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Abstract

AKT2 is one of the three isoforms of the protein kinase AKT being involved in the modulation of cellular metabolism. Since
protein-protein interactions are one possibility to convey specificity in signal transduction, we performed AKT2-protein
interaction analysis to elucidate their relevance for AKT2-dependent cellular functions. We identified heat shock protein
90 kDa (HSP90), Cdc37, heat shock protein 70 kDa (HSP70), 78 kDa glucose regulated protein (GRP78), tubulin, GAPDH, a-
enolase and elongation factor 2 (EF2) as AKT2-interacting proteins by a combination of tandem affinity purification and
mass spectrometry in HEK293T cells. Quantitative MS-analysis using stable isotope labeling by amino acids in cell culture
(SILAC) revealed that only HSP90 and Cdc37 interact stably with AKT2, whereas the other proteins interact with low affinity
with AKT2. The interactions of AKT2 with a-enolase and EF2 were further analyzed in order to uncover the functional
relevance of these newly discovered binding partners. Despite the interaction of AKT2 and a-enolase, which was
additionally validated by proximity ligation assay (PLA), no significant impact of AKT on a-enolase activity was detected in
activity measurements. AKT stimulation via insulin and/or inhibition with the ATP-competitive inhibitor CCT128930 did not
alter enzymatic activity of a-enolase. Interestingly, the direct interaction of AKT2 and EF2 was found to be dynamically
regulated in embryonic rat cardiomyocytes. Treatment with the PI3-kinase inhibitor LY294002 before stimulation with
several hormones stabilized the complex, whereas stimulation alone led to complex dissociation which was analyzed in situ
with PLA. Taken together, these findings point to new aspects of AKT2-mediated signal transduction in protein synthesis
and glucose metabolism.
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Introduction

Signal transduction by phosphorylation involves the interaction

of the kinase and its substrate protein. Therefore, the chemical

environment at the kinase-substrate interface is an essential

determinant of substrate specificity. In higher eukaryotes protein

kinases are frequently organized in kinase families resembling

closely related proteins with high sequence homology [1]. A

prominent example is the protein kinase B or AKT family of

protein kinases which acts as a signaling node being involved in the

regulation of important cellular functions such as cellular growth

[2], cell cycle control [3], apoptosis [4], and metabolism [5]. AKT

kinases are 57 kDa proteins which are activated by phosphoryla-

tion in response to stimulation of receptor tyrosine kinases by their

specific ligands including insulin, insulin-like growth factor-1 (IGF-

1), nerve growth factor-1 (NGF-1), and platelet derived growth

factor (PDGF). Ligand binding to these receptors activates PI3-

kinase which forms phosphatidylinositol-(3,4,5)-trisphosphate

(PIP3) at the plasma membrane. This, in turn, triggers the

translocation of the PH-domain containing AKT kinases to the

cell membrane where they are activated by phosphorylation of

threonine 308 and serine 473 [6] by phosphoinositide-dependent

kinase 1 (PDK-1) [7] and mammalian target of rapamycin

complex 2 (mTORC2) [8], respectively. After activation AKT

dissociates from the plasma membrane and phosphorylates many

downstream targets. There are three different AKT-isoforms

(AKT1-3), which seem to regulate, at least in part, specific

biological processes. AKT1 knockout mice are smaller than wild

type mice suggesting a major role in cell- and body growth [9].

AKT3 affects the development of the nervous system since the

brains of AKT3-knockout mice are substantially smaller than

those of wild type mice [10]. AKT2 knockout mice display

alterations of the metabolism characterized by a diabetes-like

phenotype with reduced glucose tolerance [11]. Moreover, the

insulin-induced translocation of the glucose transporter type 4

(GLUT4) to the plasma membrane depends on the increased

accumulation of AKT2 but not AKT1 at the plasma membrane

[12].

Systematic analysis of protein complex formation by tandem

affinity purification (TAP) combined with mass spectrometry (MS)

in the model organism S. cerevisiae has led to the identification of

the interactome of proteins, a widespread network of stable protein

complexes [13,14]. This seminal work has clearly altered our view

on protein functions which seem to be executed not only by freely

diffusing proteins. They appear to be organized to a large extent in

specific networks which may allow a concerted action. For AKT

only a few interacting proteins are known. Well characterized is

the interaction with HSP90 which not only stabilizes AKT [15,16]
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but also triggers complex formation with other proteins such as

Cdc37 and endothelial NO synthase (eNOS) [17].

In view of the importance of protein interactions in signal

transduction we hypothesized that the systematic analysis of

AKT2 associated protein complexes might result in the identifi-

cation of new AKT2 interacting proteins which would give insight

into novel AKT2-dependent cellular functions. Therefore, we

expressed tagged AKT2 and performed an analysis of AKT2

interactions using TAP-MS/MS analysis combined with SILAC.

Candidate proteins were validated with the proximity ligation

assay, which also served to analyze changes of complex formation

depending on AKT2 activity.

Materials and Methods

Ethics Statement
All procedures concerning animal handling were in accordance

with the German Protection of Animals Act, executed by the local

Animal Care and Use Committee and registered under permission

number O/29/2011. The rats used in this study were kept at the

Tierversuchsanlage Heinrich-Heine-University Düsseldorf, Ger-

many. They were fed a standard chow diet and received water ad

libitum. Rats were anesthetized with isofluran (2%) and killed by

cervical dislocation.

Vectors
To perform TAP, the AKT2-protein was N- and C-terminally

fused with a TAP-Tag, consisting of HA-Tag, StrepII-Tag and

FLAG-Tag. For stable expression HEK293T cells were transfect-

ed using a lentiviral vector conferring puromycin resistance

allowing selection of stably transfected cells (Fig. S1).

