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We have recently purified mammalian sterile 20 (STE20)-
like kinase 3 (MST3) as a kinase for the multifunctional
kinases, AMP-activated protein kinase—related kinases (ARKs).
However, unresolved questions from this study, such as
remaining phosphorylation activities following deletion of the
Mst3 gene from human embryonic kidney cells and mice, led us
to conclude that there were additional kinases for ARKs.
Further purification recovered Ca®*/calmodulin-dependent
protein kinase kinases 1 and 2 (CaMKK1 and 2), and a third
round of purification revealed mitogen-activated protein ki-
nase kinase kinase kinase 5 (MAP4KS5) as potential kinases of
ARKs. We then demonstrated that MST3 and MAP4K5, both
belonging to the STE20-like kinase family, could phosphorylate
all 14 ARKs both in vive and in vitro. Further examination of all
28 STE20 kinases detected variable phosphorylation activity on
AMP-activated protein kinase (AMPK) and the salt-inducible
kinase 3 (SIK3). Taken together, our results have revealed
novel relationships between STE20 kinases and ARKs, with
potential physiological and pathological implications.

The AMP-activated protein kinase (AMPK) and AMP-
activated protein kinase—related kinases (ARKs) play impor-
tant roles in physiology and pathology (1-13). They are known
to be regulated by the liver kinase B1 (LKB1) (10, 14—21), the
Ca**/calmodulin-dependent ~ protein  kinase kinase 2
(CaMKK?2) (22-25), and perhaps transforming growth factor-
B-activated kinase 1 (TAK1) (26-28) (but see Ref. (29)).

Our first round of biochemical purification uncovered a
mammalian sterile 20-like (MST) kinase 3 (MST3) (30-32).
We then found that MST 1, 2, 3, 4, and 5 could phosphorylate
salt-inducible kinase 3 (SIK3) at threonine (T) 221 and
AMPKa at T172. However, removal of Mst3 by gene targeting
in either mice or human embryonic kidney (HEK) cells did not
eliminate LKB1-independent phosphorylation of SIK3-T221
and AMPK-T172. Our second round of purification led to the
recovery of CaMKK2. Our third round of purification uncov-
ered mitogen-activated protein (MAP) kinase kinase kinase
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kinase 5 (MAP4K5). When both Lkb1 and Camkk2 genes were
deleted from HEK cells, MAP4K5 could still phosphorylate
SIK3-T221 and AMPK-T172 in HEK cells, indicating that the
effect of MAP4K5 was not dependent on LKB1 or CaMKK2
but rather directly. This suggestion was proven by using pu-
rified recombinant MAP4K5 on recombinant SIK3 and re-
combinant AMPK substrates. Furthermore, we found that
MST3 and MAP4K5 could phosphorylate all 14 ARKs. Both
MSTs and MAP4Ks belong to a mammalian subfamily of 28
serine/threonine kinases similar to the yeast sterile 20 (STE20)
kinase (33). We examined all 28 mammalian STE20 kinases
with each produced as recombinant proteins from bacteria and
found that different STE20 kinases had different effects on
AMPK and SIK3: some could phosphorylate both, some could
phosphorylate one but not the other, and some could phos-
phorylate neither.

Our findings will stimulate laboratories in multiple fields to
determine the exact endogenous signaling pathways mediated
by one or more of the STE20 kinases together with one or more
of the 14 ARKs in physiological and pathological processes.

Results

LKB1-independent and MST3-independent SIK3 and AMPKa1
phosphorylation shown by biochemistry and genetics

To investigate whether we have purified all SIK3 (and
AMPKal) phosphorylating activities from HEK cells in our
first round of biochemical purification, we fractionated HEK
lysates on an SP sepharose high performance column (SP HP)
column again. SIK3-T221 phosphorylating activities partially
overlapped with AMPKa1-T183 phosphorylating activities
(Fig. 1A). Antibodies for LKB1 and MST3 showed that each of
them correlated with some of the SIK3 and AMPKal phos-
phorylating activities. Notably, there were fractions such as 11
and 12 (300-330 mM NacCl), which contained strong SIK3 and
AMPKal phosphorylating activities but were not positive for
either LKB1 or MST3 (Fig. 1A).

After the Lkb1 gene was deleted in HEK cells (Fig. 1B), we
fractionated HEK cell lysates on an SP HP column as described
in the companion article and still detected strong SIK3 and
AMPKal phosphorylating activities in fractions 6 and 7
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Figure 1. Phosphorylation of AMPKa1-T172 and SIK3 other than LKB1 and MST3. Lysates were prepared from HEK293T cells or mouse brains. They
were fractionated on an SP HP column followed by NaCl gradient elution. Fractions were collected, and aliquots of 0.5 ml of each fraction were dialyzed
against buffer A, followed by in vitro SIK3 and AMPK phosphorylation assays. A, fractions from WT HEK cells. AMPK phosphorylating activities were observed
in more fractions than SIK3 phosphorylating activities. Both activities were present in more fractions than those containing LKB1 and MST3. For example,
fractions 11 and 12 (300-330 mM NaCl) contained strong SIK3 and AMPK phosphorylation activities but no detectable LKB1 or MST3. Fraction 22 (1000 mM
NaCl) had strong AMPK phosphorylation activity but no LKB1 or MST3. B, fractions from Lkb1 KO HEK cells. In the absence of LKB1, activities in fractions 6
and 7 (150-180 mM NadCl) and fractions 11 and 12 (300-330 mM NaCl) were still present. MST3 was present in fractions 5 and 6 (120-150 mM NaCl) but not
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(150—-180 mM NaCl), with fractions 5 and 6 (120—150 mM
NaCl) positive for MST3. Notably, fractions 11 and 12
(300-330 mM NaCl) from Lkbl KO HEK cells were strongly
positive for SIK3 and AMPKal phosphorylating activities but
negative for MST3 and LKB1 (Fig. 1B).

After the Mst3 gene was deleted in HEK cells (Fig. 1C), we
also fractionated HEK cell lysates on an SP HP column and
found little AMPKal phosphorylating activities in fractions 6
and 7 (150-180 mM NaCl) and fractions 1 and 2 (0-30 mM
NaCl) positive for LKB1. However, fractions 10, 11, and 12
(270-330 mM NaCl) from Mst3 KO HEK cells were strongly
positive for SIK3 and AMPKal phosphorylating activities but
were negative for LKB1 and MST3 (Fig. 1C). These results
suggest that activities other than LKB1 and MST3 could
phosphorylate SIK3-T221 and AMPKal-T183 in HEK cells.

