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Protein kinase B (AKT1) is hyper-activated in diverse human tumors. AKT1 is activated by phosphorylation at two key regulatory sites, Thr308 and Ser473. Active AKT1 phosphorylates many, perhaps hundreds, of downstream cellular targets in the cytosol and nucleus. AKT1 is well-known for phosphorylating proteins that regulate cell survival and apoptosis, however, the full catalog of AKT1 substrates remains unknown. Using peptide arrays, we recently discovered that each phosphorylated form of AKT1 (pAKT1S473, pAKT1T308, and ppAKT1S473,T308) has a distinct substrate specificity, and these data were used to predict potential new AKT1 substrates. To test the high-confidence predictions, we synthesized target peptides representing putative AKT1 substrates. Peptides substrates were synthesized by solid phase synthesis and their purity was confirmed by mass spectrometry. Most of the predicted peptides showed phosphate accepting activity similar to or greater than that observed with a peptide derived from a well-established AKT1 substrate, glycogen synthase kinase 3β (GSK-3β). Among the novel substrates, AKT1 was most active with peptides representing PIP3-binding protein Rab11 family-interacting protein 2 and cysteinyl leukotriene receptor 1, indicating their potential role in AKT1-dependent cellular signaling. The ppAKT1S473,T308 enzyme was highly selective for peptides containing a patch of basic residues at −5, −4, −3 and aromatic residues (Phe/Tyr) at +1 positions from the phosphorylation site. The pAKT1S473 variant preferred more acidic peptides, Ser or Pro at +4, and was agnostic to the residue at −5. The data further support our hypothesis that Ser473 phosphorylation plays a key role in modulating AKT1 substrate selectivity.
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INTRODUCTION

Protein kinase B (AKT) belongs to the AGC family of serine-threonine kinases (Manning and Toker, 2017). In mammals, three Akt genes encode the AKT isozymes AKT1, AKT2, and AKT3. The three isozymes display high sequence identity and similar substrate specificity (Manning and Cantley, 2007; Manning and Toker, 2017). The AKT isozymes share the same fundamental structure consisting of four distinct domains: an N-terminal regulatory pleckstin homology (PH) domain, an unstructured linker region connecting the PH domain to the serine/threonine-specific kinase domain; and a final C-terminal domain often referred to as the hydrophobic motif, which is responsible for modulating the activity of AKT1 (Franke, 2008; Balasuriya et al., 2020). AKT1 is a key regulatory kinase that transduces signals through the phosphoinositide 3-kinase (PI3K)/AKT cell-signaling cascade that controls cell growth and survival (Burgering and Coffer, 1995). The PI3K/AKT1 pathway is one of the most commonly deregulated pathways in human cancer (Altomare and Testa, 2005; Dai et al., 2005). In fact, AKT1 is hyper-phosphorylated and overactive in >50% of human tumors (Agarwal et al., 2013; Spencer et al., 2014; Manning and Toker, 2017). Elevated AKT1 phosphorylation status is linked to poor clinical prognosis (Dai et al., 2005; Suzuki et al., 2010; Antonelli et al., 2012).


AKT1 Activation

Activation of AKT1 is a multi-step process that involves a carefully orchestrated series of cellular translocation and post translational modification events (Manning and Toker, 2017). Indeed, serine/threonine phosphorylation (Alessi et al., 1996; Balasuriya et al., 2018a,b, 2020), methylation (Guo et al., 2019; Wang et al., 2019), ubiquitination (Yang et al., 2009; Cederquist et al., 2017; Wang et al., 2018), and proline hydroxylation (Guo et al., 2016) have been shown to regulate the activation or to modify the enzymatic activity of AKT1. Among these post translational modifications, serine/threonine phosphorylation has been studied most extensively (Alessi et al., 1996; Kunkel et al., 2005; Manning and Cantley, 2007; Manning and Toker, 2017; Balasuriya et al., 2018a, 2020). Phosphorylation of the threonine residue at position 308 (T308) in the activation loop of AKT1 is both necessary and sufficient to achieve maximal AKT1 signaling in cells (Balasuriya et al., 2018a) and oncogenic transformation (Hart and Vogt, 2011), however, a second phosphorylation of the serine residue at position 473 (S473) in the C-terminal hydrophobic motif of AKT1 leads to increased AKT1 catalytic activity (Alessi et al., 1996) with certain substrates (Balasuriya et al., 2020).

In cells, the phosphorylation of AKT1 at positions T308 and S473 results from insulin or growth factor stimulation of receptor tyrosine kinases and G-protein coupled receptors on the cell surface (Alessi et al., 1996; Vanhaesebroeck et al., 2010). Growth factor stimulation promotes plasma membrane recruitment and subsequent activation of members of the class I PI3K family (Figure 1). Following activation by receptor kinases, PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2), converting PIP2 into phosphatidylinositol-3,4,5-triphosphate (PIP3) (Whitman et al., 1988). PIP3 acts a scaffold and forms an interaction with the PH domains of various proteins, including AKT1 and phosphoinositide dependent kinase 1 (PDK1), an AGC family kinase that phosphorylates AKT1 at T308. The interaction between PIP3 and the AKT1 PH domain causes AKT1 to adopt a “PH-out” conformation, relieving AKT1 of the auto-inhibitory effect of its own PH domain (Parikh et al., 2012). The “PH-out” conformation of AKT1, along with its proximity to PDK1, mediated by their interactions with PIP3, allows PDK1 to activate AKT1 by phosphorylation at T308 (Alessi et al., 1996; Stokoe et al., 1997). AKT1 is phosphorylated at S473 by the mechanistic target of rapamycin complex 2 (mTORC2) (Sarbassov et al., 2005; Figure 2). mTORC2-mediated phosphorylation of AKT1 at S473 is itself dependant on the contribution and activity of many protein factors, including Protor (Pearce et al., 2007), Sin1 (Yang et al., 2006), and TSC2 (Huang and Manning, 2009; Liao and Hung, 2010) that function to stabilize mTORC2. AKT1 activity is down-regulated (Kunkel et al., 2005) via de-phosphorylation at T308 by protein phosphatase 2A (PP2A) (Kuo et al., 2008) and at S473 by PH domain leucine-rich repeat protein phosphatases (PHLPP) (Brognard et al., 2007).


[image: Figure 1]
FIGURE 1. Growth factor mediated activation of AKT1. AKT1 is activated in response to growth factor mediated stimulation of the PI3K pathway. Activated AKT1 promotes an oncogenic cellular phenotype that exhibits inhibited autophagy and apoptosis pathways as well as activated cellular growth, proliferation and anabolic pathways. AKT1 targets many cellular proteins and the complete catalog of AKT1 substrates is unknown. The above examples show how AKT1 inhibits autophagy via the phosphorylation of the tuberous sclerosis complex (TSC). Through intermediates not shown, phosphorylated TSC can no longer maintain inhibition of mTORC1, so mTORC1 activity is simulated downstream of active AKT1 (Saxton and Sabatini, 2017). AKT1 also inhibits apoptosis and promotes cellular growth through phosphorylation and subsequent inhibition of the tumor suppressors FOXO and GSK-3β (van der Vos and Coffer, 2010; Kaidanovich-Beilin and Woodgett, 2011).
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FIGURE 2. Active AKT1 bound to substrate peptide. The AKT1 structure [PDB code 3CQU (Lippa et al., 2008)] shows the kinase domain and hydrophobic motif of AKT1 (gray cartoon, residues 144–480) bound to a substrate peptide (purple). The domain organization of AKT1 is shown above. The GSK-3β derived peptide sequence is indicated, and positions surround the phosphorylation site (S0) are annotated. The phospho-accepting site (S0) is oriented in toward the active site. The structure contains pT308 and a mutation at the S473 site to aspartic acid (D). The key activating phosphorylation site, T308, is intricately connected to the active site and peptide binding site of the enzyme while the S473 site, located in the C-terminal hydrophobic motif, is distant from the active site.




Therapeutic Relevance of AKT1

The AKT1 signaling pathway is a useful prognostic marker of many cancers as well as a promising target for therapies (Suzuki et al., 2010; Antonelli et al., 2012; Agarwal et al., 2013; Spencer et al., 2014). Targeting the AKT1 pathway has been the subject of over 300 clinical trials (Testas et al., 1989; Nitulescu et al., 2016). The majority of these clinical trials investigate small molecule inhibitors (Mattmann et al., 2011) as potential tools which can be used to inhibit or reduce AKT1 hyper-activity. Unfortunately, the structural and functional similarity of AKT1 to its isozymes and other members of the AGC-kinase family has made it difficult to solely target AKT1 without also inhibiting additional kinases and causing unwanted side effects in clinical trials (Cheng et al., 2005).



AKT1 Signaling Network

Ultimately, the cellular consequences of AKT1 activity are determined by the profile of substrates that it either activates or deactivates via phosphorylation in any given cell (Manning and Toker, 2017). In order to identify new therapeutic targets for AKT1-dependent cancers, it is important to identify the complete catalog of AKT1-dependent substrates. By expanding the scope of pathways regulated by AKT1, new routes will emerge to inhibit specific interactions between AKT1 and downstream substrates. Some AKT1 substrates are causative agents in pathologies such as cancers (Gonzalez and McGraw, 2009) or diabetes (Hers et al., 2011). For example, in a study of a rat model of the proapoptotic protein Par-4, it was found that AKT1 was directly responsible for the inactivating phosphorylation of Par-4, which inhibited apoptosis and promoted oncogenesis (Goswami et al., 2005).

AKT1 has >150 reported substrates (Manning and Toker, 2017) involved in a wide variety of cellular events, including signal transduction, metabolism, cell-cycle regulation, transcription regulation, proliferation, and angiogenesis. The level of certainty that all of these substrates are bona fide AKT1 targets is substantiated by differing levels of evidence. All substrates adhere to some degree to the AKT1 phosphorylation motif. Pioneering efforts with peptide arrays defined the consensus AKT1 target motif as R−5X−4R−3X−2X−1S/T0φ1, where X represents any amino acid, φ represents any bulky aromatic residue and subscript numbers refer to the residue's position relative to the phosphorylated residue S0 or T0 (Obata et al., 2000). Many of the now known AKT1 substrates were originally validated by in vitro kinases assays, including well-established AKT1 targets FOXO1A (Rena et al., 1999), GSK-3β (Hornbeck et al., 2004), and WNK1 (Vitari et al., 2004). Traditionally, in vivo studies in cells or mouse models are used to further validate reported AKT1 substrates. Homozygous knock-in mouse strains that either lack PDK1 expression, PDK1(-/-) (Williams et al., 2000), or that express a PDK1 variant that is unable to activate AKT1 (McManus et al., 2004), have been used in combination to demonstrate the ability of AKT1 to phosphorylate PRAS40, FOXO1, FOXO3, GSK-3β, TSC2, and WNK1 (McManus et al., 2004).



