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Abstract

Akt is a Ser/Thr protein kinase that regulates cell growth and metabolism and is considered a 

therapeutic target for cancer. Regulation of Akt by membrane recruitment and post-translational 

modifications (PTMs) has been extensively studied. The most well-established mechanism for 

cellular Akt activation involves phosphorylation on its activation loop on Thr308 by PDK1 and 

on its C-terminal tail on Ser473 by mTORC2. In addition, dual phosphorylation on Ser477 and 

Thr479 has been shown to activate Akt. Other C-terminal tail PTMs have been identified, but 

their functional impacts have not been well-characterized. Here, we investigate the regulatory 

effects of phosphorylation of Tyr474 and O-GlcNAcylation of Ser473 on Akt. We use expressed 
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protein ligation as a tool to produce semisynthetic Akt proteins containing phosphoTyr474 and O-

GlcNAcSer473 to dissect the enzymatic functions of these PTMs. We find that O-GlcNAcylation 

at Ser473 and phosphorylation at Tyr474 can also partially increase Akt’s kinase activity toward 

both peptide and protein substrates. Additionally, we performed kinase assays employing human 

protein microarrays to investigate global substrate specificity of Akt, comparing phosphorylated 

versus O-GlcNAcylated Ser473 forms. We observed a high similarity in the protein substrates 

phosphorylated by phosphoSer473 Akt and O-GlcNAcSer473 Akt. Two Akt substrates identified 

using microarrays, PPM1H, a protein phosphatase, and NEDD4L, an E3 ubiquitin ligase, were 

validated in solution-phase assays and cell transfection experiments.

Graphical Abstract

Akt (Akt1) is a Ser/Thr kinase and a key component of the PI3K signaling pathway, 

which propagates extracellular signals to promote cellular functions including growth, 

proliferation, and survival.1,2 Many of Akt’s downstream substrates have been identified 

including PRAS40 and GSK3.2,3 These substrates, along with all canonical Akt protein 

substrates, have Arg residues at the minus 3 and 5 positions relative to the phosphorylated 

Ser or Thr (pSer/pThr).2,4 Akt hyperactivation drives phosphorylation of its downstream 

substrates and has been implicated in contributing to cancer growth. There are several 

ATP-competitive and allosteric Akt inhibitors in clinical development as oncology 

therapeutics.5–7

Akt is a 480 amino acid kinase comprising an N-terminal PH (pleckstrin homology) 

domain followed by a catalytic kinase domain and a disordered C-terminal tail that is 
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subject to post-translational modifications (PTMs).2,8,9 In response to extracellular stimuli, 

Akt activation involves its recruitment to the plasma membrane by increased levels 

of phosphatidyl inositol 3,4,5-triphosphate (PIP3).10 At the plasma membrane, Akt is 

phosphorylated on its activation loop at Thr308 by PDK1 and its C-terminus at Ser473 

by mTORC2 in the classical signaling pathway.11–13 These phosphorylation events induce 

an Akt structural change that relieves intramolecular autoinhibition mediated by PH domain-

kinase domain interactions, leading to an active kinase domain conformation and substrate 

phosphorylation.9,14,15

Beyond the standard mTORC2-catalyzed phosphorylation of Ser473 on Akt, other C-

terminal PTMs have been reported including O-GlcNAcylation (glycosylation with N-

acetylglucosamine) at Ser47316 and phosphorylation at Tyr474,17 Ser477, and Thr479.18 

Dual phosphorylation of Ser477/Thr479 has been demonstrated to partially stimulate Akt 

kinase activity,19,20 but the effects of Tyr474 phosphorylation and Ser473 O-GlcNAcylation 

have been only indirectly characterized. In previous work, mutation of Tyr474 to Phe in 

Akt showed diminished catalytic activity, which suggested that Tyr474 phosphorylation 

may be activated.17 In another study, cells treated with N-acetyl-glucosamine showed 

reduced Akt activity leading to the hypothesis that O-GlcNAcylation of Ser473 blocks 

phosphorylation of this residue and inhibits Akt.16 Nevertheless, site-directed mutagenesis 

of Tyr to Phe and changes in the growth conditions of cells may have non-specific effects 

that prevent elucidating the individual regulatory roles of phosphorylation at Tyr474 and 

O-GlcNAcylation of Ser473. Moreover, studies have identified additional O-GlcNAcylation 

sites in Akt at Thr430 and Thr479, which was reported to activate Akt by increasing Ser473 

phosphorylation,21 or at Thr308, which were suggested to inactivate Akt by preventing 

phosphorylation.22 Many studies have reported that the interplay between phosphorylation 

and O-GlcNAcylation involves an “on” or “off” effect23 related to mutual exclusion of these 

modifications on the same site.

