecipitated proteins was 

incubated with 0.5 mM ATP (5000-13000 dpm/pmol [γ-
32

P] ATP), 10 mM MgCl2 and 20 

mM HEPES pH 7.4 for 30 minutes at 30
o
C. Proteins were resolved by SDS-PAGE. Gels 

were dried and exposed to film for autoradiography. Incorporation of radioactivity was 

quantified by scintillation counting of the bands excised from the gel. 

 Reconstitution and assay of NKCC activity: Endogenous WNK1 was knocked 

down using the siRNA WNK1.1 oligonucleotides described above. HeLa cells were 

detached from plates and WNK1.1 or scrambled oligonucleotides were introduced with 

Lipofectamine RNAiMAX in Opti-MEM at 10 nM. After forty eight hours, a construct 

encoding full length WNK1 was transfected in the cells using Lipofectamine 2000. 

Twenty four hours later, cells were trypinized and plated on 24 well plates.  The next day, 

cells were washed twice in 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 

mM HEPES pH 7.4, 10 mM glucose, 10 mM sodium pyruvate, 0.1% bovine serum 

albumin. After 30 minutes, cells were incubated for five minutes with 10
7
 cpm/mL 

86
Rb 

and 0.5 mM ouabain with or without 0.01 mM bumetanide. Then, the cells were washed 

twice in cold 100 mM MgCl2, 10 mM HEPES buffered to pH 7.4 with solid Tris. Cells 

were lysed in 2% SDS and heated to aid in transfer. Liquid scintillation counting was 

performed on 0.1 mL of lysates for five minutes, and protein concentration for 

normalization was determined using Pierce MicroBCA Protein Assay Kit.  
86

Rb uptake 

with and without bumetanide was measured in triplicate. Bumetanide sensitive 
86

Rb 

uptake was taken as NKCC activity. The control was normalized to 1 and fold change 

quantified. To assay effects of WNK1 fragments on NKCC activity, constructs encoding 

fragments were transfected in HeLa cells using Fugene 6. After twenty four hours, cells 
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were detached and replated on 24 well plates and the next day 
86

Rb uptake was measured 

as described. 

 Statistical analysis: Statistical comparison between two groups was made using 

the two-tailed unpaired t-test. P values less than 0.05 were considered significant.  

 

Results 

 

WNK1 C-terminal fragment can interact with OSR1 

 We previously showed that WNK1 1570-2126 is the minimal fragment required 

for interaction with endogenous OSR1. This fragment contains the three clustered RFxV 

motifs and the C-terminal coiled coil. Both of these could be important for interaction 

with OSR1. I attempted to narrow down the region of interaction of WNK1 with OSR1. 

To accomplish this, I used FLAG-tagged 1570-1758 which has the RFxV motifs but 

lacks the coil, 1570-1820 which contains both the RFxV and part of the coil but not the 

rest of the C-terminus and 1804-2126 which has the coil and the rest of the C-terminus 

but lacks the RFxV motifs. I expressed these fragments in HeLa cells and 

immunoprecipitated endogenous OSR1 from these cells and immunoblotted for the 

presence of the different FLAG-tagged fragments in the immunoprecipitate (Figure 3.3).  

I determined that the RFxV motifs are essential for binding to OSR1. The 

fragments 1570-1758, 1570-2126 and 1570-1820 could interact with OSR1 to some 

degree. However, 1804-2126, which contained the coiled coil but not the RFxV motifs, 

could not interact with OSR1. After normalizing for expression, I determined that 1570-

2126 was the fragment that showed maximal binding to OSR1. This suggested that 
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optimal binding of WNK1 to OSR1 requires not only the RFxV motifs and the coiled 

coil, but also the C-terminus. The C-terminal part of WNK1 might fold into a domain that 

can interact with the PF2 domain of OSR1. Expression of this fragment might compete 

with WNK1 for bind OSR1 and thereby inhibit WNK1 binding to OSR and hence OSR1 

phosphorylation and activity. 

Figure 3.3: WNK1 binds to OSR1 via its C-terminus. HeLa cells were transfected with 

the indicated FLAG-tagged WNK1 fragments. OSR1 was immunoprecipitated from these 

cells and the fragments coimmunoprecipitating with OSR1 were detected using 

immunoblotting for FLAG. The expression of the fragments was detected by 

immunoblotting the lysates. Since the expression of the fragments was not equal, the 

intensity of FLAG band in the immunoprecipitate was normalized to the intensity of the 

FLAG band in the lysates (corresponding to level of expression) and plotted on a graph.  



50 

 

WNK1-1570-2126 can inhibit OSR1 activation 

  

 Of the fragments tested, WNK1 1570-2126 showed the best binding to OSR1. It 

could deplete WNK1 in the WNK-OSR1 complex and potentially inhibit OSR1 

activation. To test whether this hypothesis was plausible, I expressed this fragment along 

with the other WNK1 fragments to determine whether they could interfere with OSR1 

activation by endogenous WNK1.  

Expression of WNK1-1570-2126 inhibited OSR1 activation by WNK1 as 

measured by incorporation of 
32

P in the immunoprecipitated protein in an IP kinase assay. 

This fragment not only dampened the activation of OSR1 upon osmotic stress, but also 

significantly reduced the basal level of OSR1 phosphorylation (p=.007, n=2) (Figure 3.4). 

Interestingly, with the exception of WNK1-1804-2126, which does not appreciably bind 

OSR1 (Figure 3.3), the other fragments reduced the activation of OSR1 upon osmotic 

stress. However, none of these decreases were significant.  

This suggested that WNK1-1570-2126 could sequester OSR1 and inhibit WNK1 

interaction with its substrate. This would prevent activation of OSR1 upon osmotic stress 

and activity of the cation chloride channels activated downstream of this cascade should 

be affected. 
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WNK1-1570-2126 inhibits NKCC activity 

 

  

  I have demonstrated that expression of the WNK1 fragment 1570-2126 

significantly inhibits OSR1 activation. Activation of OSR1 by phosphorylation of an 

activation loop threonine by WNK1 causes it to phosphorylate and activate NKCC that is 

an OSR1 substrate (Piechotta, Lu et al. 2002; Dowd and Forbush 2003). Inhibition of 

OSR1 activation should therefore lead to a decrease in the transporter activity.  

Figure 3.4: WNK1-1570-2126 can inhibit OSR1 activation by WNK1. HeLa cells 

were transfected with the constructs encoding the FLAG-tagged WNK1 fragments. 

Endogenous OSR1 was immunoprecipitated 48 hours after transfection and used in a 

kinase assay. Samples were then resolved by SDS-PAGE and stained with Coomassie 

blue. Bands were excised from the gel and the incorporated radioactivity measured 

using liquid scintillation counting. Average of fold changes in cpm of two separate 

experiments are plotted. *** p <0.05 
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  To test this hypothesis, I used the uptake of labeled rubidium by the NKCC1 

cotransporter as a readout of its activity. NKCC1 is ubiquitously expressed.  Therefore I 

assayed the effects on activity of NKCC1 endogenous to HeLa cells. Bumetanide is a 

loop diuretic that inhibits NKCC1. Therefore, the uptake of rubidium that is sensitive to 

the presence of this drug a measure of specific cotransporter activity (Anselmo, Earnest et 

al. 2006). I transfected HeLa cells with FLAG-tagged WNK1 fragments, 1570-1758, 

1570-2126 and 1804-2126 and determined whether expression of any of the fragments 

affected the activity of the channel. I observed that expression of WNK1-1570-2126 

significantly reduced the activity of NKCC1 (p<0.05, n=3) (Figure 3.5) as measured by 

bumetanide-sensitive uptake of radiolabeled rubidium. None of the other fragments 

significantly affected the activity of the transporter in spite of the apparent increase 

caused by the smaller fragments. 
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WNK1 is essential for NKCC activity. 

 All four WNKs can phosphorylate OSR1 and activate it. Depletion of WNK1 or 

OSR1 can inhibit NKCC activity (Anselmo, Earnest et al. 2006). One of the drawbacks 

of knock down studies is the possibility of off target effects. siRNA oligonucleotides are 

small 21-22 nucleotides long and they may recognize sequences in other genes. 

Scrambled oligonucleotides control experiments may support the knockdown phenotype. 

Figure 3.5: WNK1 1570-2126 inhibits NKCC1 activity. In HeLa cells 

expressing the indicated FLAG-tagged WNK1 fragments NKCC1activity was 

monitored by uptake of radiolabeled 
86

Rb. Fold changes in NKCC1 activity were 

normalized to that in vector-transfected cells; the average of three experiments is 

plotted. *** p<0.05 
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However, the most conclusive evidence that a phenotype being caused by the knock 

down of a particular gene is to rescue the phenotype by restoring the expression of the 

gene. 

 To provide evidene that WNK1 is indeed essential for NKCC activity, I used 

HeLa cells that express endogenous NKCC1 and WNK1 and used the uptake of 

radiolabeled rubidium as a measure of cotransporter activity. To attempt to validate the 

siRNA phenotype, I expressed a construct encoding the Myc-tagged rat WNK1 which 

differs in two residues in the seed sequence of the oligonucleotide. I then analyzed 

NKCC activity in these cells. I determined that expression of WNK1 can rescue NKCC 

activity to some extent and that the kinase activity of WNK1 is required (Figure 3.6). 

WNK1 is a large protein; it is difficult to knock down its expression and even more 

difficult to express an amount roughly equivalent to the endogenous protein. The 

expression of WNK1 is under tight regulatory control in cells. Complete depletion of 

WNK1 as well as Expression causes cell death. Therefore, getting a change at the 

population level in a physiological process regulated by WNK1 is difficult. Nevertheless, 

the results I obtained suggest that the WNK-OSR-NKCC cascade is kinase-dependent in 

the cells. 
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Figure 3.6: The kinase activity of WNK1 is required for NKCC activity. 
WNK1 was depleted from HeLa cells using siRNA (siW1). Scrambled 

oligonucleotides were used as a control (siC). Cells were then transfected with 

constructs encoding either vector (V), Myc-WNK1 (W1) or a kinase-dead 

mutant of WNK1 (KD). NKCC1 activity was then monitored using uptake of 

radiolabeled 
86

Rb as the readout. An average of five experiments with WNK1 

wild type and three experiments with KD-WNK1 were plotted after normalizing 

to vector transfected cells. *p=0.08, ***p<<0.05 
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Discussion 

 

 The WNK1-OSR1-NKCC cascade is an important pathway involved in 

regulating ion homeostasis and thereby blood pressure in the body. WNKs are activated 

by osmotic stress and can phosphorylate and activate OSR1 and SPAK. OSR1 and 

SPAK, in turn, can phosphorylate NKCC at N-terminal residues and activate the 

transporter (Piechotta, Lu et al. 2002; Dowd and Forbush 2003; Chen, Yazicioglu et al. 

2004; Vitari, Deak et al. 2005; Anselmo, Earnest et al. 2006; Vitari, Thastrup et al. 2006; 

Richardson, Rafiqi et al. 2008; Kahle, Rinehart et al. 2010). WNK1 can interact with the 

PF2 domain of OSR1 which is also known as PF2 domain. OSR1 interacts with proteins 

via RFxV motifs. A determination of the structure of the PF2 domain of OSR1 suggested 

that it recognizes RFxV motifs via conserved residues in the binding pocket (Villa, 

Goebel et al. 2007). A pertinent question in understanding WNK-OSR1 regulation is 

which and how many of the five RFxV motifs in WNK1 are involved in interaction with 

OSR1.  

