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Abstract

Kinases are a major clinical target for human diseases. Identifying the proteins that interact with 

kinases in vivo will provide information on unreported substrates and will potentially lead to more 

specific methods for therapeutic kinase regulation. Here, endogenous immunoprecipitations of 

evolutionally distinct kinases (i.e. Akt, ERK2, and CAMK2) from rodent hippocampi were 

analyzed by mass spectrometry to generate three highly confident kinase protein-protein 

interaction networks. Proteins of similar function were identified in the networks, suggesting a 

universal model for kinase signaling complexes. Protein interactions were observed between 

kinases with reported symbiotic relationships. The kinase networks were significantly enriched in 

genes associated with specific neurodevelopmental disorders providing novel structural 

connections between these disease-associated genes. To demonstrate a functional relationship 

between the kinases and its network, pharmacological manipulation of Akt in hippocampal slices 

was shown to regulate the activity of potassium/sodium hyperpolarization-activated cyclic 

nucleotide-gated channel(HCN1), which was identified in the Akt network. Overall, the kinase 

protein-protein interaction networks provide molecular insight of the spatial complexity of in vivo 
kinase signal transduction which is required to achieve the therapeutic potential of kinase 

manipulation in the brain.
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Introduction

Information or signals can travel through a cell via reversible protein phosphorylation. The 

addition of a phosphate group can produce different biochemical outcomes including 

altering a protein’s activity, subcellular localization, or interactions. Over 500 genes in the 

human genome are annotated as kinases, which are the enzymes that catalyze the addition of 

a phosphate group onto a protein substrate. Structurally, kinases possess a non-conserved 

regulatory domain and a conserved catalytic domain. They can be simply categorized by 

whether they phosphorylate serine/threonine residues or tyrosine residues, but a more 

detailed classification based on sequence alignment of the catalytic domains separates the 

kinases into nine broad groups comprising hundreds of gene families [1]. Decades of 

extensive research have identified a plethora of substrate-kinase relationships that are vital in 

cellular homeostasis to direct the flow of information through a signaling pathway. This 

research has demonstrated that kinases can have a preferred amino acid (AA) sequence (i.e. 

phospho-motif) that surrounds the phosphorylated residue [2]. There is also evidence that 

many substrates can be phosphorylated regardless of the surrounding AA residues, 

suggesting kinase promiscuity or possibly an additional three-dimensional structural 

requirement[3]. In vivo kinase signaling seems to be staggeringly complex with many 

molecular details poorly understood. Many well-studied kinases have hundreds of identified 

substrates and based on the number of phosphorylated residues that have been identified in 

the entire proteome, there are probably even more unidentified substrates [4]. These 

substrate-kinase relationships become further convoluted by reports that multiple kinases 

can phosphorylate the same substrate and the activity of a kinase itself can be regulated by 

phosphorylation. This implies that in vivo phosphorylation signaling cannot be represented 

by a simple linear kinase-substrate pathway. This communication between different kinase 

signaling pathways has been described as “cross-talk” and could be a mechanism to fine 

tune a biological response to multiple extracellular perturbations. Understanding this 

signaling complexity is vital, as aberrant phosphorylation and mutated kinases have been 

demonstrated to cause or contribute to a large variety of human diseases. Thus, kinases are a 

promising drug target for potential cures and therapies[5].

Beyond the identification of substrates, it is unclear how soluble kinases navigate through a 

complex proteome to phosphorylate the appropriate substrate at the appropriate time. One 

hypothesis is that additional proteins, described as adaptor or scaffolding proteins, organize 

signaling complexes to increase the kinetics of the kinase reaction with low abundant 

substrates. In yeast, Ste5 facilitates kinase signaling by serving as a scaffold for the yeast 

MAPK (mitogen-activated protein kinase) signaling pathway. This pathway is defined by the 

classical three kinase cascade in which Ste11p kinase activates its substrate, Ste7p kinase, 

which then phosphorylates and activates Fus3p kinase. Ste5 coordinates this signaling 

network by interacting with all three kinases via three different binding domains[6]. In 

mammalian cells, scaffolding proteins have been identified for PKA (Protein Kinase A) and 

PKC (Protein Kinase C) serine/threonine kinase families. The AKAPs (A-Kinase Anchoring 

Proteins) are scaffolding proteins that bind and anchor PKA at optimal subcellular 

localizations to facilitate the phosphorylation of its substrates[7]. Similarly, different RACK 

(receptors for activated C kinase) proteins have been reported to bind specific PKC isozymes 
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and their substrates to specific subcellular compartments, which increases the PKC 

phosphorylation of these substrates[8]. Further studies have demonstrated both RACKs and 

AKAPs bind and regulate many proteins outside the canonical PKC and PKA signaling 

pathways, including tyrosine kinases, other serine/threonine kinases, phosphatases, 

phosphodiesterases and cytoskeletal proteins to form multifunctional signaling complexes 

[9, 10]. Importantly, many laboratories have exploited the scaffolding protein structure to 

manipulate kinase signaling suggesting they are another potential avenue for therapeutic 

kinase regulation[11].

Kinase signaling complexes may be the most critical in the brain, because it is the tissue 

with the highest levels of phosphorylation[12]. The hippocampus, which is essential for 

learning and memory, is the brain region with the highest expression of kinases and 

phosphatases and it contains the largest number of phosphorylated proteins [13]. This 

suggests that the hippocampus is an excellent resource to study the diversity of signaling 

complexes. Some signaling complexes that modulate hippocampal function have already 

been identified. AKAP5 binds PKA and the phosphatase calcineurin to anchor them to the 

post-synaptic density in the hippocampus to regulate the phosphorylation on serine 

845(S845) of AMPAR (amino-3-hydroxy-5-methylisooxazole-4-propionic acid receptor) 

subunit GluR1. Manipulation of this AKAP5 complex alters synaptic plasticity, which is 

essential for learning and memory [14]. In hippocampal dysfunction, hyper-phosphorylation 

of the protein tau forms intracellular neurofibrillary tangles which are a key pathological 

determinant of Alzheimer’s disease(AD) [15]. Therefore, analysis of signaling complexes 

can lead to a greater understanding of the biochemical underpinnings of hippocampal 

function and pathogenesis.