To assess the impact of Tyr474 phosphorylation and Ser473 O-GlcNAcylation directly, 

we utilize here expressed protein ligation (EPL) to install these PTMs in a specific and 

stoichiometric fashion. Previously employed for Ser473 and Ser477/Thr479 phosphorylation 

incorporation, this method involves a chemoselective reaction between a recombinant 

protein thioester and a peptide with an N-terminus Cys residue (N-Cys) to allow for precise 

C-tail PTM installation.19 Beyond Akt, EPL has been used broadly to investigate the role of 

PTMs in regulating protein structure and function.24–26

With the desired semisynthetic Akt forms in hand, we investigated their catalytic properties 

with peptide and protein substrates, comparing their steady-state kinetic parameters to those 

of the non-C-tail phosphorylated and pSer473 semisynthetic Akts.19,27 In addition, we have 

used protein microarrays to characterize the proteome-wide substrate specificity for Akt 

with pSer473 and Akt with O-GlcNAcSer473 and disclose the findings below.
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METHODS

Generation of Semisynthetic Akt Proteins.

A baculovirusinsect cell expression system was used to express the Akt-Mxeintein-

CBD fusion construct (Akt aa2–459) as described previously.19 Bacmid was transfected 

(Cellfectin II reagent, Thermo Fisher Scientific) into Sf21 insect cells, and baculovirus 

was produced as previously described.28 The resulting baculovirus was used to infect Sf9 

insect cells with a multiplicity of infection (M.O.I.) of 5.0. To obtain in vivo Thr308 

phosphorylation, Akt was co-expressed with GST-PDK1 in Sf9 insect cells with a M.O.I. of 

1.0. Cells were cultured in media (Sf-900 II SMF, Gibco) for 36 h at 27 °C. Subsequently, 25 

nM okadaic acid (Cell Signaling Technology–CST) was added, and the cells were allowed to 

grow for an additional 16 h, harvested (700 g, 10 min, 4 °C), flash-frozen in liquid nitrogen, 

and stored at −80 °C.

The cells from 200 mL culture were lysed in a 20 mL Dounce homogenizer in 10 mL 

of lysis buffer (50 mMHEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% 

Triton X-100, and 1 mM PMSF) containing one dissolved protease inhibitor tablet and one 

dissolved phosphatase inhibitor tablet (Thermo Fisher Scientific). The lysate was centrifuged 

(17,500g, 40 min, 4 °C), and the supernatant was incubated with rotation in a 5 mL bed 

of cellulose (Sigma) for 1 h at 4 °C. The lysate was filtered from the cellulose and then 

passed through a column containing 5 mL of chitin resin (NEB). The resin was then washed 

with 150 mL of washing buffer (50 mM HEPES pH 7.5, 500 mM NaCl, and 0.1% Triton 

X-100), incubated overnight in cleavage buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 

300 mM MESNA (sodium mercaptoethylsulfonate), 1 mM phenylmethylsulfonylfluoride 

(PMSF), and 15% glycerol) at room temperature. The cleavage buffer containing Akt 

thioester protein was eluted from the resin and concentrated by ultrafiltration using an 

Amicon 10 kDa-molecular weight cutoff (MWCO) filter. The N-terminal Akt protein 

fragments containing a C-terminal thioester were shown to be >90% pure by SDSPAGE 

and 0.4 mg was reacted with the synthetic N-Cys containing C-terminal Akt peptides 

(CVDSERRPHFPQFSYSASGTA), containing the desired phosphorylation or O-linked N-

acetylglucosamine (O-GlcNAc) modifications, in ligation buffer (50 mM HEPES pH 7.5, 

200 mM NaCl, 1 mM TCEP, 0.5 mM PMSF, and 10% glycerol) at 2 mM final concentration 

for 5 h at RT and then maintained overnight at 4 °C. The ligation conversions were assessed 

by Coomassie-stained SDS-PAGE and typically shown to be between 70 and 90%. The 

semisynthetic Akt proteins were purified by size exclusion chromatography on a Superdex 

200 column (Cytiva) with Akt storage buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM 

beta-mercaptoethanol, 0.2 mM PMSF, 1 mM EDTA, and 10% glycerol) where they were 

shown to be monomeric. The purified fractions were combined, concentrated, aliquoted, and 

then stored at −80 °C. Typical yields of the purified semisynthetic Akts were about 2 mg/L 

insect cell culture.

Cell-Based Assays.

Akt1/2 KO HCT116 cells29 were acquired from the Johns Hopkins Genetic Resources 

Core Facility (GRCF) and maintained in McCoy’s 5A medium (Corning) supplemented 

with 10% FBS (Sigma-Aldrich) and 1% penicillin/streptomycin (GIBCO) at 37 °C with 
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5% CO2. Cells were seeded in 6-well plates and transfected at 70% confluency. For the 

NEDD4L experiments, cells were transfected with 0.5 μg of pcDNA3.1-Flag-HA-Akt WT 

or pcDNA3.1-Flag-HA-Akt D274A and 1 μg of pcDNA3.1-His-NEDD4L C942S. Plasmids 

were complexed with 6 μL of Lipofectamine 3000 and 3 μL of P3000 reagent in Opti-MEM 

medium and incubated with the cells for 48 h. For the PPM1H experiments, cells were 

transfected with 0.25 μg of pcDNA3.1-Flag-Akt WT or 0.5 μg of pcDNA3.1-Flag-Akt 

D274A and 1 μg of pcMV5D-HA-PPM1H H153D. Plasmids were complexed with 6 μL of 

Lipofectamine 3000 and 3 μL of P3000 reagent in Opti-MEM medium and incubated with 

the cells for 30 h. For pT450 validation experiments, 1.5 μg of pcDNA3.1-Flag-HA- Akt 