 We and others have previously shown that the kinase domain RFxV and the 

RFxV in the middle of WNK1 are not involved in interaction with OSR1 (Vitari, 

Thastrup et al. 2006) (Sengupta, Tu et. al. manuscript in preparation). In this study, I 

demonstrated that the three clustered C-terminal RFxV motifs are required for interaction 

with OSR1. In addition, the coiled coil and the rest of the C-terminus also enhance this 

interaction. Deletion of any of these parts from a WNK1 fragment significantly decreased 

binding to OSR1. This suggests that the C-terminal domain of WNK1 folds into some 

ordered structure that is recognized by the PF2 domain of OSR1, although the RFxV 

motifs are indispensable for it. This is supported by the fact that WNK1-1570-2126 can 
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compete for OSR1 binding to WNK1and inhibit OSR1 activation by WNK1. It can also 

inhibit NKCC1 activity downstream of OSR1.  

All four WNKs can interact with each other and have the potential to form an 

autoactivable complex. And all four WNKs contain at least one RFxV in the C-terminus 

and all four of the proteins can phosphorylate and activate OSR1. This suggests that 

WNKs might compete with each other for interaction with OSR1. Further, KS-WNK1 

lacks the kinase domain, but contains the rest of the sequence of WNK1 and it 

antagonizes the function of WNK1. Taken together, this suggests that the regulation of 

OSR1 and cation chloride cotransporters downstream is a complex phenomenon 

regulated by the levels of expression of the different WNK family members and their 

kinase properties. Future studies are needed to tease apart the intricacies of this 

regulation. Also, all future studies need to take into account the contribution of the other 

family members towards any phenomenon attributed solely to one member of the WNK 

family. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



58 

 

CHAPTER FOUR 

 

 

CONVERGENT SIGNALS AND THE MISSING WNK 

 

 

 

Introduction 

 

 The WNK-OSR1 pathway is activated in response to osmotic stresses and helps 

regulate ion balance in eukaryotic organisms (Chen, Yazicioglu et al. 2004; Moriguchi, 

Urushiyama et al. 2005; Vitari, Deak et al. 2005). Phosphorylation of a threonine residue 

in the activation loop of 

OSR1 by WNK1 activates 

it. It has been reported that 

OSR1 can also be 

phosphorylated at another 

C-terminal residue (S325 in 

the human ortholog) (Vitari, 

Thastrup et al. 2006). In 

that study, the authors 

report that mutating S325 to 

alanine completely 

abolished phosphorylation of OSR1 by WNK1. Mutating this residue to alanine, 

however, does not affect activation by WNK1 suggesting that this residue plays a less 

direct regulatory role. In similar studies done in our laboratory, we have not been able to 

detect a loss of OSR1 activation after mutating the serine to alanine (Figure 4.1) although 

Figure 4.1: OSR1 S325 is not phosphorylated by 

WNKs. Kinase activity of wild type, S325A or S325E 

OSR1 measured in the absence or presence of 

recombinant WNK1 or WNK4 kinase domain. Figure 

courtesy: Kyle Wedin.  
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deletion of residues 324-end decreases stability of the protein (Anselmo, Earnest et al. 

2006). Nevertheless, this suggested the possibility that there is perhaps another protein 

kinase regulating OSR1 phosphorylation that may affect function.   

 In an attempt to test whether another kinase may be involved in phosphorylating 

OSR1, we examined the sequence flanking the serine that is reported to be 

phosphorylated. We discovered that the residues show a degree of similarity with 

residues surrounding the turn motif of Akt and SGK1. Akt, also known as protein kinase 

B (PKB) and SGK1 are members of the AGC family of protein kinases and share 

similarity in their catalytic domains (Manning, Whyte et al. 2002). Another similar 

feature of these kinases is that they are phosphorylated in their hydrophobic motif 

residues by the mammalian target of rapamycin complex 2 (mTORC2) (Sarbassov, 

Guertin et al. 2005; Garcia-Martinez and Alessi 2008; Yan, Mieulet et al. 2008). In 

addition, mTORC2 also phosphorylates the turn motif of Akt (Ikenoue, Inoki et al. 2008). 

In the case of Akt, the hydrophobic motif phosphorylation is co-translational and thereby 

regulates the stability of the protein (Oh, Wu et al. 2010). Crystal structures of the AGC 

kinases suggest that the hydrophobic motif fits into a groove in the N-terminal lobe of the 

kinase domain (Frodin, Antal et al. 2002).  

 Akt is activated by phosphatidylinositol 3-kinase (PI3K) downstream of receptor 

tyrosine kinases or G-protein coupled receptors (Burgering and Coffer 1995; Alessi, 

Andjelkovic et al. 1996; Alessi, Caudwell et al. 1996; James, Downes et al. 1996; Franke, 

Kaplan et al. 1997). Stability and complete activation of Akt is dependent upon 

hydrophobic motif phosphorylation by mTORC2. mTORC2 is activated in response to 

growth hormones and is composed of the kinase mTOR, SAPK  interacting protein 1 
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(Sin1), Rapamycin insensitive component of TOR (Rictor) and Protor 1 and 2. In 

addition, it shares Deptor and β-LST8 (Gβ like or Gβl) with mTORC1. Activated Akt 

inhibits mTORC1, thereby forming an intricate regulatory network among these 

complexes (Huang and Manning 2009).  

 Since WNK1 is somehow involved in activation of SGK1, we knew that 

mTORC2 and WNK1 had to cross-talk. We solved the crystal structure of SPAK and 

OSR1 and hypothesized that the PF1 domain containing the C-terminal serine would 

form a structure similar to the hydrophobic motif of SGK1 and Akt. We therefore, 

hypothesized that mTORC2 is the kinase responsible for regulating OSR1 

phosphorylation and thereby regulates WNK-OSR dynamics. 

 To validate this 

hypothesis, we began at the very 

top of the pathway namely at the 

PI3K step. We treated HeLa 

cells with wortmannin, which is 

a well-known inhibitor of PI3K 

and 

demonstrated 

that 

wortmannin 

could inhibit activation of OSR1 upon osmotic stress (Figure 4.2). This suggested that the 

PI3K pathway was involved in regulating activation of OSR1 by WNK1.  

Figure 4.2: Wortmannin inhibits OSR1 activity. HeLa cells were pre-

treated with wortmannin (WORT) and then stimulated with sorbitol or 

20% FBS to stimulate Akt. Endogenous OSR1 was immunoprecipitated 

and its activity measured using recombinant NKCC2 1-175. 

Phosphorylation of Akt at S473 measured as an indicator of mTORC2 

activity. Figure courtesy: Svetlana Earnest. 
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 In this chapter, I will relate the discovery of the mTORC2 pathway as a novel 

regulator of OSR1 phosphorylation. 

 

Methodology 

Materials: hSin1 siRNA oligonucleotides were from Ambion (hSin1, sense, 

gauuagaacgacuccgaaaTT, antisense, uuucggagucguucuaaucTT). Rapamycin was from LC 

Laboratories, KU0063794 was from Tocris biosciences, wortmannin was from LC 

laboratories and FBS from Sigma. Sin1 antibody was from Novus biologicals, mTOR 

antibody was from Santa Cruz biotechnology (for immunoblotting) and Cell signaling 

(for immunoprecipitation). Plasmids encoding WNKs and NKCC2 were as described 

previously. (Xu, English et al. 2000; Lenertz, Lee et al. 2005). Ouabain (Na
+
/K

+
 

inhibitor), bumetanide (NKCC2 inhibitor) were from Sigma. Anti-WNK1 (Q256) , anti-

OSR1 (U5567)(Xu, English et al. 2000) (Chen, Yazicioglu et al. 2004) were as described.  

Recombinant proteins used for kinase assays were purified from E. coli strain Rosetta 

(Novagen) using standard protocols.  

Cell culture and transfection: HeLa cells were grown in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum and 2 mM glutamine. Cells 

were harvested in lysis buffer (50 mM HEPES, pH 7.7, 150 mM NaCl, 1.5 mM MgCl2, 1 

mM EGTA, 10% glycerol, 100 mM NaF, 0.2 mM NaVO4, 50 mM beta glycerophosphate) 

containing 0.1% Triton X-100, 0.1 µM phenylmethyl sulfonyl fluoride (PMSF) and 

protease inhibitors as described (Barylko, Wlodarski et al. 2002) after siRNA knockdown 

or treatments. Cells were treated with either 100 nM Rapamycin or 300 nM KU0036794 

for the indicated times.   
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Immunoprecipitation and immunoblotting: Proteins were immunoprecipitated 

from cell lysates using 750 µg of soluble protein. 5µl of respective antibodies were 

incubated with the lysates overnight at 4
o
C. 30µl of a 50% protein A-Sepharose slurry 

was added to the lysates and incubated for a further two hours at 4
o
C. Beads were washed 

three times in lysis buffer and then proteins were eluted using 5X Laemmli buffer. 

Proteins in cell lysates or immunoprecipitates were resolved by SDS-PAGE and 

transferred to nitrocellulose. Immunoblots were developed using a Li-COR infrared 

imaging system.  

RNAi:  HeLa cells were detached from a dish with trypsin and immediately 

transfected with 20 nM Sin1 dsRNA oligonucleotides (hSin1), or 2.5 nM siWNK1 

dsRNA oligonucleotides (sense, cagacagugcaguauucacTT; antisense, 

gugaauacugcacugucugTT; (Ambion) using Lipofectamine RNAiMax (Invitrogen).  

 IP Kinase assays: 20 µl of the beads containing the immunoprecipitated proteins 

were washed twice with 20 mM HEPES, pH 7.4 and then incubated with 50 µM ATP 

(5000-13000 dpm/pmol of [γ-
32

P]), 10 mM MgCl2 and 20 mM HEPES pH 7.4 for 30 

minutes at room temperature. Proteins were resolved by SDS-PAGE. Gels were dried and 

exposed to film for autoradiography. Incorporation of radioactivity was quantified by 

scintillation counting of the bands excised from the gel. 

 Reconstitution and assay of NKCC activity: Endogenous Sin1 was knocked down 

using the siRNA hSin1 oligonucleotides described above. NKCC activity was monitored 

as described in the previous chapter. 

Statistical analysis: Statistical comparison between two groups was made using 

the 2-tailed unpaired t-test. p values less than 0.05 were considered significant.  
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Results 

mTORC2 affects OSR1 activity. 

 Activated by growth factors downstream of PI3K, mTORC2 regulates the 

activity of SGK1 and Akt by phosphorylating the hydrophobic motif serine (Garcia-

Martinez and Alessi 2008; Yan, Mieulet et al. 2008; Lu, Wang et al. 2010). In the case of 

Akt, this phosphorylation is co-translational and regulates the stability and proper folding 

of the kinase (Oh, Wu et al. 2010). Akt and SGK1 can phosphorylate WNK1 (Vitari, 

Deak et al. 2004; Cheng and Huang 2011) and WNK1 is implicated in the regulation of 

SGK1 phosphorylation (Xu, Stippec et al. 2005; Xu, Stippec et al. 2005). All of these 

observations point to a complex interplay between the WNK pathway and the PI3K-Akt-

mTORC2 pathway.  

