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Background: OSR1 modulates ion homeostasis and cell volume in mammal.
Results: The CCT domain and �AL helix of OSR1 act together to suppress its basal activity, while WNKs and MO25 unlock such
autoinhibition for full activation.
Conclusion: OSR1 activity is regulated by autoinhibition, WNKs, and MO25.
Significance: This work provides insights into the regulatory mechanisms of OSR1 activation to facilitate functional study.

The oxidative stress-responsive 1 (OSR1) kinase belongs to
the mammalian STE20-like kinase family. OSR1 is activated by
with no lysine [K] (WNKs) kinases, and then it phosphorylates
cation-coupled Cl-cotransporters, regulating ion homeostasis
and cell volume in mammalian cells. However, the specific
mechanisms of OSR1 activation remains poorly defined, largely
due to its extremely low basal activity. Here, we dissect in detail
the regulatory mechanisms of OSR1 activation from the aspects
of autoinhibition, upstream kinase WNK, and the newly identi-
fied master regulator mouse protein-25 (MO25). Based on our
structural and biochemical studies, we propose a “double lock”
model, accounting for the tight autoinhibition of OSR1, an
effect that has to be removed by WNK before MO25 further
activates OSR1. Particularly, the conserved C-terminal (CCT)
domain and �AL helix act together to strongly suppress OSR1
basal activity. WNKs bind to the CCT and trigger its conforma-
tional rearrangement to release the kinase domain of OSR1,
allowing for MO25 binding and full activation. Finally, the reg-
ulatory mechanisms of OSR1 activation were further corrobo-
rated by cellular studies of OSR1-regulated cell volume control
through WNK-OSR1 signaling pathway. Collectively, these
results provide insights into the OSR1 kinase activation to facil-
itate further functional study.

The mammalian STE20-like kinases were identified as
homologues of the yeast Sterile-20 protein kinase, and divided

into p21-activated kinase (PAK)4 and germinal center kinase
(GCK) families according to their structural differences (1–3).
GCKs consist of eight subfamilies, all characterized by the pres-
ence of a relatively conserved kinase domain at the N terminus
and a diversified C-terminal domain (2). GCKs are involved in
multiple cellular processes, including cell growth, apoptosis,
polarity, migration, stress responses, and immune regulation
(1, 2, 4 – 6).

Oxidative stress-responsive 1 (OSR1), STE20/SPS1-related
proline/alanine-rich kinase (SPAK), and pseudokinase STE20-
related adaptor (STRAD) are members of GCK VI subfamily.
OSR1 and SPAK share almost 90% sequence identity in the
kinase domain. OSR1 comprises of an N-terminal catalytic
domain and two regulatory regions, named PF1 [PASK and
Fray (Drosophila homolog)] and CCT domains (7). The PF1
domain, adjacent to the C terminus of kinase domain, is likely to
regulate OSR1 catalytic activity (8). Besides, a conserved WEW
motif is found within the PF1 domain, mediating the associa-
tion with adaptor protein MO25 (9). The CCT domain is
required for recognizing and binding to the RFX[V/I] motif
from both OSR1 upstream activators and downstream sub-
strates (10, 11). Recent studies have determined crystal struc-
tures of OSR1 kinase domain, as well as the CCT domain in
complex with a peptide containing an RFX[V/I] motif derived
from WNK4 (12–14). In crystal structure, the OSR1 kinase
domain forms a domain-swapped dimer, exchanging each p �
1 loop and �EF helix between dimer-related monomers, high-
lighting the potential importance of OSR1 homo dimerization
(14). Yet the accurate regulatory mechanisms of OSR1 via its
PF1 and CCT domains remain unclear.

OSR1 is widely expressed in most tissues, especially in the
heart and skeletal muscle, and has been implicated in multiple
cellular events (8, 15–18). For example, OSR1 can modulate ion

* This work was supported by the 973 program of the Ministry of Science and
Technology of China (2012CB910204), the National Natural Science Foun-
dation of China (31270808, 31300734, 31470736, 31470868), the Science
and Technology Commission of Shanghai Municipality (11JC14140000,
13ZR1446400), and the “Cross and Cooperation in Science and Technology
Innovation Team” Project of the Chinese Academy of Sciences.

1 Both authors contributed equally to this work.
2 To whom correspondence may be addressed: Institute of Biochemistry and

Cell Biology, 320 Yue-Yang Rd., Shanghai 200031, China. Tel.: 86-21-
54921291; Fax: 86-21-54921291; E-mail: jiaoshi@sibcb.ac.cn.

3 To whom correspondence may be addressed: Institute of Biochemistry and
Cell Biology, 320 Yue-Yang Rd., Shanghai 200031, China. Tel.: 86-21-
54921291; Fax: 86-21-54921291; E-mail: zczhou@sibcb.ac.cn.