WT, T450A, T450D, and T450E was transfected. Plasmids were complexed with 3 μL of 

Lipofectamine 3000 and 3 μL of P3000 reagent in Opti-MEM medium and incubated with 

the cells for 24 h. Cells were washed with PBS, lysed by adding 200 μL of RIPA buffer 

(CST) containing 1× complete protease inhibitor tablet and 1 mM PMSF, and placed on 

a shaker for 10 min at 4 °C. Cell lysate was removed from the plate with a cell scraper 

and spun for 10 min at 4 °C. Total protein concentration was measured with a BCA assay 

(Thermo Fisher Scientific). For PPM1H experiments, we incubated 100 μL of cell lysate 

with Pierce HA magnetic beads (Thermo Fisher Scientific) for 30 min at room temperature 

for immunoprecipitation (IP) of HA-PPM1H. We then washed the magnetic beads 2× with 

300 μL of TBS-T and one last time with water before eluting with 50 μL of gel loading 

buffer. For NEDD4L experiments, 6 μg of total protein was loaded per well on SDS-PAGE. 

For PPM1H experiments, 5 μg of cell lysate was loaded to blot for Akt and GAPDH and 3× 

the volume from the elution buffer from the IP to blot for HA-tag and Akt phosphorylated 

substrate. Membrane transfer and western blotting were carried out as described above 

with 1:2500 dilution for primary antibodies: Akt, NEDD4L; 1:2000 dilution for phospho 

S342 and S448 NEDD4L; 1:1000 for HA-tag (Cell Signaling Technology #3724) and Akt 

phosphorylated substrate antibody; and 1:5000 dilution for anti-GAPDH.

Intact Mass Spectrometry Analysis of Full-Length Akt Proteins.

Akt proteins in storage buffer were diluted to 100 ng/μL in 50 mM ammonium bicarbonate, 

pH = 8, and centrifuged at 16,300g for 1 min. Supernatants were transferred to low-binding 

liquid chromatography vials, and approximately 100 ng of protein was injected onto a 

Vanquish Flex LC interfaced to a Q Exactive mass spectrometer (Thermo Fisher Scientific). 

Proteins were separated by reversed-liquid-phase chromatography at a flow rate of 0.3 

mL/min on an MAbPac RP 3 μm 2.1 × 100 mm column (Thermo Fisher #088647) with 0.5 

min isocratic hold at 5% mobile phase B, followed by 2 min isocratic hold at 20% B, and 

finally a linear gradient from 20 to 70% B (0.1% (v/v) formic acid in acetonitrile) over 5 

min, where mobile phase A was 0.1% (v/v) formic acid in water. Electrospray ionization 

using a HESI-II probe was carried out in positive mode with a sheath gas flow rate of 40 

arbitrary units, auxiliary gas flow rate of 5 arbitrary units, auxiliary gas temperature of 150 

°C, sweep gas flow rate of 1 arbitrary unit, capillary temperature of 250 °C, and spray 

voltage of 3.5 kV. The S-lens RF level was set to 50, and solvent clusters were dissociated 

by in-source collision-induced dissociation at 10 eV. Analysis with the Q Exactive (Tune 

version 2.1) was carried out in the full MS mode. Four microscans per duty cycle were 

acquired with a resolution of 17,500 (FWHM at m/z 200) and an m/z scan range of 700–

1700. The AGC target was set to 1,000,000 with a maximum ion injection time of 50 
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milliseconds. For each protein, MS scans were averaged across the chromatographic peak, 

and the resulting spectra were deconvoluted using UniDec software.30

RESULTS AND DISCUSSION

Semisynthetic Preparation of Akt with Phosphorylation and O-GlcNAcylation at the C-
Terminal Tail.

To investigate the impact of Ser473 O-GlcNAcylation and Tyr474 phosphorylation on Akt 

regulation, we employed EPL to generate the semisynthetic Akt forms. We adapted the 

strategy used previously for making C-terminal Ser/Thr phospho-forms of Akt (Figure 

1A). In this approach, a recombinant thioester Akt fragment (aa1–459) is prepared in a 

baculovirus/insect cell expression system using an intein followed by MESNA treatment. 

In this case, Thr308 loop phosphorylation was installed by co-expression with PDK1 and 

the addition of the phosphatase inhibitor okadaic acid.19 Separately, N-Cys peptides (aa460–

480) containing O-GlcNAcSer473 or pTyr474 +/- pSer473 or pSer477/pThr479 (Figures 

1B and S1) were generated using solid-phase peptide synthesis. We also synthesized C-tail 

peptides lacking PTMs and containing pSer473/Y474F (Figures 1B and S1) for comparative 

activity analysis. Ligation of the corresponding peptides and recombinant thioester 

fragments was carried out, affording 70–90% conversion to the desired products (Figure S2). 