To examine whether activities independent of LKB1 and
MST3 in the mouse brain could phosphorylate SIK3-T221 and
AMPKa1-T183, we made extracts from 10 brains of 8-week-
old WT mice and fractionated 50 mg of lysates on an SP HP
column (Fig. 1D). We found that fewer fractions contained
SIK3-T221 phosphorylating activities than those containing
AMPKal1-T183 phosphorylating activities. Fractions 12, 13,
and 14 (330-390 mM NaCl) contained activities phosphory-
lating both SIK3-T221 and AMPKal-T183 but were negative
for both LKB1 and MST3 (Fig. 1D).

We generated Mst3 KO mice by gene targeting (Fig. 1E).
Fractionation with the SP HP column showed that activities
phosphorylating SIK3-T221 and AMPKa1-T183 were signifi-
cantly reduced in fractions 7 and 8 (180-210 mM NaCl) but
were still strongly present in fractions 12 and 13 (330-360 mM
NaCl, Fig. 1E). Reduction of activities in fractions 7 and 8
(180-210 mM NaCl) agreed with the results in Figure 1D,
which detected MST3 in fractions 6 and 7 (150-180 mM
NaCl). The activities remaining in fractions 11 to 13
(330-360 mM NaCl) could not be explained by LKB1 or
MST3, which were absent from these fractions (Fig. 1E).

These results demonstrate the presence of SIK3-T221 and
AMPKal1-T183 phosphorylating activities independent of
LKB1 and MST3 both in HEK cells and in mouse brains.

Purification of CaMKKs as an AMPKa1 T183 phosphorylating
activity from HEK cells

We carried out a second round of biochemical purification,
in a scheme similar to that described for our purification of
MST3, though we focused in this round on fractions 1 to 4
(0-90 mM NaCl) from the first SP HP cationic exchange
column (Fig. 2).

Because we noticed activities that were stronger in phos-
phorylating AMPKal1-T183 than SIK3-T221, we monitored
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and followed the AMPKal-T183 phosphorylating activities
and LKBI1 in the first six columns (SP HP, Q HP, Blue HP,
heparin, HAP, and Superdex 200) during this round of puri-
fication (Fig. 2). After the fourth (heparin) column, the phos-
phorylating activity was separated from the LKB1-positive
fractions. After the last column (of Mono S), we examined
phosphorylation of both AMPKal-T183 and SIK3-T221
(Fig. S1B). The purified products appeared to phosphorylate
AMPKal1-T183 but not SIK3-T221 (Fig. S1B).

Mass spectrometry (MS) analysis detected six kinases
(CDK16, CaMKK1, serine/threonine-protein kinase 38
[STK38], CaMKK2, CaMK2D, and pantothenate kinase 1
[PANK1]). CaMKK2 had been previously found to phos-
phorylate AMPKa2 at T172 (22-24). With FLAG-tagged
CaMKK2 expressed in and immunoprecipitated from HEK
cells, the activities of CaMKK2 on AMPKal-T183 were
confirmed (Fig. S1D), and its activity on SIK3-T221 was weak
(Fig. S1D). FLAG-tagged CaMKK1 immunoprecipitated from
HEK cells had a very weak activity on AMPKa1-T183, whereas
its activity on SIK3-T221 was even weaker (Fig. 3D).

To test for the possibility of direct phosphorylation of
AMPK and SIK3 by CaMKKs, we expressed CaMKK1 and 2 in
Escherichia coli and purified them. We examined their kinase
activities on recombinant AMPKal and SIK3 purified from
E. coli. WT AMPKal and SIK3 could be phosphorylated by
CaMKK1 (Fig. 2H) and CaMKK2 (Fig. 2I), but neither
AMPKal mutants (T183A and T183E) nor SIK3 mutants
(T221A and T221E) could be phosphorylated by CaMKK1
(Fig. 2H) and CaMKK?2 (Fig. 21).

Purification of MAP4K5 as an AMPKa1 phosphorylating
activity

We carried out a third round of purification, focusing on
fraction 12 (330 mM NaCl) from the first SP HP column
(Fig. S2), with the AMPKal-T183 phosphorylating activities
monitored (Fig. S2).

Similar to the purification of MST3 described previously,
extracts were made from 50 1 of HEK293T cells cultured in
suspension, and lysates containing approximately 5000 mg of
proteins were used for purification. About 10% were used in an
initial run, with AMPKal-T183 phosphorylating activities
determined after each column from the second column (Blue
HP) to the last (Mono S) (Fig. S2). Because we have used the
first column (SP HP) at least eight times (e.g., Fig. 24 in this
article and Figs. 1D and 2A in the companion article) and
repeatedly detected kinase activities in fraction 12 (330 mM
NaCl), we did not monitor the first column (SP HP) in this
round and went ahead with fraction 12 from the SP HP
column and loaded it on the second column (Blue HP) (Fig. S2,

fractions 10 to 13 (270-360 mM NaCl). C, fractions from Mst3 KO HEK cells. Phosphorylating activities in fractions 7 and 8 (180-210 mM NaCl) were reduced
by not eliminating in Mst3 KO HEK cells. Phosphorylating activities existed in fractions 10 to 12 (270-330 mM NaCl). D, fractions from WT mouse brains.
Fractions 12, 13, and 14 (330-390 mM NaCl) contained AMPK and SIK3 phosphorylating activities but neither LKB1 nor MST3. E, fractions from Mst3 KO
mouse brains. Mst3 KO mice were generated. Their brains were isolated, and extracts were made. Brain lysates were fractionated on an SP HP column
followed by NaCl gradient elution. Phosphorylating activities in fractions 7 and 8 (180-210 mM NaCl) were reduced by not eliminating. Phosphorylating
activities in fractions 11 to 13 (300-360 mM NaCl) from Mst3 KO mouse brains contained strong AMPK and SIK3 phosphorylating activities. AMPK, AMP-
activated protein kinase; HEK293T, human embryonic kidney 293T cell; LKB1, liver kinase B1; MST3, mammalian sterile 20-like kinase 3; SIK3, salt-inducible