OSR1 is the best known substrate of WNK1 and it is phosphorylated at two 

residues, one of which is in a similar position to the hydrophobic motif residue of SGK1. 

Therefore we suspected that mTORC2 may be regulating OSR1 phosphorylation and 

activity. This was the hypothesis that prompted the subsequent experiments. We showed 

that treatment of HeLa cells with wortmannin, an inhibitor of PI3K inhibits OSR1 

phosphorylation and activity as measured by phosphorylation of NKCC2. Thus, the PI3K 

pathway is involved in regulating OSR1 activity. To test for the involvement of 

mTORC2, we disrupted the complex by depleting the cells of Sin1, an important adaptor 

of the mTORC2 complex and measured the activity of endogenous OSR1 

immunoprecipitated from these cells. I treated HeLa cells with siRNA for Sin1 for 72 

hours and observed a significant reduction in Sin1 expression (Figure 4.3 A). I stimulated 

the cells with sorbitol and then immunoprecipitated endogenous OSR1 from these cells. I 
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observed that depletion of mTORC2 by knock down of Sin1 caused a significant 

reduction in autophosphorylation and activity of OSR1 as measured by phosphorylation 

of NKCC2 1-175, an OSR1 substrate (Figure 4.3 B). 
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mTORC2 regulates NKCC1 activity 

 

 A major physiological role of the WNK-OSR pathway is to regulate salt and ion 

homeostasis in the cell. Activation of OSR1 by WNK1 causes it to phosphorylate and 

activate ion cotransporters such as NKCC1 and 2 (Piechotta, Lu et al. 2002; Dowd and 

Figure 4.3: mTORC2 regulates OSR1 activation. A) Immunoblots showing 

efficiency of Sin1 knockdown. ERK1/2 used as loading control and expression of 

Sin1 normalized to ERK1/2 expression and values plotted on a graph. B) 

Depletion of endogenous mTORC2 by knockdown of Sin1 causes decrease in 

OSR1 autophosphorylation (white bars) and activity towards substrate (grey bars) 

upon sorbitol stimulation. Autoradiogram (top) and quantitation (bottom) shown. 

n=5, ** p<0.05.  



66 

 

Forbush 2003; Moriguchi, Urushiyama et al. 2005; Vitari, Deak et al. 2005; Anselmo, 

Earnest et al. 2006), which leads to sodium and potassium reuptake by these transporters.   

I observed that disruption of mTORC2 can significantly decrease OSR1 activity 

(Figure 4.3) upon osmotic stress. This suggests that mTORC2 regulates the WNK-OSR 

pathway permitting the response to osmotic stress. To test whether the activity of NKCC, 

which is downstream of OSR1, is altered in the absence of mTORC2, I used HeLa cells 

which express endogenous NKCC1 as a model and disrupted mTORC2 by depleting Sin1 

in these cells by RNA interference. The activity of the transporter was monitored by 

uptake of radiolabeled rubidium (
86

Rb) as described in the previous chapter. Disruption of 

activity of the mTOR complex 2 by depletion of Sin1 resulted in significant reduction in 

NKCC activity (p<.05, n=3) (Figure 4.4). I was not able to observe a significant decrease 

in NKCC1 activity upon mTORC2 depletion using this assay after sorbitol stimulation. I 

am working to determine the cause because it is essential to understand whether 

mTORC2 regulation of OSR1 activity affects the regulation of NKCC by OSR1 after 

stimulation of the WNK-OSR1 pathway by osmotic stress. 

The decrease in NKCC1 activity under unstimulated conditions could perhaps be 

attributed to a decrease in the basal level of OSR1 activity which is affected by 

mTORC2. OSR1 autophosphorylation is decreased upon Sin1 depletion. Although I do 

not observe a decrease in NKCC1 phosphorylation by OSR1 after Sin1 knockdown under 

unstimulated conditions, it is possible that there is some disparity between in vitro 

phosphorylation of NKCC2 fragment and the activity of the transporter in cells, for 

instance due to its localization.  
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Phosphorylation of OSR1 is specific to mTORC2 

  

mTOR exists in two identified complexes in the cell, mTORC1 and mTORC2. 

These complexes contain some common proteins such as mTOR, GβL (also known as 

mLST8) and Deptor. However, the presence of some distinct components distinguishes 

between the complexes. mTORC1 is defined by the presence of Raptor while Rictor, 

Protor and Sin1 are exclusive to mTORC2. mTOR was identified as a binding partner of 

the immunosuppressant drug rapamycin (Brown, Albers et al. 1994). Rapamycin binds to 

Figure 4.4: Disruption of mTORC2 affects NKCC1 activity. HeLa 

cells were transfected with siRNA for Sin1 and scrambled siRNA as 

control (siC). Bumetanide sensitive uptake of 
86

Rb was measured as an 

assay of NKCC1 activity. The fold change in NKCC1 activity was 

normalized to control and average of three separate experiments was 

plotted. *** p<0.05 
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FK506 binding protein 12 (FKBP12) which can bind to a conserved domain on mTOR 

(known as FRB domain) and inhibit its activity (Loewith and Hall 2011). Treatment with 

rapamycin for shorter durations inhibits mTORC1, possibly by inhibiting interaction with 

Raptor (Wedaman, Reinke et al. 2003; Jacinto and Lorberg 2008). However, longer times 

of treatments with rapamycin also inhibit mTORC2 (Lamming, Ye et al. 2012). In recent 

years, much advance has been made in designing novel inhibitors of mTOR (Benjamin, 

Colombi et al. 2011). Several ATP competitive inhibitors of mTOR have been designed 

such as Torin1 (Thoreen, Kang et al. 2009) and KU-0063794 (Garcia-Martinez, Moran et 

al. 2009). These compounds work by inhibiting the kinase activity of mTOR and 

therefore inhibit the activity of both mTOR complexes. Use of these drugs provides an 

easy way to differentiate between the activities of the two complexes. 

I have observed that depletion of Sin1 using siRNA causes inhibition of OSR1 

activity. siRNA techniques are riddled with the possibility that the observed phenotypes 

are due to off-target effect from promiscuous binding of the small RNA. In this case, it is 

possible that somehow mTORC1 is being targeted and the observed inhibition is not 

specific to mTORC2. To test this possibility, I treated HeLa cells with either 100 nM 

rapamycin for 15 minutes to inhibit mTORC1 or with 300 nM KU-0063794 (hereafter 

referred to as KU) for 15 minutes to inhibit both TOR complexes. Cells were then 

stimulated with 0.5 M sorbitol to activate the WNK1-OSR1 pathway. Endogenous OSR1 

was immunoprecipitated from these cells and its activity measured by monitoring 

phosphorylation of recombinant NKCC2 1-175. I observed that inhibiting mTORC1 with 

rapamycin did not inhibit OSR1 activity while inhibition of both mTORC1 and 2 by KU 
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inhibited OSR1 phosphorylation and activity (Figure 4.5). This suggests that regulation 

of OSR1 phosphorylation and activity is specific to mTORC2.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

    

 

Figure 4.5: mTORC2 and not mTORC1 regulates OSR1 activity. HeLa cells 

were pre-treated for 15 minutes with either 100 nM rapamycin (Rapa) or 300 nM 

KU-0063794 (KU) and then stimulated with 0.5 M sorbitol (Sorb). Endogenous 

OSR1 was immunoprecipitated and its autophosphorylation was measured by 

immune-complex kinase assay. Phosphorylation of recombinant NKCC2 1-175 was 

monitored as a separate measure of OSR1 activity. The incorporated radioactivity 

was measured by scintillation counting and normalized to the amount of OSR1 

immunoprecipitated in each case. Cells stimulated with sorbitol without any drugs 

and without any other treatment were used as controls. 
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mTORC2 does not affect WNK1 activity 

 

 Akt and SGK1 are known to phosphorylate WNK1 at an N-terminal threonine 

residue (Cheng and Huang 2011). One of the ways mTORC2 might regulate OSR1 

activity is by regulating WNK1 activation and thus indirectly causing OSR1 activation. 

To test this hypothesis, I disrupted mTORC2 in HeLa cells by depleting them of Sin1 

(Figure 4.6A). After stimulating these cells with 0.5 M sorbitol to activate WNK1, I 

immunoprecipitated endogenous WNK1 and used it in an immune complex kinase assay 

using kinase-dead OSR1K46R as a substrate. I observed that depleting HeLa cells of Sin1 

caused no change in activity of WNK1 as observed by phosphorylation of its substrate 

(Figure 4.6 B, C). Although from the autoradiogram it seems like there is a slight 

decrease in WNK1 activation upon Sin1 knockdown (Figure 4.6 B, top panel), this is due 

to the fact that there is less WNK1 in the immunoprecipitate (Figure 4.6 B, IP WNK1, 

marked by asterisk). Normalizing the incorporated radioactivity to the amount of WNK1 

in each immunoprecipitate suggests that there is no change in the activity of WNK1 after 

mTORC2 disruption (Figure 4.6 C). These data suggest that mTORC2 is more directly 

involved in regulating OSR1 activity.  
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Figure 4.6: mTORC2 does not regulate WNK1 activity. A) HeLa cells were depleted 

of Sin1 using siRNA. The intensity of Sin1 bands were normalized to that of tubulin and 

are plotted on the graph. B) After depletion of Sin1, HeLa cells were stimulated with 

sorbitol (Sorb) in duplicate and endogenous WNK1 was immunoprecipitated and detected 

using immunoblotting (IP WNK1) (* indicates that there is less WNK1 in the 

immunoprecipitate). The amount of WNK1 in the cell lysates was also detected (Lysate). 

WNK1 was used in an immune complex kinase assay using OSR1 K46R as a substrate. 