All ligation reactions were carried out using recombinant Akt core fragments produced from 

the same batch of baculovirus and insect cells to ensure reliable comparisons since there 

can be variability in the insect cell-produced protein among different preparations.27 For Akt 

with O-GlcNAcylation on Ser473, the ligation conversion was slightly lower than with the 

phosphopeptides (Figure S2), possibly related to the reduced solubility of the O-GlcNAc 

peptide. The semisynthetic proteins were further purified by size exclusion chromatography, 

which removed the remaining unligated peptides and revealed that each Akt form produced 

behaved as a monomer. The purity and quantity of semisynthetic proteins were assessed by 

Coomassie-stained SDS-PAGE (Figure S2). A subset of the semisynthetic proteins, selected 

because they were the focus of our enzymatic studies, were subjected to western blot with 

pSer473, pTyr, and O-GlcNAc antibodies, which provided evidence that the desired PTMs 

were successfully added (Figure 1C). The relatively modest western blot band intensity 

observed with the O-GlcNAc antibody, although specific to the O-GlcNAcSer473 Akt form 

(Figure 1C), is consistent with previous signal-to-noise levels using this antibody with 

other semisynthetic proteins.31 Residual unligated Akt is unlikely to show significant kinase 

activity, as described previously.19

We also performed intact mass spectrometry analysis of representative semisynthetic Akts, 

and this confirmed the presence of the expected Akt forms within a distribution of masses 

that showed a range of additional phosphorylations (Figure S3). This mass heterogeneity 

is consistent with prior work on recombinant Akt produced in insect cells which show 

multiple phosphorylations that localize to the PH-kinase linker and Thr450 and perhaps 

elsewhere.27,32 Notwithstanding the observed heterogeneity, the mass spectra of the O-

GlcNAc samples showed the expected increased mass shifts in the set of Akt peaks relative 

to the non-O-GlcNAc containing forms, providing additional evidence for their structural 

identities.
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It has recently been reported that Akt produced using EPL showed nearly undetectable 

Thr450 phosphorylation, as assessed by label-free LC-MS/MS quantification of proteolytic 

Akt digests, leading the authors to question the reliability of the semisynthetically produced 

Akts since pThr450 is proposed to be important for Akt stability.33,34 We therefore 

analyzed the pThr450 levels in representative semisynthetic Akts produced in this study and 

previously and two commercial recombinant full-length Akt proteins by western blot with 

anti-pThr450 Ab (Figure S4A). Validation of the pThr450 Ab specificity was achieved using 

a C-terminally truncated Akt (aa2–443) and a cell transfection experiment with full-length 

T450A Akt expressed in HCT116 colon cancer Akt1/2 knockout cells (Figure S4B). These 

experiments revealed that pThr450 levels were quite similar among the semisynthetic and 

recombinant full-length Akt forms, supporting the reliability of the semisynthetic approach 

used to produce Akts employed in this study. It is possible that the differences between our 

findings and those recently reported34 about Thr450 phosphorylation relate to the use of a 

truncated and heavily mutated PH domain-kinase linker used in the latter study.

Kinetic Characterization of the Differentially Modified Semisynthetic Akt Proteins.

To characterize the kinetic parameters of the semisynthetic Akt proteins, we performed 

direct, radioactive kinase assays using γ-32P-ATP and a well-characterized synthetic GSK3 

peptide substrate (RSGRARTSS-FAEPGGK) modified with an N-ε-biotin-lysine for avidin 

trapping.19 Initially, we screened semisynthetic Akts with fixed amounts of ATP and peptide 

substrate at two different Akt concentrations to demonstrate that the reaction velocities 

were approximately linear with respect to Akt concentrations (Figure S5A,B). We then 

measured apparent kcat and Km with varying concentrations of ATP (Figures 2A and 

S6). Since saturation with ATP was not achieved for many of the modified Akt forms, 

kcat and Km values are considered apparent. Nonetheless, kcat /Km could be accurately 

determined and was used as a measure of catalytic activity (Figure 2B). As reported recently 

for these enzyme batches,27 the kcat /Km for pSer473 Akt (A1, 0.24 μM−1 min−1) was 

~10-fold higher than that of pSer477/pThr479 Akt (A2, kcat /Km 0.027 min−1 μM−1) and 

much greater (~100-fold) than that of non-C-terminally modified Akt (A3, 0.0026 μM−1 

min−1). Unexpectedly, catalytic effciencies of pTyr474 Akt (A4, kcat /Km 0.044 μM−1 min−1) 

and O-GlcNAcSer473 Akt (A8, kcat/Km 0.053 μM−1 min−1) were ~20-fold greater than 

those of non-C-terminally modified Akt (A3, kcat /Km 0.0026 min−1 μM−1) and ~5-fold 

lower than those of pSer473-Akt (A1, kcat /Km 0.24 μM−1 min−1). pTyr474 (A4) Akt and 

O-GlcNAcSer473 (A8) forms display higher ATP Km values relative to pSer473 Akt (A1) 