Investigating AKT1 Substrate-Specificity Using Genetic Code Expansion

Recently, we developed a protocol that allows recombinant bacterial production of AKT1 variants that are site-specifically phosphorylated at either or both regulatory sites (T308, S473) (Balasuriya et al., 2018a; Figure 3). To produce recombinant AKT1 phosphorylated at S473, an orthogonal translation system (OTS) is used to reassign the UAG stop codon to genetically encode phosphoserine (pSer). In general, an OTS requires two key components: an orthogonal aminoacyl-tRNA synthetase (o-aaRS) and cognate orthogonal transfer RNA (o-tRNA) pair. In an OTS, the aaRS charges its cognate tRNA with an unnatural amino acid (uAA) that is usually provided to E. coli via direct supplementation of the growth media. Orthogonality refers to the fact that the components of an OTS do not cross-react with the endogenous aaRSs and tRNAs of the expression host.
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FIGURE 3. Production of differentially phosphorylated AKT1 variants. (A) To product pAKT1T308, E. coli was transformed with pCDF-Duet1-AKT1-PDK1 containing AKT1 and the AKT1 T308 upstream kinase PDK1. (B) The plasmid pDS-pSer2 contains the phosphoserine orthogonal translation system (OTS) which was used to genetically incorporate phosphoserine at position 473 in response to a UAG nonsense codon in AKT1. The OTS includes the phosphoseryl-tRNA synthetase (SepRS), an elongation factor Tu mutant (EFSep) and five copies of a tRNASep expression cassette. The OTS is co-expressed (C) with a pCDF-duet1 vector containing AKT1 TAG473 and lacking the PDK1 gene. The doubly phosphorylated AKT1 is then generated by (D) co-expressing pDS-pSer2 with the pCDF-duet1 vector containing AKT1 TAG473 and PDK1.


The pSer OTS used here (Figure 3B) includes a phosphoseryl-tRNA synthetase (SepRS) that was derived from an archaeal pathway for Cys-tRNACys synthesis (Park et al., 2011), a mutant tRNASep (Hohn et al., 2006; Aerni et al., 2015), and a mutant elongation factor-Tu (EF-Sep) (Park et al., 2011). Using the pSer OTS, we are able to reassign the UAG codon to genetically encode pSer in response to a UAG codon at position 473 in the AKT1 construct (Figures 3C,D). We previously validated this method using multiple-reaction monitoring MS/MS to unambiguously identify pSer at position 473 in AKT1 produced via this method with no evidence of dephosphorylation (Balasuriya et al., 2018a). In order to produce recombinant AKT1 that is phosphorylated at Thr308, the AKT1-upstream kinase PDK1 is co-expressed with AKT1. We have previously demonstrated using parallel reaction-monitoring MS/MS that co-expression of PDK1 with AKT1 results in undetectable levels of unphosphorylated Thr308 in the purified pAKT1T308 product (Balasuriya et al., 2018a,b).

This method of AKT1 production provided the unique opportunity to investigate the substrate specificity of individual AKT1 phosphorylated forms in a manner that was not previously possible (Balasuriya et al., 2018a, 2020). Compared to commercially available preparations of AKT1 produced using Sf9 insect cell lines that are of variable activity and contain mixtures of the active AKT1 phospho-forms (Fabbro et al., 1999; Balasuriya et al., 2018a), our protocol is able to produce consistent preparations of each individual phospho-form (Balasuriya et al., 2018a,b). Using these reagents, we defined the specific role that each phosphorylation has on AKT1 activation (Balasuriya et al., 2018a) and inhibition by clinically relevant compounds (Balasuriya et al., 2018b). We further showed that AKT1 phosphorylation status globally regulates substrate specificity (Balasuriya et al., 2020).

To study the substrate-specificities of individual AKT1 phospho-forms, our previous work tested an oriented peptide array library (OPAL) which contained library of ~1011 potential AKT1 substrates (Balasuriya et al., 2020). The potential substrates in the OPAL screen were partially degenerate peptides that had the following composition: Biotin-AGG-X−6X−5X−4R−3X−2X−1S0X1X2X3A; X represents any amino acid other than Ser, Thr, or Cys. The OPAL was characterized using standard radiolabeled kinase assays in separate reactions each catalyzed by a different AKT1 phospho-form. Data from the OPAL screen revealed that each phospho-form had both common and distinct preferences for specific residues at the positions surrounding the phosphorylation site. The pAKT1S473 optimal target motif differed significantly compared to pAKT1T308 and ppAKT1. The peptide library approach is a standard method used to define the consensus substrate motif for a given kinase (Obata et al., 2000; Rodriguez et al., 2004), but the approach was not previously used to differentiate the substrate specificity of distinct AKT1 phospho-forms. The results of the OPAL screens showed that each of the AKT1 phospho-forms had a distinct substrate specificity profile (Balasuriya et al., 2020), demonstrating AKT1 substrate specificity is regulated by its phosphorylation status.

By searching the known human phospho-proteome, we identified highly probable but previously unidentified AKT1 substrates. Here, we synthesized peptides representing predicted AKT1 substrates based on the OPAL data and characterized their phosphate accepting activity with each AKT1 phospho-form. The peptides were divided into three sets, with each set representing peptides that were ranked highest for each of the three phospho-forms. AKT1 activity assays showed that the majority of putative substrates displayed activity similar to or, in some cases, greater than kinase activity observed with a known substrate peptide (GSK-3β). The data showed that AKT1 phosphorylated at S473 displayed selectivity for particular substrates that was distinct from the ppAKT1 enzyme. The data further support our hypothesis that S473 phosphorylation plays a fundamental role in modulating AKT1 substrate selectivity.




MATERIALS AND METHODS


Plasmids and Bacterial Strains

Previously, we designed two expression plasmids capable of producing differentially phosphorylated forms of recombinant human AKT1 from E. coli. Briefly, the first expression plasmid contained a codon-optimized, PH domain, 6xHis-tagged human AKT1 gene (residues 109–480, 45 kDa) (ΔPH-AKT1), which was synthesized by ATUM (Newark, CA, USA). The AKT1 gene was subcloned into an isopropyl β-D-1-thiogalactopyranoside (IPTG)–inducible T7lac promoter–driven pCDF-Duet1 vector with CloDF13-derived CDF replicon and streptomycin/spectinomycin resistance (pCDF-Duet1-ΔPH-AKT1) (Balasuriya et al., 2018a,b). In the absence of the genetic code expansion system (see below) the pCDF-Duet1-ΔPH-AKT1 vector causes E. coli to express an unphosphorylated and inactive AKT1. The PDK1 gene was cloned at the second multi-cloning site (MSC2) (NdeI/KpnI) in pCDF-Duet1-ΔPH-AKT1 to create the second expression plasmid: pCDF-Duet1-ΔPH-AKT1-PDK1. The human PDK1 was purchased from the Harvard PlasmidID repository service (plasmid ID: HsCD00001584; Boston, MA, USA).

In the absence of the genetic code expansion system (Figure 3), expression of the pCDF-Duet1-ΔPH-AKT1-PDK1 vector in E. coli leads to production of a mono-phosphorylated AKT1 (pAKT1T308). The genetic code expansion system for phosphoserine (pSer) is encoded on the pDS-pSer2 plasmid (George et al., 2016, 2017; Balasuriya et al., 2018a), which contains five copies of tRNASep (Aerni et al., 2015), phosphoseryl-tRNA synthetase (SepRS9), and elongation factor-Tu mutant (EFSep21) (Lee et al., 2013).

Incorporation of pSer also required site-directed mutagenesis of the Ser473 codon to TAG in the pCDF-Duet1-ΔPH-AKT1 and pCDF-Duet1-ΔPH-AKT1-PDK1 constructs to generate the following constructs (Balasuriya et al., 2018b): pCDF-Duet1-ΔPH-AKT1-473TAG and pCDF-Duet1-ΔPH-AKT1-PDK1-473TAG which produce the mono-phosphorylated AKT1 phospho-form (pAKT1S473) and dual-phosphorylated (ppAKT1T308,S473) AKT1 phospho-forms, respectively. DNA sequencing services from the London Regional Genomics Center (London, ON, Canada) and Genewiz (Cambridge, MA, USA) were used to verify the sequences of all cloned plasmids.



Protein Production in E. coli

E. coli strain BL21(DE3) (ThermoFisher Scientific, Waltham, MA, USA) was used to express all AKT1 protein variants. The pDS-pSer2 plasmid (George et al., 2016) was used to incorporate pSer in response to a UAG codon at position 473 of ΔPH-AKT1 in pCDF-Duet1-ΔPH-AKT1 or pCDF-Duet1-ΔPH-AKT1-PDK1.

To produce pAKT1T308, pCDF-Duet1-ΔPH-AKT1-PDK1 (containing ΔPH-AKT1 at MCS 1 and PDK1 at MCS 2) was transformed into E. coli BL21(DE3) and plated on LB agar plates with 50 μg/mL streptomycin. To produce pAKT1S473 and ppAKT1T308,S473, pCDF-Duet1-ΔPH-AKT1-473TAG or pCDF-Duet1-ΔPH-AKT1-473TAG-PDK1, respectively, was co-transformed with pDS-pSer2 into E. coli BL21(DE3) and plated on LB (LB) agar plates with 25 μg/mL kanamycin and 50 μg/mL streptomycin (Figure 3). In all cases, a single colony was used to inoculate 50 mL of LB (with 50 μg/mL streptomycin and, if needed, 25 μg/mL kanamycin), which was grown, shaking, overnight at 37°C. From this starter culture, a 10 mL inoculum was added to 1 L of LB with antibiotics (as above) and, for pSer473-containing variants only, O-phospho-L-serine (Sigma Aldrich, Oakville, ON, Canada) was added to a final concentration of 2.5 mM. The cultures were grown at 37°C until OD600 = 0.6, at which point, for pSer473-containing variants only, 2.5 mM of additional pSer was added to the culture. Protein expression was induced by adding 300 μM of IPTG at OD600 = 0.8. Cultures were then incubated at 16°C for 18 h. Cells were grown and pelleted at 5,000 × g and stored at −80°C until further analysis.



Protein Production and Purification

Nickel (Ni2+) affinity column chromatography was used to purify the 6xHis-tagged AKT1 variants. E. coli cell pellets containing recombinant AKT1 variants were resuspended in lysis buffer: 20 mM HEPES pH 7.0, 150 mM NaCl, 3 mM β-mercaptoethanol, 3 mM DTT, 10 mM imidazole, 1 mM Na3VO4, 5 mM NaF, one complete mini tablet (EDTA-free protease inhibitor mixture, Roche Applied Science, Millipore Sigma ID: 11697498001) and 1 mM phenylmethylsulfonyl fluoride were added to the cell suspension at 10 mL per g of cell pellet. Resuspended cell pellets were treated with lysozyme (1 mg/mL) for 20 min, shaking at 4°C, and subsequently lysed using a French pressure cell press (American Instrument Co. Inc.) at 1,000 psi.

Cell lysates were centrifuged at 38,000 × g for 1 h at 4°C. The supernatant was collected and filtered through a 1.2 μm filter, then mixed with 0.5 mL of Ni-nitrilotriacetic acid (Ni-NTA) resin (Thermo-Fisher Scientific). Prior to the addition of the Ni-NTA resin to the cell lysate supernatant, the resin was pre-equilibrated with 10 column volumes of lysis buffer. The Ni-NTA resin-supernatant mixture was shaken gently on a rocker at 4°C for 1 h to allow the resin to bind to the 6xHis-tagged AKT1.

