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Mouse protein-25 (MO25) isoforms bind to the STRAD

pseudokinase and stabilise it in a conformation that can

activate the LKB1 tumour suppressor kinase. We demon-

strate that by binding to several STE20 family kinases,

MO25 has roles beyond controlling LKB1. These new

MO25 targets are SPAK/OSR1 kinases, regulators of ion

homeostasis and blood pressure, and MST3/MST4/YSK1,

involved in controlling development and morphogenesis.

Our analyses suggest that MO25a and MO25b associate

with these STE20 kinases in a similar manner to STRAD.

MO25 isoforms induce approximately 100-fold activation

of SPAK/OSR1 dramatically enhancing their ability to

phosphorylate the ion cotransporters NKCC1, NKCC2 and

NCC, leading to the identification of several new phos-

phorylation sites. siRNA-mediated reduction of expression

of MO25 isoforms in mammalian cells inhibited phosphor-

ylation of endogenous NKCC1 at residues phosphorylated

by SPAK/OSR1, which is rescued by re-expression of

MO25a. MO25a/b binding to MST3/MST4/YSK1 also sti-

mulated kinase activity three- to four-fold. MO25 has

evolved as a key regulator of a group of STE20 kinases

and may represent an ancestral mechanism of regulating

conformation of pseudokinases and activating catalyti-

cally competent protein kinases.
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Introduction

Mouse protein-25 (MO25) was originally identified as an

unusually highly conserved protein expressed at the early

cleavage stage of mouse embryogenesis (Miyamoto et al,

1993; Nozaki et al, 1996; Karos and Fischer, 1999).

Subsequent studies demonstrated that MO25 operates as a

critical scaffolding subunit required for activation and stabi-

lity of the LKB1 tumour suppressor protein kinase complex,

which functions as the master upstream activator of AMPK

protein kinases (Boudeau et al, 2003a, 2004; Lizcano et al,

2004). In mammals, there are two closely related isoforms

termed MO25a and MO25b, which share 79% sequence

identity that similarly interact and activate LKB1 (Boudeau

et al, 2003a). MO25a adopts a structure distantly related

to armadillo proteins, consisting of seven helical repeats

arranged in a distinctive horseshoe shape with a concave

surface aligned with highly conserved residues and a less

conserved convex surface (Milburn et al, 2004). A microRNA

(miR-451) whose expression is stimulated by high-energy

conditions, promoted growth of gliomas by inhibiting expres-

sion of MO25a and thereby inactivating the LKB1 pathway

(Godlewski et al, 2010).

The LKB1 protein kinase exists as a heterotrimeric protein

consisting of MO25 complexed to LKB1 protein kinase and

the catalytically inactive pseudokinase STRAD (Baas et al,

2003; Boudeau et al, 2003a, 2004, 2006). Crystallographic

analysis revealed an extensive web of interactions occurring

between the N-lobe and helix aC of STRADa (encompassing

residues termed Site-A, Site-B and Site-C) and the concave

surface of MO25a (Site-1; Zeqiraj et al, 2009b; Figure 1A).

Moreover, a C-terminal WEF motif on STRADa (Site-D) binds

to a pocket at the C terminus convex surface of MO25a
(Site-2; Boudeau et al, 2003b; Milburn et al, 2004;

Figure 1A). Despite lacking kinase activity, cooperative inter-

actions with MO25a and ATP force STRADa to adopt a closed

conformation resembling that of an active protein kinase

(Zeqiraj et al, 2009b). This conformation is required for

binding LKB1, as crystallographic analysis of the LKB1/

STRAD/MO25 complex revealed that STRAD uses active

site elements (activation and substrate binding loops) to

engage LKB1 as a pseudosubstrate (Zeqiraj et al, 2009a).

Mutant forms of STRADa that are unable to bind MO25a and

ATP, and are predicted to adopt an open-inactive conforma-

tion, fail to activate LKB1 (Zeqiraj et al, 2009b).

STRADa and STRADb isoforms are members of the STE20

protein kinases consisting of germinal centre kinases (GCKs)

that have an N-terminal kinase domain and P21-activated

kinases (PAKs) that have a C-terminal kinase domain (Dan

et al, 2001; Manning et al, 2002; Figure 1B). Many members

of the STE family kinases function as upstream components

in signal-transduction pathways controlling a wide range of

biological processes. STRAD isoforms belong to the GCK

group and are most closely related to SPAK and OSR1 protein

kinases that are important regulators of ion homeostasis and
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blood pressure and are activated by the WNK protein kinases

(Vitari et al, 2005; Richardson and Alessi, 2008; Rafiqi

et al, 2010).

In S. cerevisiae, three kinases (Elm1, Pak1 and Tos3)

resemble LKB1 and act as alternative upstream kinases to

activate the AMPK orthologue SNF1 (Elbing et al, 2006;

Hedbacker and Carlson, 2008). Elm1, Pak1 and Tos3 are

likely to be regulated in a different manner to mammalian

LKB1, as there are no obvious orthologues of a pseudokinase

resembling STRAD. However, yeast do possess orthologues of

MO25, termed HYM1 in S. cerevisiae or pMO25 in S. pombe,

but no interactions with the SNF1 pathway have been

reported, suggesting that HYM1/pMO25 have other roles.

Consistent with this, Hym1 was found to interact with an

active orthologue of the mammalian MST-STE20 kinase

(Kic1; Bidlingmaier et al, 2001; Nelson et al, 2003). HYM1

and Kic1 regulate transcriptional activity as well as morpho-

genesis by activating an NDR kinase (cbk1; Bidlingmaier

et al, 2001; Nelson et al, 2003). Similarly, in S. pombe,

pMO25 controls morphogenesis by interacting with an MST-

STE20 kinase orthologue (Nak1) and regulating activation of

an NDR kinase orthologue (Orb6; Kanai et al, 2005). Recently,

pMO25 has been shown to have an auxiliary role in regulat-

ing cell separation by interacting with another MST kinase

termed Ppk11 (Goshima et al, 2010). Perhaps connecting the

studies in the yeast and the mammalian systems, human

MST4 was reported to interact with the LKB1 complex by

virtue of its ability to bind MO25 (ten Klooster et al, 2009).