The identification of signaling complexes, however, is very limited compared to the 

hundreds of kinases in the human genome. To identify novel signaling complexes in vivo, 

mass spectrometry (MS) analysis was performed on endogenous kinase 

immunoprecipitations from the hippocampus to construct protein-protein interaction(PPI) 

networks. Arguably, majority of reported of PPIs are investigated using the overexpression 

of tagged proteins and then an antibody to the tag enriches the bait and its PPI network for 

MS analysis[16]. Although biological relevant PPIs have been discovered, there are 

disadvantages to this approach[17]. The tag amended to the protein may cause a structural 

change to the bait resulting in an altered PPI network. In addition, exogenous tagged protein 

is often over-expressed compared to the endogenous untagged protein, which can cause 

altered subcellular localization, spurious interactions, and cellular stress. The exogenous 

tagged protein also is competing with interactors with the endogenous untagged protein. 

Finally, it is very time consuming to generate transgenic animals for this approach for tissue 

analysis. For these reasons, enrichment of the endogenous kinase and its PPI network with 

an antibody was chosen for this study to obtain PPI networks closest to physiological 

conditions as possible. One caveat to both approaches is that an antibody may have off-target 

interactions. To control for these off-target interactions, the antibody enrichment is 

performed in biological sample without its antigen. This control is simple to perform with 

exogenous expressed tagged proteins with an antibody specific for the tag, but is more 

difficult and sometimes impossible with the immunoprecipitation of endogenous proteins 

from tissue. To help control for this potential problem, control IPs were performed with non-
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specific IgGs. This study analyzed kinases from three structurally distinct kinase groups: 

Akt (also known as Protein Kinase B) from the AGC kinase group, CAMK2(Calcium/

calmodulin dependent kinase type II) from the CAMK kinase group and ERK2(Extracellular 

signaling-Regulated Kinase 2 or also known as MAPK1) from the STE kinase group. These 

kinases have been reported to be crucial for hippocampal function and dysfunction, but 

global analysis of the PPIs of these kinases in the hippocampus has not been reported. 

Overall, this study reveals an unprecedent complexity in kinase signaling complex and novel 

insight into the consequences of pharmacological manipulation of kinases in the 

hippocampus.

Results and Discussion

Construction of highly confident Kinase PPI networks

To generate highly confident kinase PPI networks, hippocampi from six different rats were 

employed for each kinase. Each solubilized hippocampus was divided evenly for an 

immunoprecipitation(IP) with a kinase antibody or control IP with normal serum. Thus, 

there were 6 control IPs and 6 bait IPs for each kinase target. After protein digestion, each IP 

was analyzed by mass spectrometry(MS). Since kinases exist as groups of highly 

homologous gene families, the specific kinase isoform used to construct the network was 

first defined for each kinase IP-MS dataset. The Akt family consists of three isoforms (i.e. 

Akt1, Akt2, and Akt3) that share 80% AA homology and the antibody used in this study 

reacts with all three. All isoforms are expressed in the brain and it has been reported that in 

the hippocampus Akt3 is the most abundant, followed by Akt1 then Akt2[18]. When 

isoform specific peptides were examined in the Akt IP-MS data, a similar trend was 

observed with peptides unique to Akt3 having the highest spectra count(SC) (Figure 1A). SC 

is defined as the number of times the mass spectrometer identifies a peptide, and it correlates 

with abundance in the protein sample [19]. The ERK2 antibody employed in this analysis 

has been reported by the manufacturer to also react weakly with ERK1, which contains 80% 

AA homology with ERK2. When isoform specific peptides were examined in the ERK2 IP-

MS data, 98% of the unique peptide abundance was attributed to ERK2(Figure 1B). In 

contrast to the single protein kinase activity of Akt and ERK2, CAMK2 is a dodecameric 

kinase complex composed of two hexameric kinase stacked rings[20]. The complex can be 

composed of different isoforms (i.e. alpha, beta, delta, and gamma) which share greater than 

70% AA homology. The most abundant CAMK2 structure in the hippocampus consists of 

alpha and beta isoforms at a 3:1 ratio [21].

The CAMK2 antibody employed in this study has been reported by the manufacturer for use 

in detecting alpha, and it is predicted to react with delta and gamma, but not with the beta 

isoform. When isoform specific peptides were examined in the CAMK2 IP-MS data, 64% of 

the CAMK2 unique peptide abundance originated from the alpha isoform and 33% from the 

beta isoform. Only 3% of the unique peptide abundance originated from the gamma isoform 

and no unique peptides were observed for the delta isoform (Figure 1C). Based on this 

unique peptide evidence, Akt3, CAMK2A, and ERK2 were annotated as the bait kinases for 

subsequent bioinformatic analyses.
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The bait kinases were shown to be enriched greater than 10-fold in the IP over starting 

material (hippocampal lysates) using MS analysis (Figure 1D). In the bait IP-MS data, 

approximately fifty percent of the identified proteins were identified in all six biological 

replicates, while most of the proteins identified in control IP-MS data were only identified in 

one replicate (Figure 1E). This suggests that the control IPs contain more non-specific 

interactions than the bait IPs. Although proteins that were identified consistently with the 

baits have high potential to be interactors, these proteins may also be contaminants or false 

positive interactors [22]. The algorithm SAINT was used to distinguish between the true and 

false interactors [23]. In this algorithm, the reproducibility and the abundance distribution of 

the potential interactors among the biological replicates is compared between the bait and 

control IP-MS datasets to assign a probability of each protein being a true interactor with the 

bait kinase. A 5% FDR filter was applied to the datasets which was equivalent to ~85% 

probability or greater that the identified protein is a true interactor according to the SAINT 

algorithm. Using this criterion, very stringent PPI networks are generated which consist of 

the top 10% most reproducible identifications with all these interactors being identified in 

every biological replicate (Figure 1F and TableS1).