kinase 3.
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Figure 2. Purification of CaMKK2 from HEK cells. A-G, this was performed similarly as that described for MST3, with the exceptions that the focus was on
fractions 1 to 4 (0-90 mM NaCl) of the SP HP column and that the phosphorylating activity for AMPKa1-T183, but not that for SIK3, was monitored. Active
fractions from each column were pooled and loaded onto the next column: fractions 10 to 12 (270-330 mM NaCl) from the Q HP column, fractions 13 to 20
(360-570 mM NacCl) from the Blue HP column, fractions 6 to 8 (150-210 mM NaCl) from the heparin column, fractions 4 to 6 (45-75 mM K,PO,) from the
HAP column and fractions 9 to 11 (240-300 mM NaCl) from the Superdex 200 column. The presence of LKB1 was also monitored. LKB1 was present in the
fractions collected from the SP HP (A), Q HP (B), Blue HP (C), and heparin HP (D) columns but not in the fractions collected from the HAP (E), Supderdex 200
(F), and Mono S (G) columns. It indicates that we were successful in separating the kinase-active fractions (6-8, 150-210 mM NaCl) from the LKB1-containing
fractions (9-15, 240-420 mM NaCl) of the heparin column (D). Results from the last (Mono S) column were shown in Supporting Appendix, Fig. S1.
E, recombinant CaMKK1 could phosphorylate WT AMPK and WT SIK3 but could not phosphorylate AMPKal T183A or T183E, SIK3 T221A or T221E.
F, recombinant CaMKK2 could phosphorylate WT AMPK and WT SIK3 but could not phosphorylate AMPKa1 T183A or T183E and SIK3 T221A or T221E. AMPK,
AMP-activated protein kinase; CaMKK2, Ca“/calmoduIin—dependent protein kinase kinase-2; HEK, human embryonic kidney cell; LKB1, liver kinase B1; MST3,
mammalian sterile 20-like kinase 3.

B-G). We tested the other six different columns before were also monitored in those fractions (Fig. S2, B and C). The
designing a purification scheme (Fig. 3A). same fractions from the heparin column contained AMPKal-

Both AMPKal-T183 and SIK3-T221 phosphorylating ac- T183 and SIK3-T221 phosphorylating activities but no LKB1
tivities were monitored in fractions from the second and third or MST3 (Fig. S2, B and C). From the fourth (Q HP), fifth
columns (Blue HP and heparin HP). Both LKB1 and MST3 (HAP), to the sixth (Superdex 200) column (Fig. S2, D-F), we
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Figure 3. Purification of MAP4K5 as an AMPKa1-T183 and SIK3-T221 phosphorylating activity from HEK cells. A, a diagram for our third round of
purification. The focus was on fraction 12 (330 mM NaCl) from the first (SP HP) column (Fig. S2). B, silver staining and phosphorylation assays of fractions
from the Mono S column. Fractions were dialyzed against buffer A and followed by silver staining and in vitro phosphorylation of AMPKa1-T183 and
SIK3-T221. LKB1 and MST3 were examined but not detected in these fractions. The single visible bands in fractions 12 and 13 (330-360 mM NaCl) were
isolated for MS analysis. C, two protein serine/threonine kinases (MAP4K5 and VRK1) were found by MS analysis. D, LKB1, CaMKK1, CaMKK2, MAP4K5, VRK1,
and GFP were individually expressed as FLAG-tagged proteins in HEK cells and immunoprecipitated. They were tested for phosphorylation of recombinant
AMPKa1 at T183 and recombinant SIK3 at T221. MAP4K5 phosphorylated both AMPKa1-T183 and SIK3-T221. LKB1 and CaMKK2 phosphorylated AMPKa1-
T183 more strongly than SIK3-T221. VRK1 and GFP phosphorylated neither AMPKa1-T183 nor SIK3-T221. E, recombinant AMPKal was phosphorylated at
T183 by MAP4K5 WT but not its S174A mutant immunoprecipitated from HEK cells. F, recombinant SIK3 was phosphorylated at T221 by MAP4K5 WT but not
its S174A mutant immunoprecipitated from HEK cells. G, recombinant AMPKa1 WT, but not AMPKal T183A or AMPKa1 T183E, was phosphorylated by
MAP4K5 WT immunoprecipitated from HEK cells. H, recombinant SIK3 T221, but not SIK3 T221A or SIK3 T221E, was phosphorylated by MAP4K5 WT
immunoprecipitated from HEK cells. AMPK, AMP-activated protein kinase; CaMKK2, Ca2+/calmodulin—dependent protein kinase kinase 2; HEK, human
embryonic kidney cell; LKB1, liver kinase B1; MAP4K5, mitogen-activated protein kinase kinase kinase kinase 5; MS, mass spectrometry; SIK3, salt-inducible
kinase 3.

only monitored AMPKa1-T183 phosphorylation. For fractions
from the last (Mono S) column, we again monitored both
AMPKal-T183 and SIK3-T221 phosphorylating activities as
well as both LKB1 and MST3 (Fig. 3B).

No LKB1 or MST3 was detected from any of the fractions
from the Mono S column (Fig. 3B). Fractions 12 and 13

SASBMB

(330-360 mM NaCl) from the last column showed a single
band upon silver staining and were positive in phosphorylating
both AMPKal-T183 and SIK3-T221 (Fig. 3B). These two
bands were analyzed by MS, and two protein kinases were
found: MAP4K5 and vaccinia-related kinase 1 (VRKI1)

(Fig. 3C).
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We expressed FLAG-tagged LKB1, CaMKK1, CaMKK2,
MAP4K5, VRK1, and GFP individually in HEK cells and
immunoprecipitated them. Each was tested for phosphory-
lating activities on recombinant AMPKal and recombinant
SIK3. Recombinant AMPKal was phosphorylated at T183 by
LKB1, CaMKK2, MAP4K5, weakly by CaMKK1, but not by
VRK1 or GFP (Fig. 3D). Recombinant SIK3 was phosphory-
lated at T221 strongly by MAP4K5, moderately by CaMKK2,
but not by CaMKK1, VRK1, or GFP immunoprecipitated from
HEK cells (Fig. 3D).

