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Protein kinases control diverse cellular pathways and have are the sub-

ject of intensive study regarding how they maintain specificity toward sub-

strates. The research presented here focuses on a 230kDa serine/threonine

protein kinase known as WNK1 (with no lysine {k}). The protein was first

cloned by Melanie Cobb’s laboratory, and its isoforms have been associated

with a monogenic form of hypertension as well as with breast and prostate

cancer. Recent data have also shown that WNK1 is necessary for maintaining

spindle polarity in mitosis and plays a role in post-mitotic abscission. The

function of WNK1 is most commonly associated with the regulation of CCCs

via the activation of the WNK1 substrates OSR/SPAK. Prior investigation

of the system has demonstrated that CCCs are activated by increasing con-

centrations of extracellular salt and by intracellular phosphorylation from the

OSR/SPAK kinases. Due to it ubiquity in mammalian cell types, a question

has arisen as to how the pathway responds to changes in osmolarity. Further,
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because of the involvement of WNK1 in a diverse set of cellular mechanisms,

how is WNK1 activity and substrate specificity controlled?

An autoinhibitory domain of WNK1 was characterized by the Cobb

Lab regarding its ability to inhibit the kinase in cis and in trans. In this

study, we find that the solution structure of the autoinhibitory domain retains

a conserved RFXV binding site from the PASK/FRAY homology 2 (PF2)

domain present in OSR/SPAK. Titration data shows that incubation with a

5-mer and a 20-mer peptide derived from the WNK1 kinase domain displays

extensive chemical shift perturbation as assessed by 1H,15N-HSQC.

Expression of this autoinhibitory domain in cis with the WNK1 kinase

domain followed by size-exclusion chromatography shows substantial confor-

mational changes when dialized from high to low salt. A measurement of the

activity of the WNK1 kinase domain in the presence of increasing amounts of

sodium chloride indicate an IC50 of 130mM. Further biophysical investigation

using di↵erential scanning fluorimetry with the kinase domain shows that the

domain undergoes substantial increases in domain stabilization as the concen-

tration of salt is increased. Continued analysis of this phenomena has pointed

toward evidence of anion sensing by the WNK1 kinase domain. Other protein

kinases studied in our lab do not exhibit this salt sensitivity.

To determine the binding site of chloride in the WNK1 kinase domain,

the inactive WNK1 kinase was cocrystallized in the presence of sodium bro-

mide. A dataset was collected using the bromine anomalous edge (0.92 Å).

The anomalous di↵erence fourier map was calculated and a 5.2 � peak was
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observed at the N-terminus of the 3.10 helix present in the DLG motif of

the activation loop. To corroborate these data, the structure of the inactive

kinase domain previously crystallized in sodium chloride was re-refined. A

similar binding site corroborated by a 2mFo�DFc peak of 5.5 � was observed

in subunit A near the N-terminus of the 3.10 helix. When the structure was

refined in with a chloride ion placed in the observed density, similar hydrogen

bonding interactions between the amide backbone and the chloride ion were

observed compared to that in the bromide-soaked structure. The presence of

this chloride ion appears to favor sequestration of E268 in ↵C and R348 in the

catalytic loop and promotes an inactive kinase structure.

Finally, the crystal structure of the activated WNK1 kinase domain was

determined under low-salt conditions. The term ’activated’ and not active is

used to describe this structure of the WNK1 kinase domain because, although

it is phosphorylated at S378 and S382 in the activation-loop during expression,

the structure adopts an inactive conformation due to the placement E268 in

helix C. The structure displays disorder of many key structural elements such

as the N-terminus of ↵C. A key observation is the lack of a 3.10 helix in the

N-terminus of the activation loop and the lack of water or any atom that could

be chloride near the amide backbone near the chloride binding site.

Based upon the literature surrounding the activation of WNK1 and the

data presented in this thesis, we predict a three-tiered regulation of WNK1

driven by a) autophosphorylation b) chloride binding and c) autoinhibitory

domain occlusion of the nucleotide and/or docking interfaces present in the
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WNK1 kinase domain. The coupling of the information that we have gath-

ered on the autoinhibitory and kinase domains appear to point to an overall

mechanism of salt sensing and self-contained signaling control in the WNK1

kinase cascade.
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Chapter 1

Introduction

Protein kinases are signal transduction machines that transmit infor-

mation using chemical modification of the amino acids serine, threonine, and

tyrosine by phosphate stemming from adenosine-triphosphate (ATP). In eu-

karyotes, depending on the type of initial signal encountered, the propogated

signal can induce a wide and varied array of cell responses, from apoptosis to

cell division and proliferation. The known human kinome spans more than 500

members and is divided into eight distinct groups depending on their function,

sequence similarity, and associated regulatory mechanisms (e.g. AGC group

kinases have cyclic-nucleotide-dependent binding sites which partly control

their activation) (Hanks and Hunter, 1995; Manning et al, 2002).

Although these distinct groups within the kinase family exist, there are

some atypical kinases that do not meet the distinct criteria for this classifica-

tion. One of these kinases is the with no lysine (k) kinase (WNK) which is

distinguished by its unique placement of the catalytic lysine. Of the four known

isoforms of the kinase, WNK1 is the best characterized. The WNK1 protein

had become a focal point of research due to its involvement in a hereditary form

of hypertension known as pseudohypoaldosteronism type II (PHAII). Interest

in the kinase further grew when the initial structure was solved by Min et al

1



revealed a unique placement of the catalytic lysine along with an altered ar-

rangement of residues in the nucleotide-binding site compared to that of other

kinases (Min et al, 2004). Recent cellular assays involving WNK have re-

vealed its involvement in electroneutral cotransporter regulation driven by the

CCCs. These assays have also shown that CCCs present in kidney tissue are

activated by hypotonic stress and by phosphorylation (Richardson and Alessi,

2008; Lytle and Forbush, 1996; Ho↵mann et al, 1983). WNK has also been

implicated in endocytic, and mitotic mechanisms and much detail concerning

the biophysical underpinnings of the protein’s function is still unknown.

This dissertation focuses on the regulation of the WNK1 kinase by an

autoinhibitory domain and direct interaction of chloride ions with the kinase

domain. A detailed structural and biochemical analysis of the regulatory do-

main will be discussed as well as the salt sensitivity of the kinase domain.

Taken together, these studies suggest that the kinase domain itself is an an-

ion sensor (specifically for chloride) and may be the initial mechanism that

engages to control cell volume.

1.1 The WNK1 Protein Kinase

Data prior to the present thesis have partially characterized the domain

boundaries, phosphorylation state and biochemical response of the WNK1 ki-

nase domain to various stimuli in living cells. Further, there has been one crys-

tallographic study of the inactive kinase domain which confirmed the unique

2



lysine placement relative to other protein kinases. The protein kinase WNK1

is a serine/threonine kinase that utilizes ATP to catalyze the phospho-transfer

reaction of the �-phosphate of ATP to a hydroxyl moiety on a serine or thre-

onine amino acid located on a substrate protein. WNK1 was originaly discov-

ered through the e↵orts of Xu et al in an attempt to identify new members

of the Ste20 family (which tend to be activators of MAP kinase modules) (Xu

et al, 2000). The authors were successful in cloning and sequencing a 2126

amino acid, ⇠250kDa protein that localized in the particulate fractions of

HEK293 cells. Sequence analysis of the kinase relative to other known protein

kinases indicated it may be deficient of the catalytic lysine necessary for all

known kinases to be enzymatically competent. Thus, the kinase was originally

named due to its assumed lack of this lysine, which normally contributes to

the transition-state stabilization by coordinating the ↵ and � phosphates in

ATP during nucleophillic attack by the substrate serine/threonine hydroxyl

group. However, in the primary literature that stated the discovery of this

unique protein kinase, Xu et al noted that mutation of K233 to methionine

abolished kinase activity. It was predicted by sequence alignment that the

lysine would be shifted from its canonical position in �3 to a unique position

in strand �2 (Figure 1.1a).

Further biochemical analysis of this new protein kinase showed that

the unique placement of the catalytic lysine could be incorporated into a

similar arrangement by genetically modifying the MAPK extracellular signal-

regulated kinse 2 (ERK2). Xu et al found that in WNK1, the typical placement

3



(a) (b)

Figure 1.1: a) Mutation of the catalytic lysine of WNK1 abolishes activity
toward MBP. An attempt to shift the lysine to the canonical position occupied
by a cysteine. b) Placement of the catalytic lysine in ERK to an equivalent
position to that in WNK1 does not abolish kinase activity of ERK toward
MBP. This research was originally published in the Journal of Biological Chemistry. Xu,
B.; Min, X.; Stippec, S.; Lee, B.; Goldsmith, E.J.; Cobb, M. H. Regulation of WNK1 by an
Autoinhibitory Domain and Autophosphorylation. J. Biol. Chem. 2002; 277:48456-48462
© The American Society for Biochemistry and Molecular Biology

of the catalytic lysine is occupied by a cysteine and that trying to exchange

these two amino acids (K233M, C250K) resulted in an enzymatically dead ki-

nase toward the general kinase substrate myelin basic protein (MBP) (Xu et al,

2002). However, the authors found that moving the catalytic lysine from its

wild-type position in ERK2 to one equivalent to the lysine position in WNK1,

(G35K,K53A) allowed ERK2 to retain catalytic activity toward MBP when

activated by EGF stimulation of HEK293 cells. Similar results were shown

when the selective overexpression of Ras or MEK1-R4F was induced (Figure

1.1b).

Xu et al also described a new domain discovered at a location C-

terminal to the kinase domain which comprises amino acids 485-555. The

authors call this sequence the autoinhibitory domain. Xu et al expressed
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three sequentially extended fragments of WNK1 using recombinant methods

of expression in E. coli. The authors used a GST-coexpression vector which in-

corporated the protein glutathione S-transferase (GST) into the N-terminus of

the WNK1 protein constructs with a 16-residue linker adjoined with a throm-

bin cleavage site (Xu et al, 2002). With the inclusion of this linked GST

protein, the authors were able to isolate their expressed WNK1 constructs us-

ing reduced glutathione immobilized on crosslinked sepharose beads to elute

the tagged protein using solublized reduced glutathione.

The first fragment, 1-491, displayed competent catalytic activity, as

monitored by 32P incorporation detected by autoradiography of an SDS-PAGE

gel, toward the generic kinase substrate MBP as well as an interesting ac-

tivity of autophosphorylation. However, when the amino-acid sequence was

extended to include residues 1-555, there was a complete loss of catalytic

activity for both autophosphorylation and substrate incorporation. Exten-

sion of the C-terminus to the 639th amino acid resulted in partial recovery of

both autophosphorylation and activity toward MBP. The authors then tried

to recapitulate these results using an in trans assay method that combined

GST-tagged versions of both the kinase domain (1-491) and autoinhibitory

domain (485-555, 485-539). Xu et al did, however, notice a core conservation

in the autoinhibitory domain fragments among the WNK isoforms and poten-

tially among many species (specifically rat, human and c. elegans) in the form

of and Phe-X-Phe motif. The authors found that mutation of this motif to

alanine (F524A,F526A) caused the loss of regulatory activity and WNK1 was
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(a)

(b)

Figure 1.2: a) Expression of constructs of WNK1 with di↵ering lengths show
autoinhibition in cis when fragments of WNK1 are extended past the WNK1
kinase domain. b) Titration of GST-1-491 with GST-485-555 shows µM inhi-
bition of WNK1 kinase activity toward MBP. This research was originally published
in the Journal of Biological Chemistry. Xu, B.; Min, X.; Stippec, S.; Lee, B.; Goldsmith,
E.J.; Cobb, M. H. Regulation of WNK1 by an Autoinhibitory Domain and Autophospho-
rylation. J. Biol. Chem. 2002; 277:48456-48462 © The American Society for Biochemistry
and Molecular Biology

able to fully autophosphorylate and target MBP. 1

In describing the initial findings of the newly discovered autoinhibitory

domain, Xu et al also tested the activity of WNK1 through mutagenesis stud-

ies involving two serines in the activation loop that we now understand are

1Author’s note: it was the coincidence of noticing the FXF motif that allowed me to
initially link sequence similarity of the autoinhibitory domain to the OSR-PF2 domain as
described in later chapters.
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critical to WNK1 activity, Ser378 and S382. As seen in Figure 1.3a, while mu-

tation of S378 to alanine reduces the activity of WNK1 to the generic kinase

susbtrate MBP, WNK1 maintains its ability to autophosphorylate. However,

when S382 is knocked out by alanine mutation, there is no observable incor-

poration of radiolabeled phophate on WNK1 (autophosphorylation) or myelin

basic protein. A more interesting result occurred when the common phospho-

mimetic mutation to aspartic acid was used for the two activation loop serines.

When the S382D mutation was made, an e↵ect similar to mutation to alanine

was observed: the kinase was catalytically dead. However, when S378 was

mutated to aspartate, the kinase was much more active toward both MBP

and autophosphorylation than wild-type WNK1 (Xu et al, 2002). It was not

discovered until later by Lenertz et al (2005) that wild-type, activated, WNK1

kinase was phosphorylated at both S378 and S382. It was thought that only

S382 was phosphorylated because of mass spectrometry data detecting only

phospho-S382 by Xu et al. However, in 2005, separation of phosphorylated

peptides by 2D gel eletrophoresis from WNK1 kinase domain expressed in

E. coli and digested by incubation with trypsin protease showed that two

phosphorylation sites in the activation loop were present. Mutation of S378A

followed by identical treatment of the mutant protein showed the loss of a peak

in the 2D gel electropherogram corresponding the peptide incorporated with

phosphorylated S378 (Lenertz et al, 2005).

The structure of the WNK1 kinase domain in its mutant, inactive form:
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(a) (b)

(c)

Figure 1.3: a) The WNK1 kinase domain is acitve toward MBP for both wild-
type and the S378A mutant which abolishes one phosphorylation site in the
activation loop. Mutation of S382 or both phosphorylation sites abolishes both
autophosphorylation activity and activity toward MBP. b) Similar results are
shown compared to a. Mutation of S378 to a phospho-mimetic is su�cient to
resemble an activated WNK1 kinase domain. This research was originally published
in the Journal of Biological Chemistry. Xu, B.; Min, X.; Stippec, S.; Lee, B.; Goldsmith,
E.J.; Cobb, M. H. Regulation of WNK1 by an Autoinhibitory Domain and Autophospho-
rylation. J. Biol. Chem. 2002; 277:48456-48462 © The American Society for Biochemistry
and Molecular Biology c) Isoelectric focusing of 32P-incorporated activation loop peptides
shows that WNK1 is phosphorylated at S382 and S378 in the wild-type protein. Mutation
of S378 to alanine displays radiolabeled phosphate incorporation into S382. This research
was originally published in the Journal of Biological Chemistry. Lenertz, L.; Lee, B.; Min,
X.; Xu, B.; Wedin, K.; Earnest, S.; Goldsmith, E. J.; Cobb, M. H. Properties of WNK1 and
Implications for Other Family Members. J. Biol. Chem. 2005; 280:26653-26658 © The
American Society for Biochemistry and Molecular Biology
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The structure of the kinase domain of the WNK1 protein kinase was

solved by (Min et al, 2004) in its inactive form, with the mutation of S382

to alanine rendering the kinase unable to autophosphorylate during protein

expression. The protein crystallized in the presence of 300 mM NaCl, 20-

24% PEG 2000 (monomethylether), 100 mM HEPES pH=7.0 and di↵racted

to 1.8 Å. In general, the kinase displays a similar fold relative to that of other

kinases: a bilobal architecture with the N-terminal lobe comprised primarily

of beta strands and the C-terminal domain all containing alpha helices. Span-

ning the two lobes, the activation loop is clearly visible.

The kinase domain (194-483) was crystallized as an asymmetric ”head-

to-side” dimer in the space goup P1 as seen in Figure 1.4. Although the

construct used included residues 194-483, the first fifteen residues were un-

structured and only electron density from 209-483 was visible. As predicted

by Xu et al in the original description of the kinase sequence, the canonical

position of the lysine was occupied by a cysteine (C250) in �3 and the cat-

alytic lysine (K233) was shifted to occupy a position in �2 adjacent to the

glycine-rich loop, which is a characteristic feature of protein kinases between

�1 and �2 (Bossemeyer et al, 1993; Grant et al, 1998).

When the two monomers present in the asymmetric unit are compared,

a striking di↵erence between the two proteins are found in the N-terminal re-

gion of the kinase. Although the majority of the C-terminal ↵-helical region is

unperturbed and has an RMSD for comparable C↵ atoms of 0.16 Å (compared
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(a)

(b)

Figure 1.4: Crystal structure of the mutant, inactive WNK1 kinase domain.
Adapted from Min et al (2004)
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(a) (b)

(c) (d)

Figure 1.5: Structural comparison of monomers in the ASU of the mutant,
inactive WNK1 kinase domain Adapted from Min et al (2004)

11



to an overall RMSD of 0.85 Å), there is a significant shift of the � strands in

the N-terminal by 3 Å toward ↵C. Coordinated with this shift, the catalytic

lysine C↵ is shifted, but the N⇣ is still oriented toward the placement of the

other monomer’s lysine. In addition to the � shift, there is an associated dis-

placement of ↵C inward toward the � barrel of 3.5 Å. The displacement of the

↵C helix is typically associated with conformational changes in kinases linked

to the activation state of the kinase (Je↵rey et al, 1995).

In describing the nucleotide binding site, it was noted by Min et al

that the equivalent glutamate (E268) in WNK1/↵C that is involved in coor-

dination of the catalytic lysine from PKA (E91) is more than 13 Å away and

interacting with R345 from the catalytic loop and R263 from ↵C (Min et al,

2004; Zheng et al, 1993). Min et al noted that the attempted expression of

the kinase domain with the mutation of this glutamate to glutamine was un-

successful. It is also of interest that R345 and the equivalent arginine in PKA

(R165) is traditionally thought to be involved in stabilizing a phosphorylated

amino acid in the activation loop but it is sequestered through its interaction

with E268 from ↵C.
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1.2 WNK1 Biochemical Pathway Involvement

1.2.1 NKCC Regulation

The WNK1 protein kinase was originally identified in a rare, genetic

form of hypertension called PHAII wherein a deletion in the first intron of

the gene causes overexpression of the kinase (Disse-Nicodème et al, 2000). In

the distal convoluted tubule (DCT) of the kidney, where reabsorption of salt

from the urinary lumen occurs, WNK1 is thought to interact with and acti-

vate OSR1/SPAK. These kinases, in turn, activate the NKCC electro-neutral

symporters on the apical (lumen) side of the DCT, which pump Na+, K+

and Cl� ions across the cell membrane (Richardson and Alessi, 2008). It is

currently speculated that the activation of these symporters occurs through a

mechanism of hypertonicity which induces cell volume changes. However, it

is unknown how the cell senses the change in intercellular salt in response to

the active symporters. The mechanism for turning the system o↵ is known

to be medeiated through the phosphatase PP1, which inactivates the NKCCs

through removal of a phosphate group (Strange et al, 2006). On the basolat-

eral side of the DCT, Na+ ions are removed through the Na+,K+-ATPase, and

K+ through the ROMK channel, while chloride is removed via the chloride

channel (ClC-kb) which functions via a voltage-gated mechanism or through

CFTR whose activity is controlled by WNK1 kinase activity (He et al, 2007;

Kramer et al, 2008; Yang et al, 2007). The discovery of the WNK1 kinase and

its interactions with substrates to e↵ect signal transduction in this particular

system was not arrived at in a sequential process as neatly as it is outlined
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above. The following paragraphs place the timeline of those discoveries into

perspective of how the signaling pathway was elucidated.

Oxidative and Stress Responsive kinase (OSR) was first characterized

through an investigation of the c-Jun N-terminal kinase (JNK) in Drosophila

S2 cells (Chen et al, 2004). This screen isolated the Fray gene as the regulator

of JNK activity. In an attempt to study the protein further, the mammalian

homologue, OSR, was isolated using reverse transcription-PCR from HeLa

RNA. Following sequencing, Chen et al identified the OSR kinase domain by

comparison with the published sequence of its homologue SPAK (Johnston

et al, 2000). However, the authors also identified and classified two domains

that are conserved among all GCK-IV members. The domains were named

PF1 and PF2 due to their homology to the Drosophila genes PASK and FRAY,

from which the domains were identified.

The first published experiments indicating that the SPAK and OSR

kinases interacted with the cation-chloride cotransporters (Na,K,2Cl Cotrans-

porters (NKCCs) and K,Cl Cotransporters (KCCs)) detailed yeast-two-hybrid

experiments where the N-terminus of KCC3 was used as the bait and seven

separate constructs of SPAK utilizing only the PF1 and PF2 domains and one

containing only the PF2 of OSR were used as prey (Piechotta et al, 2002). The

authors found that the C-terminal regions of both SPAK and OSR (where the

PF2 domain was located) gave positive results in the two-hybrid screen. The

experiment was then narrowed to include the PF2 domain of SPAK as the bait

and several N-terminal fragments of KCC3 as prey. Using this strategy, the au-
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thors were able to focus on a single motif with the sequence Arg-Phe-Xxx-Val

(RFXV), which is conserved among all NKCCs and KCC3 but not KCC1/4.

These results were confirmed by the same lab five years later through their

monitoring of in vitro incorporation of 32PO4 from ��32P-labeled ATP into

NKCC1 using SPAK as the activating kinase (Gagnon et al, 2007). The au-

thors demonstrated that mutation of the RFXV phenylalanine or truncation

of the N-terminus to exclude both RFXV motifs present in NKCC1 reduced

incorporation of 32PO4 at T217.

This localization signal from OSR/SPAK to its substrate NKCC/KCC

was also found to be important for the binding of the activator of OSR/SPAK,

WNK1. Anselmo et al showed, using a yeast-two-hybrid assay, that the C-

terminal region of OSR interacted with three distinct segments of the WNK1

C-terminal region where four RFXV motifs were located (Anselmo et al, 2006).

The molecular mechanism for both of these associations of OSR/SPAK with

its activators and substrates was detailed through the crystal structure of the

OSR-PF2 domain solved both in its apo and holo (bound with GRFQVT

peptide) forms (Villa et al, 2007). The structure of the PF2 domain is char-

acterized by four antiparallel � strands stacked against two ↵ helices (Figure

1.6a). The strand connectivity is broken between �2/�3 by the ↵ helices A

and B and between �3/�4 by ↵C. The authors describe the presence of two

binding pockets present in the structure: a ’primary’ pocket between �2 and

↵A , as well as a ’secondary’ pocket near ↵3 adjacent to the loops briding the

� strands.
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The holo structure shows the RFXV motif forming three distinct con-

tacts in the structure. The first is an electrostatic interaction between the

guanidinium group on the RFXV arginine and two acidic amino acids of the

domain, D459/E467 (Figure 1.6b). These two residues are conserved through-

out all PF2 domains as acidic residues. The second of these amino acids,

E467, is universally conserved in PF2 domains as a glutamate and is located

1.5 turns from the beginning of ↵A. This conservation is likely a consequence

of the location of the arginine-binding site near the loop spanning �2/↵A. If

this residue were mutated to an aspartic acid, it is unlikely that the sidechain

would be long enough to reach from ↵A to the arginine binding site. The

second important interaction is a ⇡-stacking interaction formed between the

RFXV phenylalanine and F452, which helps form the hydrophobic core of the

PF2 domain (Figure 1.6c). The last interaction is a � backbone contact be-

tween the peptide valine and threonine to �2 located in the protein(Figure

1.6d). The authors used surface plasmon resonance to examine the binding

a�nity between the OSR-PF2 domain and an octadecameric peptide derived

from the C-terminus of WNK4 and also look at the e↵ect of alanine scanning

on the conserved ’primary’ pocket. They found that the mutation of residues

I450, L468, E467 and D459 in the OSR-PF2 domain were able to e↵ectively

abolish the ⇠50 nM binding a�nity.