In total, there were 59 unique interactors in the Akt3 network, 161 in the ERK2 network and 

101 in the CAMK2A network. Most of the interactors were specific to one kinase PPI 

network, but there was some overlap, with the largest overlap occurring between ERK2 and 

CAMK2A (Figure 2A and TableS2). Using the IntAct database[24], previously reported 

interactions were identified. For example, ERK2 was identified previously in a purification 

of the post-synaptic protein PSD-95 (DLG4) from mouse brain and DLG4 was specifically 

associated with our ERK2 network[25]. In addition, protein isoforms of known interactors 

were identified. For example, CAMK2A has been reported to interact with the proteasome 

and multiple specific regulatory proteasome subunits[26]. In our CAMK2A network, 

regulatory subunit Proteasome 26S subunit ATPase 3 (PSMC3) was identified, but this 

subunit was not observed in the previous study. These known interactions constituted less 

than 5% of the interactions in our networks. Next, the STRING interaction database was 

used to determine if there were reported functional interactions between the proteins within 

a network[27]. The number of functional interactions identified within the networks varied 

considerably. While the Akt3 and CAMK2A networks had fewer than 40 STRING 

interactions, the ERK2 network had greater than 600, most of which originated from 

interactions between different ribosomal subunits.

Even after normalization to account for the size of the ERK2 network, the number of 

STRING interactions found in the ERK2 network was 10 times higher than in the other 

networks (Figure 2B and TableS3). Other than the ribosomal network, most known 

interactions identified were binary (Figure 2C, S1, and S2). For instance, Peroxin-5-related 

protein (Pex5l) has been reported to bind hyperpolarization-activated cyclic nucleotide-gated 

1 channel (HCN1) to regulate its trafficking to the plasma membrane[28] and both HCN1 

and Pex5l were identified in the Akt3 network. Identification of known interactions with the 

bait kinases and known interactions between network proteins confirms the high confidence 

of our kinase PPI networks.
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Synaptic Proteins and Pathways enriched in the PPI kinases networks

Pathway analysis was performed to determine if any biological processes were enriched in 

the networks (Figure 3A). All networks were enriched in processes involving the 

cytoskeleton, such as microtubule dynamics and neurite morphology, which is consistent 

with previous reports on these kinases in the brain [29, 30]. For instance, the beta isoform of 

CAMK2 can directly interact with F-actin to regulate synaptogenesis [31]. Protein 

translation and cell death were significantly enriched only in the ERK2 network. CAMK2A 

and ERK2 networks were also enriched in synaptic plasticity pathways, such as LTP (long-

term potentiation), which is necessary for learning and memory. Akt3, ERK2, and 

CAMK2A are expressed in various cell types (i.e. neurons and glia) and subcellular 

compartments, including synapses[32]. Based on this enrichment in synaptic processes, the 

number of synaptic proteins in the networks was determined. Synaptic proteins were 

significantly enriched in all networks (Figures 3B, 3C, S3, and S4). The CAMK2A network 

contained the largest percentage of synaptic proteins with 67% and the Akt network had the 

least with 42%. This is consistent with previous studies demonstrating the regulation of 

synaptic plasticity by Akt, CAMK2, and ERK2. It has been demonstrated that ERK 

activation is necessary for LTP in vivo in the rodent hippocampus and required for different 

learning and memory laboratory paradigms [33]. A certain threshold of calcium can displace 

an inhibitory element on CAMK2 and this resulting calcium independence has been 

proposed to be the molecular mechanism necessary for synaptic plasticity and memory[34]. 

There is less direct evidence for Akt to be essential for synaptic plasticity consistent with the 

pathway analysis, but numerous reports have demonstrated a modulatory role [35]. The 

significant enrichment of synaptic proteins in the PPI networks generated from 

unfractionated hippocampi suggests the major role of these multifunctional kinases is 

regulation of synaptic plasticity.

PPI kinase networks associated with specific neurodevelopmental disorders

Since synaptic dysfunction is hypothesized to underlie numerous neurodevelopmental 

disorders (NDD), we examined if any of these kinase networks were enriched in genes 

implicated in autism spectrum disorder (ASD), fragile-X syndrome(FXS), schizophrenia 

(SCZ), and intellectual disability (ID) [36] [37] [38].

ID, former known as mental retardation, is characterized by deficits in intellectual and 

adaptive functioning. ASD is complex group of neurodevelopmental disorders characterized 

by deficits in social interaction, communication and repetitive stereotyped behaviors. SCZ is 

a complex neuropsychiatric disorder with symptoms including hallucinations, delusions, 

paranoia, disorganized thoughts, social isolation, and cognitive deficits. These disorders 

involve dysfunction in multiple brain regions including the hippocampus. Consistent with 

the heterogeneity of clinical phenotypes and the complexity of the genetics of these 

disorders, disease associated genetic variation (i.e. rare de novo mutations) has been detected 

in hundreds of genes in the human population. The enrichment of PPI network proteins 

associated with these diseases using recent DNA variant association studies was 

calculated[39–41]. All kinase networks were significantly enriched in proteins that have 

been associated with autism, only the Akt3 network was significantly enriched in SCZ 

associated genes and none of the networks were enriched with genes associated with ID 
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(Figure 4A and TableS4). FXS differs from the other NDD, because the genetic cause is 

known. A genetic mutation of the FMRP gene prevents the expression of the FMRP protein. 

How the FMRP mutation causes FXS is still unclear. FMRP is an RNA-binding protein that 

regulates translation. It has been postulated that the mRNAs that FMRP regulates could 

provide insight into FXS pathogenesis. For the FXS analysis, proteins whose mRNA binds 

FMRP was employed for the enrichment test [42]. All kinase networks were significantly 

enriched in proteins coded by mRNAs that bind FMRP (Figure 4A and TableS4). This is not 

the first report of ERK2, CAMK2A, and Akt being associated with these disorders. In the 

datasets used for the enrichment analysis, Akt3, CAMK2B, and CAMK2G were reported to 

be significantly associated with ASD and Akt3, CAMK2A, and CAMK2B were identified as 

targets of FMRP. Hyperactivation of ERK signaling has been reported in the brains of a 

mouse model of FXS and in the brains of FXS patients[43]. FMRP was also identified in our 

ERK2 network. Previous reports have suggested a role of the Akt signaling pathway in 

SCZ[44]. There is clinical overlap between ASD, FXS, ID, and SCZ. For example, FXS is 

the most common genetic cause of ID and is also associated with autistic phenotypes[45]. 