Cell Culture and Sample Preparation
HEK293T cells (ECACC/HPA) were cultured in Dulbecco’s

Modified Eagle Medium DMEM (Invitrogen) under standard

conditions. Cell lysis was performed with 150 mM NaCl, 10 mM

Tris, 0,1% NP 40, pH 7,4. Roche proteinase/phosphatase-

inhibitor cocktail was added immediately before lysis. Lysates

were clarified by 30 minutes centrifugation (4uC, 4000 rpm).

Cell Stimulation
HEK293T cells were treated with 25 mM LY294002 (Sigma)

for one hour, 1 mg/ml IGF-1 (Milteny) or 1,75 mg/ml insulin

(Sanofi Aventis) for 10 minutes. Embryonic E18 rat cardiac

myocytes were serum deprived with 1% FBS supplemented

medium and then treated with 50 mM LY294002 for one hour or

with 100 nM angiotensin II (Sigma) for 30 minutes.

SILAC-labeling
Cells were labeled with 13C6 Lysine and 13C6 Arginine using the

SILACTM Protein ID & Quantitation Media Kit Lysine (DMEM-Flex)

and SILACTM Stable Isotopic [13C6]-L-Arginine (Invitrogen). Medium

was prepared as described by the manufacturer. Cells were fed

with SILAC medium over 5 passages to enable full incorporation

of the labeled amino acids.

Tandem Affinity Purification (TAP)
Cell lysates were incubated for 1 h, 4uC, (400 rpm on a rotating

platform) with Anti-FLAG M2 Affinity Gel (Sigma-Aldrich). After

incubation, beads were allowed to settle and the supernatant was

removed. The resuspended beads were transferred to a Micro Bio-

Spin column (BioRad). Beads were washed with 10 column

volumes TBS (150 mM NaCl, 3 mM KCl, 25 mM Tris, pH 7,4).

Elution of the proteins was performed with 1 ml triple-FLAG

peptide (N-Met-Asp-Tyr-Lys-Asp-His-Asp-Gly-Asp-Tyr-Lys-Asp-

His-Asp-Ile-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C) (300 mg/ml in

TBS). The FLAG eluate was then affinity purified on a Strep-

Tactin Sepharose (IBA Technologies) column. Beads were washed

with 10 column volumes Strep buffer (100 mM Tris, 150 mM

NaCl, 1 mM EDTA, pH 8,0). Tagged proteins were eluted with

2,5 mM Biotin (Sigma-Aldrich) in Strep buffer. The Strep-eluate

was concentrated with Centrifugal Filter Units, 10K Membrane

(Millipore).

Silver Staining and Image Analysis
MS compatible silver staining was performed according to

Shevchenko et al. [18] with minor modifications as described

before [19].

Tryptic Digestion
In gel digestion was performed as described [19]. To digest TAP

purified proteins in solution 8 M urea was added to the

concentrated sample. Proteins were reduced with 10 mM DTT

for 1 h at 30uC and then alkylated with 40 mM iodoacetamide for

1 h at 30uC. Afterwards the solution was diluted 1:10 in 50 mM

NH4HCO3, 5 mM Ca2Cl, concentrated over Centrifugal Filter

Units (10K Membrane, Millipore) and digested with trypsin for

16 h at 37uC.

Nano-LC-MS/MS Analysis
Proteolytic digests were analyzed with an LTQ-Orbitrap XL

mass spectrometer (Thermo Scientific) after separation by nano-

LC as described earlier [19]. To conduct peptide analysis after in

solution digest peptide mixtures were subjected to automated off-

line 2-D LC-MS/MS using the microfraction collection option of

the WPS 3000PL autosampler. Peptides were separated on a

1 mm615 cm Polysulfoethyl-Aspartamide column (Dionex,

Thermo Scientific) in the first dimension by gradient elution from

0–60% B for 30 min, 60–100% B for 5 min (A: 5 mM NaH2PO4,

pH 2.7; B: 5 mM NaH2PO4, 15% acetonitrile, 500 mM NaCl,

pH 2.7) at a flow rate of 50 ml/min. One minute fractions

collected by the autosampler were re-injected for reverse-phase

nano-LC-MS/MS. Each MS full scan (m/z 350–2000, acquired at

a target value of 1,000,000 ions with resolution r = 60,000 at m/z

400) was followed by MS/MS scans of the ten most intense ions,

whereby the normalized collision energy for collision induced

dissociation was set at 35 units, and a repeat count of 1 with a

20 sec exclusion duration window was applied (exclusion mass

width of 10 ppm). Multistage activation was enabled upon

detection of a neutral loss of phosphoric acid for further

fragmentation.

Sequence Database Searching, Protein Identification and
Relative Quantification

Sequence database-search of the MS data was performed

against the uniprot human taxonomy-9606 database containing

83659 entries using the SEQUEST algorithm with the following

parameters: trypsin specificity, two missed cleavage sites, precurser

ion mass accuracy tolerance of 10–30 ppm, cysteine carbamido-

methylation, methionine oxidation, pSTY, N-terminal protein

acetylation and, when performed, SILAC labels Lys-6, Arg-6

specified as modifications. The minimal cross-correlation score

(XCorr) was set to 2.0, 2.5 and 3.0 for charge states +2, +3 and +4

respectively. The DCN had to be .0.1 and the minimal peptide

probability allowed was 0.05. The minimum number of peptides

necessary for protein identification was three. Relative quantifica-
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tion of peptides/proteins was carried out with the PepQuan

feature of the Bioworks Browser 3.3.1 SP1 (Thermo Fisher

Scientific). Peak areas were calculated with a mass tolerance of 0.1,

a minimum threshold of 15000 and no smoothing. When

necessary, peak integration was manually corrected. Each protein

ratio was calculated as mean value from a minimum of three

unique peptide ratios. If a peptide ratio could not be calculated

due to the absence of the corresponding peptide in the control

sample, the ratio was set as ‘. Accordingly, the corresponding

protein ratio was also ‘.