This was proposed to enable MST4 to phosphorylate ezrin

and control cellular brush border formation (ten Klooster

et al, 2009).

In mammalian systems, all the data accumulated thus far

point to the biological roles of MO25 being mediated via its

ability to regulate LKB1. Here we provide evidence that

MO25a has roles beyond activating LKB1 in mammalian

cells. We demonstrate that in addition to binding STRADa/

STRADb, MO25 isoforms also interact in a similar manner

with at least five other STE20 kinases, namely SPAK, OSR1

(regulators of ion homeostasis and blood pressure) and

MST3, MST4, YSK1 (regulators of morphogenesis and

polarity). Remarkably, SPAK as well as OSR1 are activated

approximately 100-fold by binding to MO25 isoforms,

whereas MST3, MST4 and YSK1 are activated three- to

four-fold. We also provide evidence that knockdown of

MO25a suppresses phosphorylation and activation of the

NKCC1 ion cotransporter mediated by SPAK and OSR1. Our

findings indicate that MO25 has evolved as a master activator

of several STE20 kinases and we discuss the idea that binding

to MO25 may have evolved as an ancestral mechanism to

activate STE20 pseudokinases and kinases.

Results

MO25 interacting residues on STRAD are conserved

in other STE20 kinases

There are four groups of surface-exposed residues on

STRADa that interact with MO25 and we have termed them

Sites A, B, C and D (Figure 1A). Mutation of key residues

within each of these sites abolishes or markedly inhibits

STRADa binding to MO25a (Zeqiraj et al, 2009b). Sequence

analysis of all human STE20 kinases as well as related STE7

and STE11 kinases (48 kinases in total) suggested that five

kinases had all four conserved sites (SPAK, OSR1, MST3,

MST4 and YSK1), and six kinases had three conserved sites

(HPK1, GCK, KHS1, KHS2, MAP2K5 and MAP3K7; Figure 1B,

Supplementary Table I, Figures S1 and S2).

MO25a stimulates activity of five STE20 kinases that

posses conserved MO25a binding sites

We next determined how the addition of MO25a influenced

the kinase activity of 26 representative STE kinases that we

were able to clone, express, affinity purify and measure

kinase activity (Figure 2A). MO25a induced significant acti-

vation of the five STE20 kinases that possess all four con-

served putative MO25a binding sites (SPAK, OSR1, MST3,

MST4 and YSK1), but did not activate any of the other
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kinases tested (Figure 2A). Strikingly, MO25a induced bet-

ween 70- and 100-fold activation of a mutant of SPAK and

OSR1, in which the T-loop activating residue phosphorylated

by WNK isoforms was changed to Glu to mimic phospho-

rylation (Figure 2A and Supplementary Figure S3). The

activity of MST3, MST4 and YSK1 was stimulated three- to

four-fold by addition of MO25a (Figure 2A and Supplemen-

tary Figure S4).

MO25a possesses two conserved STRADa interacting sites,

Site-1 and Site-2 (Figure 1), which when mutated individually

reduce its affinity for STRADa and when changed together

abolish the MO25-STRAD interaction (Zeqiraj et al, 2009b).

Combined mutation of Site-1 and Site-2 virtually abolished

the ability of MO25a to activate OSR1 (Figure 2B), SPAK

(Figure 2C), MST3 (Figure 2D), MST4 (Figure 2E) and YSK1

(Figure 2F). Individual mutation of Site-1 and Site-2 partially

reduced the ability of MO25a to activate these kinases,

with Site-1 having the biggest effect (Supplementary Figures

S3A, C and S4A, C, E). MO25a activated SPAK and OSR1

(Supplementary Figure S3B, D) and MST3, MST4 and YSK1

(Supplementary Figure S4B, D, F) in a dose-dependent man-

ner with near-maximal activation observed with approxi-

mately 10-fold molar excess MO25a over each STE20

kinase. The MO25b isoform activated OSR1, SPAK and

MST4 to the same extent as MO25a, with combined mutation

of Site-1 and Site-2 inhibiting activation (Supplementary

Figure S5).

We next verified how mutations of Sites A to D (Figure 1)

that are equivalent to those that inhibit binding of STRADa to

MO25a affected activation of SPAK, OSR1, MST3, MST4 and

YSK1. Strikingly, mutation of Site-A did not affect basal

kinase activity, but virtually abolished MO25a-induced

activation (Figure 2B–F). Individual mutations of Sites B, C

and D also inhibited to varying extents the activation of OSR1

(Figure 2B), SPAK (Figure 2C), MST3 (Supplementary Figure

S6A), MST4 (Supplementary Figure S6B) and YSK1

(Supplementary Figure S6C) by MO25a.

Previous studies have shown that SPAK and OSR1 require

T-loop phosphorylation by WNK kinases in order to be active

(Vitari et al, 2005; Zagorska et al, 2007). We observed that

MO25a does not activate bacterially expressed OSR1 that is

not phosphorylated at its T-loop by WNK1 (Figure 2G).

Phosphorylation of the T-loop residue of OSR1 or its mutation

to Glu to mimic phosphorylation is required for triggering

activation by MO25a (Figure 2G). Interestingly, in the

absence of MO25a, phosphorylation of the T-loop of OSR1

or its mutation to Glu only activates OSR1 to less than 10% of

the activity observed in the presence of MO25a. Thus,

phosphorylation of the activation loop by upstream kinases

is necessary for activation of SPAK/OSR1, but MO25 is

required for full activation of these kinases.