4 The abbreviations used are: PAK, p21-activated kinase; OSR, oxidative
stress-responsive; CCT, conserved C-terminal; GCK, germinal center kinase;
SPAK, STE20/SPS1-related proline/alanine-rich kinase; STRAD, pseudoki-
nase STE20-related adaptor; IPTG, isopropyl �-D-thiogalactopyranoside;
GA, glutaraldehyde; CCT, conserved C-terminal; MST, mammalian STE20-like
kinase; WNK, with no lysine; ANP, adenosine 5�-(�,�-imido)triphosphate.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 52, pp. 35969 –35978, December 26, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

DECEMBER 26, 2014 • VOLUME 289 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 35969



homeostasis in mammalian cells through WNK-OSR1 kinase
cascade pathway. During hyperosmotic or hypertonic stress,
OSR1 is phosphorylated and activated by WNKs on threonine
185 (Thr-185) in the activation loop (A-loop) and serine 325
(Ser-325) in the PF1 domain, which in turn phosphorylates and
activates downstream substrates Na�/Cl� cotransporter
(NCC), Na�/K�/2Cl� cotransporter (NKCC) 1 and NKCC2
(11, 19, 20). Mutational analysis indicates that phosphorylation
of Thr-185 in OSR1 could significantly enhance its kinase activ-
ity, while phosphorylation of Ser-325 only modestly promotes
OSR1 kinase activity (19). Moreover, the mammalian target of
rapamycin complex 2 (mTORC2), which is activated by phos-
phatidylinositol-3 kinase (PI3K), can increase OSR1 activity by
phosphorylating residue Ser-339 (21, 22). In addition, OSR1 has
also been implicated in immune regulation by interacting with
protein kinase C-� (PKC�) or TNF receptor expressed in
lymphoid tissues (RELT) homologues (18, 23).

Recently, the adaptor protein MO25 has been identified as a
key regulator that can dramatically enhance the activity of a
group of germinal center kinases including OSR1 and SPAK (9).
MO25 was initially found to mediate a heterotrimeric complex
with the tumor suppressor liver kinase B1 (LKB1) and the cat-
alytically inactive pseudokinase STRAD, and thus activating
LKB1 (24 –26). Structural analysis of the STRAD-MO25 com-
plex indicates that four conserved sites (A, B, C, and D) in the
kinase domain and C-terminal domain of STRAD corporately
interact with MO25 (25, 27). Sequence alignment shows a high
degree of homology between the four sites of OSR1 and STRAD
(9, 28), suggesting OSR1 binds to MO25 in a similar manner.

Here we dissect in detail the regulatory mechanisms of OSR1
kinase activity and propose a “double lock” model, in which two
critical structural elements, the �AL helix and the CCT
domain, function as two layers of autoinhibition, leading to a
remarkably low basal activity that is usually undetectable. In the
“locked” state, the �AL helix spatially inserts between the side
chains of the conserved lysine and glutamate residues, directly
blocking the formation of Lys-Glu ion pair interaction required
for an active conformation; while the CCT domain directly
interacts with the kinase domain to inhibit both the domain-
swapped dimerization, and the recruitment of effector mole-
cule MO25. Structural and biochemical studies indicate that
MO25 associates with OSR1 in a similar manner to that
observed for STRAD, and that MO25 is required for the full
activation of OSR1. During this process, WNKs not only phos-
phorylate the A-loop of OSR1 to alter the conformation of the
catalytic center, but also remove its autoinhibition through
direct binding to the CCT domain, thus facilitating the recruit-
ment of MO25 for further activation.

EXPERIMENTAL PROCEDURES

Cloning, Protein Expression, and Purification—The different
constructs of human OSR1, including wild-type or mutant full-
length (amino acids 1–527), kinase domain (amino acids
1–293) and kinase domain plus (1–338), MO25 (amino acids
1–341) and WNK1 (amino acids 1– 663) were cloned into vec-
tor pET28a-HisTEV and expressed by Escherichia coli BL21
(DE3) strain. The OSR1 CCT domain (amino acids 434 –527)
was cloned into vector pET28a-GSTTEV and expressed by

E. coli BL21 (DE3) strain. Protein expression was induced by
adding 0.5 mM isopropyl �-D-thiogalactopyranoside (IPTG) in
Terrific Broth medium at 16 °C for 18 h. Bacterial cells were
harvested, and proteins were purified at 4 °C by Ni-Sepharose
or glutathione-Sepharose. TEV protease was used to cleave
His-tagged and GST-tagged proteins to generate untagged pro-
teins. All proteins were further purified by gel filtration and
stored in buffer A containing 20 mM Hepes (pH 7.5), 100 mM

NaCl, and 1 mM DTT.
In Vitro Kinase Assay—The activities of recombinant OSR1

kinases and related mutants were assayed by autoradiography.
Phosphotransferase activity of each reaction was measured in a
total assay volume of 40 �l consisting of 50 mM Tris-HCl (pH
7.5), 0.1 mM EGTA, 10 mM magnesium acetate, 1 uCi
[�-32P]ATP, 5 mM MnCl2, and 40 �g of GST-NCC (amino acids
1–100) substrates. The reactions were carried out at 30 °C and
were terminated after 30 min by adding loading buffer. Samples
were analyzed following electrophoresis and autoradiography.
Each experiment was performed at least three times.