The mass spectrometry proteomics data of the SILAC-TAPs

have been deposited to the ProteomeXchange Consortium

(http://proteomecentral.proteomexchange.org) via the PRIDE

(PRoteomics IDEntifications Database) partner repository [20]

(http://www.ebi.ac.uk/pride/) with the dataset identifier

PXD000197 and DOI 10.6019/PXD000197. (PRIDE accessions

MBP-TAP I: 29063–29102, MBP-TAP II: 29103–29151, MAP-

TAP I: 29152–29201, MAP-TAP II: 29202–29251).

Western Analysis
Proteins were transferred to nitrocellulose membranes (What-

man, Schleicher & Schuell) after SDS-PAGE as described before

[21]. All primary antibody incubations were performed in Tris-

buffered saline (137 mM NaCl, 20 mM Tris, pH 7,6) with 0,1%

Tween 20 containing 5% BSA at 4uC overnight using dilutions as

recommended by the manufacturer. After incubation with

primary antibodies, blots were washed three times for 10 minutes.

Incubations with secondary antibodies were performed at a

dilution of 1:15000 in Odyssey Blocking Buffer (LI-COR) at room

temperature for 1 h. After washing (three times for five minutes),

the blots were developed with the LI-COR OdysseyH Infrared

Imaging System and the Odyssey Software V2.1 or V3.0. Primary

Antibodys: AKT-Antibody (9272), AKT Mouse mAb (2966),

AKT2 Rabbit mAb (3063), AKT2 Mouse mAB (5239), HA-Tag

Mouse mAB (2367), p-AKT (Ser 473) Antibody (9271), p-AKT

(Thr 308) Antibody (9275), p-GSK3b (Ser9) Antibody (9336),

eEF2-Antibody (2332), GAPDH Rabbit mAb (2118) (all Cell

Signaling Technology), anti-ENO1 antibody (abcam). Secondary

Antibodys: IRDye 800CW Goat Anti-Mouse IgG, IRDye 800CW

Goat Anti-Rabbit IgG, IRDye 680 Goat Anti-Mouse IgG, IRDye

680 Goat Anti-Mouse IgG (LICOR).

Proximity Ligation Assay
Cells were plated on adhesive microscope slides with silane

treated surfaces (Marienfeld) in 20 mm2 areas, marked with a

liquid-repellent slide marker pen (Daido Sangyo Co., Ltd.). Areas

were covered with 0,1% gelatine before cell plating. Cells were

allowed to settle down for 4 h or overnight, washed in PBS

(137 mM NaCl, 2,7 mM KCl, 8,1 mM Na2HPO46 2H2O,

1,76 mM KH2PO4, pH 7,4), fixed with 4% paraformaldehyde

in 0,1 M sodium phosphate buffer pH 7,4 and permeabilized with

0,2% saponin in PBS. Primary antibodies were used in appropri-

ate concentration (1:100–1:500) and incubated overnight at 4uC.

Afterwards the PLA-protocol was performed with Duolink InSitu

reagents (Olink Bioscience) as described before [22]. Slides were

mounted with Duolink InSitu Mounting Medium with DAPI.

Primary Antibodies (Cell Signaling Technology, abcam): AKT2

Mouse mAB (5239), eEF2-Antibody (2332), GAPDH Rabbit mAB

(2118), AKT1 Mouse mAB (2967), anti-ENO1-antibody

(ab85086). Slides were examined under the fluorescence micro-

scope Keyence BZ 9000 (Keyence) using a 606 objective. To

evaluate protein interactions, five to ten image sections were

analyzed for the ratio of signals per nuclei. The diagrams show

relative numbers of signals per nuclei. The PLA-samples were set

to 100%. The signals/nuclei of the corresponding controls are

shown as percentage of full PLA for each experiment.

ENO1 Activity Assay
To measure activity of a-enolase, the ENO1 Human Activity

Assay Kit (Abcam, ab117994) was used. a-enolase was purified

from cell lysates by immuno-affinity purification and then

incubated with a solution which contained the substrate of a-

enolase, 2-phosphoglycerate, which was converted to phosphoenol

pyruvate (PEP). PEP was then further processed by pyruvate

kinase to pyruvate which is used by lactate dehydrogenase to form

lactate under NADH-consumption. The decrease of NADH-

concentration was measured as change in NADH-absorbance at

340 nm. HEK293T wild type cells were stimulated with insulin

(1,75 mg/ml) for 10 minutes or treated with 10 mM CCT128930

(AKT-inhibitor) (SelleckBio.com) [23] for 30 minutes. Sample

preparation and assay procedure was performed as described by

the manufacturer using a protein concentration of 10 mg/ml.

NADH-absorbance was measured at 25uC with a Fluostar Optima

plate reader (BMG Labtech) at 340 nm.

Preparation of Embryonic Rat Cardiomyocytes (E18)
Adult pregnant Wistar rats were anesthetized with isofluran

(2%) and killed by cervical dislocation. Embryos were decapitated

before preparing the hearts. All procedures were in accordance

with the guidelines of the local Animal Care and Use Committee.

Cardiomyocytes were isolated by enzymatic dissociation with

collagenase Type II (Gibco, 1 mg/ml) and trypsin (Gibco, 3 mg/

ml) in dissociation buffer and plated at a density of 56105 cells/

well and cultured at 37uC and 5% CO2 in Dulbecco’s Modified

Eagle Medium (DMEM). For further information see online

supplement (Protocol S1). On the next day cells were treated with

mitomycin (Sigma, 10 mg/ml) for 1 hour to prevent further

proliferation of fibroblasts.

