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Summary

The LKB1 tumour suppressor kinase phosphorylates and
activates a number of protein kinases belonging to the
AMP-activated protein kinase (AMPK) subfamily. We have
used a modified tandem affinity purification strategy to
identify proteins that interact with AMPKa, as well as the
twelve AMPK-related kinases that are activated by LKB1.
The AMPKB and AMPK<Y regulatory subunits were
associated with AMPKa, but not with any of the AMPK-
related kinases, explaining why AMP does not influence the
activity of these enzymes. In addition, we identified novel
binding partners that interacted with one or more of the
AMPK subfamily enzymes, including fat facets/ubiquitin
specific protease-9 (USP9), AAA-ATPase-p97, adenine
nucleotide translocase, protein phosphatase 2A
holoenzyme and isoforms of the phospho-protein binding
adaptor 14-3-3. Interestingly, the 14-3-3 isoforms bound
directly to the T-loop Thr residue of QSK and SIK, after
these were phosphorylated by LKB1. Consistent with this,
the 14-3-3 isoforms failed to interact with non-

phosphorylated QSK and SIK, in LKB1 knockout muscle
or in HeLa cells in which LKB1 is not expressed. Moreover,
mutation of the T-loop Thr phosphorylated by LKBI,
prevented QSK and SIK from interacting with 14-3-3 in
vitro. Binding of 14-3-3 to QSK and SIK, enhanced
catalytic activity towards the TORC2 protein and the
AMARA peptide, and was required for the cytoplasmic
localization of SIK and for localization of QSK to punctate
structures within the cytoplasm. To our knowledge, this
study provides the first example of 14-3-3 binding directly
to the T-loop of a protein kinase and influencing its catalytic
activity and cellular localization.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/118/23/5661/DC1
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Introduction

The LKB1 protein kinase was originally identified as a gene
mutated in the inherited Peutz Jeghers Syndrome (PJS), in
which subjects are predisposed to developing benign and
malignant tumours (Hemminki et al., 1998; Jenne et al., 1998).
Subsequent work indicated that LKB1 forms a complex with
the regulatory proteins STRAD and MO25 (Baas et al., 2003;
Boudeau et al., 2003), and is likely to function as a tumour
suppressor by regulating cell proliferation and polarity
(reviewed by Baas et al., 2004). The first identified
physiological substrate of LKB1 was the AMP-activated
protein kinase (AMPK) (Hawley et al., 2003; Shaw et al.,
2004b; Woods et al., 2003), which functions as a regulator of
cellular energy (Hardie, 2004). LKB1 activates AMPK by
phosphorylating Thr172 in the T-loop of this enzyme. The two
isoforms of AMPK (AMPK«al and AMPKa?2) are associated
with AMPKPB and AMPKy regulatory subunits, enabling
AMPK to be activated under low energy conditions by binding
of 5'-AMP to the AMPKy subunit (Hardie, 2004). The binding
of AMPK to 5'-AMP also promotes the phosphorylation and
activation of AMPK by the LKB1 complex. Tumour formation
in LKB1-deficient cells could result from deregulation of
pathways involving the tuberous sclerosis complex/mTOR

(Corradetti et al., 2004; Shaw et al., 2004a) or pS3 (Jones et
al., 2005), which are reportedly regulated by AMPK.

LKBI1 also phosphorylates and activates at least 12 other
protein kinases that are closely related to AMPK, namely
QSK, SIK, QIK, MARKI1, MARK?2, MARK3/Par-1A/C-
TAK1, MARK4, NUAKI/ARKS, NUAK2/SNARK,
BRSK1/SAD-A, BRSK2/SAD-B and SNRK (Jaleel et al.,
2005; Lizcano et al., 2004). The most studied of these enzymes
are the MARK isoforms, which regulate anterior-posterior cell
polarity development at the one-cell stage of embryonic
development in C. elegans (Guo and Kemphues, 1995) and
Drosophila (Shulman et al., 2000). The MARK enzymes also
control gastrulation in Xenopus (Kusakabe and Nishida, 2004).
In mammals, MARK isoforms phosphorylate Tau (Drewes et
al., 1997), thereby priming it for hyperphosphorylation by the
kinases GSK-3 and Cdk5, an event that induces the
aggregation of Tau into the toxic filaments and tangles that are
observed in patients with Alzheimer’s disease (Nishimura et
al., 2004). Recent studies employing mice lacking BRSK1 and
BRSK?2, which are exclusively expressed in the brain, indicate
that these enzymes play a key role in regulating neuronal
polarization (Kishi et al., 2005). Less is known regarding the
function of other AMPK-related kinases, i.e. QSK, QIK, SIK,
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NUAKI1, NUAK?2 and SNRK. RNAi-mediated knockdown of
QSK in Drosophila cells resulted in mitotic defects that
included spindle and chromosome alignment abnormalities
(Bettencourt-Dias et al., 2004). SIK (salt-inducible kinase),
was first cloned from the adrenal glands of rats fed a high salt
diet (Wang et al.,, 1999) and its mRNA is induced by
membrane depolarization in the brain (Feldman et al., 2000).
The mRNA expressing QIK (SIK2) is highest in adipose
tissue and, in overexpression studies, QIK was reported
to phosphorylate human IRS1 at the same residue
phosphorylated by AMPK (Horike et al., 2003). QIK also
phosphorylates the CREB co-activator TORC2, in
unstimulated cells, to sequester it in the cell cytoplasm,
thereby  inhibiting =~ CREB-dependent  gene-expression
(Screaton et al., 2004). In overexpression studies, NUAKI1
(ARKS) suppressed apoptosis induced by certain stimuli,
including nutrient starvation (Suzuki et al., 2003a), and was
also suggested to regulate Caspase-6 activity (Suzuki et al.,
2004b). NUAK2 (SNARK) was shown to be most highly
expressed in the kidney, and its activity was reportedly
stimulated by glucose starvation of cells (Lefebvre et al., 2001;
Suzuki et al., 2003b). Expression of NUAK2 was also
upregulated by CD95 and TNF in apoptosis-resistant tumour
cell lines, and it plays a role in protecting these cells from
apoptosis (Legembre et al., 2004). SNRK mRNA was induced
threefold when granule neurons were cultured in low
potassium, indicating that it could play a role in regulating
survival responses in these cells (Yoshida et al., 2000). SNRK
is also highly expressed in testis (Jaleel et al., 2005).

To date, little is known regarding the mechanism of
regulation of AMPK-related kinases. Our analysis has
indicated that none of the AMPK-related kinases is activated
by agonists that stimulate AMPK, such as AICA-riboside or
phenformin, or by muscle contraction (Lizcano et al., 2004;
Sakamoto et al., 2004). However, it has also been reported that
the AICA-riboside AMP mimetic, activated NUAK2 in a
hepatocarcinoma-derived cell line, suggesting that NUAK2-
like AMPK possesses an AMP-binding subunit (Lefebvre and
Rosen, 2005).

In order to determine whether any of the AMPK-related
kinases were complexed to AMPKf( and AMPKy regulatory
subunits or associated with other binding partners, we have
performed a tandem affinity purification analysis with each of
the LKBI-activated AMPK-related kinases. Our findings
indicate that the 14-3-3 phospho-protein binding adaptors
(Mackintosh, 2004) cooperate with LKB1 to regulate the
activity and localization of QSK and SIK.

Materials and Methods
Materials

Protein  G-Sepharose, calmodulin-Sepharose 4B, glutathione-
Sepharose, streptavidin-Sepharose, [y-?P]JATP and enhanced
chemiluminescence reagent were purchased from Amersham
Bioscience; protease-inhibitor cocktail tablets, and precast SDS
polyacrylamide Bis-Tris gels were from Invitrogen; Tween-20, rabbit
IgG-agarose and dimethyl pimelimidate were from Sigma; NP-40 was
from Fluka; and phosphocellulose P81 paper was from Whatman. The
hexahistidine-tagged TEV protease was expressed in E. coli by G.
Kular and purified using nickel agarose affinity chromatography and
gel filtration. All peptides were synthesized by Graham Bloomberg at
the University of Bristol.