Kinetic Assay—Interactions between purified proteins of
MO25 (amino acids 1–341) and OSR1 (amino acids 1–338)
were detected in vitro by biolayer interferometry experiment
(BLI)(Octet Red 96, ForteBio) following a protocol as described
previously (29). Biotinylated wild-type OSR1 protein was
immobilized on the streptavidin biosensors and incubated with
varying concentrations of wild-type or mutant MO25 in
1�kinetics buffer (10 mM Na2HPO4, 2 mM KH2PO4, 137 mM

NaCl, 2.7 mM KCl, 0.002% Tween 20, 0.1 mg/ml BSA, pH 7.4).
The same system was applied to the biotinylated wild-type
MO25 with wild-type or mutant OSR1. The BLI experiments
comprised 5 steps: 1) Baseline acquisition; 2) Biotinylated pro-
teins loading onto SA biosensor; 3) Second baseline acquisition;
4) Association of interacting protein; 5) Dissociation of inter-
acting protein. Experimental trace about association and disso-
ciation were recorded and analyzed using Octet Data Analysis
Software 7.0 (ForteBio).

Pull-down Assay—His-tagged bait proteins were coupled on
Ni-Sepharose first, and then mixed with different prey proteins
at 4 °C for 2 h in buffer A. The mixtures were washed three
times with buffer A containing 20 mM imidazole to avoid the
nonspecific binding. The input and output samples were boiled
in SDS-PAGE loading buffer and loaded on SDS-PAGE fol-
lowed by Coomassie Brilliant Blue (CBB) staining.

Western Blot—Samples of pull-down assays were boiled and
separated electrophoretically on 12% SDS-PAGE gel. Protein
bands were transferred onto polyvinylidene fluoride (PVDF)
membrane by electroblotting. The membrane was blocked in
TBST buffer (25 mM Tris-HCl, pH 7.4, 1.5 M NaCl, 0.5% Tween-
20) containing 5% fat-free dry milk for 1 h. The membrane was
washed with TBST for three times and incubated with mouse
anti-GST antibody overnight. After washing with TBST, the
membrane sheets were incubated with peroxidase conjugated
anti-mouse antibody for 1 h. The bands were visualized using
Thermo ECL detection kit.

Cross-linking—Purified 1 mg/ml wild-type OSR1 or the
related fragments was incubated with 0 and 0.005% (v/v) glutar-
aldehyde (GA) in conjugation buffer (20 mM Hepes pH 7.5, 100
mM NaCl, 1 mM DTT,) at room temperature for 1 h. The reac-
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tion was quenched with 50 mM Tris-HCl (pH 8.0) for 30 min.
The cross-linked samples were analyzed on an 8% SDS-PAGE
followed by CBB staining.

Cell Volume Determination—293T cells were cultured in
DMEM supplemented with 10% FBS at 37 °C in 5% CO2. OSR1
and its mutants were then co-transfected into cells with or
without MO25 by using Lipofectamine TM 2000 (Invitrogen).
After transfection for 24 h, cells were treated with 0.5 M sorbitol
using PBS as negative control. Subsequently, the cell culture
vessel was placed in a phase-contrast live cell imaging system,
the IncucyteTM FLR (Essen Bioscience, Ann Arbor, MI), in a
37 °C incubator supplemented with 5% CO2. Phase-contrast
images (750 � 950 �m) were taken by the Incucyte FLR at the
indicated time intervals. The approximate number of cells
scanned was 200�600 cells per image. The IncucyteTM FLR
was programmed to take 3 images per well of a 96-well plate. It
takes 10 min to scan an entire 96-well plate at 3 images per well.
Relative confluent was then calculated according the absolute
confluent of each well (relative confluent � treatment conflu-
ent/negative control confluent). All experiments were repeated
at least twice.

RESULTS

The CCT Domain Directly Interacts with the Kinase Domain
to Inhibit OSR1 Activation—OSR1 comprises a kinase domain,
a PF1 domain containing a MO25-binding motif (WEW), and a

CCT domain (Fig. 1A). It has been frequently observed that
protein kinases contain an autoinhibitory domain outside of the
catalytic domain. Removal of the autoinhibitory domain usually
results in constitutively activated kinases. To define the mech-
anisms that regulate the activity of OSR1, we created OSR1
full-length wild-type (WT), T185E mutant (mimicking the
phosphorylated active state) (19), K46R mutant (catalytically
inactive) and CCT domain-truncated constructs to determine
whether it contains an autoinhibitory domain. We first
expressed and purified these proteins for in vitro kinase assay.
The N-terminal domain of NCC that contains phosphorylation
sites of OSR1 was purified as a GST-tagged protein and used as
a substrate (11). After incubation with [�-32P], the results of
autoradiography showed that full-length wild-type OSR1 had
no detectable activity toward NCC (Fig. 1B). In contrast, the
kinase activity of the OSR1 T185E mutant was readily detected,
indicating a constitutively activation of OSR1 through mimick-
ing phosphorylation by WNKs. Surprisingly, the truncated
fragment (amino acids 1–338), lacking the CCT domain, also
exhibited significant kinase activity, even though it contained
no phosphorylation-mimicking mutation.