The Ni-NTA resin-supernatant mixture was loaded into the Ni affinity column and washed thoroughly first with 200 mL of wash buffer A (20 mM HEPES pH 7.0, 150 mM NaCl, 3 mM β-mercaptoethanol, 3 mM Dithiothreitol, 1 mM Na3VO4, 5 mM NaF, and 15 mM imidazole), followed by 100 mL of wash buffer B (20 mM HEPES pH 7.0, 150 mM NaCl, 3 mM β-mercaptoethanol, 3 mM DTT, 1 mM Na3VO4, 5 mM NaF, and 20 mM imidazole). The 6xHis-tagged AKT1 proteins were then eluted by washing the Ni-NTA resin with 25 mL of elution buffer (20 mM HEPES pH 7.0, 150 mM NaCl, 3 mM β-mercaptoethanol, 3 mM dithiothreitol, 1 mM Na3VO4, 5 mM NaF, and 100 mM imidazole). The elution samples were then added to dialysis tubing (Sigma Aldrich, D6191) and dialyzed overnight in 2 L of imidazole-free lysis buffer to remove excess imidazole. Finally, the AKT1-containing elution samples were concentrated down to ~1 mL using Pierce Protein concentration PES centrifuge tubes with 30K MWCO (Thermo Scientific, 88529) and protein concentration of each sample was determined using a Bradford assay.



Synthesis of Potential Peptide Substrates

The peptide substrates were generated using a standard solid phase peptide synthesis protocol outlined previously (Wei et al., 2017). Briefly, an automatic Intavis AG peptide synthesizer was used to synthesize free peptides using 9-fluorenylmethyl-oxycarbonyl (Fmoc) chemistry. TentaGel Amide Resin (Intavis catalog #32.900, Charlotte, North Carolina, USA) was first deprotected to remove the Fmoc-group on the resin, then the resin was used to couple the first amino acid during the initial synthesis cycle. In each synthesis cycle, the carboxyl group of an Fmoc-protected amino acid (FmocAA-COOH) was linked to the amine group of the previous amino acid through an amide bond. All unoccupied amine groups were then blocked (acetylated) by acetic anhydride to prevent incorrect amide bond formation in subsequent cycles. Next, the Fmoc group was removed by piperidine (de-protection) to release the free amine group for coupling to the carboxyl group of the next amino acid residue.

On completion of synthesis, the free peptide-resin was incubated in a mixture containing 95% Trifluoroacetic acid (TFA), 3% Triisopropyl silane (TIPS) and 2% H2O to deprotect side chains and cleave the peptide from TentaGel-resin simultaneously. The cleavage mixture containing the free peptide is then drained via vacuum from the tubes containing the TentaGel-resin. The cleavage mixture containing the peptide products was then washed (repeated three times) with 1 mL of pre-cooled ether followed by centrifugation at 3,000 × g for 3 min and the supernatant was removed in order to precipitate and clean the free peptide products. After allowing the peptides to dry overnight they were resuspended in MilliQ water, aliquoted and stored at −20°C. A list of the synthetic peptide sequences as well as calculated and measured masses are in Table 1.


Table 1. List of synthetic peptides representing predicted AKT1 substrates.
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Mass Spectrometry Validation of Peptides

Matrix-assisted laser desorption/ionization with a time-of-flight analyzer (MALDI-TOF) mass spectrometry was used to characterize the molecular weights of the synthesized peptide substrates (1.2.4) to validate successful synthesis. Briefly, a MALDI matrix consisting of alpha-cyano-4-hydroxycinnamic acid (CHCA) was prepared as 5 mg/mL in 6 mM ammonium phosphate monobasic, 50% acetonitrile, and 0.1% trifluoroacetic acid. An aliquot of the matrix was then mixed with the synthesized peptide samples at 1:1 ratio (v/v).

MALDI-TOF mass spectrometric data were obtained using an AB Sciex 5800 TOF/TOF System, MALDI TOF (Framingham, MA, USA). Data acquisition and data processing were, respectively, done using a TOF/TOF Series Explorer and Data Explorer (AB Sciex). The instrument is equipped with a 349 nm Nd:YLF OptiBeam On-Axis laser. The laser pulse rate was 400 Hz. Reflectron positive mode was used. Reflectron mode was externally calibrated at 50 ppm mass tolerance. Each mass spectrum was collected as a sum of 1,000 shots. A representative spectrum of a single synthesized peptide substrate is shown (Figure 4) and additional MALDI-TOF spectra are in Supplementary Figure 1.


[image: Figure 4]
FIGURE 4. Representative MALDI-TOF spectrum of a synthesized peptide substrate. MALDI-TOF mass spectrometric data were obtained using an AB Sciex 5800 TOF/TOF System, MALDI TOF (Framingham, MA, USA). Data acquisition and data processing were, respectively, done using a TOF/TOF Series Explorer and Data Explorer (both from AB Sciex). The x-axis position of the blue peaks is measured in mass/charge number of ions (m/z). Here, the charge number of ions (z) is equal to 1 and so the (m/z) value is a measure of molecule size (m, in Daltons) which corresponds to the molecular weights of the analyzed molecules. The large peak corresponding to the molecular weight of 1731.03 Da confirms the identity of the peptide substrate as well as the integrity of the solid phase peptide synthesis protocol used to synthesize the peptides. The peptide sequence and theoretical molecular weight of the peptide is indicated. The y-axis indicates intensity in percent (left) and absolute value of ion counts (right).




Kinase Activity Assays

The activity of each AKT1 phospho-form was characterized by performing a quantitative in vitro kinase assays in the presence of 200 μM of a given potential substrate peptide (Table 1). Assays were performed in a reaction buffer consisting of 3-(N-morpholino)-propanesulfonic acid (MOPS, 25 mM, pH 7.0), 12.5 mM β-glycerolphosphate, 25 mM MgCl2, ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA, 5 mM, pH 8.0), ethylenediaminetetraacetic acid (EDTA) (2 mM), ATP (0.02 mM), and 0.4 μCi (0.033 μM) γ-[32P]-ATP. Each assay (30 μL reaction volume) was performed using at least three independent enzyme reactions. The reactions were initiated with addition of enzyme and incubated at 37°C. The t = 0 time point represents a control that lacks enzyme. Time points were taken over a 5 min time course at t = 1, 2, 3, and 5 min. As previously (Balasuriya et al., 2018a,b), reactions were initiated by the addition of AKT1 (1.8 pmol of pAKT1S473, 0.36 pmol of pAKT1T308, or 0.09 pmol of ppAKT1T308,S473). Different concentrations of each phospho-form were used in the in vitro kinase assays to accommodate the varying levels of activity of each of the phospho-forms, as was done previously (Balasuriya et al., 2018a). In order to accurately determine the initial velocity (v0) of each reaction, enzyme concentrations were chosen such that product formation increased linearly during the 5 min time course. Activities of each Akt1 phospho-form are then compared by determining the apparent catalytic rate (kapp = v0/[Akt1]). The rate is, thus, presented below in units of fmol or pmol of phospho-peptide/min/pmol of enzyme as indicated. Reactions were performed as N = 3 or N = 6 (as indicated) independent enzyme reactions.

Aliquots of each reaction were quenched at each time point by spotting 3 μL of each reaction on P81 paper (Turowec et al., 2010). Following spotting, the 3 μL spots were first allowed to dry, then were washed with 1% phosphoric acid (3 × 10 min), then washed in 95% ethanol (1 × 5 min), and finally allowed to air-dry completely. Incorporation of γ-[32P] from the γ-[32P]-ATP into the potential substrate peptides was detected by exposing the P81 paper to a phosphor-imaging screen. The γ-[32P]-peptide products were imaged and quantitated using a Storm 860 Molecular Imager and ImageQuant TL software (GE Healthcare, Mississauga, ON, Canada). The phosphor-images of each reaction in Supplementary Figures 4–6.



Statistical Analysis

Multiple statistical tests were used to identify a group of peptide substrates that were not significantly (ns) different from the background measurements determined in experiments containing only kinase enzyme and buffer but lacking substrate. The level of statistical significance between enzyme activities with each peptide compared to the group of non-significant peptides were calculated using pairwise T-test in Microsoft Excel.



Sequence Logo Analysis

Sequence logos corresponding to substrate selectivity (Table 2) for each Akt1 variant were generated using WebLogo version 2.8.2 (Crooks et al., 2004). A sequence alignment was generated such that each peptide was represented with a frequency that corresponds to the selectivity values in Table 2. Thus, peptides with a high selectivity will be represented by a high entropy in bits compared to peptide substrates that show low selectivity for a particular AKT1 phospho-form.


Table 2. Akt1 phospho-form relative selectivity values.
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RESULTS


Peptide Synthesis and Characterization

For each of the AKT1 phospho-forms, we were previously (Balasuriya et al., 2020) able to determine the amino acids that were either preferred or dis-favored according to enzyme activity at residues (−6 to +4) surrounding the substrate phosphorylation site (T/S0) in the consensus motif. The data were based on multiple oriented peptide libraries (OPALs) such that each site surrounding T/S0 was subjected to saturation mutagenesis. Because we assayed the OPALs for activity with each AKT1 phospho-form, we were able to determine how each amino acid could increase or decrease activity at each variable position in the target peptide. These AKT1 phospho-form specific OPAL data were then converted into a set of three position-specific scoring matrices (PSSMs).

Although full details are provided in Balasuriya et al. (2020), we converted the enzyme activities to PSSMs following the original method developed in ScanSite (Obenauer et al., 2003). Briefly, the enzyme activities at each site in the target motif for all possible amino acids were converted to a matrix of selectivity values after normalizing by the average activity observed over the OPAL. The PSSM is the logarithm of the selectivity values, thus, residues at positions showing above average activity contribute positively to the peptide score. Residues at positions in the target peptide associated with below average activity contribute negatively to the peptide score. The PSSMs were used to search and rank the human phospho-proteome (Balasuriya et al., 2020). The search was restricted to human phospho-sites that have been experimentally identified. The search tests each possible peptide and scores the residues at each site according to the preferences in the PSSM. For example, pAKT1T308 and ppAKT1 showed a strong preference for basic residues at the −5 position (Balasuriya et al., 2020), so any matching peptides will score relatively higher in the search result. Conversely, we found no such preference in the pAKT1S473 enzyme at −5, which led to different list of top hits for a PSSM based on this enzyme. Using the PSSM-ranked list of peptides, we then predicted the expectation that a given phospho-peptide sequence was a likely substrate for one or more of the AKT1 phospho-forms.

In order to validate substrates predicted by the OPAL data, peptide substrates were synthesized (Table 1) that represent novel putative AKT1 target peptides. The targeted peptides library included those ranked highest (top 1%; p < 10−6) in our OPAL-derived PSSM search of the human phospho-proteome (Balasuriya et al., 2020). Database searches using a separate PSSM developed for each AKT1 phospho-form (pAKT1S473, pAKT1T308, ppAKT1S473,T308) were used to rank and select 10 putative substrate peptides for each phospho-form (Table 1). We synthetized a total of 26 peptides as some of the top peptides where shared by pAKT1T308 and ppAKT1. Each phosphorylated peptide motif in the known human phospho-proteome (Hornbeck et al., 2004) was ranked based on three separate PSSM scoring systems, which predicted the likelihood that a given motif the in database was a substrate of the corresponding AKT1 phospho-form. We confined our target library to peptides that have been identified to be phosphorylated yet the upstream is not known or not known to include AKT1.

