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ABSTRACT 

Alcohol use disorder (AUD) is a major public health problem in the United States, 

and only three drugs are approved to treat it: Disulfuram, naltrexone, and acamprosate. 

However, these drugs have small effect sizes and suffer from patient compliance 

issues. Hence, there is a need to develop new medications to treat AUD. We have 

previously identified Protein Kinase C epsilon (PKCε) as a target for developing AUD 

medications. Working under the hypothesis that PKCε signal transduction pathways 

contain additional AUD drug targets, we sought to identify direct substrates of PKCε in 

the brain that regulate alcohol consumption. We used a chemical-genetic approach with 

an ATP analog-specific version of PKCε (AS-PKCε) bearing a mutation in the enzyme’s 

ATP binding pocket. This mutation allows AS-PKCε to efficiently utilize bulky ATP 

analogs to deliver a chemical tag to unknown substrates. We used ATP analogs 

containing a thiophosphate at the γ-phosphate position to label substrates with a tag 

that is resistant to phosphatases.  Using this method, we identified 65 candidate PKCε 

substrates in the brain.  As PKCε has been implicated in neurotransmitter release and 

neurite outgrowth, we were particularly intrigued by 5 substrates involved in both 

processes: Synapsin 1, brain serine/threonine kinase 1(Brsk1/ SAD-B), neuromodulin 

(GAP43), microtubule associated protein tau (MAPT), and alpha adducin. In validation 

studies we confirmed that Brsk1, GAP43, and MAPT could be phosphorylated by PKCε 

in vitro. Furthermore, we found that thiophosphorylation in intact cells could be achieved 

and that there was a strong trend towards increased levels of thiophosphorylation in 

synapsin 1 when PKCε was activated.  
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BACKGROUND 

Alcohol Use Disorder 

 Excessive alcohol consumption is a key risk factor for chronic disease and injury. 

Alcohol dependence is common and ranks 3rd in the US and 5th globally in the list of 

preventable causes of morbidity and mortality (Johnson 2008). It accounts for 5.9% of 

all global deaths (World Health Organization 2014) and the health costs associated with 

it amount to more than 1% of the gross national product in high and middle income 

countries (Rehm et al 2009). In the United States, the 12-month and lifetime prevalence 

of AUD among adults was 13.9% and 29.1% respectively (Grant et al 2017). In 2010, 

alcohol use disorder cost the nation over $250 billion with three-fourths of this due to 

binge drinking (Sacks et al 2015) and resulted in over 85,000 deaths with 2.5 million 

years of potential life lost (Stahre et al 2014). These numbers do not even reflect the 

large social costs of alcohol consumption.  

 Alcohol dependence is a chronic relapsing medical disorder. It affects the brain 

by stimulating a variety of pathways. Without proper intervention, the clinical outcome is 

poor as 70% of patients resume consuming alcohol within one year (Johnson 2008). 

The mainstay of treatment is behavioral therapy with medication being an adjunct. 

Alcohol dependence is treatable and studies that give patients both medication and 

cognitive behavioral intervention (CBI) show increased abstinence compared with 

medication or CBI alone (Anton et al 2006).  

Current Drug Therapies 

 While there is a large body of research on the neurobiology of alcoholism, not 

many drugs are approved by the Food and Drug Administration (FDA) and even the 
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ones that are show modest results in terms of efficacy (Johnson 2008). The FDA has 

currently approved three drugs: naltrexone, acamprosate, and disulfiram. 

I. Naltrexone 

Alcohol induces beta-endorphin release in the orbital frontal cortex and nucleus 

accumbens (Mitchell et al 2012), which are brain regions that mediate subjective 

rewarding and reinforcing effects of alcohol and other drugs of abuse. Naltrexone blocks 

the effect of beta-endorphin at mu-opioid receptors and thereby reduces heavy 

consumption of alcohol (Maisel et al 2013). Naltrexone seems to work best for alcohol-

dependent individuals who have a family history with the disease and have strong 

cravings for alcohol (Johnson 2008). Although naltrexone is an efficacious medication 

for treating alcohol use disorder, it has a small effect size, in part because of limiting 

side effects such as nausea and dysphoria, and a few studies report no effect of 

naltrexone on mood and craving (Johnson 2008).  

II. Acamprosate 

Chronic exposure to ethanol produces a hyperglutamatergic state in alcohol 

dependent animals, which is due in part to increased signaling through ionotropic and 

metabotropic glutamate receptors (Holmes et al 2013). Acamprosate is thought to act 

as an antagonist at NMDA glutamate receptors and to antagonize type 5 metabotropic 

glutamate receptors (Johnson 2008). In addition to dampening glutamatergic 

neurotransmission in alcohol-dependent rats, acamprosate also decreases voltage-

gated calcium channel activity (Johnson 2008). The net result of these actions is to 

decrease alcohol consumption in alcohol dependent individuals and to suppress 

conditioned cue responses to alcohol (Johnson 2008). The combination of these results 
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can lead to a decrease in both negative affect and craving for alcohol after a period of 

abstinence in humans with alcohol use disorder.  