Based on the above results, we speculated that the CCT
domain may directly interact with the kinase domain of OSR1
to attain an inactive autoinhibitory conformation, thus result-
ing in a barely detectable basal activity. To test this possibility,

FIGURE 1. The CCT domain of OSR1 binds to its kinase domain and inhibits OSR1 kinase activity. A, schematic illustration of domain organization for
human OSR1. B, catalytic activities of the indicated OSR1 fragments were assayed for determining the ability of OSR1 phosphorylating GST-NCC-(1–100). The
relative activity of OSR1 was presented by the phosphorylation levels of GST-NCC, which were quantified by densitometric measurement (ImageJ) (right graph).
C, purified recombinant proteins of His-tagged OSR1 kinase plus (1–338) and GST-tagged CCT domain (434 –527) were subjected to His pull-down analysis. GST
protein was used as a negative control. Pull-down samples were subjected to SDS-PAGE and immunoblotted (IB) with anti-GST antibodies. CBB: Coomassie
Brilliant Blue. D, catalytic activities of OSR1-(1–338) and full-length T185E mutant were measured in the presence or absence of the CCT protein by autora-
diography. The Coomassie Blue staining shows the total amount of CCT protein and GST-NCC. The relative amounts of phosphorylated-GST-NCC (p-GST-NCC)
were quantified by ImageJ (upper graph). E, left panel, docking model of OSR1 CCT domain (cyan, PDB ID: 2V3S) interaction with its kinase domain (slate, PDB ID:
3DAK) by ClusPro 2.0. Right panel, the structure of domain-swapped OSR1 kinase domain (PDB ID: 3DAK). Two molecules are represented in slate and yellow,
respectively. The red circles indicate the partially overlapped region. F, cross-linking assay of OSR1 different fragments. Proteins were incubated with 0% and
0.005% (v/v) GA at room temperature for 1 h. The dimers are indicated by asterisks. Full-length MST4 was used as a positive control.
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we performed pull-down assay using purified recombinant pro-
teins in vitro. The result showed that His-tagged OSR1 kinase
domain plus (amino acids 1–338) could interact with GST-
tagged OSR1 CCT domain (amino acids 434 –527), but did not
interact with the negative control protein GST (Fig. 1C). Fur-
thermore, the activities of OSR1 kinase domain plus and the
constitutively active mutant T185E were reduced by addition of
the purified CCT domain protein (Fig. 1D). Taken together,
these results indicate that the CCT domain can directly interact
with the kinase domain of OSR1 to inhibit its activity.

The CCT Domain May Prevent Substrate Binding and
Domain-swapped Homodimerization—To further investigate
the specific mechanism through which the CCT domain of
OSR1 inhibits its kinase activity, we examined the three-dimen-
sional structural information of OSR1. As introduced, the
structures of the OSR1 kinase domain, and its CCT domain in
complex with a WNK4 peptide have been determined (12–14),
but the structure of full-length OSR1 is not yet available. To
explore the relative orientation between the CCT domain and
the kinase domain of OSR1, we therefore generated a structural
model of OSR1 kinase domain in complex with its CCT domain
through computational docking (30) by using the resolved crys-
tal structures of OSR1 kinase domain (PDB ID: 3DAK) and
CCT domain (PDB ID: 2V3S) (Fig. 1E). In this modeled struc-
ture, OSR1 CCT domain was positioned adjacent to the �C
helix and A-loop with its RFX[V/I] binding pocket exposed,
suggesting that the autoinhibited OSR1 kinase can still bind to
upstream WNK kinase and downstream targets. However, the
CCT domain would at least partially cover the substrate bind-
ing pocket of OSR1 kinase domain, and may particularly con-
tact the �EF helix and p � 1 loop in the C-lobe of OSR1 kinase
domain (Fig. 1E). Therefore, the CCT domain of OSR1 may
prevent substrate binding to the catalytic center, even though
the CCT domain itself can recruit substrate through the
RFX[V/I] motif.

Kinase domain-mediated homodimeric conformation could
bring the kinase domain together and facilitate trans-autophos-
phorylation, as in the case we have shown for the mammalian
STE20-like kinase 4 (MST4), another member of GCK family
(31). In this regard, OSR1 was also observed as a domain-
swapped homodimer. However, structural comparison of
OSR1 kinase domain alone (PDB ID: 3DAK) and its complex
with the CCT domain (modeled in this work) indicated that the
region to which the CCT domain binds partially overlaps with
that of the kinase domain-mediated homodimeric interface
(Fig. 1E). Therefore, we reasoned that the steric hindrance
caused by the bound CCT domain would impair the homodi-
meric interaction of OSR1 kinase domains. To test this hypoth-
esis, we performed cross-linking assay using full-length and
truncated OSR1 proteins. MST4 was used as a positive control
for this reaction system, since we previously showed that MST4
forms a homodimer (31). As shown in Fig. 1F, the OSR1 kinase
domain (amino acids 1–293) and kinase domain plus (amino
acids 1–338), both lacking the CCT domain, could form dimers
as does full-length MST4. However, 0.005% GA did not induce
band shift of full-length OSR1, indicating that the CCT domain
plays a negative role in the homodimerization of full-length
OSR1. Taken together, these results suggest that the CCT

domain acts as a structural lock to suppress OSR1 kinase activ-
ity by preventing substrate access and homodimerization of the
kinase domain.