Antibodies

The following antibodies were raised in sheep and affinity purified on
the appropriate antigen: anti-LKB1 (raised against mouse protein,
used for immunoblotting), anti-QSK (residues 1349-1369 of human
QSK, TDILLSYKHPEVSFSMEQAGYV, used for immunoblotting and
immunoprecipitation), Phospho-anti-T-loop QSK/SIK (residues 175-
189 of human SIK, KSGEPLST(P)WCGSPPY phosphorylated at
Thr183, used for immunoblotting), anti-SIK (residues 1-20 of human
SIK, MVIMSEFSADPAGQGQGQQK, used for immunoblotting
and immunoprecipitation), Phospho-anti-T-loop MARK (residues
204-218 of human MARK3 phosphorylated at Thr211,
TVGGKLDT(P)FCGSPPY, used for immunoblotting) and the anti-
GST (raised against the glutathione S-transferase protein, used for
immunoblotting). Anti-MARK3 antibody used for immunoblotting
was from Upstate Biotech (anti c-TAK #05-680), polyclonal antibody
recognizing 14-3-3 isoforms used for immunoblotting was purchased
from Santa Cruz (#sc629), mouse monoclonal [4D11] recognizing the
hexahistidine affinity tag were from Abcam (#ab5000-100),
monoclonal antibodies recognizing HA epitope tag was purchased
from Roche (#1666606), and secondary antibodies coupled to
horseradish peroxidase used for immunoblotting were obtained from
Pierce.

General methods

Tissue culture, transfection, immunoblotting, restriction enzyme
digests, DNA ligations, and other recombinant DNA procedures were
performed using standard protocols. All mutagenesis was carried out
using the Quick-Change site-directed mutagenesis method
(Stratagene). DNA constructs used for transfection were purified from
E. coli DH5a using Qiagen plasmid Mega or Maxi kit according to
the manufacturer’s protocol. All DNA constructs were verified by
DNA sequencing, which was performed by The Sequencing Service,
School of Life Sciences, University of Dundee, UK, using DYEnamic
ET terminator chemistry (Amersham Biosciences) on Applied
Biosystems automated DNA sequencers. The generation and culture
of HeLa cells stably expressing wild-type or kinase-inactive
LKB1[D179A] has been described previously (Sapkota et al., 2002).

Buffers

Lysis buffer contained: 50 mM Tris-HCI pH 7.5, 1 mM EGTA, 1 mM
EDTA, 1% (w/v) NP-40, 1 mM sodium orthovanadate, 10 mM
sodium-3-glycerophosphate, 50 mM sodium fluoride, 5 mM sodium
pyrophosphate, 0.27 M sucrose, 1 mM dithiothreitol (DTT) and
complete proteinase inhibitor cocktail (one tablet/50 ml). Buffer A
contained: 50 mM Tris/HCI pH 7.5, 0.1 mM EGTA, 0.27 M sucrose
and 1 mM DTT. Buffer B contained: 50 mM Tris-HCI pH 7.5, 0.15
M NaCl, 0.27 M sucrose, 1% (w/v) NP-40 and 1 mM DTT. Buffer C
contained: 50 mM Tris pH 7.5, 0.15 M NaCl, 1 mM MgCl,, 1 mM
imidazole, 2 mM CaCl,, 0.27 M sucrose and 1 mM DTT. Buffer D
contained: 10 mM Tris pH 7.5, 1 mM imidazole, 20 mM EGTA, and
1 mM DTT. TBS-Tween buffer contained: 50 mM Tris/HCI pH 7.5,
0.15 M NaCl and 0.2% (v/v) Tween-20.

Plasmids

The generation of wild-type and mutant epitope-tagged AMPK-
related kinases in the pEBG2T vector encoding for the expression of
GST-fusion proteins in eukaryotic cells have been described
previously (Lizcano et al., 2004). The wild-type and mutant QSK
were subcloned into the pEGFP-C1 vector (Clontech) as a BamHI-
BamHI fragment from the pEBG2T vector. The wild-type and mutant
SIK were subcloned into Notfl-modified pEGFP-C1 vector as BamHI-
Notl fragment from pEBG2T vector. A cDNA of full-length N-
terminally Myc-tagged rat AMPKa1[T172E], was kindly provided by
G. Hardie, and subcloned into the EcoRI-Kpnl sites of the pPEGFP-



C2-TAP vector. 14-3-3( (GenBank NM_145690) was amplified from
IMAGE EST clone 2988020 with oligonucleotides introducing a
BamHI restriction site at both the 5" and 3’ ends and was subcloned
into a pGEX6P-1 vector. TORC2 (GenBank NM_181715) was
amplified from IMAGE EST clone 6188068 with oligonucleotides
introducing a Notl restriction site at both the 5" and 3’ ends and
subcloned into pGEX6P-2 vector. The kinase-inactive SIK[D167A],
T-loop mutant SIK[T182A], kinase inactive QSK[D206A] and T-loop
mutant QSK[T221A] have been described previously (Lizcano et al.,
2004).

Generation of the pEBGFP-C2-TAP vector

Based on the original Tandem Affinity Purification strategy (Rigaut
et al., 1999), we constructed a modified expression vector described
in Fig. 1A that incorporates a green fluorescent protein (GFP) tag
before the TAP tag to enable more facile selection of stable cell lines
that express TAP-tagged proteins. In addition we have also inserted
an additional precision protease cleavage site immediately after the
calmodulin binding motif to enable cleavage of the TAP-tagged
protein from the calmodulin-Sepahrose without using EDTA or SDS
elution methods and to permit removal of the entire tag of the
expressed TAP-tagged protein after purification if necessary. To
generate this vector we used a PCR based strategy employing as a
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template a vector encoding two tandem protein A IgG-binding
domains (IGG1 and IGG2) and a calmodulin-binding motif that was
kindly provided by B. Seraphin (EMBL, Heidelberg, Germany) and
modified by M. Stark (School of Life Sciences, Dundee). The primers
used for this PCR (5'-gccaccatggacacaagtgcccacgatgaage-3' and 5'-
geggecgeggtaccagatetggateccaggggecectggaacagaacttccagageagttgg-
aatatcataatcaagtgccce-3') incorporated a precision protease site and a
BamHI and Notl restriction enzyme site after the calmodulin-binding
domain. The resulting PCR product was ligated into pCR2.1.TOPO
vector (Invitrogen). This was then subcloned in-frame into the
polylinker region of pEGFP-C2 vector as an EcoRI-EcoRI fragment.
The upstream EcoRI site and the downstream BamHI site in the
polylinker region of the resulting vector were then eliminated by
PCR mutagenesis. The resulting vector described in Fig. 1A is
termed pEGFP-C2-TAP, and enables proteins to be tagged at their
N-terminus with a GFP-TAP tag. The cloning of HA-epitope-
tagged AMPK-related kinases has been described previously
(Lizcano et al., 2004) and the full-length coding regions of these
enzymes were appropriately subcloned as BamHI-BamHI,
BamHI/EcoRI, Notl/Notl or BamHI-Notl fragments into the pEGFP-
C2-TAP vector to incorporate an N-terminal GFP-TAG. Human 14-
3-3( was also subcloned in to the pEGFP-C2-TAP as a Norl-Notl
fragment.

o A GFP B
O . TEV protease
% E{&liefmﬁ site /p/CAMEil;Zcissinn protease
2 pocn s R T
% ) / g;&;zagc
A
S_) pEGFP-C2-TAP l—cam IeGagamgee
) /— precission cleavage . i
— polylinker Elution with TEV protease
© ~
c 4/ ™ 8v40 i
5 Kan®/NeoR © g Calmodulin-Sepharose . ) )
3 Fig. 1. TAP-purification of
- S Elution with EGTA AMPK-related kinases. (A) The
= v pEGFP-C2-TAP vector,
Polyacrylamide gel electrophoresis depicting the affinity tag added
to the N-terminus of AMPKal
C and the AMPK-related kinases,
consisting of a green fluorescent
kDA CONTROL AMPKa QSK SIK QIK NUAK1 NUAK2 protein (GFP), protein A and a
250- e — [+-32 calmodulin-binding motif
150- — |13 (CAM) flanked by TEV and
100- =4l 2 B precision protease cleavage
A i L | o 433 | G35 sites, prior to multiple cloning
s e H:ES —_— | 20 | ::i; B P 71| S— :337 sites. (B) Outline of the strategy
& 7 le16 | B, o | — t%g that was employed to affinity
' 8 R S [4—30 purify the GFP-TAP-tagged
37 g s e kinases. (C) The TAP affinity
‘ﬁt‘ih—:- vl (R ] : purified kinases were
25 3 i electrophoresed on a
BRSKI BRSK2 MARK1 MARK2 MARK3 polyacrylamide gel and the
250- protein bands visualized
150- ﬁ following colloidal Coomassie
Blue staining. Each of the major
100-| gy R 45 bands observed that we were
e *50 . .
75. [ 1 [ x b able to identify by mass
! o spectrometry was numbered and
50- - fedd ' its identity indicated in Table 1.
Bands that were not reliably
37- identified are left unlabelled.
*The bands identified as the bait
2 L kinase.
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Generation of stable cell lines