(Figure 2B). To fully characterize these enzymes, we measured the Km of peptide substrate 

and found that the values are in the range of ~2 μM for pTyr474 (A4) and O-GlcNAcSer473 

(A8) Akt (Figure S7). These are in agreement with previous work,19 in which it was 

reported that the absence or presence of C-terminal modifications did not have a large 

impact on peptide Km. Additionally, we measured the kinase activity of Y474F in the 

context of pSer473 as this mutation in Akt was shown to be inhibitory in cellular studies.17 

Notably, incorporating Y474F in the context of pSer473 (A6, kcat /Km 0.047 μM−1 min−1) 

led to a ~5-fold reduction in activity compared to pSer473 alone (A1, kcat /Km 0.24 μM−1 

min−1). This suggests a possible role for the sidechain phenol group in Tyr474 as a promoter 

of full kinase activation in the pSer473 Akt form (A1). Our results are consistent with a prior 

proposal that Tyr474 phosphorylation is partially activating based on cellular experiments 
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using Tyr474 transfection.17 However, that study used Y474F to deduce the impact of 

Tyr474 phosphorylation, which we show can impact the degree of activation by pSer473, 

limiting its value for interpreting PTM effects. Our observation that O-GlcNAcylation 

at Ser473 can partially activate Akt counters previous reports about the effects of this 

PTM.16,22 It is understandable why the prior studies deduced that Ser473 O-GlcNAcylation 

would be inhibitory since their measurements were relative to the more robust activity of 

pSer473 and the observations were based on complex cellular assays. However, the level 

of Akt activity associated with O-GlcNAcSer473 may still be physiologically meaningful 

depending on the cellular circumstances. For example, if growth factors are low and glucose 

levels are high, driving up UDP-N-acetyl-glucosamine, the co-substrate for O-GlcNAc 

transferase, would lead to a concomitant increase in O-GlcNAcylation of proteins.35 Under 

such circumstances, O-GlcNAcSer473 Akt might contribute to phosphorylating particular 

substrates in cells.

Given the observed Akt kinase activation associated with pTyr474 and O-GlcNAcSer473 

modifications, we investigated the catalytic effects of various combinations of C-tail PTMs 

(Figure 2B) that could theoretically occur on Akt. Akt with both pSer473 and pTyr474 (A5) 

showed reduced activity (kcat/Km 0.019 μMT−1 min−1) relative to the singly modified forms 

(Al, kcat/Km 0.24 μM−1 min−1 and A4, kcat/Km 0.044 μM−1 min−1), indicating antagonistic 

actions of the PTMs. Likewise, pTyr474/pSer477/pThr479 Akt (A7) had lower activity 

(kcat/Km 0.01 μM−1 min−1) than either pTyr474 Akt (A4, kcat/Km 0.044 μM−1 min−1) or 

pSer477/pThr479 (A2, kcat/Km 0.027 μM−1 min−1) forms. O-GlcNAcSer473 with pSer477/

pThr479 (A9) showed a moderately higher activity (kcat/Km 0.11 μM−1 min−1) relative to 

the O-GlcNAcSer473 (A8, kcat/Km 0.053 μM−1 min−1) and pSer477/pThr479 (A2, kcat/Km 

0.027 μM−1 min−1) states, indicating a degree of cooperativity among these PTMs.

Previous studies have demonstrated that the Gln218 side chain in Akt serves as a 

hydrogen bond donor to the phosphate of pSer473, and this interaction plays a role in 

driving the active conformation of this modified Akt form.19,36 We therefore prepared 

the Q218A mutants of the O-GlcNAcSer473 and pTyr474 semisynthetic Akts. In both 

cases, Gln mutation abolished the activation associated with these C-terminal PTMs in a 

comparable manner to Q218A’s impact on pSer473, affording activities similar to non-C-

terminally modified Akt (Figure S8). These results suggest that Gln218 plays a key role in 

mediating the activation of Akt by both C-terminal Ser473 O-GlcNAcylation and Tyr474 

phosphorylation.

To gain further insights into the functional properties of O-GlcNAc S473 Akt (A8), we 

performed a fluorescence anisotropy binding assay to measure its PH domain affinity to 

PIP3 using a soluble analogue (di-C6-PIP3) (Figure S9A). O-GlcNAcSer473 Akt (A8) 

showed a KD of 0.13 ± 0.02 μM for PIP3, within ~2-fold to the KD previously determined 

for pSer473 Akt (A1) (KD of 0.20 ± 0.07 μM) and non-C-terminally phosphorylated 

Akt (A3)19 (KD of 0.23 ± 0.05 μM). This suggests that the O-GlcNAc functionality at 

Ser473 does not drive a major conformational change in the PIP3-PH domain interaction 

relative to that of the standard Akt forms. It has previously been reported that O-linked 

N-acetylglucosamine transferase (OGT), the enzyme that transfers O-GlcNAc to Ser/Thr 

residues, may be recruited to membranes via PIP3.37 Consequently, we attempted to use 
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fluorescence anisotropy to measure the affinity of OGT (Figure S9B) for soluble PIP3. 