Incorporated radioactivity was detected using autoradiogram and the Coomassie stained 

gel is shown as a control. C) Incorporated radioactivity was quantified using scintillation 

counting and normalized to the amount of WNK1 in the immunoprecipitate and plotted 

on a graph. 
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mTORC2 can directly phosphorylate OSR1 

 

 The observation that disruption of mTORC2 causes inhibition of activation of 

OSR1 but not WNK1, suggests that mTORC2 might directly phosphorylate OSR1. To 

test this possibility, I purified the complex from cells using antibodies to Sin1. I used the 

immune-complex to assay for kinase activity using both the recombinant OSR1 wild type 

and OSR1K46R proteins as substrate. OSR1K46R is a kinase dead mutant of OSR1, so 

the phosphorylation of OSR1K46R would not have any contribution from the 

autophosphorylation activity of OSR1. I used IgG as an immunoprecipitation control and 

WNK1 as a positive control for OSR1 phosphorylation (Figure 4.7 A, left). To ensure 

that the Sin1 immunoprecipitate contained mTOR as the kinase, I used immunoblotting 

to detect the presence of mTOR in the immunoprecipitates (Figure 4.7 A, right) 

 I observed that purified endogenous mTORC2 can phosphorylate recombinant 

OSR1 in vitro (Figure 4.7 B, C).  
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Figure 4.7: Purified endogenous mTORC2 can directly phosphorylate OSR1 in vitro. A) 
mTORC2 was purified from HeLa cells using antibodies to Sin1. WNK1 was used as a positive 

control and IgG as a negative control. Immunoprecipitated proteins were detected using 

immunoblotting (left). To detect the presence of mTOR in the immune complex, immunoblotting 

using mTOR antibodies was performed (right). B) Kinase activity of mTORC2 and WNK1 was 

measured using recombinant full length OSR1 as substrate (autoradiogram). The Coomassie 

stained gel shows the presence of OSR1 wild type (wt) and K46R (KR) mutant. C) Incorporated 

radiolabel was quantified using scintillation counting and normalized to the amount of OSR1 in 

each reaction and results plotted. 
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mTORC2 does not phosphorylate OSR1 at S324/S325 

  

mTORC2 can directly phosphorylate recombinant OSR1 in vitro. We wanted to 

determine which residue(s) of OSR1 might be involved in this phosphorylation. Since 

S325 has been identified in a mass spectrometric (MS) analysis to be phosphorylated and 

WNK1 is apparently not the kinase involved (Vitari, Deak et al. 2005) (Figure 4.1), we 

hypothesized that this might be the residue involved. The adjacent residue S324 might 

also be a target and it could be difficult to differentiate from S325 by MS. We therefore, 

used mutants of both the residues to determine which residue is phosphorylated by 

mTORC2.  We made mutants of OSR1 with S324 mutated to alanine (S324A) and both 

S324 and S325 mutated to alanines (SASA). I purified these recombinant proteins from 

bacteria and used them in a kinase assay with immunoprecipitated mTORC2 using 

antibodies against Sin1. I observed that both OSR1 S324A and OSR1 SASA could be 

phosphorylated by immunoprecipitated mTORC2 to the same extent as wild type OSR1 

(Figure 4.8).  It is important to determine which residue of OSR1 is phosphorylated by 

mTORC2 and ongoing work is aimed at understanding this using mass spectrometry. 
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WNK1 is the kinase involved in activating OSR1 upon sorbitol stimulation 

The data presented above indicate that mTORC2 is regulating the activity of 

OSR1. It is capable of phosphorylating OSR1 directly in vitro. The residue in OSR1 that 

is phosphorylated by mTORC2 needs to be determined. I wanted to probe the mechanism 

by which WNK1 and mTORC2 both regulate OSR1 activity. It is possible that OSR1 is 

co-operatively phosphorylated by both WNK1 and mTORC2. It is also possible that 

mTORC2 lies downstream of WNK1. If the former hypothesis is valid, then depletion of 

WNK1 and mTORC2 inhibition should result in a greater decrease in OSR1 activation 

Figure 4.8: mTORC2 does not phosphorylate OSR1 at S324 or 

S325. Kinase activity of immunoprecipitated mTORC2 was measured 

using recombinant OSR1 wild type (wt), S324A and S324AS325A 

(SASA) mutant proteins in duplicate. Incorporated radioactivity was 

measured using scintillation counting and normalized to the amount of 

each protein on the Coomassie stained gel and plotted on the graph.  
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than either condition alone. If the latter hypothesis is valid, then depletion of WNK1 

should completely abolish OSR1 activation and further inhibition of mTORC2 should not 

have any effect. 

To test these hypotheses, I depleted HeLa cells of endogenous WNK1 using 

siRNA and then stimulated the cells with 0.5 M sorbitol with or without a 15 minute pre-

treatment with KU to inhibit mTORC2 action. I observed that treatment with KU in 

control cells decreased the activation of immunoprecipitated endogenous OSR1 by 

sorbitol as seen previously (Figure 4.9, lanes 2 and 4). However, depletion of WNK1 in 

these cells causes complete loss of OSR1 activity (Figure 4.9 lanes 5-8). This suggests 

that WNK1 is the kinase responsible for activating OSR1 upon osmotic stress and that 

mTORC2 plays a more passives, perhaps by acting as a coincidence monitor. 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 4.9: WNK1 is the kinase responsible for activating OSR1 upon 

sorbitol stimulation. HeLa cells were treated with either siRNA towards 

WNK1 or scrambled siRNA as a control for 48 hours. Cells were then pre-

treated with KU for 15 minutes and then stimulated by 0.5 M sorbitol for 30 

minutes. Endogenous OSR1 was immunoprecipitated and activity measured by 

kinase assay. Note that less OSR1 was immunoprecipitated in the KU+sorbitol 

lane than sorbitol alone in control cells.  
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mTOR does not interact with WNK1  

 

 All of the data above suggests that phosphorylation of OSR1 by the mTOR 

complex 2 is required for regulating its activation by WNK1. It is possible that mTORC2 

acts as an adaptor by bringing OSR1 and WNK1 in close proximity. If this hypothesis is 

valid, then WNK1 and the components of mTORC2 should interact. I tested whether 

WNK1 and mTOR itself could interact by immunoprecipitating WNK1 or mTOR from 

HeLa cell lysates and determining whether they interact. I observed no detectable 

interaction between WNK1 and mTOR (Figure 4.10) or WNK1 and Sin1 (Figure 4.7 A).

 These data seem to suggest that WNK1 and the mTOR kinase itself do not 

interact. It is possible that WNK1 and other components of mTORC2 do interact, 

however, and we cannot completely rule out this possibility at this point. It is possible 

that mTORC2 regulates OSR1 in a pathway that is parallel to WNK1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: mTOR and WNK1 do not interact.  Indicated proteins 

(WNK1 and mTOR) and preimmune serum (preimm) as control were 

immunoprecipitated from HeLa cell lysates and proteins in the complex were 

detected using immunoblotting. 
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Discussion 

 

In this chapter, I describe the discovery of a novel link between the WNK1-

OSR1 pathway and the mammalian target of rapamycin complex 2. mTORC2 regulates 

members of the AGC family of protein kinases such as Akt and SGK1 by 

phosphorylating a serine/threonine residue in their hydrophobic motif (Sarbassov, 

Guertin et al. 2005; Garcia-Martinez and Alessi 2008; Ikenoue, Inoki et al. 2008). In the 

case of Akt, this phosphorylation controls the stability and proper folding of the protein 

(Oh, Wu et al. 2010) while in the case of SGK1, this helps activate the protein by 

targeting it to the membrane for activation by PDK1 (Garcia-Martinez and Alessi 2008; 

Lu, Wang et al. 2010). 

I report for the first time, the involvement of mTORC2 in regulating the 

activation of OSR1, a Ste20 family member. Disrupting mTORC2 by depleting the cells 

of Sin1, an essential adaptor of the complex (Yang, Inoki et al. 2006; Cameron, Linch et 

al. 2011) or by using an ATP-competitive inhibitor of mTOR causes a significant 

decrease in the activity of OSR1 (Figure 4.3, Figure 4.5). There are two important 

implications of these data. First, that mTORC2 is able to regulate activation of kinases 

beyond the AGC family of protein kinases. The action of mTORC2 is possibly more 

extensive than currently understood and is something that needs to be studied.  

In addition, I report an exciting intersection between the WNK1-OSR1-NKCC 

pathway and the mTOR pathway. The WNK-OSR1 pathway is activated in response to 

osmotic stresses and regulated the activity of the ion co-transporters to maintain salt 

homeostasis. I have shown that inhibiting mTORC2 can inhibit OSR1 activation 

downstream of osmotic signals (Figure 4.3 and 4.5). The intersection of the WNK-OSR1 
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pathway with the mTORC2 pathway suggests a possibility that mTORC2, which is 

constitutively active in a normal cell growing under ample serum and nutrient conditions, 

might also respond to osmotic stresses.   

Insulin and IGF-1, which activate the PI3K-Akt and mTORC2 pathways, have 

been shown to induce WNK1 phosphorylation (Vitari, Deak et al. 2004; Cheng and 

Huang 2011). Although this phosphorylation of WNK1 does not activate its kinase 

activity, it is possible that it might regulate other functions of WNK1 as in the case of 

regulation of the surface expression of ROMK (Cheng and Huang 2011). Furthermore, 

WNKs are involved in activating SGK1 which is a mTORC2 substrate, although the 

mechanism involved is unknown. All these taken together, suggest that mTORC2 and 

WNK1-OSR1 might be involved in a more intricate regulatory system and that we have 

only barely scraped the surface in understanding these proteins and pathways. 

Identification of the mechanism of action of mTORC2 on the WNK1-OSR1 pathway 

might shed light on the upstream regulators of WNK1; information on mechanisms of 

upstream regulation of WNK1 is lacking. 

 Finally, the observation that treatment of cells with KU for fifteen minutes is 

sufficient to inhibit OSR1 activation (Figure 4.5) suggests a much more rapid time course 

of action than would have been suspected had mTORC2 been phosphorylating OSR1 co-

translationally. This suggests a divergent mode of action of mTORC2 on OSR1 than on 

Akt consistent with the findings that reveal more extensive roles of mTORC2 than 

understood currently. WNK1 is more important than mTORC2 in activating OSR1. 

Phosphorylation of OSR1 by mTORC2 might stabilize the protein. 
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 WNK1 and mTOR do not seem to detectably and/or stably interact. It may be 

possible that mTORC2 affects the binding of OSR1 to WNK1. How phosphorylation 

affects their interaction is not yet clear. The effects could reflect a stabilization of the 

OSR1 kinase structure. It is also possible that phosphorylation of OSR1 by mTORC2 

creates a binding site for WNK1 in OSR1. A crystal structure of a phospho-mimic of the 

residues involved would shed more light on this subject. 
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CHAPTER FIVE 

 

 

EXPLORING ECCENTRICITIES 

 

 

 

Introduction 

 

 From all the evidence presented above, it is clear that WNKs are atypical, unique 

and somewhat eccentric enzymes. Unlike many other typical protein kinases(or at least 

the way we think of them), WNKs have kinase-independent functions (Golbang, Cope et 

al. 2006; He, Wang et al. 2007; 

Hong, Moorefield et al. 2007; 

Wang, Liu et al. 2008; Liu, Wang et 

al. 2009; Heise, Xu et al. 2010). 

Unlike ERK2, which has over 200 

known substrates, WNKs have only 

OSR1 and SPAK as well 

characterized kinase substrates. 

Even with OSR1, the kinetic constants 

(kcat for WNK1 0.6 min
-1

) (Figure 5.1) 

indicate that WNKs are enzymes with 

extremely slow turnover rates. To explain the slow kinetics, we hypothesized that we are 

probably missing a crucial co-factor involved in helping WNKs carry out their enzymatic 

activities.  

Figure 5.1: WNK1 has a slow 

turnover rate. Michaelis-Menten 

graph of kinetics of OSR1 

phosphorylated by WNK1. Km of 

WNK1 was calculated using Graphpad 

prism. Figure courtesy Kyle Wedin.  
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 Extensive immunofluorescence studies indicate that WNKs 1 and 3 localize in 

cells in puncta reminiscent of membrane bound organelles (Figure 5.2). However, they 

do not co-localize exclusively 

with any known organelle 

markers. Therefore, we have 

reason to assume that WNKs are 

probably localized in an as yet 

unidentified membranous vesicle 

or that they move among multiple 

vesicle components. Given their 

roles in endocytosis and based on 

extensive analyses carried out by 

another graduate student in the 

laboratory, it seems that these 

vesicles are an intermediate 

form of endocytic vesicle. 