Results

TAP-MS Analysis of AKT2-interacting Proteins
To investigate protein binding to AKT2 we fused the AKT2

coding sequence with a short nucleotide sequence encoding the

HA-, FLAG-, and StrepII-tags all of them suitable for affinity

purification of the tagged protein and native elution from the

affinity columns by either competing peptides (HA, FLAG) or

biotin (Strep) (Fig. S1). Both, N- and C-terminally tagged AKT2

proteins were constructed and expressed in HEK293T cells. As

shown in Fig. 1A lentiviral transfection of HEK293T cells resulted

in expression levels of both proteins which were similar to the

amount of endogenous AKT. However, Western analysis also

revealed protein degradation in case of the C-Tag. We therefore

performed all our experiments with cells, stably expressing N-

tagged AKT2 which was expressed at a ratio of approximately 2:1

and 1:2 in comparison to the endogenous AKT2 and total

endogenous AKT, respectively. Physiological regulation of tagged

AKT2 was confirmed by stimulation experiments with IGF-1 or

PI3-kinase inhibition with LY294002 (Fig. 1B). The efficiency of

AKT inhibition was assessed by determination of the glycogen

synthase kinase 3b (GSK3b) phosphorylation level of serine 9

which is a target for AKT-dependent phosphorylation (Fig. 1C).

AKT2-Tag protein and bound interaction partners were

purified via anti-FLAG M2 and Strep-Tactin Sepharose beads.

The purification procedure resulted in a recovery of ,18% of

AKT2-Tag protein (Fig. S2). The analysis of six independent TAP

experiments by separation of the purified proteins via SDS-PAGE

and silver staining uncovered a straightforward, quite reproducible
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pattern of candidate proteins which were copurified with AKT2,

while none of them could be detected in the WT control (Fig. 1D).

As summarized in Table 1 known AKT-binding proteins and also

several new candidates emerged from these TAP experiments (a

detailed list of identified proteins is given in Table S1). Among the

identified proteins the known AKT-interaction partners HSP90

and Cdc37 were highly abundant and detected in all TAP

experiments. As the HSP90/Cdc37 complex promotes AKT-

stability and substrate scaffolding, these findings were important

‘‘positive controls’’ for the reliability of the TAP-MS approach. In

addition to these very important interaction partners, we also

found chaperones of the heat shock protein 70 kDa (HSP70)-

family like HSP70 or GRP78. The chaperones represented the

most prominent bands next to AKT in the gel after silver staining.

Moreover, we also identified proteins from rather faint bands as

GAPDH, EF1a, Tubulin, EF2 and a-enolase. Being slightly above

the detection limit, these proteins did not appear in all TAPs.

SILAC Experiments Uncover the Transient Nature of most
AKT2-interactions

The faint bands coeluting with AKT2 from the second affinity

column suggested, that AKT2 might form rather unstable protein

interactions that would lead to some loss of interacting proteins

during the purification procedure. To characterize the stability of

protein complexes we performed TAP experiments combined with

quantitative MS [24] after stable isotope labeling by amino acids

in cell culture (SILAC) [25]. To this end, cells expressing tagged

AKT2 were labeled with 13C6-L-arginine and 13C6-L-lysine,

whereas control cells were cultured in normal medium containing

light (12C6) amino acids. To investigate if AKT2 formed high

affinity protein interactions, cell lysates of heavy labeled AKT2-

Tag cells and unlabeled control cells were mixed in a protein ratio

of 1:1, either before (Mixing Before Purification) or after (Mixing

After Purification) tandem affinity purification [26,27,24] (Fig. S3).

Proteins forming a stable complex with AKT2 were expected to

appear at a high ratio of heavy to light peptides in the MS analysis

in both setups, since a stable interaction should sustain the

purification procedure and an exchange with the corresponding

protein from the unlabeled control sample would be negligible.

For unspecific and low affinity binding proteins a ratio around 1:1

was expected in MBP-TAPs, because the initially bound interact-

ing proteins (13C6-labeled) may exchange against the correspond-

ing light proteins from the wild type control during the TAP

procedure. However, the ratio of heavy:light should be shifted

towards the heavy form for transiently interacting proteins in MAP

because no exchange with the light form of the protein can occur

during TAP under these conditions. Fig. 2 shows representative

MS spectra for peptide ratios of stably (HSP90) and transiently

interacting proteins (GRP78) as determined by MBP and MAP.

Whereas for HSP90 both, MBP- and MAP-TAP demonstrate a

high ratio of heavy:light peptides, GRP78 appears to be

exchanged during the MBP-purification procedure since substan-

tial amounts of light peptides are copurified in comparison to

MAP-TAP. Table 2 summarizes the results of two MAP-TAPs and

two MBP-TAPs with the corresponding SILAC ratios. For HSP90

the ratio of light to heavy peptides ranged from ,1:22 to ‘

Figure 1. Characterization of tagged AKT2. A: Expression of C- and N-terminally tagged AKT in comparison to endogenous AKT. Tagged AKT
was stably expressed in HEK293T cells and detected by pan-AKT and anti-HA-tag antibodies. *degradation product of C-terminally tagged AKT at
50 kDa, detected by pan-AKT-antibody as well as HA-Tag antibody. B: Regulation of serine 473 phosphorylation in AKT2-NTag. Stably AKT2-NTag
expressing cells and WT cells were serum deprived overnight, treated with LY294002 (1 h, 25 mM) or stimulated with IGF-1 (10 minutes, 1 mg/ml). C:
Regulation of AKT substrate GSK3b phosphorylation at serine 9. D: Silver stained SDS-gel of proteins isolated from AKT2-NTag and wild type cells (WT)
by TAP.
doi:10.1371/journal.pone.0066045.g001
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characterizing HSP90 as stably bound to AKT2. While the same

was true for Cdc37 other identified interacting proteins (GRP78,

tubulin) seem to interact only transiently with AKT2. After MBP-

TAP the heavy:light ratios approximate 1:1, whereas MAP-TAP

ratios were clearly shifted towards the heavy forms. The AKT2/

HSP70-interaction partially sustained the MBP-procedure (ratio

,2:1–5:1) and also showed clearly shifted MAP-ratios (,33:1–‘)

pointing to a semi stable interaction. During the SILAC-TAP

experiments also nonspecific proteins were identified which most

likely represented contaminants with a heavy:light ratio of 1:1 in

MAP- and MBP-experiments (PRMT5, nucleolin, methylosome

protein 50) [28].