Accumulating evidence based on DNA variants in patients has revealed that there is also a 

molecular overlap, indicating a shared pathological mechanism [46]. Our data corroborates 

this idea, except for ID. This could suggest that our kinase signaling networks may underlie 

the shared autistic phenotype in these NDD, but the abnormality underlying the ID 

phenotype is dictated by different signaling systems not examined in this study. Importantly, 

our data demonstrates novel structural relationships between the proteins significantly 

associated with different NDD. This may explain how rare de novo mutations in different 

genes may result in similar clinical phenotypes by disrupting a common signaling PPI 

network.

Signaling complex prototype identified in the kinase PPI networks

Next, the kinase networks were queried for three protein functional groups previously 

reported to be involved in phosphorylation signaling: scaffolding proteins, kinases, and 

phosphatases. Annotating a protein definitively as a scaffold is elusive, as proteins with a 

variety of functions have been described as scaffolds in the literature. Two approaches were 

employed to identify all the known and potential novel scaffolding proteins in the networks. 

Since the defining characteristic of scaffolding proteins is the ability to bind multiple 

proteins simultaneously, the networks were analyzed with Scansite to identify protein 

binding motifs [47]. Half of the proteins in each network contained at least one binding 

domain (Figure 4B and TableS5). In all three networks, twenty-five unique proteins 

contained more than 5 binding domains which we classified as potential scaffolding 

proteins. Second, the annotations of the network proteins in the Uniprot knowledgebase[48] 

were searched for the terms “scaffolding” or “adaptor”. Twelve proteins were identified, and 

six of these proteins were also identified with Scansite to contain more than 5 protein 

binding domains. Two known PKA scaffolding proteins in the ERK2 network, AKAP5 and 

AKAP12, were not identified from our binding domain classification with each having one 

and two binding domains, respectively. Thus, using the number of binding domains solely to 

identify a scaffolding protein is not sufficient. On the other hand, some proteins that were 

identified with >5 protein binding domains are often described as scaffolding proteins in the 

literature but these descriptive terms were not used in the Uniprot annotations.
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For example, PSD95(i.e. Dlg4) is a well-known scaffolding protein at the excitatory post-

synaptic density but not annotated as one in Uniprot. In total, 31 proteins in the kinase 

networks were classified as scaffolding proteins using Uniprot and Scansite (Figure 4C), and 

they possess a variety of other protein functions. Iqsec3(IQ motif and SEC7 domain-

containing protein 3) belongs to a family of ADP ribosylation factor-guanine nucleotide 

exchange factors and there is emerging evidence that this family comprises synaptic 

scaffolds[49]. The kinase MAST1 has previously been hypothesized to be a signaling 

scaffold due to its multiple binding domains[50]. Next, PPI networks were searched for 

phosphatases. Phosphatases are the enzymes that remove the phosphorylation moiety on the 

protein substrates. There are 5-fold fewer phosphatase genes than kinase genes, but they still 

play a vital role in kinase signaling specificity, and are also considered as promising drug 

targets[51]. Phosphatases were identified in all the kinase networks. Phosphatases from three 

structurally distinct protein families were identified: Phosphoprotein phosphatases (Ppp5c 

and Ppp3cb (aka. calcineurin)), Protein tyrosine phosphatases (Ptprn and Acp1), and protein 

phosphatase metal family(Ppm1e). Two phosphatases were identified in each of the kinase 

networks with Protein phosphatase 1E(Ppm1e) localized to both ERK2 and CAMK2A 

networks (Figure 4D). Ppm1e has previously been reported to dephosphorylate synaptic 

CAMK2[52]. Finally, the PPI networks were searched for kinases not in the gene family of 

the bait. Eleven and ten percent of the ERK2 and CAMK2 networks, respectively, were 

identified as protein kinases, while only seven percent of the Akt3 network was annotated as 

a kinase (Figure 4E). More than 50% of the kinases in the CAMK2A network were also in 

the ERK2 network, but there was no overlap between the CAMK2A and Akt3 networks. All 

kinase groups were represented except the TKL (tyrosine kinase-like group) and the smallest 

kinase group CK1(cell kinase 1). The AGC group was the most observed in the ERK2 and 

CAMK2A network, and tyrosine kinases in the Akt3 network. The most abundant gene 

family was the PKA gene family (i.e. PRKACA, PRKAR1A, PRKAR1B, PRKAR2A, and 

PRKAR2B), which was only identified in the ERK2 network. In addition, the documented 

PKA scaffolding proteins, AKAP5 and AKAP12, were only identified in the ERK2 network. 

This corroborates the previously reported functional cross-talk between the ERK and PKA 

signaling pathways, which critical for synaptic plasticity [53]. Classically, PKA has been 

demonstrated to phosphorylate the upstream regulator (i.e. Raf) of ERK2[54], but there are 

other functional intersection points of these pathways and some of these are also present in 

the ERK2 network. Rheb (identified in the ERK2 network) has been reported to regulate 

ERK2 activity through its interaction with Raf, and this interaction is regulated by PKA[55]. 

PKA is regulated by cAMP and regulation of cAMP by ERK2 serves as another intersection 

point. Phosphodiesterases (PDE) hydrolyze cAMP. ERK2 has been reported to bind and 

phosphorylate PDE4 isoforms and regulate their activity[56]. PDE10a was identified in the 

ERK2 network. Although this is the first report of ERK2 and PDE10a in a complex together, 

further insight into PDE10a biology is important, as drugs that regulate PDE10a have been 

proposed to treat a number of CNS disorders[57]. cAMP can also activate ERK2 

independent of PKA activation through Rapgef2 or CNrasGEF, which was identified in the 

ERK2 network [58]. Overall, the well-studied cross-talk between the PKA and ERK 

pathways was represented in our ERK2 network indicating there is a structural component to 

the integration of these different kinase signaling pathways. Furthermore, this also suggests 
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that other non-bait kinases in the networks represent unexplored and complex 

communication between different kinase signaling pathways.