The peptide substrates were synthesized using solid state peptide synthesis (see Methods). Quality of the synthetic peptides was determined using MALDI-TOF mass spectrometry. MALDI-TOF spectra verified purity and identity of the peptides (Figure 4, Supplementary Figure 1, Table 1). The spectra positively identified expected peptides by the presence of a sole major peak at the expected molecular weight of the peptide. Additional MALDI-TOF spectra confirmed synthesis of pure and accurate peptides (Supplementary Figure 1). For one peptide, derived from KCNH2 [QRKRKLSFRRRTD], there was a discrepancy of 18 Da between the theoretical and observed masses of the synthesized peptide due to ionization induced thermal decomposition (TD) (Liu et al., 2015). TD can cause peptide dehydration (mass – 18 Da) in cases where the peptide contains a C-terminal aspartic acid.



Benchmarking Activity of the AKT1 Phospho-Forms

Each of the AKT1 phospho-forms were purified using affinity chromatography as before; see (Supplementary Figure 2) and references (Balasuriya et al., 2018a,b, 2020). Previous investigations from our lab have determined that the deletion of the PH domain from AKT1 abolishes its auto-inhibitory activity and improves the purification of AKT1 by increasing its solubility (Balasuriya et al., 2018b, 2020). Thus, the AKT1 phospho-forms used in this present study (AKT1 residues 109–472) lacked a PH domain (Supplementary Figure 2). We previously characterized each AKT1 phospho-form biochemically and with mass spectrometry to confirm site-specific phosphorylation for each AKT1 variant produced in this manner (Balasuriya et al., 2018a,b).

Activity levels for all three AKT1 phospho-forms (ppAKT1 ≥ pAKT1T308 >>> pAKT1S473) prepared in this study were consistent with previously prepared AKT1 phospho-forms (Balasuriya et al., 2018a,b; Supplementary Figure 3). Our previous characterization over a large defined peptide library showed that ppAKT1 is more active (by ~1.5–3-fold) than pAKT1T308 on ~50% of peptides representing known AKT1 substates, while the two enzymes have similar activity on most of the remaining peptides and a few peptides showed greater activity with pAKT1T308 (Balasuriya et al., 2020). Both enzymes phosphorylated at T308, however, display ~100-fold greater activity than the enzyme phosphorylated only at S473. Furthermore, in COS7 cells, we found that phosphorylation at T308 was necessary and sufficient for maximal AKT1 signaling, while enzyme phosphorylated only at S473 could not achieve measurable signaling activity using a fluorescent AKT1 activity reporter (BKAR) (Balasuriya et al., 2018a). The primary role of T308 in activating AKT1 is also evident in its central position in the AKT1 active and peptide binding sites. The S473 site is located in a regulatory loop, called the hydrophobic motif, that is distant form the active site (Figure 2).

In order to verify the activity of the purified AKT1 phospho-forms produced in this study, in vitro kinase assays were conducted using the known AKT1 substrate GSK-3β as well as a negative control peptide in which the S0 residue is mutated to alanine (A0) (Supplementary Figure 6). To confirm consistent activity between the AKT1 preparations, activity values from previously purified and experimentally validated (Balasuriya et al., 2018b) AKT1 phospho-forms were compared to the new preparation used here (Supplementary Figure 3). These data demonstrate the consistency of the enzyme activity that is achievable by our method.



Activity of Predicted AKT1 Substrate Peptides

The predicted AKT1 peptide substrates were then subjected to kinase assays. The activity data are based on a reaction time course during which the transfer of radiolabeled phosphate to the substrate peptide is quantitated (Supplementary Figures 4, 5). The initial velocities of the enzymatic reaction (v0) were determined by linear regression of the time courses. The initial velocity data (Supplementary Figure 7) were used to compare AKT1 activity over different peptide substrates including a known AKT1 substrate GSK-3β positive and GSK-3β (A0) negative controls (Supplementary Figure 6).

The predicted peptide substrates were assayed using the same AKT1 phospho-form that was used to develop the PSSM scoring system that predicted the given peptide (Table 1). From these assays, the three highest and three lowest scoring peptides for each variant were selected for additional kinase assays conducted with the remaining two AKT1 phospho-forms. For example, from the initial assays of the 10 peptides predicted to be substrates of pAKT1S473 (Table 1), peptides representing high (CMTM4, LPHN3, and PITPNM2) and low (KIAA1109, HRH1, and ZNF256) activity were subsequently assayed with the remaining two AKT1 phospho-forms: pAKT1T308 and pAKT1T308,S473. In total, 16 of the 26 total peptides were assayed using all three AKT1 phospho-forms (v0) (Supplementary Figure 7).

Different concentrations of each AKT1 phospho-form were used in the kinase assays (see Methods) to permit accurate calculation of v0. Because initial velocity is computed from the linear phase of the enzyme reaction, conditions must be used to ensure the reactions proceeds linearly during the time course. Adjusting the level of enzyme enables accurate determination of v0. To account for these differences in protein concentration when comparing activity levels across the AKT1 phospho-forms, v0 values were divided by the AKT1 enzyme concentration used in the given assay to arrive at the apparent catalytic rate (kapp) of each reaction (Figure 5). The kapp values obtained here agree with the previously observed trend in AKT1 activity (Balasuriya et al., 2018a,b), in which the pAKT1S473 enzyme shows significant activity above the negative control, across all substrates tested, that is far below the activity level for the pAKT1T308 and ppAKT1T308,S473 enzymes. We also observed that ppAKT1T308,S473 is more active than pAKT1T308 on the GSK-3β peptide, as we noted before (Balasuriya et al., 2018a,b; Balasuriya et al., 2020; Figure 5).
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FIGURE 5. Apparent catalytic rate (kapp – pmol of phospho-peptide/min/pmol of enzyme) of each AKT1 phospho-forms with peptide substrates. (A) pAKT1S473, (B) pAKT1T308, and (C) ppAKT1T308,S473. Each bar represents the average kapp value of 3 replicates and the value of each replicate is indicated by a closed circle. All three AKT1 phospho-forms were tested using the known AKT1 substrate GSK-3β (SGRPRTTSFAESCKP, blue highlight) as a standard to assess the activity of the AKT1 preparations, as well as a negative control variant of GSK-3β: GSK-3β A0 (SGRPRTTAFAESCKP, red highlight). GSK-3β A0 contains an un-phosphorylatable alanine residue in place of the serine residue that is normally phosphorylated by AKT1. Error bars show two standard deviations about mean for at least three independent reactions (N = 3 or N = 6 independent enzyme reactions). The level of statistical significance compared to GSK-3β A0 are indicated with black asterisks (*p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005; n.s., not significant). Blue asterisks indicate significantly greater activity than the positive control GSK-3β peptide (*p < 0.05; **p < 0.005).


We found that all substrates showed significant phosphate accepting activity with at least one of the AKT1 phospho-forms. Indeed, some of the putative substrates displayed greater activity than well-established AKT1 substrate peptide. ppAKT1T308,S473 was significantly more active (p = 0.0053) with the peptide derived from RAB11FIP2 than with the known AKT1 substrate GSK-3β. Pairwise comparisons of kapp values for each peptide tested between pAKT1T308 and ppAKT1T308,S473 revealed that ppAKT1T308,S473 was at least as active as pAKT1T308 with 6 (33%) of the 18 peptides tested. In agreement with our previous observations (Balasuriya et al., 2020), a substantial portion of the substrates show same activity regardless of S473 phosphorylation. Peptides representing CMTM4, FMO2, TRAPPC1, BTBD11, and KIAA1109 showed no significant difference in kapp for ppAKT1 compared to pAKT1T308. The doubly phosphorylated enzyme was more active (p < 0.009) with 12 (66%) of the peptides. Interestingly, the six peptides that had similar kapp values for both pAKT1T308 and ppAKT1T308,S473 were also the six least active peptides for both phospho-forms. The data again re-affirm our observations that rather than simply increasing activity, S473 phosphorylation modulates AKT1 activity in a substrate dependent fashion.



Substrate Selectivity in AKT1 Variants Phosphorylated at S473

In order to estimate the relative preference or selectivity of each AKT1 phospho-form for the series of peptides, normalized kapp values for each of the peptides tested were plotted (Figure 6). This analysis allows us to identify peptides and features of peptide substrates that are most favored by each of the AKT1 phospho-forms. Normalization was based on setting the kapp for each AKT1 variant for the positive control GSK-3β peptide to 1.0. The normalized apparent rates revealed trends in the substrate selectivity of pAKT1S473 compared to the pAKT1T308 and ppAKT1T308,S473. To quantify the relative selectivity of each phospho-form for each peptide, we calculated relative selectivity values (Table 2). The phospho-form selectivity values were estimated by dividing one AKT1 phospho-form's kapp value for a given peptide by the average of the remaining two phospho-form's kapp values for the same peptide.
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FIGURE 6. Normalized apparent catalytic rate (kapp) of the phosphorylation reaction catalyzed by different AKT1 phospho-forms on predicted AKT1 substrate peptides. The kapp values of each phospho-form (pAKT1S473 (blue, open bars), pAKT1T308 (orange, solid), and ppAKT1T308,S473 (orange, checkered) have been normalized such that the average activity of each AKT1 variant with GSK-3β is set to 1.0. Each of the peptides shown here were individually subjected to in vitro kinase assays with each of the three AKT1 phospho-forms. Error bars represent two standard deviations about mean for three independent enzyme reactions (n = 3).


Our goal here was to identify peptides that are most favored by one of the AKT1 phospho-forms but not by the others. For example, to arrive at a selectivity value for pAKT1S473 with ZNF256, pAKT1S473 normalized kapp for ZNF256 (0.43) was divided by the average of normalized rates for pAKT1T308 and pAKT1T308,S473 with ZNF256 (0.06) to arrive at a selectivity value for pAKT1S473 with ZNF256 of 6.7-fold. A selectivity value of 1 indicates that the phospho-form is relatively as active on the given peptide as the other two phospho-forms, where as a selectivity value above or below 1 indicates that the given phospho-form is relatively more or less active on the given peptide than the other two phospho-forms, respectively. From these values (Table 2), it is apparent that the pAKT1S473 phospho-form has a strong selectivity (>2-fold) toward the peptide substrates derived from ZNF256, KIAA1109, CMTM4, FMO2, TRAPPC1, and BTBD11. Moreover, the ppAKT1T308,S473 phospho-form appears to have a strong selectivity (>2-fold) toward a completely distinct set of peptide substrates derived from GRAMD1C, SRRM4, CYSLTR1, and RAB11FIP2. The pAKT1T308 enzyme showed robust activity with most peptides, but this enzyme was not particularly selective for any of the substrates when compared with pAKT1S473 and the doubly phosphorylated enzyme. Taken together these results support the idea that AKT1 phosphorylation status, and S473 phosphorylation specifically, plays an important role on determining AKT1 substrate specificity.