HEK 293 cells were cultured in 10 cm diameter dishes to 50-70%
confluence and transfected with 2 wg pEGFP-C2-TAP construct
encoding rat AMPK«al[T172E] or human full-length wild-type
AMPK-related kinases using Fugene 6 reagent (Roche) according to
the manufacturer’s instructions. After 24 hours, G418 was added to
the medium to a final concentration of 3 mg/ml, and the medium was
changed every 24 hours maintaining G418. After 14-20 days,
individual surviving colonies expressing low levels of GFP-
fluorescence were selected and expanded. FACS analysis was also
performed to ensure uniform expression of GFP in the selected cell
lines and anti-HA immunoblotting analysis of lysed cells was
performed to ensure that the expressed proteins migrated as a single
molecular weight species at the expected apparent molecular mass
(the isolated GFP-TAP tag adds 50 kDa to the molecular mass of a
protein). For the TAP-purification, we selected the stable cell lines
that expressed the low levels of GFP-TAP-AMPK-related kinases to
maximize the proportion of purified enzyme that is bound to an
endogenous binding partner. HeLa cells lacking LKB1 and those
expressing wild-type LKB1 (Sapkota et al., 2002) were stably
transfected with GFP-TAP-14-3-3( using the same protocol as for 293
cells except that lipofectamine was used for the transfection.

Tandem affinity purification

The purification method was adapted from the previously described
TAP-purification protocol (Rigaut et al., 1999). For each TAP-
purification, we cultured fifty 15 cm dishes of confluent cell line.
Each dish of cells was washed twice with ice-cold phosphate
buffered saline and then lysed in 1.0 ml of ice-cold lysis buffer. The
combined lysates were centrifuged at 26,000 g for 30 minutes at 4°C
and the supernatant incubated with 0.4 ml of rabbit IgG-agarose
beads for 1 hour at 4°C. The IgG-agarose was washed extensively
with lysis buffer containing 0.15 M NaCl, and then with several
washes in buffer B prior to incubation with 0.4 ml of buffer B
containing 0.1 mg of TEV protease. After 3 hours at 4°C ~70-90%
of the TAP-tagged AMPK-related kinase had been cleaved from the
IgG-agarose and the eluted protein was incubated with 0.4 ml of
rabbit calmodulin-Sepharose equilibrated in buffer C. After 1 hour
at 4°C the calmodulin-Sepharose was washed with buffer C
containing 0.1% (v/v) NP-40 followed by a final a wash with buffer
C containing 10 mM Tris pH 7.5, no NaCl, no sucrose and 0.02%
(v/v) NP-40. The calmodulin-Sepharose was then incubated with 1
ml buffer D. The resin was also washed with 0.4 ml of 0.05X
NUPAGE-LDS sample buffer [6.8 mM Tris 0.1% (w/v) LDS
(lithium dodecyl sulphate), 0.5% (v/v) glycerol containing 1 mM
DTT final pH 8.5]. The two eluates were kept separately and
concentrated by speed vac to 0.1 ml. The EGTA-eluted sample was
added to 40 pl of NUPAGE-LDS sample buffer [purchased from
Invitrogen containing 0.55 M Tris 8% (w/v) LDS (lithium dodecyl
sulphate), 40% (v/v) glycerol containing 10 mM DTT final pH 8.5]
and the resulting solution heated for 5 minutes at 70°C and allowed
to cool to room temperature. For both eluates, iodoacetamide was
added to 50 mM in order to alkylate Cys residues. After incubation
in the dark for 30 minutes at room temperature, DTT was added to
a final concentration of 0.1 M and 45 pl of each sample was
electrophoresed on a precast 4-12% SDS-polyacrylamide gel, which
was then stained with colloidal Coomassie Blue and photographed.
The bands indicated in Fig. 1C for each of the AMPK-related kinase
purifications were excised, washed and digested with trypsin as
described previously (Woods et al., 2001). Peptides were analysed
by combined MALDI-TOF, MALDI-TOF/TOF MS (matrix-assisted
laser-desorption ionization-time-of-flight/time of flight mass
spectrometry) analysis on an Applied Biosystems 4700 ToF/ToF
Proteomics Analyser using 5 mg/ml a-cyano cinnamic acid in 10
mM ammonium phosphate as the matrix or by LC-MS on an Applied
Biosystems 4000 Q-TRAP. The Celera Discovery System (Applied

Biosystems) human database was searched using the Mascot search
algorithm [http:www.matrixscience.com (Perkins et al., 1999)].

Expression and purification of 14-3-3( and TORC2 in E. coli

The pGEX expression constructs encoding human wild-type or
mutant [K180E] 14-3-3( as well as wild-type human TORC2 were
transformed into E. coli BL21 cells. One-litre cultures were grown
at 37°C in Luria broth containing 100 pg/ml ampicillin until the
absorbance at 600 nm was 0.8. Induction of protein expression was
carried out by adding 100 uwM isopropyl-B-D-galactoside and the
cells were cultured for a further 16 hours at 26°C. Cells were isolated
by centrifugation, resuspended in 15 ml of ice-cold lysis buffer and
lysed in one round of freeze/thawing, followed by sonication to
fragment DNA. The lysates were centrifuged at 4°C for 30 minutes
at 26,000 g, and the recombinant proteins were affinity purified on
glutathione-Sepharose and eluted in buffer A containing 20 mM
glutathione.

Expression and purification of AMPK-related kinases in 293
cells

Five 10 cm diameter dishes of HEK 293 cells were cultured and each
dish transfected with 10 pg of the pEBG-2T construct encoding wild-
type or indicated mutant forms of AMPK-related kinase using the
polyethylenimine method (Durocher et al., 2002). The cells were
cultured for a further 36 hours and lysed in 0.5 ml of ice-cold lysis
buffer, the lysates pooled and centrifuged at 4°C for 10 minutes at
26,000 g. The GST-fusion proteins were purified by affinity
chromatography on glutathione-Sepharose and eluted in buffer A
containing 20 mM glutathione.

Immunoblotting

Total cell lysate (10-50 pg) or immunoprecipitated samples were
heated at 70°C for 5 minutes in SDS sample buffer, and subjected
to polyacrylamide gel electrophoresis and electrotransfer to
nitrocellulose membrane. Membranes were blocked for 1 hour in
TBS-Tween buffer containing 10% (w/v) skimmed milk. The
membranes were probed with 1 pg/ml of indicated antibodies in TBS-
Tween, 5% (w/v) skimmed milk for 16 hours at 4°C. Detection was
performed using horseradish peroxidase-conjugated secondary
antibodies and the enhanced chemiluminescence reagent.

Measurement of AMPK-related kinase catalytic activity

The activity of purified AMPK-related kinases was quantified
by measurement of phosphorylation of the AMARA
(AMARAASAAALRRR) peptide substrate (Lizcano et al., 2004) or
the CREB co-activator TORC2 protein substrate (Screaton et al.,
2004). For the kinase activity assay using AMARA peptide as a
substrate, 10-100 ng AMPK-related kinase was incubated in a 50 pl
mixture containing 50 mM Tris-HCl pH 7.5, 0.1% (v/v) 2-
mercaptoethanol, 10 mM MgCl,, 0.1 mM EGTA, 0.1 mM [v-*2P]ATP
(300 cpm/pmol) and 200 uM AMARA peptide for 20 minutes at
30°C. Incorporation of 3?P-phosphate into the peptide substrate was
determined by applying 40 pl of the reaction mixture onto P81
phosphocellulose paper followed by scintillation counting after
washing the papers in phosphoric acid as described previously. One
unit (U) of activity was defined as that which catalysed the
incorporation of 1 nmol of *P into the substrate. For the TORC2
protein substrate assay, 25 ng QSK or SIK was incubated for 20
minutes at 30°C in a volume of 30 wl containing 50 mM Tris-HCI pH
7.5, 0.1% (v/v) 2-mercaptoethanol, 10 mM MgCl,, 0.1 mM EGTA,
0.1 mM [y-*?P]ATP (300 cpm/pmol) and 2 pg GST-TORC2 peptide.
Following polyacrylamide gel electrophoresis and Coomassie
staining, the GST-TORC2 bands were excised and the incorporation
of 32P-phosphate, was determined by Cerenkov counting.
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Immunoprecipitation of endogenous QSK and SIK