Identification of Potential Substrates

Due to the transient nature of the kinase-substrate interaction, it is not expected that the 

kinase-substrate interaction would be preserved using the techniques employed in this 

study[59]. Signaling complexes, however, have been postulated to facilitate phosphorylation 

by anchoring kinases and their substrates in the same vicinity. To identify potential 

substrates in these possible kinase-signal complexes, the Akt3 and ERK2 networks were 

searched for proteins containing the Akt (i.e. RXRXXS/T) or the ERK(i.e. PXS/TP) 

phospho-motif, respectively. About 30% of the network proteins contained the motif of the 

bait kinase, which included previously reported substrates (Figure 5A and B and TableS6 

and S7). Next, it was tested whether the phospho-motifs were enriched in the appropriate 

network. The Akt and ERK motifs were observed in all kinase networks with no obvious 

differences (Figure 5C).

In addition, the frequency of these motifs was calculated for the whole rat proteome and the 

synaptic proteome. Interestingly, there was a greater percentage of both motifs in the 

synaptic proteome compared to the whole proteome and even larger increase motif 

frequency in the kinase networks compared to the whole proteome. Further analysis revealed 

that many of these proteins contained both an Akt motif and an ERK motif (Figure 5D). It is 

unclear if this lack of specificity is biological or an artifact. The tremendous amount of 

kinase cross-talk represented by the large variety of kinases in each of the networks may be 

preventing a definitive enrichment of substrates for one kinase. For instance, the 

transcription factor CREB (cAMP response element binding protein) has been reported to be 

phosphorylated at serine-133 by multiple kinase signaling pathways including Akt, 

CAMKIV, CAMKII, ERK, PKA, and PKC [60–63]. The increase frequency of motif 

containing proteins in our networks over the whole proteome also suggest an enrichment in 

potential substrates but the ability to selectively enrich for one kinase network may be 

impossible due to this cross-talk. Alternatively, it has been predicted that the number of 

residues that match a consensus phosphorylation motif in the entire proteome is well above 

the actual number of substrates[4]. This problem then is compounded by the fact that many 

kinases have identical or overlapping motifs. For example, the AKT consensus motif is 

RXRXXS/T, while CAMK2A is RXXS/T[4, 64]. Regardless, it was hypothesized that the 

existence of a kinase phospho-motif, combined with being designated as a highly confident 

member of that kinase’s network, could suggest a potential functional relationship. The Akt 

or ERK2 phospho-motif containing proteins were examined for an unreported substrate with 

a known function that could be measured quantitatively to test this hypothesis. We chose to 

further investigate the cation channel HCN1 (Potassium/sodium hyperpolarization-activated 

cyclic nucleotide-gated channel 1) in the Akt3 network. HCN1 contains a Akt 

phosphorylation motif (i.e. RMRTQS563) which is conserved in mouse and human 

sequences. First, we confirmed the interaction by immunoblot analysis (Figure 6A). HCN1 

immunoreactivity was detected in the Akt IP but not in the ERK2 IP or control IP in the 

hippocampus. HCN1 was not detected in the starting IP material, indicating a considerable 

enrichment in the Akt IP. HCN1 was detected after the membranes were enriched but at a 
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lower molecular weight (MW) compared to the HCN1 immunoreactivity in the Akt IP. The 

high MW band could represent HCN1 in a homodimer complex or post-translational 

modified HCN1. This suggests that Akt may interact with a specific subset of the HCN1 

pool in the hippocampus. Next, immunohistochemistry was performed in the hippocampus 

to determine if Akt and HCN1 are localized in similar subcellular compartments that would 

allow an interaction to occur in vivo. Intense HCN1 staining was observed in the distal 

dendrites of the CA1 region of the hippocampus, where HCN1 has previously been observed 

to be enriched by microscopy[65]. Akt was colocalized with HCN1 in these dendrites using 

the dendritic marker MAP2 (Figure 6B and FigureS5). Finally, the HCN1 mediated current 

(H-current, Ih) was measured in rat hippocampal slices with and without the Akt inhibitor, 

MK-2206. Recordings obtained from CA1 pyramidal neurons showed that MK-2206 

significantly increased lh amplitude, indicating that Akt signaling negatively regulates 

HCN1 activity (Figure 6C and 6D).

It is important to note that while the recording conditions (voltage-protocol used to elicit Ih) 

and specific data analysis used here allows for the selective isolation of Ih, it does not rule 

out the possibility that other channels contribute to the effect of inhibition of Akt on Ih 

measured. Overall, the identification of a functional interaction between Akt and HCN1 

suggests other phospho-motif containing network proteins may also be a resource for novel 

functional interaction.

HCN1 is a transmembrane protein that belongs to a family (i.e. HCN1–4) of channels. The 

active channels consist of homo- and hetero-tetramers which depolarize the membrane. We 

did also identify a previously reported binding partner of HCN1, Pex5l or Trip8b, which 

regulates the cell surface expression of HCN1 through binding to its C-terminal cytoplasmic 

tail [28]. The proposed Akt phosphorylation site and Pex5l interaction site are both on the C-

terminal cytoplasmic tail, so it is tempting to speculate that Akt phosphorylation could affect 

HCN1 trafficking by regulating the HCN1/Pex5l interaction. Indeed, this possibility is 

consistent with our finding that inhibition of Akt increases Ih amplitude, which could be due 

to a change in open probability of the channel or increased surface expression. Akt has 

previously been demonstrated to regulate the trafficking of gamma-aminobutyric acid 

receptors to the plasma membrane to regulate synaptic strength[35]. Manipulation of other 

phosphorylation signaling pathways (i.e. calcineurin, PKC, p38MAPK, and PP1) have been 

reported to alter HCN activity[66, 67].

Both Akt and HCN1 have been reported to be involved in epilepsy, which encompasses a 

group of neurological disorders characterized by irregular neuronal discharges known as 

seizures. Epilepsy is the fourth most common neurological disorder. Multiple animal models 

of epilepsy have demonstrated a decreased HCN1 function upon the induction of seizures in 

the CA1 region of the hippocampus[68]. Acutely after seizure induction, HCN1 is 

internalized and removed from the dendritic membrane and more chronic timepoints have 

demonstrated a reduction in total HCN1 protein expression[69, 70]. Consequently, up-

regulation of HCN activity returned neuronal excitability to control levels in a seizure 

animal model[67]. Furthermore, clinically used anti-epileptic drugs have been reported to 

modulate Ih[71, 72]. In human patients, Ih has been reported to be reduced in neurons[73]. 