Moreover, the crystal structure 

of the kinase domain of WNK1 and the modeled structure of the kinase domain of 

WNK4 show that these regions of WNKs 1 and 4 include many surface basic residues. 

These surface positive charges confer the ability to bind to negatively charged molecules. 

Finally, WNKs are required to activate SGK1. SGK1 needs to be localized to the 

membrane where it is activated by PDK1 (Xu, Stippec et al. 2005; Xu, Stippec et al. 

Figure 5.2: Endogenous WNK1 and 3 localize in 

cytoplasmic puncta A) WNK1 displays a punctuate 

localization as seen using immunofluorescence 

microscopy in HeLa (A1), MCF-7 (A2) and HT-29 

(A3) cells. B) Localization of overexpressed GFP-

tagged WNK1 (B2) is partly overlapping with 

endogeneous protein (B1 and B3). C) WNK3 also 

shows a punctuate distribution pattern in primary 

hippocampal neurons. Panels courtesy Szu-wei Tu 

and Farr Niere. 
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2005; Heise, Xu et al. 2010). All four WNKs activate SGK1, via the N-terminal region 

prior to the kinase domain through an undefined mechanism.  

 All these observations led us to hypothesize that WNKs might be binding to the 

negatively charged head-groups of lipids. This may contribute to localization to 

membranous vesicles via the surface positive charges. Membrane binding may also 

confer on WNKs the ability to act as adaptors by binding to SGK1 and the membrane 

thus bringing SGK1 in proximity to PDK1.  

 Lipids are one of the forms of hydrocarbons that make life possible. By forming 

a semi-permeable barrier between the environment and the interior of the cell, polar 

amphipathic lipids provide a safe haven for the cellular activities to sustain life. In a cell, 

lipids also function as important second messengers propagating signals downstream of 

membrane receptors. Lipids are the major form of stored energy in the body. Biological 

lipids are however, classified not according to functions, but according to their chemical 

and biochemical properties. According to the International Lipid Classification and 

Nomenclature Committee, biological lipids are classified into eight categories (Fahy, 

Subramaniam et al. 2009). These eight classes of lipids are 1) fatty acyls, 2) 

glycerolipids, 3) glycerophospholipids, 4) sphingolipids, 5) sterol lipids, 6) prenol lipids, 

7) saccharolipids, and 8) polyketides.  

 Signaling by lipids involves several second messengers downstream of 

membrane receptors. Ceramides, sphingolipids, phospholipids can act as cellular second 

messengers and activate signaling pathways by binding to protein effectors. 

Phosphatidylinositol (PI) can be phosphorylated at positions 3, 4 or 5 on the carbon ring; 

the singly, doubly and triply phosphorylated derivatives are generated and hydrolyzed by 
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an intricate network of lipid kinases and phosphatases. The different phosphorylated 

species mark different membranes in the cell. Phosphatidylinositol-3,4-bisphosphate (PI-

4,5-P2 or PIP2) is enriched in the plasma membrane, PI-4-P in the trans-Golgi membranes 

and PI-3-P in the early endocytic membranes (van Meer, Voelker et al. 2008). Other 

phospholipids such as phosphatidyl serine (PS), phosphatidyl ethanolamine (PE) and 

phosphatidyl choline (PC) and phosphatidic acid (PA) form important structural 

components of membranes. 

 Here I explored the possibility that WNKs might be binding to membrane lipids 

and acting as adaptors to bring their interacting protein partners such as SGK1 in 

proximity to membranes to be activated. I also sought to examine whether lipids could 

act as cofactors for the kinase activity of WNKs and whether WNKs might also act as 

lipid kinases.  

 

Methodology 

Materials: Lipids were obtained from Avanti Polar Lipids and Echelon Inc. 

Folch Fraction I was from Sigma (Catalog # B1502), lipid strips were obtained from 

Echelon Inc. Thin layer chromatography plates were from Whatman. Recombinant 

proteins used for binding and kinase assays were purified from E. coli strain Rosetta 

(Novagen) using standard protocols. No detergent was added in any of the protein 

buffers. 

Lipid strip binding assay: Membranes containing immobilized lipids were 

incubated for one hour at room temperature in phosphate buffered saline (PBS) with 1% 

nonfat-dry milk and gently agitated. Proteins of interest (1 μg/mL) were added and 
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incubated at 4ºC overnight. Membranes were washed three times in PBS supplemented 

with 0.1% (v/v) tween-20 (PBST). Anti-His6 or anti-GST antibody diluted 1:1000 in 

blocking solution was then added for one hour at room temperature. After three washes 

with PBST, 1:200 dilution of secondary antibody was added for another hour. After three 

final washes, bound proteins were detected using enhanced chemiluminescence. 

Preparation of liposomes and micelles:  Lipids resuspended in chloroform were 

dried under a stream of nitrogen gas for five minutes and then under vacuum overnight. 

To prepare liposomes, dried lipids were resuspended in 20 mM HEPES, pH 7.4, and 150 

mM NaCl, sonicated in a bath sonicator and passed through rapid freeze thaw cycles in 

liquid nitrogen until the suspension became clear. To make equal-sized liposomes, the 

suspension was passed through a 0.1 µm filter using a mini extruder (Avanti Polar lipids). 

Different sized filters were used to make different sized liposomes. For micelles, dried 

lipids were resuspended in 50 mM Tris, pH 7.5, 0.4% Triton-X-100, 1 mM EGTA, and 

0.5 mg/mL BSA and sonicated in a bath sonicator until the suspension became clear. 

Liposome sedimentation assay:  Proteins were first centrifuged at 200,000 g for 

fifteen minutes at 4
o
C to remove aggregates. Liposomes and proteins were then incubated 

for 30 minutes at 25
o
C. To pellet the protein bound liposomes, the mixtures were 

centrifuged at 200,000 g for 30 minutes at 25
o
C. After centrifugation the pellets were 

resuspended in equal volume of 0.1% Triton-X-100. Equal volumes of supernatant and 

pellet were separated by SDS-PAGE and visualized by Coomassie blue staining. 

Lipid phosphorylation assays: A final concentration of 1 mM PI was used to 

form micelles. Micelles were incubated with recombinant WNK1 and WNK4 kinase 

domain and kinase dead proteins in the presence of 5 mM ATP (5000-13000 dpm/pmol 
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of [γ-
32

P] ATP) and 375 mM MgCl2 in a final volume of 50 µL. Reactions were incubated 

at room temperature for 30 minutes and stopped by adding 187.5 µL of 

methanol:chloroform:HCl (200:100:1).  The mixtures were vortexed and incubated on ice 

for five minutes. Lipids were extracted by adding 62.5 µl of chloroform and 62.5 µl of 

0.1N HCl and centrifuged at 20,000 g for thirty seconds to separate the layers. 50 µL of 

the bottom layer was spotted on a thin layer chromatography (TLC) plate and the lipids 

separated in a TLC chamber with n-propanol, water and NH4OH (13:4:3). The plates 

were dried and exposed to film to detect the lipids. 

Phosphoamino acid analysis: Radiolabeled samples were transferred onto 

polyvinylidene difluoride (PVDF) membrane pre-wetted with methanol. The blot was 

then exposed to film to determine the position of the radioactive bands which were then 

excised from the membrane. The membrane strips were re-wetted in methanol, washed 

with distilled water, placed in 0.2 mL of 6 N HCl and heated at 110
o
C for one to two 

hours. Samples were dried under vacuum overnight. The samples were then resuspended 

in 5 µL buffer containing 88% formic acid and acetic acid (50:156), pH 1.9, vortexed and 

centrifuged at 20,000 g for a few seconds. Half of this was then spotted along with 

phosphor  amino acids standards on a TLC plate and subjected to electrophoresis using a  

Hunter thin layer electrophoresis system at 10 pounds per square inch (psi) and 600V for 

2 hours and 15 minutes. The plate was then sprayed with fresh 0.3% ninhydrin in acetone 

and then exposed to film for autoradiography. 

Cell culture and transfection: HeLa cells were grown in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum and 2 mM glutamine. Cells 

were harvested in lysis buffer (50 mM HEPES, pH 7.7, 150 mM NaCl, 1.5 mM MgCl2, 1 
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mM EGTA, 10% glycerol, 100 mM NaF, 0.2 mM NaVO4, 50 mM beta glycerophosphate) 

containing 0.1% Triton X-100, 0.2 mM phenylmethyl sulfonyl fluoride (PMSF) and 

protease inhibitors as described (Barylko, Wlodarski et al. 2002).  

Immunoprecipitation and immunoblotting: WNK1 was immunoprecipitated from 

750 µg of cell lysate protein. 5 µl of WNK1 antibodies were incubated with the lysates 

overnight at 4
o
C. 30 µl of a 50% protein A-Sepharose slurry was added to the lysates and 

incubated for a further two hours at 4
o
C. Beads were washed three times in the lysis 

buffer and then proteins were eluted using 5X Laemmli buffer. Proteins in cell lysates or 

immunoprecipitates were resolved by SDS-PAGE and transferred to nitrocellulose. 

Immunoblots were developed using Li-COR infrared imaging system.  

Kinase assays: 20 µl of the beads containing the immunoprecipitated proteins or 

recombinant proteins were incubated with 50 µM ATP (5000-13,000dpm/pmol [γ-
32

P]), 

10 mM MgCl2 and 20 mM HEPES pH 7.4 for 30 minutes at room temperature. For 

kinase assays in the presence of lipids, liposomes were incubated with recombinant WNK 

and OSR proteins for 30 minutes at room temperature.  Kinase assays were carried out as 

described. Proteins were resolved by SDS-PAGE. Gels were dried and exposed to film 

for autoradiography. Incorporation of radioactivity was quantified by scintillation 

counting of the bands excised from the gel. 

 Analysis of IP3 production:  WNK1 was depleted from HeLa cells in 12-well 

plates using RNAi as described before. Cells were labeled with a final concentration of 2 

µCi/mL  
3
H-myo inositol in inositol free media containing 0.5%  FBS for 18-20 hours. 10 

mM LiCl to cells were added along with 0.5 M sorbitol. Dowex resin was rinsed with 5 

mL 1 M HCl, washed twice with 10 mL distilled water and then poured on column. Cells 
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were lysed in 0.2 mL of ice cold 50 mM formic acid and then frozen in liquid nitrogen. 

Lysates were thawed on ice and centrifuged at 16,000 g for 5 minutes at 4
o
C. 0.1 mL of 

150 mM NH4OH was added to the supernatant. Half of this solution was added to 1 mL 

of 50 mM Tris pH 7.5. This solution was poured on the column and the initial eluent was 

discarded. The column was washed with 10 mL distilled water twice and then IP3 was 

eluted using 1 mL of 1 M HCl. The amount of IP3 produced was quantitated using 

scintillation counting. 