Although Villa et al mentioned the potential importance of the ’sec-

ondary’ binding pocket in their discussion of the structure of the PF2 domain

and showed that its residues are conserved among family members across
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species, the authors stated that their alanine mutagenesis studies of three

residues in the ’secondary’ pocket (L440, S443, V507) showed no appreciable

change in a�nity of the selected peptide. The authors concluded from this

observation that the residues were ”not essential of the binding of OSR1 acti-

vators and substrates (Villa et al, 2007).”

The location of the PF2 domain on the OSR and SPAK kinases al-

lows it to localize to both its activator and substrates through the presence

of RFXV motifs on both types of proteins. Further, phosphorylated serine

and threonine residues adjacent to the RFXV arginines by Zagorska et al were

detected by MALDI/TOF mass spectrometry (Zagorska et al, 2006). The

possibility of regulation by phosphorylation was tested by Villa et al through

the use of synthetic peptides from WNK4 that were phosphorylated during

the synthesis process. The authors showed that there was a marked decrease

in binding a�nity by SPR, suggesting a mechanism counterintuitive to that

of SH2 (Src Homology 2) domains that preferentially bind phosphotyrosine

moieties (Pawson et al, 2001).

1.2.2 Responses to Changes in Osmolarity

Cellular assays of the response of the WNK kinases to osmotic stres-

sors (NaCl and Sorbitol) have been measured by in vivo and in vitro assays.

The results show a response of WNK1 to both hyper- and hypo-osmotic con-

ditions. However, these observations presented in the literature regarding the

amount of WNK1 activation in response to changing osmotic conditions are
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inconsistent. The results of the experiments as they were presented in the

journal articles will be discussed in the current section, while the interpreta-

tion of results and implications of those results in light of these studies will

be discussed, at length, in Chapter 9. During the initial investigations of the

WNK1 protein kinase, Xu et al treated HEK293 cells overexpressing WNK1

with a series of extracellular kinase activators including EGF, nocodazole,

anisomycin, lipophosphatidic acid (LPA), and NaCl. WNK1 was immunopre-

cipitated from cells and assayed for autophosphorylation, and it was found

that the cells stimulated with NaCl had the greatest increase in 32P incor-

poration (Xu et al, 2000). The authors noted that phosphorylation of MBP

was not monitored due to ”background phosphorylation [being]...too high to

be a reliable measure of activity.” A more extensive investigation of WNK1

autophosphorylation was undertaken by Lenertz et al (2005), wherein a wider

array of osmolites were included. Using mouse distal convoluted tubule (DCT)

cells, cell cultures were treated with glucose, sucrose, mannitol, sorbitol, NaCl,

and KCl at various concentrations for up to 1.5 hours with the predominant

intervals being 15 minute incubations. Although changes in autophosphory-

lation were detected among all osmolites, the greatest changes were e↵ected

by sodium chloride and potassium chloride. These e↵ects were replicated in

five separate cell lines (DCT, MCF7, MDA-MB-231, SW480 and HT-29) to

varying degrees, with the greatest change between control and treated cells

being in DCT cells with a 9.5 fold increase in autophosphorylation activity.

Zagorska et al also reported the response of overexpressed WNK in
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HEK 293 and HeLa cell lines when immunoprecipitated and assayed against

kinase dead OSR (D164A) (Zagorska et al, 2006). In the first experiments,

HEK 293 cells expressing endogenous WNK1 were exposed to sorbitol (0.5 M)

for half an hour. WNK1 was immunoprecipitated and assayed against kinase

dead OSR. The authors reported that following sorbitol exposure, WNK1 was

more active toward OSR than control preparations and that phosphorylation

of WNK1 increased near at least one RFXV site in the C-terminus as well

as in two regions of polyproline repeats (An N-terminal poly proline repeat

region (94-117), is necessary for binding to intersectins (He et al, 2007)).

Further experiments showed that incubation of HEK 293 cells for up

to 80 minutes with sorbitol still showed increases in 32P incorporation into

OSR substrate. When the authors repeated these experiments using increas-

ing amounts of NaCl, they reported similar findings when increasing NaCl

concentrations up to 1 molar. However, the most striking result from this

paper is the response recorded in live cells expressing GFP-tagged WNK1.

Briefly, HEK 293 cells were treated with either 0.2 M sorbitol or NaCl and the

GFP channel recorded localization of WNK1 in the cell. After 30 seconds of

treatment in either case, there is a dramatic (⇠20-30%) reduction in cell size

followed by localization of WNK1 to clathrin-coated vessicles within 2-3 min-

utes following stimulation. The authors were able to identify these vessicles as

clathrin-containing due to immuno-staining of cells for clathrin and a number

of a↵ector proteins associated with clathrin vessicles. The authors also note

that this process is reversible following a wash step in the absence of sorbitol
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or salt-containing bu↵ers.

The most recent report of WNK e↵ects driven by the presence of salt

were reported by Moriguchi et al (2005) while investigating the interaction of

WNK1 with OSR/SPAK through RFXV motifs and the downstream e↵ect on

NKCCs. In the final experiment reported, the authors exposed HEK 293 cells

to isotonic or hypotonic chloride bu↵ers. WNK1 was then immunoprecipitated

from the cells and assayed for activity against the SPAK PF1 domain. The au-

thors found that WNK1 has reduced activity toward substrate in the presence

of chloride ion and an increase in kinase activity toward SPAK when chloride

ion was removed. These results were confirmed using an in vitro 32P-labeling

assay in which HEK293 cells were preincubated with radiolabel for 6 hours

before being exposed to isotonic or hypotonic bu↵er. Immunoprecipitation

of T7-NCC followed by autoradiography showed reduced incorporation of 32P

into NCC in high-chloride-content bu↵er compared to low-chloride-containing

bu↵er.

1.2.3 Incompletely Characterized Functions

In addition to the involvement of WNK1 in a putative salt-sensing role

for the cell, the WNK protein kinases may influence a wider variety of cellular

pathways including exocytosis, chloride-channel cycling and maintenance of

spindle polarity during mitosis.

Endocytosis/Exocytosis

The endocytic process in the cell is a necessary mechanism for the
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internalization of extracellular material for use by the cell and helps in the

turnover and regulation of membrane-bound proteins including ion channels

(Mukherjee et al, 1997). As discussed in the previous section, WNK1 localizes

to endocytic clathrin-cloated vessicles identified through colocalization exper-

iments from microscope images of immunostained HEK293 cells (Zagorska

et al, 2006). Other evidence has shown that this e↵ect may include the act of

internalization of ROMK1 (renal outer medullar potassium channel 1) through

WNK1’s interaction with intersectin (He et al, 2007). He et al showed that

the WNK1 interaction with intersectin follows as a kinase-independent mech-

anism wherein a set of three poly-proline motifs housed between amino acids

94-117 bind to the third of five consecutive SH3 domains located in inter-

sectin’s C-terminus. The authors qualitatively linked the internalization of

ROMK1 to the interaction of WNK1 and intersectin by measuring amounts of

surface ROMK1 and its associated current density. Overexpression of WNK1-

FL and derivative constructs only containing the necessary polyproline motifs

required for intersectin interaction decreased current density, while negative

controls exempting this region showed no deviation from normal current den-

sity in the absence of WNK1.

WNK1 has also been shown to be important, in a kinase-dependent

manner, for the regulation of synaptotagmin 2 (Syt2). Synaptotagmins are

integral proteins to exocytic mechanisms through their interaction with the

SNARE complex (Chapman, 2002). Synaptotagmin comprises an N-terminal

transmembrane helix and two tandem C2 domains that bind Ca2+ (C2A and
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C2B), which are required for membrane binding and fusion of vesicles with the

plasma membrane. In a report published by Lee et al (2004), it was found that

WNK1 interacts with synaptotagmins 1-3 and 9 (but not 4,7 and 8) through

a conserved valine - located at the C-terminus of the RFXV motif (V318)

- that is not present in WNK4. It was hypothesized that, because WNK4

does not interact with Syt2, mutation of the valine to a charged residue would

disrupt the WNK1 kinase domain’s interaction with Syt2, which the authors

confirmed through yeast two-hybrid assay. Lee et al also demonstrated that

WNK1 phosphorylation of Syt2 T202 in the C2A domain and T366 in the

C2B domain plays an integral role in the regulation of Ca2+ binding and the

resultant localization of Syt2 to the plasma membrane during the vesicle fusion

process.

Chloride channel conductance regulation

Cystic fibrosis is a genetic disease that is most commonly induced by

the deletion of phenylalanine 508 in both chromosomal copies of the cystic

fibrosis transmembrane conductance regulator (CFTR). The CFTR protein

pumps chloride ions across the plasma membrane to the extracellular space

and is particularly imporant in the maintenance of mucosal thickness near the

epithelial cells of the lung for clearance of airborne bacteria such as Pseu-

domonas aeruginosa (Guggino and Stanton, 2006). WNK1 and WNK4 have

been shown to independently inhibit CFTR chloride conductance in a kinase-

dependent and kinase-independent fashion, respectively. Both kinases inhibit

CFTR activity by approximately 40% and, for WNK4, in a dose-dependent
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fashion (Yang et al, 2007).

Mitotic processes

Finally, the most recent finding of WNK1 involvement in cellular pro-

cesses not directly linked to maintenance of salt levels in the cell is reported by

Tu et al (2011). Knockdown of WNK1 and OSR using siRNA, followed by im-

munostaining was used to track cells in varying stages of mitosis. The authors

showed that WNK1 and OSR are localized in punctate patterns throughout

HeLa cells. However, during mitosis, WNK1 colocalizes with ↵-tubulin to the

mitotic spindle, whereas OSR1 is excluded. When WNK1 is knocked down in

these same cells, a loss of spindle polarity is observed concomitant with a 65%

reduction in cell survival compared to only a 25% reduction when OSR1 was

knocked out (Tu et al, 2011). Also observed was an extension of the bridge

between the dividing daughter cells. The authors report an extension of the

abscission process by a total of 15 hours when WNK1 was knocked down com-

pared to wild-type cells.

1.3 Description of Dissertation Research

Chapter 2 describes the expression and purification of the WNK1 autoin-

hibitory domain in preparation for NMR analysis and structure determination.

Chapter 3 presents a theoretical description of 1D and 2D NMR and describes

the experiments conducted for the results presented in Chapter 4.

Chapter 4 discusses the structural determination of the WNK1 autoinhibitory
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domain and analysis of the structure in comparison to the OSR-PF2 domain.

The chapter also describes the incubation of the autoinhibitory domain with

three constructs of RFXV peptides and the resulting change in the 1H,15N-

HSQC of WNK1 (480-572).

Chapter 5 describes the expression, purification, and crystallization of the

activated (doubly phosphorylated) WNK1 kinase domain (209-483) in prepa-

ration for X-ray data collection.

Chapter 6 describes the theoretical framework of X-ray crystallography and

the solution to the phase problem by molecular replacement. The chapter

continues with the description of the data collection for the activated WNK1

(209-483 S378⇤,S382⇤) and the subsequent description of the structure and its

comparison to the inactive WNK1 kinase domain (194-483 S382A).

Chapter 7 discusses biochemical and biophysical experimentation on theWNK1

kinase domain (194-483) and its associated mutants. The chapter also dis-

cusses experimentation done regarding the tethered kinase and autoinhibitory

domains (194-573) and associated mutants.

Chapter 8 describes the expression, purification and crystallization of WNK1

(194-483 S382A) in the presence of sodium bromide. The chapter discusses

the presence of bromide ion signal from the anomalous di↵erence fourier map

and the location and re-refinement of the chloride-bound structure of WNK1

(194-483 S382A) determined by Min et al.

Chapter 9 attempts to place the data collected in a physiological context and

provides perspective on future investigations of the WNK1 kinase.
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Chapter 2

Expression and Purification of the WNK1
Autoinhibitory Domain

2.1 Introduction

There are four members of the WNK kinase family which vary in length

and overall sequence identity and all contain an autoinhibitory domain which

was originally defined by the span of residues 485-555 in WNK1 and is flanked

on the N-terminus by a 7 residue linker to the end of the kinase domain and

immediately to the C-terminus by what was thought to be a coiled coil do-

main. As previously discussed, the location of this domain was encountered

by (Xu et al, 2002) in one of the original papers describing the protein kinase

by expressing varying lengths of the protein and testing for 32P incorporation

into MBP and WNK1 (autophosphorylation).

This chapter describes the bioinformatic analysis of the WNK1 au-

toinhibitory fragment which ultimately expanded the domain boundaries for

the regulatory domain to include residues 480-572 and predicted by both se-

quence similarity and secondary and tertiary domain topology analysis that

the WNK1 autoinhibitory fragment has the same fold as the OSR-PF2 do-

main and retains the necessary residues to both form an RFXV binding pocket

and bind the arginine guanidinium group in a similar manner to that of the
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OSR-PF2 domain. This chapter also includes the methodology necessary for

expression of the WNK1 autoinhibitory domain in standard or M9 minimal

media preparations (using either unlabeled or uniformly 15N and 13C labeling)

for accommodating investigation by NMR methodologies presented in Chapter

3.

2.2 Bioinformatic analysis of the WNK1 autonihibitory
domains

2.2.1 Sequence alignment

PSI-BLAST (Altschul et al, 1997) against the filtered NR database

(May 10, 2009, 8483808 sequences) using the PF2 domain structure sequence

(gi— 151568135, residues 1 to 96) as a query with default parameters (E-value

cuto↵ 0.01, iterated to convergence at round 7) identified a number of WNK se-

quences as hits, including rat WNK1 (gi—41688742, E-value in final iteration

2e-18). Secondary structure prediction of the WNK1 sequence (gi—41688742)

using the JPRED server (Cole et al, 2008) identified a reliably-predicted �-

strand N-terminal to the previously defined autoinhibitory domain (residues

485 to 489, along with a confidently predicted C-terminal helix (residues 550

to 570). WNK1-related sequences were gathered using PSI-BLAST (identical

parameters as above) using the query (gi—41688742, residues 480 to 570).
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2.2.2 Secondary and tertiary structure prediction

Multiple-sequence alignments of identified sequences were generated

using PROMALS3D (Pei et al, 2008). WNK1 sequence corresponding to the

extended domain boundaries was submitted to ROSETTA (Rohl et al, 2004)

ab-initio structure prediction (41688742, residues 480 to 570). ROSETTA

generated and clustered 1200 decoys, with a top cluster size of 24 decoys.

Inspection of structure representatives of the top 10 clusters identified a fold

of similar topology in 6 out of 10 clusters (totaling 84 decoys).

2.2.3 Discussion

Using an NCBI-BLAST search of the expressed sequence (WNK1-485-

555), the initial sequence-similarity search revealed that the autoinhibitory

domain is a paralog of the OSR1-PF2 domain with 28% similarity as identi-

fied by a BLOSUM62 score analysis and is conserved among all autoinhibitory

domains for WNK family members.

The outlined region in Figure 2.1 is the RFXV-binding site for the

OSR-PF2 domain and is the locus of the highest sequence conservation be-

tween the OSR-PF2 and the WNK1-AI domains which include four peptide-

bindng residues, identified previously in the crystal structure of the PF2 do-

main, two phenylalanines and two acidic residues. Overall, there is a greater

degree of conservation of aspartic acid at the first acidic site, although it is

a glutamate in all of the WNK2 autoinhibitory domains that we investigated

using our bioinformatics query, and the second acidic site is wholly conserved
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Figure 2.1: Sequence Alignment of WNK Autoinhibitory Domains with OSR-PF2 Do-
mains. The boxed residues show the conserved RFXV binding site found by BLAST se-
quence analysis. The black arrows show the placement of two conserved phenylalanine
residues while the red arrows show the two conserved acidic residues necessary for binding
the RFXV arginine in the PF2 domain from OSR.

as a glutamate - likely due to its placement 2.5 turns down ↵A (See chapter

4).

In investigating this domain, the BLAST results indicated that the ho-

mology of the PF2 domain in the WNK1 sequence extended beyond the previ-

ous published boundaries to included residues 480-572. Upon further analysis,

we found that the architecture of the protein was likely modified through the

removal of the penultimate C-terminal �-strand found in the PF2 domain and

the prediction of a non-homologous strand in the N-terminus of the autoin-

hibitory domain encompassing residues 482-489. Because of this bioinformatic

examination of the domain, we were able to redefine the domain boundaries

of the WNK1 kinase. We have extended the C-terminus of the domain to

include what was once postulated to be a coiled-coil domain and moved the

N-terminus to abut the C-terminal tail of the kinase domain. In querying this
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consensus binding site to the remainder of the protein, we discovered another

putative autoinhibitory/PF2-like domain which ecompasses residues 864-948

of WNK1.

2.3 Construct design

The construct for expressing the WNK1 autoinhibitory domain (480-

572) was cloned into the pHis-parallel expression vector, which was commonly

used for WNK1 expression (Min et al, 2004; She�eld et al, 1999). Primers

were designed for the PCR amplification of the desired WNK1 autoinhibitory

fragment to utilize the 5’-BamHI and 3’-XhoI endonuclease sites present in

the pHis-parallel vector. Four separate trials using WNK1 cDNA (generously

provided by the lab of Melanie Cobb, Ph.D.) were run to generate the desired

PCR product using the following protocol:

Table 2.1: PCR Protocol for WNK1 (480-572)

Cycles Time (s) Temp. (�C)

30 98 H2O 36.5 36.0 35.0 32.0

29x

⌧ 10 98 5 µM f. primer † 5.0 5.0 5.0 5.0
30 67 5 µM r. primer ‡ 5.0 5.0 5.0 5.0
22§ 72 4 mM DNTP Mix 2.5 2.5 2.5 2.5
300 72 10X Pfu turbo bu↵er 5.0 5.0 5.0 5.0
1 4 1X Pfu turbo enzyme 0.5 0.5 0.5 0.5

cDNA template 0.5 1.0 2.0 5.0

Total (µL) 50 50 50 50
†
5’-GCCATGGATCCGCAGGAGGAAACAGGGGTACGGGTAGAA-3’ (sense)

‡
5’-GTGCTCGAGTTATCACCGCTGCTCTCGTTTTCTCTTAATTAATGA-3’ (antisense)

§ 15 s/kb for extension
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Following the PCR reaction, the resultant amplified fragment was sep-

arated by size on a 0.8% (w/v) agarose gel and purified using a gel purifi-

cation kit (Qiagen). The purified fragment was then subjected to digestion

by BamHI and XhoI endonucleases along with a purified empty pHis-parallel

vector as shown in Table 2.2. To complete the cloning process, the digested

fragments were once again separated using an agarose gel and purified using

isopropanol precipitation from the gel purification kit. The post-digest PCR

fragments were then combined with the digested empty pHis-parallel vector

in a 7:1 ratio and allowed to incubate according to Table 2.3 for one hour at

room temperature before being transformed into E. coli DH5↵ cells and se-

lected for ligation products by incubating them on LB/ampicillin agar plates

at 37�C. A total of eight colonies were picked, and the plasmids were purified

using a MiniPrep kit (Qiagen) before being sequenced at the UT Southwestern

Sequencing Facility. Sequencing analysis showed that the PCR product was

inserted in frame with the N-terminal histidine tag.

2.4 Expression

2.4.1 Expression Trials

Following subcloning into pHis-parallel, WNK1 480-572 was expressed

as previously described by Min (2004). Briefly, 1 µL of WNK1 (480-572) plas-

mid was transformed into Rosetta (Novagen) E. coli, which was used for the

expression because the WNK gene includes the rare tRNA codons AGG, AGA,
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Table 2.2: Digest of WNK (480-572) and pHis-Parallel (empty)

PCR: WNK1 (480-572)/Template 14 µL ea.
10X BSA 2 µL
NEB4 Bu↵er 2 µL
BamHI 1 µL
XhoI 1 µL

Total 20 µL

† 2hr incubation at 37�C followed by gel purification. Yellow arrows delineate cut
fragments of either empy pHis-parallel vector (lanes 2,4) or cut PCR product
(lanes 3,5)

Table 2.3: Ligation of WNK (480-572) and pHis-Parallel (empty)

Digested WNK (480-572) fragment 7 µL
Disgested pHis-parallel (empty) 1 µL
10X T4 ligase bu↵er 1 µL
T4 DNA ligase 1 µL

Total 10 µL

† 1hr incubation at 22�C followed by transformation into DH5↵. Lanes 1-8 delineate
samples of plasmid DNA (yellow arrow) purified by MiniPrep (Qiagen) by growing
5mL cultures in LB+AMP post ligation and transformation.

AUA, CUA, CCC, and GGA. The transformants were plated on agar plates

containing LB, ampicillin and chloramphenicol. A single colony was selected

and grown in 60 mL of LB, ampicillin and chloramphenicol overnight at 37�C

(200rpm). After 16 hours, the cell culture was refreshed by innoculating 5 mL
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of this starter culture into 60 mL of LB, ampicillin and chloramphenicol for 1

hour at 37�C (200rpm).

The first cultures were grown following a similar protocol for making

the WNK1 kinase domain (194-483), which included innoculating 6 L of LB

(6 x 1L Fernbach flasks) and growing at 37�C (200rpm) until the optical den-

sity (OD595nm) reached 0.8. The culture medium was induced using a final

concentration of 1 mM isopropyl �-D-1-thiogalactopyranoside (IPTG) and in-

cubated at 18�C (200 rpm) for 16-20 hours. Following expression, cells were

centrifuged at 4000 rpm for 35 min at 4�C and the pellets resuspended in 5

mL of Ni Bu↵er A (Table 5.1), flash frozen in N2(l), and stored at -80�C.