In separate study, de novo mutations in HCN1 have been identified in patients with infantile 
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epileptic encephalopathy in a large exome sequencing study[74]. Similarly, many regulators 

of Akt and downstream targets of Akt have also been implicated in seizures and epilepsy in 

animal models [75]. An Akt mutant, which possesses increased kinase activity, has been 

identified in mice that displayed increased sensitivity for seizures in a phenotype-based 

chemical mutagenesis screen [76]. In humans, somatic mutations have been identified in 

Akt3 that suggest that stimulation of Akt may be involved in some forms of epilepsy[77–

79]. Thus, down-regulation of HCN1 and activation of Akt are both associated with epilepsy, 

and we demonstrated that an Akt inhibitor can increase the activation of the HCN1. Further 

investigation into the ability of Akt to regulate HCN1 may provide a better molecular 

understanding of epilepsy.

Conclusions

In summary, we constructed a structural map of three distinct kinase signaling pathways 

crucial to hippocampal function, providing new molecular details of phosphorylation 

signaling in this complex tissue. With previously reported direct interactions of the kinases 

identified, we presume there are also novel direct interactions in this dataset. Due to the 

nature of the experimental design, additional experimentation is needed to determine if the 

proteins in the networks form a direct interaction with the bait kinase opposed to a 

functional interaction as reported for Akt and HCN1. We speculate that our kinase networks 

consist of multiple signaling complexes in different subcellular compartments as opposed to 

a single massive signaling complex. There was a significant enrichment of synaptic proteins 

in all the kinase networks, so the synapse is one subcellular compartment where some of 

these signaling complexes are localized. Although the kinases in this study were from 

evolutionally distinct gene families, there were four functional groups (i.e. scaffolding 

proteins, kinases, phosphatases and substrates) found in all the networks, identifying the 

common structural components of kinase signaling complexes in vivo. The proteins of each 

network, however, were unique. Our data also provides strong evidence for a structural 

component to the well-studied functional ERK-PKA cross-talk relationship and suggests 

structural cross-talk relationships is common within the kinome. Finally, these kinase PPI 

networks were enriched in proteins associated with ASD, signifying the importance of the 

data to spur additional studies for advancing translational research on this neurological 

disorder.

Materials and Methods

Animals for PPI experiments

A total of 18 male Sprague-Dawley rats (Harlan Laboratories, San Diego, CA), weighing 

300 to 400 g, were used in these studies. Animals were housed in pairs in clear plastic cages 

located inside a temperature- and humidity-controlled animal colony and were maintained 

on a reversed day/night cycle (lights on from 7:00 P.M. to 7:00 A.M.). Food (Harlan Teklad, 

Madison, WI) and water and food ad libitum. Animal facilities were AAALAC-approved, 

and protocols were in accordance with the “Guiding Principles in the Care and Use of 

Animals” (provided by the American Physiological Society) and the guidelines of the 

National Institutes of Health. Rats were lightly anesthetized with isoflurane and sacrificed 
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by decapitation. Brains were removed and dissected, placed in dry ice-cooled isopentane for 

5 sec, and stored at −80° C.

Immunoprecipitations

Each hippocampus was homogenized in 4mM HEPES, pH7, 200mM NaCl with protease 

and phosphatase inhibitors with an Eppendorf dounce grinder. Immunoprecipitation (IP) 

buffer(4mM HEPES, pH7, 200mM NaCl, 0.5% Triton, 0.5% NP-40, and 0.01% Sodium 

Deoyxcholate) was added to the homogenates and incubated overnight. The homogenates 

were centrifuged for 30min at 17,000 × g. The pellets were homogenized with IP buffer and 

incubated for 1hour. The homogenates were centrifuged for 30min at 17,000 × g. The two 

supernants were combined and a BCA protein assay(Fisher Scientific) was performed. 

Normal sera bound to Protein A(Life Technologies) or Protein G (Abcam) beads were added 

and incubate overnight. The precleared supernant was divided into two Eppendorf tubes and 

either beads cross-linked to the bait kinase antibody(anti-Akt rabbit Abcam #ab6076, anti-

ERK2 rabbit scbt# sc-154, and anti-CAMK2 mouse abcam# Ab22609) or beads cross-linked 

to the normal sera were added. Mouse antibodies were crosslinked to Protein G beads and 

rabbit antibodies were crosslinked to Protein A beads. The beads were incubated with 

supernants overnight and then washed three times. The beads were frozen at −80C until 

protein digestion. IP for immunoblots were prepared identically except antibodies were not 

crosslink to the beads. After antibody incubation with the precleared supernant, beads were 

added and incubated overnight.

Protein Digestion

Proteins were eluted twice from the beads with 5% SDS, then boiled for 10min. The elution 

was precipitated with methanol and chloroform. The precipitate was digested with 

ProteaseMAX(Promega) as previously described[80].

Mass Spectrometry Analysis

Each digestion was analyzed twice by MS analysis for two technical replicates per IP. For 

each technical replicate, 15ul of the digestion was injected directly onto a 50cm 100um i.d. 

capillary containing 1.7μm BEH C18 resin (Waters). Peptides were separated at flow rate of 

300nl/min on Easy-nLC 1000 (Thermo) on 220min reverse-phase gradient. Peptides were 

eluted from the tip of the column and nanosprayed directly into an Elite mass 

spectrometer(Thermo) by application of 2.5kV voltage at the back of the column. The Elite 

was operated in a data dependent mode. Full MS1 scans were collected in the orbitrap at 

240K resolution and 20 rapid CID MS/MS in the ion trap[81]. Dynamic exclusion was used 

with exclusion duration of 30 sec.

Interpretation of Tandem Mass spectra

Data from technical replicates were combined prior to database searching. MS2 (tandem 

mass spectra) were extracted from the XCalibur data system format (.RAW) into MS2 

format using RawConverter[82]. The MS2 files were interpreted by Prolucid and results 

were filtered, sorted, and displayed using the DTA Select 2 program using a decoy database 

strategy filtering with a 5ppm mass accuracy [83, 84]. Searches were performed against 
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UniProt_rat_reviewed_iso_cont_03-25-2014. For each MS dataset (i.e. two technical 

replicates), the protein false discovery rate was < 1%.