Quadriceps mouse muscle was isolated and homogenized as described
previously (Sakamoto et al., 2005). HeLa cells were grown to
confluence on 10 cm diameter dishes and lysed in 1 ml of lysis buffer.
The QSK and SIK antibodies were covalently coupled to protein G-
Sepharose in a ratio of 1 mg antibody to 1 ml resin using a dimethyl
pimelimidate cross-linking procedure. Clarified quadriceps muscle
extract or HeLa cell extract containing 1 mg total cell protein, were
incubated at 4°C for 1 hour on a vibrating platform with 5 pl of
the QSK or SIK-antibody-protein G-Sepharose conjugate. The
immunoprecipitates were washed twice with 1 ml of lysis buffer
containing 0.15 M NaCl and twice with 1 ml of buffer A. The
immunoprecipitates were either subjected to protein kinase activity
assay as described above or analysed by immunoblotting. Prior to
immunoblotting the beads were washed in buffer A lacking DTT and
resuspended in a volume of 20 wl of buffer A lacking DTT to which
5 pl of SDS sample buffer lacking DTT was added. The samples were
subjected to electrophoresis and then immunoblotted as described
above.

Affinity purification of 14-3-3 binding proteins

Clarified lysates of 293 cells containing 1 mg total cell protein, were
incubated at 4°C for 1 hour on a vibrating platform with 20 pl
glutathione-Sepharose conjugated to 20 pg GST-14-3-3( expressed in
E. coli as described above. The beads were washed twice with 1 ml
of lysis buffer containing 0.15 M NaCl, twice with 1 ml of buffer A
and then subjected to electrophoresis and immunoblotting as
described above.

Affinity purification of 14-3-3 isoforms with QSK T-loop peptide

293 cell lysate (3 mg protein) was incubated for 30 minutes at
4°C with 10 pg N-terminal Biotin-conjugated QSK-Phospho-T-
loop peptide TPGQLIKT(P)YWCGSPPY or QSK-T-loop peptide
TPGQLIKTWCGSPPY. 10 pl Streptavidin-Sepharose, previously
equilibrated in lysis buffer, was added to the lysates that were then
incubated for another 1 hour on a vibrating platform at 4°C. The beads
were washed twice with 1 ml lysis buffer containing 0.15 M NaCl,
twice with 1 ml buffer A and then resuspended in a volume of 20 .l
of buffer A to which 5 pl of SDS sample buffer was added. The
samples were then subjected to electrophoresis and immunoblotted
for 14-3-3 as described above.

Dissociation of 14-3-3 isoforms from QSK and SIK

GST fusion proteins of QSK and SIK were expressed in 293 cells and
absorbed onto glutathione-Sepharose and washed with buffer A as
described above. Aliquots of 20 pl of glutathione-Sepharose, still
conjugated to GST-QSK or GST-SIK, were incubated with 200 .l of
buffer A containing either no peptide or 10 pg of the QSK-Phospho-
T-loop peptide (TPGQLIKT(P)WCGSPPY) or 10 pg of the QSK-T-
loop peptide (TPGQLIKTWCGSPPY). After incubation for 30
minutes at 4°C on a vibrating platform, the beads were washed twice
with 1 ml buffer A, and GST-SIK and GST-QSK was eluted in 20 .l
buffer A containing 20 mM glutathione. Activity and immunoblotting
analysis was performed on the eluted protein as described above.

14-3-3 overlay assay

Wild-type and T-loop mutant forms of GST-QSK, GST-SIK and wild-
type GST-MARK3 (0.5 ng) were subjected to polyacrylamide gel
electrophoresis and electrotransfer to nitrocellulose membrane.
Overlay assays were undertaken using a previously described method
(Moorhead et al., 1996). Briefly, membranes were blocked for 1 hour
in TBS-Tween buffer containing 10% (w/v) skimmed milk and up to
0.5 M NaCl. The membranes were incubated with 5 pwg/ml total His-
BMHI1 and His-BMH2 (yeast 14-3-3 isoforms), in TBS-Tween
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containing 1 mg/ml BSA and up to 0.5 M NaCl for 16 hours at 4°C.
The membranes were washed six times for 5 minutes with TBS-
Tween containing up to 0.5 M NaCl. The membrane was probed with
1:5000 dilution of anti-His antibody in TBS-Tween, 5% (w/v)
skimmed milk containing up to 0.5 M NaCl for 1 hour at room
temperature. Detection was performed using horseradish-peroxidase-
conjugated  secondary  antibodies and  the  enhanced
chemiluminescence reagent.

Binding of 14-3-3( to peptides

1 pg of the indicated N-terminal biotin-linked peptides were
conjugated for 15 minutes at 4°C with 5 .l of streptavidin-Sepharose,
previously equilibrated in buffer A containing 0.2 mg/ml BSA. The
beads were incubated with 100 ng or 300 ng of GST-14-3-3( purified
from E. coli in a total volume of 0.1 ml in buffer A containing 0.2
mg/ml BSA, for 30 minutes at 4°C on a vibrating platform. The beads
were washed twice with buffer A containing 0.15 M NaCl, twice with
buffer A and then resuspended in a volume of 20 pl of buffer A to
which 5 pl of SDS sample buffer was added. The samples were then
subjected to electrophoresis and immunoblotted for 14-3-3 as
described above.

Mapping SIK and QSK phosphorylation sites on TORC2
TORC2 (1 pg) was incubated for 10 minutes with 10 ng of GST-QSK
or GST-SIK isolated from 293 cells that is associated with 14-3-3 or
GST-QSK or GST-SIK from which 14-3-3 was dissociated as
described. Phosphorylation reactions were performed in buffer A
containing 5 mM Mg-acetate and 100 pM [y->’P]JATP (2500
cpm/pmol) in a total reaction volume of 25 wl. The reaction was
terminated by adding SDS to a final concentration of 1% w/v and
dithiothreitol to 10 mM and heated at 100°C for 1 minute. The sites
phosphorylated on TORC2 were mapped after trypsin digestion and
reverse phase HPLC, using an Applied Biosystems 4700 Proteomics
Analyser (MALDI-TOF-TOF) and solid-phase Edman degradation on
an Applied Biosystems 494C sequencer of the peptide coupled
to Sequelon-AA membrane (Milligen) as described previously
(Campbell and Morrice, 2002).

Localization studies

The different HeLa cell lines used in Fig. 5 were cultured to 50%
confluence on glass coverslips (no. 1.5) in 60 mm diameter dishes and
transfected with 0.4 pg of pEGFP construct encoding wild-type or
indicated QSK or SIK mutants, using Fugene-6 transfection reagent
(Roche) according to the manufacturer’s protocol. A duplicate set of
dishes was used for each condition. The cells were washed with PBS
20 hours post-transfection, and were fixed for 10 minutes in freshly
prepared 3% (v/v) paraformaldehyde in PBS (Oxoid Limited,
#BR0014G). The cells were then washed twice with PBS and
permeabilized for 10 minutes with 1% (v/v) NP40 in PBS, followed
by 1% (v/v) NP40 containing 0.5 pg/ml 4',6'-diamidino-2-
phenylindole dihydrochloride (DAP1 purchased from Fluka). The
cells were viewed using a Zeiss LSM 510 META or Leica Sp2 AOBS
confocal microscope.

Results

Identification of proteins that bind to AMPKa1 and
AMPK-related kinases

We generated human embryonic kidney 293 cell lines that
stably express AMPKal and 12 of the AMPK-related kinases
that are activated by LKB 1, each possessing a modified tandem
affinity purification (TAP) tag (Puig et al., 2001; Rigaut et al.,
1999) at their N-terminus that incorporates a GFP moiety (Fig.
1A). The presence of a GFP tag permits visual and FACS
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sorting of stable cell lines that express low levels of the GFP-
TAP-proteins, considerably facilitating the isolation/selection
of these cells. The TAP tag also contains protein-A and
calmodulin-binding motifs to permit facile purification of
tagged proteins on IgG-agarose and calmodulin-Sepharose,
respectively. We performed successive chromatography on
agarose and Sepharose resins in order to prevent contamination
of purified samples with Sepharose- or agarose-binding
proteins. We selected stable cell lines in which the GFP-TAP-
tagged fusion proteins were expressed in a non-proteolysed
form and at as low as possible levels, as determined by
immunoblot analysis of each of the selected stable cell lines.
Each affinity purification was performed from fifty 15 cm
diameter dishes of confluent cells, using the strategy outlined
in Fig. 1B. The purified preparations were subjected to
electrophoresis on a polyacrylamide gel, which was then
stained with colloidal Coomassie Blue (Fig. 1C). The identity
of the major colloidal Coomassie Blue-stained bands in each
preparation was established by tryptic peptide mass-spectral
fingerprinting procedures (Table 1).