Analysis of Residue Preferences in the Substrate Peptides

We then used the selectivity values to generate sequence logos that represent each sequence in relation to the selectivity value for the given peptide (Figure 7). This has the effect of providing residues in highly selective peptide with the highest entropy values in the sequence logo. Low entropy values represent sequences that were not favored by a given AKT1 phospho-form. The logos show greater similarity in the residue preference for the two enzymes phosphorylated at T308 compared to pAKT1S473.
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FIGURE 7. AKT1 phospho-form selectivity-based sequence logos. Sequence logos for (A) pAKT1S473, (B) pAKT1T308, and (C) ppAKT1T308,S473 are based on the enzyme selectivity values (Table 2) for each peptide in our targeted library of putative AKT1 substrates. The entropy values are linearly related to enzyme selectivity (see Table 2, Methods). The phosphorylation site is denoted by the 0 position. Sequence logos were created using the WebLogo server (Crooks et al., 2004).


The pAKT1S473 enzyme shows no preferences for the nature of the residue at position −5. This is an interesting finding, because R−5 is normally regarded as an important part of the AKT1 consensus (Obata et al., 2000). The pAKT1S473 enzyme shows equal selectivity for R, H, I, or S at this site (Figure 7A). This is in contrast to the pAKT1T308 and ppAKT1 enzymes that strongly prefer R−5 (Figures 7B,C). This result is in accord with our larger OPAL data set, which showed that the pAKT1S473 enzyme did not show a strong preference for any particular amino acid at −5, while the pAKT1T308 and ppAKT1 enzymes strongly preferred basic amino acids (R, H, and K) (Balasuriya et al., 2020). Indeed, ppAKT1 shows the strongest selectivity for substrates with basic residues at −5 and −4. Similarly, while all enzymes show a strong preference for an aromatic residue at +1, this preference is greatest for the ppAKT1 enzyme. Finally, we observed a greater preference for Ser+4 and Pro+4 with the pAKT1S473 enzyme, and this enzyme favored more acidic peptides, e.g., Glu−6 and Asp−1 (Figure 7). The analysis suggests that the pS473 and ppAKT1 enzymes generate selectivity by recognizing different regions of the substrate motif. The ppAKT1 enzyme is more selective for particular residue types at −5, −4, and +1 while the pS473 enzyme is more tolerant of sequence diversity at these sites.




DISCUSSION


Comparing the Genetic Code Expansion System to Alternative Methods of Producing Activate AKT1

We use genetic code expansion in an E. coli expression system to incorporate phosphoserine into AKT1 at position 473. When co-expressed with the AKT1 upstream kinase PDK1, our approach allows production of site specifically phosphorylated variants of AKT1 that are otherwise difficult to isolate. Prior to the development of the genetic code expansion system used here, initial attempts at producing recombinant active AKT1 employed the use of phospho-mimetic mutations (Klein et al., 2005). Phospho-mimetic mutations involve replacing the serine at position 473 with glutamate as its side chain was proposed to mimic the structure and function of a phosphorylated serine residue. Earlier studies were unable to compare the activity of phospho-mimetic S473E AKT1 construct to AKT1 that contained only pSer at position 473 (Klein et al., 2005). We successfully produced recombinant AKT1 with pSer at position 473 and found that phospho-mimetic substitutions do not accurately mimic the functional role of phosphorylation in activating AKT1 (Balasuriya et al., 2018a). Indeed, we found the use of phospho-mimetics were unable to activate the enzyme, while phospho-ablated mutants (alanine substitutions at T308 and S473) actually inactivated the enzyme. These findings call into question the validity of phospho-mimetics as a replacement for phosphorylation and also demonstrate the applicability of the AKT1 constructs produced by the genetic code expansion approached.



Validating Predicted AKT1 Substrates

Using our established method (Balasuriya et al., 2018a,b, 2020; Chung et al., 2019) to produce site-specifically phosphorylated variants of AKT1, we recently conducted in vitro kinase assays of OPALs that contained degenerate peptides representating many putative AKT1 substrates (Balasuriya et al., 2020). By measuring the activity of each separate AKT1 phospho-form (pAKT1S473, pAKT1T308, ppAKT1T308,S473) using the OPAL, we were able to detect differences in substrate specificities for each of the AKT1 phospho-forms. Based on the activity data we had measured for all possible amino acids at each site in the substrate motif, we developed a PSSM scoring system that we then used to evaluate and predict potential substrates for each of the AKT1 phospho-forms. Previously, the inability to produce AKT1 in site-specifically phosphorylated forms had precluded the study of the effects of individual phosphorylation events on substrate specificity. The data enabled us to predict novel AKT1 substrates for the purpose of better characterizing the scope of substrates that are targeted by each AKT1 phospho-form.

Here, we synthesized peptides representing the “top 10” most likely putative AKT1 substrates for each phospho-form. Overall, the results presented here are congruent with the findings of our initial investigations into phosphorylation-status dependent AKT1 activity (Balasuriya et al., 2018a,b) and substrate specificity (Balasuriya et al., 2020). In particular, the general trend of AKT1 activity observed here: pAKT1S473 < < pAKT1T308 < ppAKT1T308,S473, mirrors the overall trend we and others have observed (Alessi et al., 1996; Balasuriya et al., 2018a,b, 2020). We did again observe, however, that AKT1 activity is dependent on the substrate. Several substrates showed equal activity with pAKT1T308 and ppAKT1.

AKT1 was shown to phosphorylate peptides derived from previously uncharacterized substrates in vitro and many of the novel peptide substrates were phosphorylated to a degree comparable to the well-established AKT1 substrate GSK-3β. The use of peptides derived from potential substrates represents a critical first step toward the validation of novel AKT1-substrates. Indeed, the results presented here validate the peptide array approach in predicting novel AKT1 substrates. The use of peptide substrates alone is suggestive but not complete evidence of a true interaction between AKT1 and the protein from which the peptide is derived. For example, conformational limitations may exist within the fully intact protein that preclude AKT1 phosphorylation, however, all of the sites considered here are known to be phosphorylated in human cells and many phosphorylation sites occur in loops or linear motifs that can be accurately mimicked by peptides. As we noted before (Balasuriya et al., 2018a), scaffolding, substrate expression or localization may also all impact the ability of AKT1 to target a particular substrate in the cell. The ability of AKT1 to efficiently phosphorylate a substrate peptide is a strong evidence in favor of an AKT1-substrate relationship, yet full validation of novel AKT1-substrate relationships will require further experimentation in cells. Our data suggest that the most active peptides are strong candidates as new AKT1 substrates.



Discovering Novel AKT1 phospho-Form-Specific Substrates

The selectivity values in Table 2 indicate novel AKT1 phospho-form-specific substrates characterized in this study. Interestingly, none of substrates showed strong selectivity for the pAKT1T308 enzyme compared to the other two phospho-forms. Here we characterized a total of 26 putative AKT1 substrates. For all synthetic peptides tested, significant activity above the negative control was detected (p < 0.0001 in all cases). Of the peptides, seven were relatively selective (Table 2 selectivity values >2) for pAKT1S473 (ZNF256, KIAA1109, CMTM4, FMO2, TRAPPC1, BTBD11, SCN2A) and four were relatively more selective for ppAKT1T308,S473 (GRAMD1C, SRRM4, CYSLTR1, RAB11FIP2). Here we defined relative selectivity to indicate that the given substrate was relatively highly active for the indicated AKT1 phospho-form and showed low relative activity for the remaining two phospho-forms.

Our analysis of the putative AKT1 substrates showed that each peptide confirmed generally to the established consensus motif R−5X−4R−3X−2X−1S/T0φ1 and also showed phospho-form specific differences as we observed before (Balasuriya et al., 2020). The substrates that lacked an Arg residue at the −5 position were strongly disfavored by both pAKT1T308 and pAKT1T308,S473 (selectivity values <1, Table 2) but were relatively more favored by pAKT1S473 (selectivity values >1, Table 2). The same pattern was observed in all seven of the novel peptides that were pAKT1S473-selective substrates (Figure 6; Table 2). Accordingly, the four novel peptides that were validated as being ppAKT1T308,473-selective substrates all contained an Arg/Lys residue at positions −5 and −4, and a F/Y at +1, which is likewise in agreement with our findings (Balasuriya et al., 2020).



pAKT1S473-Selective Substrates

Strikingly, the pAKT1S473 enzyme showed no preference for basic residues at the −5 or −4 position. Because R−5 is normally regarded as a consensus residue for AKT1 substrates (Obata et al., 2000). Our data suggest, pAKT1S473 has substrate preferences that are distinct from the enzymes phosphorylated at T308. Because the consensus motif was original generated based on studies of the enzyme phosphorylated at T308, this motif will therefore fail to identify highly specific pAKT1S473 substrates. The pAKT1S473 variant also preferred Ser+4 or Pro+4. The peptide derived from the MARVEL transmembrane 4 (CMTM4) protein had the highest selectivity value for pAKT1S473. Accordingly, the CMTM4 peptide also exhibited the highest kapp of all the peptides tested with pAKT1S473, similar to the kapp for GSK-3β. Interestingly, the peptide derived from CMTM4 had the lowest isoelectric point of all the peptides tested, perhaps indicating a preference or higher tolerance for negatively charged substrates by pAKT1S473. Indeed, sequence logo analysis suggested a strong preference for Asp at −1 (Figure 7A). CMTM4 is a ubiquitously expressed transmembrane protein that has recently gained attention as a potential contributor to various cancers (Li et al., 2015; Bei et al., 2017; Mezzadra et al., 2017; Chrifi et al., 2019; Xue et al., 2019). As of yet, there is minimal information on the relationship between AKT1 and CMTM4 activity, and none on the role of phosphorylation at the CMTM4 T208 site that was the source of the peptide used in this study. Topology predictions using the transmembrane topology prediction software Phobius (Kall et al., 2004) suggest that the T208 site is located within the cell cytosol and is thus would be accessible for phosphorylation by AKT1.

The function of CMTM4 with respect to its role in oncogenic phenotypes appears to be highly context dependant. In clear cell renal cell carcinomas, restoration of CMTM4 expression induces G2/M cell cycle arrest (Li et al., 2015). In patients with hepatocellular carcinomas, the expression of CMTM4 was reduced compared to matched adjacent non-tumor tissues, and this reduced expression was associated with decreased overall survival rates (Bei et al., 2017). In colorectal adenocarcinomas cell lines, over-expression of CMTM4 (in the CMTM4- SW480 cell line) was associated with impeded cell proliferation, reduced migration and reduced levels of AKT phosphorylation (Xue et al., 2019). In SW480 cells, CMTM4 expression was found to be inversely related to the phosphorylation of AKT1, and the tumor-suppressive functionalities observed with CMTM4 overexpression could be mimicked in the CMTM4- SW480 cell line by direct chemical inhibition of AKT using LY294002 (Xue et al., 2019).



ppAKT1T308,S473-Selective Substrates

The ppAKT1S473,T308 enzyme was highly selective for peptides containing a patch of basic residues at −5 and −4 and an aromatic residue at +1. Arg−3 is required for AKT1 activity (Obata et al., 2000; Balasuriya et al., 2020). This observation is in agreement with the peptide library and array data that we published previously (Balasuriya et al., 2020). The peptide derived from CYSLTR1 was among the most selective for ppAKT1T308,S473. CYSLTR1 is a cell surface receptor of the G-protein coupled receptor family that recognizes a family of inflammatory lipid mediators called cysteinyl leukotrienes (Peters-Golden et al., 2006). CYSLTR1 is a multifunctional mediator of allergic rhinitis (Peters-Golden et al., 2006; Tsai et al., 2016). CYSLTR1 immunomodulation in allergic rhinitis was determined to involve a concurrent increase in the level of active, phosphorylated ERK1/2. Phosphorylated ERK1/2 is involved in cell adhesion, proliferation, differentiation, and cell cycle progression (Figueroa et al., 2001) and the inhibition of ERK1/2 has been shown to reduce allergic inflammation (El-Hashim et al., 2012). CYSLTR1 is not known to be an AKT1 target, nor have any direct interactions between CYSLTR1 and AKT1 been noted in the literature. However, cross-talk between the AKT1/PI3K and ERK1/2 signaling pathways has been previously implicated to be involved in both arteriogenesis (Ren et al., 2010), as well as cell motility and invasion (Gentilini et al., 2007). Thus, the link between AKT1 and CYSLTR1 may be direct via AKT1-mediated phosphorylation of CYSLTR1 T308 residue (the motif represented here) or indirectly through the CysLTR1-ERK1/2-AKT1 axis.