Binding of MO25a to SPAK, OSR1 and MST4

Consistent with two major binding surfaces between STRADa
and MO25a, binding data from surface plasmon resonance

(SPR) studies between these proteins could be fitted to a two-

site-binding equation (Hill slope of 0.4), with Kd1 calculated

as 0.012 mM and Kd2 was measured as 2.5 mM (Zeqiraj et al,

2009b). We analysed in a similar way the interaction of SPAK,

OSR1 and MST4 with MO25a using SPR (Figure 3). This

revealed that wild-type MO25a interacted with SPAK

(Figure 3A), OSR1 (Figure 3B) and MST4 (Figure 3C) and,
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analogous to STRADa, binding data could be fitted to a two-

site-binding equation (Hill slope of 0.6–0.7). The Kd1 values

were between 3 and 8mM and Kd2 constants were much

higher B125 to 450mM (Figure 3D). Consistent with the

two-site-binding interaction being mediated through Site-1

and Site-2, mutation of either MO25 binding site resulted in a

binding curve that could be fitted with a one site-binding

equation (Hill slope of 1), and the binding affinity of these

single-site MO25 mutants to SPAK, OSR1 and MST4 was

markedly reduced (Figure 3). As expected, the double

MO25a Site-1 and Site-2 mutants failed to significantly inter-

act with these STE20 kinases (Figure 3).

Effect of MO25a on phosphorylation of ion

cotransporters by SPAK and OSR1

There are three known physiological substrates for SPAK/

OSR1, namely the ubiquitously expressed NKCC1 ion

cotransporter and the kidney-specific NCC and NKCC2 ion

cotransporters that are targets for thiazide and loop diuretic

hypertension drugs (Richardson and Alessi, 2008). SPAK

and OSR1 phosphorylate these ion cotransporters at a cluster

of mainly Thr residues within the N-terminal intracellular

domain, leading to higher rates of ion transport activity

(Richardson and Alessi, 2008). We therefore investigated

the effect that MO25a had on the ability of SPAK

(Figure 4A) and OSR1 (Figure 4B) to phosphorylate these

ion cotransporters and found that MO25a hugely enhanced

phosphorylation of NKCC1, NKCC2 and NCC (Figure 4). We

also mapped residues phosphorylated on these ion cotran-

sporters by OSR1 in the presence of MO25a in vitro

(Supplementary Figure S7, S8 and S9). Interestingly, for the

three ion cotransporters we mapped phosphorylation sites

that have been reported in vivo. In the case of NKCC2, in

addition to the previously observed Thr95 and Thr100 resi-
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encompass the known SPAK/OSR1 phosphorylation sites (GST-NKCC2[1-174], GST-NKCC1[1-260] and GST-NCC[1-100]) were expressed in
E. coli. These were incubated with the active SPAK[T233E] (A) and OSR1[T185E] (B), as well as the kinase-inactive (KI) forms of these
enzymes, in the absence or presence of a 10-molar excess of MO25a. Reactions were performed in the presence of Mg-[g32P]ATP for 20 min.
Phosphorylation of substrates was analysed following electrophoresis and autoradiography of the Colloidal blue-stained bands, which were
subsequently isolated and quantified by Cerenkov counting. The fold increase in phosphorylation observed in the presence of MO25a is also
indicated. Similar results were obtained in two separate experiments. Dotted lines between autorads and gels indicate that these were
undertaken on separate gels.

MO25 is a master regulator of many STE20 kinases
BM Filippi et al

The EMBO Journal VOL 30 | NO 9 | 2011 &2011 European Molecular Biology Organization1734



dues (Richardson et al, 2011), two additional phosphorylated

residues, namely Thr118 and Ser120, were identified

(Supplementary Figure S7). Thr118 (Gimenez and Forbush,

2005; Ponce-Coria et al, 2008) has been reported to be

phosphorylated in vivo in response to hypotonic stimuli

that activate SPAK/OSR1 (Richardson et al, 2011;

Supplementary Figure S7). In the case of NKCC1, in addition

to the previously reported sites (Thr203, Thr107, Thr212;

Vitari et al, 2006), two other sites were observed (Thr217

and Thr230), both of which have been reported to be

phosphorylated in vivo (Darman and Forbush, 2002;

Supplementary Figure S8). In the case of NCC, in addition

to the previously identified sites (Thr46, Thr55 and Thr60;

Richardson et al, 2008), we observed phosphorylation of

residue Ser73, also a characterised hypotonic-induced in

vivo phosphorylation site (Yang et al, 2007; Supplementary

Figure S9). Thus, due to the enhanced MO25-dependant

activation of OSR1 we were able to identify new NKCC1/2

and NCC phosphorylation sites, as well as confirm phosphor-

ylation sites that were previously attributed to the activity of

SPAK and OSR1 in vivo (Supplementary Figure S10).

siRNA knockdown of MO25a reduced SPAK/OSR1-

mediated phosphorylation of NKCC1 in vivo

To study whether interaction of SPAK/OSR1 with MO25a is

important for regulating the phosphorylation of endogenous

NKCC1, we knocked down expression of MO25a by B75% in

HEK293 cells using two separate siRNA oligonucleotides

(Figure 5A and Supplementary Figure S11). We then investi-

gated how this impacted on the phosphorylation of NKCC1

induced by hypotonic low-chloride conditions at residues

phosphorylated by SPAK/OSR1 (Thr203/Thr207/Thr212;

Vitari et al, 2006). Consistent with the siRNA probes lowering

MO25a levels sufficiently to ablate its physiological func-

tions, knockdown of MO25a suppressed phosphorylation of

AMPK catalytic subunit at Thr172 (Figure 5A and

Supplementary Figure S11) that is phosphorylated by the

LKB1/STRAD/MO25 complex (Alessi et al, 2006). In cells

treated with scrambled siRNA, as expected, hypotonic low-

chloride conditions induced significant phosphorylation of

NKCC1, which was accompanied by increased phosphoryla-

tion of SPAK/OSR1 at the T-loop and S-motif residues that are

phosphorylated by WNK1 (Figure 5A and Supplementary

Figure S11). However, in cells in which expression of

MO25a was reduced, significantly lower phosphorylation of

NKCC1 in response to hypotonic low-chloride conditions was

observed (Figure 5A and Supplementary Figure S11).

Re-expression of MO25a in cells treated with siRNA targeting

MO25a rescued this effect and increased the basal as well as

the hypotonic low-chloride-induced phosphorylation of

NKCC1 to the level observed in control cells (Figure 5A).