Although there was a concentration-dependent increase in anisotropy in the range measured 

(Figure S9C), there was no evidence of saturation at the highest OGT concentration tested 

(15 μM), indicating that if OGT binds PIP3, it does so very weakly.

PRAS40 is a Substrate for Akt Proteins with Different C-Tail PTMs.

Enzymatic analysis of the Akt semisynthetic proteins described here and in previous 

studies have relied on GSK3 peptide as a model substrate.19,27 As the first step 

toward characterizing Akt forms with a full-length protein substrate, we selected the 

well-established Akt substrate, PRAS40.2 In previous work, PRAS40 has been shown to 

be efficiently phosphorylated by Akt on Thr246, which regulates PRAS40’s interaction 

with the mTORC1 complex.2 Using western blots, we compared the levels of PRAS40 

phosphorylation by pSer473 (A1), pS477/p479 (A2), O-GlcNAcSer473 (A8), pTyr474 (A4), 

and non-C-terminally modified (A3) Akt forms (Figure S10A). It should be noted that 

these reactions were carried out with 2 mM ATP, a concentration believed to be typical 

of the physiological range.38 These measurements revealed that pSer473 Akt (A1) was the 

most active PRAS40 kinase, mildly greater than the O-GlcNAcSer473 (A8) and pTyr474 

(A4) Akt forms and considerably faster than pS477/p479 Akt (A2) (Figure S10B). As 

expected, non-C-terminally modified Akt (A3) showed near-background levels of PRAS40 

phosphorylation under these conditions (Figure S10B). Overall, these kinetic results roughly 

correlate with the more quantitatively rigorous radioactive kinase assays with the GSK3 

peptide substrate.

Comparison of Kinase Activity Between pSer473 Akt and O-GlcNAcSer473 Akt Using 
Human Protein Microarrays.

Given the unexpected relatively high catalytic activity of O-GlcNAcSer473 Akt (8), we 

wanted to compare the kinase activity of the modified Akt isoforms pSer473 (A1) and 

O-GlcNAcSer473 (A8) using a diverse pool of substrates. To do this, we employed human 

proteome microarrays (HuProt),39 which comprise over 20,000 purified human proteins in 

full length and spatially arrayed in duplicates on a glass slide. HuProt microarrays have 

been used previously to determine kinase substrate preferences for casein kinase 2 (CK2) 

and other protein kinases.25,39 Akt kinase assays on HuProt were performed using 5 mM 

ATP and 0.5 μM Akt at room temperature for 2 h. Note that 5 mM ATP, higher than that 

used in the PRAS40 experiments, is still in the physiological range38 and was selected to 

maximize the number of potential substrates identified. To detect protein phosphorylation 

on HuProt, we first attempted to use radioisotopes for product labeling,25 but we found 

that the signal was too weak to be reliable. To overcome this, we employed a phospho-Akt 

substrate antibody that recognizes the sequence around the Ser or Thr phosphorylated 

by Akt (R/KXR/KXXS*/T*) and a secondary fluorescence antibody for detection, which 

provided better signal to noise ratios in our HuProt analysis. We scanned each HuProt 

to obtain the fluorescence intensity of each spot (protein) based on GenePix software 

quantitation. We defined positive hits as the proteins with a fluorescence intensity greater 

than three standard deviations (SD) above the median from each HuProt experiment. Then, 

we subtracted “false positive” hits that appeared on the control HuProt not exposed to 

Akt and used visual inspection to further assess if the intensity measured using software 
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correlated with the intensity observed in the images. Based on these criteria, we identified 67 

total hits with 63 shared between the pSer473 (A1) and O-GlcNAcSer473 (A8) Akt forms 

and four selective for pSer473 Akt (A1) (Figure S11A).

The full details of these hits and their signal intensities are displayed in Figure S12. Out 

of the four protein pSer473 Akt (A1) selective substrates, PPM1H showed the largest 

difference between the two kinase forms (Figure S12B). We decided to further investigate 

PPM1H as an Akt substrate due to its reported ability to counteract a kinase, LRKK2, 

that when overactivated causes Parkinson’s disease.40 In addition, we decided to validate 

NEDD4L, which was a hit for both pSer473 Akt (A1) and O-GlcNAcSer473 Akt (A8) and 

functions to regulate cellular homeostasis with implications in renal disease, blood-brain 

barrier permeability, and hypertension.41–43

Validation of the Protein Substrates PPM1H and NEDD4L with pSer473 and O-
GlcNAcSer473 Akt Forms.

To validate PPM1H as a substrate for Akt, we expressed and purified wild-type (WT) 

PPM1H along with its catalytically dead mutant (H153D)40,44 and tested these as 

substrates in solution-phase assays with varying concentrations of pSer473 Akt (A1) and 

O-GlcNAcSer473 Akt (A8). PPM1H phosphorylation was analyzed using western blots 

(Figures 3A and S13A). We observed that both pSer473 Akt (A1) and O-GlcNAcSer473 

Akt (A8) can phosphorylate PPM1H in a concentration-dependent manner. Furthermore, 

pSer473 Akt (A1) is a more potent PPM1H kinase than O-GlcNAcSer473 Akt (A8), 

consistent with the protein microarray data. Interestingly, H153D PPM1H demonstrated 

enhanced phosphorylation by both Akt forms.