In all samples, AMPKa1 and the AMPK-related kinase baits
were detected as the major staining band, migrating at their
predicted molecular size (Fig. 1C). For QSK and NUAK2,
additional proteolysed forms of the bait were also detected. In

most samples, including the control cell line expressing only
GFP-TAP, tubulin and Hsp70 were identified, which indicates
that they were likely to comprise non-specific contaminants of
our purification. Importantly, AMPKal was found to be
associated with its regulatory AMPKP1, AMPKP2 and
AMPK~y1 subunits (Fig. 1C, Table 1), thus validating this
approach to identify physiological binding partners. By
contrast, AMPK@ and AMPKry subunits were not associated
with any of the AMPK-related kinases. Several other proteins
were present at significant stoichiometry relative to the bait
(Table 1). These included the 280 kDa fat facets/ubiquitin-
specific protease 9 (USP9), which was associated with
MARK4 and NUAKI1, the AAA-ATPase-p97, as well as the
catalytic subunit of protein phosphatase 2A (PP2A) and its two
regulatory A and B subunits that bound to QIK. NUAK?2 and
AMPKal were associated with a chaperone heterodimer
consisting of Cdc37 and Hsp90, known to interact with
numerous kinases, whereas the adenine nucleotide translocase
bound AMPKal. The 14-3-3e and 14-3-3{ phospho-binding
protein adapters (Mackintosh, 2004) were associated with QSK
and SIK as well as with all four MARK isoforms.

We also undertook TAP purifications from stable cell lines
expressing different levels of TAP-tagged MARK4
(supplementary material Fig. S1). 14-3-3C, 14-3-3e and USP9

Table 1. Identification of proteins associated with AMPK-related kinases

Sample Sequence Protein Swiss-Prot Sample Sequence Protein Swiss-Prot
ID* Protein coverage (%)  score’ acc. no. ID* Protein coverage (%) score’ acc. no.
1 GRP78 30 100 P11021 32 USP9 22 448 Q93008
2 Hsp70 35 140 P08107 33 Nuakl 48 409 060285
3 Carbamoyl phosphate 10 691 QO6F8M7 34 Hsp70 20 52 P08107
synthetase 35 Nuak2 24 192 Q9H093
4 Hsp90 28 741 P07900 36 Hsp90 22 221 P07900
5 Hsp70 14 262 P08107 37 Hsp70 36 157 P08107
6 AMPKa 43 1089 P54645 38 Nuak2 33 124 Q9H093
7 Tubulin 41 675 P05209 39 cdc37 16 92 Q16543
8 Cdc37 15 219 Q16543 40 Brskl 42 640 Q8TDC2
9 AMPK(1 47 300 Q9Y478 41 Hsp70 57 389 P08107
10 AMPKy1 43 391 P54619 42 Brsk2 52 397 Q8IWQ3
11 AMPK2 51 385 043741 43 Hsp70 39 256 P08107
12 Adenine nucleotide 11 179 PO5141 44 Tubulin 32 147 P05209
translocase 2 45 Mark1 34 176 QI9POL2
13 Qsk 28 244 QI9Y2K2 46 Hsp70 33 111 P08107
14 Qsk 33 128 Q9Y2K2 47 Tubulin 32 98 P05209
15 Hsp70 37 248 P08107 48 14-3-3¢ 25 83 P63104
16 Tubulin 28 96 P05209 49 14-3-3e 34 140 P62258
17 14-3-3¢ 40 178 P63104 50 Mark2 49 518 Q15524
18 14-3-3¢ 42 121 P62258 51 Hsp70 42 120 P08107
19 Sik 19 127 Q86YJ2 52 14-3-3¢ 25 83 P63104
20 Hsp70 37 131 P08107 53 14-3-3¢ 32 127 P62258
21 Sik 25 116 Q86YJ2 54 Mark3 34 178 P27448
22 Tubulin 34 119 P05209 55 Hsp70 25 83 P08107
23 14-3-3¢ 30 98 P63104 56 14-3-3¢ 31 98 P63104
24 14-3-3¢ 38 120 P62258 57 14-3-3¢ 34 104 P62258
25 Qik 30 260 Q9HOK1 58 USP9 14 204 Q93008
26 VCP 33 210 P55072 59 Mark4 56 565 Q96GZ3
27 Hsp70 52 369 P08107 60 Hsp70 25 122 P08107
28 PP2A reg. subunit A 38 199 Q8NHVS 61 Tubulin 25 98 P05209
29 Tubulin 24 98 P05209 62 14-3-3¢ 35 104 P63104
30 PP2A reg. subunit B 49 145 P63151 63 14-3-3¢ 36 120 P62258
31 PP2A catalytic 49 203 P67775 64 Snrk 11 91 QI9NRH2
subunit 65 Hsp70 34 125 P08107

*The colloidal Coomassie-Blue-stained bands that were labelled as indicated in Fig. 1C were excised from the gel, digested in-gel with trypsin, and their
identities were determined by tryptic peptide mass-spectral fingerprint as described in Materials and Methods.

"Mascot protein score where a value >63 is considered significant (P<0.05).
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were clearly associated with MARK4 derived from stable cell
lines expressing a low and a five- to tenfold higher level of
MARKA4. Interestingly, however, MARK4 isolated from 293
cells expressing higher levels of MARK4 resulting from
transient transfection, revealed the presence of only 14-3-3
isoforms associated with MARK4, but not USP9
(supplementary material Fig. S1).

Binding of QSK and SIK to 14-3-3 is LKB1-dependent

We next explored whether the interaction of AMPK-related
kinases with 14-3-3 was regulated by LKB1. We have recently
described the generation of mice that lack expression of LKB1
in skeletal muscle (Sakamoto et al., 2005). Strikingly, QSK
immunoprecipitated from LKBI-knockout muscle was not
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associated with 14-3-3, whereas QSK derived from wild-type
muscle was bound to 14-3-3 (Fig. 2A). QSK was markedly less
active in LKB1-deficient muscle, consistent with it not being
phosphorylated at its T-loop. As SIK was not detected in mouse
skeletal muscle (AKA, data not shown) we could not test
whether it was associated with 14-3-3 in this system.

We next addressed whether AMPK-related kinases
interacted with 14-3-3 isoforms in cell extracts derived from
control HeLa cells that do not express LKB1 or HeLa cells
stably expressing wild-type or kinase-inactive LKBI1. As
reported previously (Hawley et al., 2003; Lizcano et al., 2004),
the kinase-inactive LKB1 is expressed at lower levels than
wild-type LKB1 in the HeLa cell lines, but is still expressed at
higher levels than endogenously expressed LKB1 in 293 cells
or in mouse skeletal muscle (Fig. 2B). Cell extracts derived