While acamprosate effects on reducing drinking are seen clearly in rodents, they 

are not as clear in human clinical trials. A few small European studies have shown that 

the drug works well as a treatment and based on these studies, the FDA approved the 

drug in the U.S. (Johnson 2008). However, U.S. studies did not find a significant effect 

of acamprosate in heterogeneous groups of alcohol-dependent individuals. This 

difference might be due to variability between the studies in terms of patient selection, 

stage of alcoholism, or other factors (Johnson 2008). In fact, one study showed that it is 

not actually acamprosate itself, but its calcium salt that produced the effects (Spanagel 

et al 2014).  

III. Disulfiram  

Disulfiram is a medication that treats alcohol use disorder by acting as an 

aversive drug (Johnson 2008). Alcohol is mainly metabolized in the liver by alcohol 

dehydrogenase to acetaldehyde, which is then metabolized to acetate by aldehyde 

dehydrogenase. Disulfiram inhibits aldehyde dehydrogenase and causes accumulation 

of acetaldehyde in the blood, leading to many unpleasant effects such as sweating, 

headache, dyspnea, low blood pressure, flushing, nausea, and vomiting (Johnson 

2008). These symptoms become associated with alcohol use and thus promote 

abstinence from alcohol to avoid these aversive symptoms.  

 Unfortunately, disulfiram can cause serious side effects such as hepatitis, 

hepatotoxicity, depression, and psychotic reactions (Johnson 2008). Additionally, 

disulfiram does not reduce craving for alcohol as it simply acts as an aversive 
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medication. Patients who are highly motivated can maintain abstinence while on 

disulfiram, but those who wish to consume alcohol again can just stop the medication 

(Johnson 2008). Because of this limitation, the drug is only effective in patients who are 

compliant or are supervised while taking the drug, and it is not effective at promoting 

long-term abstinence or preventing relapse (Johnson 2008).  

Protein Kinase C Epsilon (PKCε) 

 PKCε, a member of the protein kinase C family of enzymes, is a calcium-

independent and phorbol ester/diacylglycerol-sensitive serine/threonine kinase that is 

expressed mainly in neuronal, hormonal, and immune cells (Akita 2002). It is involved in 

different signaling systems that regulate diverse functions including cell proliferation, 

differentiation, gene expression, vesicular transport, exocytosis, and endocytosis (Akita 

2002).  

Northern and immunoblot analyses have shown that PKCε is highly expressed in 

the brain, suggesting an important role in the nervous system. Within the nervous 

system, PKCε is abundant and it mediates various functions in neurons. For example, 

PKCε is involved in neurite outgrowth during neuronal differentiation and in 

neurotransmitter exocytosis (Akita 2002). These functions may be due to its ability to 

interact with actin filaments (Prekeris et al 1996). Additionally, PKCε is involved in 

synaptic function (Akita 2002) and ion channel regulation (Shirai et al 2008).   

An early study showed that PKCε knockout mice drank substantially less ethanol 

than their wild type littermates (Hodge et al 1999) and showed heightened aversion to 

ethanol (Newton and Messing 2007). These behaviors are probably not caused by 

developmental changes because when expression of PKCε in the amygdala and 
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striatum is induced, the knockout mice returned to normal levels of alcohol consumption 

compared with wild type mice. Further research has shown that knockdown of PKCε by 

RNA interference (Lesscher et al 2009) or inhibition by a peptide (Cozzoli et al 2016) in 

the amygdala or the nucleus accumbens reduces ethanol consumption in wild type 

mice.  

This evidence has led to the hypothesis that PKCε is drug target for the 

development of medications to treat alcohol use disorder (Blasio et al 2017, Silberman 

et al 2009). As a kinase, PKCε phosphorylates many protein substrates that are part of 

different signaling pathways, some of which regulate responses to alcohol (Silberman et 

al 2009). Therefore, in this project, we sought to identify substrates of PKCε in the hope 

of identifying signaling pathways that contain potential drug targets for developing 

additional therapeutics to treat alcohol use disorder. 

Ethanol and GABA Release 

 One established acute effect of ethanol is its presynaptic effects at GABAergic 

synapses in multiple brain regions. Electrophysiologic studies showed that potentiation 

of GABAergic transmission is a clear and consistent effect of ethanol at several 

synapses (Lovinger 2017). While early studies assumed ethanol only acted by 

enhancing GABAA receptor function, later evidence showed that ethanol increased 

GABA release in several brain regions. This presynaptic effect of ethanol was seen at 

GABAergic synapses in the hippocampus, basolateral amygdala, central amygdala, 

cerebellum, dorsal striatum, nucleus accumbens, spinal cord, and ventral tegmental 

area (Lovinger 2017).  