The �AL Helix Inhibits OSR1 Kinase Activity through Disrup-
tion of the Conserved Lys-Glu Ion Pair—Given the substantially
lower basal activity of OSR1 when compared with other kinases
such as MST3, MST4, and STK25, we reasoned that there
might be certain distinct structural elements in OSR1 kinase
domain to which the tight intrinsic autoinhibition may ascribe.
Therefore, we performed structural comparison of OSR1
kinase domain with those of MST3, MST4, STK25, as well as
the pseudokinase STRAD� (Fig. 2A). As expected, the overall
structure of OSR1 kinase domain resembles those of MST3,
MST4, STK25, and STRAD�, featuring a conventional dual
lobe architecture. However, unlike MST3, MST4, STK25, and
STRAD�, the activation loop of OSR1 adopts an inactive con-
formation through an atypical helix, termed as �AL helix. This
structural element is formed by a two-turn helix at the N ter-
minus of the activation loop. Sequence alignment of activation
loop including MST3, MST4, STK25, STRAD�, and OSR1 indi-
cates that the �AL helix is an extra insertion for OSR1 (Fig. 2A).

Subsequent structural analysis in detail suggests that this
�AL helix is important for the autoinhibition of OSR1. The
�AL helix is embedded into the groove between N- and
C-lobes, which is important for substrate-binding and catalysis

FIGURE 2. Structural element �AL helix of OSR1 inhibits its kinase activ-
ity. A, structural comparison and sequence alignment of OSR1 (slate, PDB ID:
3DAK) with MST3 (yellow, PDB ID: 3A7G), MST4 (cyan, PDB ID: 3GGF), STK25
(pink, PDB ID: 2XIK) kinase domains and STRAD� (light orange, PDB ID: 3GNI).
The �AL helix of OSR1 is colored lime green. Residues lysine and glutamate are
shown as sticks. The distances between lysine and glutamate in structures are
shown as orange dotted lines. B, �AL helix interacts with �C helix by hydro-
phobic interaction. ANP and magnesium ion are represented as orange sticks
and gray ball, respectively. C, catalytic activities of the purified OSR1 proteins,
including OSR1-(1–527) and 6� His-tagged OSR1-(1–527) with �AL deletion,
were measured by in vitro kinase assay. GST-NCC was used as a substrate. The
CBB staining shows the total amount of kinases and substrates.
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(Fig. 2B). Particularly, residues Val-167, Phe-170, and Leu-171
from the �AL helix form hydrophobic interactions with the �C
helix, a critical structural element in almost all kinases. Such
interactions push the �C helix away from the catalytic core of
OSR1, resulting in an inactive conformation. On the other
hand, it is generally observed for kinases that a conserved glu-
tamate (Glu-63 in the case of OSR1) from the �C helix would
form an ion pair with a conserved lysine (Lys-46 in the case of
OSR1) in the VAIK motif when a kinase is activated. However,
the potential Lys-46-Glu-63 pairing is disrupted by the inserted
�AL helix in OSR1 kinase domain. Instead, residues Lys-46 and
Glu-63 form electrostatic interactions with Asp-164 from the
DFG motif and Arg-145 from the HRG motif, respectively. Both
Asp-164 and Arg-145 are required for catalysis, and thus inter-
actions of these two residues with Lys-46 and Glu-63 may
impair their action in catalysis. Although both OSR1 and
STRAD� belong to the GCK VI subfamily, unlike OSR1,
STRAD� does not have a helix as the �AL helix of OSR1 to
affect the formation of Lys-Glu salt bridge. Next, we compared
the length of the Lys-Glu ion pair in several kinases. The dis-
tances are 4.0 and 4.2 Å in the active state of MST3 and STK25,
respectively. However, the distance becomes 11.9 Å in OSR1,
which is comparable with that of MST4 in an inactive state (Fig.
2A). Thus it appears that OSR1 is “structurally inactive” due to
the existence of the unique �AL helix.

Next, we performed in vitro kinase assay to verify our struc-
tural analysis by detecting the potential inhibitory effect of the
�AL helix on OSR1 kinase activity. Two mutants were con-
structed with the �AL helix deleted on the basis of full-length
OSR1 and the kinase domain plus fragment (amino acids
1–338), respectively. As shown in Fig. 2C, either full-length
OSR1 or the kinase domain plus fragment, when the �AL helix
was removed, exhibited higher kinase activities than their wild-
type counterparts. Taken together, these results suggest that
the �AL helix acts as another structural lock to inhibit OSR1
kinase activity by interacting with the �C helix and disrupting
the conserved Lys-Glu ion pair.

Based on these structural and biochemical studies, we pro-
pose a “double lock” model to explain the tight autoinhibition of
OSR1. The first lock is the CCT domain of OSR1, which directly
associates with its kinase domain to maintain an autoinhibitory
conformation by preventing substrate access and the formation
of OSR1 homodimer. The second lock is the �AL helix at the N
terminus of OSR1 activation loop, which inserts into the cata-
lytic cleft and destroys the Lys-Glu ion pair interaction.

MO25 Binds to OSR1 in a Conserved Manner and Fully Acti-
vates OSR1—Recent studies have revealed that MO25 can
directly bind to and enhance the kinase activity of GCK III
(MST3, MST4, and STK25) and GCK VI (OSR1, SPAK,
STRAD) kinases (9, 32). To detect the interaction between
OSR1 and MO25, we generated several truncation fragments of
OSR1 for pull-down assays. OSR1 kinase domain plus (amino
acids 1–338), containing the WEW motif (Site D), exhibited the
strongest interaction with MO25 (Fig. 3A). In contrast, OSR1
kinase domain (amino acids 1–293) lacking the WEW motif,
almost abolished its association with MO25. Surprisingly, full-
length OSR1, either wild-type or T185E mutant, showed barely

detectable binding to MO25, suggesting an inhibitory role of
the CCT domain for MO25 binding.