 Membrane and cytosol fractionation:  Cells were washed with PBS on ice. Cells 

from a 10 cm dish were resuspended in 0.3 mL of Solution A (0.25 M sucrose, 20 mM 

Tris-HCl pH 7.5, 2 mM EDTA, 1 mM DTT, 0.1 M NaCl, containing protease inhibitors 

as described above). Cells were permeabilized by freeze-thaw and mechanically by 

passing through a 27.5 gauge needle. Lysates were centrifuged at 1000 g for 5 minutes at 

4
o
C. Pellets were resuspended in 0.3 mL of Solution B (20 mM Tris-HCl pH 7.5, 10% 

glycerol, 1% Triton-X-100, 0.1 M NaCl, 1 mM DTT and protease inhibitors). The 

supernatant was centrifuged for 15 minutes at 200,000 g at 4
o
C to obtain soluble cytosol 

and membrane pellet. The membrane pellets were resusupended in 0.3 mL of Solution B. 

The resuspended membrane fractions were centrifuged again for 15 minutes at 200,000 g 

at 4
o
C. Insoluble pellet and membrane supernatant was obtained. The insoluble pellet was 

resuspended in 0.3 mL of solution B. Equal volumes of each fraction were loaded on a 

SDS-PAGE gel and separated proteins visualized by immunoblotting. 

 Membrane raft isolation: HeLa cells in 15 cm plates and lysed in 50 mM Tris pH 

7.4, 150 mM NaCl, 5 mM EDTA and 0.5% Triton-X-100 (sucrose gradient buffer). An 

equal volume of 80% sucrose in the buffer above was mixed with 2.5 mL of the lysate. 4 
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mL of the 40% sucrose solution and then 4 mL of 30% sucrose and 2 mL of 5% sucrose 

(all prepared in the sucrose gradient buffer) were layered on top of the bottom layer. The 

sucrose gradient was centrifuged at 40,000 rpm in a Sw-41 rotor (Beckman Coulter 

instruments) for eighteen hours at 4
o
C. 1 mL fractions were collected from the top and 

each fraction concentrated. Equal total protein were then loaded on a denaturing gel and 

separated by electrophoresis and proteins detected by immunoblotting. 

 

Results 

WNK1 and 4 can bind to lipids  

 All four WNKs can activate SGK1. To be activated, SGK1 needs to be 

translocated to the membrane where it is phosphorylated by PDK1 in its activation loop. 

The kinase activity of WNKs was not required for activating SGK1 and the N-terminal 

region of WNKs was necessary and sufficient to activate bind to and activate SGK1 

(Heise, Xu et al. 2010). Therefore, we hypothesized that WNKs might be binding to 

lipids and thereby act as adaptors to bring SGK1 in proximity to PDK1 for activation.  

 To test our hypothesis, we used membrane lipid strips as the first pass test to 

determine whether WNK1 and WNK4 could indeed interact with lipids. Membrane lipid 

strips are nitrocellulose strips with fifteen different lipids spotted on them. Recombinant 

WNK1 and WNK4 kinase domain proteins were incubated with these strips overnight 

and the bound protein was detected using antibodies. We observed that both WNK1 and 

WNK4 kinase domains could interact with specific lipids on the strips and this binding 

did not depend on the kinase activity of the proteins. WNKs could bind to PI4P, PI3, 4P2, 

PI3, 4,5P3 and PA (Figure 5.3). 
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Immobilized lipids on membrane strips do not represent physiological states of 

the lipids. Therefore, I used a liposome based assay to determine whether WNKs could 

bind to lipids using an assay that better represents the geometry of interactions. 

Recombinant fragments of WNK1 and WNK4 were incubated with liposomes composed 

of complex lipids, Folch fraction I from bovine brain which contains 10% PI, 50% PS, 

40% cerebrosides and less than 5% triphosphoinositides. The mixtures were then 

centrifuged at high speed so that any proteins bound to liposomes would pellet. I 

observed that the WNK1 kinase domain (194-483) and the WNK4 kinase domain (146-

432) could interact with Folch fraction lipids although a fraction remained in the 

supernatant. WNK1 -490-640, which contains the autoinhibitory domain, and WNK1 

1796-1899, which contains the C-terminal coiled coil, were mostly bound to liposomes. 

Surprisingly, WNK1 1-220 which is sufficient to activate SGK1 could not bind to lipids 

Figure 5.3: WNK1 and 4 kinase domains can bind to immobilized lipids in 

a kinase independent manner. 1 μg of recombinant His6-tagged proteins were 

incubated with lipids immobilized on nitrocellulose strips and bound proteins 

were visualized using 1:1000 anti-His antibody. GST was used as a negative 

control. 
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at all, suggesting that although WNKs can bind lipids in vitro, this is probably not the 

mechanism by which they activate SGK1 (Figure 5.4). 

 

 

 Folch fraction I, as mentioned above, contains a mixture of several different 

species of phospholipids and cerebrosides. I wanted to determine if WNKs had any 

specificity to interact with any particular lipid type. To do this, I made liposomes 

containing the structural lipid PC and mixed it with several different phospholipids and 

Figure 5.4: WNKs 1 and 4 can bind to Folch fraction I containing 

liposomes. 10 μM recombinant proteins were incubated with or without of 

liposomes for 30 minutes at 25
o
C, each condition in duplicate, and then 

pelleted. The pellet was resuspended in the same volume of 0.1% Triton-X-100 

as the supernatant and the same volume of each pellet (P) and supernatant (S) 

was loaded on a 12% (29:1) polyacrylamide gel and visualized by Coomassie 

blue staining. 
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carried out the same binding reaction as before with the different WNK1 and WNK4 

fragments. After staining with Coomassie blue, the intensity of each band was quantified 

using Li-COR infra-red system. I calculated percent specific binding as the percent 

intensity of a protein band in the pellet in the presence of liposomes subtracted from the 

percent intensity of the same protein band in the pellet in the absence of liposomes 

(corresponding to non-specific precipitation due to aggregation) (Table 5.1). None of the 

WNK1 or WNK4 fragments showed any significant binding to any particular lipid 

present in the different combinations tested. 

 

WNK FRAGMENT PC PC:PE PC:PS PC:PI4P PC:PI5P PC:PIP2 

WNK1-1-220 2.6 2.8 2.5 -1.8 -0.2 -1.8 

WNK1-194-483 1.3 3.5 -3.0 2.1 9.9 6.5 

WNK1-490-640 -0.3 2.8 2.7 3.5 -2.9 2.3 

WNK1-1796-1899 2.2 -2.0 0.4 1.2 -0.3 0.3 

WNK4-146-432 4.0 3.9 0.3 1.9 16.2 6.7 

GST 1.5 0.8 -0.7 --- --- -1.4 

 

 

 

 

 

 

 

Table 5.1: WNK fragments do not bind to any single lipid species. Percent 

specific binding of WNK fragments to each liposome composition calculated and 

tabulated.  
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 These data show that isolated WNK fragments cannot bind to any particular lipid 

either alone or with PC. Whether or not these results are relevant to the behavior of the 

intact protein in cells remains to be determined. Biological membranes are much more 

complex and contain PC, PE and PS, cholesterol and different phosphoinositides 

depending on the organelle from which it is derived. I wanted to test whether WNKs 

could bind to a simple mixture of PC, PE and PS and then I mixed 10% PI4P and 

gangliosides to determine whether WNKs could bind to either of these lipid species. I 

observed that WNK fragments that bound liposomes containing Folch fraction I could 

also interact with liposomes containing equal amounts of PC, PE and PS. The interaction 

was increased when PI4P was present in the liposomes (Figure 5.5 A), but not when 

gangliosides were present (Figure 5.5 B). This suggests that WNKs can bind to PI4P in a 

physiological membrane context. This would suggest that WNKs have the potential to 

localize with the trans-Golgi network. A graduate student in our laboratory has data to 

show that depletion of WNK1 leads to disruption of the Golgi network. Whether this 

phenotype is dependent upon the ability of WNKs to interact with lipids remains to be 

seen. An interesting future experiment will be to measure the co-localization of WNKs 

with lipids in the cell using lipid-specific fluorescent markers such as GFP tagged FYVE 

domain protein that interacts with PI3P. 

 These lipid binding studies have been carried out in vitro using recombinant 

purified fragments of WNKs. Recombinant full-length WNK1 has been extremely 

difficult to express and purify largely due to the size of the protein. It remains to be 

understood whether full length WNKs also bind to lipids. Whether WNKs can bind to 
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other phosphoinositides such as PI, PIP2 and PIP3 in liposomes containing a physiological 

membrane composition needs to be determined. 
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Figure 5.5: WNK1 can bind to PI4P in the presence of PC, PE and PS. 
Liposomes containing equal amounts of PC, PE and PS with or without 10% 

PI4P in A) or 10% gangliosides in B) were incubated  with the indicated WNK1 

fragments. Bound proteins were pelleted and the pellet (P) and supernatant (S) 

fractions were separated by SDS-PAGE and visualized by Coomassie blue 

staining. * indicates that 60% of WNK1-490-640 is specifically bound to PI4P-

containing liposomes. 
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Lipids can affect kinase activity of WNK1 

 

 WNK1 -490-640 is the fragment that most strongly binds to lipids including the 

Folch fraction and PI4P. This fragment contains the autoinhibitory domain of WNK1. We 

had previously hypothesized that it is probable that we are missing a key cofactor that 

regulates the kinase activity. The observation that the autoinhibitory domain interacts 

with lipids opens up the possibility that lipids are that key cofactor. It is possible that 

binding of the autoinhibitory domain to lipids causes release of autoinhibition and 

thereby activation of the kinase. 

 To test this hypothesis, I used recombinant WNK1 1-640 fragment which 

contains both the kinase and the autoinhibitory domains. I incubated this fragment with 

OSR K46R (both purified from bacteria), which is a kinase-dead mutant of OSR1 and 

therefore the only phosphorylation observed would be due to WNK1. I added liposomes 

made from Folch fraction lipids and incubated the mixture with ATP for 30 minutes at 

room temperature. To my surprise, I observed that the presence of lipids drastically 

reduced the kinase activity of WNK1 1-640 towards OSR1 (Figure 5.6) as well as 

autophosphorylation of WNK1. It is possible that the liposomes somehow occlude the 

binding site of WNK1 for OSR1. Measuring the dissociation constant of interaction (Kd) 

of WNK1 1-640 with OSR1 and comparing that with the Kd of interaction with 

liposomes would be helpful in discerning whether WNK1 binding to liposomes sterically 

hinders its kinase activity. It is also possible that WNK1 1-640 in the presence of 

liposomes folds in a manner that inhibits the kinase domain even more than in the 

absence.  
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 The previous figure shows that WNK1 1-640 has decreased kinase activity in the 

presence of liposomes. To ensure that this observation was not due to some artifact of 

using fragments of WNK1, I immunoprecipitated WNK1 from HeLa cells stimulated 

with sorbitol to activate WNK1 and used the immunoprecipitate to phosphorylate 

recombinant OSR1K46R in the presence or absence of liposomes containing Folch 

fraction I lipids. I observed that similar to WNK1 1-640, endogenous full length WNK1 

showed a decrease in kinase activity towards OSR1 in the presence of liposomes (Figure 

5.7).  