Fig. 2. Binding of 14-3-3 to QSK and SIK, A D

but not MARK3 is dependent on LKB1. 3 g HeLa

(A) QSK was immunoprecipitated from the § 0.7540SK E 2-ISIK -

quadriceps muscle derived from wild-type H =

mice (LKB1**) and muscle-specific LKB1- £ i g 14

knockout (LKB17") mice (Sakamoto et al., g 02s- B ,

2005). As a control, immunoprecipitation CT | WT_| KI

from LKB1** muscle was also performed LKB1 14-3-3 .4 ~six rotan

with a preimmune antibody. The antibody pull-down =

immunoprecipitates (IP) were subjected to QSK (Total) ﬁ Pan1A3
immunoblot analysis and also assayed using precipitation 3.3 7

the AMARA peptide. Muscle samples pan i3 e Y 5T (Toth
derived from five LKB17~ and LKB** mice — LKB1 (Total) lysate - |LKB (Total)

were analysed and similar results obtained e ——— Pan 14-3-3 [ —— NYTEE

for each one. The QSK activity is the

meantg.d. for eagh muscle .sample assayed B E HeLa-TAP 14-3-3¢ HeLa TAP 14-3-3¢
in duplicate. Pre-imm, pre-immune HeLa muscle CT_WT CT__WT
antibody. (B) Cell lysates (20 wg) derived 293 CT WT KI WT KO SK (total

from 293 cells, control (CT) HeLa cells that Gl ok LKBI1 (Total) - QSR | - -
lack LKB1 expression, or HeLa cells that - Y ? — | SIK(t0tal) |
stably express wild-type (WT) or kinase- '

inactive (KI) LKB1, as well as skeletal c TAP-cluate| o 4 ()| MARKS (total) | o (| lysate
muscle derived from wild-type (WT) and

muscle-specific LKB 1-knockout (KO) - HeLa DD cxogenousid-3-3 | GEEED G
mice, were immunoblotted with an antibody SEN A

recognizing LKB1. (C,D,F) Cell lysates E, ] e | endogenous 14:3-3| D -
derived from control (CT) HeLa cells that é N LKB1(Total) -
lack LKB1 expression or HeLa cells that = —_— F

stably express wild-type (WT) or kinase- CT | WT | KI T

inactive (KI) LKB1 were incubated with 14-3-3 —-— QSK (Total) ? s

glutathione-Sepahrose conjugated to 14-3- pull-down| | SRR i 14-3-3 (Total) 2 67 —

3( (14-3-3 pull-down). After Washlng, the = QSK (Total) § 4 -

beads were immunoblotted with the J*- £ 2 _"__‘

indicated antibodies. The activity of the lysate s~ LKBI (Total) v T Wi | &I

indicated AMPK-related kinases towards

the AMARA peptide was also measured S 21 14-3-3 :’tli:uwn S Mnrk: 3 (Rotal)
following immunoprecipitation. The results Pan 14-3-3

are presented as the meanzs.d. from two separate experiments each assayed in

triplicate. Cell lysates were also subjected to the immunoblot analysis (lysate). SIK e - —I Mark 3 (Total)

was immunoblotted after its immunoprecipitation from the cell lysate. The results are lysate - I LKB (Total)
representative of at least two separate experiments. (E) The indicated HeLa cells

stably expressing GFP-TAP-14-3-3( were generated, and the GFP-TAP-14-3-3( was — R A | Tan 14-3-3

affinity purified and analysed by immunoblotting with the indicated antibodies (TAP-

eluate). Cell lysates derived from the HeLa cells were also immunoblotted (lysate).

As GFP-TAP-14-3-3( migrates to the same position as endogenous MARK3, thereby interfering with immunoblot analysis, the control
MARK3 immunoblot blot in cell lysate was performed using the parental HeLa cell line that does not express GFP-TAP-14-3-3(. The upper
band in 14-3-3 blots of the TAP-eluate represents exogenously expressed 14-3-3( and the lower doublet represents co-purified endogenous 14-
3-3€ and 14-3-3¢. The results are representative of three separate experiments.
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from the different HeLa cell lines were incubated with 14-3-
3 conjugated to Sepharose, and immunoblot analysis of 14-3-
3-associated proteins revealed that QSK (Fig. 2C) and SIK
(Fig. 2D) were associated with 14-3-3( derived from HelLa
cells expressing wild-type LKB1, but not from LKB 1-deficient
control cells or cells expressing kinase-inactive LKB1. Control
experiments showed that QSK, SIK and 14-3-3 isoforms were
expressed at similar levels in control and LKBI-expressing
HeLa cells and that, as expected, QSK and SIK were active
only in HeLa cells expressing wild-type LKBI1.

To further explore these observations, we generated HeLa
lines that stably express GFP-TAP-14-3-3 in the presence or
absence of LKB1. QSK and SIK were associated with purified
TAP-14-3-3( in the HeLa cell line expressing wild-type LKB1,
but not in LKB1-lacking cells (Fig. 2E).

In contrast to QSK and SIK, MARK3 was associated with
14-3-3-Sepharose in cell extracts derived from both LKBI1-
deficient HeLa cells and HeLa cells expressing wild-type
LKB1 (Fig. 2F), and interacted with 14-3-3( in both LKB1-

Fig. 3. Binding of 14-3-3 to the A
phosphorylated T-loop of QSK and
SIK. (A) 293 cell lysates were
incubated with the indicated N-
terminal biotinylated peptides

encompassing the T-loop of QSK. PT-loop

Biotin - TPGQLIKT(P)YWCGSPPY (QSK PT-loop)
Biotin - TPGQLIKTWCGSPPY (QSK T-loop) 0 100 300 ng

T-loop

The peptides were affinity purified
on streptavidin-Sepharose and
immunoblotted with an antibody
recognizing 14-3-3 isoforms. The

Streptavidin
pull-down

-—

results are representative of at least C
two separate experiments
performed in duplicate. (B) 1 g of
the indicated biotinylated peptides
was conjugated to streptavidin-
Sepharose and incubated with
indicated amounts of GST-14-3-3.
Following washing, the beads were

@
.

activity (% control)
£ 2

w2
<

deficient and LKBI1-expressing HeLa cells (Fig. 2E). The
greater association of MARK3 with GFP-TAP-14-3-3( in the
LKB1-expressing cells is likely to be due to the increased
expression of MARK3 in these cells (Fig. 2E).

Evidence that 14-3-3 binds to the phosphorylated T-loop
of QSK and SIK

The finding that binding of 14-3-3 to QSK and SIK was
dependent upon LKBI1 could be explained if 14-3-3 interacted
with the phosphorylated T-loop residue of these enzymes. To
address this, we incubated 293 cell lysates with biotinylated
peptides encompassing the T-loop of QSK, in which the Thr
residue phosphorylated by LKB1 was either phosphorylated or
non-phosphorylated. Following isolation of the peptides from
the cell extract using streptavidin-Sepharose, 14-3-3 was
associated with the phosphorylated T-loop peptide, but not with
the non-phosphorylated T-loop peptide (Fig. 3A). We also
tested the ability of recombinant 14-3-3( to interact with these

B

GST-14-3-3¢
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14-3-3 ~ ° IP: Biotin-QSK-nonphos

(Total)
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— f—

biected to i blot lvsi —mQSKI‘sIK(Tu!.ﬂ]
subjected to immunoblot analysis GST pull- S Pon 1433

with a 14-3-3 antibody. The RAF- s ()SK/SIK (T-loop phos)

phospho peptide WT  T/A KI WT T/A KI

LSQRQRSTS(P)TPNVHMYV binds E OSK SIK s :

14-3-3 with high affinity (Muslin et : ‘ _ bl 53 5 2

al., 1996). (C,E) 293 cells were ‘ ]

transfected with constructs F " é:’
: : . & & >

encoding GST fusion proteins of W &5‘ &,\3‘

wild-type (WT), T-loop mutant & & &

(T/A) or kinase-inactive (KI) N T/A WTT/A WT

mutants of the indicated AMPK-

b

down

s83E

activity (% control)
W

14-3-3 overlay

related kinases. Thirty-six hours GST pall S e — = —— :larllci 4:;1‘{??:}” - - i

. lown ——— — . Pan otal = ——— 1
post-tran§fect10n, the AMPK- —l — = . |Mark (T-losp gho) - — i
related kinases were affinity WT T/A WT T/A WT T/AWT T/A i -

purified from the cell lysates using MAREL MARKD MARES MARKA

glutathione-Sepharose. Similar

amounts of the purified GST-fusion proteins were assayed for AMARA peptide kinase activity (activity) or subjected to immunoblot analysis
(GST-pull-down). The QSK, SIK and MARK isoform levels were assessed using anti-GST antibodies. The kinase activities are presented as the
meanzs.e.m. for triplicate samples relative to the activity observed for the wild-type kinase (100% activity). The results are representative of at
least two separate experiments. (D) Equal amounts of wild-type and T-loop mutant of QSK and SIK GST fusion proteins isolated from 293
cells, as described in panel C, were electrophoresed on a polyacrylamide gel and the protein bands visualized by colloidal Coomassie Blue
staining. The identity of the bands indicated with an arrow was determined by mass spectrometry. EF1b2 (elongation factor-1b2) is found as a
contaminant in most preparations of GST-fusion derived from 293 cells. (F) 500 ng wild-type and T-loop mutant forms of GST-QSK and GST-
SIK proteins, as well as wild-type GST-MARK3, were subjected to polyacrylamide gel electrophoresis, transferred to a nitrocellulose
membrane and subjected to a 14-3-3 overlay assay (upper panel) as described in the Materials and Methods. 50 ng of each of the GST-fusion
proteins was also subjected to immunoblot analysis with GST antibody (lower panel).
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peptides. The phosphorylated QSK T-
loop peptide interacted with 14-3-3( to a
markedly greater extent than did the non-
phosphopeptide (Fig. 3B). Under the
assay  conditions employed, the
phosphorylated QSK T-loop peptide
interacted with 14-3-3( to an extent
similar to that of a well characterized
14-3-3 binding phosphopeptide
encompassing Ser259 of the c-Raf
protein kinase (Muslin et al., 1996).