Bioinformatic Analyses

The options for SAINT analysis were low mode option off, minfold option on, normalization 

by spectral count off, normalization by length off, burn time of 5000 and main iterations of 

20000. The SAINT analysis was run with all bait and control identifications in one analysis. 

The pathway enrichment analysis (Figure 3A) was performed with the software, Ingenuity, 

which also generated the heat map[85]. For enrichment analysis of disease associated 

genes(Figure 4A), our networks were compared to four published list of genes associated to 

a neurodevelopmental disorder: autism spectrum disorder (ASD)[39], fragile-X 

syndrome(FXS)[42], schizophrenia (SCZ)[40], and intellectual disability (ID)[41]. For the 

SCZ list, the silent genes were removed. To calculate the enrichment significance of synaptic 

proteins in the kinase networks(Figure 3B), proteins identified from a published MS analysis 

of synapses was used[32]. This synaptic dataset was also used for Figure 5C and 5D for the 

“synaptic proteome” analysis. The rat Uniprot database used for MS identifications was also 

used for the “whole proteome” analysis in Figure 5C and 5D. For all enrichment tests, one-

tailed Fisher’s Exact test was performed using a two-sided alpha level of 0.05 to determine if 

there was significant enrichment over background as previously described[86]. The 

background dataset was all the expressed mRNAs in purified mouse cortical neurons as 

reported by Zhang et al[87]. To identify protein binding motifs (Figure 4C), protein 

sequences were analyzed by Scansite using the highest stringency setting. For STRING 

analysis (Figure 2C–E), functional interactions were only counted if there was “experimental 

evidence” with medium confidence in the STRING database.

Immunohistochemistry

Three two-month-old Sprague-Dawley rats were deeply anesthetized with halothane and 

transcardially perfused with ~150 mL of PBS and then with ~200 mL of 4% 

paraformaldehyde in PBS (15 mL/min). The brains were removed and placed in the fixative 

at 4°C o/n for the post-fixation and cryoprotected in 30 % sucrose in PBS for two days and 

then for another day in a new 30% sucrose in PBS. Frozen brains were sectioned into 40 μm-

thick slices using a cryostat. For immunofluorescence staining, the brain slices were washed 

with PBS and then incubated in 1× citrate buffer pH 6.0 (Thermo Scientific) at ~95°C for 10 

min. After 3 times of washing in PBS-T (PBS with 0.5 % Triton X-100), slices were 

incubated in blocking solution (5% donkey serum, 0.5% Triton X-100 in PBS) for 1 h at RT 

and then with primary antibodies at 4°C overnight (guinea pig anti-HCN1 1:100 (Alomone 

#AGP-203), rabbit anti-AKT 1:50 (Cell Signaling #9272), chicken anti-MAP2 1:1000 

(Abcam #ab5392)). After 3 times of washing in PBS-T, slices were incubated with 

secondary antibodies at RT for 2 h (1:100, Alexa Fluor 488-AffiniPure donkey anti-guinea 

pig IgG, Alexa Fluor 594-AffiniPure donkey anti-rabbit IgG, DyLight 405-AffiniPure 

donkey anti-chicken IgY) and then washed with PBS-T 3 times. ProLong Diamond was used 

for mounting the brain slices on the slide glass. Fluorescence was detected by confocal 

microscopy (LSM710). Control groups omitting either AKT or HCN1 antibody were 

processed simultaneously and imaged with the same condition (Supplementary Figure 1). 

Figure 6B is a representative image from the analysis of three rats.
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Hippocampal Slice Preparation

Six male Sprague Dawley rats (80–150g) were used for electrophysiological recordings. 

Rats were briefly anesthetized with 3–5% isoflurane and decapitated. Brains were quickly 

dissected out and coronal hippocampal slices (300μm) were sectioned using a vibratome 

(Leica 1000S, Leica Biosystems) in ice cold cutting solution containing (in mM): 125 NaCl, 

2.5 KCl, 1.25 NaHCO3, 4 MgCl2, 10 D-glucose, 15 sucrose, 0.4 ascorbic acid, pH 7.3. 

Slices were then incubated at 32°C for 30mins in the oxygenated (95% O2/5% CO2) cutting 

solution also containing 2mM kynurenic acid to protect against excitotoxicity. Subsequently, 

slices were transferred into ACSF containing (in mM): 130 NaCl, 3.5 KCl, 1.25 NaH2PO4, 

1.5 MgSO4, 2 CaCl2, 24 NaHCO3, 10 D-glucose, pH 7.3 for a minimum of 30mins at room 

temperature prior to recording.

Electrophysiological Recordings

Patch pipettes were fabricated from borosilicate glass (Warner Instruments) to a resistance of 

2–4MΩ with a vertical puller (PC-10, Narishige) and filled with an intracellular solution 

containing (in mM): 145 K-gluconate, 0.5 EGTA, 2 MgCl2, 10 Hepes, 2 Na-ATP, 0.2 Na-

GTP, pH 7.2. Cells were visualized with infrared differential interference contrast (IR-DIC) 

optics under a 60× water immersion objective using a CCD camera (Infinity 3s, Lumenera). 

Pyramidal neurons (>80pF capacitance) in the CA1 region were targeted for recordings. 

Whole-cell patch clamp recordings were obtained with a sampling rate of 20kHz and filtered 

at 10kHz using Multiclamp 700B amplifier, DigiData 1550B and pClamp 10 software 

(Molecular Devices, Sunnyvale, CA). Series resistance was not compensated but monitored 

throughout the experiment, and cells with a series resistance >15MΩ or a >20% change were 

excluded. Cells were clamped at −70mV. To assess Ih, current-voltage curves were 

generated using a voltage protocol consisting of 1 sec hyperpolarizing steps ranging from 

−60mV to −120mV (15mV increment) from a holding potential of −50mV. We quantified Ih 

as the difference between the current of the relaxation at the peak observed at the onset of 

the hyperpolarizing voltage step (following the capacitance artifact) and the current 

measured just before the end of the voltage step. Drug effects were assessed after 12mins of 

superfusion of the drug in ACSF. Data points represent the mean ± SEM and statistical 

analysis was assessed with a two-way ANOVA using Prism 6 (Graphpad Prism).