Figure 5.6: Folch fraction liposomes inhibit WNK1 kinase activity. 
Assay of WNK1 1-640 using OSR1 K46R as a substrate was carried out 

in the absence or presence of liposomes containing Folch fraction I lipids 

with each condition in duplicate. Incorporation of radioactivity was 

detected using autoradiography and quantified using liquid scintillation 

counting. 
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 The decrease in kinase activity of WNK1 towards OSR1 in the presence of 

liposomes can be explained if the lipids compete with OSR1 for phosphorylation by 

WNK1. To test this hypothesis, I measured the kinase activity of WNK1 1-640 towards 

OSR1 K46R in the presence of different amounts of liposomes. I determined that the 

phosphorylation of OSR1 showed an inverse correlation with the amount of liposomes 

present in the reaction. Autophosphorylation of WNK1 was also decreased. This was 

however, less noticeable until 1 µg final concentration of lipids (Figure 5.8).  

Figure 5.7: Folch fraction lipids inhibit the kinase activity of 

activated endogenous full length WNK1. HeLa cells were stimulated 

with sorbitol to activate WNK1. WNK1 was then immunoprecipitated. 

An immunoprecipitate with preimmune serum was used as a control 

(IP: Nsp). The kinase activity of immunoprecipitated WNK1 towards 

OSR1 was measured in the presence or absence of Folch fraction 

liposomes.  
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WNK1 and 4 can phosphorylate PI in vitro 

 

 Increasing the amount of lipids in the liposomes causes a decrease in the 

phosphorylation of OSR1 by WNK1. This could mean that lipids might compete with 

OSR1 for phosphorylation by WNK1. To test whether WNK1 could indeed act as a lipid 

kinase, I decided to start with the simplest phospholipid PI and determine whether 

recombinant WNK1 kinase domain could phosphorylate PI to form PIP in vitro. 

Figure 5.8: Folch fraction liposomes can inhibit OSR1 phosphorylation. 
Kinase activity of WNK1 1-640 towards OSR1K46R measured in the 

presence (even number bars) or absence (odd number bars) of increasing 

amounts of lipids. Autophosphorylation of WNK1 also measured and 

quantified using liquid scintillation counting. 
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 I used 10 µg recombinant WNK1 and WNK4 kinase domains and kinase-dead 

proteins and 1 mM final concentration of PI in micelles and carried out a kinase reaction 

in the presence of 5 mM ATP. Lipids were extracted using chloroform and methanol and 

then separated using thin layer chromatography. I used PI-4-kinase (PI4Kγ) as a positive 

control. I determined that WNK1 and WNK4 can phosphorylate PI in micelles to make 

PIP. This activity was required an active kinase domain of WNK1 as kinase dead mutants 

did not have lipid phosphorylation capability (Figure 5.9 A).  

To test whether WNK1 and 4 could phosphorylate PIP to make PIP2, I performed 

a similar experiment using PI4P as the substrate and observed no detectable 

phosphorylation of PI4P by either WNK (Figure 5.9 B). However, it is possible that 

WNK1 and 4 can phosphorylate PI3P or PI5P which I did not test. It is also possible that 

WNKs are just PI kinases and cannot further phosphorylate PIP.  
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Figure 5.9: WNK1 and 4 can phosphorylate PI but not PI4P. Micelles 

containing 1 mM final concentration of PI in A) or PI4P in B) were incubated 

with 10 µg of recombinant WNK1 or WNK4 kinase domain or kinase-dead (K-

M) proteins with ATP for 30 minutes at room temperature. Lipids were 

extracted and separated by TLC. Chromatograms were exposed to film. PI 

phosphorylated by PI4K was included a standard (++Cntrl) and no kinase was 

used as a negative control (--cntrl) in B).  
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WNK1 is largely soluble 

 Given the ability of WNK1 to bind to lipids, I wanted to test whether WNK1 

bound to biological membranes, either in the basal state or upon activation by sorbitol. I 

treated HeLa cells with 0.5 M sorbitol to stimulate WNK1. I then lysed the cells 

mechanically and separated nuclear, cytoplasmic, membrane and insoluble fractions 

using differential centrifugation. I used lamin A as a nuclear marker and tubulin as a 

cytosolic marker and used immunoblotting to detect the presence of WNK1 in these 

fractions. I determined that WNK1 exclusively localizes to the cytoplasmic fraction under 

both basal and stimulated states (Figure 5.10). The WNK1 band shows a shift in the 

migration pattern upon sorbitol stimulation characteristic of phosphorylated species. 

WNK1 may either not directly associate with membranes in cells or the association is 

relatively easily disrupted. Also, it is possible that the amount of WNK1 associated with 

the membrane fraction is below the limit of detection using immunoblotting. 

 

Figure 5.10: WNK1 is largely soluble. HeLa cells were stimulated with 0.5 M 

sorbitol to activate WNK1 and then subjected to differential centrifugation. 

WNK1 was detected using immunoblotting and Lamin A and tubulin were used 

as markers for the fractions. 
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 Since WNKs bind to complex lipids, it is possible that WNKs associate with 

membrane rafts. The fractionation protocol used before does not isolate the raft fraction. 

Therefore, I tested whether endogenous WNK1 associates with membrane rafts in HeLa 

cells. I treated cells with sorbitol to activate WNK1 and then used Triton-X-100 

solubilized lysates and a sucrose gradient protocol to isolate membrane rafts. I observed 

that WNK1 and OSR1 co-fractionate to a significant extent on the sucrose gradient but 

neither of these two proteins associate with membrane rafts (Figure 5.11). It is possible 

that full length WNK1 folds in a manner that sequesters the lipid binding portions away 

from the surface of the protein. Perhaps there are conditions or stimuli that induce WNK 

association with lipid rafts. 

 

 

 

 

 

 

 

Figure 5.11: WNK1 and OSR1 do not associate with membrane rafts 

under basal or sorbitol stimulated conditions. HeLa cells were stimulated 

with sorbitol to activate WNK1. Lysates from stimulated and unstimulated 

cells were fractionated to enrich lipid rafts. WNK1, OSR1 were detected 

using immunoblotting and flotillin1 (Flot1) was used a marker for 

membrane rafts.  
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WNK1 can phosphorylate PLCβ2 and 3 

 To understand how the lipid binding activity of WNK1 affects cellular functions, 

we wanted to determine whether WNKs could affect pathways involving lipids as second 

messengers. In a recent paper, the Huang laboratory has shown that WNK1 is involved in 

signaling downstream of Gq coupled receptors that routes via PLCβ (An, Cha et al. 

2011). Using antibodies to WNK1, the authors showed that WNK1 activity is essential 

for PLCβ function downstream of insulin. PLCβ hydrolyzes PIP2 to generate second 

messengers IP3 and DAG. This study showed that WNK1 helps increase the activity of 

PI4KIIIα and increase the level of PIP2 at the membrane and therefore increase PLCβ 

activity. 

 I wanted to determine whether WNKs 1 and 4 could phosphorylate PLCβ 

isoforms and regulate their activities directly. I used recombinant purified PLCβ 1, 2 and 

3 proteins (kind gift from Dr. Elliott Ross) and in collaboration with Dr. Ross’s group 

determined whether this phosphorylation changes PLCβ activity. I found that 

recombinant WNK1 and WNK4 kinase domain proteins could phosphorylate PLCβ 2 and 

3 specifically but not β1 (Figure 5.12 A). Using phosphoamino acid analysis I determined 

that WNK1 and 4 could phosphorylate PLCβ2 at serine and threonine residues suggesting 

that there are possibly multiple sites of phosphorylation (Figure 5.12 B). However, the 

stoichiometry of phosphorylation was too low. To increase the incorporation of 

phosphate in PLCβ2, I used 2 mM ATP and incubated the reaction for two hours at 30
o
C 

and obtained half a mole of phosphate incorporated per mole of substrate (Figure 5.12 C). 

In collaboration with Dr. Ross’s laboratory, we carried out activity assays measuring the 
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amount of IP3 hydrolyzed by phosphorylated PLCβ. However, we could not detect any 

significant change in PLCβ activity upon phosphorylation by WNK1 or WNK4. 
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Figure 5.12: WNK1 and 4 can phosphorylate PLCβ2 and 3 at serine and threonine. A) 
Phosphorylation of recombinant PLCβ1, 2 and 3 was measured using WNK1 and 4 kinase 

domain in the presence of liposomes containing the indicated lipids. B) 2 mM ATP was used to 

increase stoichiometry of phosphorylation of PLCβ2 and 3 by WNK1 and WNK4 kinase 

domain proteins. C) Phosphoamino acid analysis done using recombinant WNK1 and WNK4 

and PLCβ2 to determine the amino acid residues phosphorylated. 
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To determine whether WNK1 can affect PLCβ action in cells, I wanted to 

determine whether the levels of IP3 would decline upon depletion of WNK1 in HeLa 

cells. Tritium labeled inositol was used to label cells after depletion of endogenous 

WNK1 and then IP3 was affinity purified from these cells. The levels of IP3 were 

quantified using liquid scintillation counting. Depletion of WNK1 caused a slight 

increase in IP3 levels; however, I did not observe a significant change in IP3 levels in 

HeLa cells even with carbachol stimulation which should be a positive stimulus for IP3 

production (Figure 5.13). The lack of carbachol effect makes these results difficult to 

interpret. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: HeLa cells do not show significant change in IP3 production upon 

depletion of WNK1. siRNA was used to deplete WNK1 in HeLa cells and scrambled 

oligonucleotides were used as control. Cells were then stimulated with either sorbitol 

or carbachol. Tritium labeled IP3 was purified from the cells using affinity 

chromatography and quantified using scintillation counting. 
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Discussion 

 

 WNKs are atypical protein kinases. In an attempt to understand their 

eccentricities, we have discovered what appears to be a unique characteristic of this 

family of protein kinases. I have shown in this chapter that WNK1 and 4 fragments can 

interact with complex lipids in vitro. The region containing the autoinhibitory domain 

bound most strongly to lipids. This led me to hypothesize that binding to lipids would 

release the autoinhibition and activate WNKs. Curiously; the kinase activity of a WNK1 

fragment containing the kinase and the autoinhibitory domains towards OSR1 was 

drastically reduced in the presence of liposomes containing complex lipids.  Further 

experiments using increasing concentrations of liposomes in the kinase assay suggests 

that the lipids are indeed substrates that may compete with OSR1 for WNK1. WNKs 1 

and 4 can phosphorylate PI in vitro to form PIP. The turnover number of WNK1 is in the 

vicinity of one per minute with OSR1, its best characterized mammalian substrate. I 

estimate that its lipid kinase activity is of the same order of magnitude. The fact that the 

enzyme has a low catalytic rate leaves less certainty as to the significance of its lipid 

kinase activity.  