MAP4K5 WT but not MAP4K5 S174A immunoprecipitated
from HEK cells phosphorylated recombinant AMPKal-T183
(Fig. 3E) and SIK3-T221 (Fig. 3F). MAP4K5 immunoprecipi-
tated from HEK cells did not phosphorylate the T183A mutant
of AMPKal (Fig. 3G) or the T221 mutant of SIK3 (Fig. 3H).

In vivo and in vitro AMPKa phosphorylation and
enhancement of AMPKa1 activity by MAP4K5

To investigate the effect of MAP4K5 on endogenous AMPKa
at T172, we generated HEK293T cells from which both Lkb1 and
Camkk2 genes were removed by gene targeting (“Lkbl and
Camkk2 double KO cells”). These cells were transfected with
plasmids expressing MAP4K5 or MAP4K5 S174A mutant or a

control plasmid. Phosphorylation of endogenous AMPKa-T172
was increased by MAP4K5 but not by MAP4K5 S174A or vector
alone (Fig. 4A4). We transfected an increasing dosage of the
plasmid encoding MAP4K5 or its S174A mutant in Lkb1 and
Camkk2 double KO cells. Higher levels of the MAP4K5 protein
resulted in increased phosphorylation of AMPKa-T172 and
SIK3-T221 (Fig. 4B). These results indicate that MAP4K5 could
phosphorylate AMPKa-T172 and SIK3-T221 in HEK cells in a
manner independent of LKB1 and CaMKK2.

To test for direct phosphorylation of AMPKal-T183 by
MAP4K5, we expressed both as recombinant proteins in
E. coli. Full-length MAP4K5 of 846 residues could not be
generated from E. coli, and thus, its fragment containing amino
acids 1 to 400 was generated and used as the MAP4K5
recombinant protein throughout this article (Figs. S6 and S7E).
Recombinant AMPKal but not its T183A mutant could be
phosphorylated by recombinant MAP4K5 (Fig. 4C).

To investigate the enzymatic kinetics of MAP4K5, we
measured the Michaelis—Menten constant of MAP4K5 by
using the same concentration of recombinant MAP4K5 with
increasing concentrations of the recombinant AMPKal
substrate (Fig. 4E). We found the Michaelis—Menten constant
of MAP4K5 on AMPKal-T183 to be 21.32 uM (Fig. 4D).
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Figure 4. AMPKa and SIK3 phosphorylation by MAP4K5 in vivo and in vitro. A, control vector or plasmids encoding MAP4K5 WT or its S174A mutant
were transfected into Lkb1 and Camkk2 double KO HEK293T cells. MAP4K5 WT but not its S174A mutant increased phosphorylation of endogenous AMPKa
T172 in HEK cells. B, increasing concentrations of the plasmid expressing a FLAG-tagged MAP4K5 were transfected into Lkb1 and Camkk2 double KO HEK
cells. After 24 h, cells were starved with DMEM without glucose and glutamine for 1 h before lysis and Western analysis. Increasing amounts of the plasmid
led to increasing expression of FLAG-MAP4KS5 protein and correspondingly increased phosphorylation of endogenous AMPKa-T172 and SIK3-T221 in HEK
cells, in a manner independent of both LKB1 and CaMKK2. C, recombinant MAP4KS5 expressed in Escherichia coli could directly phosphorylate recombinant
AMPKa1 WT at T183 but not recombinant AMPKa1 T183A mutant. D, the Michaelis-Menten constant of recombinant MAP4K5 on recombinant AMPKa1 was
21.32 uM. E, recombinant MAP4KS5 increased the catalytic activity of recombinant AMPKa1 on its substrate recombinant ACC1. The procedure was similar to
that described in Figure 5J in the companion article. Prior treatment of recombinant AMPKa1l by recombinant MAP4K5 increased AMPKal catalyzed
phosphorylation of recombinant ACC1. AMPK, AMP-activated protein kinase; CaMKK2, Ca”*/calmodulin-dependent protein kinase kinase 2; DMEM,
Dulbecco’s modified Eagle’s medium; HEK293T, human embryonic kidney 293T cell; LKB1, liver kinase B1; MAP4KS5, mitogen-activated protein kinase kinase
kinase kinase 5; SIK3, salt-inducible kinase 3.
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To examine whether recombinant MAP4K5 could in-
crease the catalytic activity of recombinant AMPKal, we
pretreated AMPKal with MAP4K5 before assaying the
activity of AMPKal on recombinant acetyl-CoA carboxylase
1 (ACC1). We found that recombinant MAP4K5 increased
the activity of recombinant AMPKal on recombinant ACC1
(Fig. 4E). Recombinant MAP4K5 also phosphorylated
recombinant AMPKa2 at T172 but not the T172A mutant
of AMPKa2 (Fig. S3A). The Michaelis—Menten constant of
MAP4K5 on AMPKa2-T172 was 20.10 uM (Fig. S3B). These
results indicate that recombinant MAP4K5 phosphorylates
both AMPKal and AMPKa2 directly in vitro.

Direct phosphorylation of ARKs by MST3 and MAP4K5

Fourteen ARKs have been reported (5-9). To test which
ones could be phosphorylated by MST3 and MAP4K5, we
expressed each of them as a recombinant protein in
E. coli (Fig. S5) and tested them on each of the 14
recombinant ARKs as substrates (Fig. 5). Antibodies
recognizing specific phosphorylation sites in other ARKs
corresponding the T221 in SIK3 and T172 in AMPKa2
were used (10, 34, 35).

Recombinant MST3 phosphorylated recombinant MARK1
at T215, MARK2 at T208, MARK3 at T221, and MARK4 at
T214 (Fig. 5A). Recombinant MST3 phosphorylated recom-
binant BR serine/threonine kinase 1 (BRSK1) at T189 and
BRSK2 at T174 (Fig. 5B). Recombinant MST3 phosphorylated
recombinant NUAK family SNF1-like kinase 1 (NUAK1) at
T211 and NUAK2 at T208 (Fig. 5C). Taken together with our
results that recombinant MST3 phosphorylated SIK3 at T221
(Fig. 4, A—C in the companion article), SIK1 at T182 and SIK2
at T175 (Fig. 4, F and G in the companion article), and
AMPKal at T183 and a2 at T172 (Fig. 5D), these findings
indicate that MST3 can directly phosphorylate all known
ARKs.