Other interesting AKT2 binding proteins which were found in

the initial TAP experiments including EF2, GAPDH and a-
enolase could not be identified and thereby characterized in the

SILAC experiments. Since these proteins were only slightly above

the detection limit in the gel-based experiments, peptide detection

might have escaped from the identification due to the presence of

more abundant peptides coeluting during LC-MS/MS analysis or

due to loss because of low stability of AKT interaction. Therefore,

further investigation of these potential interactions by a comple-

mentary assay was performed.

Table 1. Overview of proteins most frequently detected in six (I-VI) TAPs with AKT2-NTag.

TAPs n=6 found n= amino acid sequence coverage (%) MW (kDa)

TAP # I II III IV V VI

Proteins

Heat shock protein 90 kDa 6 9,3 5,7 14,8 19,9 27,4 28,4 84

Cdc 37 5 x 23,3 26,2 25,1 17,7 25,7 44

Heat shock protein 70 kDa 6 6,2 5,8 5,9 16,4 24,6 18,3 70

78 kDa glucose regulated protein 5 36,5 x 39 39,1 43,3 40,2 72

Elongation factor 1a 4 x 17,3 30,5 x 26 32,2 50

Glyceraldehyde-3-phosphate-dehydrogenase 4 x 12,8 22,1 x 49,6 51,3 36

Tubulin 4 20,6 31 44,8 18 x x 50

Elongation factor 2 3 x x 15 x 46,4 51,4 95

a-enolase 3 x x 35,7 x 61,3 51,1 47

Endoplasmin 3 x x 5,2 x 32,8 38,6 92

Protein arginine N-methyltransferase 5 3 x x 4,9 x 24,5 19,3 72

Listed are those proteins, which were identified in three to six experiments.
x: Protein was not detected.
Table S1 shows a detailed table with all identified proteins of these six TAPs.
doi:10.1371/journal.pone.0066045.t001

Figure 2. Detail of representative MS-spectra for peptide ratios of a stably and a transiently bound protein after MBP and MAP. A:
Light and heavy form of the peptide DAGTIAGLNVMR of HSP90a with a shifted ratio for both approaches. B: Light and heavy form of the peptide
SDIDEIVLVGGSTR of GRP78 with a ,1:1 ratio after MBP and a shifted ratio after MAP.
doi:10.1371/journal.pone.0066045.g002
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Analysis of Glycolytic Enzymes as AKT2 Interacting
Partners

To validate interacting proteins we used the proximity ligation

assay which detects protein interactions in cells in situ. The assay

detects proteins which are in close proximity (,40 nm) via

antibodies and marks the interaction by a fluorescence signal [22].

We performed PLA on HEK293T AKT2-NTag cells, using an

anti-AKT2 (mouse)-AB, an anti-GAPDH (rabbit)-AB and an anti-

Enolase-(rabbit)-AB (Fig. 3). In the control experiments performed

with one of the primary antibodies, only rare background signals

for anti-AKT2- and anti-GAPDH-antibodies were observed

(Fig. 3A, B). However, the combination of both antibodies

revealed a high signal level which substantially exceeded that of

both background signals (Fig. 3C). The quantitative analysis of the

data for two independent PLA experiments in Fig. 3D supports

our TAP results confirming that GAPDH interacts with AKT2 in

HEK293T cells in situ. The same approach was used for the

evaluation of a-enolase (Fig. 3 E–H). These experiments yielded

similar results, confirming a specific interaction of AKT2 with a-

enolase. In combination with the results of the TAP-experiments,

we conclude, that these proteins most likely interact transiently

with AKT2.

After identification and validation of a-enolase as an AKT2-

binding partner, we aimed at investigating if AKT has an

influence on a-enolase activity. Therefore, we used a Human

ENO1 activity assay which allows to measure a-enolase activity on

protein immunocaptured from cell lysates. To analyze the

influence of AKT on a-enolase activity, cells were stimulated with

insulin or treated with the AKT-inhibitor CCT128930 followed by

addition of insulin. CCT128930 is an ATP-competitive AKT-

inhibitor, leading to inactivation of phosphorylated AKT and

subsequent dephosphorylation of AKT substrates (Fig. S4). As

shown in Fig. 4A insulin dependent stimulation of AKT2 and

inhibition of AKT2 in insulin stimulated cells did not reveal

differences in a-enolase activity. Also, cells treated only with

CCT128930 showed no significant alteration in a-enolase activity.

As shown in Fig. 4B similar activity was paralleled by similar

amounts of a-enolase captured by the ENO1 antibodies. In order

to test, if AKT still associated with the captured a-enolase, we

analyzed the presence of AKT in the immunocaptured a-enolase

preparations. Fig. 4B reveals that substantial amounts of AKT

were copurified with a-enolase.

AKT2/EF2 Interaction is Regulated by Several AKT-
activating Stimuli

TAP-experiments revealed also elongation factor 2 as a specific

interaction partner of AKT2. To verify this interaction by a

complementary approach, we performed PLA in HEK293T

AKT2-NTag cells. The results, shown in Fig. 5 A–D, confirm the

interaction of AKT2 and EF2.