To optimize expression for the expression of uniformly 13C,15N-labeled

protein in M9 minimal media, two expression cultures containing 1 L of M9

minimal media were innoculated with 10 mL of E. coli culture transformed

with pHis-WNK (480-572) grown in LB, ampicillin and chloramphenicol (Gard-

ner and Kay, 1998). Both cultures were grown at 37�C to an OD595nm of 0.7

and induced using a final concentration of 1 mM IPTG. At this point, one

culture was sequestered and incubated at 20�C (230rpm) for 15 hours while

the other continued to be incubated at 37�C for 3 hours. Samples taken from

the cultures were taken to assess the level of protein expression by SDS-PAGE

gel at discrete time points for each temperature.
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2.4.2 Uniform 13C,15N labeling in M9 minimal media

To label WNK1 (480-572) uniformly with 13C,15N, the general protocol

for expression as discussed above was followed except for the preparation of

M9 minimal media. As Gardner and Kay (1998) discuss, inclusion of 15N-

ammonium chloride and uniform 13C-labeled D-glucose will take advantage of

the E. coli amino-acid synthesis by allowing for full incorporation of 13C and

15N into the amide backbone in addition to the sidechain carbon and nitro-

gen atoms. To prepare those media, 100 mL of M9 salts (67.8 g Na2HPO4

(anhydrous), 30 g KH2PO4, 5 g NaCl in 1 L of distilled H2O) along with 2 L

of water were autoclaved along with a 2.4 L Fernbach flask and a 1 L glass

volumetric cylinder. In the presence of a lit Bunsen burner, 100 mL of 10X

M9 salts were combined with 1 mL each of CaCl2, MgSO4 and 10 mg/mL

thiamine (sterile filtered) and biotin (not filtered). To this 1 g of 15NH4Cl

dissolved in 10 mL of water and 3 g of U-13C-D-glucose were added. This was

followed by the addition of enough sterile water to make a 1 L solution. The

solution was prewarmed to 37�C, and the working concentration of ampicillin

and chloramphenicol were added immediately prior to innoculation. The me-

dia was innoculated with 10 mL of Rosetta (Novagen) E. coli culture grown

in LB, ampicillin and chloramphenicol. The best expression was obtained by

incubating the culture until the OD595nm reached 0.8 and inducing using 1mM

IPTG (final concentration). The culture was grown for 2 hrs after induction

and pelleted using centrifugation (4000 rpm for 35 min). The pellet was re-

suspended in 5 mL/L of cell culture in Ni Bu↵er A (Table 5.1), flash frozen in
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N2(l), and stored at -80�C.

2.5 Purification

To purify the expressed protein, cells were thawed and lysed in the

presence of protease inhibitors (Sigma) using an Emulsiflex C5 (Avestin) ho-

mogenizer by passing the cell paste 4x through the system. Homogenized cell

lysate was then centrifuged at 40,000 rpm for 1 hr at 4�C to separate soluble

from insoluble fractions. The resultant supernatant was passed through a 0.45

µM filter before being loaded onto a precharged Ni2+-sepharose column (GE).

The column was washed with 10 column volumes of Ni Bu↵er A (Table 5.1)

and attached to an AKTA (Pharmacia) system. A linear gradient ranging from

0-250 mM imidazole in Ni Bu↵er A was used to elute the protein-containing

fractions (Figure 2.2).

The WNK1 (480-572)-containing fractions were consolidated and di-

alyzed overnight against Mono Q bu↵er A (Table 5.1) in the presence of 1 mg

of TEV protease at 4�C. Following 12-16 hours of dialysis, the contents of the

dialysis were applied to a 2 mL Ni2+-agarose column (GE) to remove the TEV

protease, the cut His6 tag, and any protein containing the tag that was not

cleaved by TEV. The eluent was concentrated and loaded onto a MonoQ 5/5

(GE) for anion-exchange chromatography. WNK1 (480-572) was eluted using

a linear gradient of 20-500mM NaCl in MonoQ bu↵ers A and B, respectively

(Figure 2.3). The protein of interest eluted in the first fractions, which were

pooled and dialyzed overnight against 10 mM Tris pH=6.5, 10 mM NaCl, 1
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Figure 2.2: Ni2+-sepharose of U-13C,15N-WNK1 (480-572). Fractions represented in the
PAGE gel are as indicated 0) WNK1 (480-572) standard 1) flow through fraction post
loading of column, 2) Pre-TEV digestion 3) Post-TEV digestion

Figure 2.3: MonoQ of U-13C,15N-WNK1 (480-572). Fractions 1-5 are represented as the
respective fractions from the first peak in the chromatogram.
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Figure 2.4: Superdex 75 (16/60) of U-13C,15N-WNK1 (480-572)

mM DTT. WNK1 (480-572) was concentrated and loaded onto a Superdex 75

(16/60) column (GE), and the protein was eluted isocratically with an Ve of

75 mL (Figure 2.4). Protein was concentrated to an apparent concentration of

10 mg/mL as assessed by Bradford assay. However, to glean a more accurate

measure of concentration, what was estimated to be 2 mg of total protein was

bu↵er exchanged into deionized water, lyophilized, and measured to 1 mg and

resuspended in 1 mL of water. A dilution series was measured and a mass

absorpitivity of 0.298 (mg/ml*cm)�1 was calculated. The protein sample was

measured to a concentration of 1.35 mM and aliquotted into 1 mL fractions

(8 in total), flash frozen in N2(l), and stored at -80�C.

Multi-angle laser light scattering
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A solution containing 500 µL of 5 mg/mL U-13C,15N-WNK1-(480-572)

in 10 mM Tris pH=6.5, 10 mM NaCl, 1 mM DTT was passed through a 0.22

µM filter by centrifugation and loaded onto a Superdex 200 (10/300) column

(GE) connected to a three-angle (47�, 90�, 131�) miniDAWN TREOS in tan-

dem with a Optilab rEX (Wyatt) for measurement of scattering and refractive

index. Average molecular weight was calculated using the ASTRA software

suite (Wyatt) and plotted using DataGraph (Visual Data Tools).
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2.6 Materials

Listed below are the bu↵ers used in the purification of WNK1 (480-572).

The Ni and MonoQ bu↵ers are identical to those used in the purification of the

WNK1 kinase domain. The gel-filtration bu↵er di↵ers due to the necessary

pH and salt considerations needed for NMR data collection; however, the

autoinhibitory domain is stable over long periods of time and the bu↵er can

be modified as necessary for biochemical/biophysical studies.

Table 2.4: Bu↵ers for Purification of WNK1 (480-572)

Ni2+ Bu↵er A
50 mM Tris pH=8.0
300 mM NaCl
20 mM Imidazole

Ni2+ Bu↵er B
50 mM Tris pH=8.0
300 mM NaCl
250 mM Imidazole

MonoQ Bu↵er A

50 mM Tris pH=8.0
50 mM NaCl
1 mM EDTA
1 mM DTT

MonoQ Bu↵er B

50 mM Tris pH=8.0
500 mM NaCl
1 mM EDTA
1 mM DTT

Gel Filtration Bu↵er
10 mM Tris pH=6.5
10 mM NaCl
1 mM DTT
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Chapter 3

NMR Data Collection and Structure Calcula-
tion of the WNK1 Autoinhibitory Domain

3.1 Introduction

3.2 Theory

3.2.1 Spin

Atoms and their constituent components can be accurately described

by quantum mechanical postulates that predict, among other properties, the

energy of electronic states, the probability densities of orbitals, and how the

interaction of light with matter a↵ect the physical states of the particles. Gen-

erally, chemical physics focuses on the electronic structure of atoms and the

results of the interactions of the electron cloud with light (see Chapter 6 regard-

ing X-ray crystallography). However, nucleonic energy states and the e↵ects

from their interactions with electromagnetic radiation can also be accurately

described by quantum theory. Like macroscopic objects which have angular

momentum given by directional rotation about an axis, subatomic particles

have a quantized quantity called ”spin angular momentum” that arises from

the subatomic composition of nucleons. Since neutrons and protons both have

spin 1/2 quantities, any given atom with unpaired protons or neutrons has a

magnetic moment along the spin axis. Classically, this magnetic moment can
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be described by the following:

~µn = �n~~I (3.1)

where µn is the magnetic moment for some nucleus n, �n is the gyromagnetic

ratio of that nucleus and ~~I is the spin angular momentum. As a result, the

energy states of these atomic nuclei can probed by exposure of these nucleons

to a magnetic field which, for a spin 1/2 particle, will split the energy levels

into +1/2 and -1/2 states. This phenomenon is known as the Zeeman e↵ect.

Assuming this magnetic field is oriented along the Z-axis, the Hamiltonian for

the energy of the system can be written:

Esystem = H =

Z
(~µ⇥ ~

Bo)d✓

= �|µ||Bo|cos✓

= �~µ

~

Bo

(3.2)

where Bo is the strength of the external magnetic field. By substituting equa-

tion 3.1 and knowing that the energy levels are separated as ±1/2 energy

states, we have
H = ��oSz

E↵ = ��~Bo

2
, E� =

�~Bo

2

�E = E� � E↵ = �~Bo

~! = �~Bo

! = �Bo

(3.3)

where � is the gyromagnetic ratio of the nucleus and Sz is the z-component of

the spin-angular momentum. This equation describes the Larmor frequency as
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the frequency of radiation (!) that is absorbed by the nucleus under a specific

magnetic field (Bo). Quantum states of subatomic particles and their asso-

ciated energies can be described by the Schrödinger equation which equates

the energy of the system to the Hamiltonian operator via an eigenfunction.

This relation can either be represented in a time independent (Eqn 3.4) or

time-dependent fashion (Eqn 3.5):

E = H  (3.4)

i~ d

dt

 = � ~
2m

d

2

dx

2
 + Vo 

i~ d

dt

 = H  

(3.5)

To calculate the expectation values of energy for the system of eigenfuncations

and eigenvalues, the integral of the eigenfunction is combined with its complex

conjugate and the Hamiltonian operator.

< E > =

Z
 ⇤Ĥ  d�

=<  ⇤|Ĥ | >

(3.6)

However, even single-particle systems contain more than one energy term, and

subsequently more than one wavefunction contributing to the system. There-

fore, the arbitrary wavefunctions are composed as a linear combination of

multiple functions and their coe�cients. These wavefunctions can be repre-

sented as a matrix along with their associated operators (Hamiltonians). For

a spin 1/2 particle, the wavefunctions, in Dirac notation, for the energy levels

of the ↵ and � states are:
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µ↵ =


1
0

�
, µ� =


0
1

�
(3.7)

Since the value of the Z-component of the spin angular momentum, Sz, can

take two values, ±~
2
, combining these values with the associated wavefunctions

for the ↵/� states produce

Sz =


< µ↵|Sz|µ↵ > < µ↵|Sz|µ� >

< µ�|Sz|µ↵ > < µ�|Sz|µ� >

�
(3.8)

Since µ↵ and µ� are orthonormal, this matrix reduces to

Sz =


(~
2
)1 (~

2
)0

(~
2
)0 (~

2
)� 1

�

=
~
2


1 0
0 �1

� (3.9)

This matrix will be used to represent the total spin angular momentum of the

single particle along the Z-component. The remaining matrix operators for

the X and Y components of the spin angular momentum are

Sx =
~
2


0 1
1 0

�
, Sy =

~
2


0 �i

i 0

�
(3.10)

3.2.2 A single pulse experiment

Any one dimentional NMR experiment can be thought of a series of

three steps 1) Preparation: the spin angular momentum of a spin 1/2 nucleon

is oriented on the Z-axis along the moment of the applied magnetic field.

2) Excitation: radiofrequency elecromagnetic radiation perturbs the energy

state of the system and pushes the vector of the spin angular momentum into
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Figure 3.1: A one pulse NMR experiment

the transverse plane. 3) Free induction decay: the energy state of the nucleon

undergoes free-precession about the transverse plane and undegoes a relaxation

process to the preparaton state. During this, the nucleon moves from a higher

energy level to a lower energy and emits radiation in the radiofrequency range

which can be detected by the instrument (Figure 3.1).

In the preparation stage, the integrated time-dependent Schödinger

equation has the general form

 (t) =  (0)e
�iEt

~ (3.11)

and this can be applied, more specifically to the wavefunctions describing the

energy states of the spin angular momentum of the 1/2 particle such that

µ↵(t) = µ↵(0)e
i!

s

t

2

µ�(t) = µ�(0)e
�i!

s

t

2

(3.12)

The time dependency of the eigenfunction is described using the eigenvector

|+ >= cos(✓/2)e�i�/2|µ↵ > +sin(✓/2)ei�/2|µ� >
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for the total spin angular momentum S. Applying the time-dependent equa-

tions from 3.10, the |+ > vector wavefunction becomes:

|+ > = cos(✓/2)e�i�/2
e

i!
s

t/2|µ↵ > +sin(✓/2)ei�/2e�i!
s

t/2

= cos(✓/2)e�i(��!
s

)/2|µ↵ > +sin(✓/2)ei(��!
s

/2
(3.13)

From this, we find that the spin angular momentum proceeds around the

vector of the induced B field with an angular velocity of the Larmor frequency

(!s) as was described in the classical picture. When the expectation value is

calculated,

< Sz > =< +(t)|Sz|+ (t) >

=
⇥
cos(✓/2)ei�t/2 sin(✓/2)e�i�t/2

⇤ ~
2


1 0
0 �1

� 
cos(✓/2)ei�t/2

sin(✓/2)e�i�t/2

�

=
~
2
[cos2(✓/2)� sin

2(✓/2)]

=
~
2
cos✓

(3.14)

we find that the Z-component of the spin angular momentum is time indepen-

dent. However, the X-component of S precesses about the XY plane at the

Larmor frequency according to

< Sx >=
~
2
sin(✓)cos(�� !st) (3.15)

However, this component of the spin is averaged out due to decoherence arising

as a product of a Boltzmann distribution of spin populations.

During the second phase of the one-pulse experiment, the spin system

is excited by a radiofrequency pulse. The e↵ect of this RF pulse is a rotation

about the Z-axis in a time-dependent fashion at a rate of !rt. Because the
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collection of spins can now be thought of as a Boltzmann population, the

expectation value of the population density (⇢S
z

) undergoing rotation (R)

induced by the RF pulse can be expressed as

⇢

0
S = R⇢S

z

R

⇤ (3.16)

where

R =


cos(✓/2) �isin(✓/2)e�i�

�isin(✓/2)ei� cos(✓/2)

�
(3.17)

When the rotation angle (✓) is oriented at 90� and the direction of the pulse

is along the X direction (�=0�)

R =


cos(⇡/4) �isin(⇡/4)e�i�

�isin(⇡/4)ei� cos(⇡/4)

�

=
1p
2


1 �i

�i 1

� (3.18)

When the expectation value of the density matrix for the resulting e↵ect of

the rotation wavefunction on the Z-component of the spin angular momentum

is calculated,
⇢

0
S
z

= RxSzR
⇤
x

=
1p
2


1 �i

�i 1

�
1

2


1 0
0 �1

�
1p
2


1 i

i 1

�

=
1

2


0 i

�i 0

�
= Sy

(3.19)

The resulting density matrix is equivalent to the Sy component of the spin

angular momentum from equation 3.8. The free induction decay following

excitation proceeds under the Hamiltonian (�!sSz) describing the influence

of the Bo field on the spin angular momentum

 (t) = e

�iH t/~ (0) (3.20)
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The time evolution described by the Schrödinger equation following the 90�

pulse is

⇢f (t) = e

i!
s

tS
z

⇢S
z

e

�i!
s

tS
z

=
1

2


e

i!
s

t/2 0
0 e

�i!
s

t/2

� 
0 i

�i 0

� 
e

�i!
s

t/2 0
0 e

i!
s

t/2

�

=


0 e

i!
s

t/2

e

�i!
s

t/2 0

�

=


0 i(cos(!st) + isin(!st))

�i(cos(!st)� isin(!st)) 0

�

=
...

=
1

2
[�Sycos(!st)� Sxsin(!st)]

(3.21)

This shows that the spin angular momentum following the excitation precesses

about the XY plane at an angular velocity of !s. The FID is detected in

quadrature as defined by

I

+ = Ix + iIy =
1

2


0 1
1 0

�
+

1

2


0 �i

i 0

�
=

1

2


0 1
0 0

�
(3.22)

The expectation value of the quadrature-detected signal is given by the trace

of the product of the final density matrix ⇢f with I+

< I

+
> = Trace(


0 1
0 0

� 
0 ie

i!
s

t

�ie

�i!
s

t 0

�

< I

+
> = �ie

�i!
s

t

(3.23)

The fourier transform of this equation from the time dimension to frequency

gives a uniform peak at !s.

3.2.3 The chemical shift

In an NMR experiment, when a spectrum is collected there is not a sin-

gle uniform peak but, many peaks spread across the spectral width. The place-
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ment of these peaks are attributed to the chemical shift. This phenomenon

arises from the electronic environment surrounding the nuclei being investi-

gated. The electronic environment is induced by the Bo field to produce a

smaller, localized magnetic field which can act as a shield for the nearby nu-

clei from the general Bo field represented as:

B = (1� �)Bo (3.24)

where � is the shielding factor. This can be applied to the clasical model

a↵ecting the precession frequency ! such that

! = ��(1� �)Bo (3.25)

The chemical shift for specific compounds are often used as reference signals,

such as tetramethyl silane (TMS) and 4,4-dimethyl-4-silapentane-1-sulfonate

(DSS). Using these reference markers, individual spectra collected on multi-

ple instruments of varying strength can be compared accurately due to the

reference signal by the chemical shift expressed in �(ppm)

�(ppm) = (�ref � �)⇥ 106 =
⌦� ⌦ref

!s

⇥ 106 (3.26)

3.2.4 Many spin systems

In multidimensional heteronuclear NMR spectroscopy, two spin systems

connected by a chemical bond (in the case of a 1H,15N-HSQC, the H-N amine

bond of the backbone amide or sidechain Arg, Lys, Asn, Gln) have a combined

initial density matrix described by

⇢ = �HIz + �NSz (3.27)
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where Iz is the Z-component of the spin angular momentum for the proton and

Sz is that of the nitrogen nuclei and �H/�N are the gyromagnetic ratios of the

respective nuclei. Since the protons and nitrogens in proteins are covalently

linked, the electronic nature of the bond influences the local Bo field e↵ect

on the protein under investigation. Qualitatively, the induction of these small

fields give rise to the splitting e↵ect in the spectra of two coupled spins and

is proportional to the type of bonded nuclei and the number of bonds linking

them. This scalar (J) coupled splitting is measured by looking at the frequency

di↵erence between the two spins

�! / ±�H�N (3.28)

In a quantum description, one find that the ↵/� states of the coupled spins

combine into four new basis vectors representing the four spin states that the

nuclei can reside in. (Figure 3.2) The interaction of these spin states in the

atoms being assessed is essential for transferring the magnetization from the

proton to the other nuclei and detecting its chemical shift. To illustrate this, a

1H,15N-HSQC will be used as an example. The pulse sequence for the HSQC

spectrum is presented graphically as Figures 3.3 and 3.4.
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Figure 3.2: Spin energy levels in a 2-spin coupled system
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Figure 3.3: A general outline of a multidimensional experiment

-� t1

t2

decouple

1H

15N

90x 180x 90y 180x 90x 180x

180x 90x 90x 180x

1
4J

1
4J

1
4J

1
4J

Figure 3.4: Outline of a 1H,15N-HSQC experiment
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For a single quantum coherence spectrum, an initial 90� pulse along the

x dimension converts the Z-component of the spin angular momentum of the

proton into the transverse plane along -Iy (in a similar fashion to what was

described in a single-spin, single-pulse experiment). During this process, the

pulse is refocused by a 180� pulse and the density matrix evolves under scalar

coupling (J) such that

�Iy

180�
I

x���! �[Iycos(�)� 2IxSzsin(�)]

180�
S

x���! �[�Iycos(�)� 2IxSzsin(�)]

J�! cos(�)[Iycos(�)� 2IxSzsin(�)]� sin(�)[2IxSzcos(�) + Iysin(�)]

= Iycos(2�)� 2IxSzsin(2�)
(3.29)

If the delay (�) is set at 1/4 of the N-H scalar coupling value, the density

matrix will evolve to:

⇢ = �2IxSz (3.30)

The second 90� proton pulse along y flips the density matrix to

⇢ = �2IzSy (3.31)

The combination of these 90� ! 180� ! 90� pulses are known as an INEPT

(insensitive nuclei enhanced by polarization transfer) sequence. Once the mag-

netization is transferred to the nitrogen nuclei, the chemical shift of the proton

does not evolve since the spin angular momentum of I is transverse and, there-

fore, not time dependent. The evolution due to J coupling only occurs as a

shift in sign due to the 180�I
x

refocusing pulse. What does evolve during t1 is
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the chemical shift associated with the nitrogen according to

2IzSy
!
s

t
1��! 2Iz[Sycos(!st1)� Sxsin(!st1)] (3.32)

To return the magnetization to the proton for detection, a reverse INEPT

transfer sequence converts the first component of equation 3.32 since the sec-

ond term results in a double quantum transition that is not detectable.

2IzSycos(!st1) ! 2IySzcos(!st1) (3.33)

The detected signal, therefore, with quadrature is

S(t1, t2) = cos(!st1)e
i!

I

t
2 (3.34)

3.2.5 3D experiments for backbone and sidechain assignments

In a similar fashion to that of a two-spin, through-bond experiment,

3D NMR experiments for assigning backbone and sidechain chemical shifts

for individual atoms utilize through-bond coupling. These experiments link

the magnetically active nuclei 1H, 15N and 13C utilizing the types of bonds

along the protein backbone and in the sidechains of each amino acid. The 3D

experiment can be thought of in a similar diagram to that of a 2D experiment

presented in Figure 3.3. However, in a three dimensional experiment, there

are two mixing events following the preparation stage. For the assignment of

backbone amide chemical shifts, two experiments were utilized: the HNCACB

and the CBCA(CO)NH (Figures 3.5 and 3.6).

The HNCACB spectrum is a type of 3D experiment known as an ”out-
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and-back.” The magnetization begins on the amide proton in the backbone of

the polypeptide chain and is transferred to the nitrogen using an INEPT-type

sequence. The magnetization is then transferred to the C↵ carbon of both the

i and i�1 residues. This process can occur because the double and single bond

J coupling constants between the amide and adjacent C↵ are approximately

equivalent, although the peaks corresponding to the i�1 sidechain C↵ and C�

will have weaker intensity. The magnetization is then mixed with the C� and

transferred back to the proton (via the nitrogen) for detection (Wittekind and

Mueller, 1993; Kay et al, 1990). The spectrum as seen in Figure 3.5, has both

directly detected and aliased peaks corresponding to C↵ and C�, respectively.

The second 3D experiment used to assign backbone chemical shifts is

the CBCA(CO)NH (Grzesiek and Bax, 1992). This experiment can be thought

of as a ”straight through” experiment because the magnetization begins asso-

ciated with the sidechain protons and is transferred to the side chain carbons

of the i� 1 residue and, finally, on to the amide nitrogen and proton of the i

residue via the carbonyl carbon (which is not detected due to constant-time-

separated pulses). Because there is information for the i� 1 residue only, this

spectrum can be compared to the HNCACB ,and the i residue can be linked

to the preceding i� 1 residue through the known sequence by looking for spe-

cific amino acids throughout the sequence such as glycine and serine/threonine

(which have unique chemical shifts for C↵ and C�), an accurate assignment

can be made. An example of the linkage process using these two spectra can be

seen in Figure 3.7. Each strip shown corresponds to the 1H in the X-dimension,
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13C in the Y-dimension and a specified 15N chemical shift along the Z.

Once the backbone amides have been assigned, the remainder of the

sidechain carbons and their associated protons can be assigned utilizing three

experiments involving TOtal Correlation SpectroscopY (TOCSY). The first

of these is the (H)C(CO)NH-TOCSY which, as a ”straight-through” method,

correlates all of the backbone carbons and their associated chemical shifts from

the i� 1 residue with the i proton-amide chemical shift (Grzesiek et al, 1993).