 Although these data suggest that WNKs might be lipid binding proteins, more 

work needs to be done to conclusively prove that this is not just an artifact of in vitro 

biochemical assays. I have not been able to demonstrate that WNKs localize with 

membranes or membrane rafts. The interaction could be weak and or transient which 

could have been missed using conventional fractionation methods. Further, most of this 

work has been carried out using a few fragments of WNK1. It is imperative to determine 

whether full length WNK1 binds lipids and retains any of the lipid binding capabilities of 



107 

 

the fragments. Binding and phosphorylation of lipids might be dependent upon specific 

stimuli in vivo. Therefore, identification of the context in which endogenous WNK 

proteins can bind to and/or phosphorylate phospholipids is important. I also showed that 

WNKs could phosphorylate PLCβ2 and 3 specifically in an attempt to determine whether 

WNKs are involved in pathways that involve lipid second messengers. However WNK-

phosphorylated PLCβ did not show any significant and reproducible change in its 

activity. In collaboration with the Brown lab at Vanderbilt University Medical Center, I 

used WNK1 depleted cells to determine whether there was any change in the amount 

and/or ratios of phospholipids and neutral lipids. These experiments did not produce 

consistent and reproducible results and thus are indeterminate.   

 In the presence of PC, PE and PS containing liposomes, WNK1 showed a 

preference for binding to PI4P. PI4P is enriched in the membranes of the trans-Golgi 

network. We have data in the laboratory suggesting that WNK1 somehow regulates Golgi 

activity and architecture. Whether this relates to the ability of WNK1 to interact with 

PI4P remains to be seen. It is possible that WNKs regulate the fusion of Golgi vesicles by 

binding to membranes and bringing them in close proximity and thereby aiding in fusion. 

Similarly, WNKs could regulate fission and budding of vesicles from the Golgi. WNKs 1 

and 4 have been implicated in the endocytic pathway. It is possible therefore that WNKs 

can interact with other phospholipids such as PI3P which is enriched in early endosomes 

and this should be tested.  

 WNKs are activated in response to osmotic stresses. An important question in the 

field in how do WNKs get activated after osmotic stress. All four WNKs are capable of 

interacting with each other and can form an autoactivable complex and phosphorylate 
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each other in trans. Another possibility is that WNKs can themselves act as osmotic 

stress sensors by recognizing a change in membrane curvature upon osmotic stress and 

binding preferentially to less curved membranes. I tested this by using liposomes made 

using 0.1, 0.4 and 0.8 µm filters (data not shown). I could not detect any significant 

change in the binding ability of WNK1 490-640 towards these different sized liposomes. 

However, these three sizes do not adequately mimic the flat and less curved membranes 

that are capable of forming under osmotic stress. Therefore, it would be important to test 

whether the binding affinity of WNKs towards lipids changes with membrane curvature 

using giant unilamellar vesicles. 

 The data presented in this chapter open the door to a new and exciting approach 

towards studying WNKs. The possibility that WNKs might be regulating or be regulated 

by lipid membranes and lipid signaling pathways indicates that there is more to be 

learned about this family of atypical proteins and that we have barely scratched the 

surface in understanding the physiology of WNKs. 
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CHAPTER SIX 

 

 

CONCLUSIONS AND PERSPECTIVES 

 

 

 

  A family of four atypical protein kinases identified because of their homology 

with members of the MAP kinase kinase family, the with no lysine kinases are now 

known to be extremely important in maintaining cellular homeostasis. WNK1 and 2 were 

cloned in our laboratory in 1995. Despite a lot of research being done trying to 

understand the biology of WNKs, we still do not completely fathom how these proteins 

work in a cell. 

  In this dissertation, I have shown that WNKs interact with their one well-

characterized substrate, OSR1 via their C-terminal region. We have defined a minimal 

functional binding region required for this interaction and it consists of the residues 1570-

2126 of the rat isoform. This fragment contains the three RFxV motifs, the C-terminal 

coiled-coil and the rest of the unstructured region forming the C-terminus of WNK1. This 

fragment can compete with endogenous WNK1 for interaction with OSR1 and thereby 

inhibit its activation. This reveals the possibility that the C-terminus of WNK1 might be 

folding in a manner as to create a site for interaction with OSR1.  

  I have also discovered a link between the WNK-OSR1 pathway and mTOR 

complex 2. mTORC2 can directly phosphorylate OSR1. Inhibition of mTORC2 activity 

or disruption of the complex has adverse effects on OSR1 function in cells although 

WNK1 seems to be dominant over mTORC2 in regulating OSR1 activation. Ongoing and 

future work will define which residue of OSR1 is phosphorylated by mTORC2 and the 
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role that this phosphorylation plays in regulating OSR1 activity. We hypothesize that 

OSR1 phosphorylation by mTORC2 might aid in stabilizing the protein. The finding that 

only fifteen minute exposure to KU is sufficient to inhibit OSR1 activity suggests that 

mTORC2 possibly employs a different mechanism of OSR1 regulation than it does in 

regulation of Akt. This suggests that we do not yet understand fully how mTORC2 works 

in this pathway. There might be different ways this kinase complex regulates its different 

substrates. OSR1 is the first Ste20 family member suggested to be phosphorylated by 

mTORC2 making this a novel and exciting finding. 

  Finally, I have identified a few interesting facets to WNK1. I have found using in 

vitro biochemical assays that WNK1 fragments have the potential to interact with 

complex lipids. Inclusion of liposomes made up of complex lipids in kinase assays with 

WNK1 greatly inhibits the activity of the protein suggesting that lipids might compete for 

attention by WNK1. This is further demonstrated by the ability of WNKs 1 and 4 to 

phosphorylate phosphatidylinositol in vitro. Further work is needed to conclusively 

demonstrate the ability of WNKs to interact with lipids in vivo and to determine the 

mechanism by which WNKs are regulated by lipids. It is probable that one of the 

functions of WNKs is regulating lipid signaling pathways or maintaining lipid levels in 

cells. WNK1 and 4 regulate several ion cotransporters by regulating their surface 

expression via endocytic pathways. It is not known however, how WNKs regulate 

endocytic pathways. By binding the lipids of the endocytic pathways, WNKs might 

regulate their fusion by apposing the membranes of these vesicles. Further, WNKs might 

also be acting as osmotic stress sensors by specifically binding to membranes with 
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specific curvatures. Thus, there are exciting new avenues to pursue for WNK researchers 

in the future. 

  One of the characteristics of WNKs is that they are large proteins with a 

considerable part of the protein sequence consisting of low complexity regions. These 

low complexity regions are not known to form any ordered structural domain and are 

therefore flexible.  A large number of biological proteins are classified as possessing 

regions intrinsic disorder and are termed intrinsically disordered proteins 

(IDPs)(Halfmann, Alberti et al. 2010; Jarosz, Taipale et al. 2010; Halfmann, Alberti et al. 

2011). These proteins were initially thought to be rare exceptions in the biological world, 

but are increasingly recognized as a separate class of their own. This change in thinking 

about these proteins is aptly described in a review article by Uversky and I quote “In 

essence, the development of this field represents another Cinderella story, where hard 

working housekeeping girl (IDPs) was originally neglected, but suddenly became a star, 

when her little glass slipper (natural abundance and biological importance) was found” 

(Uversky, Babu et al. 2011). 

  IDPs are characterized by their amino acid sequences which consist of amino 

acid residues that do not appear to specify a secondary or tertiary fold. IDPs are also 

promiscuous in their binding partners. They tend to act as scaffolds and interact with 

other proteins and form a base around which dynamic protein complexes are built. 

Proteins possessing regions of intrinsic disorder (intrinsically disordered regions or IDRs) 

have the potential to form amyloids. First identified as iodide stained precipitates in the 

cell, amyloids are insoluble protein aggregates formed by association of proteins that 

contain regions of low complexity sequences. These structures exhibit cross-beta sheet 
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structures and exhibit a unique bifringence. Amyloids are associated with several 

neurodegenerative diseases such as Alzheimer’s disease, Huntington’s disease and 

neuromuscular disorders such as ataxia. Whether these structures have a causative or 

protective function in disease states is still under debate. With the class of proteins 

containing IDRs becoming increasingly populated, several prediction algorithms have 

been generated that scan the sequence of the protein of interest and score the protein 

based on the potential to form amyloids. 

  A quick scan through DISOPRED software shows regions with very high 

intrinsic disorder and potential to aggregate into amyloid-like structures in WNK1. 

WNKs have large regions in their sequence that are disordered. Throughout the years, we 

and others have identified a plethora of proteins that can interact with different WNK 

family members. It has been difficult to determine a consensus binding motif or region. 

Even with kinase substrates, there is no single consensus phosphorylation motif that is 

exclusively identified and phosphorylated by WNKs. These suggest that WNKs at the 

very least have the potential to be classified as intrinsically disordered proteins. The lack 

of specificity of interaction with proteins could actually serve WNKs to act as scaffold 

proteins bringing different pathways of the cell in proximity. The low level of 

phosphorylation of proteins brought about by WNKs might have a more regulatory role 

than as a means of activating the protein’s biological function. Defining WNKs as IDPs 

and characterizing them as such might help us get important clues to understanding their 

biology. 

  The McKnight laboratory here at UT Southwestern showed that proteins 

containing low complexity sequences in RNA binding proteins present in RNA granules 
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can form aggregates and amyloid-like fibers when a particular biotinylated form of a 

drug, isoxazole is present (Han, Kato et al. 2012; Kato, Han et al. 2012). Through yeast 

two hybrid analyses, we have identified several RNA binding proteins that interact with 

WNKs. It would be extremely interesting to determine whether WNKs could form such 

aggregates or whether their interaction with the RNA binding proteins could cause them 

to be recruited to aggregates formed by these proteins. Thus, it seems that there are a lot 

of potentially exciting and interesting avenues to pursue in the WNK field. 

  All of the information presented in this dissertation point to the fact that despite 

the discovery of WNK1 more than a decade ago, the physiology of this unique family of 

proteins is far from being completely understood. Part of the reason for this meager 

knowledge can be attributed to the fact that WNKs are extremely large proteins. 

Expression and purification of full length recombinant WNKs remains a challenge which 

precludes us from garnering knowledge about the biochemistry of the protein. As a result, 

most studies with WNKs have been carried out using transient and heterologous 

expression systems and fragments. It remains to be seen whether endogenous functions 

differ from those of expressed proteins in heterologous systems. Further, the expression 

of WNKs is tightly regulated in the cell and Expression and depletion cannot be carried 

out at a population level without risking the well-being of the cell. This attests to the fact 

that WNKs are extremely important in maintaining cellular homeostasis. 

  WNKs are an ancient class of proteins conserved in plants, unicellular eukaryotes 

as well as animals. The number of WNKs varies among the species. Studying the 

evolution of WNKs as a family would be informative. Understanding why the position of 

the catalytic lysine is so different will definitely provide important clues to understanding 
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what the roles of these proteins are in the cell. Curiously, the model unicellular 

eukaryote, S. cerevisiae lacks a WNK homolog. Yeasts have a well-developed and well-

characterized osmotic stress sensing pathway which is one of the MAPK pathways in the 

yeast cell. Determining why yeasts do not need WNKs should also provide hints to why 

other organisms need it. 

  In the recent past, WNKs have been implicated in several disease systems. Cross-

talk with many cellular signaling pathways has been uncovered suggesting much wider 

implications of these proteins than previously appreciated. The with-no-lysine family of 

proteins has come a long way from their humble beginnings. A wider array of cellular 

physiology is now attributed to their presence and our appreciation of their importance is 

only going to increase with time. 
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