Of all the peptides tested with ppAKT1T308,S473, the peptide derived from RAB11FIP2 had the highest kapp and was one of three peptides (Figure 5) to achieve a kapp that was significantly higher than the known AKT1 substrate GSK-3β. RAB11FIP2 function involves the regulation of endosomal vesicle recycling between the endosomal recycling compartment and the plasma membrane (Lindsay and McCaffrey, 2004). RAB11FIP2 is not known to be a direct target of AKT1, though independent studies have posited functional (Xu et al., 2016) as well as spaciotemporal (Lindsay and McCaffrey, 2004) links between the two proteins. A recent study investigating the relationship between RAB11FIP2 expression and colorectal cancer progression demonstrated that the AKT1/PI3K pathway was involved in the RAB11FIP2-mediated expression of the oncogenic Matrix metalloproteinase 7 (MMP7) (Xu et al., 2016). An investigation on subcellular localization demonstrated that RAB11FIP2 colocalizes and indeed interacts with PIP3 in a manner similar to AKT1 (Lindsay and McCaffrey, 2004). Like the AKT1 PH domain, RAB11FIP2 contains a domain which promotes association with PIP3 at the cellular membrane. Thus, AKT1 and RAB11FIP2 may co-localize in response to the same cellular stimuli that converts PIP2 to PIP3.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

MM and PO'D analyzed data and wrote the paper. MM, NB, and PO'D edited the paper. MM and SZ performed experiments. MM, NB, SZ, SL, and PO'D designed experiments. PO'D and SL provided funding and supervised the work. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported from the Natural Sciences and Engineering Research Council of Canada [04282-2014 to PO'D], the Canadian Cancer Society Research Institute innovation grant [704324 to PO'D and SL], Canada Foundation for Innovation [229917 to PO'D], the Ontario Research Foundation [229917 to PO'D], Canada Research Chairs [232341 to PO'D], and the Canadian Institutes of Health Research [165985 to PO'D].



ACKNOWLEDGMENTS

We are grateful to Ilka Heinemann for critical discussions and suggestions on the manuscript. We thank Kristina Jurcic for conducting the MALDI-TOF analysis.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2020.619252/full#supplementary-material



REFERENCES

 Aerni, H. R., Shifman, M. A., Rogulina, S., O'Donoghue, P., and Rinehart, J. (2015). Revealing the amino acid composition of proteins within an expanded genetic code. Nucleic Acids Res. 43:e8. doi: 10.1093/nar/gku1087

 Agarwal, E., Brattain, M. G., and Chowdhury, S. (2013). Cell survival and metastasis regulation by Akt signaling in colorectal cancer. Cell. Signal. 25, 1711–1719. doi: 10.1016/j.cellsig.2013.03.025

 Alessi, D. R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N., Cohen, P., et al. (1996). Mechanism of activation of protein kinase B by insulin and IGF-1. EMBO J. 15, 6541–6551. doi: 10.1002/j.1460-2075.1996.tb01045.x

 Altomare, D. A., and Testa, J. R. (2005). Perturbations of the AKT signaling pathway in human cancer. Oncogene 24, 7455–7464. doi: 10.1038/sj.onc.1209085

 Antonelli, M., Massimino, M., Morra, I., Garrè, M. L., Gardiman, M. P., Buttarelli, F. R., et al. (2012). Expression of pERK and pAKT in pediatric high grade astrocytomas: correlation with YKL40 and prognostic significance. Neuropathology 32, 133–138. doi: 10.1111/j.1440-1789.2011.01252.x

 Balasuriya, N., Davey, N. E., Johnson, J. L., Liu, H., Biggar, K. K., Cantley, L. C., et al. (2020). Phosphorylation-dependent substrate selectivity of protein kinase B (AKT1). J. Biol. Chem. 295, 8120–8134. doi: 10.1074/jbc.RA119.012425

 Balasuriya, N., Kunkel, M. T., Liu, X., Biggar, K. K., Li, S. S., Newton, A. C., et al. (2018a). Genetic code expansion and live cell imaging reveal that Thr308 phosphorylation is irreplaceable and sufficient for Akt1 activity. J. Biol. Chem. 293, 10744–10756. doi: 10.1074/jbc.RA118.002357

 Balasuriya, N., McKenna, M., Liu, X., Li, S. S. C., and O'Donoghue, P. (2018b). Phosphorylation-dependent inhibition of Akt1. Genes 9:450. doi: 10.3390/genes9090450

 Bei, C., Zhang, Y., Wei, R., Zhu, X., Wang, Z., Zeng, W., et al. (2017). Clinical significance of CMTM4 expression in hepatocellular carcinoma. Onco. Targets Ther. 10, 5439–5443. doi: 10.2147/OTT.S149786

 Brognard, J., Sierecki, E., Gao, T., and Newton, A. C. (2007). PHLPP and a second isoform, PHLPP2, differentially attenuate the amplitude of akt signaling by regulating distinct akt isoforms. Mol. Cell 25, 917–931. doi: 10.1016/j.molcel.2007.02.017

 Burgering, B. M., and Coffer, P. J. (1995). Protein kinase B (c-Akt) in phosphatidylinositol-3-OH kinase signal transduction. Nature 376, 599–602. doi: 10.1038/376599a0

 Cederquist, C. T., Lentucci, C., Martinez-Calejman, C., Hayashi, V., Orofino, J., Guertin, D., et al. (2017). Systemic insulin sensitivity is regulated by GPS2 inhibition of AKT ubiquitination and activation in adipose tissue. Mol. Metab. 6, 125–137. doi: 10.1016/j.molmet.2016.10.007

 Cheng, J. Q., Lindsley, C. W., Cheng, G. Z., Yang, H., and Nicosia, S. V. (2005). The Akt/PKB pathway: molecular target for cancer drug discovery. Oncogene 24, 7482–7492. doi: 10.1038/sj.onc.1209088

 Chrifi, I., Louzao-Martinez, L., Brandt, M. M., van Dijk, C. G. M., Burgisser, P. E., Zhu, C., et al. (2019). CMTM4 regulates angiogenesis by promoting cell surface recycling of VE-cadherin to endothelial adherens junctions. Angiogenesis 22, 75–93. doi: 10.1007/s10456-018-9638-1

 Chung, C. Z., Balasuriya, N., Manni, E., Liu, X., Li, S. S., O'Donoghue, P., et al. (2019). Gld2 activity is regulated by phosphorylation in the N-terminal domain. RNA Biol. 16, 1022–1033. doi: 10.1080/15476286.2019.1608754

 Crooks, G. E., Hon, G., Chandonia, J. M., and Brenner, S. E. (2004). WebLogo: a sequence logo generator. Genome Res. 14, 1188–1190. doi: 10.1101/gr.849004

 Dai, D. L., Martinka, M., and Li, G. (2005). Prognostic significance of activated akt expression in melanoma: a clinicopathologic study of 292 cases. J. Clin. Oncol. 23, 1473–1482. doi: 10.1200/JCO.2005.07.168

 El-Hashim, A. Z., Renno, W. M., Raghupathy, R., Abduo, H. T., Akhtar, S., and Benter, I. F. (2012). Angiotensin-(1-7) inhibits allergic inflammation, via the MAS1 receptor, through suppression of ERK1/2- and NF-kappaB-dependent pathways. Br. J. Pharmacol. 166, 1964–1976. doi: 10.1111/j.1476-5381.2012.01905.x

 Fabbro, D., Batt, D., Rose, P., Schacher, B., Roberts, T. M., and Ferrari, S. (1999). Homogeneous purification of human recombinant GST-Akt/PKB from Sf9 cells. Protein Expr. Purif. 17, 83–88. doi: 10.1006/prep.1999.1102

 Figueroa, D. J., Breyer, R. M., Defoe, S. K., Kargman, S., Daugherty, B. L., Waldburger, K., et al. (2001). Expression of the cysteinyl leukotriene 1 receptor in normal human lung and peripheral blood leukocytes. Am. J. Respir. Crit. Care Med. 163, 226–233. doi: 10.1164/ajrccm.163.1.2003101

 Franke, T. F. (2008). PI3K/Akt: getting it right matters. Oncogene 27, 6473–6488. doi: 10.1038/onc.2008.313

 Gentilini, D., Busacca, M., Di Francesco, S., Vignali, M., Viganò, P., and Di Blasio, A. M. (2007). PI3K/Akt And ERK1/2 signalling pathways are involved in endometrial cell migration induced by 17β-estradiol and growth factors. Mol. Hum. Reprod. 13, 317–322. doi: 10.1093/molehr/gam001

 George, S., Aguirre, J. D., Spratt, D. E., Bi, Y., Jeffery, M., Shaw, G. S., et al. (2016). Generation of phospho-ubiquitin variants by orthogonal translation reveals codon skipping. FEBS Lett. 590, 1530–1542. doi: 10.1002/1873-3468.12182

 George, S., Wang, S. M., Bi, Y., Treidlinger, M., Barber, K. R., Shaw, G. S., et al. (2017). Ubiquitin phosphorylated at Ser57 hyper-activates parkin. Biochim. Biophys. Acta Gen. Subj. 1861(11, Part B), 3038–3046. doi: 10.1016/j.bbagen.2017.06.023

 Gonzalez, E., and McGraw, T. E. (2009). The Akt kinases: isoform specificity in metabolism and cancer. Cell Cycle 8, 2502–2508. doi: 10.4161/cc.8.16.9335

 Goswami, A., Burikhanov, R., de Thonel, A., Fujita, N., Goswami, M., Zhao, Y., et al. (2005). Binding and phosphorylation of par-4 by akt is essential for cancer cell survival. Mol. Cell 20, 33–44. doi: 10.1016/j.molcel.2005.08.016

 Guo, J., Chakraborty, A. A., Liu, P., Gan, W., Zheng, X., Inuzuka, H., et al. (2016). pVHL suppresses kinase activity of Akt in a proline-hydroxylation-dependent manner. Science 353, 929–932. doi: 10.1126/science.aad5755

 Guo, J., Dai, X., Laurent, B., Zheng, N., Gan, W., Zhang, J., et al. (2019). AKT methylation by SETDB1 promotes AKT kinase activity and oncogenic functions. Nat. Cell Biol. 21, 226–237. doi: 10.1038/s41556-018-0261-6