The number of peaks associated with sidechain carbons and their chemical

shifts can be used to assess whether the assignment of the backbone is accu-

rate. To find the proton chemical shifts for the associated hydrogens attached

to the side chain carbons, the H(CCO)NH-TOCSY is used. This experiment is

similar to the (H)C(CO)NH-TOCSY in that it is a ”straight-through” method

and looks at the protons attached to sidechain carbons from the i� 1, residue

and the magnetization is detected through the amide proton of the i residue

(Grzesiek et al, 1993; Montelione et al, 1992). To check the corresponding

assignments from these two experiments, the HCCH-TOCSY experiment is

used (Bax et al, 1990). This correlates the proton associated with sidechain

carbons by mixing of the magnetization along the entire carbon sidechain and

then transferring back to the sidechain protons for detection (Figure 3.10).

Finally, to measure interproton distances, an F2-(13C,15N)-edited

NOESY (also called the Mother-NOESY) was collected (Xia et al, 2003).

This experiment begins by transferring the magnetization from protons in the

polypeptide being investigated through space to ajacent protons via dipolar
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coupling. The rate of this transition is a function of the gyromagnetic ratio of

the atomic nuclei being transferred and the inter-nuclei distance as shown by

Wk /
�

4~2
r

6
(3.35)

where Wk is the rate of magnetization transfer. Once the mixing step is com-

pleted the magnetization is transferred to nearby 15N and 13C via J coupling.

The chemical shift for both the 15N and 13C evolve under time-simultaneous

conditions and are transferred back to the attached protons for detection. The

deconvolution of the spectra is achieved by detecting in quadrature with the

TPPI-states method (Marion et al, 1989). A Hadamard matrix (Kupce et al,

2003) is used during processing to generate nuclei-specific spectra as seen in

Figures 3.11 and 3.12.

3.3 Materials and Methods

3.3.1 Data collection and manipulation

Experiments for assignment and structural analysis were conducted at

35�C using an 800 MHz Varian INOVA spectrometer equipped with a cryogeni-

cally cooled probe for 1H, 15N,13C detection with Z-axis pulsed field gradient.

Samples containing 650 µM U-13C,15N- WNK1-(480-572) were used to col-

lect 3D HNCO, HNCACB, CBCA(CO)NH and HCCH-TOCSY experiments

for chemical shift assignments (Cavanagh et al, 2007). Restraints from in-

terproton distances were obtained from F2-(13C,15N)-edited NOESY spectra

(120ms).
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Experiments for titration analysis were implemented using a 600 MHz

Varian INOVA spectrometer at 35�C with a similar cryoprobe as stated above.

Spectra were serially collected following introduction of titrant to the sample.

Penta and dodecameric peptides NH2-GRFKV-NH2, NH2-GAFKV-NH2 and

NH2-GTLKTYLKRFKVMKIKVLRS-NH2 were synthesized on site in the UT

Southwestern Protein Chemistry Technology Center. Shift in chemical shift

was measured employing the equation �� = ((��HN)2 + (1
5
��N)2)1/2 (Grze-

siek et al, 1996). All data were processed in NMRPipe (Delaglio et al, 1995)

and analyzed by NMRviewJ (One Moon Scientific).

3.3.2 Structure calculation

Structure calculations for WNK1-(480-572) were performed using ARIA

v2.3 (Nilges et al, 1997) using dihedral angle restraints calculated from 13C↵,

13C�, 15N, and 1H chemical shifts using TALOS (Shen et al, 2009) with the di-

hedral angle restraints set at twice the standard deviation provided by TALOS.

A two-step structure calculation was performed where, in the first step, ARIA

began with an unfolded polypeptide and found a stable fold of the domain.

The lowest energy structure from the initial step was used as a starting sca↵old

to complete the structure using unambiguous and ambiguous restraints. From

iteration 0 ! iteration 7, 20 structures were calculated per iteration and a

final 500 structures were generated in iteration 8. During refinement in vacuo

and in the presence of water, 20 structures were generated. Analysis was com-

pleted by Procheck-NMR (Laskowski et al, 1996) and the chemical shifts used
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for the calculation were deposited in the Biological Magnetic Resonance Data

Bank (www.bmrb.wisc.edu).

65



Chapter 4

Solution Structure and Biochemical
Characterization of the WNK1 Autoinhibitory
Domain

4.1 Introduction

The involvement of WNK1 in the regulation of salt balance hinges on its

interaction with its substrates OSR1/SPAK and their subsequent activation of

NKCCs through a kinase-dependent mechanism. This process is highlighted

in the distal convoluted tubule of the kidney where the reuptake of salt from

the urinary lumen is important in maintaining levels of potassium and chloride

ions in the blood. This signal transduction pathway hinges on the interaction

of the OSR/SPAK kinases with WNK1 and the NKCCs via the presence of a

small peptide binding domain located on OSR1/SPAK. It was initially shown

that a small peptide motif (RFXV) located on the N-terminus of NKCC1 was

necessary for localizing SPAK to the N-terminus of NKCC1 and phosphory-

lation of T217 Piechotta et al (2002). The crystal structure of the domain

necessary for this binding event, called the PASK/FRAY homology 2 (PF2)

domain, was solved in complex with a 6-mer GRFQVT peptide derived from

the C-terminus of WNK4. The presence of two acidic residues (1 Asp, 1 Glu)

and their interactions with the guanidinium group from the arginine in the
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peptide was shown to characterize the primary mode of binding for the do-

main to the peptide motif Villa et al (2007).

An autoinhibitory domain was found in initial biochemical studies of

the WNK1 kinase. Recombinant expression of the kinase in cis with the au-

toinhibitory domain was found to have no autophosphorylation activity or ac-

tivity toward the general kinase substrate myelin basic protein (MBP) Xu et al

(2002). This regulatory domain was also found to inhibit the kinase domain in

trans in a dose-dependent fashion. Here, we present the solution structure of

the WNK1 autoinhibitory domain and characterize its interactions with 5 and

20-residue RFXV-containing peptides derived from the WNK1 kinase domain

in an e↵ort to understand the structural relationship to the OSR1-PF2 domain

and gain insights into the mechanism of autoinhibition.

4.2 Results

4.2.1 Bioinformatic approach

As initially described by Xu et al,. the R. norvegicus WNK1 autoin-

hibitory domain was characterized for residues 485-555. In attempt to iso-

late the domain, a GST-tagged version was expressed in E. coli and purified.

Following thrombin cleavage of GST, precipitation was observed (data not

shown). In hopes of optimizing the construct by refining the length of the

domain, an NCBI-BLAST search of the expressed sequence (WNK1-485-555)

revealed that the autoinhibitory domain is a paralog of the OSR1-PF2 domain

with 28% similarity as identified by a BLOSUM62 score analysis (Figure 4.1a)
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and is conserved among all autoinhibitory domains for WNK family members.

The outlined region in Figure 1 is the RFXV binding site for the OSR-

PF2 domain is identified by this alignment. The locus of the highest sequence

conservation between the OSR-PF2 and the WNK1-AI domains contains the

OSR-PF2 binding site for an RFXV peptide. Four key peptide binding residues

which form the binding cleft (two phenylalanines and two acidic residues) were

identified previously in the crystal structure of the PF2 domain. The two

phenylalanines first highlighted by Xu, et al and then later showed to be im-

portant for forming the hydrophobic core of the OSR1-PF2 domain by Villa

et al are both wholly conserved in all autoinhibitory domains of the WNKs,

except for one case in WNK3 from D. rerio where, in the second position, it

is replaced by a tyrosine. The two acidic residues responsible for binding the

guanidinium group from the arginine in the RFXV motif as characterized in

the OSR1-PF2 domain structure are conserved as well. The identity of the

second acidic residue is entirely conserved as a glutamate, likely due to its

relative position along the first alpha helix. There is a preponderance of con-

servation of aspartic acid at the first acidic site, although it is substituted as

a glutamate in all of the WNK2 autoinhibitory domains that we investigated

using our bioinformatics query.

In investigating this domain, the BLAST and initial Rosetta ab initio

results indicated that the homology of the PF2 domain in the WNK1 sequence

extended beyond the previously published boundaries to include residues 480-

572. Upon further analysis, we found that the architecture of the protein was
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likely modified. Instead of terminating in a �-strand as found in the PF2

domain, the autoinhibitory domain was predicted to terminate with the two

conserved ↵ helices. It was predicted that this would be e↵ected through the

removal of the penultimate C-terminal strand found in the PF2 domain and

the prediction of a non-homologous strand in the N-terminus of the autoin-

hibitory domain encompassing residues 482-489. This relationship is shown

graphically in Figure 1b as the reordering of �4 in the PF2 domain to �1 of

the autoinhibitory domain with the concomitant loss of �3 and ↵C from the

PF2 domain. The sequence of the binding site remains unchanged between �2

and ↵A in the PF2 domain and �3 and ↵A in the autoinhibitory domain.

Because of this bioinformatic examination of the domain, we have been

able to redefine the domain boundaries of the WNK1 kinase as shown in Fig-

ure 1c. We have extended the C-terminus of the domain to include what

was once postulated to be a coiled-coil domain and moved the N-terminus to

abut the C-terminal tail of the kinase domain. In querying this consensus

binding site to the remainder of the protein, we discovered another putative

autoinhibitory/PF2-like domain which we predict to include residues 864-948.

Using this information, we decided to employ the tertiary structure pre-

diction software, Rosetta ab initio to determine whether our domain bound-

aries were correct and if the domain would have a predicted structure similar

to that of the PF2 domain. Using the sequence corresponding to our newly

extended boundaries, Rosetta identified a similar ↵+� fold topology in six out

of the ten largest clusters of low-energy fragment assemblies. The conserved
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peptide-binding site of the WNK1 autoinhibitory domain aligned well with

that of the PF2 domain structure. The predicted structure consists of an ↵+�

sandwich similar to that of the PF2 domain with 3 antiparallel � strands fol-

lowed by two adjacent alpha helices. Rosetta predicts a short helical region

between strands 2 and 3.

4.2.2 NMR data collection and the solution structure of the WNK1
autoinhibitory domain

The 1H,15N-HSQC of the WNK1 autoinhibitory domain good disper-

sion across 1H and 15N frequencies (Figure 4.2). All asparagine H�s and argi-

nine/glutamine H✏s are stably protonated at pH=6.5, but the domain shows

approximately 30% reduction in signal intensity over the course of three weeks

at a temperature of 308K. Despite the presence of some signal loss due to pre-

cipitation, the domain is amenable to collection of standard triple resonance

data for use in the assignment of backbone and sidechain resonances as well

as inter-proton distance measurements (see methods).

Following data collection and analysis, 95% coverage of backbone

amides present in the 1H,15N-HSQC spectra was achieved (with the exception

of 2 prolines present in the expressed construct not visible in the HSQC). Peaks

with overlapping 1H/15N-amide resonances were easily resolved through rela-

tion to the 3D-HNCO spectra. In total, 93% of all possible backbone 1H,15N

resonances were assigned along with 99% of all possible sidechain assignments.

The structure of the WNK1 autoinhibitory domain is a compact stable

monomer with a flexible N-terminal tail associated with linker residues from
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the expression tag. The domain consists of three � strands that form a curved

base, packed tightly against two alpha helices. The core of the protein is con-

structed of entirely hydrophobic residues that are well-packed and capped on

both ends of the protein by hydrophillic loops (Table B.1, Figure 4.3).

The structure follows very closely to that predicted by analysis of the

primary sequence; and, the binding pocket is well conserved with respect to

the OSR-PF2 domain. The first conserved phenylalanine (F524) and the two

conserved acidic residues D531/E539 are oriented toward the putative RFXV

binding groove between the �3-↵A interface which suggest that the autoin-

hibitory domain binds the arginine guanidinium group in a similar manner

to the OSR-PF2 domain(Figure 4a). The flexible N-terminus containing rem-

nants of the expression tag (475-479) may explain why we observe an elution

volume consistent with a globular protein with twice the molecular weight of

the autoinhibitory domain when run on a SEC column. However, when we

analyzed the uniformly 13C,15N WNK1-(480-572) using multi-angle laser light

scattering (MALLS), we observed an average molecular weight of 11,800±

100g/mol compared to a calculated mass of 11,964g/mol (Figure B.1).

In comparison of the WNK1 autoinhibitory domain to that of the

OSR1-PF2 domain, the bioinformatic approach to determine the domain bound-

aries of the autoinhibitory domain were accurate. The approach was able

to identify the permutation of the PF2 domain’s C-terminal strand to the

N-terminus in the autoinhibitory domain and the associated deletion of the

penultimate strand and helix. To quantify the structural similarity of the
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OSR-PF2 domain and autoinhibitory domains, we structurally aligned the x-

ray structure of the PF2 domain with the lowest energy structure from the

solution ensemble for the autoinhibitory domain. When all C↵ atoms are

compared, the RMSD is calculated to be 1.2Å. However, when we align the

binding sites from both proteins (AI: 521-543; PF2:449-471) the RMSD for C↵

drops to 0.7Å (Figure 4.4). The value of the RMSD in the binding site arises

from the positioning of the strand composing the binding site housing F524,

and the orientation of the proximal loop. There is little observed deviation in

the structure of ↵A or its trailing loop.

4.2.3 The autoinhibitory domain interaction with RFXV motifs

Given the similarity of the autoinhibitory domain to the PF2 domain,

we synthesized a small pentameric peptide with the sequence NH2-GRFKV-

NH2 . The N-terminal glycine was included to emulate the type of peptide

found in the crystal structure of the OSR-PF2 domain. Titration of this

peptide into a sample containing U-13C,15N-labeled WNK1-(480-572) showed

a dramatic displacement in many of the chemical shifts associated with the

1H,15N-HSQC of the autoinhibitory domain (Figure 4.5). Fast exchange be-

havior was observed with no obvious peak broadening or intensity loss over the

titration range. The observed Kd for binding of the pentamer peptide to the

autoinhibitory domain was calculated to be 130 ±5µM. When the change in

chemical shifts were plotted according to residue number, the greatest number

of a↵ected residues wiht the largest e↵ects (��ppm� 0.2) were observed in
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the predicted binding site; specifically at strand �3 in residues 522-525 as well

as a tyrosine in ↵A (Figure 4.6). Mid-range shifts in chemical shift (��ppm�

0.1) were detected in the remainder of ↵A, the conserved guanidinium-binding

D531 as well as �1/�2.

To determine whether the association of this RFXV motif has a sim-

ilar binding mechanism to that of the PF2 domain, we engineered two con-

trols. The first control was used to test binding specificity of the peptide. A

pentameric peptide lacking the N-terminal arginine (NH2-GAFKV-NH2) was

synthesized and titrated into U-13C,15N-labeled WNK1-(480-572) to equimolar

equivalence. Collection of the 1H,15N-HSQC showed no changes in chemical

shifts associated with the autoinhibitory domain (Figure B.2a). Further, an

experiment involving the elimination of the arginine recognition glutamate

(E539A) was performed. This construct (WNK1-(480-572 E539A) was ex-

pressed with U-15N-labeling and titrated with GRFKV peptide to equimolar

equivalency. In a similar result to that discussed above, we observed no change

in the chemical shift in the 1H,15N-HSQC spectrum (Figure B.2b).

To further probe specificity toward the WNK1 kinase domain, we syn-

thesized a larger peptide corresponding to a 20-residue fragment of the WNK1

kinase domain which spans residues 307-326. This corresponds to fragments of

↵D/E and the RFXV-containing loop region between them (NH2-GTLKTYLK

(RFKV)MKIKVLRS-NH2). When this larger peptide was titrated into U-

13C,15N-labeled WNK1-(480-572), we observed a switch to slow exchange be-

havior and a reduction in the Kd by an order of magnitude to 14±1µM (Figure
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4.7). The titrant binding was tracked by monitoring the rapid loss in signal

intensity of the peaks in the binding site. Associated with this significant loss

in signal intensity, we observed precipitation of the autoinhibitory domain in

the NMR sample tube.

The WNK1 protein kinase possesses an RFXV motif located between

alpha helices D and E in the kinase domain and is one of five throughout

the kinase, albeit the only one located in the N-terminus, and the only one

associated with known secondary structural elements flanking the motif Min

et al (2004). To test the possibility of whether the autoinhibitory domain

could bind these unstructured RFXV motifs, we synthesized a nonadecameric

peptide derived from the RFIV motif in the C-terminus of the kinase (Figure

1c) NH2-VVHSAGR(RFIV)SPVPESRL-NH2. The peptide was titrated into

U-13C,15N-labeled WNK1-(480-572) and 1H,15N-HSQC spectra were collected

at each titrant point (Figure 4.8). Upon titration to one molar equivalency, we

obseved mixed binding kinetics distinguished by some shift in chemical shift

associated with signal intensity loss at the midpoint of the titration. We also

observed a loss of signal not associated with graded change in chemical shift

with the binding site residues F524, E523, I522, situated along �3. In tracking

the change in chemical shift, we we able to fit the data to a one-site binding

isotherm with a Kd of 60±5 µM.
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4.3 Discussion

The structure of the WNK1 autoinhibitory domain displays a similar

fold to that of the OSR1-PF2 domain. Moreover, the sca↵old of the RFXV

binding site is completely conserved in tertiary structure and the placement

of residues in the binding site. This is reflected in the C↵ RMSD calculated

for this binding cleft. While this measurement is above 1 Å, this can easily be

explained by the slight shift in �3 and the orientation of loop 3 which di↵ers

significantly from the PF2 domain to the autoinhibitory domain.

In this examination of the WNK1 regulatory sequence, we have ex-

tended the domain boundaries of the segment to abut the C-terminus of the

kinase domain and include an ↵-helix previously previous predicted as a coiled-

coil domain. The extension of the previous domain boundaries from 485-555

to 480-572 to include the aformentioned helix and the primary strand of the

domain was essential to generate a stabily-folded protein. Based on results the

initial bioinformatic search and subsequent sequence analysis, we ran the ter-

tiary structure prediction software Rosetta ab initio to determine whether our

domain boundaries were correct and if the domain would have a similar pre-

dicted structure as that of the PF2 domain. Using the sequence corresponding

to our newly extended boundaries, Rosetta identified a similar alpha+beta fold

topology in six out of the ten largest clusters of low energy fragment assem-

blies. The RMSD between the predicted and solution structures is 1.6 Å when

the RFXV binding sites are compared. The predicted structure consists of an

alpha+beta stack in good agreement with the solution structure, specifically
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constructed of 3 antiparallel � strands followed by two adjacent alpha helices.

Rosetta predicts a short helical region between strands 2 and 3 which was

ultimately deemed inaccurate by our solution structure.

In the sequence and structural comparisons of the autoinhibitory do-

main with the OSR-PF2 domain, we found a nonhomologous strand permuted

to the N-terminus of the WNK1 autoinhibitory domain. In Figure 4.10, the

interaction between �3 and ↵B from the PF2 domain is shown. This is com-

pared to that of the �1/↵B interaction from the autoinhibitory domain shown

in Figure 4.11. In the PF2 domain, there is not a specific interaction between

the alpha and beta secondary structure excepting hydrophobic interactions

which form the core of the protein (F501,V499/482,I481). This is inconsistent

with what is observed in the autoinhibitory domain. In the interface between

↵B and �1, there are two electrostatic interactions which stabilize the contact

between the two secondary structural elements. The first hydrogen bond is be-

tween ↵B/R561 to �1/E488 and the second is between �1/R486 to ↵B/D560.

Our negative controls for alanine mutations in both the RFXV pep-

tide and the regulatory domain suggest a similar binding mechanism of the

guanidinium group of arginine being electrostatically trapped by the conserved

acidic groups in the binding site. Further, chemical shift analysis showing the

greatest change in chemical shift along �3 may indicate interaction of the FXV

amino acids in a manner similar to that observed in the crystal structure of

the holo form of the PF2 domain Villa et al (2007).
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Figure 4.9: The predicted Rosetta structure of the WNK1 autoinhibitory domain (ma-
genta) compared to that of the solution structure of WNK1-480-572 (black).

The interaction of peptide motifs with small regulatory domains are

well-characterized in biological systems(Bhattacharyya et al, 2006b). These

interacting species have been shown to be essential in the signal transduc-

tion machinery where they act in binding the signaling molecule of interest

to sca↵olding proteins where downstream modules are localized (Tatebayashi

et al, 2003; Bhattacharyya et al, 2006a; Nguyen et al, 2002). Alternatively,

these domains can act in directly associating two or more proteins using a

common localization signal in the absence of sca↵olding proteins (Akella et al,

2008; Tanoue et al, 2000). It has been noted that the domains which target

the peptide motifs are highly conserved and are less likely to undergo signifi-

cant evolutionary changes around the binding site whereas the peptide motifs
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appear to have more plasticity in terms of sequence surrounding the consen-

sus site (Bhattacharyya et al, 2006b). We propose that these WNK-specific

PF2 domains (WSPs) may utilize the latter model adaptable modularity to

accomplish multiple roles of autoinhibition, substrate recognition, substrate

occlusion or quaternary structure reorganization.

Based upon the measured a�nities of the WNK1 autoinhibitory do-

main to the RFXV motifs derived from the kinase domain and the unstruc-

tured C-terminus of WNk1, we hypothesize that WNK1 autoinhibition occurs

through the interaction of the autoinhibitory domain with the RFXV motif

found between ↵D and ↵E found in the kinase domain. Although this interac-

tion is weaker than that observed for the PF2 domain binding to a C-terminal

RFXV motif derived from WNK4, we argue that a similar order of a�nity is

not necessary due to the high local concentration of the autoinhibitory domain

relative to the kinase domain of WNK1 Villa et al (2007).

Closer inspection of the proximity of the secondary structural elements

separating the domains show that there are only four amino acids linking the

terminal alpha helix of the kinase domain to the N-terminus of the autoin-

hibitory domain. It would appear that this linker would permit limited flex-

ibility of the autoinhibitory domain and constrain conformational variability

of the domain to the environment immediately adjacent to the RFXV motif.

This would presumably prohibit or allow limited access to that of the active

site by substrates. Because of this, we hypothesize that this would promote an

in cis mechanism of autoinhibition, although interaction in trans may still be
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possible given the oligomeric state of the protein found in vivo Lenertz et al

(2005).