Consistent with reduced phosphorylation of NKCC1, knock-

down of MO25a lowered NKCC1 activity assessed by measur-

ing the ability of cells to uptake 86Rbþ in a bumetanide

(specific NKCC1 inhibitor)-sensitive manner. Reduction of

MO25a lowered both the basal as well as the stimulated

activity observed in response to hypotonic low-chloride

conditions (Figure 5B).

Knockdown of MO25a did not significantly affect the

phosphorylation of OSR1 and SPAK at the T-loop and

S-motif (Figure 5A and Supplementary Figure S11), suggesting

that MO25a binding does not promote SPAK/OSR1 phosphor-

ylation by WNK1. Consistent with this, in vitro phosphorylation

assays of OSR1 by WNK1 revealed that addition of MO25a did

not influence WNK1-mediated phosphorylation of the T-loop

and S-motif (Supplementary Figure S12).

Discussion

The key finding of this study is that MO25a in mammalian

cells is likely to have a major role in regulating the activity of

at least five other STE20 kinases (SPAK, OSR1, MST3, MST4

and YSK1), and thereby have roles beyond controlling the

LKB1 tumour suppressor complex. Our findings that MO25

isoforms interact and activate MST3, MST4 and YSK1 are in

agreement with the elegant genetic analyses indicating that

yeast MO25 orthologues control the MST kinase–NDR kinase

signalling network that regulate transcription, development

and morphogenesis (Bidlingmaier et al, 2001; Nelson et al,

2003; Kanai et al, 2005). Mammalian MST3 kinase triggers

the activation of the NDR1 and NDR2 kinases by phosphor-

ylating these enzymes at their hydrophobic motif, triggering

autophosphorylation of the T-loop (Stegert et al, 2005).

Recently, the ability of fission yeast pMO25 to regulate the

function of the MST/STE20 kinase homologue Ppk11 during

cell morphogenesis was impaired by mutating a C-terminal

WDF motif that corresponds to Site-D on the STRADa/

MO25a interface (Goshima et al, 2010; Figure 1A).

Similarly, we find that mutation of the equivalent Site-D

residues in SPAK/OSR1 (Figure 2B and C) or MST3/MST4

and YSK1 (Supplementary Figure S6) also markedly

suppresses activation of these kinases by MO25a.

Recent work has also identified an interesting microRNA

termed miR-451 that suppresses MO25a expression and con-

trols glioma cell proliferation, migration and responsiveness

to glucose deprivation (Godlewski et al, 2010). The effects

that miR-451 had on cells were interpreted to be mediated

through inhibition of the LKB1 tumour suppressor complex.

However, our findings suggest that some of the striking

effects of miR-451 could be mediated in part, independently

of LKB1 through inhibition of STE20 kinases. Although in this

study we have focused on five STE20 kinases that are

activated by MO25a, it is possible that other kinases we

have not tested are also activated by MO25a. Moreover,

MO25a could interact with other STE20 kinases that we

have analysed in Figure 2A, without activating them directly

under conditions we tested.

The difference in affinity of MO25 for STRAD (low nano-

molar range) and other STE20 kinases (low micromolar

range) may be indicative of different modes of MO25-depen-

dent regulation. In the case of MO25 interacting with STRAD

the key role of this regulatory complex is to activate the LKB1

kinase, which remains constitutively active within this com-

plex. By contrast, regulation of SPAK, OSR1, MST3, MST4

and YSK1 may require a more responsive dynamic on-off

regulation, which could be better mediated by lower-affinity

interaction with MO25. The low micromolar interaction

between MO25 isoforms and its novel binding partners

analysed in this study is likely to account for why immuno-

precipitation of endogenous forms of SPAK, OSR1, MST3,

MST4 and YSK1 does not result in marked co-immunopreci-

pitation of endogenous MO25a (BMF data not shown), as

dissociation of these proteins would occur during the time

required to lyse cells and undertake the immunoprecipitations.
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Figure 5 Dependence of NKCC1 phosphorylation and activation on MO25a. HEK293 cells were transfected with the indicated siRNA
oligonucleotides for 72 h in the absence or presence of overexpression of Myc-MO25a. siRNA sequences target the non-coding region
(30 UTR) of the MO25a gene and do not affect the expression of Myc-MO25a under the pCMV vector promoter. (A) Cells were stimulated
with basic or hypotonic low-chloride conditions for 5 min. Cells were lysed and subjected to immunoblot analysis with the indicated total
and phosphospecific antibodies. Samples from each lane were derived from a separate dish of independently transfected cells. Similar results
were obtained in two separate experiments. A quantification of NKCC1 phosphorylation by using fluorophore-conjugated secondary antibodies
(Molecular Probes), followed by visualisation using an Odysseys LI-COR imaging system is also shown. pNKCC1 antibody recognises
NKCC1 phosphorylated at the three residues (Thr203, Thr207 and Thr212) phosphorylated by SPAK and OSR1 (Vitari et al, 2006). (B) Cells
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antibodies. Similar results were obtained in three separate experiments. Dotted line between immunoblots indicates that these were undertaken
on separate gels.
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Nevertheless, using an overexpression approach we were

able to observe co-immunoprecipitation of MO25a with

MST4, YSK1 and SPAK in HEK293 cells which was inhibited

following mutation of Site-1 and Site-2 in MO25a (Supple-

mentary Figure S13). In the case of STRADa, its interaction

with MO25a is greatly stabilised by the binding to LKB1 that

interacts with both STRAD and MO25a (Boudeau et al, 2003a,

2004; Zeqiraj et al, 2009a). Our co-immunoprecipitation studies

indicate that the equivalent subunits to LKB1 that lock STE20

kinases in a stable complex with MO25a may not exist.

Compared with STRADa, expression of MO25 isoforms is less

variable among tissues (Supplementary Figure S14). In kidney

tissues, where the SPAK/OSR1 has a key role in regulating blood

pressure, MO25a and MO25b are highly expressed, whereas

STRADa is expressed at low levels (Supplementary Figure S14).