As catalytically dead PPM1H appeared to be a better substrate for both Akt forms tested, 

we hypothesized that PPM1H phosphatase activity might be capable of targeting Akt 

for dephosphorylation. To investigate this further, we performed kinase assays with pre-

incubation of reaction components at various times and temperatures prior to initiating 

with ATP. We observed that pre-incubation of WT PPM1H (Figure S14A) but not dead 

PPM1H (Figure S14B) with pSer473 Akt (A1) led to reduced phosphorylation on Ser473 

of A1 over time, and concomitant with this, A1’s ability to phosphorylate PPM1H 

decreased. We observed that Akt with O-GlcNAcylation at Ser473 (A8) was also less 

efficient at phosphorylating PPM1H over the time course (Figures S14A and S13B), 

and this was not observed for the catalytically dead PPM1H (Figures S14B and S13C). 

These results suggest that besides depleting Ser473 phosphorylation, PPM1H may remove 

other phosphorylations that are important for maintaining Akt’s active conformation (e.g., 

pThr308 or pThr450).2 These observations lead us to speculate that there could be reciprocal 

regulation of Akt activity by PPM1H phosphatase action. Indeed, PPM1H is related to 

the well-established Akt pSer473 phosphatase PHLPP1 and so it was notable that we 

found PPM1H to possess a similar activity.45 In previous work, PHLPP1 was shown to 

weakly dephosphorylate Rab10, a PPM1H substrate, in cells which supports the idea that 

these phosphatases may have comparable substrate preferences.40 Moreover, PPM1H may 

be capable of auto-dephosphorylation, which could be an additional explanation for the 

increased overall phosphorylation observed for dead PPM1H compared to the WT. To 
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prevent PPM1H dephosphorylation, we used the catalytically dead PPM1H protein as a 

substrate to determine the Km values and observed a ~2-fold lower Km when comparing 

pSer473 Akt (A1) to O-GlcNAcSer473 Akt (A8)(Figure S15).

To further validate PPM1H as a substrate for Akt, we used HCT116 Akt1/2 knockout (KO) 

cells transfected with either WT or D274A (catalytically dead) Akt46 and PPM1H H153D 

(Figure 4A). The results of these experiments suggest that WT Akt, but not catalytically 

dead Akt, phosphorylates PPM1H in this cell line (Figures 4A,B and S16).

NEDD4L was also identified as a substrate for Akt in our protein microarray screen, and 

it has been suggested previously to be targeted by Akt.47 We performed kinase assays 

to compare phosphorylation levels of NEDD4L catalyzed by pSer473 Akt (A1) versus 

O-GlcNAcSer473 Akt (A8) and observed that A1 is ~1.6× more efficient at phosphorylating 

NEDD4L than A8 (Figure S17), consistent with the mild selectivity observed with the 

protein microarray results. To identify the sites of NEDD4L phosphorylation, we employed 

mutagenesis and site-specific phospho-NEDD4L antibodies using pSer473 Akt (A1). We 

observed that pSer473 Akt (A1) phosphorylates NEDD4L at both Ser342 and Ser448 

(Figure 5A). To analyze the potential of Akt to phosphorylate NEDD4L in cells, we used 

HCT116 Akt1 / 2 knockout (KO) cells transfected with either WT or D274A (catalytically 

dead) Akt46 and NEDD4L C942S (Figure 5B). The results of these experiments suggest that 

WT Akt could phosphorylate NEDD4L at S342 and S448 in this cell line (Figure 5B,C) and 

agrees with previous reports of NEDD4L phosphorylation by Akt at S342.47 Although other 

reports suggest that S448 in NEDD4L is phosphorylated exclusively by Sgk,48 Akt and Sgk 

are close relatives within the AGC family of kinases. Our cell-based assays suggest that WT 

Akt can phosphorylate NEDD4L at S342 and S448. Substrate selectivity of Sgk and Akt 

may depend on factors such as subcellular localization and other levels of regulation because 

NEDD4L is suggested to promote ubiquitination and degradation of Sgk but not Akt.49

SUMMARY

Our studies extend the EPL technique to introduce a wider range of PTMs into Akt. 

This method overcomes the intrinsic challenges of accessing such complex materials 

for biochemical analysis. We hope that this study will encourage future applications of 