The location of the autoinhibitory domain and its proximity to the

RFXV motif suggests a multi-layered mechanism of regulation for attenua-

tion of kinase activity. We hypothesize that the large and expanding array

of cellular processes that the WNK kinases are involved in requires precise

attenuation of kinase activity and not merely the presence of a binary switch.
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Chapter 5

Expression, Purification and Crystallization of
the Active WNK1 Kinase Domain

5.1 Introduction

In conducting an examination of the inactive kinase domain (WNK1

194-483 S382A), while designing a construct that could be amenable for struc-

ture determination of the active form of the WNK1 kinase domain, it was

noted that both monomers in the asymmetric of the structure reported by

Min et al unit lacked electron density for the N-terminal residues from 194-

209. In addition to this, I noted that X. Min had made a wild-type construct

that encompassed residues 209-483 (Table 1.1). Using this information and

the knowledge that the wild-type WNK1 kinase domain autophosphorylates

to completion (S378* and S382*), expression and purification the truncated

kinase was attempted, which, ultimately, resulted in crystals that di↵racted

to 1.8 Å

5.2 Expression

To express the active, truncated WNK1 kinase, one microliter of pHis-

parallel vector encoding the construct was transformed into Rosetta (Novagen)
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E. coli, and the cells were plated on agar plates containing LB, ampicillin

and chloramphenicol and, and the plates were incubated for 16-18 hours at

37�C. Sinlge colonies were picked, and a 60 mL starter culture containing LB,

ampicillin and chloramphenicol was grown 16-20 hours. A total of 5 mL of

starter culture was refreshed in identical medium for 1 hour. The refreshed

starter culture (10 mL) was used to innoculate 2.4 L Fernbach flasks containing

1 L of LB, ampicillin and chloramphenicol. These larger cultures were grown at

37�C, 220 rpm until the optical density of the media reached 0.85. The culture

was induced with a final concentration of 1 mM IPTG and was cooled to 20�C

and incubated at 200 rpm for 20 hours to express the protein. Following growth

and expression, the cells were pelleted using centrifugation (4000 rpm, 4�C, 35

min) and resuspended in 5 mL/L Ni Bu↵er A (Table 5.1). The resuspended

pellets were flash frozen in N2(l) and stored at -80�C.

5.3 Purification

The pellets containing WNK (209-483) were thawed and incubated with

6 mL of protease inhibitor cocktail (Sigma) before being passed through an

Emulsiflex C5 (Avastin) for three iterations to ensure homogeneity and ad-

equate lysis of the sample. The insoluble fraction was separated from the

mixture by centrifugation of the sample at 40,000 rpm for 1 hour at 4�C. The

supernatant was removed from the samples and passed through a 0.45 µm

filter and then loaded onto a precharged Ni2+-sepharose column (GE). Ten

column volumes of Ni Bu↵er A (Table 5.1) were used to wash the column
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prior to loading onto an AKTA FPLC (Pharmacia) for a programmed 6-step

elution procedure (Figure 5.1) with a final concentraiton (100%B) of 250 mM

imidazole. Fractions containing WNK1 (209-483) were pooled and dialyzed

overnight into MonoQ bu↵er A (Table 5.1). The sample was dialyzed in the

absence of TEV protease due to the fact that the presence of the His6 tag

would promote the early elution of the protein due to the increase in positive

charge.

Figure 5.1: Ni2+-sepharose of WNK1 (209-483 S378* S382*). Samples numbers designated
on the PAGE gel are representative of the peak associated on the chromatogram. The arrow
designates the protein of interest on an SDS-PAGE gel.

The dialyzed protein solution was concentrated and loaded onto a

MonoQ 5/5 column (GE) and eluted using a program similar to that previ-

ously shown in Chapter 2 (Figure 5.2). The fractions containing the protein of

interest were pooled and dialyzed into gel filtration bu↵er (Table 5.1) overnight
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Figure 5.2: MonoQ of WNK1 (209-483 S378* S382*). Sample numbers shown on the
PAGE gel are designated in the fractions shown in the chromatogram.

Figure 5.3: Superdex 75 (16/60) of WNK1 (209-483 S378* S382*)
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(16-18 hours) in the presence of 1 mg of TEV protease. The dialysis/proteolysis

products were applied to a 2 mL Ni2+-agarose column and concentrated to be

loaded onto a Superdex 75 (16/60) size-exclusion column (GE) that had been

equilibrated with Gel Filtration bu↵er. The protein was eluted isocratically

with an elution volume of 65 mL (Figure 5.3). The eluted protein was checked

for purity by SDS-PAGE gel and concentrated to 8 mg/mL as assessed by

Bradford assay. Aliquots of 50 µL were divided into 0.5 mL tubes, flash frozen

in N2(l), and stored at -80�C.

5.3.1 Materials

Table 5.1: Bu↵ers for Purification of WNK1 (209-483)

Ni2+ Bu↵er A
50 mM Tris pH=8.0
300 mM NaCl
20 mM Imidazole

Ni2+ Bu↵er B
50 mM Tris pH=8.0
300 mM NaCl
250 mM Imidazole

MonoQ Bu↵er A

50 mM Tris pH=8.0
50 mM NaCl
1 mM EDTA
1 mM DTT

MonoQ Bu↵er B

50 mM Tris pH=8.0
500 mM NaCl
1 mM EDTA
1 mM DTT

Gel Filtration Bu↵er
50 mM Hepes pH=8.0
50 mM NaCl
1 mM DTT
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5.4 Crystallization of WNK1 (209-483 S378* S378*)

In June of 2011, 300µL of WNK1 (209-483) was thawed on ice and cen-

trifuged to degas and remove any precipitate (although none was observed).

The Phenix robotic system (Art Robbins) was utilized to set up seven nan-

odrop trays utilizing one sitting drop well per reservoir. The suites used were

as follows: Qiagen Classics, Hampton PEG/Ion, Hampton PEG �, Hampton

Salt �, Hampton Index, Qiagen JCSG+ and Qiagen ComPAS. The drops were

plated in 1:1 ratios (200 nL+200 nL) at 20�C and stored in a vibration resis-

tant crystallization refrigerator at 16�C.

After one day, the trays were checked and several trays seem to contain

pseudo-crystalline material but not large enough to identify defined edges.

The trays were placed back in the 16�C incubator for one month. A small

crystal with defined edges was identified in July, 2011 in the condition: 0.2 M

monobasic potassium phosphate, 20% w/v PEG 3350. An expanded screen

to test di↵erent molecular weight PEGs was set up according to Table 5.2.

The drops were plated in 1 µL+1 µL drops on siliconized glass coverslips and

suspended in the hanging drop vapor di↵usion technique over 200 µL of well

solution.

After incubating for 1 month at 16�C, the trays were checked and a 350

µm multi-crystal cluster was observed in the well containing 0.2 M KH2PO4

and 19% PEG 3350 (Figure 5.4). Smaller crystals were observed in the ad-

jacent well containing 20% PEG 3350, and these crystals were used to mi-

croseed into new wells in a dilution series that ranged from no dilution to
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1/1000 in increments of an order of magnitude. Following growth of crystals

from macroseeding, streak seeding was also attempted using a crystal probe

(Hampton) with a higher success rate than microseeding. During this process,

although streak seeding was reproducible, macroscopic twinning of the crys-

tals was apparent (Figure 5.4 ). To resolve this problem, before attempting

an additive screen, the amount of monobasic potassium phosphate was varied

from 0.1-0.35 M by 0.05 M increments.

It was observed that as the KH2PO4 concentration increased, there

was remarkable improvement in obtaining single crystals (Figure 5.5). The

final optimized crystals were harvested from 0.3-0.35M KH2PO4, 19% PEG

3350 at 16�C after one week of growth. A total of eight crystals were har-

vested and cryoprotected in 0.35M KH2PO4, 19% PEG 3350, 30% PEG 400

using a µ-droplet setup on the glass coverslip. Briefly, following identification

of ideal crystals for data collection, a 1µL droplet of cryoprotectant was incu-

bated with an equal quantity of precipitant solution on the exposed coverslip

containing the droplet with the crystals to be harvested. This is conducted in

a humid environment to prevent droplet evaporation. A 2µL droplet is placed

ajacent to the precipitant/cryoprotectant mixture to reduce the time crystals

are exposed to the atmosphere. Crystals were transferred stepwise from the

50% cryoprotectant solution to the 100% solution with incubation times rang-

ing from 5-15 seconds. Following cryoprotection, samples mounted on robotic

pins were plunged into 800mL of N2(l) and capped.
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(a) (b)

(c) (d)

Figure 5.4: Initial crystallization of WNK1 (209-483 S378* S382*) a) Initial
crystals obtained in 0.2M KH2PO4, 19% PEG3350. b)crystals obtained after
streak seeding c),d) arrows indicate presence of macroscopic twinning observed
in low concentrations of KH2PO4
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Chapter 6

Structure Determination and Analysis of the
Activated WNK1 Kinase Domain

6.1 Theory

6.1.1 Di↵raction by crystalline substances

When light interacts with matter, two processes can occur. The light

can be absorbed by the material or scattered. In X-ray di↵raction by a crystal,

elastic scattering is considered. For a single atom in a vacuum, the scattering

can be described by:

fn = 2⇢(r)cos(2⇡rS)dvr (6.1)

where ⇢(r) is the centrosymmetric distribution of electrons about the nucleus,

the volume of which is dvr. S is the scattering vector or the di↵erence between

the incident vector and the scattered vector. When a collection of atoms are

arranged in a crystal with a unit cell of volume (a⇥ b⇥ c), the structure factor

of all atoms in the unit cell can be expressed as

F (S) =
nX

j=1

fje
2⇡ir

j

S (6.2)

where rj is the number of atoms from j = 1 to j = n. S now has the value

|S| = 2dsin✓

�

(6.3)
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d is the distance between the scattering planes, ✓ is the scattering angle and

� is the wavelength of light probing the crystal, assuming n number of atoms

contributing to the sum of all atomic scattering factors fj. Further, the struc-

ture factor for the individual unit cell can be expanded into separate vectors

for the unit cell dimensions (a,b,c). The scattering for n unit cells in a crystal

can be expressed as a summation of the individual unit cells.

W (S) = F (S)⇥
n
1X

t=0

e

2⇡itaS ⇥
n
2X

u=0

e

2⇡iubS ⇥
n
3X

v=0

e

2⇡ivcS (6.4)

The components aS, bS, cS arise from the addition of the scattering vectors

and are known as the Laue conditions such that

aS = h

bS = k

cS = l

(6.5)

where h, k, l are integer values. Since the vector S is perpendicular to the

reflecting plane, it becomes di�cult to see how the Laue conditions for coherent

di↵raction are satisfied by being integer values. Mathematically, we can satisfy

this by creating an orthonormal set of axes called the reciprocal lattice such

that

ai ⇤ a⇤j = �ij

⇢
i = j 1
i 6= j 0

(6.6)

The orthonormality of the set of axes a⇤, b⇤, c⇤ is important because a⇤ has the

property that it is parallel to the bc plane represented by (h = 1, k = 0, l = 0).

Accordingly, b⇤ is represented as h = 0, k = 1, l = 0 and c

⇤ is h = 0, k = 0, l =

1. Since S is a function of hkl, it can be split into vectors along the reciprocal
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lattice lines.
aS = aa

⇤ + ab

⇤ + ac

⇤

h = 1 0 0
(6.7)

It follows that application of b⇤ and c

⇤ in a similar fashion will produce the

lattice points hkl in reciprocal space. If the Laue conditions are satisfied,

di↵raction coherence in the unit cell of the crystal will coincide with a point

in the reciprocal lattice.

6.1.2 The phase problem

Over the entire unit cell, the structure factor can be thought of as a

area measurement of the electron density along continuous vectors

Fhkl = V

1ZZZ

x,y,z=0

⇢(xyz)e2⇡i(hx+ky+lz)
dxdydz (6.8)

which is the Fourier transform of electron density. The inverse Fourier trans-

form from structure factor amplitude can be represented

⇢(xyz) =
1

V

X

h

X

k

X

l

|F (hkl)|e�2⇡i(hx+ky+lz)+i↵(hkl) (6.9)

where i↵(hkl) is the phase information. During data collection, the structure

factor amplitudes are available from the measured peak intensities but the

phase information is not. Thus giving rise to the well-known ”phase problem.”

6.2 Data Collection

Crystals of WNK1 209-483 S378⇤ S382⇤ were shipped to the Advanced

Photon Source at Argonne National Laboratory in Argonne, IL and data were
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collected at the 19-ID beamline, using remote data collection. The of an

ACTOR robotic arm to manipulate crystal mounting and dismounting from

the goniometer was employed. A total of eight crystals were shipped to be

tested and two of the crystals yielded di↵raction of 1.9 Å or better where

the signal to noise (I/�I) was greater than 2 in the final resolution bin. For

the crystal that was used to determine the structure of the activated WNK1

kinase domain, 180� of data was collected with an oscillation range of 1� us-

ing a wavelength of 0.97915 Å. Two seconds of di↵raction data were collected

per image with an attenuation of 9.38 and the detector set at a distance of

219.82 mm (6.1) . The data were integrated and scaled in the P 1 21 1 space

group using Denzo and Scalepack integrated in the HKL2000 software package

(Otwinowski and Minor, 1997), the data from which can be seen in Figure 6.2.

The space group of P 1 21 1 was chosen due to the observation of systematic

absences along 0k0 in the reciprocal lattice. Upon inspection of the di↵raction

pattern, the data appeared to be anisotropic. To analyze this possibility, the

di↵raction anisotropy server was utilized to analyze the MTZ file following

integration and scaling by HKL2000 (Strong et al, 2006). The server detected

slight anisotropy and scaled the dataset via elipsoidal truncation. The resul-

tant MTZ file (output 2 danisotrop.mtz) was used for molecular replacement.
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Figure 6.1: Di↵raction Pattern of WNK1 (209-483 S378* S382*). The reflec-
tions extend to 1.6 Å although the I/�(I) at this resoluton is low. The data
was integrated and scaled at a resolution limit of 1.83 Å
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6.2.1 Map Calculation

To solve the phase problem pertaining to the dataset collected for the

activated WNK1 kinase (209-483 S378⇤ S382⇤), molecular replacement was

utilized. Currently, for macromolecular crystallography, there are only five

solutions to the phase problem. Four of these solutions involve experimen-

tally determined phases using single or multiple isomorphous replacement with

heavy atoms paired with single or multi-wavelength measurements. Because

the sequence of the inactive WNK1 kinase domain is over 99% identical to the

activated kinase domain, molecular replacement is considered to be a viable

option. (In general, any model with over 30% sequence identity to the tar-

get can be considered as a candidate for molecular replacement (MR) (Rupp,

2009)).

The MR solution to the phase problem uses a combination of rota-

tion and translation functions to find the maximum likelihood coe�cient by

comparing the Patterson maps of the native data set and the search model.

The Patterson function is the product of a convolution of the electron density

at a specific point in the unit cell over the entire unit cell. More simply, if

two atoms are separated by a vector u, the distance between those atoms will

be related by a centrosymmetric peak about the axis points of the unit cell

according to

P (u) =

Z

r

⇢(r)⇥ ⇢(r+ u)dv

=
1

V

X

S

|F (S)|2e2⇡iuS
(6.10)
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It is important to note that the Patterson map is generated only as a function

of the structure factors and does not require phase information.

To begin the molecular replacement procedure, the previously deter-

mined structure of WNK1 194-483 S382A was modified by CHAINSAW in

the CCP4 suite to mutate S382A back to a serine. Also, the lobes of the

kinase domain were divided into N and C-terminal fragments to be used as

search models simultaneously in the MR process (Stein, 2008; Collaborative

Computational Project, 1994). The two lobes consisted of the residues 210-305

(N) and 306-480 (C). The PHENIX v.1.7.2 software suite’s implementation of

Phaser was used to carry out the molecular replacement (Adams et al, 2010;

McCoy et al, 2007). The fast rotation and translation functions were used to

align the Pattersons of the search model and native dataset (Crowther and

Blow, 1967; Crowther, 1972). Following molecular replacement, the log likeli-

hood gain indicated a strong solution with a value of 952.5.

6.2.2 Model Building and Refinement

Following molecular replacement, autobuild was used to generate the

initial model of the protein using the initial electron-density map generated

by PHENIX. Initially, the program built some of the protein model into areas

that lacked electron density, which included the area where the activation loop

is expected. To improve the model, the amino acids for areas lacking electron

density were removed by modification in the software program COOT (Ems-

ley et al, 2010) and the resulting model was refined using simulated annealing.
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Figure 6.3: Refinement plot for WNK1 (209-483 S378* S382*)

This model building process continued for a total of seven rounds of refine-

ment which eventually included the use of TLS (translation, libration, screw)

refinement utilizing both the built-in PHENIX/TLS server and the indepen-

dent web-based server if PHENIX failed to generate an adequate number of

TLS groups (Painter and Merritt, 2006b,a). The Rwork and Rfree values as

a function of the refinement step number can be seen in Figure 6.3. Follow-

ing refinement, the statistics for the model of the activated WNK1 kinase are

presented in 6.1.

6.3 Structure of the activated WNK1 kinase domain

6.3.1 General topology

The structure of the activated WNK1 kinase domain is composed of

a dual-domain architecture that is common to all protein kinases. The N-
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Table 6.1: Data collection and Refinement Statistics for WNK1 (209-
483)

Space Group P 1 21 1
Unit Cell a=44.74 Å, b=64.23 Å, c=42.08 Å

↵=90�, �=92�, �=90�

Resolution (Å) 35.1-1.83 (1.86-1.83)
Observed Reflections 75,996
Unique Reflections 19,748
Completeness 99.6 (98.8)
I/�I 30.8 (2.6)
Redundancy 3.7 (3.4)
Rwork(%)‡ 21.9
Rfree(%) 27.4

Number of groups
Protein Atoms 2050
Water 149

RMSD
Bond Length, Å 0.008
Bond Angle, � 1.12
Average B factor, Å2 37.2

Ramachandran Map (%)
Favorable 97.4
Allowed 2.6
Disallowed 0

†
Values in Parentheses indicate the highest resolution shell

‡
R

work

=

P
||F

obs

� |F
calc

||/
P

|F
obs

|, where F

obs

and F

calc

are the observed and calculated structure

factors, respectively.
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(a) (b)

(c) (d)

Figure 6.4: Ramachandran map for WNK1 (209-483 S378*, S382*) as deter-
mined by MOLPROBITY (Chen et al, 2010). Phi/Psi plots are shown for
a) general amino-acid residues b) glycine c) proline and d) residues preceding
prolines
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terminal lobe is constituted by a near-complete �-barrel, which is made of

seven antiparallel � strands, while the C-terminus contains all ↵-helices. In

the structures of protein kinases, the activation loop is usually found bridging

the two lobes; however, in the structure of the activated WNK1 kinase domain,

the loop is disordered. The disordering of the activation loop is found in some

activated (phosphorylated) kinase domain structures (Rothweiler et al, 2011;

Xie et al, 1998) and is usually correlated with movement of ↵C toward the ATP

site to allow access of the glutamate (E268) to stabilize the catalytic lysine

during the phospho-transfer reaction. However, the activation loop is not the

only loop that is disordered in the protein. There are a total of six disordered

regions in the protein encompassing residues (231-232, 255-263, 290-294, 373-

386, 396-397, 428). This includes the glycine-rich loop ajacent to the catalytic

lysine, the activation loop, and the majority of the N-terminal portion of ↵C

and its preceding loop emanating from �4 (Figure 6.5).

As observed by biochemical studies (Chapter 7), the WNK1 kinase do-

main appears to be highly dynamic in the presence of low salt concentrations,

as indicated by the midpoint melting temperature (Tm) provided by the anal-

ysis of di↵erential scanning fluorimetry data. When salt is titrated into the

protein sample, the midpoint melting temperature increases. Paired with this

observation, is the fact that the activity of the kinase toward the generic ki-

nase substrate MBP decreases as salt is added to the reaction bu↵er. This

corresponds to an IC50 of 130mM for NaCl inhibition of WNK1.

The activated structure of the WNK1 kinase domain was crystallized
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in the presence of 25 mM NaCl which would indicate that the kinase should

be active and dynamic. The lack of observed electron density for the catalytic

loop, ↵C, and many of the loops that are located in the front portion of the

kinase domain can possibly be accounted for in the lack of crystal contacts in

this region. As shown in Figure 6.6, there are extensive packing interactions

present on the back side of both the N and C lobes. These packing contacts

continue along the bottom of the C-terminal lobe in interactions involving the

N-terminal lobe of the ajacent unit cell. Despite these tight packing interac-

tions between unit cells in the majority of the space, there is a specific lack

of contact between the front of the protein kinase, where the activation loop

is located, involving symmetry-related molecules. These crystallization condi-

tions an adjunct to the fact that the structure of the mutant, inactive form of

the WNK1 kinase domain was solved in conditions of 300 mM NaCl.

As mentioned in the preceding chapter on the crystallization of the acti-

vated WNK1 kinase, increasing the dibasic potassium phosphate concentration

from 0.1 M to 0.35 M in the presence of streak seeding greatly improved the

formation of single crystals. In the crystal structure, a possible mechanism for

the improvement of the crystals is found in the binding of a single phosphate

molecule between alpha helices E and I in the C-terminus of the kinase domain.

As seen in Figure 6.7, the phosphate interacts with three water molecules that,

in turn, interact with Q336. The binding of the phosphate is stabilized by hy-

drophillic interactions to the imidazole group of H339 and to the backbone

amide of I470. A similar interaction between a sulfate molecule siting between
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Figure 6.6: Crystal packing for the activated WNK1 kinase domain. The figure
displays a large gap between the front of the protein, where the activation loop
is located and the ajacent unit cell.
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Figure 6.7: Phosphate interaction with ↵E/↵I in C-terminus
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↵C and the catalytic loop in subunit B of the mutant, inactive structure can

be observed and may have aided in crystallization as well, although Min et al

(2004) do not note the presence of this sulfate ion in the reported structure or

in the crystal conditions. Thus its importance to generation of crystals of the

inactive form for data collection can only be speculated.

6.3.2 The active site

The active site of the activated WNK1 kinase retains structural sim-

ilarity to that of an inactive kinase. The catalytic lysine is pointed into the

ATP binding site, and the aspartic acid of the DLG (DFG consensus from

other kinases) sequence adopts a similar conformation to that seen in the

mutant, inactive kinase. The canonical glycine-rich loop that precedes the

catalytic lysine in WNK1 is fully disordered and it may be hypothesized that

the flexibility of this loop would allow for ATP to bind and then be stabilized

by interactions with the �/� phosphates from ATP similarly to other kinases.

The glutamate from ↵C (E268) that is required for catalytic activity is located

outside the ATP-binding site and is not in a ready position to stabilize K233

for a phosphotransfer reaction.

6.3.3 Comparison to the inactive kinase domain

The structure of the activated WNK1 kinase adopts some similarities

to those of both monomers found in the assymetric unit of the structure of

the mutant, inactive kinase domain. The similarities and di↵erences between
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Figure 6.8: Active Site of the activated WNK1 kinase domain
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both monomers and the activated kinase can be broken down into two regions:

1) the placement of the catalytic lysine and the N-terminal lobe � strands. 2)

the orientation of ↵C. The remainder of the activated kinase, less the amino

acids that do not have any associated electron density, align well with the

structures of the inactive monomers including the RFXV and DFG motifs and

the catalytic loop.

When comparing just the monomers of the inactive kinase domain,

distinct di↵erences between the placement of the � strands in monomer A

compared to monomer B become apparent. In the activated WNK1 kinase

domain structure, the � strands are shifted toward ↵C compared to those of

monomer A (Figure 6.9a). The disposition of the � strands therefore resembles

that of monomer B from the inactive structure. This can be seen more clearly

by looking at the placement of the catalytic lysine in Figures 6.9c and 6.9d.

In the activated kinase, compared to monomer A, the lysine has been shifted

by 1.5 Å up and away from its placement in the inactive structure; whereas,

in monomer B, the location of C↵ is essentially identical.