We next expressed, in 293 cells, wild-
type QSK or SIK as well as mutants of
these enzymes that were catalytically
inactive or in which the T-loop Thr
phosphorylated by LKB1 was changed to
Ala. The wild-type and -catalytically
inactive QSK and SIK associated with
endogenous 14-3-3 proteins and were
found to be phosphorylated at their
T-loop residue, as revealed by
immunoblotting with a phosphospecific
antibody that recognizes this
phosphorylation site (Fig. 3C). Analysis
of a Coomassie-stained polyacrylamide
gel of purified QSK and SIK indicated
that a significant proportion of these
enzymes were associated with 14-3-3
(Fig. 3D). By contrast, the QSK and SIK
T-loop mutants failed to interact with 14-
3-3 (Fig. 3CD). All four MARK
isoforms were associated with 14-3-3
when expressed in 293 cells (Fig. 3E).
Consistent with the notion that LKB1
does not regulate binding of these
enzymes to 14-3-3, mutation of the
MARK T-loop Thr to Ala, although
abolishing catalytic activity, did not
affect binding to 14-3-3 (Fig. 3E).

14-3-3 binding to proteins has also
been previously studied using a Far
Western overlay approach, in which 14-
3-3 binding to denatured proteins on a
nitrocellulose membrane can be detected.
Using this assay, we confirm that 14-3-3
isoforms were capable of interacting with
wild-type QSK and SIK, but not with
mutants of these enzymes in which the T-
loop Thr phosphorylated by LKB1 was
changed to Ala (Fig. 3F). This provides
further evidence that 14-3-3 isoforms can
interact directly with the phosphorylated
T-loop of QSK and SIK.

14-3-3 activates QSK and SIK

We next investigated whether binding of
14-3-3 to QSK or SIK influenced
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Fig. 4. Enhancement of QSK and SIK activity by 14-3-3 binding. 293 cells were transfected
with constructs encoding GST-QSK (A,C) or GST-SIK (B,D). Thirty-six hours post-
transfection, the GST-QSK or GST-SIK was absorbed onto glutathione-Sepharose and the
beads were incubated with buffer containing no peptide, non-phosphorylated QSK T-loop
peptide TPGQLIKTWCGSPPY (non-phos peptide) or phosphorylated QSK T-loop peptide
TPGQLIKT(p)WCGSPPY (phos peptide). The beads were then washed in buffer A and
GST-QSK or GST-SIK was eluted with glutathione. Similar amounts of the purified GST-
QSK (A) or GST-SIK (C) were subjected to immunoblot analysis or assayed with either
TORC?2 protein substrate (upper panel), or the AMARA peptide (lower panel). The QSK
and SIK levels were assessed in the immunoblot analysis using anti-GST antibodies.

(C,D) GST-QSK (C) or GST-SIK (D) was also assayed using the TORC2 substrate (upper
panel) or AMARA peptide (lower panel) in the presence (+) or absence (-) of wild-type
GST-14-3-3¢ or mutant GST-14-3-3¢[E180K]. In addition, the samples were immunoblotted
with anti-GST antibodies, to ensure similar amounts of GST-QSK and GST-SIK were
present in each assay, and with 14-3-3 antibody, to ensure removal of endogenously
associated 14-3-3. The immunoblot analysis is representative of at least three separate
experiments performed in duplicate. The kinase activities are presented as the meanzs.e.m.
for triplicate samples and the results are representative of at least three separate
experiments.

catalytic activity. GST-SIK and GST-QSK were expressed in of the phosphorylated QSK-T-loop peptide or non-
293 cells, absorbed onto glutathione-Sepharose and, while still ~ phosphorylated peptide. The phosphorylated but not the non-
conjugated to the resin, incubated in the presence or absence  phosphorylated peptide dissociated 14-3-3 from GST-QSK
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(Fig. 4A) or GST-SIK (Fig. 4B). We assayed
QSK and SIK kinase activity using the
CREB co-activator protein TORC2, a
recently identified substrate for QIK
(Screaton et al., 2004), which is also
phosphorylated by QSK and SIK with an
efficiency similar to that of QIK in vitro
(AK.A., unpublished). We also assayed
QSK and SIK by employing the short
AMARA peptide substrate (Lizcano et al.,
2004). Dissociation of 14-3-3 from QSK
(Fig. 4A) or SIK (Fig. 4B) resulted in a five-
to sixfold reduction in activity when assayed
with the TORC2 protein and a ~2.5-fold
reduction in catalytic activity of these
enzymes when assayed with the AMARA
peptide substrate. Consistent with the
reduction in activity resulting from a loss of
14-3-3 binding, addition of recombinant
wild-type 14-3-3( to GST-QSK (Fig. 4C) or
GST-SIK (Fig. 4D) from which 14-3-3 had
been dissociated, restored activity. By
contrast, addition of 14-3-37 [E180K]
mutant, which is unable to interact with
phosphopeptides (Chang and Rubin, 1997),
failed to restore QSK or SIK activity.

14-3-3 influences QSK and SIK cellular
localization

To examine whether binding of 14-3-3
to QSK and SIK could affect cellular
localization, we expressed GFP-QSK and
GFP-SIK in HeLa cells lacking LKB1, as
well as in HeLa cells in which either wild-
type or kinase-inactive LKB1 was stably
expressed. QSK and SIK were expressed at
similar levels in all cell lines (AKA, data not
shown). In HeLa cells expressing wild-type
LKBI1, QSK (Fig. 5A, panel 1) or
catalytically inactive QSK, which still binds
14-3-3, was localized in distinctive punctate
structures within the cytosol (Fig. SA, panel
2). By contrast, the T-loop QSK mutant,
which is unable to bind 14-3-3, was localized
more uniformly throughout the cytosol (Fig.
5A, panel 3), suggesting that punctate
localization of QSK is dependent upon 14-3-
3 binding. Consistent with this, in LKB1-
deficient HeLa cells, wild-type and kinase-
inactive QSK were uniformly localized in the
cytosol rather than in punctate structures
(Fig. 5A, panels 4-9).

Wild-type SIK or catalytically inactive
SIK when expressed in HeLa cells
expressing wild-type LKB1 were mostly
localized within punctate structures inside
the nucleus, but lower levels of SIK could be
detected in the cytosol (Fig. 5B, panels 1,2).

By contrast, wild-type or kinase-inactive SIK was exclusively
localized within punctate structures of the nucleus and not

A WT-QSK

1
- .
4
HeLa (KI-LKB1)
7
HeLa (CT-NO LKB1)

B WT-SIK

T/A-QSK

T/A-SIK

HeLa (WT-LKB1)

HeLa (KI-LKB1)

.
.
9

HeLa (CT-NO LKBI)

Fig. 5. 14-3-3 and LKB1 cooperate to regulate QSK and SIK localization. Control (CT)
HelLa cells that lack LKB1 expression or HeLa cells that stably express wild-type (WT)
or kinase-inactive (KI) LKB1 were transfected with the indicated constructs encoding
the expression of GFP-QSK (A, panels 1-9) or GFP-SIK (B, panels 1-9). Twenty-four
hours post-transfection the cells were fixed in 3% (v/v) paraformaldehyde and GFP
localization was visualized directly by observing GFP fluorescence. The cells were
viewed using a Zeiss LSM 510 META or Leica Sp2 AOBS confocal microscope. The
cells shown are representative images obtained in three separate experiments. The low
level of cytoplasmic SIK (cyt) is indicated. Bars, 10 pm.

detected in the cytosol when expressed in LKB1-deficient
HeLa cells (Fig. 5B, panels 4-9), indicating that binding of 14-
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3-3 to SIK may be required for low levels of cytosolic
localization of SIK. Consistent with this, the T-loop SIK
mutant was localized exclusively within the nucleus when
expressed in HeLa cells expressing wild-type LKB1 (Fig. 5B,
panel 3).