EPL to study the precise impact of PTMs in proteins and complement more classical 

genetic approaches. With the various semisynthetic Akt forms produced here, we made the 

unexpected observations that O-GlcNAcylation at Ser473 and phosphorylation at Tyr474 can 

partially activate Akt kinase activity toward peptide and protein substrates. It is possible that 

these two PTMs can influence each other in regulating Akt, and this should be investigated 

in future studies. We have also used protein microarrays to study the pattern of protein 

phosphorylation by O-GlcNAcSer473 Akt (A8) versus pSer473 Akt (A1) and observed a 

high degree of overlap in phosphorylated substrates. It will be interesting to apply protein 

microarrays to future studies and see if substrate selectivity holds true with a wider range 

of Akt forms. Two proteins identified using the microarrays, NEDD4L and PPM1H, were 

further validated as likely Akt substrates using solution-phase assays and cell transfection 

experiments. To the best of our knowledge, PPM1H has not been previously identified as 

an Akt substrate. Moreover, although NEDD4L has been suggested to be phosphorylated by 
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Akt in prior work, here, we obtain evidence that Ser448 of NEDD4L may be a novel Akt 

phosphorylation site. These findings can pave the way to delineating novel cellular functions 

of Akt in signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Semisynthetic Akt with specific C-tail PTMs patterns. (A) Scheme of the EPL reaction 

showing truncated Akt (aa1–459) with a C-terminal thioester and a peptide with an N-

terminal cysteine. Upon ligation these form an amide bond and yield a full-length Akt 

protein with its native sequence. (B) Sequence of C-tail peptides with the corresponding 

PTMs in bold. (C) Western blot of selected semisynthetic Akt proteins with various PTMs at 

the C-tail. Antibodies: total Akt (1:5000), Akt pSer473 (1:5000), pTyr (4G10) (1:500), and 

O-GlcNAc (RL2) (1:500). The broader/thicker band for O-GlcNAcS-er473 Akt (total Akt) 

may reflect a mix with unligated Akt.
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Figure 2. 
Kinetic characterization of semisynthetic Akt proteins. (A) Representative steady-state 

kinetic plots of v/[E] vs [ATP] with 20 μM GSK3 peptide substrate. Enzyme 

concentrations employed are 5 nM FL-Akt-pThr308/pSer473 (A1), 10 nM FL-Akt-

pThr308/O-GlcNAcSer473 (A8), 10 nM FL-Akt- pThr308/pTyr474 (A4), and 100 nM non-

phosphorylated FL-Akt-pThr308 (A3). The reactions were carried out at 30 °C for 10 min. 

(B) Enzymatic parameters for the semisynthetic full-length Akt proteins are shown ±SE; n = 

2. (*represents apparent measurements) (**data published previously,27 shown together for 

ease of comparison).
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Figure 3. 
Akt phosphorylates WT and dead PPM1H in a concentration-dependent manner. (A) 1 μM 

WT or dead (H153D) PPM1H as a substrate for pSer473 Akt (A1) and O-GlcNAcSer473 

Akt (A8) kinases at 50, 100, and 200 nM. (n = 2). (B) WT, dead (H153D), S124A, 

and S124A/H153D PPM1H as substrates for pSer473 Akt (A1) at 100 nM. Both assays 

were carried out using 2 mM ATP at 30 °C for 20 min and analyzed by western blot. 

250 ng of PPM1H was loaded per well. Membranes were blotted with the phospho Akt 

substrate antibody (R/KXR/KXXS*/T*) (1:1000) total Akt antibody (1:5000) and signal 

was quantified to show that Akt phosphorylates PPM1H in a concentration-dependent 

manner (Figure S13). (n = 3). In the PPM1H (coomassie) image, BSA used in this assay is 

shown as the band right above PPM1H.
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Figure 4. 
Akt phosphorylates PPM1H in HCT116 Akt1/2 KO cells. (A) Western blot analysis of 

HCT116 Akt1/2 KO cells transfected with either WT (left) or D274A (catalytically dead, 

right) Akt and PPM1H (H153D) showing three different replicates. Anti-Akt (1:2000) 

and Anti-GAPDH (1:5000) were blotted from cell lysates. Anti-HA-tag (1:1000) and Anti-

phospho Akt substrates (1:1000) were blotted from lysates that were immunoprecipitated 

with HA-tag magnetic beads (see the Methods). (B) Bar plot represents quantification of 

band intensity of WB for phosphorylated Akt substrate forms normalized to total HA-tag 

bands intensity for each band. Data represent five biological replicates with n = 2 or 3 for 

each. The P-value is 0.0128.
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Figure 5. 
Akt phosphorylates NEDD4L (A) Western blot analysis of kinase assays using 100 nM 

pSer473 Akt (A1) and 1 μM NEDD4L. Assays were carried out using 2 mM ATP at 30 

°C for 20 min 200 ng of NEDD4L was loaded per well. Membranes were blotted with the 

phospho Akt substrate antibody (R/KXR/KXXS*/T*) (1:1000), total Akt antibody (1:5000), 

NEDD4L, and phospho S342 and phospho S448 (1:2000). (B) Western blot analysis of 

HCT116 Akt1/2 KO cells transfected with either WT (left) or D274A (catalytically dead, 

right) Akt and NEDD4L (C942S) showing three different replicates. Anti-Akt(1:2000), 

pS342 NEDD4L (1:2000), NEDD4L (1:2000), pS448 NEDD4L (1:3000), and anti-GAPDH 

(1:5000). (C) Bar plot represents quantification of band intensity of WB for phospho 

NEDD4L forms normalized to total NEDD4L for each band. Data represent four biological 

replicates with n = 3 for each. P-values are 0.0037 and 0.0063, respectively.
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