The second structural di↵erence between the activated and inactive

monomers is the orientation of ↵C. Unlike the placement of the � barrel, the

orientation of ↵C in the activated structure resembles monomer A most closely

due to its orientation away from the ATP-binding site compared to monomer

B where ↵C bends back toward the kinase. This bending of the helix may be

due to a crystal artifact caused by the location of a sulfate ion briding ↵C and

the catalytic loop of monomer B. This sulfate ion is also involved in forming
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crystal contacts between asymmetric units.

6.3.4 Comparison of WNK1 Kinase Domain Structures to Active
PKA

The term ’activated’ and not active is used to describe this structure

of the WNK1 kinase domain because, aside from being autophosphorylated

at S378 and S382 during expression, the structure appears to be in an inac-

tive conformation relative to the placement of several catalytic residues. In

addition, the structure was solved in an apo form, devoid of ATP or an ATP

analog such as AMP-PNP.

The catalytic lysine (K233) C↵ is located in a position which is essen-

tially identical to that of the mutant, inactive subunit A placement. Compared

to that of PKA, the C↵ position for this lysine is shifted by one � strand equiv-

alent away from ↵C and sits directly over the ATP binding site. Although,

compared to the structures of the mutant, inactive WNK1 kinase domain, the

lysine adopts a slightly di↵erent conformation by rotating up and back away

from the ATP binding site. Since we do not observe electron density for the

glycine-rich region ajacent to the catalytic lysine, this may suggest a mecha-

nism for ATP to bind. It remains to be investigated what the exact placement

of the catalytic lysine will be when ATP or an analog binds to the active site.

The second catalytic residue that adopts an inactive conformation is

the aspartic acid of the DLG motif, which is known to aid in coordinating

Mg2+ ions during similar to that found in the structure of active PKA (Zheng

et al, 1993). In the activated WNK1 kinase domain structure, this aspartic
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(a) (b)

(c) (d)

Figure 6.9: a) Structural alignment of the mutant inactive WNK1 kinase domain subunit
A (green) with the activated kinase domain (209-483)(red) b) Structural alignment of the
mutant, inactive WNK1 kinase domain subunit B (cyan) with the activated kinase domain
(red). c),d) active site comparison of the inactive kinase domain subunits A/B respectively
with the activated kinase. Min et al (2004)
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(a) (b)

(c)

Figure 6.10: a) The active site of PKA (magenta) bound to ATP/Mn2+ compared to
the inactive kinase domain (WNK1 194-483 S382A) subunit A (green) is shown. b) The
active site of PKA (magenta) bound to ATP/Mn2+ compared to the inactive kinase domain
(WNK1 194-483 S382A) subunit B (cyan) is shown. A shift of the N-terminal � strands
downward into the ATP binding site is observed. c) The active site of PKA (magenta)
bound to ATP/Mn2+ compared to the active kinase domain (WNK1 209-483 S378*,S382*)
(red) is shown. The sidechain of the catalytic lysine, compared to that of the inactive
monomers is slightly shifted upward out of the ATP binding site and the glycine-rich loop
is disordered.Zheng et al (1993)
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acid is directed away from the active site and adopts a conformation identical

to that of both subunits of the mutant, inactive kinase domain structure.

Glutamic acid 268 is the final catalytic residue that adopts an inactive

conformation in the activated WNK1 kinase domain structure. In an active

structure, such as that of PKA, this glutamate is inserted into the active site

and associates with the catalytic lysine and is thought to help stabilize the

lysine during the phosphotransfer reaction. This insertion of the glutamate

in the active site is also associated with a concomitant movement of ↵C to-

ward the center of mass of the kinase domain. In the activated WNK1 kinase

domain structure, we see a similar structure to that of both subunits found

in the mutant, inactive structure. Notably, the sidechain of this glutamte is

disordered but is generally oriented in the same direction as the other two

structures. What is interesting in the activated structure is the dynamic na-

ture of ↵C compared to that of the other two structures of the WNK1 kinase

domain. In subunit A of the inactive structure, ↵C is bent toward the kinase

domain’s center of mass compared to subunit B where it is straightened and

its interaction with the catalytic loop is stabilized by a phosphate group. I

believe this is an important feature of the inactivated WNK1 kinase, whether

phosphorylated or unphosphorylated. This hypothesis will be discussed in

greater detail in the final chapter of the thesis.

122



Chapter 7

Biochemical and Biophysical Analysis of the WNK1
Kinase Domain

The WNK1 kinase is best known for its involvement in the regulation

of CCC activity. Previous articles and reviews of the involvement of WNK1

in this cascade implicated hypertonic conditions as a source of WNK1 activa-

tion (Anselmo et al, 2006; Richardson and Alessi, 2008; Zagorska et al, 2006).

However, a previous report by Moriguchi et al (2005) shows that substitution

of sodium chloride for sodium gluconate caused activation of WNK1 toward

its SPAK substrate in vitro and in vivo. Here, it is demonstrated that increas-

ing sodium chloride levels inhibits WNK1 kinase activity in vitro (IC50=130

mM). Further, increasing sodium chloride concentrations cause an increase in

midpoint melting temperature of the WNK1 kinase domain as assessed by

di↵erential scanning fluorimetry. This e↵ect appears to be driven by a sin-

gle binding-site interaction of the WNK1 kinase domain with chloride ion,

based on the hyperbolic shape associated with plotting Tm as a function total

amount of chloride present. This suggests a mechanism of salt regulation in

cells driven by chloride influx through the CCCs.
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7.1 Biochemical analysis of the WNK1 kinase

7.1.1 Mass spectrometry analysis of the WNK1 kinase domain and
associated mutants

To probe the phosphorylation state of the activation-loop of the WNK1

kinase domain, purified WNK1 194-483 and associated activation-loop mu-

tants were purified from E. coli and purified to homogeneity. The resultant

proteins were subjected to digestion with chymotrypsin, the resultant peptides

were separated by reverse-phase HPLC and analyzed by electrospray ioniza-

tion mass spectrometry (ESI/MS).

When the wild-type kinase domain of WNK1 was analyzed following

purification, WNK1 is doubly phosphorylated at S378 and S382 (7.1). No

peptides associated with unphosphorylated forms of the activation loop were

found. This observation suggests that WNK1 autophosphorylates during E.

coli expression (Figure 7.1). To test whether mutations of these serines to as-

partic acid or alanines would a↵ect phosphorylation, constructs of 194-483 with

the following mutants were expressed and purified to homogeneity (S378D,

S378A, S382D, S382A)1.

For mutants associated with S378, it was observed following ESI/MS

analysis that the kinase is monophosphorylated at S382 as seen in Figure 7.2.

The unphosphorylated peptide for this site was searched for in the dataset and,

although it is absent, its absence does not completely rule out that there may

1ESI/MS data for mutants S378D and S382D are shown graphically. The data for the
mutants S378A and S382A was not able to be found in the computer although notes in
the laboratory notebook corroborate the observations presented. Obviously, these data will
need to be replicated if they are to be published.

124



(a
)

(b
)

(c
)

F
ig
u
re

7.
1:

E
S
I/
M
S
of

W
N
K
1
19
4-
48
3

125



(a
)

(b
)

(c
)

F
ig
u
re

7.
2:

E
S
I/
M
S
of

W
N
K
1
19
4-
48
3
S
37
8D

126



(a
)

(b
)

(c
)

F
ig
u
re

7.
3:

E
S
I/
M
S
of

W
N
K
1
19
4-
48
3
S
38
2D

127



be a small fraction of unphosphorylated peptide that may or may not have

been adequately separated or selected by the instrument to be analyzed due to

low sample abundance. However, the current data collected suggest that these

two mutants still allow for the WNK1 kinase domain to autophosphorylate to

near homogeneity at S382.

When the mutations associated with S382 were analyzed, peptides

which were identified as the unphosphorylated peptide containing S378 were

found (Figure 7.3). In a similar phenomenon to what was previously described,

the phosphorylated peptide from the activation loop could not be identified in

the dataset. This may indicate that mutation of S382 is not amenable to be

mimicked by aspartic acid and that abolition of the phosphorylation site at

S382 prevents autophosphorylation at S378. Notably, S382 is homologous in

sequence to the primary activating serine in serine/threonine protein kinases.

7.1.2 Activity assays of the WNK1 kinase domain

Xu et al (2002) had observed autoinhibition of WNK1 protein kinase

activity when the kinase domain was expressed in cis with the autoinhibitory

fragment (1-555). The authors also observed inhibition in trans. To try and

recapitulate these results, the WNK1 autoinhibitory domain (480-572) was

incubated with the activated kinase domain in the presence of MBP substrate

and ��32P-ATP, no appreciable inhibition of kinase activity was observed

(Figure 7.4). The experiment was repeated in triplicate and extended to in-

clude a100-fold molar excess of WNK1 autoinhibitory domain relative to the
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kinase domain. Even with this change, and controlling for the possibility of

WNK1 phosphorylation of the autoinhibitory domain, in trans autoinhibition

of the WNK1 kinase domain was not observed.

Considering that WNK1 appeared to be activated by hyperosmotic

Figure 7.4: WNK1 kinase (194-483) activity while titrated with WNK1 (480-
572)

conditions as described by Xu et al (2002), an activity assay was run to as-

sess the e↵ectiveness of the autoinhibitory domain in varying concentrations of

sodium chloride. For this assay, two sets of reactions were run simultaneously:

1) an assay to probe kinase activity in the presence of varying salt concentra-

tion (as a control) and 2) an assay to probe kinase activity in the presence of

one molar equivalent of the WNK1 autoinhibitory domain (480-572). When

the reactions were run, it was observed that the kinase activity in the pres-
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Figure 7.5: WNK1 kinase (194-483) activity while titrated with NaCl. The kinase is
inhibited by increasing NaCl concentrations with an IC50 of 130±1mM.

ence of one molar equivalent of WNK1 autoinhibitory domain decreased as the

sodium chloride concentration increased. However, the same observation was

recorded for the control experiment (Figure 7.10) After repeating the control

experiment in triplicate, it was concluded that the WNK1 kinase is inhibited

by exposure to hypertonic solution with an IC50 of 130±1mM (Figure 7.5).

7.2 Biophysical analysis of the WNK1 kinase domain
by Di↵erential Scanning Fluorimetry

To test the hypothesis that WNK1 kinase activity is inhibited by ex-

posure to increasing sodium chloride concentrations, an assay for biophysi-

cal changes associated with the interaction of the WNK1 kinase domain with
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sodium chloride was designed. The experimental technique of di↵erential scan-

ning fluorimetry (DSF) utilizes the temperature associated with the physical

unfolding of a globular protein as a measure of protein stability. Fluorescence

intensity measurements of a small-molecule fluorophore are recorded at dis-

crete temperatures as a Peltier block heater increases the sample temperature

incrementally.

As the temperature increases and the population of protein in the sam-

ple begins to unfold, the fluorescent dye can interact with the newly exposed

hydrophobic parts of the protein. Normally, the fluorophore is quenched in the

presence of aqueous solvent but the binding to exposed hydrophobic patches

in the protein allows the fluorophore to emit light. The raw data, as shown

in Figure 7.6 are a sigmoidal curve which can be di↵erentiated in the signal

dimension to yield a curve with a single point maximum which corresponds

to the inflection point of the raw fluorescent data. This point is called the

midpoint melting temperature (Tm) of unfolding of the protein. If DSF is run

in the presence of a ligand that associates with the protein of interest, the Tm

is shifted to a higher value because of internal stabilization of the protein from

contacts from the protein to the ligand (Pantoliano et al, 2001; Niesen et al,

2007).

To assess whether the decrease in WNK1 activity could be associated

with a physical change in WNK1 kinase domain stability, an initial DSF ex-

periment was conducted on wild-type WNK1 194-483 under the same array

of concentrations of sodium chloride as tested in the activity screen. The
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experiment showed that the WNK1 kinase domain responded to rising salt

concentrations by an observed increase in thermal stability (i.e. resistance

to unfolding) as seen in Figure 7.7. When mutants of the WNK1 kinase do-

main S378A and S832A were run independently, the graphs display similar

curvature to that of the wild-type kinase domain; but, the S378A mutant was

generally destabilized and showed a downward shift in the Tm by 6�C.

To test whether this property of stabilization in the presence of in-

creasing salt was unique to the WNK1 kinase, control experiments utilizing

the MAP kinase cascade components of TAO2, MEK6, and p38↵ were run in

the presence of increasing sodium chloride concentration. As shown in Figure

7.8, the MAP kinase cascade components do not display a similar profile com-

pared to that of the WNK1 kinase. The MAP1K, MAP2K, and MAP3K ki-

nases, instead, follow a linear trajectory relative to increasing sodium chloride

concentration. Further, in research involving the phosphorylation of MEK6

by TAO2, John Humphreys, Ph.D. ran activity assays of TAO2 toward MEK6

substrate in increasing quantities of sodium chloride and saw no appreciable

change in kinase activity of TAO2 (data not shown).

As a final DSF assay, the wild-type WNK1 kinase domain (194-483)

was tested to determine if the kinase may be responding as an e↵ect of cations

or anions binding to the kinase domain. To run this experiment, a series of

cation-chloride salts (LiCl, NaCl and KCl) were assayed by increasing the con-

centration of the salts over the same range as tested in previous experiments.

A similar panel was conducted with sodium-anion salts (NaCl, NaBr, NaI).
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As seen in Figure 7.9a and 7.9b, the cation screen displayed similar curves to

that of sodium chloride; however, when the anion panel was run, there was no

appreciable change associated with bromide substitution but a marked change

in curvature when iodide was used (Figure 7.9c,7.9d).

7.3 Discussion

Activity assays of the WNK1 kinase domain paired with stability curves

assessed by DSF point toward a unique role for the WNK1 kinase in the sig-

naling cascade that is thought to regulate salt reuptake in the distal convo-

luted tubule of the kidney (Anselmo et al, 2006; Richardson and Alessi, 2008;

Zagorska et al, 2006). Currently, WNK1 is the principal kinase in the cascade,

and no direct activators of the WNK1 kinase have been discovered to date.

The activity of WNK1 is clearly influenced by the concentration of sodium

chloride present in the reaction bu↵er. Moreover, the calculated IC50 value of

130mM is thought to be within the physiological operating concentration of

chloride in kidney cells (30-230 mM) (Gedde et al, 1997; Stokes, 1989; Reilly

and Ellison, 2000; Macknight, 1985; Cook and Macknight, 1984).

The tracking of the midpoint melting temperatures associated with

each assayed sodium chloride concentration fits a one-site binding curve for

all activation loop mutants and wild-type WNK1 kinase domain. The single

site binding appears to be anion specific as assessed by the flattening of the

curve when the kinase domain was exposed to sodium iodide. As well, the

flattening of the curve in response to the presence of iodide suggests a discreet
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binding site that is not accessible due to steric interactions by the large ionic

radius of iodide. However, since bromide is able to bind, one can assume that

the binding site allows for an ionic radius of at least the size of a bromide

ion. Since the di↵erence in ionic radius between bromide and iodide is 0.3 Å,

compared to a 0.1 Å di↵erence between chloride and bromide, the tolerance

for the site seems to be quite low.

The in trans autoinhibition of the WNK1 kinase domain by the au-

toinhibitory domain could not be replicated using the refined autoinhibitory

domain construct used to calculate the solution structure. In a 10mM con-

centration of sodium chloride, there was no change in kinase activity spanning

from fractions of molar equivalences up to 100-fold molar excess of autoin-

hibitory domain. From the data collected, it is not clear why this is the case.

However, what we know from comparing the construct dimensions of the do-

main used in Xu et al (2002) to that used to solve the solution structure of

the autoinhibitory domain, there are significant structural features that were

omitted in the former construct. The construct expressed with residues 485-

555 lacks the first � strand and terminal ↵ helix that interact to form tertiary

structure features. It is unclear what structure the autoinhibitory domain

construct of 485-555 would take when expressed. However, from our initial

characterization of this autoinhibitory domain fragment, the 485-555 construct

was insoluble when cleaved from the GST tag (see Chapter 2). Furthermore,

in the assay conditions cited, GST-tagged autoinhibitory domain was mixed

with GST-tagged kinase domain. Therefore, the mixed heterodimerization of
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GST constructs may have influenced the local concentration of the autoin-

hibitory domain relative to the kinase domain and influenced the measured

IC50 reported by Xu et al (2002).

7.4 Experimental design and protocol

7.4.1 Mass spectrometry

To collect information on the phosphorylation state of wild-type and

mutant forms of the WNK1 kinase domain following expression and purifica-

tion from E. coli, 1000 pmol of WNK1 kinase was digested in a 25:1 molar

ratio with chymotrypsin in the presence of 100 mM Tris pH=8.0, 10 mM CaCl2

and 0.3 mM MgCl2 (100µL total reaction volume). The reaction was allowed

to proceed at 37�C overnight. Following digestion, 25µL of reaction mixture

was added to a vial suitable for injection onto an Agilent 1100 HPLC and

eluted o↵ of a C18 reverse-phase column using a gradient of acetonitrile from

4% to 30%. As the peptides are eluted from the column, they are injected

onto a LCQ Deca XP (Thermo) fitted with an orthogonal ESI source. For

tandem MS identification, Helium was used as a collision source to fragment

the peptides of interest. The data was analyzed by Xcalibur (Thermo) and

MASCOT (Matrix Science).

7.4.2 Activity assays

To repeat the experiments involving in trans inhibition of WNK1 by

its autoinhibitory domain as presented in Xu et al (2002), the new construct
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of the autoinhibitory domain (WNK1 480-572) was titrated in trans into a

kinase assay monitoring WNK1 32P incorporation into the generic kinase sub-

strate MBP. The titration utilized a total concentration of 2µMWNK1 194-483

S378*,S382* in a 1:10 molar ratio to MBP substrate. The experimental setup

is shown in detail as Table 7.1. To summarize, doubly distilled water, MgCl2

and HEPES (pH=8) were aliquotted into individual tubes. WNK1 194-483

and WNK1 480-572 were prethawed on ice from storage at -80�C and added

to the tubes following the precalculated volumes given the specified concentra-

tion protein in the tube. MBP substrate was added and the reaction mixture

was incubated on ice while the ATP mixture was made. In a fume hood fit-

ted for radioactivity assays, radiolabeled ��32P-ATP (25 mCi) and unlabeled

ATP were premixed in a 3.33 molar excess of hot ATP to cold. To begin each

reaction, 1.3µL of ATP mixture was combined with the premixed reaction to

make a combined 30µL. The reactions were incubated with ATP mixture in 1

minute intervals and placed sequentially into a 30�C water bath and allowed

to incubate for 1 hour.

Detection by phosphor screen

To terminate the reaction, 20µL of sample from each reaction was blot-

ted onto a 1cm x 1cm piece of cellulose paper and allowed to air dry for 10-15

seconds before being plunged into a 10% solution of trichloroacetic acid in wa-

ter. The spotted reactions were washed a minimum of 3 times to wash away

any residual radioactivity not covalently attached to the MBP absorbed onto
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the cellulose. To ensure that the residual radioactivity was removed, the nega-

tive control-which was run in the absence of WNK1 kinase domain-was tested

for radioactivity by detection with a Geiger counter. The cellulose squares

were dried using a vacuum gel drier and were then exposed to a phosphor

screen at room temperature for 2 hours. The total number of counts were

determined by reading the phosphor screen with a Storm Molecular Imager

(Molecular Dynamics).

Detection by scintillation counting

Following incubation at 30�C, 10µL of 4X SDS-Coomassie (Laemmli’s)

bu↵er was added to the reaction mixtures and boiled for 3 minutes. The sam-

ples were separated on a 12% SDS-PAGE gel (BioRad) and stained overnight

with Coomassie brilliant blue. The following morning, the gel was destained

twice (1 hour/destain cycle) and exposed to photosensitive film (KODAK

BioMax XAR) for 1 hour to detect radiolabeling of MBP. This was followed

by a two hour exposure on the phosphor plate with quantitative detection by

a Storm Molecular Imager. This was followed by band excision of phosphory-

lated MBP from the PAGE gel and incubating the excised fragments in 1mL of

scintillation fluid. The vials were then analysed by a scintillation counter. In

general, there was no statistical di↵erence between analysis by bulk counting

(cellulose-blotting) and scintillation counting of excised band fragments.

Measuring salt sensitivity

141



(a
)

(b
)

F
ig
u
re

7.
10
:
R
aw

sa
m
p
le

ac
ti
vi
ty

d
at
a
fo
r
W

N
K
1
19
4-
48
3

142



To assess the WNK1 kinase domain’s sensitivity to sodium chloride,

the molar equivalence of autoinhibitory domain added was replaced by a total

concentration of NaCl in the reaction vial. The specific reaction conditions can

be found in Table 7.1 but are essentially identical to that described for mea-

suring kinase domain activity in the presence of the autoinhibitory domain.

7.4.3 Di↵erential scanning fluorimetry

To run the di↵erential scanning fluorimetry experiments, a total of 75µL

of sample was prepared for each salt titration and divided into three separate

wells on the 96-well plate to test for pipetting error. Therefore, a total volume

of 25µL is used for each well volume on the 96-well plate. It is important to

set the instrument to a di↵erent well volume if a 50µL sample or if a di↵erent

type of 96-well plate is desired.

To prepare each sample, the protein sample to be tested is thawed on

ice for 30 minutes and centrifuged at 13,000 rpm for 5 minutes to remove any

precipitate and to degas the sample. In a 500µL snap cap tube on ice, the

protein sample, 10mM Tris pH=8.0 and NaCl are combined. When utilizing

the WNK1 protein kinase, a typical protein concentration for a 75µL sample is

5µM, or a total of 375pmol of protein. After combining the premixed kinase,

bu↵er and salt, 1µL is taken from the 5000X concentrated dye and diluted

1/1000 in water. This solution of 5X SYPRO orange is then added to the

mixture of protein, bu↵er and salt which dilutes the starting solution by a
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factor of two. This procedure makes a final SYPRO working concentration of

2.5X and dilutes the protein premix to the proper concentration for analysis.

The fractions, which were premixed, are then divided into 25µL sam-

ples and placed into the 96-well plate using a 1 well spacer between each

sample on the plate. The plate was then centrifuged at 3000 rpm at 4�C for

5 minutes to remove any bubbles created by pipetting. A CFX-96 (BioRad)

with real-time PCR capabilities was utilized for DSF analysis of the WNK1

kinase domain. The fluorescence intensity of SYPRO orange was probed by

using a broad-spectrum excitation followed by detection with a FAM-filtered

diode array detector. The temperature in each well was cycled from an initial

4�C to 80�C using 0.5�C increments. The detected signal was exported to

an EXCEL file spreadsheet (Microsoft) and analyzed by Prism (GraphPad)

to generate normalized fluorescence curves. These curves were di↵erentiated

along the temperature value to generate a single peak maximum which cor-

responds to the midpoint melting temperature (Tm) of the protein. For each

protein examined, the Tm value was plotted for each concentration of NaCl.

The experiments were repeated in triplicate and error bars plotted as the stan-

dard deviation.

7.4.4 Expression and purification of WNK1 constructs

The expression and purification of WNK1 194-483 S378*, S382* is es-

sentially the same as it was described for WNK1 209-483 S378*, S382* (Chap-

ter 5) and WNK1 480-572 (Chapter 2). Briefly, recombinant WNK1 194-483
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was expressed in Rosetta (Novagen) E. coli and grown in Luria broth supple-

mented with ampicillin and chloramphenicol to an optical density (595 nm) of

cells equal to 0.6 and induced by adding a final concentration of 1mM IPTG.