Further evidence suggesting MO25a has functions beyond

controlling LKB1, result from previous studies indicating

that STRADa was destabilised and barely detected in

LKB1-deficient cells, under conditions in which MO25a and

MO25b expression was unaffected (Hawley et al, 2003). In

future work it would be interesting to investigate how assembly

of different MO25–STE20 kinase complexes is regulated in

various tissues including the kidney, and how the expression

of these subunits is coordinated. It would also be interesting to

study whether disruption of complexes of SPAK and OSR1 with

MO25 could be linked to the development of hypertension.

Our data suggest that the molecular mechanism by which

MO25a binds to SPAK/OSR1 and MST3/MST4/YSK1 is simi-

lar to how it interacts with STRADa, as mutations on the

residues of MO25 that inhibit binding to STRADa also sup-

press interaction with these STE20 kinases (Figure 2).

Similarly, mutating the conserved residues on SPAK/OSR1

and MST3/MST4/YSK1 corresponding to sites of STRADa
that interact with MO25a, inhibited interaction with MO25a
(Figure 2). In the case of STRADa, binding of MO25a
stabilises it in an active conformation that can bind and

stimulate LKB1 (Zeqiraj et al, 2009b). It is likely that

MO25a binding to SPAK/OSR1 and MST3/MST4/YSK1 also

promotes these enzymes to adopt an active conformation as

MO25a stimulates the intrinsic kinase activity of these en-

zymes. In the MO25a–STRADa complex, STRADa attains an

active conformation and the substrate-binding site of

STRADa is fully accessible and freely available to bind

LKB1 as a pseudosubstrate (Zeqiraj et al, 2009a). Assuming

that the mode of interaction and the mechanism of activation

of MO25 and STE20 kinases are similar, the substrate

binding site of STE20 kinases should be accessible to their

substrates even when these kinases are bound to MO25. In

this manner, MO25 isoforms would not need to dissociate

from the STE20 kinase in order for these enzymes to access

their substrates.

STRADa adopts an active conformation when it interacts

with MO25a and ATP and is aided by a naturally occurring

phospho-mimicking residue (D232) on its T-loop to assume

this active conformation (Zeqiraj et al, 2009b). Similar to

most protein kinases, SPAK/OSR1 and MST3/MST4/YSK1

require T-loop phosphorylation in order to be activated.

This is also emphasised by the finding that MO25a does not

activate OSR1 that is not phosphorylated at its T-loop residue

(Figure 2G). Moreover, phosphorylation of the T-loop residue

of OSR1 only activates OSR1 to a small extent compared with

activation achieved following binding to MO25a (Figure 2G).

It is likely that phosphorylation of the T-loop promotes the

active conformation of SPAK/OSR1 and MST3/MST4/YSK1

kinases, and MO25a binding stabilises this active conforma-

tion that results to full kinase activation. Such mechanism

of activation by T-loop phosphorylation and allosteric

potentiation by scaffold proteins is not unprecedented and

has been described for CDK-cyclin and EGFR–EGFR dimers

(Jefferey et al, 1995; Zhang et al, 2006). STRAD and MO25

interactions have general resemblance to the interactions of

CDKs with cyclins and in both cases the interactions are

centred on the regulatory helix aC that is critical for kinase

activation (Zeqiraj et al, 2009b).

The catalytic domain of OSR1[T185E] has been crystallised

and found to adopt a curious inactive conformation (Villa

et al, 2008; Lee et al, 2009), accounting for the low-activity

state of this enzyme. It would be fascinating to crystallise the

complex of OSR1 or SPAK with MO25a to determine how

MO25a binding increases SPAK/OSR1 kinase activity by

B100-fold. The structure of MST3 kinase in the active con-

formation has also recently been reported (Ko et al, 2010) as

has the structure of the inactive MST4 (Record et al, 2010).

It would also be interesting to co-crystallise MO25a with

these MST kinases to establish how MO25a activates these.

The LKB1 complex reportedly interacts with the MST4 kinase

via MO25 (ten Klooster et al, 2009). Our data suggest that the

same residues on MO25a that bind to STRAD are also

involved in binding to MST4 (Figure 2E). Thus, available

data on how MO25a binds to STRADa and MST4 suggest that

it would not be possible for MO25 to interact simultaneously

with both STRAD/LKB1 as well as MST4.

Until now, SPAK and OSR1 have been studied in the

absence of MO25a and have been found to possess very

low kinase activity making it hard to identify new substrates.

The discovery that MO25a hugely activates SPAK/OSR1 will

assist in the identification of new substrates of these

enzymes. As SPAK/OSR1 activate the NCC and NKCC2 ion

cotransporters, which are the drug targets for widely used

thiazide and loop diuretic hypertensive drugs, there is excite-

ment about the possibility of SPAK and OSR1 inhibitors being

deployed for the treatment of hypertension. Consistent with

the idea that such compounds would reduce blood pressure,

knockin mice expressing a T-loop mutant of SPAK that cannot

be activated by WNK isoforms, display markedly reduced

blood pressure (Rafiqi et al, 2010), a finding that has recently

been confirmed in SPAK knockout mice (Yang et al, 2010).

Screening for SPAK/OSR1 inhibitors has been hampered by

the poor activity of the SPAK and OSR1 recombinant en-

zymes. In future, we recommend that screening for SPAK/

OSR1 inhibitors is undertaken with the SPAK/OSR1/MO25a
complex rather than the isolated kinases. Using the OSR1/

MO25a complex we have also identified a number of novel

in vitro phosphorylation sites on NKCC1 (Thr217, Thr230),

NKCC2 (Thr118, Ser120) and NCC (Ser73), which were not

observed in previous phosphorylation site analysis under-

taken with isolated SPAK and OSR1. Our new data suggest

that these residues are likely to represent direct phosphoryla-

tion sites. In Supplementary Figure S10, we include a

sequence alignment of the NKCC1, NKCC2 and NCC

ion cotransporters summarising positions of all reported

in vitro and in vivo phosphorylation sites.