Recombinant MAP4K5 phosphorylated recombinant
SIK1-T182, SIK2-T175, and SIK3-T221 (Fig. 5D). Recombi-
nant MAP4K5 phosphorylated recombinant MARK1-T215,
MARK2-T208, MARK3-T221, and MARK4-T214 (Fig. 5E).
Recombinant MAP4K5 phosphorylated recombinant BRSK1-
T189 and BRSK2-T174 (Fig. 5F). Recombinant MAP4K5
phosphorylated recombinant NUAKI-T211 and NUAK2-
T208 (Fig. 5G). No antibodies were available to recognize
the corresponding phosphorylation of maternal embryonic
leucine zipper kinase (MELK) at T167 (Fig. S5). We used MS
to analyze phosphorylation of recombinant MELK expressed
in and purified from E. coli by recombinant MST3 or recom-
binant MAP4K5. Phosphorylation of recombinant MELK at
T167 by recombinant MST3 (Fig. 5H) and MAP4K5 was
indeed detected by MS (Fig. S4).

Taken together with our results that recombinant MAP4K5
phosphorylated AMPKal and AMPKa2 (Fig. S3, A and B),
these findings indicate that MAP4K5 can directly phosphory-
late all 14 known ARKs. We summarize these results in
Figure 5I by plotting the phosphorylating activities against the
phylogenic tree of ARKs (Fig. 51).

SASBMB
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Phosphorylation of AMPKa1 and SIK3 by STE20-like kinases
immunoprecipitated from HEK cells

To study the effects of all STE20 kinases on AMPK and
SIK3, we expressed each STE20 kinase as a FLAG-tagged
fragment (containing the kinase domain) and in the
full-length protein in HEK cells and immunoprecipitated
them. Each was tested for phosphorylating activities on
recombinant AMPKal and recombinant SIK3 (Fig. 6, A-E).
For full-length STE20 kinases, thousand and one amino acid
kinase 1 (TAOK1) was used in different panels to allow for
comparison of signal strength (Fig. 6, C-E).

Recombinant AMPKal was phosphorylated at T183
strongly by immunoprecipitated fragments of MAP4K1,
MAP4K2, MAP4K3, MAP4K5, TAOK2, TAOK3, and MYO3A
(Fig. 6A4), moderately by immunoprecipitated fragments of
MAP4K4 and TAOK1 (Fig. 6, A and B), and weakly by
MAP4K6, MAP4K7, MYO3B, p21 protein-activated kinase 1
(PAK1), PAK2, PAK3, PAK4, PAKS5, and PAK6 (Fig. 6B) but
not by immunoprecipitated fragments of STK2, STK10,
STK39, OSR1, or NRK (Fig. 6A).

Recombinant SIK3 was phosphorylated at T221 strongly by
immunoprecipitated fragments of MAP4K2 (Fig. 64), TAOK3,
TAOK?2, and MYO3A (Fig. 6B), moderately by immunoprecipi-
tated fragments of MAP4K1, MAP4K3, MAP4K4, and MAP4K5
(Fig. 6A), weakly by immunoprecipitated fragments of MAP4K7
(Fig. 6B), TAOK1, MYO3B, PAK3, PAK2, PAK6, PAK4, and PAK5
(Fig. 6B) but not by immunoprecipitated fragments of MAP4K®,
STK2, STK10, OSR1, STK39, PAK1, and NRK (Fig. 6A).

We succeeded in expressing the full-length form of every
STE20 kinases. For NRK, it required approximately 100 times
the number of cultured HEK cells to obtain the amount of
protein equivalent to other STE20 kinases. Recombinant
AMPKal was phosphorylated at T183 strongly by immuno-
precipitated full-length forms of MAP4K1, MAP4K2,
MAP4K3, MAP4K5 (Fig. 6C), TAOK2, and TAOKS3 (Fig. 6D),
moderately by NRK, MYO3A, and MYO3B (Fig. 6E), and
weakly by MAP4K6, MAP4K4, MAP4K7, TAOK1 (Fig. 6C),
PAK3, PAK2, PAK6, PAK4, and PAKS5 (Fig. 6D), but not by
immunoprecipitated full-length forms of STK2, STK10, OSR1,
and STK39 (Fig. 6C). The major difference between the results
from fragments and those from the full-length forms is that
full-length NRK could, but its fragment could not, phosphor-
ylate AMPKal-T183.

Recombinant SIK3 was phosphorylated at T221 strongly by
immunoprecipitated full-length forms of MAP4K1, MAP4K2,
and MAP4K3 (Fig. 6C), moderately by MAP4K5 (Fig. 6C),
TAOKS3, PAK3, and PAK®6 (Fig. 6D), weakly by NRK, MAP4K7
(Fig. 6E), TAOK1, TAOK2, MYO3A, MYO3B, PAK4, and
PAKS5 (Fig. 6D) but not by MAP4K6, STK2, STK10, OSR1,
STK39 (Fig. 6C), and PAK1 (Fig. 6D). The major difference
between the results from fragments and those from the
full-length forms is that full-length NRK could weakly, but its
fragment could not, phosphorylate SIK3-T221.

Figure 7] summarizes the aforementioned results under the
“IP” columns, with “Frag” indicating a fragment of a STE20
kinase and “Full” as the full-length form of the same STE20
kinase (Fig. 71, the left half).
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Figure 5. Phosphorylation of AMPK-related kinases by MST3 and MAP4KS5 in vitro. A, recombinant MST3 from Escherichia coli phosphorylated
recombinant MARK1 at T215, MARK2 at T208, MARK3 at T211, and MARK4 at T214 from E. coli (pMARK panel). The bottom two panels show Coomassie blue
staining of recombinant proteins. B, recombinant MST3 phosphorylated recombinant BRSK1 at T189 and BRSK2 at T174 (pBRSK). rBRSK panel shows
recombinant BRSK1 or 2 added to the reactions, rMST3 recombinant MST3 added to the reactions. C, recombinant MST3 phosphorylated recombinant
NUAKT at T211 and NUAK2 at T208. D, recombinant MAP4K5 phosphorylated recombinant SIK1 at T182, SIK2 at T175, and SIK3 at T221. E, recombinant
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Figure 6. Phosphorylation of AMPKa1 and SIK3 by STE20-like kinases immunoprecipitated from HEK cells. A-E, fragments (Figs. S6 and S7) or full-
length forms of STE20-like kinases tagged with the FLAG epitope were individually expressed in HEK cells and immunoprecipitated. Each was tested for
activities on recombinant AMPKa1 and recombinant SIK3. TAOK1 was used in different panels to allow references of signal strength (Fig. 6, C-E). AMPK,
AMP-acivated protein kinase; HEK, human embryonic kidney cell; SIK3, salt-inducible kinase 3; STE20, sterile 20.