Previously, we and others determined the crystal structures
of MO25 in complex with different GCK members including
MST3, MST4, STK25, as well as the pseudokinase STRAD�
(25, 28, 31, 33), which defined a unified structural mechanism
featuring a MO25-stabilized active conformation of the �C
helix and A-loop. The interfaces between MO25 and this group
of GCKs are highly conserved within four major sites termed
A-D. Since OSR1 also interacts with MO25, we therefore mod-
eled the structure of OSR1-MO25 complex using the crystal
structures of OSR1 kinase domain (PDB ID: 3DAK) and MST4-
MO25 complex (PDB ID: 4FZD) (Fig. 3B). Subsequently, we
performed site-specific mutagenesis to verify this structure
model, particularly the four conserved binding sites. To this
end, a series of mutants were generated in the contexts of OSR1
kinase domain plus and full-length MO25. Our biolayer inter-
ferometry experiments showed that mutations E51A (Site A)
and V83A (Site B) of OSR1 partially reduced its binding to
MO25 (Fig. 3C). However, single mutation Y136F (Site C),
especially double mutation W336A/W338A (Site D) of OSR1,
almost abolished OSR1-MO25 interaction. Consistently, sub-
stitution of residue Met-260 (Site D) of MO25 with alanine
almost completely abrogated its interaction with OSR1. On the
other hand, MO25 mutants R227A (Site A), F178E/V224E (Site
B), or K96A (Site C) had no significant effect on binding OSR1.
Taken together, these results demonstrated that MO25 binds
to OSR1 through a similar structural mechanism observed for
other MO25-related kinases, and that the WEW motif is critical
for the interaction between OSR1 and MO25.

Next we performed in vitro kinase assay using purified
recombinant proteins of MO25 and OSR1 (Fig. 3D). Consistent
with previous studies (9, 34), our results showed that full-length
wild-type OSR1 protein had no detectable activity, even in the
presence of MO25. The OSR1 phosphomimetic mutant T185E
showed increased activity compared with that of wild-type
OSR1, while addition of MO25 further significantly enhanced
its activity. Furthermore, we found that OSR1 lacking the CCT
domain could be more effectively activated by MO25, again
indicating an inhibitory role of the CCT domain during MO25-
mediated activation of OSR1.

The CCT-PF1 Region Blocks OSR1 Binding to MO25 While
WNK Antagonizes This Effect—Combining the binding assays
for OSR1-MO25 and the kinase assay of OSR1 in the presence
or absence of MO25, we hypothesized that the CCT domain,
and probably also the immediately preceding PF1 domain can
block the interaction between OSR1 and MO25 and therefore
inhibit MO25-mediated OSR1 activation. To activate OSR1,
the CCT-PF1 region would have to dissociate from the kinase
domain where MO25 binds, or at least the conformation of the
CCT-PF1 region would have to be altered to allow for direct
binding of MO25. Consistent with this notion, full-length
OSR1 is unable to bind MO25, but removal of the CCT domain
allows for MO25 binding as shown by the truncation mutant
(amino acids 1–338). Structurally, MO25 and the CCT domain
bind to OSR1 kinase domain at the adjacent regions (Fig. 4A).
Besides, a flexible loop between the kinase and CCT domains
(amino acids 294 – 433), whose conformation and orientation
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relative to the kinase domain would highly depend on whether
the CCT domain is attached to or detached from the kinase
domain. For example, when the CCT domain is attached to the
kinase domain, this PF1 linker may cooperate with the CCT
domain to block MO25 binding. We then asked how the CCT/
PF1-mediated inhibition is relieved under physiological condi-
tion to allow for MO25 binding and thus activation of OSR1. In
this regard, it is worth noting that the WNK kinases act as
upstream regulators to activate OSR1 through phosphorylation
of Thr-185 in the activation loop and Ser-325 in the PF1 domain
of OSR1 (19, 34). Moreover, structural study has revealed that
WNK kinases interact with OSR1 CCT domain through a
unique RFX[V/I] binding motif (12) (Fig. 4B). Therefore, we
reasoned that WNKs could be involved in “unlocking” the
CCT/PF1-mediated inhibition of MO25 binding to OSR1.

To test our hypothesis, we cloned and purified human
WNK1 protein (amino acids 1– 663). Our pull-down assay
showed that WNK1 could interact with both full-length OSR1
and the individual CCT domain (Fig. 4C), consistent with our
structural model of the CCT domain bound to the kinase
domain showing an exposed RFXV-motif-binding site (Fig. 1E).

By contrast, the WNK1 protein did not interact with OSR1
kinase domain plus lacking the CCT domain. Next, we exam-
ined the potential effect of WNKs on the interaction between
OSR1 and MO25. As shown in Fig. 4, D and E, after incubation
with either WNK1 protein or a RFXV-motif-containing peptide
(GRFQVT), the interaction between MO25 and OSR1 was sig-
nificantly enhanced regardless of wild-type, T185E (mimicking
phosphorylation by WNKs) or K46R (kinase dead version)
mutants. Taken together, these results suggest that in addition
to its phosphorylation effect, WNKs can bind to the CCT
domain to relieve its inhibition most likely through direct deas-
sociation of the CCT domain from the kinase domain and thus
exposing its MO25-binding interface.