STE20 kinases are highly conserved in species and are

likely to represent ancient ancestral kinases that tend to
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operate as upstream kinases (Hanks and Hunter, 1995). It is

tempting to speculate that activation of STE20 kinases by

MO25 might represent an early mechanism that evolved to

activate protein kinases. The assumption has always been

that pseudokinases evolved from active protein kinases

(Boudeau et al, 2006). However, it is possible that the

opposite occurred, and that active protein kinases evolved

from pseudokinases. Arguably, the minimum requirement for

a protein to function like a kinase is to be capable of

interacting with targets in a regulated manner. A pseudoki-

nase that can be converted from a non-target binding open

conformation to a closed active conformation capable of

binding and influencing a target could represent a basic

regulatory module that kinases evolved from. If the first

active STE20 kinase molecules capable of phosphorylating

substrates evolved from an MO25 and ATP-binding pseudo-

kinase, this could explain why binding of MO25 has been

retained as a regulatory mechanism for controlling a diverse

subset of STE20 kinases.

Materials and methods

Reagents
Tissue-culture reagents were from Life Technologies. P81 phospho-
cellulose paper was from Whatman and [g-32P]-ATP was from
Perkin Elmer. All peptides were synthesised by Pepceuticals. The
Myelin basic protein (MBP) and siRNA oligonucleotides were from
Sigma.

General methods and plasmids
Cloning, restriction enzyme digests, DNA ligations and other
recombinant DNA procedures were performed using standard
protocols. All mutagenesis reactions were performed using KOD
polymerase (Novagen) followed by digestion of the product with
DpnI. All the clones were provided by the Division of Signal
Transduction Therapy (DSTT), Dundee. The DNA accession
numbers as well as the DSTT DNA code (DU) number for all
kinases cloned for this study are listed in Supplementary Tables I
and II. DNA constructs used for transfection were purified from
DH5a strain of E. coli using Qiagen Plasmid kits according to the
manufacturer’s protocol. All DNA constructs were verified by DNA
sequencing performed by DNA Sequencing & Services (MRCPPU,
College of Life Sciences, University of Dundee, UK; www.dnaseq.
co.uk) using Applied Biosystems Big-Dye Version 3.1 chemistry on
an Applied Biosystems model 3730 automated capillary DNA
sequencer. All protein concentrations were determined using a
Bradford method kit (Bio-Rad). The purity of all proteins was
assessed by SDS–polyacrylamide gel electrophoresis. Sequence
alignments were performed using MUSCLE (Edgar, 2004), which
were edited and displayed using the program ALINE (Bond and
Schuttelkopf, 2009).

Buffers
HEK293 cell lysis buffer for mammalian cells: 50 mM Tris–HCl (pH
7.5), 1 mM EGTA, 1 mM EDTA, 1% (w/v) Non-idet P40, 1 mM
sodium orthovanadate, 50 mM sodium fluoride, 5 mM sodium
pyrophosphate, 0.27 M sucrose, 0.1% (v/v) 2-mercaptoethanol,
1 mM benzamidine and 0.1 mM PMSF. Bacterial lysis buffer: 50 mM
Tris–HCl (pH 7.8), 150 mM NaCl, 0.27 M sucrose, 1 mM benzami-
dine, 1 mM EGTA, 1 mM EDTA, 0.1 mM PMSF and 0.01% (v/v)
b-mercaptoethanol, supplemented with 0.5 mg/ml lysozyme and
0.3 mg/ml DNAse-I. MBS buffer contained 20 mM Mes/NaOH, pH
6.3, 140 mM NaCl, 40 mM KCl. Sf21 cell lysis buffer: 50 mM
Tris–HCl, pH 7.8, 0.15 M NaCl, 5% (v/v) glycerol, 0.2 mM EDTA,
0.2 mM EGTA, 1 mM benzamidine, 0.2 mM PMSF, 5mM leupeptine,
20 mM imidazole and 0.075% (v/v) b-mercaptoethanol. Low-salt
buffer contained 50 mM Tris–HCl, pH 7.8, 150 mM NaCl, 5%
(v/v) glycerol, 0.2 mM EDTA, 0.2 mM EGTA, 1 mM benzamidine,
20 mM imidazole and 0.075% (v/v) b-mercaptoethanol. Buffer A
was 50 mM Tris–HCl (pH 7.5), 0.1 mM EGTA and 0.1% (v/v)
2-mercaptoethanol. The SDS sample buffer contains 50 mM

Tris–HCl (pH 6.8), 1% (w/v) SDS, 10% (v/v) glycerol, 0.005%
(w/v) bromophenol blue and 1% (v/v) 2-mercaptoethanol. TBS-T
buffer contains 50 mM Tris–HCl (pH 7.5), 0.15 M NaCl and 0.25%
(v/v) Tween. Basic control buffer contains 135 mM NaCl, 5 mM KCl,
0.5 mM CaCl2, 0.5 mM MgCl2, 0.5 mM Na2HPO4, 0.5 mM Na2SO4

and 15 mM HEPES (pH 7.0). Hypotonic low-chloride buffer contains
67.5 mM sodium gluconate, 2.5 mM potassium gluconate, 0.25 mM
CaCl2, 0.25 mM MgCl2, 0.5 mM Na2HPO4, 0.5 mM Na2SO4 and
7.5 mM HEPES (pH 7.0).

Antibodies
The following antibodies were raised in sheep and affinity purified
on the appropriate antigen: the SPAK/OSR1 (T-loop) phospho-
Thr233/T185 (S240C), SPAK/OSR1 (S-motif) phospho-Ser373/S325
(S670B) were produced as reported previously (Zagorska et al,
2010). The anti-P-NKCC1 (S763B) was raised against a peptide
containing the phosphorylated Thr203, Thr207 and Thr212 (Vitari
et al, 2006). The MST4 (S831C) total antibody was raised against
the full-length protein. The MO25b (S082B) antibody was raised
against full-length GST-tagged MO25b (NCBI accession number
AK022 639). The following antibodies were purchased from Cell
Signaling: ERK1/2 (Total; cat. No. 9102), OSR1 (Total; cat. No. 3729)
SPAK (Total; cat. No. 2281) and MO25a (Total; cat. No. 2716).
Horseradish peroxidase (HRP)-conjugate anti-GST (ab58626) anti-
body was purchased from Abcam, and secondary antibodies
coupled to HRP used for immunoblotting were obtained from
Pierce Chemical Co. Preimmune IgG used in control immunopreci-
pitation experiments were affinity purified from preimmune serum
using protein-G Sepharose.