For a closer look on functional relevance and isoform

specificity of the AKT2/EF2-interaction further experiments

were performed with embryonic (E18) rat cardiac myocytes. As

shown in Fig. 5 E–H PLA revealed that AKT2 also interacts

with EF2 in primary cardiac cells. We also addressed the

question if this interaction was specific for AKT2. Fig. 5 I–L

shows that AKT1 was able to interact with EF2 in embryonic

rat cardiac myocytes.

As EF2 is a target for regulation of protein synthesis and

AKT is known to be involved in cardiac hypertrophy, we

examined the influence of several hypertrophic stimuli on

AKT2/EF2-interaction. Rat cardiac myocytes were serum

deprived overnight and then stimulated with angiotensin II,

IGF-1, or insulin. PLA-signals obtained for these cells were

compared with cells which were pretreated with the PI3-kinase

inhibitor LY294002. Treatment with angiotensin II (Fig. 6 A–

Table 2. SILAC-ratios of proteins found after MBP- and MAP-TAPs.

SILAC-TAPs AKT2-NTag :WT SILAC Ratio NTag:WT MW (kDa)

MAP I MAP II MBP I MBP II

Heat Shock Protein 90 kDa

Heat shock protein HSP 90-alpha 69.1627.7 ‘ ‘ ‘ 84

Putative heat shock protein HSP 90-beta 2 80.0639.4 ‘ 75.1638.0 21.961.0 44

Putative heat shock protein HSP 90-beta-3 98.7649.4 72.1639.8 62.3639.0 33.863.6* 68

Cdc 37 89.9642.3 x 45.4614.7 ‘* 44

60 kDa heat shock protein, mitochondrial 16.964.5 33.661.6 7.462.7 2.361.4 61

Heat Shock Protein 70 kDa

Heat shock 70 kDa protein 1 40.1615.4 ‘ 3.260.5 3.860.6 70

Heat shock cognate 71 kDa protein 33.3612.0 ‘ 2.660.4 3.160.4 70

Heat shock 70 kDa protein 1L ‘ ‘ 3.161.5 4.960.7 70

Heat shock-related 70 kDa protein 2 ‘ ‘ 2.760.2 2.361.0* 70

78 kDa glucose regulated protein 26.0611.6 32.2618.2 1.560.8 1.060.4 73

Stress 70 protein, mitochondrial x ‘ 1.260.1 0.960.2 50

Tubulin alpha 1A chain ‘ ‘ 1.260.5 1.260.5 50

MAP: Mixing after purification, MBP: Mixing before purification.
SILAC ratios were calculated as means 6 SD from a minimum of three different peptide ratios.
x: Protein was not detected.
n = 2 biological replicates.
‘: corresponding peptide from wild type sample was not detected.
*: These ratios are based on two unique peptide identifications.
doi:10.1371/journal.pone.0066045.t002
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C), IGF-1 (Fig. 6 D–F) and insulin (Fig. 6 G–I) resulted in a

reduction of PLA signal intensity to 25%–50% of that obtained

for cells inhibited before by addition of LY294002. These results

strongly suggest that AKT2 and EF2 mainly interact when

AKT2 is inactive. After phosphorylation and activation of

AKT2, the interaction falls apart.

Discussion

The protein kinase AKT integrates a large number of cellular

processes by acting as a signal diverter in most mammalian cells.

Representing such an important signaling node, AKT is also

involved in pathological processes, including cancer, diabetes and

cardiac hypertrophy. Thus, gaining a comprehensive picture of

AKT-mediated signaling is necessary, particularly for the devel-

opment of new therapeutic strategies. As the systematic analysis of

protein complex formation may result in discovery of new cellular

functions we performed a tandem affinity purification based

approach and identified new protein interactions of the AKT2-

isoform.

The major findings reported in this paper are as follows:

(1) TAP in combination with SILAC revealed that AKT2

dependent signaling involves rather unstable protein com-

plexes with the exception of HSP90 and Cdc37.

(2) a-enolase and elongation factor 2 (EF2) represent novel

AKT2 interacting proteins.

Figure 3. PLA results for AKT2/GAPDH (A–D) and AKT2/a-enolase (ENO1) (E–H) in HEK293T AKT2-NTag cells. A/B, E/F: Control
experiments with only one of the primary antibodies used. C and G show complete PLAs. D/H: Quantitative analysis of two independent experiments
for each antibody combination. The number of signals/nuclei in the PLA-sample was set as 100%. Controls are shown as percentage of full PLA.
doi:10.1371/journal.pone.0066045.g003

Figure 4. a-enolase activity assay. A: Activity of immuno-captured a-enolase (ENO1) from HEK293T cells after stimulation with insulin and AKT-
inhibition with CCT128930. Data represent means 6 SD of n= 7 experiments. B: Detection of immuno-captured a-enolase after a-enolase activity
assay. After detection of a-enolase blots were incubated with anti-pan AKT antibody. Note that AKT was also detected after isolation of a-enolase by
the a-enolase antibody.
doi:10.1371/journal.pone.0066045.g004
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(3) The interaction of AKT2 and EF2 is reduced upon

stimulation of AKT2 via insulin, IGF-1 and angiotensin II,

respectively.

The modified TAP-Tag fused to the N-terminus of AKT2

allowed for proper regulation of the recombinant enzyme, which

was expressed slightly higher than the endogenous isoform (ratio

2:1). This expression level enabled the isolation of AKT2 with

interacting proteins and their subsequent identification by mass

spectrometry. The purification efficiency (18%) of our TAP

protocol was comparable to other TAP-Tags [29]. PAGE

separation followed by MS analysis of co-purified proteins

demonstrated that AKT2 interacts predominantly with heat shock

proteins which were previously shown to have concrete functions

in the context of AKT signaling. The interaction with HSP90/

Cdc37 is known to promote AKT-stability [15] and activity [16].