Discussion

We have used the Tandem Affinity purification strategy to
identify potential binding partners of the AMPK-related
kinases in 293 cells. We have modified the TAP vector to
include a GFP tag that facilitates the isolation of cell colonies
expressing low levels of bait protein. We believe that
generation of stable cell lines expressing low levels of bait
proteins maximizes the proportion of the bait that is bound to
endogenous binding partners, whose expression may be
limiting. Thus, when MARK4 was expressed in 293 cells at
high levels using a transient transfection approach we were
able to detect the binding of MARK4 to 14-3-3 isoforms that
are abundantly expressed in cells. However, under these
conditions, we were unable to detect the interaction of MARK4
with USP9, which is likely to be expressed at lower levels than
14-3-3 isoforms (supplementary material Fig. S1). We also
validated this approach by demonstrating that TAP-tagged
AMPKal was associated with its known AMPKP and
AMPK~y regulatory subunits. We also identified several
proteins that bind to some of the AMPK-related kinases and
further work will be needed to investigate the physiological
significance of these interactions.

Our previous work indicates that the AMPK-related kinases
may be regulated in a distinct manner to that of AMPK, as none
of the AMPK-related kinases were stimulated in cell lines or
skeletal muscle by the AMP mimetic AICA-riboside or
following treatments that elevate 5'-AMP (Lizcano et al., 2004;
Sakamoto et al., 2004). The finding that the AMPK-related
kinases, when purified from cells, are not associated with the
AMPKB or AMPK regulatory subunits, which are required
for the activation of AMPK by 5’ AMP, is likely to account for
the inability of the AMPK-related kinases to be stimulated by
5'-AMP. Two pairs of CBS domains located within the
AMPKy subunit mediate the binding of 5'-AMP to AMPK.
None of the proteins that were associated with the AMPK-
related kinases possess predicted CBS domains, including
NUAK?2, which was reported to be stimulated with AICAR
(Lefebvre and Rosen, 2005) in hepatocarcinoma cells. We have
previously shown in mouse embryonic fibroblast cells that
NUAK? activity is not increased with AICAR (Lizcano et al.,
2004). It may be worthwhile to investigate whether NUAK?2
could interact with AMPK<y or another CBS-domain-
containing proteins in hepatocarcinoma cells.

14-3-3 proteins interact dynamically with many intracellular
proteins, which exerts a widespread influence on diverse
cellular processes. They operate by binding to specific
phosphorylated residues on target proteins. In C. elegans, the
14-3-3 protein, termed Par-5, was originally identified as a
gene that played a crucial role in the early events leading to
polarization of the zygote (Morton et al., 2002). Par-5 was also
required for the asymmetric cortical localization of Par-
1/MARK to the posterior of the embryo, as well as locating the
other polarity regulators, Par-3 and Par-6/PKC{, to the cell
anterior (Morton et al., 2002). Work performed in Drosophila
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(Benton et al., 2002) and in mammalian cells (Brajenovic et
al., 2003), also indicated that the Par-1/MARK enzymes
interacted directly with 14-3-3 isoforms. Recent studies
suggest that phosphorylation of Par-1/MARK by the Par-
6/PKCC kinase, at residue(s) lying C-terminal to the catalytic
domain, induced a relocalization of Par-1/MARK from the
plasma membrane and enhanced the binding of 14-3-3 to Par-
1/MARK (Hurov et al., 2004; Kusakabe and Nishida, 2004,
Suzuki et al., 2004a). Consistent with the 14-3-3 binding site(s)
being located C-terminal to the catalytic domain, we observe
that 14-3-3 isoforms bound to MARK3 in LKB 1-deficient cells
(Fig. 2F) and mutation of the T-loop Thr phosphorylated by
LKBI did not affect the ability of any MARK isoform to bind
14-3-3 (Fig. 3E). By contrast, binding of 14-3-3 to QSK and
SIK was mediated by LKB1, as QSK and SIK failed to bind
14-3-3 in LKBI1-deficient cells or skeletal muscle (Fig. 2).
Moreover, mutation of the T-loop LKB1 phosphorylation site
on QSK and SIK abolished 14-3-3 binding (Fig. 3C,F). The T-
loops of QSK and SIK do not conform to the classical 14-3-3
binding motif (Mackintosh, 2004), but the finding that 14-3-3
isoforms expressed in cell lysates (Fig. 3A) or recombinant 14-
3-3¢ (Fig. 3B) could interact directly with a phosphorylated
(but not non-phosphorylated) peptide encompassing the T-loop
of QSK (Fig. 3A) indicates that this motif has the intrinsic
ability to bind 14-3-3.

The binding of 14-3-3 to many proteins, including Par-
1/MARK (Hurov et al., 2004; Kusakabe and Nishida, 2004)
and TORC2 (Screaton et al., 2004), serves to localize these
proteins in the cell cytosol. Our results also show that the
binding of 14-3-3 isoforms to SIK and QSK plays a role in
regulating the localization of these enzymes. In the case of SIK,
binding to 14-3-3 induces a moderate redistribution of SIK
from the nucleus to the cytosol (Fig. 5B) whereas, for QSK,
interaction with 14-3-3 results in localization within punctate
structures in the cytosol (Fig. SA). Further work is required to
characterize the punctate structures that QSK and SIK interact
with and the mechanism by which 14-3-3 anchors QSK to
punctate structures in the cytosol and localizes SIK in the
cytoplasm. It would also be important to develop sensitive
antibodies to study the localization of endogenously expressed
QSK and SIK in wild-type and LKB1-deficient cell lines to
ensure that the localization patterns are similar to those
observed in the overexpressed studies.

Most interestingly, our results suggest that 14-3-3 binding to
QSK and SIK enhances their catalytic activity (Fig. 4). As the
T-loop of a kinase is a key motif in controlling intrinsic
catalytic activity, binding of 14-3-3 to this region of QSK and
SIK could induce a structural change that stabilizes these
enzymes in an active conformation. Moreover, the effect of 14-
3-3 binding on catalytic activity is more pronounced using the
TORC?2 protein substrate than the AMARA peptide substrate
(Fig. 4). It has previously been reported that phosphorylation
of TORC?2 at Ser171 by the QIK AMPK-related kinase enabled
TORC?2 to bind 14-3-3 (Screaton et al., 2004). An intriguing
possibility is that binding of QSK and SIK to 14-3-3 enhances
the ability of QSK/SIK to interact with and phosphorylate 14-
3-3-binding substrates such as TORC2. We found that QSK
and SIK phosphorylated TORC2 at Serl71 as well as at
least two additional residues, namely Ser70 and Ser348
(supplementary material Fig. S2). Dissociation of 14-3-3 from
QSK and SIK reduced the extent of phosphorylation of Ser70,
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Serl71 and Ser348 to a similar extent for each site
(supplementary material Fig. S2), indicating that the presence
of 14-3-3 does not influence the ability of QSK/SIK to
phosphorylate specific residues on TORC2. It is also possible
that the greater stimulation of QSK and SIK activity towards
the TORC?2 substrate than the AMARA peptide (Fig. 4), results
from 14-3-3¢ binding directly to TORC2 and converting it into
a better substrate for QSK/SIK. It is unlikely that 14-3-3 would
bind to the short AMARA peptide, and thus the ability of 14-
3-3¢ to stimulate of QSK and SIK AMARA peptide kinase
activity is likely to result from the direct binding of 14-3-3{ to
QSK/SIK.

In conclusion, we demonstrate that catalytic activity and
localization of QSK and SIK are regulated by 14-3-3 binding
to the T-loop of these enzymes following their phosphorylation
by LKB1. To our knowledge, this is the first report of 14-3-3
binding to the T-loop of a protein kinase and directly
influencing its catalytic activity. This represents a novel
mechanism by which 14-3-3 can regulate biological function.
14-3-3 isoforms are dimers that possess two substrate-binding
pockets per dimer (reviewed by Mackintosh, 2004). It is
possible that if QSK/SIK occupied only one of the binding sites
on the 14-3-3 dimer, then the other site might be available for
the recruitment of a substrate of QSK/SIK. In this way, 14-3-
3 isoforms could function as a scaffolding complex to facilitate
the interaction of QSK/SIK with their 14-3-3-binding
substrates. It is likely that many of the substrates of QSK/SIK,
as well as other AMPK-related kinases, comprise 14-3-3-
binding proteins and/or are converted to 14-3-3 binding
proteins following their phosphorylation, a feature that could
be exploited to identify substrates for these enzymes.
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