The cells were shaken at 220rpm for 18-20 hours at 20�C and harvested by

centrifugation at 4000rpm for 35 minutes. Cell pellets were resuspended in

5mL of Ni bu↵er A per liter of cells harvested, flash frozen in N2,l and stored

at -80�C, until the protein was purified.

To purify the protein, the pellets were thawed in hot water and in-

cubated with 1mL of protease inhibitor cocktail (Sigma) per liter of cells ex-

pressed. The cells were lysed by homogenization in an Emulsiflex C5 (Avestin)

using at least three passes through the machine. The homogenized lysate was

centrifuged at 40,000 rpm for 1 hour at 4�C and the supernatant was passed

through a 0.45µm filter to clarify. The clarified lysate was loaded onto a Ni-

sepharose column (GE) pre-equilibrated with Ni bu↵er A and eluted on a

linear gradient with a final imidazole concentration of 250mM.

The single peak from the elution was dialyzed overnight into Mono Q

bu↵er A containing 1 milligram of TEV protease. A key step in the purifi-

cation protocol of the WNK1 kinase domain is the first dialysis step in the

presence of TEV protease. During this step, there is significant precipitation

of E. coli proteins without loss of the WNK1 kinase domain. Following dial-

ysis, the sample is passed through a 0.45µm filter unit and a 3mL sample

of pre-rinsed Ni-agarose beads to remove any His6 tag cleavage products and

protein that was not cleaved and the TEV protease. The resulting sample was
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concentrated and loaded into a 10mL SuperLoop (GE).

The protein was then loaded onto a positively charged quaternary

amine Mono Q 5/5 column (GE) and eluted on a gradient with a final NaCl

concentration of 500mM. Without the His6 tag attached, the protein elutes

at approximately the midpoint of the elution profile for the anion-exchange

column. Following this step, the protein sample is dialyzed overnight into gel

filtration bu↵er and concentrated to below 2mL. The sample is loaded into

a 2mL superloop and eluted isocratically after loading onto a Superdex 75

(16/60) column (GE). This step is primarily to check for homogeneity of the

sample and consistent peak elution o↵ of the column, not as an essential step

in protein separation from contaminants.

The fractions containing protein were pooled and concentrated to 30µM,

aliquotted into 100µL fractions and flash frozen in liquid nitrogen before being

stored at -80�C.
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Chapter 8

Structure Determination and Analysis of the
placement of Chloride in the Inactive WNK1
Kinase Domain

8.1 Introduction

As observed in Chapter 7, the WNK1 kinase domain responds to the

presence of NaCl by decreasing its kinase activity toward MBP and increasing

its midpoint melting temperature as assessed by di↵erential scanning fluo-

rimetry. It was determined by varying the anion and cation composition of

di↵erent monovalent salts that chloride is the probable inactivating species

and, the curve derived from the DSF data fit a one-site binding isotherm.

To determine the binding site of the chloride ion, WNK1 194-483 S382A was

crystallized in the presence of sodium bromide and data were collected at the

bromine anomalous edge at the Advanced Photon Source at Argonne National

Laboratories. In this chapter, the structure of the inactive WNK1 kinase do-

main bound to a chloride ion in the active site is presented. The location of the

binding site along the amide backbone in the DFG motif suggests a mechanism

of stabilization of the 3.10 helix in the N-terminus of the activation loop. It is

postulated that stabilization of the helix acts to occlude glutamic acid 268 on

↵C from entering the active site to promote catalysis through stabilization of
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the catalytic lysine.

8.2 Cocrystallization of WNK1 194-483 S382A, in sodium
bromide

8.2.1 Expression

The construct used for determining the site of chloride binding in the

inactive kinase domain of WNK1 (194-483 S382A) was expressed and purified

as described by Min et al (2004). Briefly, Rosetta (Novagen) E. coli were trans-

formed with pHis-parallel plasmid containing WNK1 194-483 S382A. A single

colony was selected from an agar plate containing Luria broth, ampicillin, and

chloramphenicol, and bacteria were grown as discussed in Chapter 5. Bacterial

cultures were pelleted by centrifugation at 4000 rpm for 30 minutes at 4�C and

then resuspended in 5mL per liter of bacterial culture in 50mM Tris pH=8.0,

300mM NaCl and 20mM imidazole. Resuspended pellets were flash frozen in

N2(l), and stored at -80�C.

8.2.2 Purification of WNK1 194-483 S382A

Purification of the inactive kinase domain was accomplished by apply-

ing the soluble fraction of the homogenized bacterial lysate to a Ni-sepharose

IMAC column (GE) and eluted using a linear gradient (100%B=250 mM imi-

dazole). Fractions containing the protein were dialyzed overnight into 50 mM

Tris pH=8.0, 50 mM NaCl, 1 mM EDTA, and 1 mM DTT in the presence of
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a 1:20 mass ratio of TEV protease. The products of this reaction were passed

over a 2mL Ni-agarose column to remove the protease, the cleaved His-tag

product, and any uncleaved His-tagged protein. The collected fractions were

concentrated to less than 10 mL and loaded onto a MonoQ quaternary amine

column (GE). The protein was eluted using a gradient with a final concentra-

tion of 500 mM NaCl. Finally, the protein sample was dialyzed a second time

into 50 mM HEPES pH=8.0, 100 mM NaCl and 1mM DTT overnight at 4�C.

Following dialysis, the sample was applied to a Superdex 75 16/60 column

(GE) and isocratically eluted using the previously described bu↵er. The peak

containing the protein sample was concentrated to 8 mg/mL and aliquotted

into 100 µL and flash frozen in N2(l). Fractions were stored at -80�C until they

were used for crystallization trials.

8.2.3 Crystallization of WNK1 194-483 S382 in NaBr

Purified WNK1 194-483 S382A was thawed on ice and centrifuged at

13,000 rpm for 5 minutes to remove any precipitated protein, and to degas the

sample. Crystallization trays were set up using a variant of the condition used

by Min et al (2004). A mixture of 24% w/v PEG 2000 monomethyl ether, 100

mM HEPES pH=8.0, 300 mM NaBr was used to set up Nextal hanging drop

vapor di↵usion crystal trays (Qiagen). Sodium bromide was substituted for

sodium chloride so that the anion-binding site could be detected by measuring

anomalous scattering at the bromine X-ray absorption edge (0.92 Å). Crystal

trays were set up using a 1 to 1 (2 µL) ratio of protein to precipitant solution
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per droplet.

After 2 days, macroscopically twinned crystals were observed and grew

to 200 µm in size after one week of incubation. A Seed Bead (Hampton) was

used to homogenize crystals for micro-seeding experiments using dilutions of

1:10 to 1:10,000 in order-of-magnitude increments. Micro-seeding resulted in

continued growth of macroscopically twinned crystals that were not amenable

to data collection. To generate single crystals, streak-seeding was used in com-

bination with very long incubation times. Large crystals were chosen and were

perturbed with a crystal probe (Hampton) on the face of the crystal that did

not contain multiple lattices. The probe was used to streak 3 separate droplets

per perturbation of the crystal. Following streak-seeding the trays incubated

at 16�C. Although crystals did not appear in the first few weeks of incuba-

tion, crystals were discovered in the plates one year later. Five crystals from

these plates were cryoprotected using the method described in Chapter 5 in

20% glycerol, 24% PEG 2000 MME, 100 mM HEPES pH=8.0, 300 mM NaBr.

Following cryoprotection, samples mounted on robotic pins were plunged into

800mL of N2(l) and capped.

8.3 Data Collection

Crystals of WNK1 194-483 S382A were shipped to the Advanced Pho-

ton Source at Argonne National Laboratory in Argonne, IL and data were

collected at the 19-ID hutch using remote data collection with use of an AC-

TOR robotic arm to manipulate crystal mounting and dismounting from the
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goniometer. A total of five crystals were shipped to be tested, and two of

the crystals yielded di↵raction of 2.8 Å, where the signal to noise (I/�I) was

greater than 2 in the final resolution bin. For the crystal that was used to

determine the placement of bromide/chloride in the structure of the inacti-

vated WNK1 kinase domain, 350� of data were collected with an oscillation

range of 0.5� using a wavelength of 0.9202 Å. Three seconds of di↵raction data

were collected per image with an attenuation of 9.11 and the image detector

set at a distance of 351.66 mm (equivalent to di↵raction at the corner of the

detector corresponding to 2.2 Å Figure 6.1) . The data were integrated and

scaled in the P 1 21 1 space group using Denzo and Scalepack integrated in the

HKL2000 software package (Otwinowski and Minor, 1997). The space group

of P 1 21 1 was chosen due to the observation of systematic absences along

0k0 in the reciprocal lattice.

8.3.1 Map Calculation and Refinement

The structure of Br-soaked inactive WNK1 kinase (194-483 S382A) was

solved by molecular replacement utilizing the A subunit from the inactive ki-

nase domain (Min et al, 2004) (PDB: 3FPQ) by implementing molrep in the

CCP4 program suite (Collaborative Computational Project, 1994). A single

round of refinement using Refmac5 was used prior to exporting to PHENIX

for further refinement. During the subsequent rounds of refinement, a combi-

nation of TLS and restrained refinement against the previously solved inactive

structure was utilized. The anomalous di↵erence fourier map was used to
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(a) (b)

Figure 8.1: a) Di↵raction Pattern for WNK1 194-483 S382A b) Crystals of
WNK1 194-483 S382A grown in the presence of 300mM NaBr

confirm identify the positions of any bound bromide ions. The anomalous dif-

ference fourier map was created using the CAD program in CCP4 to merge

the mtz file generated following scaling and the mtz file following a round

of refinement (All columns on the former file were merged with FC, PHIC

and FOM columns from the post-refinement mtz ). Since the anomalous peak

for bromide was present at only 5.2�, suggesting low occupancy, chloride was

used in subsequent refinement steps. The final refinement occupancy for the

chloride ion is 86%. Following refinement, the statistics for the model of the

activated WNK1 kinase are presented in 8.1.
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Table 8.1: Data collection and Refinement Statistics for WNK1 (194-
483 S382A)

Space Group P 1 21 1
Unit Cell a=38.01 Å, b=58.30 Å, c=65.04 Å

↵=90�, �=91.35�, �=90�

Resolution (Å) 43.41-2.82 (2.85-2.82)
Observed Reflections 47,703
Unique Reflections 6,887
Completeness 98.8 (96.1)
I/�I 44.3 (4.3)
Redundancy 6.9 (6.6)
Rwork(%)‡ 22.5
Rfree(%) 30.6
Number of groups
Protein Atoms 1950
Water 16
RMSD
Bond Length, Å 0.009
Bond Angle, � 1.23
Average B factor, Å2 108.6

Ramachandran Map (%)
Favorable 95.7
Allowed 3.9
Disallowed 0.4

†
Values in Parentheses indicate the highest resolution shell

‡
R

work

=

P
||F

obs

� |F
calc

||/
P

|F
obs

|, where F

obs

and F

calc

are the observed and calculated structure

factors, respectively.
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8.4 Structure of the mutant, inactive WNK1 kinase do-
main bound to Bromide

The structure of the mutant inactive kinase domain cocrystallized in

the presence of sodium bromide is similar to that of the structure determined

by Min et al, but contains many regions of disorder in the N-terminus and

in the activation loop. Although the space group is P 1 21 1, as evinced by

systematic absences along (0 k 0 ), there is are interactions between the acti-

vation loop and the N-terminal � strands in the adjacent assymetric unit, as

observed in a similar manner reported by Min et al for the structure solved

in the P 1 space group. As discussed in Chapter 1, the structure reported by

Min, et al contains two distinct subunits with markedly di↵erent N-terminal

regions and activation loop structures (Figure 1.4a).

The structure that is reported here contains 7 disordered regions in the

N-terminus as well as in the activation loop after S378. Specifically, residues

230-233, 242, 252-258, 293-294, 297, 379-380, and 384-387 lack su�cient den-

sity to be modeled. Although there is a considerable amount of disorder in

the N-terminus, the 2.8 Å structure of the kinase domain cocrystallized with

sodium bromide has a low RMSD of C↵ positions (all atom 0.31 Å) relative

to subunit A in the inactive WNK1 structure described by Min et al (2004).

Of interest is the presence in the WNK1 structure of a 3.10 helix,

which is initiated at the glycine of the DFG motif in the N-terminus of the

activation loop. When the anomalous di↵erence fourier map for peaks corre-

sponding to the presence of bromine is calculated, there is a 5.2 � peak that
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(a)

(b) (c)

Figure 8.2: a) Crystal structure of WNK1 194-483 S382A cocrystallized in 300 mM NaBr. b,c) View of
the anomalous di↵erence fourier map (chartreuse) contoured at 3.5 � showing its position with respect to
the DLG motif and the 3.10 helix present in the activation loop
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lies directly adjacent to the backbone at the DGF glycine (Gly 370) as seen in

Figure 8.2. This signal is the most intense peak in the anomalous map, with

the next largest peak being found at a 3.5 � contour. The relatively weak

signal found in the anomalous data is a concern, but may be explained as part

of a byproduct of the purification methods.

When the kinsae domain was purified by size-exclusion chromatogra-

phy, a bu↵er of 50 mM HEPES pH=8.0 and 100 mM NaCl was used for

isocratic elution. When the concentrated protein was mixed with an equal

volume of precipitant solution containing 300 mM NaBr, it would be expected

that nearly half of the population of protein in solution was bound to a chlo-

ride ion (IC50=130mM). This suggests incomplete incorporation of bromide

ion into the binding site due to competition from smaller chloride ions already

present in solution prior to crystallography.

As shown in Figure 8.2, an ion at the center of the observed anoma-

lous di↵erence fourier peak may interact with the peptide backbone between

residues Gly 370 and Leu 371. The hydrogen bonding distances between the

ion and the amide backbone are 3.1 and 3.5 Å for residue 370 and 371 respec-

tively. To corroborate this evidence of anomalous X-ray scattering, an atom

labeled as water is observed making similar contacts to the amide backbone

corresponding to residues Gly 370 and Leu 371 in the structure of subunit A de-

termined by Min et al (2004). When the 2mFo�DFc map is calculated for this

area, the ”water” molecule interacting with the backbone has a 5.5 � peak in-

tensity. To put this into perspective, the only atoms that retain density at that
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(a)

(b)

Figure 8.3: Comparison of the binding sites of the a) bromide-cocrystallized WNK1 kinase
domain (purple) and b) the chloride-cocrystallized WNK1 kinase domain (green) originally
reported by Min et al (2004) 159



(a)

(b)

Figure 8.4: a) An all-atom alignment (residues 309-483) of the bromide (purple) and chloride-
cocrystallized (green) WNK1 kinase domains. b) The backbone of the 3.10 helix formed by halide binding is
shifted by 1.5 Å from the chloride to the bromide-cocrystallized structures and is reflected in the respective
placement of the halide in each structure.

160



level are sulfur from cysteine, the selenium from selenomethionine, and select

backbone carbonyls. Notably, all of these species are electron rich. Because of

this fact, the observed anomalous density observed for the 2.8 Å structure we

have reassigned this as a chloride ion. The structure originally solved by Min

et al (2004) was refined in PHENIX using chloride as a replacement for the

electron-dense water observed near the N-terminus of the 3.10 helix. Prior to

refinement, the water was identified as a B-factor outlier with a temperature

factor of 14.4 Å2 (average B for the structure is 25.2 Å2). When chloride was

refined (occupancy, real-space, xyz, and individual B-factors), the temperature

factor for that atom increased to 28 Å2 (Average B for structure 26.2 Å2), and

the peak for the chloride ion in the 2mFo �DFc map increased to 5.7 � with

a final occupancy refinement of 100 %. The final Rwork and Rfree for the re-

fined structure were, essentially unchanged with values of 18.9 % and 22.4 %,

respectively.

The interaction of this chloride with the backbone consists of simi-

lar contact distances as can be seen in Figure 8.3. When the two structures

are aligned, a 1.5 Å perturbation is observed between the backbone of the

bromide-containing structure and the native structure solved by Min et al.

Associated with this shift in the protein backbone is a concomitant shift in

the location of the Br�/Cl� site of equal magnitude (Figure 8.4).
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8.5 Discussion

The structure of the bromide-bound inactive WNK1 kinase domain was

determined at 2.8 Å resolution and displays an anomalous di↵erence fourier

peak corresponding to the location of a bromide ion located at the N-terminus

of a 3.10 helix present in the activation loop. The ion makes two contacts to

the backbone amides of Gly 370 and Leu 371. A similar phenomenon is ob-

served in subunit A of the inactive kinase domain reported by Min et al (2004).

Present in the native structure is a 5.7 � peak from the 2mFo�DFc map that

mimics the placement of bromide found in the newly reported structure. The

3.10 helix of the native structure also appears to be maintained by contacts

made from Gly 370 and Leu 371 to what appears to be a chloride ion.

In contrast, when the structure of the B subunit from Min, et al is

examined, although there is a half-turn 3.10 helix present near the N-terminus

of the activation loop, Gly 370 and Leu 371 are not interacting with a chloride

ion or any solvent. Further, the two residues that appear to be necessary in

promoting formation of the 3.10 helix by interaction with chloride or bromide

ions are not involved in forming the helix. Unlike in subunit A from the Min,

et al structure, the ↵C helix and its interaction with T373 appear to be driven

by crystal contacts between subunit B and its adjacent unit cell. This interac-

tion may promote the half-turn 3.10 helix in the activation loop even though

it does not appear to be bound to a chloride ion (Figure C.1).

In general, the 2.8 Å structure of the bromide-soaked inactive WNK1

kinase domain paired with the discovery of an identical chloride binding site
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present in subunit A of the structure solved by Min et al (2004) suggests a

mechanism of WNK1 autoinhibition in response to increasing sodium chloride

concentration. To fully develop an understanding of how the WNK1 kinase

domain is autoinhibited in the presence of sodium chloride, the structures of

the chloride and bromide-bound kinase domain can be compared to the struc-

ture of the activated WNK1 kinase domain and active, ATP-bound PKA.

When the structure of the A subunit of the inactive WNK1 kinase

domain is compared to the activated structure of the WNK1 kinase domain,

one observes that the DFG motif lacks secondary structure and the 3.10 helix

has been lost. This corresponds to a 2.5 Å shift in Ala 372 away from the

catalytic loop as seen in Figure 8.5. It is presumed from the change observed

between the structures that, in the absence of chloride ions, the 3.10 helix is

lost and the activation loop adopts a conformation more similar to that of an

active kinase - such as PKA. In Figure 8.6, the DLG region for the inactive,

chloride bound kinase domain and the activated kinase domain are compared

to active PKA. It is observed that when the chloride ion is bound to the N-

terminus of the 3.10 helix, it promotes hydrogen bonding interactions between

Thr 373, R384 and E268 in the WNK1 kinase domain. The latter two residues

are necessary for forming a catalytically competent kinase. The glutamate, as

discussed previously in Chapter 6, is involved in stabilizing the catalytic lysine

(K233). The activated WNK1 kinase domain contains similar elements that

are indicative of an active kinase when assessed by comparison with protein

kinase A. Although Glu 268 remains outside of the active site, Arg 398 adopts
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(a)

(b) (c)

Figure 8.5: a) An all-atom alignment (residues 309-483) of the inactive, chloride bound
(green) and the activated (red) WNK1 kinase domain. b,c) A comparison of the DLG
chloride binding cleft. The activated, chloride-free structure displays a loop-like structure
compared to the 3.10 helix formed by the interaction of amides from G370 and L371 with
chloride. The placement of A372 C� in the activated structure is displaced by 2.5 Å.
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(a) (b)

(c)

Figure 8.6: a) Comparison of active PKA (magenta, PDB ID: 1PKA) with the chloride-
bound, inactive WNK1 kinase domain (green) showing the interaction of R348 through
hydrogen bonding with T373 and E268. In PKA, the equivalent arginine (R165) is involved
in interactions with a phosphothreonine b) The activated WNK1 kinase (red) adopts a
conformation of R348 that is similar to active PKA (magenta). c) A comparison of R348
placement in the chloride-bound (green) and activated (red) WNK1 kinase domain struc-
tures showing a 3 Å shift in the placement of the N✏ of R348.
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a more active conformation by moving away from its association with Glu 268

observed in the inactive WNK1 kinase structure. Instead it adopts a confor-

mation similar to that observed from Arg 165 in PKA.

The location of the chloride binding site using anomalous X-ray scat-

tering and corroboration of the location of an identical chloride site in the

native inactive WNK1 kinase domain structure solved by Min et al has been

found. From this data and comparison to subunit B from the Min et al struc-

ture and the previously presented activated WNK1 kinase domain, we have

developed an idea of the structural mechanism involving chloride inactivation

of the kinase domain. In addition, by pairing this structural information with

our biochemical and biophysical findings regarding the salt sensitivity of the

kinase, a general framework can be constructed for how cellular systems sense

and respond to intracellular levels of salt. The ideas will be presented and

discussed further in Chapter 9.
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Chapter 9

Discussion

9.1 A mechanism of salt sensing by the WNK1 kinase
domain

In the preceding two chapters, the salt sensitivity of the WNK1 kinase

domain was analyzed by biochemical and biophysical methods. From the

structural analysis of the WNK1 kinase domain in high (>300 mM) and low

(10-20 mM) salt environments, and their subsequent comparison to the active

form of protein kinase A, we were able to infer the mechanism involved in the

activation/inactivation of the WNK1 kinase.

When WNK1 is present in an environment of high concentration of

chloride ions, chloride becomes bound to the N-terminus of the activation loop.

This binding event promotes the formation of a 3.10 helix through hydrogen

bonding interactions of the chloride ion with the backbone amides for Gly 370

and Leu 371. The formation of this helix acts as not only a barrier to the

entry of Glu 268 into the active site, but promotes the formation of hydrogen

bonding between Thr 373 and Arg 348. By stabilizing this interaction, the 3.10

helix aids in the sequestration of the residues that are necessary for catalytic

activity of the kinase - Glu 268 which is involved in stabilizing the catalytic

lysine during the phosphotransfer reaction, and Arg 348, which interacts with
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a phosphorylated residue in the activation loop.

When chloride concentrations drop and there is a release of chloride

from the 3.10 helix the helix undergoes a loss of secondary structure; which, in

turn, destabilizes the interaction between Thr 373, Glu 268 and Arg 348. This

allows the arginine to adopt a conformation indicative of an active kinase.

However, we observe that the placement of Glu 268 remains outside of the

active site in the activated WNK1 structure. We hypothesize that during the

ATP and Mg2+ binding event, Glu 268 responds by entering the active site

and associating with the catalytic lysine by an ”induced fit” mechanism. This

hypothesis will need to be confirmed by crystallization of WNK1 in low salt

in the presence of AMP-PNP or ATP and Mg2+ in addition to ATP a�nity

being assessed in the presence of increasing concentration of sodium chloride.