Cell culture, transfections, stimulation and lysis
HEK 293 cells were cultured on 10 cm diameter dishes in 10 ml of
DMEM supplemented with 10% (v/v) fetal bovine serum, 2 mM
L-glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin. For
transfection experiments, 3–9mg of DNA was mixed with 20 ml of
1 mg/ml polyethylenimine (Polysciences) in 1 ml of plain DMEM for
each dish. The mixture was left to stand for 30 min and added onto
the cells. Cells were then lysed 36 h post-transfection in 1 ml of ice-
cold lysis buffer. Cell lysates were clarified by centrifugation
at 20 000 g for 15 min at 41C, and the supernatants divided
into aliquots, frozen in liquid nitrogen, and stored at �201C.

Protein expression and assay
Details of protein expression, affinity tags used for purification and
assay conditions are summarised in Supplementary Table II.

Expression of proteins in HEK293 cells
Ten cm diameter dishes of 293 cells were transiently transfected as
described above with 3 mg of the pEBG-2T constructs encoding N-
terminal GST fusions of wild-type and mutant STE20 kinase. Cells
were lysed 36 h post-transfection, and the clarified lysates were
incubated for 1 h on a rotating platform with glutathione-Sepharose
(GE Healthcare; 10ml/dish of lysate) previously equilibrated in lysis
buffer. The beads were washed once with lysis buffer containing
0.15 M NaCl, three times with lysis buffer containing 0.5 M NaCl
and twice with buffer A. The proteins were eluted from the resin by
incubation with the same buffer A containing 0.27 M sucrose and
20 mM of reduced glutathione (pH 7.5). The beads were then
removed by filtration through a 0.44 mm filter, and the eluted
protein aliquoted and stored at �801C.

Expression of proteins in E. coli
Cells transformed with the appropriate expression plasmid were
grown in Luria Bertani medium to A600¼ 0.7 at 371C. Protein
expression was induced by the addition of 0.25 mM isopropyl b-D-1-
thiogalactopyranoside and cells incubated for a further 16 h at 261C.
Cells were harvested by centrifugation for 30 min at 3500 g and
resuspended in ice-cold bacteria lysis buffer. Cells were lysed by
sonication (10�10 s pulses), clarified by centrifugation at 26 000 g
and lysates incubated for 1 h on a rotating platform with
glutathione-Sepharose (1 ml/l of E. coli culture) pre-equilibrated
in bacterial lysis buffer. The beads were then washed with 10
column volumes (CVs) of bacterial lysis buffer lacking DNase-1 and
lysozyme and a further 50 CVs of high-salt wash buffer containing
0.5 M NaCl. Beads were re-equilibrated in 10 CVs of wash buffer,
and the proteins were eluted by either incubating with PreScission
protease (15mg/mg of protein) for 16 h or with 20 mM reduced
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glutathione (See Supplementary Table II). Protein eluates were
divided into aliquots and stored at �801C. For SPR analysis, the
proteins were eluted in wash buffer without sucrose.

Expression of proteins in insect cells
Standard methods were used to generate recombinant progeny 2
(P2) baculoviruses expressing each kinase with epitope tags
summarised in Supplementary Table II. These cultures were used
(1:10) to infect 600 ml of Sf21 cells cultured in suspension. After
48 h infection, cells were harvested and washed in MBS buffer,
before lysing in ice-cold Sf21 lysis buffer. Lysates were clarified by
centrifugation at 26 000 g for 30 min. For 6-His-tagged proteins, the
supernatant was incubated on a rolling platform for 1 h at 41C with
0.3 ml of NiNTA agarose beads (Qiagen), pre-equilibrated in low-
salt buffer. The beads were washed with 10 CV of low-salt buffer
and 60 CV of high-salt buffer (low-salt buffer containing 0.5 M
NaCl), followed by 10 CV of low-salt buffer. The protein was eluted
with 10 CV of low-salt buffer supplemented with 0.1 M imidazole.
The purification of MBP tagged proteins was similar to the 6-His-
tagged purification, except that amylose resin replaced the NiNTA
agarose and purified recombinant protein eluted with 12 mM
maltose.

Assaying STE-family kinases by measuring the
phosphorylation of specific substrates
The activity of recombinant STE-family kinases was assayed by
using specific substrates and at the concentration summarised in
Supplementary Table II. Phosphotransferase activity of each kinase
was measured in a total assay volume of 50ml consisting of 50 mM
Tris–HCl (pH 7.5), 0.1 mM EGTA, 0.1% (v/v) 2-mercaptoethanol,
10 mM magnesium acetate, 0.1 mM [g-32P]ATP (200 c.p.m./pmol)
and the reported amount of substrate (Supplementary Table II).
The assays were carried out at 301C and were terminated after
15 min by applying 40ml of the reaction mixture onto P81
membranes. These were washed in phosphoric acid, and the
incorporated radioactivity was measured by scintillation counting
as described previously for MAP kinase (Alessi et al, 1995). One
unit (U) of activity represents the incorporation to the substrate of
1 nmol of g-32P per minute. For the enzymes that need to be
activated, a pre-incubation with GST-c-Raf [1-306] Y340D Y341D
(for GST-MAP2K1) or His-MEKK1 (for MAP2K2, MAP2K3, MAP2K4
MAP2K6 and MAP2K7) for 30 min at 301C was performed in a
buffer containing 50 mM Tris–HCl (pH 7.5), 0.1 mM EGTA, 0.1% (v/
v) 2-mercaptoethanol, 10 mM magnesium acetate and 0.1 mM ATP.
After the activation steps, the enzymes were re-purified before
performing the kinase assay.