HSP90 and Cdc37 act as scaffold proteins which form a complex

with AKT. This ternary complex appears to form the interface for

the interaction with multiple AKT substrates like eNOS [17] or

apoptosis signal-regulating kinase 1 (ASK1) [30]. Therefore, it is

not surprising that HSP90 and, to a lesser extent, Cdc37

represented the most abundant AKT-interacting proteins. Since

this interaction reproducibly sustained two affinity purification

steps without appreciable interchange as demonstrated by SILAC

experiments, we assume that AKT2 and HSP90 form a stable

complex. Different members of the HSP70 family were also

reproducibly detected. These interactions are rather stable, since

the SILAC analysis revealed no substantial exchange of the AKT-

associated HSP70 proteins during the TAP procedure. HSP70

proteins are also known to regulate AKT stability and degradation

[31]. In addition to these stable and semi stable complexes we

discovered that AKT2 rather loosely interacts with other proteins.

As a further chaperone, we identified GRP78 to interact with

AKT2 in a transient manner. GRP78, a classical ER chaperone

which serves as a switch in the unfolded protein response, was

found to be involved in several pathophysiological processes,

mediated in part via the AKT pathway. It was suggested that

decreased GRP78 expression may lead to insulin resistance by

inhibiting AKT activation [32]. On the other hand AKT seems to

regulate GRP78 expression downstream of IGF-signaling [33].

Several cancer cell lines express GRP78 on their cell surface,

where it acts as a receptor which can mediate prosurvival signaling

by activation of AKT [34]. In our SILAC experiments we clearly

characterized GRP78 as a protein transiently interacting with

AKT2.

The AKT2 interaction with GAPDH, a-enolase and EF2 could

not be characterized via SILAC as their protein amounts were

only slightly above the detection level of silver staining, implicating

either a low cellular abundance of the complexes or a loose

interaction, which does not sustain the purification procedure. We

confirmed these interactions in situ using the proximity ligation

assay.

Figure 5. Results of PLA of AKT and EF2. A–D: PLA on HEK293T AKT2-NTag cells A/B: Control experiments with one primary antibody. C:
Complete PLA. D: Quantitative analysis of two independent experiments. E–L: Results of PLA with AKT2 and AKT1 with EF2 in embryonic rat
cardiomyocytes. E–H: PLA AKT2/EF2 E/F: Control experiments with one primary antibody. G: Complete PLA. H: Quantitative analysis. I–L: PLA AKT1/
EF2 I/J: Control experiments with one primary antibody. K: Complete PLA. L: Quantitative analysis. The number of signals/nuclei in the PLA-samples
was set as 100%. Controls are shown as percentage of corresponding full PLA.
doi:10.1371/journal.pone.0066045.g005
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Interaction of AKT2 with GAPDH provides a direct link to a

possible contribution in the regulation of glycolysis. Two groups

showed an interaction between AKT and GAPDH via

immunoprecipitation [35,36]. Besides its central role in glycol-

ysis several other functions of GAPDH have been described.

The involvement in the regulation of cell death and carcino-

genesis [37] is of particular interest in the context of our

finding. It has been reported that AKT2 phosphorylates

GAPDH on threonine 273 and thereby exerts an antiapoptotic

effect [36]. Thus, the direct interaction of AKT2 and GAPDH

might facilitate the regulation of glycolysis and apoptosis by

AKT.

a-enolase, another glycolytic enzyme catalyzing the conver-

sion of 2-phosphoglycerate to phosphoenolpyruvate, was also

found to interact with AKT2. We also investigated by Strep-

Tactin precipitation if AKT1 interacts with a-enolase. However,

a clear result could not be obtained which suggests that, if at

all, AKT1 forms only a quite unstable interaction with a-

enolase. Thus, a-enolase is a newly discovered AKT2-interac-

tion partner. a-enolase activity and complex formation after

stimulation and inhibition of AKT, respectively, were not

affected by the different activation states of AKT. Furthermore,

search for possible AKT-consensus phosphorylation sites in a-

enolase using the software ‘‘scansite motif search’’ (http://

scansite3.mit.edu/) did not reveal any hits, even under low

stringency search conditions. These findings suggest that there

has to be another physiological relevance of the interaction,

than modulating the activity of the enzyme. A more indirect

link between these two proteins can be deduced in context of

the Warburg-effect. The upregulation of a-enolase in cancer

cells [38] mainly occurs via its hypoxia sensitive element, which

enables HIF1 (hypoxia inducible factor) to promote transcription

and translation [39]. Together with upregulation of other

glycolytic enzymes, tumor cells gain an increased flux through

glycolysis in glucose metabolism and produce more ATP

directly from pyruvate ( = Warburg-effect) [40,41,42]. AKT is

involved in this pathway in several ways [43]. It can promote

membrane integration of glucose transporters, influence the

activity of the glycolytic enzymes hexokinase [44] and

phosphofructokinase [45], and raise the HIF1-protein level in

the cell via mTOR [46]. Our data, which revealed a direct

interaction between AKT and a-enolase without influencing

Figure 6. Dynamic regulation of the AKT2/EF2-interaction in embryonic rat cardiomyocytes. A/D/G: PLA after inhibition of PI3-Kinase
with LY294002 (1 h, 50 mM) and subsequent angiotensin II (A), IGF-1(D) and insulin (G) stimulation B/E/H: PLA after stimulation of the cells with
angiotensin II (30 minutes, 100 nM) (B), IGF-1(10 minutes, 1 mg/ml) (E) and insulin (10 minutes, 1,75 mg/ml) (H). C/F/I: Quantitative data of two
independent PLA-experiments for each stimulant. The number of signals/nuclei for the LY294002+ stimulant sample was set as 100%.
doi:10.1371/journal.pone.0066045.g006
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catalytic activity, points to a more structural role of AKT2/a-

enolase interaction. Kinases may also act by organizing protein

complex formation independent of their catalytic function [47].