Immunoblot Analysis

After the IP, the beads were resuspended using 4× Laemmli Sample Buffer (Bio-Rad). For 

membrane enriched sample (i.e. Input2 Figure 6A), one hippocampus was homogenized in 

4mM HEPES pH 7.0, 200mM NaCl. Membranes were pelleted by centrifugation at 21,000 × 

g for 10min. The membrane pellet was washed with homogenization buffer and then 

pelleted again. The membrane pellet was resuspended with IP buffer. After centrifugation at 

21,000 × g for 10min, the supernant was used as the membrane enriched sample. Samples 

were separated with 4–12% Bis-Tris gradient gel(Life Technologies), transferred to PVDF 

blotting paper, and developed as previously described[88]. The immunoblotting antibodies 

were mouse HCN1 (UC Davis/NIH NeuroMab Facility, clone N70/28), anti-ERK2(mouse 

scbt #sc-1647), and anti-Akt (mouse scbt #sc-5298). The immunoblot analysis was 

performed in four different rats with Akt and HCN1 and Figure 4E is a representative image.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The construction of kinase hippocampal PPI networks. A, Akt3 was the most abundant Akt 

isoform identified in the Akt IP-MS dataset. B, ERK2 was the most abundant ERK isoform 

identified in the ERK IP-MS dataset. C, CAMK2A was the most abundant CAMK2 isoform 

identified in the CAMK2 IP-MS dataset. For A-C, the spectra count(SC) for identified 

peptides that were unique to a kinase isoform was summed, then the percentage of SC for 

each isoform (y-axis) was calculated. The bar graph represents average percentage and 

standard deviation for six IP-MS analyses. D, The kinase baits are enriched in the IP-MS 

datasets. The average SC and standard deviation for kinase baits was calculated from six MS 

analyses of the bait IPs and six MS analyses of input (i.e. hippocampal lysates). E, Protein 

identifications are more reproducible in baits IPs than in control IPs. The colors represent 

the number of biological replicates that a protein was identified in. The y-axis is the 

percentage of proteins in an IP-MS dataset. F, Five percent FDR filter generates kinase PPI 
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network consisting of interactions with 85% probability or greater of being true. The 

histogram shows the probabilities assigned to every protein identified in the IP-MS datasets.
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Figure 2. 
A, Venn diagram of the proteins identified in kinase PPI networks. B, The percentage of 

binary STRING interactions identified in kinase PPI network normalized by the number of 

proteins in each network. C, Interactions between proteins within the Akt3 network 

annotated with the STRING database. Bait kinase isoforms (e.g. Akt1) were removed from 

all analyses.
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Figure 3. 
A, Comparison of the biological processes significantly enriched in the kinase networks. The 

dark color represents a smaller p-value. B, The percentage of synaptic proteins in each of the 

kinase PPI networks. C, All proteins in the Akt3 network with the red circles indicating the 

synaptic proteins. The triangles represent proteins that have previously been reported to bind 

the bait kinase and the squares represent proteins that have isoforms that have previously 

been reported to bind the bait kinase. The distance from the center represents the 

approximate probability score with the closest to the center having the highest probability of 

being a true interactor. The gene names are directly above the symbols.
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Figure 4. 
A, Enrichment analysis of genes previously reported to be associated with different 

neurodevelopment disorders: autism spectrum disorder (ASD), Fragile-X syndrome(FXS), 

schizophrenia (SCZ), and intellectual disability (ID). The y-axis is the -log10 of the p-value 

with a p-value < 0.001 as the significance filter. B, Identification of potential scaffolding 

proteins in the kinase networks. The x-axis is the number of binding motifs identified in a 

protein and the y-axis is the percentage of proteins for each kinase network. C, A Venn 

diagram of the proteins with more than 5 binding motifs and proteins annotated as 

scaffolding or adaptor protein in Uniprot in the kinase networks. The gene names that are 

underlined were described as a scaffolding or adapter protein in their Uniprot description 

while gene names in bold were identified as scaffolding proteins with both Uniprot and 

Scansite.D, Venn diagram of phosphatases in the kinase PPI networks. E, Non-bait kinases 
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identified in the PPI networks. The color represents the kinase group. The square network 

nodes indicate kinases that were in two networks. The distance from the centered
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Figure 5. 
Proteins containing an Akt motif in the Akt3 network (A) and ERK motif in the ERK2 

network (B). Black circles represent previously reported substrates of the bait kinase. The 

distance from the centered bait kinase represents the approximate probability score with the 

closest to the center having the highest probability of being a true interactor. The gene names 

are directly above the symbols. C, The percentage of proteins in each kinase networks 

containing either an Akt motif or an ERK motif. D, The percentage of proteins containing an 

Akt motif, an ERK motif or both in the kinase networks. “Whole” represents the whole rat 

proteome and “Syn” represents the synaptic proteome.

McClatchy et al. Page 26

ACS Chem Neurosci. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
A, HCN1 immunoreactivity detected in Akt IP from the hippocampus. Input 1 is 25μg 

solubilized starting material (i.e. total lysate) for the IP and Input 2 is 25μg of isolated 

membranes from the hippocampus. Hippocampal total lysate was immunoprecipitated with 

normal rabbit serum (i.e. control), ERK2 antibody, or an Akt antibody. The immunoblotting 

antibodies are indicated on the right of the immunoblots. B, Colocalization(white) of 

HCN1(green) and Akt(red) in the distal dendrites of the CA1 region of the hippocampus. 

MAP2 (blue) was used a dendritic marker. 63× magnification, scale bar = 10μM. C, The Akt 

inhibitor, MK-2206, increases Ih in CA1 neurons. Representative current traces (capacitance 

artifacts truncated) showing Ih relaxations obtained upon hyperpolarization (voltage protocol 

shown below recordings, detailed in the methods) Comparison of traces in control(black) 

and during superfusion of 200nM MK-2206 (red) revealed that MK-2206 increased the h-

current relaxation. D, Peak Ih amplitude plotted against voltage for control (black circles) 

and after superfusion of 200nM or 500nM (both concentrations had similar effects and data 

were combined) MK-2206 for 12 minutes (red diamonds).*,p<0.05;Two-way ANOVA.
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