Immunoblotting
Twenty mg of cell lysates, 0.2–1mg of purified proteins or
immunoprecipitates in SDS sample buffer were subjected to
electrophoresis on a polyacrylamide gel and transferred to
nitrocellulose membranes. The membranes were incubated for 1 h
with TBS-Tcontaining either 10% (w/v) skimmed milk powder (for
antibodies raised in sheep) or 5% (w/v) BSA (for all other
antibodies). The membranes were then immunoblotted in the same
buffer for 2 h at room temperature with the indicated primary
antibodies. Sheep antibodies were used at a concentration of
0.5–1 mg/ml, whereas commercial antibodies were diluted to 1000-
fold. The incubation with phosphospecific sheep antibodies was
performed with the addition of 10mg/ml of the dephosphopeptide
antigen used to raise the antibody. The blots were then washed six
times with TTBS and incubated with secondary HRP-conjugated
antibodies in 5% skimmed milk. After repeating the washing steps,
the signal was detected with the enhanced chemiluminescence
reagent. Immunoblots were developed using a film automatic
processor (SRX-101; Konica Minolta Medical), and films were
scanned with a 300-dp1 resolution on a scanner (PowerLook 1000;
UMAX).

siRNA for MO25a
Two siRNA duplex targeting MO25a (siMO25a oligo-1: 50-
GCAUUUGCUGUUAGCUAUU-30; siMO25a oligo-2: 50-CACUCUUAU
UGAUUCAUGA-30) and scramble duplex (50-CCUACUAAGCGACACC
AU-30) were transfected in HEK293 cells with HiperFect (Qiagen) at
concentration of 100 nM, according to the manufacturer’s instruc-
tions. Oligo-1 and oligo-2 target non-coding regions of MO25a.
HEK293 cells were plated at confluence of 4�105 cells/well in

six-well plates (3.4 cm diameter/well) and transfected with the
siMO25a oligo-1 950 nM) and/or oligo-2 (50 nM each) or scrambled
duplex (50–100 nM). After 24 h siRNA transfection, Myc-tagged
MO25a (3mg) was transfected using the polyethylenimine method
(Durocher et al, 2002). After 72 h siRNA transfection, cells were
treated for 5 min with Basic or Hypotonic solution and lysed as
described before (Richardson et al, 2008).

86Rb uptake assay in HEK293 cells
HEK293 cells were plated at a confluence of 1.5�105 cells/well in
12-well plates (2.4 cm diameter/well) and transfected with the
siMO25a oligo-1 and oligo-2 together or scramble duplex. The 86Rb
uptake assay was performed on the cells 72 h post-transfection.
Culture media was removed from the wells and replaced with either
basic control or hypotonic low-chloride medium for 5 or 10 min.
Medium was removed and replaced with either basic or hypotonic
low-chloride medium plus 1 mM ouabain in the presence or
absence of 0.1 mM bumetanide for further 5 min. After this period,
cells were washed twice with isotonic uptake medium containing
the same additives (ouabain±bumetanide). Following washing,
cells were incubated with isotonic uptake media containing
4 mCi/ml of 86Rb for 5 min. After this period, cells were rapidly
washed three times with ice-cold non-radioactive medium. The
cells were lysed in 300ml of ice-cold lysis buffer and 86Rb-uptake
quantified on a Perkin Elmer liquid scintillation analyzer.

SPR measurements of STE20 kinases binding to MO25a
SPR measurements were performed using a BIAcore T100 instru-
ment. SPAK, OSR1 and MST4 were immobilised on a CM5 sensor
chip using standard amine-coupling chemistry, and 10 mM HBS (pH
7.4) was used as the running buffer. The carboxymethyl dextran
surface was activated with a 7 min injection of a 1:1 ratio of 0.4 M
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride/
0.1 M N-hydroxy succinimide. The STE20 kinases (5–7mM) were
coupled to the surface with a 1-min injection of protein diluted in
10 mM sodium acetate (pH 5.5). Remaining activated groups were
blocked with a 7 min injection of 1 M ethanolamine (pH 8.5). The
kinases were immobilised on three flow cells of a CM5 chip at
densities 1000–3000 RU performed at 251C, leaving one flow cell as
a reference to subtract any possible nonspecific binding. The wild-
type and mutant forms of MO25a where prepared in running buffer
containing 50 mM Tris (pH 7.5), 0.15 mM NaCl, 1 mM DTT, 0.005%
P20, and 0.1 mg/ml BSA in the presence of 0.1 mM ATP and 1 mM
MgCl2, and injected over all four surfaces at concentration series
over the range of 0.2–100 mM. Each concentration was injected in
duplicate over all surfaces. Association was measured for 30 s at a flow
rate of 50ml/min, and dissociation was measured for 1 min. MO25a
dissociated completely from the STE20 kinase surfaces, thus eliminat-
ing the need for a regeneration step. Data were double referenced to the
reference surface to subtract any possible nonspecific binding and to
the blank buffer injections to subtract drift of the target from surface.
Data were fitted to a 1:1 (Hill slope¼ 1) or 2:1 binding site model
where appropriate (Hill slope o0.7). Equilibrium constants (Kd) were
calculated from a saturation binding curve by fitting the measured
response (R) from specific binding to the following equations:
R¼Rmax[STE20K]/([STE20K]þKd) was used for a 1:1 binding model
and R¼ (Rmax1[STE20K]/([STE20K]þKd1))þ (Rmax2[STE20K]/
([STE20K]þKd2)) were used for a 2:1 binding model. Rmax1 and Rmax2

are the relative maximal changes in response for sites 1 and 2,
respectively, and Kd1 and Kd2 are the equilibrium dissociation constants
for sites 1 and 2, respectively. Dose–response curves for calculating the
Hill slope (H) of the data were fitted with the following equation:
R¼minimumþ (maximum�minimum)/(1þ10((logEC50�[STE20K])�H)).
All data were analysed using the GraphPad-PRISM software.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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