Therefore, the association of AKT and several glycolytic

enzymes might enable a tight regulation of the glycolytic

cascade and formation of a metabolic aggregate with efficient

channeling of substrates through the enzymatic chain similar to

findings in plants [48] and other mammalian cells [49,50].

Elongation factor 2 (EF2) is a further newly discovered

AKT2-interaction partner which may provide a direct link of

AKT and cellular growth. This interaction was not specific for

AKT2, because PLA performed with AKT1- and EF2-specific

antibodies revealed that also AKT1 associates with EF2 in

embryonic rat cardiac myocytes. EF2 modulates protein

synthesis by transferring the ribosome during translation from

59 to 39. Translation can be easily disrupted by phosphorylation

and thereby inhibition of EF2 on threonine 56 [51], a

modification which is exerted by the highly specific EF2 kinase.

Several links between AKT and elongation factor 2 were

described in the literature (Fig. 7). It was reported that AKT on

the one hand activates mTOR, which increases EF2-activity

[52]. On the other hand, it inhibits AMPK which decreases

EF2-activity [53]. Furthermore insulin and angiotensin II

promote a PI3-kinase dependent dephosphorylation of EF2

[54,55]. However, all of these regulatory effects were shown to

act via EF2 kinase. Our data provide for the first time evidence

of a direct interaction between AKT1/AKT2 and EF2, which

suggests that AKT besides its indirect effects via mTOR,

AMPK and EF2 kinase, may directly regulate EF2 by

phosphorylation. Interestingly, the interaction of AKT with

EF2 is subject to regulation. In serum deprived embryonic rat

cardiac myocytes, angiotensin II induced AKT phosphorylation

and led to a low level of AKT2/EF2 interaction. Inhibition of

the PI3-kinase pathway leading also to AKT inhibition

stabilized the AKT2/EF2 complex. Since similar results were

obtained with insulin and IGF-1 we assume that activation of

AKT may lead to activation of EF2 and the subsequent

dissociation of AKT, providing access of EF2 to the ribosomes

and stimulation of elongation. This in turn may explain, at least

in part, the pro-hypertrophic function of AKT.

Taken together, TAP/MS based analysis reveals new AKT2

interacting proteins which support the function of AKT

signaling in regulation of glucose metabolism and cell growth.

Moreover, our study gives insight into the mechanism of AKT2-

dependent signaling: Whereas this kinase forms rather stable

complexes with chaperones and co-chaperones such as HSPs

and Cdc37, the interaction with proteins executing specific

cellular functions after AKT dependent phosphorylation appear

to be rather unstable. In view of earlier findings that AKT

substrates such as ASK1 or eNOS interact with a ternary

complex consisting of AKT, HSP90 and Cdc37 our findings

suggest that the interaction of AKT with chaperones to form a

common interface for the interaction is a general principle of

AKT-dependent signal transduction.

Supporting Information

Figure S1 To enable tandem affinity purification the
AKT2-Tag construct was stably expressed in HEK293T
cells. The recombinant protein was under control of CAGGS

promoter [56]. The vector for lentiviral infection was used as

described before [57,58]. For selection of infected cells puromycin

was used (3 mg/ml).

(TIFF)

Figure S2 Western blot analysis of TAP fractions of
control TAP (A) and AKT2-Tag TAP (B). A) Endogenous

AKT from wild type cells can be detected in extract and flow

through after the first purification step in almost equal amounts. A

faint band is also visible in the wash fraction after Flag purification

but not in Flag or Strep eluate. B) Cell extracts of AKT2-Tag cells

show endogenous as well as recombinant AKT. While endogenous

AKT is nearly completely lost in the first flow through, the

recombinant protein can be detected in almost every fraction with

accumulation in Flag and Strep eluate. C) Quantification of the

TAP-efficacy. The purification yields approx. 18% of the initial

AKT2-Tag protein.

(TIFF)

Figure S3 Schematic overview of MBP- and MAP-
procedure. A) MBP: cell lysates of heavy and light labeled cells

are mixed in a 1:1 ratio upon cell lysis. After TAP and MS stably

bound proteins show a shifted ratio, whereas transiently as well as

unspecificly bound proteins show a 1:1 ratio. B) MAP: TAP is

performed with equal amounts of cell lysates from light and heavy

labeled cells and afterwards the eluates are mixed in a 1:1 ratio.

After MS stable and transient complexes show shifted ratios

whereas unspecificly bound proteins still show a ,1:1 ratio.

(TIFF)

Figure S4 Western analysis of cell extracts which were
used in the ENO1 assay. To investigate the effect of

CCT128930 on AKT substrates the anti-phospho AKT substrate

(P-AKT-substrate) antibody was used. A) With insulin increased

phosphorylation of substrates was achieved, while CCT-treatment

led to an almost complete dephosphorylation of AKT substrates

even in the presence of insulin. B) In contrast the phosphorylation

of AKT at serine 473 was unaffected, since CCT128930 is an

ATP-competitive AKT-inhibitor.

(TIFF)

Table S1 Detailed overview over all detected proteins in
6 TAPs after in-gel digest. The listed proteins were identified

with more than three different peptides.

(PDF)

Protocol S1 Preparation of embryonic rat cardiomyo-
cytes.

(PDF)

Figure 7. The AKT/EF2 connection. AKT is indirectly involved in
EF2-activation via mTOR, AMPK and EF2K. Our data reveal a direct
interaction of AKT2 and EF2, which is dynamically regulated upon
angiotensin II, IGF-1 and insulin stimulation.
doi:10.1371/journal.pone.0066045.g007
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22. Söderberg O, Gullberg M, Jarvius M, Ridderstråle K, Leuchowius KJ, et al.
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