Phosphorylation of AMPKa1 and SIK3 by STE20-like kinases
immunoprecipitated from E. coli

To directly determine the catalytic activities of STE20 ki-
nases, we also expressed every STE20 kinase as a recombinant
protein in E. coli. If the full-length was too long to be expressed
successfully in E. coli, we expressed fragments of them con-
taining the entire kinase domain. If a recombinant kinase from
E. coli was inactive on both AMPKal and SIK3, we further
used E. coli to express its mutant carrying an Sto D or T to E
mutation in the activation loop (as described in Fig. S6)
(36-49).

Recombinant STE20 kinases were assayed for phosphory-
lation of AMPKal-T183 and SIK3-T221 (Fig. 7, A-G). The
exposure time for Figure 7, A—C was similar and all shorter

than that for Figure 7, E-G. The longer exposure time was
used to allow weaker signals to show in the absence of glar-
ingly strong signals. Usually one of the same samples was used
in different panels to allow references of signal strength (PAK2
in Fig. 7, A—-F;, MAP4K2 and MAP4K1 for Fig. 7E comparison
with Fig. 7A; TAOK1 for Fig. 7G comparison with Fig. 7C).
Recombinant AMPKa1-T183 was phosphorylated strongly
by recombinant MAP4K3, MAP4K5, MAP4K7, MST3, MST1,
MST2, and MYO3A, moderately by MAP4K2, and weakly by
MAP4K1, MAP4K4, MST4, MST5, STK2, PAK1, PAKS,
PAK2, and TAOKI1. Recombinant AMPKal-T183 was not
phosphorylated by recombinant WT NRK, MAP4K6, STK10,
STK39, TAOK3, TAOK2, OSR1, MYO3B, PAK6, PAK4, or
PAK5. T187E mutation in the activation loop of MAP4K6

MAP4K5 phosphorylated recombinant MARK1 at T215, MARK2 at T208, MARK3 at T211, and MARK4 at T214. F, recombinant MAP4K5 phosphorylated
recombinant BRSK1 at T189 and BRSK2 at T174. G, recombinant MAP4K5 phosphorylated recombinant NUAK1 at T211 and NUAK2 at T208. H, MELK
phosphorylation could not be analyzed by antibodies and was thus analyzed by MS. Phosphopeptides derived from MS chromatogram showing MELK T167
phosphorylation by MST3. Sequence: DYHLQTCCGSLAYAAPELIQGK, C7-carbamidomethyl (57.02146 Da), C8-carbamidomethyl (57.02146 Da), T6-phospho
(79.96633 Da); charge: +3, monoisotopic m/z: 859.04865 Da (—1.44 mmu/-1.67 ppm), MH+: 2575.13138 Da, and RT: 48.0806 min; identified with:
Sequest HT (version 1.17); XCorr: 5.65, percolator g value: 0.0e0, percolator PEP: 1.1e—5, ptmRS: best site probabilities: T6 (phospho): 100, and ions matched
by search engine: 0/0. /, summary of MST3 and MAP4K5 phosphorylation of ARKs shown in the phylogeny tree of ARKs. AMPK, AMP-activated protein kinase;
ARK, AMP-activated protein kinase-related kinase; MAP4KS5, mitogen-activated protein kinase kinase kinase kinase 5; MELK, maternal embryonic leucine
zipper kinase; MS, mass spectrometry; MST3, mammalian sterile 20-like kinase 3.
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Figure 7. Phosphorylation of AMPKa1 and SIK3 by STE20-like kinases purified from Escherichia coli. A-C, full length or fragments of STE20-like kinases
tagged with the FLAG epitope (Figs. S6 and S7) were individually expressed in and purified from E. coli before being assayed with recombinant SIK3 and
AMPKa1. Kinases were aligned similar to the evolutionary tree (/). D and H, for STE20 kinases whose WT forms were unable to phosphorylate SIK3
and AMPKa1, recombinant proteins with S to D or T to E mutations were expressed in and purified from E. coli before being tested for their activities on SIK3
and AMPKal1. Signals in (D) can be compared with those in (A) by referencing to PAK2. E-H, exposure time in these panels was increased over those in (A-C)
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allowed it to phosphorylate AMPKal-T183 (Fig. 7H). By
contrast, similar mutations in the activation loops of NRK
(S211D), MAP4K6 (T187E), STK10 (S191D), STK39 (T231E),
TAOK3 (S177D), TAOK2 (S181D), OSR1 (T185E), STK39
(T231E), MYO3B (T190E), PAK6 (S560D), PAK4 (S474D), or
PAKS5 (S206D) did not allow any of the corresponding STE20
kinases to phosphorylate AMPKal-T183 (Fig. 7, D and H).

SIK3-T221 was phosphorylated strongly by MST3 and
MYO3A, moderately by MAP4K5, MAP4K7, and MST2, and
weakly by MAP4K3, MAP4K4, MST4, MST5, MST1, PAKI1,
PAK3, PAK2, and PAK5. SIK3-T221 was not phosphorylated
by MAP4K1, NRK, MAP4K6, STK2, STK10, TAOK1, TAOKS3,
TAOK?2, OSR1, STK39, MYO3B, PAK6, or PAK4. Mutations
in their activation loops (PAK6 S560D and PAK4 S474D)
allowed PAK6 and PAK4 to phosphorylate SIK3-T221 weakly.

The right part in Figure 7I (under the “E. coli” columns)
summarizes results of recombinant SIK3 phosphorylation at
T221 and recombinant AMPKal phosphorylation at T183 by
recombinant STE20 kinases (shown as WT in Fig. 6I) and
recombinant D/E mutant versions of STE20 kinases (shown as
D/E in Fig. 6]) (mutation sites listed in Supporting Appendix,
Fig. S6). The phylogenic tree of human STE20 kinases is placed
on the left side, and the substrates (AMPKal and SIK3) are
placed on the top of the right part.