 Hart, J. R., and Vogt, P. K. (2011). Phosphorylation of AKT: a mutational analysis. Oncotarget 2, 467–476. doi: 10.18632/oncotarget.293

 Hers, I., Vincent, E. E., and Tavare, J. M. (2011). Akt signalling in health and disease. Cell. Signal. 23, 1515–1527. doi: 10.1016/j.cellsig.2011.05.004

 Hohn, M. J., Park, H. S., O'Donoghue, P., Schnitzbauer, M., and Soll, D. (2006). Emergence of the universal genetic code imprinted in an RNA record. Proc. Natl. Acad. Sci. U.S.A. 103, 18095–18100. doi: 10.1073/pnas.0608762103

 Hornbeck, P. V., Chabra, I., Kornhauser, J. M., Skrzypek, E., and Zhang, B. (2004). PhosphoSite: a bioinformatics resource dedicated to physiological protein phosphorylation. Proteomics 4, 1551–1561. doi: 10.1002/pmic.200300772

 Huang, J., and Manning, B. D. (2009). A complex interplay between Akt, TSC2 and the two mTOR complexes. Biochem. Soc. Trans. 37(Pt 1), 217–222. doi: 10.1042/BST0370217

 Kaidanovich-Beilin, O., and Woodgett, J. R. (2011). GSK-3: functional insights from cell biology and animal models. Front. Mol. Neurosci. 4:40. doi: 10.3389/fnmol.2011.00040

 Kall, L., Krogh, A., and Sonnhammer, E. L. (2004). A combined transmembrane topology and signal peptide prediction method. J. Mol. Biol. 338, 1027–1036. doi: 10.1016/j.jmb.2004.03.016

 Klein, S., Geiger, T., Linchevski, I., Lebendiker, M., Itkin, A., Assayag, K., et al. (2005). Expression and purification of active PKB kinase from Escherichia coli. Protein Expr. Purif. 41, 162–169. doi: 10.1016/j.pep.2005.01.003

 Kunkel, M. T., Ni, Q., Tsien, R. Y., Zhang, J., and Newton, A. C. (2005). Spatio-temporal dynamics of protein kinase B/Akt signaling revealed by a genetically encoded fluorescent reporter. J. Biol. Chem. 280, 5581–5587. doi: 10.1074/jbc.M411534200

 Kuo, Y. C., Huang, K. Y., Yang, C. H., Yang, Y. S., Lee, W. Y., and Chiang, C. W. (2008). Regulation of phosphorylation of Thr-308 of Akt, cell proliferation, and survival by the B55alpha regulatory subunit targeting of the protein phosphatase 2A holoenzyme to Akt. J. Biol. Chem. 283, 1882–1892. doi: 10.1074/jbc.M709585200

 Lee, S., Oh, S., Yang, A., Kim, J., Soll, D., Lee, D., et al. (2013). A facile strategy for selective incorporation of phosphoserine into histones. Angew. Chem. Int. Ed. Engl. 52, 5771–5775. doi: 10.1002/anie.201300531

 Li, T., Cheng, Y., Wang, P., Wang, W., Hu, F., Mo, X., et al. (2015). CMTM4 is frequently downregulated and functions as a tumour suppressor in clear cell renal cell carcinoma. J. Exp. Clin. Cancer Res. 34, 122–122. doi: 10.1186/s13046-015-0236-4

 Liao, Y., and Hung, M.-C. (2010). Physiological regulation of Akt activity and stability. Am. J. Transl. Res. 2, 19–42. Available online at: http://www.ajtr.org/910005A.html

 Lindsay, A. J., and McCaffrey, M. W. (2004). The C2 domains of the class I Rab11 family of interacting proteins target recycling vesicles to the plasma membrane. J. Cell Sci. 117, 4365–4375. doi: 10.1242/jcs.01280

 Lippa, B., Pan, G., Corbett, M., Li, C., Kauffman, G. S., Pandit, J., et al. (2008). Synthesis and structure based optimization of novel Akt inhibitors. Bioorg. Med. Chem. Lett. 18, 3359–3363. doi: 10.1016/j.bmcl.2008.04.034

 Liu, C., Topchiy, E., Lehmann, T., and Basile, F. (2015). Characterization of the dehydration products due to thermal decomposition of peptides by liquid chromatography-tandem mass spectrometry. J. Mass Spectrom. 50, 625–632. doi: 10.1002/jms.3570

 Manning, B. D., and Cantley, L. C. (2007). AKT/PKB signaling: navigating downstream. Cell 129, 1261–1274. doi: 10.1016/j.cell.2007.06.009

 Manning, B. D., and Toker, A. (2017). AKT/PKB signaling: navigating the network. Cell 169, 381–405. doi: 10.1016/j.cell.2017.04.001

 Mattmann, M. E., Stoops, S. L., and Lindsley, C. W. (2011). Inhibition of Akt with small molecules and biologics: historical perspective and current status of the patent landscape. Expert Opin. Ther. Pat. 21, 1309–1338. doi: 10.1517/13543776.2011.587959

 McManus, E. J., Collins, B. J., Ashby, P. R., Prescott, A. R., Murray-Tait, V., Armit, L. J., et al. (2004). The in vivo role of PtdIns(3,4,5)P3 binding to PDK1 PH domain defined by knockin mutation. EMBO J. 23, 2071–2082. doi: 10.1038/sj.emboj.7600218

 Mezzadra, R., Sun, C., Jae, L. T., Gomez-Eerland, R., de Vries, E., Wu, W., et al. (2017). Identification of CMTM6 and CMTM4 as PD-L1 protein regulators. Nature 549, 106–110. doi: 10.1038/nature23669

 Nitulescu, G. M., Margina, D., Juzenas, P., Peng, Q., Olaru, O. T., Saloustros, E., et al. (2016). Akt inhibitors in cancer treatment: the long journey from drug discovery to clinical use (Review). Int. J. Oncol. 48, 869–885. doi: 10.3892/ijo.2015.3306

 Obata, T., Yaffe, M. B., Leparc, G. G., Piro, E. T., Maegawa, H., Kashiwagi, A., et al. (2000). Peptide and protein library screening defines optimal substrate motifs for AKT/PKB. J. Biol. Chem. 275, 36108–36115. doi: 10.1074/jbc.M005497200

 Obenauer, J. C., Cantley, L. C., and Yaffe, M. B. (2003). Scansite 2.0: proteome-wide prediction of cell signaling interactions using short sequence motifs. Nucleic Acids Res. 31, 3635–3641. doi: 10.1093/nar/gkg584

 Parikh, C., Janakiraman, V., Wu, W.-I., Foo, C. K., Kljavin, N. M., Chaudhuri, S., et al. (2012). Disruption of PH-kinase domain interactions leads to oncogenic activation of AKT in human cancers. Proc. Natl. Acad. Sci. U.S.A. 109, 19368–19373. doi: 10.1073/pnas.1204384109

 Park, H. S., Hohn, M. J., Umehara, T., Guo, L. T., Osborne, E. M., Benner, J., et al. (2011). Expanding the genetic code of Escherichia coli with phosphoserine. Science 333, 1151–1154. doi: 10.1126/science.1207203

 Pearce, L. R., Huang, X., Boudeau, J., Pawłowski, R., Wullschleger, S., Deak, M., et al. (2007). Identification of protor as a novel rictor-binding component of mTOR complex-2. Biochem. J. 405, 513–522. doi: 10.1042/BJ20070540

 Peters-Golden, M., Gleason, M. M., and Togias, A. (2006). Cysteinyl leukotrienes: multi-functional mediators in allergic rhinitis. Clin. Exp. Allergy 36, 689–703. doi: 10.1111/j.1365-2222.2006.02498.x

 Ren, B., Deng, Y., Mukhopadhyay, A., Lanahan, A. A., Zhuang, Z. W., Moodie, K. L., et al. (2010). ERK1/2-Akt1 crosstalk regulates arteriogenesis in mice and zebrafish. J. Clin. Invest. 120, 1217–1228. doi: 10.1172/JCI39837

 Rena, G., Guo, S., Cichy, S. C., Unterman, T. G., and Cohen, P. (1999). Phosphorylation of the transcription factor forkhead family member FKHR by protein kinase B. J. Biol. Chem. 274, 17179–17183. doi: 10.1074/jbc.274.24.17179

 Rodriguez, M., Li, S. S., Harper, J. W., and Songyang, Z. (2004). An oriented peptide array library (OPAL) strategy to study protein-protein interactions. J. Biol. Chem. 279, 8802–8807. doi: 10.1074/jbc.M311886200

 Sarbassov, D. D., Guertin, D. A., Ali, S. M., and Sabatini, D. M. (2005). Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex. Science 307, 1098–1101. doi: 10.1126/science.1106148

 Saxton, R. A., and Sabatini, D. M. (2017). mTOR signaling in growth, metabolism, and disease. Cell 168, 960–976. doi: 10.1016/j.cell.2017.02.004

 Spencer, A., Yoon, S.-S., Harrison, S. J., Morris, S. R., Smith, D. A., Brigandi, R. A., et al. (2014). The novel AKT inhibitor afuresertib shows favorable safety, pharmacokinetics, and clinical activity in multiple myeloma. Blood 124, 2190–2195. doi: 10.1182/blood-2014-03-559963

 Stokoe, D., Stephens, L. R., Copeland, T., Gaffney, P. R. J., Reese, C. B., Painter, G. F., et al. (1997). Dual role of phosphatidylinositol-3,4,5-trisphosphate in the activation of protein kinase B. Science 277, 567–570. doi: 10.1126/science.277.5325.567

 Suzuki, Y., Shirai, K., Oka, K., Mobaraki, A., Yoshida, Y., Noda, S.-E., et al. (2010). Higher pAkt expression predicts a significant worse prognosis in glioblastomas. J. Radiat. Res. 51, 343–348. doi: 10.1269/jrr.09109

 Testas, I. J., Hu, Z. Y., Baulieuf, E. E., and Robel, P. (1989). Neurosteroids: biosynthesis of pregnenolone and progesterone in primary cultures of rat glial cells*. Endocrinology 125, 2083–2091. doi: 10.1210/endo-125-4-2083

 Tsai, M. J., Wu, P. H., Sheu, C. C., Hsu, Y. L., Chang, W. A., Hung, J. Y., et al. (2016). Cysteinyl leukotriene receptor antagonists decrease cancer risk in asthma patients. Sci. Rep. 6:23979. doi: 10.1038/srep23979

 Turowec, J. P., Duncan, J. S., French, A. C., Gyenis, L., St Denis, N. A., Vilk, G., et al. (2010). Protein kinase CK2 is a constitutively active enzyme that promotes cell survival: strategies to identify CK2 substrates and manipulate its activity in mammalian cells. Meth. Enzymol. 484, 471–493. doi: 10.1016/B978-0-12-381298-8.00023-X

 van der Vos, K. E., and Coffer, P. J. (2010). The extending network of FOXO transcriptional target genes. Antioxid. Redox Signal. 14, 579–592. doi: 10.1089/ars.2010.3419

 Vanhaesebroeck, B., Guillermet-Guibert, J., Graupera, M., and Bilanges, B. (2010). The emerging mechanisms of isoform-specific PI3K signalling. Nat. Rev. Mol. Cell Biol. 11, 329–341. doi: 10.1038/nrm2882