9.2 The chloride ion sensor WNK1 acts as a negative
feedback loop regulator in cells

To corroborate the our findings that WNK1 is inactived by chloride

ions and suggest that the WNK kinase domain may act as the cellular salt

sensor for eukaryotes, three central papers regarding the activity of WNK1 in

relation to cystic fibrosis transmembrane conductance regulator (CFTR) and

sodium, potassium, 2 chloride cotransporters (NKCCs) will be considered. In

report presented by Yang et al (2007), WNK1 inactivated CFTR conductance

over time and in a kinase-dependent fashion. CFTR is an ABC transmembrane

transporter that relies on cAMP and ATP to catalyse the conductance of chlo-
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ride ions across the plasma membrane from the cytoplasm to the extracellular

space (Guggino and Stanton, 2006). Misfolding or inhibition of this protein in

humans causes cystic fibrosis, which is characterized by the buildup of thick

mucous in polarized epithelia. Inhibition of this protein by phosphorylation

may occur, and WNK1 appears to modulate its activity through this mecha-

nism (Yang et al, 2007). The authors report that when CFTR is activated by

isoproterenol and 3-isobutyl-1-methylxanthine, conductance of chloride levels

across the membrane in Xenopus oocytes is unabated. However, when WNK1

is coexpressed in the oocyctes, CFTR conductance is repressed after the initial

jump in chloride conductance. This is consistent with our biophysical findings

and suggests that WNK1 responds to the decrease in chloride ion concentra-

tion by inhibiting CFTR function through phosphorylation.

In a report by Moriguchi et al (2005), the in vitro and in vivo activity

of WNK1 on SPAK or NCC substrates was monitored using either isotonic

(135 mM NaCl) or hypotonic (65 mM Na-gluconate) bu↵ers. For the in vitro

experiments, WNK1 was immunoprecipitated from endogenous HEK 293 cells

and incubated with a fragment of the WNK1 substrate, SPAK (348-553) in ei-

ther isotonic or hypotonic chloride bu↵er. A time-course assay measuring 32P-

incorporation into the substrate was monitored over 60 minutes. The authors

observed a lack of incorporation of radio-labeled phosphate into SPAK when

incubated in the isotonic media. However, when incubated in low-Cl� bu↵er,

the incorporation of radio-labeled phosphate was dramatically increased.

A similar experiment examining in vivo radio-labeling of NCC was con-
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ducted with similar e↵ects. HEK 293 cells were transfected with NCC contain-

ing a T7 epitope tag. Following transfection, cells were metabolically labeled

with 32P and allowed to incubate for 6 hours before being exposed to isotonic

or hypotonic chloride bu↵ers. When the NCC protein was immunoprecipitated

using an antibody specific to the T7 epitope, the authors observed a dramatic

increase in the amount of radio-labeled phosphate incorporated into the NCC

in hypotonic media compared to that of the isotonic (135 mM NaCl) bu↵er

Moriguchi et al (2005).

Finally, a more recent report by Ponce-Coria et al (2008) suggests that

WNK3 may be involved in regulation of NKCC2 via a chloride-sensing mech-

anism. The authors report that, under hypotonic conditions, WNK3 increases

the activity of NKCC2, allowing for an increase in 22Na uptake as well as

phosphorylation of NKCC2. The authors show a reduced sensitivity of WNK3

activation of NKCC2 under isotonic (92 mM NaCl) conditions. Although the

authors show that inhibition of kinase activity in WNK3 D294A and muta-

tion of the C-terminal RFXV motif decreases the uptake of 22Na by NKCC2,

a mechanism for how chloride may be sensed by the WNK3 kinase is not

proposed.

9.2.1 How WNK1 may act to control chloride levels in cellular
environments

In the human kidney, salt reabsoprtion is controlled through cells present

in the distal convoluted tubule. This process is mediated by the import of

sodium, potassium, and chloride ions (via an electroneutral mechanism) into
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DCT cells under control by the cascade comprising the WNK1 kinase and its

activation of the Sterile-20 kinases OSR and SPAK (Moriguchi et al, 2005).

The export of chloride and sodium into the blood is controlled by a voltage-

gated mechanism where a potential di↵erence across the membrane is main-

tained by the Na+/K+-ATPase and is utilized by the ClC-KB voltage-gated

chloride transporter to ferry chloride anions out of the cell (Kramer et al,

2008). In kidney and many other cell types, isotonic chloride levels are main-

tained near a range of 90-150 mM (Cook and Macknight, 1984; Macknight,

1985; Gedde et al, 1997). This average value lies near the IC50 measured for

the inhibition of WNK1 by chloride ions (130 mM) and succinctly explains the

maintenance of cellular levels of chloride in this range.

There are two commonly reported values for the concentration of intra-

cellular chloride. First, the concentration of intracellular chloride have recently

been measured using fluorescence-based assays. These reports have described

levels of chloride in the range of 5-50 mM for varying cell types (Achilles et al,

2007; Wöll et al, 1996). However, a report describing the in vitro addition

of chloride to these methoxylquinolyl-based fluorophores described a Kd of 13

mM (Marandi et al, 2002). This would make the e↵ective chloride measure-

ment range for the fluorophore between 0 and 50 mM. Moreover, the authors

note that when the fluorophore is transfected into cells, the apparent Kd for

chloride binding is shifted to 40 mM. Notably, the initial description of these

fluorescence-based indicators describe the inherent inconsistency between cell

preparations and suggest that standard curves (utilizing ionophores to intro-
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Figure 9.1: Proposed mechanism of cell volume regulation by the putative
chloride sensor, WNK1. Cells in the distal convoluted tubule act to reabsorb
salt from the urinary lumen (yellow) into the blood (red) to help maintain
ion homeostasis (Richardson and Alessi, 2008). Based upon data outlined in
Chapters 7 and 8, we propose a mechanism by which WNK1 activity modulates
ion reabsorption. WNK1 kinase activity is a↵ected by the concentration of
chloride ions and undergoes a structural change upon chloride binding which
renders the kinase inactive. In a simplified mechanism, the presence of a low
chloride environment would serve to activate WNK1. This, in turn, activates
the CCCs via OSR/SPAK, allowing for the import of sodium, potassium and
chloride from the urinary lumen. As chloride levels rise, WNK1 activity is
inhibited and the input signal is attenuated. Chloride export from the cell is
driven via a voltage-gated mechanism linked to the Na/K-ATPase.
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duce free chloride) for independent cell preparations be made.

Conversely, methods utilizing the incubation of cells with 36Cl or mea-

surement of chloride levels by argentometry (titration into a solution of sil-

ver nitrate) have reported concentration of chloride distributed near 100 mM

(Cook and Macknight, 1984; Gedde et al, 1997). The use of these analytical

methods are much less prone to interference by interactions with cellular con-

stituents that may quench fluorescent dyes that associate with chloride ions

such as gluconate, thiocyanate, and other halides (Inglefield and Schwartz-

Bloom, 1999). Moreover, the results from radiometric or titrimetric mea-

surements are more consistent and do not require repeated calibration from

individual experiments.

The resulting mechanism for chloride ion sensing in kidney cells based

upon the data presented in this thesis and the data gathered from the litera-

ture surrounding WNK1 is presented graphically in Figure 9.1. In the presence

of low intracellular chloride content, WNK1 autophosphorylates and activates

the NKCCs via the OSR/SPAK kinases. The NKCCs then pump Na+, K+

and 2Cl� across the membrane until an isotonic chloride concentration is met.

WNK1 activity is then mitigated by the binding of chloride to the active site

of WNK1, thus promoting the isolation of the key catalytic residues necessary

for forming a catalytically competent kinase. We speculate that phosphatases

would intervene to dephosphorylate OSR/SPAK and the NKCCs at some point

to terminate the input signal. Chloride would then be pumped out by the ClC-

Kb channel mediated by a voltage-gated mechanism linked to activity of the
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Na+/K+-ATPase. This cellular mechanism for WNK1 activity mediated by

chloride ion sensing allows for the cell to operate in hypotonic or hypertonic

chloride environments. If the cell takes in too much chloride or is located in

an environment of abundant chloride ions, WNK1 activity would remain low;

whereas, if extracellular chloride is low, the WNK1 activity would remain high

in order to import any available salt into the cell and maintain isotonic con-

ditions.

The presence of multiple phosphorylation sites, poly-proline and RFXV

motifs, as well as large regions of predicted disorder in the WNK1 protein ki-

nase indicate that the activation of the WNK1 kinase is complex (Richardson

and Alessi, 2008). This is reflected by initial investigations of the kinase where

it appears to be activated in both hypertonic and hypotonic salt conditions

(Lenertz et al, 2005), and is corroborated by studies of the NKCCs which

demonstrated activation in an environment of high osmotic stress (Anselmo

et al, 2006). Due to these observations of apparent WNK1 activation under

hypertonic conditions, more investigation as to the mechanism of WNK1 ac-

tivity in these conditions is merited in extended constructs not limited to the

kinase domain.

9.3 Inhibition by the WNK1 autoinhibitory domain may
be linked to the salt sensitivity of the kinase domain

Xu et al (2002) reported the inhibition of the WNK1 kinase domain by

its autoinhibitory domain bot in cis and in trans. However, as it was reported
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in Chapter 2 and 4, the construct used by Xu et al (485-555) excluded the

first � strand and the terminal ↵ helix. These two elements were explicitly

discussed and are are critical in forming a folded and stable domain. It is un-

known if the 485-555 construct used by Xu et al was a↵ected by the exclusion

of these elements.

When the construct was extended to include residues 480-572, an in

cis titration of the autoinhibitory domain into the kinase domain in a low-salt

bu↵er showed no appreciable inhibition of kinase activity. When the titra-

tion curves of di↵erent peptides into the autoinhibitory domain using di↵erent

lengths of RFXV motifs derived from two di↵ernt areas of the kinase were

examined, we found that a dodecameric peptide derived from ↵D and ↵E in

the kinase domain bound four times more tightly than a peptide derived from

a region in the C-terminus with unknown composition of secondary structure

elements. The dodecameric peptide was also found to bind tighter than the

pentameric peptide by an order of magnitude. From this, it was inferred that,

although we do not see an in trans inhibitory e↵ect on kinase activity, it may

be possible for the autoinhibitory domain to associate with the kinase domain

via an in cis mechanism.

To test this, a construct consisting of residues 194-573 was expressed

and purified in a fashion similar to what was described in Chapters 2 and

5. The following separation by MonoQ, the protein was concentrated in the

presence of 10mM HEPES pH=8.0 and 10mM NaCl as a bu↵er to 5 mg/mL.

At this point, it was observed that a white precipitate had formed in the cen-
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trifuge vial (10,000 MWCO) used to concentrate the protein. The solution was

centrifuged for 5 min at 13,000 rpm to pellet the insoluble fraction and the

remaining soluble protein was run isocratically on a Superdex 75 16/60 size

exclusion column (GE). There were two peaks observed in the chromatogram

with elution volumes of 45.8 mL (void) and 50.33 mL. The latter elution vol-

ume corresponds to a species which matches the expected molecular weight of

the tethered kinase and autoinhibitory domains (⇠45 kDa). The protein was

collected following SDS-PAGE analysis.

An attempt to further concentrate the protein solution for crystallog-

raphy was made. Upon concentrating the protein to higher than 5 mg/mL,

precipitation was again observed. The protein with precipitate was resus-

pended and transferred to a 15 mL Falcon tube (BD) where a solution of 5

M NaCl was used to bring the NaCl concentration to 100 mM. The solution

was vortexed briefly to mix the solution. During the vortexing, the precipitate

returned to a colorless solution. The size-exclusion column was equilibrated

with 10mM HEPES pH=8.0 and 100mM NaCl and the protein was isocrat-

ically eluted. The observed elution volume was recorded at 56.6 mL, which

is similar to what is observed for the independently expressed kinase domain

(Figure D.1a). The protein was subjected to proteolysis by trypsin and ana-

lyzed for phosphorylation state. The phosphorylation of Ser 382 was detected,

but not Ser 378.

In an attempt to make a more homogeneous protein, Ser 378 was mu-

tated to alanine and expressed in the same length of construct. The protein
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was treated similarly as above; however, the protein was not concentrated to

induce precipitation, but to 3 mg/mL for the 10mMNaCl sample and 5 mg/mL

for the 100 mM NaCl sample (each sample contained 10 mM HEPES pH=8.0).

An analytical size-exclusion column was used (Superdex 75 10/100 (GE)) to

test each following dialysis into the respective bu↵er. As seen in Figure D.1b,

the intermediate phosphorylation mutant displays a similar shift in elution vol-

ume. Although this phenomenon needs to be more thoroughly investigated, a

working hypothesis for WNK1 autoinhibition by its autoinhibitory domain is

presented in Figure 9.2. In this model, the autoinhibitory domain associates

with the monophosphorylated WNK1 intermediate under high salt conditions.

These are operating under similar conditions to the chloride ion promotion of

3.10 helix formation in the N-terminus of the activation loop. When the salt

concentration lowers to approximately 10 mM, the WNK1 autoinhibitory do-

main dissociates from the kinase domain and allows for full WNK1 activation

through autophosphorylation of Ser 378. I hypothesize that there may be an

allosteric link between chloride binding and WNK1 autoinhibitory domain as-

sociation with the kinase domain. The investigation to whether or not the

autoinhibitory domain is binding to the RFXV motif location between ↵ he-

lices D and E should be investigated more thoroughly; but, the inhibition of

the kinase domain by chloride ion does not fully depend on autoinhibitory

domain binding. Further, when chloride inhibits the WNK1 kinase domain,

there is some activity (⇠20-30%) toward MBP. I think that the function of

the autoinhibitory domain is to fully block the entry of ATP into the binding
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site and fully suppress activity of the kinase.

The kinase activity of WNK1 appears to be regulated by three pro-

cesses: autophosphorylation, chloride binding and autoinhibition. Based upon

the findings presented, these three mechanisms appear to operate on a syner-

gistic level to attenuate kinase activity. Although autophosphorylation of the

kinase can occur, chloride binding to the DLG motif in the activation loop

appears to act a as a rheostat and appears to operate independent of kinase

autophosphorylation. It remains to be seen whether the presence of increasing

chloride concentrations can attenuate autophosphorylation. Further, initial

investigations of the in cis construct of the WNK1 kinase and autoinhibitory

domains (194-573) appear to demonstrate an allosteric linkage between salt

increasing salt concentrations and autoinhibitory domain binding. By investi-

gating the phosphorylation state of the kinase when these transitions between

bound and unbound states are observed, we find that an intermediate phospho-

rylation state (S382*) may be a necessity for autoinhibitory domain binding

to the kinase domain. Although these processes and their interplay need to

be investigated further, it is clear that the three regulatory mechanisms are

acting in concert to manage WNK1 activity.

9.4 Future directions for investigation of the WNK fam-
ily of protein kinases

To further investigate the chloride sensitivity of WNK1 and the in vitro

and in vivo e↵ects that the kinase may have on substrates and autophospho-
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rylation, a number of experiments and long-term goals need to be addressed.

9.4.1 Short-term goals addressing the chloride-sensitivity of the
WNK1 kinase domain

Four experiments are needed to address the chloride sensitivity of the

kinase domain. The WNK1 protein kinase shares over 95% homology to the

other three homologues of WNK in the kinase domain (Min, 2004). These

protein kinases share a conserved DLG motif in the N-terminus of their ac-

tivation loops. From the analysis of the chloride-binding site in the WNK1

kinase, I expect for the other WNK kinase domains to behave similarly to that

of that of WNK1. In addition, mutation of either Leu 369 and/or Leu 371 to

phenylalanine may abolish the chloride-sensitivity of the domain 1.

The chloride-sensitivity of WNK1 kinase domain autophosphorylation

will also need to be assayed. Briefly, WNK1 (194-483) will be expressed in

E. coli and then dephosphorylated using the shrimp alkaline (serine) phos-

phatase. Dephosphorylation of the kinase domain at S382 and S378 will be

monitored by mass spectrometry. WNK1 autophosphorylation will be tracked

by radiometric labeling of ATP in the presence of increasing chloride concen-

tration.

Finally, crystallization of the WNK1 protein kinase in the presence of

ATP (or ATP analogs) and magnesium should be examined. Crystals of phos-

phorylated WNK1 (209-483) in a low salt environment (25 mM) in the presence

1Upon publication of this thesis, di↵erential scanning fluorimetry of WNK1 194-483
L369F will have been conducted
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of 10 mol. equivalences of AMP-PNP and magnesium sulfate have been grown

in 19 % PEG 3350 and 0.3 M KH2PO4. These crystals exhibit macroscopic

twinning and need to be further optimized to generate single crystals amenable

for data collection.

9.4.2 Long-term goals

Thus far, the investigation of the in cis mechanism of autoinhibition of

the WNK1 kinase domain with its autoinhibitory domain has been limited to

an observation of changes in elution volume from a gel-filtration assay under

varying salt conditions. To confirm these observations, I think that analy-

sis by both NMR and analytical ultracentrifugation (sedimentation velocity)

would provide a consistent link to the assignments already provided by NMR

analysis of the autoinhibitory domain and the observations by gel filtration.

Crystallography of the high salt (bound) confirmation would be desirable in

order to confirm the binding of the autoinhibitory domain to the RFXV motif

in the kinase domain and assess whether the autoinhibitory domain may oc-

clude nucleotide binding.

The presence of a separate WNK-specific PF2 domain (WSP) in the

C-terminus of the WNK1 kinase is of interest. As mentioned in Chapter 4,

this domain was located when a NCBI-BLAST search of the autoinhibitory

domain of WNK1 showed homology to that of the OSR-PF2 domain. NMR or

crystallography could be used to examine the domain and determine domain

boundaries. It will be of interest whether this domain may bind unstructured
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RFXV motifs in the C-terminus of WNK1 and regulate substrate binding or

whether it may act as a localization factor to other proteins that contain RFXV

motifs.

Finally, a long-term investigation of what proteins WNK1 is interact-

ing with in the punctate patterns formed in the cell should be examined. In

discussions with the Cobb lab, mere purification of these puncta is not feasi-

ble. I think that fluorescent immunostaining of several known large complexes

of proteins (such as the WASP/WAVE architecture) would provide an initial

direction on further bioinformatic and biochemical analysis of the interaction

of WNK1 with other proteins to form these structures. WNK1 is known to

have two separate poly-proline motifs which would interact with SH3 domains

but it is unknown what the large unstructured region in the C-terminus may

interact with. I think that discovering the composition of the puncta will ul-

timately point toward how the C-terminus plays a role in WNK activity.

This dissertation was typeset with LATEX
† by the author.

†LATEX is a document preparation system developed by Leslie Lamport as a special
version of Donald Knuth’s TEX Program.
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Appendix A

Supplementary Figures for Chapter 1
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Appendix B

Supplementary Figures for Chapter 4

Figure B.1: Chromatographic trace of U13C,15N-WNK1-(480-572) from
MALLS analysis. 100L of 5mg/mL autoinhibitory domain was injected onto
a S200 (10/300) column and isocratically eluted using a bu↵er of 10mM Tris
pH=6.5, 10mM NaCl, 1mM DTT
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Table B.1: Table of Statistics for Structure Calculation of WNK1 (480-572)

Conformational Restraints
NOE distance restraints
Total 2399
Unambiguous 1621
Ambiguous 778
Dihedral angle restraints 145

Residual Violations
Distance Restraints > 0.3Å 1.40±0.96
Distance Restraints > 0.5Å 0
Dihedral Violations > 0.5Å 0

Mean RMSD from Experimental Restraints
NOE, > 0.3 Å 0.03±0.0008
Dihedral Angles, � 0.18±0.05

Mean RMSD from Idealized Geometry
Bond Length, Å 0.004
Bond Angle, � 0.52
Improper, � 1.40

Ramachandran Map (%) (PROCHECK-NMR)
Favorable 87.6
Allowed 11.2
Generously Allowed 0.6
Disallowed 0.6

RMSD (Å) residues 485-570
Backbone (N, C↵, C’) 0.49±0.10
All heavy atoms 1.20±0.10
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Appendix C

Supplementary Figures for Chapter 8

(a) (b)

Figure C.1: Comparison of DLG motifs from WNK1 194-483 S382A subunit A
(green) and b (cyan) originally determined by Min et al (2004) and re-refined
in the presence of chloride ion. The presence of chloride ion is only observed
in subunit A.
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Appendix D

Supplementary Figures for Chapter 9

(a)

(b)

Figure D.1: a) Gel filtration trace (Superdex 75, 16/60) for WNK1 194-573
in 10 mM NaCl (red) and 100 mM NaCl (black). b) Gel filtration trace
(Superdex 75, 10/300) for WNK1 194-573 S378A in 10 mM NaCl (red) and
100 mM NaCl (black). A standard elution profile for the WNK1 kinase domain
(194-483 S382A) is shown in green.
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Rothweiler U, Ã. . . berg E, Johnson KA, Hansen TE, JÃrgensen JB, Engh

RA (2011) p38 map kinase dimers with swapped activation segments and a

novel catalytic loop conformation. Journal of Molecular Biology 411(2):474

– 485

Rupp B (2009) Biomolecular Crystallography: Principles, Practice, and Ap-

plication to Structural Biology, 1st edn. Garland Science, New York

She�eld P, Garrard S, Derewenda Z (1999) Overcoming expression and pu-

rification problems of rhogdi using a family of ”parallel” expression vectors.

Protein Expression and Purification 15(1):34 – 39

Shen Y, Delaglio F, Cornilescu G, Bax A (2009) Talos+: a hybrid method

for predicting protein backbone torsion angles from nmr chemical shifts.

Journal of Biomolecular NMR 44:213–223

Stein N (2008) Chainsaw: a program for mutating pdb files used as templates

in molecular replacement. Journal of Applied Crystallography 41:641–643

Stokes JB (1989) Electroneutral nacl transport in the distal tubule. Kidney

Int 36(3):427–433

Strange K, Denton J, Nehrke K (2006) Ste20-type kinases: Evolutionarily

conserved regulators of ion transport and cell volume. Physiology 21(1):61–

68

201



Strong M, Sawaya MR, Wang S, Phillips M, Cascio D, Eisenberg D (2006) To-

ward the structural genomics of complexes: Crystal structure of a pe/ppe

protein complex from mycobacterium tuberculosis. Proceedings of the Na-

tional Academy of Sciences 103(21):8060–8065

Tanoue T, Adachi M, Moriguchi T, Nishida E (2000) A conserved docking

motif in map kinases common to substrates, activators and regulators. Nat

Cell Biol 2(2):110–116

Tatebayashi K, Takekawa M, Saito H (2003) A docking site determining speci-

ficity of pbs2 mapkk for ssk2/ssk22 mapkkks in the yeast hog pathway.

EMBO J 22:3624–3634

Tu Sw, Bugde A, Luby-Phelps K, Cobb MH (2011) Wnk1 is required for

mitosis and abscission. Proceedings of the National Academy of Sciences

108(4):1385–1390

Villa F, Goebel J, Rafiqi F, Deak M, Thastrup J, Alessi DR, van Aalten DM

(2007) Structural insights into the recognition of substrates and activators

by the osr1 kinase. EMBO Reports 8(9):839–845

Wittekind M, Mueller L (1993) Hncacb, a high-sensitivity 3d nmr experiment

to correlate amide-proton and nitrogen resonances with the alpha- and beta-

carbon resonances in proteins. Journal of Magnetic Resonance, Series B

101(2):201 – 205

202
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