Of the 28 human STE20 kinases, 14 recombinant STE20
kinases could phosphorylate both AMPK«1-T183 and SIK3-
T221 (Fig. 7I): MAP4K3, MAP4K5, MAP4K2, MAP4K7,
MST3, MST4, MST5, MST1, MST2, STK2, MYO3A, PAK]1,
PAK3, and PAK2. Among these 14 recombinant STE kinases,
MST3 and MYO3A phosphorylated both AMPK and SIK3
strongly, MAP4K4, MST4, MST5, PAK1, PAK2, and PAK3
phosphorylated both AMPK and SIK3 weakly, whereas
MAP4K3, MAP4K5, MAP4K2, MAP4K1, MAP4K4, MAP4K?7,
MST1, MST2, STK2, and TAOK1 phosphorylated AMPKal-
T183 more strongly than SIK3-T221.

Ten recombinant STE20 kinases purified from E. coli could
phosphorylate neither AMPKa1-T183 nor SIK3-T221 (Fig. 7,
E-G): NRK, MAP4K6, STK10, TAOK3, TAOK2, OSR]I,
STK39, MYO3B, PAK6, and PAK4. Among these 10 STE20
kinases, T187E mutants of MAP4K6 and MAP4K7 could
phosphorylate AMPKal1-T183 but still not SIK3-T221,
whereas S560D or S474D mutant of PAK6 and PAK4 could
phosphorylate SIK3 weakly but not AMPK. Among the 10
STE20 kinases, no phosphorylation activities on SIK3-T221
and AMPKal-T183 were detected from either the WT or D/E
mutant versions of seven recombinant kinases: NRK, STK10,
TAOK3, TAOK2, OSR1, STK39, and MYO3B.

Three recombinant STE20 kinases from E. coli (MAP4K1,
STK2, and TAOK1) could phosphorylate AMPKal-T183
weakly but not SIK3-T221. The S171D mutant of MAP4K1
(Fig. 6) phosphorylated AMPKa1-T183 more strongly but still
not SIK3-T221 (Fig. 7E).

Three recombinant STE20 proteins from E. coli (PAKS5,
PAK®6, and PAK4), either in WT or S to D mutant forms,

STE20 phosphorylation of AMPK

could phosphorylate only SIK3-T221 but not AMPKal-
T183.

Discussion

Our biochemical purifications and characterizations have
led to the discovery that multiple mammalian STE20 kinases
can phosphorylate the ARKs.

The novelty of our discovery is supported by the findings
that STE20 phosphorylation of ARKs is independent from
LKB1 and CaMKK?2 (Fig. 4, A and B in this article; Fig. 5B in
the companion article; Fig. S4, A and B in the companion
article), and that recombinant STE20 kinases can directly
phosphorylate recombinant AMPK kinases (Figs. 4C, 5, D-H,
6, C-E, 7, A-H and S3; and Figs. 4, 5,E-G and [ in the com-
panion article; and Fig. S4, G and H in the companion article).

Because both ARKs and the STE20 kinases are functionally
important, our discovery represents a major step in linking
these two subfamilies biochemically and will stimulate further
studies into the significance of their relationships in biologi-
cally interesting signaling as well as the physiology and the
pathology of pairing between each of the STE20 kinases and
each of the ARKSs.

The phosphorylation of ARKs by STE20 kinases was spe-
cific. Although multiple fractions from each of the fraction-
ation columns during our experiments were active, not all
fractions were active, in phosphorylating SIK3-T221 and
AMPKa2-T172 (Figs. 1, A-E, 2 and S2 in this article; Figs. 1,
B-F and 2 in the companion article). During our experiments,
we have tested other kinases and found them to be inactive in
phosphorylating SIK3-T221 and AMPKa2-T172. FES (Fig. 3D
in the companion article), STK39 (Fig. 3D in the companion
article), ADCK2 (Fig. 3D in the companion article), STK38
(Fig. S1D), CDK16 (Fig. S1D), CaMKD2 (Fig. S1D), and VRK1
(Fig. 3D) were not STE20 kinases, and each of them expressed
in and immunoprecipitated from HEK cells was inactive in
phosphorylating SIK3-T221 or AMPKa2-T172. Seven re-
combinant STE20 kinases (NRK, STK10, TAOK3, TAOK2,
OSR1, STK39, and MYO3B) (Fig. 7), either in their WT or S to
D/T to E mutant forms, could not phosphorylate SIK3-T221
and AMPKa-T172 (Figs. 7 and 3D). Because the full-length
NRK immunoprecipitated from HEK cells was active on
AMPKal and SIK3, it is possible that the fragment expressed
in E. coli was too short to be active.

The substrates for STE20 kinases were also specific. STE20
kinases tested here (MST3 and MAP4K5) could not phos-
phorylate HDAC4 (Fig. 4E) or ACC1 (Fig. 5/ in the companion
article and Fig. S4E and S4E in the companion article).

MSTs immunoprecipitated from HEK cells (Fig. 5,H and / in
the companion article) showed more phosphorylation activ-
ities on AMPKa1-T183 and SIK3-T221 than MSTs purified
from E. coli (Fig. 7). Again, it is possible that immunoprecip-
itation could bring down associated proteins (or other factors),
which facilitated kinase activities.

to allow for detection of weak signals. Signals in (E) can be compared with those in (A) by referencing MAP4K2. Signals in (F) can be compared with those in
(A) by referencing PAK2. Signals in (G) can be compared with those in (C) by referencing TAOK1. /, summary of AMPKa1 and SIK3 phosphorylation by STE20
kinases, in the phylogeny tree of the latter. AMPK, AMP-activated protein kinase; SIK3, salt-inducible kinase 3; STE20, sterile 20.
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When all 14 ARKs were tested as substrates of two STE20
kinases (MST3 and MAP4K5), they appeared to be phos-
phorylated by both. It should be noted that only two ARKs had
been tested as substrates (AMPKal-T183 and SIK3-T221) for
all 28 STE20 kinases. It will be interesting to test for possible
phosphorylation of all 14 ARKs by all 28 STE20 kinases.