 Vitari, A. C., Deak, M., Collins, B. J., Morrice, N., Prescott, A. R., Phelan, A., et al. (2004). WNK1, the kinase mutated in an inherited high-blood-pressure syndrome, is a novel PKB (protein kinase B)/Akt substrate. Biochem. J. 378(Pt 1), 257–268. doi: 10.1042/bj20031692

 Wang, G., Long, J., Gao, Y., Zhang, W., Han, F., Xu, C., et al. (2019). SETDB1-mediated methylation of Akt promotes its K63-linked ubiquitination and activation leading to tumorigenesis. Nat. Cell Biol. 21, 214–225. doi: 10.1038/s41556-018-0266-1

 Wang, Z., Liu, Y., Huang, S., and Fang, M. (2018). TRAF6 interacts with and ubiquitinates PIK3CA to enhance PI3K activation. FEBS Lett. 592, 1882–1892. doi: 10.1002/1873-3468.13080

 Wei, R., Kaneko, T., Liu, X., Liu, H., Li, L., Voss, C., et al. (2017). Interactome mapping uncovers a general role for Numb in protein kinase regulation. Mol. Cell. Proteomics 17, 2216–2228. doi: 10.1074/mcp.RA117.000114

 Whitman, M., Downes, C. P., Keeler, M., Keller, T., and Cantley, L. (1988). Type I phosphatidylinositol kinase makes a novel inositol phospholipid, phosphatidylinositol-3-phosphate. Nature 332, 644–646. doi: 10.1038/332644a0

 Williams, M. R., Arthur, J. S. C., Balendran, A., van der Kaay, J., Poli, V., Cohen, P., et al. (2000). The role of 3-phosphoinositide-dependent protein kinase 1 in activating AGC kinases defined in embryonic stem cells. Curr. Biol. 10, 439–448. doi: 10.1016/S0960-9822(00)00441-3


 Xu, C.- L., Wang, J.-Z., Xia, X.-P., Pan, C.-W., Shao, X.-X., Xia, S.-L., et al. (2016). Rab11-FIP2 promotes colorectal cancer migration and invasion by regulating PI3K/AKT/MMP7 signaling pathway. Biochem. Biophys. Res. Commun. 470, 397–404. doi: 10.1016/j.bbrc.2016.01.031

 Xue, H., Li, T., Wang, P., Mo, X., Zhang, H., Ding, S., et al. (2019). CMTM4 inhibits cell proliferation and migration via AKT, ERK1/2, and STAT3 pathway in colorectal cancer. Acta Biochim. Biophys. Sin. 51, 915–924. doi: 10.1093/abbs/gmz084

 Yang, Q., Inoki, K., Ikenoue, T., and Guan, K.-L. (2006). Identification of Sin1 as an essential TORC2 component required for complex formation and kinase activity. Genes Dev. 20, 2820–2832. doi: 10.1101/gad.1461206

 Yang, W. L., Wang, J., Chan, C. H., Lee, S. W., Campos, A. D., Lamothe, B., et al. (2009). The E3 ligase TRAF6 regulates Akt ubiquitination and activation. Science 325, 1134–1138. doi: 10.1126/science.1175065

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 McKenna, Balasuriya, Zhong, Li and O'Donoghue. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fbioe-08-619252-g005.gif
apparent

catalyic
e e

apparent
calayi
ate (Kes)

=il

p R

s AP AP P





OPS/images/fbioe-08-619252-g006.gif





OPS/images/fbioe-08-619252-g003.gif
SxiRNAs O

RS B
-# N ersuy s

%'gm:; ! S e
»Aknw Tooer
" . S s

el Ontrogora s G

PAKITS
Transaon System
ppAKUITR SIT3





OPS/images/fbioe-08-619252-g004.gif
i
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Gene Protein name Peptide sequence pl Phospho-form relative selectivity value (x-fold)

pAKt1 S72 pAKt1 7308 PPAKt] T8S473
ZNF256 Zinc finger protein 256 THQRVHIGTRPYM 10.88 67 03 03
CMTM4 MARVEL transmembrane 4 EIQRLDTFSYSTN 437 83 0.2 02
FMO2 Dimethylaniine monooxygenase FHTRFRSMLRNVL 12.3 4.4 02 05
KIAAT109 Uncharacterized protein TSKRALSTWGPVP 11 29 05 0.6
TRAPPC1 Trafficking protein particle complex 1 FRSRLDSYVRSLP 10.74 36 03 06
BTBD11 Ankyrin repeat and BTB/POZ MHSRHNSFDTVNT 6.69 25 0.4 0.8
SCN2A Sodium channel protein type 2 alpha RKRRSSSYHVSMD 10.9 21 03 1.0
LPHNS Adhesion G protein-coupled receptor L3 YSKRTMIGYWSTQ 97 1.4 06 1.0
CDCATL Cell division cycle-associated 7-like RRHRISSFRPVED 11.52 17 04 13
HRH1 Histamine H1 receptor TWKRLRSHSRQYV 1.72 1.0 06 16
PITPNM2 Phosphatidyinositol transfer protein 2 PRKRSDSSTYELD 654 08 08 15
KCNH2 Potassium channel H2 QRKRKLSFRRRTD 12.18 1.1 04 20
SRRM4 Serine/arginine repetitive matrix protein 4 KRRRSSSYSPSPV 11.72 08 05 24
CYSLTR1 Cysteinyl leukotriene receptor 1 FRKRLSTFRKHSL 1231 05 07 23
RABI11FIP2 Rab11 family-interacting protein 2 PHRRTLSFDTSKM 10.84 06 07 23
GRAMD1C GRAM domain containing 1C LRRRRRTFNRTAE 12.3 08 04 24

Relative selectivity values of each Akt1 phospho-form are presented for each of the peptides listed. Relative selectivity values were derived from the normalized kepp values of each Akt1
phospho-form for each of the peptides listed (See Results).
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Gene

PAKT1S473 HRH1
BRPF1
KIAAT109
T™C?
RANBPSL
ZNF256
SKP2
LPHN3
CMTM4
PITPNM2
PAKT1T308 CYSLTR1
GRAMDIC
KCNH2
GDCATL
FRYL
ASHIL
SRRM4
SCN2A
PRM2
SEMA4G
PPAKT1TE08S478  KCNH2
CYSLTR1
GRAMDIC
SASH1
RAB11FIP2
PCNXL3
FMO2
ASHIL
BTBD11
TRAPPC1
Controls GSK3B S9A
GSK3B

P-site

$396
8642
54592
8125
s77
T374
s72
T816
T208
5668
T308
T515
$890
321
T1959
$1226
$126
687
59
s713
890
T308
T515
407

85056
s241
$1226
$65
$132

S9

Protein name

Histamine H1 receptor
Peregrin

Uncharacterized protein
Transmembrane channel-like protein 7
Ran-binding protein 3-like

Zinc finger protein 256

S-phase kinase-associated protein 2
Adhesion G protein-coupled receptor L3
MARVEL transmembrane 4
Phosphatidyinosiol transfer protein 2
Cysteinyl leukotriene receptor 1
GRAM domain containing 1C
Potassium channel H2

Cell division cycle-associated 7-ike
Protein furry homolog-like
Histone-lysine N-methyltransferase
Serine/arginine repetitive matrix protein 4
Sodium channel protein type 2 alpha
Protamine-2

Semaphorin-4G

Potassium channel H2

Cysteinyl leukotriene receptor 1
GRAM domain containing 1C

SAM and SH3 domain-containing
Rab11 family-interacting protein 2
Pecanex-like 3

Dimethylaniline monooxygenase
Histone-lysine N-methyltransferase
Ankyrin repeat and BTB/POZ
Trafiicking protein particle complex 1
Glycogen synthase kinase-3p (S94)
Glycogen synthase kinase-3p

Peptide sequence

TWKRLRSHSRQYV
FMQRLHSYWTLKR
TSKRALSTWGPVP
QWKRYSSKSWKRF
KRVRSSSFTFHIT
THQRVHIGTRPYM
PRKRLKSKGSDKD
YSKRTMIGYWSTQ
EIQRLDTFSYSTN
PRKRSDSSTYELD
FRKRLSTFRKHSL
LRRRRRIFNRTAE
QRKRKLSFRRRTD
RRHRISSFRPVED
DRRRSNILDIMDG
QKKRRHSFEHVSL
KRRRSSSYSPSPV
RKRRSSSYHVSMD
'YRRRHCSRRRLHR
GRRRKYSLGRASR
QRKRKLSFRRRTD
FRKRLSTFRKHSL
LRRRRRTFNRTAE
SHGRTCSFGGFDL
PHRRTLSFDTSKM
THARVLSMDGAGG
FHTRFRSMLANVL.
QKKRRHSFEHVSL
MHSRHNSFDTVNT
FRSRLDSYVRSLP
GRPRTTAFAESCK
GRPRTTSFAESCK

MW calc (Da)

17170
1766.2
1399.7
1787.2
1666.9
1583.7
1615.0
1608.9
1573.8
15653.8
1676.2
1732.1
17472
1654.9
1648.9
1651.9
1606.8
1608.9
1852.2
1663.1
17472
1676.2
1782.1
1383.7
1575.9
12716
16771
1651.9
1545.6
1696.0
1622.7
1638.7

MW obs (Da)

17160
1765.0
1398.8
1786.0
1564.9
1582.8
1514.0
1607.8
1572.8
1552.8
1675.1
17311
1746.2
1654.0
1547.8
1651.0
1506.9
1607.9
nd.
1561.9
1720.1
1675.1
1731.0
1382.7
1574.9
1270.7
1676.0
16561.0
1544.7
1594.9

PSSM p-value

46 x 1077
82 x 107
16 x 1078
16x 1078
3.1 x 1076
33x 10
3.4 x10¢
37 x 108
39 x 1078
52 x 1078
18 x 1077
55 x 107
1.4 x 107
1.7 % 1078
18x 1078
19x10°®
26 x 108
26 x 108
33x 1076
3.4 x 1078
73 x 1077
73 x 1077
1.4 x 1078
31x10
4.4 x107°
50 x 106
6.1 x107°
5.4 x 10
57 x 108
59 x 1078

1.4 x 1074

Position-specific score matrix (PSSM) p-values are derived from our previously oriented peptide array analysis (Balasuriya et al, 2020). The p-values represent the probabilty that a
higher scoring peptide may be found by chance (null hypothesis) for the indicated AKT1 phospho-from. We ranked the entire human phospho-proteome by the abilty of each site
o confirm to PSSMs derived from the activity of each AKT1 phospho-form. The top 10 ranked (owest p-value) peptides were synthesized. The ~18 Da discrepancy between the
theoretical (1747.2 D) and observed (1729.1 De) masses of the KCNH2 peptide QRKRKLSFRRRTD results from mass spectrometry ionization incluced thermal decomposition (TD)
(Liu et al,, 2015), which resuls in loss of the C-terminal Asp (18 D). Some peptides (KCNH?, ASH1L, GRAMDIC, CYSLTR1) were synthesized twice independently. Not determined
(n.d.). *Control peptides were purchased from SignalChem (Victoria, BC, Canad).
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