OSR1 Regulates Cell Volume Homeostasis in a Manner
Dependent on Its Kinase Activity—Previously it has been
reported that osmotic stress, such as hyperosmotic stress
induced by sorbitol, stimulates the activation of OSR1 (8, 21).
The activated OSR1 phosphorylates members of ion cotrans-
porters to maintain cell volume homeostasis. We next assessed
the impact of OSR1 kinase activity on the cell volume of HEK
293T cells in the presence or absence of 0.5 M sorbitol. The cell

FIGURE 3. MO25 interacts with and fully activates OSR1. A, His pull-down to detect the interactions between different constructs of OSR1 and MO25. B,
structure of the OSR1-MO25 complex was modeled using the crystal structures of OSR1 kinase domain (slate, PDB ID: 3DAK) and MST4-MO25 complex (PDB ID:
4FZD). MO25 and the kinase domain of OSR1 were colored green and slate, respectively. The Site D of OSR1 and ANP were colored red and orange, respectively.
C, interaction between OSR1 kinase domain plus and MO25 was determined by Octet Red 96. The left panel shows the experimental trace obtained from
bio-layer interferometry experiments. Wild-type biotinylated MO25 were immobilized on streptavidin biosensors and incubated with mutants of OSR1
proteins. The right panel shows wild-type biotinylated OSR1 incubated with mutants of MO25. D, catalytic activities of OSR1 different fragments were deter-
mined in the absence or presence of MO25 using GST-NCC as substrate. The CBB staining shows the total amount of kinase, substrate, and MO25.
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volume reached maximal shrink (�50%) within half an hour
upon stimulation with 0.5 M sorbitol (Fig. 5A). The cells trans-
fected with wild-type OSR1 underwent about 30% volume
shrinkage after treatment with 0.5 M sorbitol. Mutation of
OSR1 T185E effectively maintained the cell volume within 90%,
consistent with the observation that this mutation increases
OSR1 activity. The catalytically inactive mutant K46R led to
nearly 50% decrease of cell volume. Although the CCT domain
truncation increased OSR1 kinase activity in vitro, it failed to
maintain cell volume in response to sorbitol-induced hyper-
tonic stress, probably due to that removal of the RFXV motif
disables recruitment of both upstream WNK kinases and
downstream substrates (Fig. 5B).

To determine whether MO25 is involved in cell volume con-
trol through regulating OSR1 kinase activity, we overexpressed
MO25 and OSR1 in HEK 293T cells. As expected, transfection
of MO25 prevented cell shrinkage to certain degree (Fig. 5C).
Strikingly, cells coexpressing MO25 and wild-type OSR1, espe-
cially the T185E mutant, showed no obvious shrink of cell vol-
ume upon sorbitol treatment. However, coexpression of wild-

type MO25 with OSR1 mutants E51A or V83A that partially
disrupted the interaction between MO25 and OSR1, did not
maintain cell volume to the level that was observed for wild-
type OSR1, indicating a critical role of MO25-induced OSR1
activation (Fig. 5D). Together, these results support the struc-
tural mechanism of OSR1 activation by demonstrating that
OSR1-regulated cell volume control is dependent on its kinase
activity.

DISCUSSION

Regulatory mechanisms of kinase activity are complicated
and usually involve various signaling events mediated by
upstream activators, phosphatases, adaptor proteins, and even
metal ions. OSR1 kinase shows almost undetectable basal activ-
ity. Here we demonstrate multiple layers of regulation for OSR1
kinase activity, and propose a “double lock” model to account
for its tight autoinhibition. This model features two critical
structural elements, the CCT domain and the �AL helix. The
CCT domain directly interacts with the kinase domain to not
only block substrate access, but also inhibit the domain-

FIGURE 4. WNKs bind to OSR1 CCT domain, promoting the interaction between OSR1 and MO25. A, structural comparison of OSR1 kinase-CCT domain and
OSR1-MO25 complex. The disordered loop (294 – 433) between OSR1 kinase domain and CCT domain is shown as dotted lines. B, crystal structure of OSR1 CCT
domain (cyan) in complex with a WNK4-derived RFXV-containing peptide (pink) (PDB ID: 3DAK). C, purified recombinant proteins of His-tagged OSR1, including
full-length (1–527), kinase domain plus (1–338), CCT domain (434 –527), and no-tagged WNK1-(1– 663) proteins were subjected to His pull-down analysis. D–E,
His pull-down assays were performed using purified His-tagged MO25 and untagged OSR1 proteins in the presence or absence of WNK1-(1– 663) or WNK4
peptide (GRFQVT). Pull-down samples were subjected to SDS-PAGE. The bottom panel indicates the amount of full-length OSR1 proteins used in each reaction.
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swapped homodimerization of the kinase domain and thus its
trans-autophosphorylation. More importantly, such intramo-
lecular interaction between the CCT domain and the kinase
domain, together with the PF1 region can prevent the kinase
domain from binding MO25, a key regulator that is required for
full activation of OSR1. On the other hand, OSR1 has a unique
�AL helix corresponding to a flexible loop immediately N-ter-
minal the activation loop found in other GCK kinases. This
extra helix can interact with the �C helix and disrupt the con-
served Lys-Glu ion pair, whose formation is required for kinase
activation. Interestingly, such inhibitory helix has also been
observed for other low activity kinases such as CDK2, WNK1,
and MEK1/2 (35–37), indicative of a general autoinhibitory
mechanism. Particularly, WNK1 kinase, which functions as an
upstream activator of OSR1, also has relatively low basal activ-
ity (36), indicating that the WNK-OSR1 signaling has to be
tightly controlled under physiological condition.