While our biochemical reactions with recombinant STE20
kinases and ARKs from E. coli or with STE20 kinases immu-
noprecipitated from HEK and ARKs from E. coli have shown
STE20 kinases can phosphorylate ARKs in vitro, we have no
evidence whether any of the STE20 kinases identified here can
phosphorylate any of the ARKs in vivo. We have no evidence
that any STE20 kinase functions upstream of any ARKs in a
physiologically significant signaling pathway. We also have no
evidence whether any of the STE20 and ARK pairing is
important in the pathogenesis of any diseases. But these are all
interesting questions for future studies.

MST3 contributes to the endogenous activities phosphory-
lating AMPK and SIK3 present in HEK cells and in the mouse
brain. When Lkb1 was removed by gene targeting in HEK cells
(Fig. 1B, compared with Fig. 1A), the activities present in
fractions 1 and 2 for phosphorylating SIK3 and AMPK1 were
significantly reduced, and LKB1 protein was present in
fractions 1 and 2 of the WT HEK cells (Fig. 1, A and C). When
Mst3 was removed by gene targeting in HEK cells (Fig. 1C,
compared with Fig. 14), the activities present in fractions 5, 6,
and 7 for phosphorylating SIK3 and AMPKI1 were significantly
reduced, and MST3 protein was present in fractions 5 and 6 of
the WT HEK cells (Fig. 1, A and B). Furthermore, we have
generated mouse KO for Mst3. When extracts from the brains
of Mst3 KO mice were compared with extracts from WT
mouse brains (Fig. 1, D and E), the activities present in frac-
tions 6, 7, and 8 for phosphorylating SIK3 and AMPK1 were
significantly reduced, and MST3 protein was present in frac-
tions 6 and 7 of WT mouse brain extracts (Fig. 1D).

The exact in vivo relationships between each of the 28
mammalian STE20 kinases and the 14 ARKs will require time
and efforts by many laboratories in different research fields to
determine, with our discoveries regarding the biochemical
relationship between two major subfamilies of kinases stimu-
lating physiological and pathological studies because both
subfamilies have been implicated in normal situations and in
diseases ranging from (but not limited to) metabolic, neuro-
logical, and immunological disorders to cancer and longevity.

Experimental procedures
Generation of LKB1 and CaMKK2 KO HEK293 cells

Lkbl/Camkk2  double-deficient —and  Mst3-deficient
HEK293T cells were generated by CRISPR-Cas9. Briefly,
guide sequences targeting Lkbl (CCACCGCATCGACTC
CACCGAGG), Camkk2 (GAGACAGCTTGCGACCGGA
GAGQG), and Mst3 (GGCCATCTACCTAGCGGAGG) were
inserted into the pX459 vector. The pX459 containing guide
sequences were transfected into HEK293T cells, and the single
clones were selected from 96-well plates by limited dilution.
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Success of gene targeting was confirmed by immunoblotting
with appropriate antibodies.

Purification of CaMKK2 from HEK293T cells

The purification was similar to that of MST3. HEK293T cell
lysates (500 ml at a concentration of 10 mg/ml) were purified
by seven sequentially connected chromatography steps (SP
HP, Q HP, Blue HP, heparin HP, HAP, Superdex 200, and
Mono S) as diagramed in Fig. S6A. Results from each of the
first six columns examined by Western analysis are shown in
Figure 2, A—G. Results from the last column are shown in
Fig. S1B.

Purification of MAP4K5 from HEK293T cells

The purification was similar to that of MST3. HEK293T cell
lysates (500 ml at a concentration of 10 mg/ml) were purified
by seven sequential connected chromatography steps as illus-
trated in Figure 3A and results of Western analysis shown in
Fig. S2. Cell lysates were loaded onto two tandem-connected
5 ml HiTrap SP HP columns followed by in vitro SIK3 and
AMPKoa2 phosphorylation assays. Fraction 12 (330 mM NaCl)
from the SP HP columns was pooled and loaded on two
tandem-connected 5 ml HiTrap Blue HP columns and eluted
with a linear gradient of 0 to 3000 mM NacCl in 30 column
volume buffer A. Fractions were dialyzed and assayed of
phosphorylating SIK3 and AMPKal. Fractions 15 to 20
(1400-2000 mM NaCl) from the Blue columns (Fig. S2B) were
pooled and loaded on Heparin HP. Fractions 13 to 16
(360-450 mM NaCl) from the heparin columns (Fig. S2C)
were pooled and loaded on Q HP. Fractions 9 and 10
(240-270 mM NaCl) from the Q HP columns (Fig. S2D) were
pooled and loaded to the HAP column. Fractions 13 to 15
(180-220 mM K,P0O,) from the HAP columns (Fig. S2E) were
pooled, concentrated to 0.5 ml, and subjected to Superdex 200
10/300 GL column, and eluted with 200 mM NaCl in buffer A.
The resulting fractions were dialyzed and assayed for SIK3 and
AMPKal phosphorylation activity. At the next step, the active
fraction (fraction 17) from Superdex 200 (Fig. S2F) was loaded
on a Mono S 5/50 GL column and eluted with a linear gradient
of 20 column volume buffer A from 0 to 600 mM NaCl. The
fractions were dialyzed against buffer A, and each was assayed
for activity and silver staining (Fig. 3B).

Generation of Mst3 KO mice

Mst3/Stk24 KO mice were created with EGE system
(CRISPR-Cas9) by Beijing Biocytogen. Different concentra-
tions of Cas9 mRNA, single-guide RNA, and donor vector
were mixed and coinjected into the cytoplasm of one-cell stage
fertilized eggs. Founder 0 mice were mosaic, and mouse tail
junction PCR and sequencing analysis were used to screen
potential founder 0 mice with the correct genetic recombina-
tion, which were further bred with C57BL/6N mice. F1 mice
were further screened by Southern blot, tail junction PCR with
primers (WT-forward: TGTTTTCAGATGTCTCTAGCAC
TGG; WT-reverse: GAAGAGGTATGAGGTTGCTTAGTGC
with product size 425 bp and WT-forward: mutant-R
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CGAAAGGGGGTCTTACACTATCAC with product size
47,761 bp in WT and 486 bp in mutant mice) and sequencing
to confirm the absence of random insertions as well as correct
genetic recombination. Mutant lines were back-crossed to
C57BL/6N for at least five generations to exclude possible
off-targeting.

All procedures were approved by Center for Innovative
Biomedical Resources animal research committee.
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All data are contained in the article.
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