MO25 was initially identified as an adaptor protein that
forms a heterotrimeric complex with STRAD and LKB1 (24).
Lately MO25 was found to also bind to and activate a group of

GCKs including OSR1 (9). Our recent structural studies on the
regulatory mechanisms of MO25-mediated kinase activation
revealed that MO25 alters the conformation of the �C helix of
these kinases (28, 31). Mutational study carried out in this work
suggests that MO25 may bind to the kinase domain and activate
OSR1 in a similar manner, but more dependent on the WXF/W
motif. Our structural analysis further suggests that MO25 bind-
ing may induce a conformational change of the �AL helix and
thus stabilize an active conformation of OSR1. Consistently, a
recent study revealed that MO25 binding could help the OSR1
homologous kinase SPAK to attain an active conformation and
facilitate its domain-swapped homodimerization (38). How-
ever, in resting state of OSR1, the CCT domain binds to the
kinase domain and partially covers its MO25-binding site, as
shown by the observation that MO25 can better activate the
kinase domain than the full-length OSR1. Thus the CCT
domain-mediated inhibition of MO25 binding has to be
relieved before full activation of OSR1 by MO25.

WNK kinases are upstream activators of OSR1 in the regu-
lation of salt transport and blood pressure. WNKs phosphory-

FIGURE 5. The activation of OSR1 promotes cell volume control. A-D, HEK 293T cells were transfected with indicated constructs encoding Flag-tagged OSR1
and/or Myc-tagged MO25. The relative changes of cell size were determined for 3 h at 30-min intervals by Incucyte FLR system. The plus signs indicate cells after
treatment with 0.5 M sorbitol. E, model of the regulatory mechanisms of OSR1 activity.
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late OSR1 at two conserved sites, residues Thr-185 (A-loop)
and Ser-325 (PF1 region) (19). All WNK isoforms contain mul-
tiple RFX[V/I] motifs, which recognize and interact with the
CCT domain of OSR1 (34, 39). The association between WNKs
and the CCT domain of OSR1 is mediated by hydrogen bonds,
ionic interactions and hydrophobic packing (12), which is
much stronger than that between the kinase and CCT domains
of OSR1. Thus, it is likely that WNKs function as an in vivo
trigger to relieve the inhibition of OSR1 through binding to the
CCT domain and inducing its conformational rearrangement
relative to the kinase domain, which would allow for MO25
binding. This notion is supported by our observations that
MO25 binding to the full-length OSR1 was dramatically
enhanced in the presence of WNK1 or the RFXV-motif-con-
taining peptide. Recently, it has been reported that WNK4 can
also interact with MO25 and directly bind to NKCC1 by its
CCT-like domain, promoting cotransporter activation in a
SPAK/OSR1-independent pathway (40). Mutational analysis
indicated that MO25 interacts with WNK kinases in a different
manner from its interaction with SPAK/OSR1, which is not
contradictory with our results. Moreover, phosphorylation of
OSR1 by WNKs is also required for its initial activation since
MO25 is unable to activate bacterially expressed OSR1, which
was not phosphorylated by WNKs (9).

OSR1 has been implicated in cell volume control. Here, we
show that OSR1 regulates cell volume of HEK 293T cells in a
manner dependent on its kinase activity. In addition, the CCT
domain is also required for such function of OSR1, suggesting
the necessity of both kinase activity and substrate recruitment.

Collectively, we propose a multi-step regulatory model for
OSR1 kinase activation as shown in Fig. 5E: 1) In the resting
state, OSR1 CCT domain associates with the kinase domain,
and the �AL helix wedges into the catalytic center, locking
OSR1 in an autoinhibited conformation; 2) WNKs bind to the
CCT domain of OSR1 and phosphorylate Thr-185 in the
A-loop and Ser-325 in the PF1 domain, resulting in an initial
activation of OSR1; 3) WNK binding simultaneously alters the
intramolecular interactions between the CCT and kinase
domains of OSR1, exposing its MO25-binding sites; 4) MO25
binds to and induces conformational changes of OSR1 to stabi-
lize an active conformation for full activation.

Finally, we also noticed that MnCl2 but not MgCl2 can
induce SPAK/OSR1 auto-phosphorylation, indicating a
preference of divalent cation for these two kinases (39). Our
in vitro kinase assay confirmed the selective activation of
OSR1 by manganese (data not shown). Exposure to high lev-
els of manganese may cause manganism, a neurological dis-
order similar to Parkinson disease. The normal concentra-
tion of Mn2� in human adult tissues ranges from 3 to 20 �M

and 0.6 –1 mM concentration of Mn2� is sufficient to induce
apoptotic cell death in multiple types of cells (41). Moreover,
SPAK and OSR1 have important functions in the nervous
system, including the developing hypothalamus and neuro-
logical disorders (17, 42, 43). Thus it is possible that SPAK
and OSR1 may also play a role in manganese-mediated phys-
iology and/or pathology.
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