PKCε and GABA Release 
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 The mechanism by which ethanol increases GABA release has been best 

studied in the central amygdala. There, ethanol acts via corticotrophin releasing factor 

(CRF) type 1 receptors to increase GABA release. Amygdala CRF both mediates 

anxiety, drug dependence, and ethanol intake. However, studies have shown that 

knocking down PKCε in the amygdala by RNA interference reduces anxiety-like 

behavior and alcohol consumption in mice (Lesscher et al 2009). Moreover, ethanol 

enhanced GABA release in central amygdala neurons in wild type mice but not in PKCε 

knockout mice (Bajo et al 2008). Additionally, a PKCε-specific peptide inhibitor 

prevented CRF and ethanol induced GABA release in wild type central amygdala 

confirming results found in the PKCε knockout mice (Bajo et al 2008). These findings 

suggest that in the central amygdala, a PKCε signaling pathway mediates CRF- and 

ethanol-induced GABA release, which likely contributes to PKCε regulation of anxiety-

like behavior and alcohol consumption.  

Chemical-genetic strategy to identify kinase substrates 

To identify PKCε substrates, we have pursued a two-part strategy developed by 

Kevan Shokat’s lab at UCSF to identify direct substrates of protein kinases (Hertz et al 

2010). The first part involves generating an ATP analog-sensitive kinase (AS-kinase), 

which has a mutation in the ATP-binding pocket that replaces the bulky gatekeeper 

residue with an alanine to create a larger pocket. The AS-kinase can then use ATP 

analogs with bulky side groups at the N6 position to phosphorylate substrates. The 

second part involves using ATP-gamma-S instead of ATP to deliver a thioiphosphate 

tag to a substrate. This tag is resistant to phosphatases and can be used for affinity 

purification or can be alkylated to generate a thiol-ester than can be detected by an 
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antibody (Figure 1). By combining a bulky group in the N6 position of ATP with a 

thiophosphate in place of the gamma phosphate, one can selectively tag substrates that 

are utilized by the AS-kinase. In this project we generated an AS-PKCε and used N6-

benzyl- ATPγS to selectively tag direct substrates of PKCε.  

 

 

Figure 1: Thiophosphorylation reaction: A protein with an OH group from either a 
serine or threonine residue is thiophosphorylated by PKCε. The thiophosphorylated 
protein is then alkylated by p-nitro benzyl mesylate (PNBM) and the modified 
thiophosphate ester moiety can be detected by a specific monoclonal antibody, such as 
an anti-thiophosphate ester antibody.  
 
Identification of Potential Substrates 

A preliminary proteomic screen to determine potential substrates of PKCε was 

done using the above chemical-genetic strategy. Brain lysates from mice were 

incubated with AS-PKCε and N6-benzyl-ATPγS. Proteins were digested with trypsin and 

incubated with iodoacetate beads to covalently bind thiophosphorylated peptides to the 

beads, which were then vigorously washed. Oxone was added to oxidize the bound 

peptides and elute them as phosphopeptides from the beads. The collected 

phosphopeptides were analyzed by mass spectrometry (Hertz et al 2010).  
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Figure 2: AS-PKCε mediated thiophosphorylation in brain lysates: Whole brain 
lysates from WT mice were taken and AS-PKCε and N6-benzyl- ATPγS were added. 
This resulted in high levels of thiophosphorylation, validating this chemical genetic 
strategy. 1-NA-PP1 (1-Na) is a highly selective inhibitor of AS-PKCε (13) and when 
added, it inhibited thiophosphorylation.  
 
This experiment was repeated four times and each time, mass spectrometric analysis of 

the phosphopeptides was conducted to determine both the identity of the 

phosphorylated proteins and the location of the phosphorylation site. Using this 

strategy, a series of 67 substrates that were detected in at least 2 experiments were 

identified.  

  Gene Protein name 
 

  Gene Protein name 

1 Abi1 Ab1 interactor 1 
 

35 MTSS1L MTSS1-like protein 

2 ABI2 Actin, ctyoplasmic 1 
 

36 Mybbp1a Myb-binding protein 1A 

3 ABI3 Actin, cytoplasmic 2 
 

37 NDUFB4 
NADH dehydrogenase [ubiquinone] 1 

beta subcomplex subunit 4 
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4 ADD1 Alpha-adducin 
 

38 Pdha1 
Pyruvate dehydrogenase E1 

component subunit alpha 

5 AGAP1 
Arf-GAP with GTPase, ANK repeat and 

PH domain-containing protein 1 
 

39 PHACTR1 Phosphatase and actin regulator 1 

6 AGAP2 
Arf-GAP with GTPase, ANK repeat and 

PH domain-containing protein 2 
 

40 PHACTR2 Phosphatase and actin regulator 2 

7 Arhgap12 Rho GTPase-activating protein 12 
 

41 Pogz 
Pogo transposable element with ZNF 

domain 

8 Bcas1 
Breast carcinoma-amplified sequence 1 

homolog 
 

42 Ppm1h Protein phosphatase 1H 

9 BRSK1 BR serine/threonine-protein kinase 1 
 

43 Ppp2r4 
Serine/threonine-protein phosphatase 

4 regulatory subunit 4 

10 Caskin1 CASK interacting protein 1 
 

44 Prrc2c 
Proline-rich and coiled-coil-containing 

protein 2C 

11 Chsy1 Chondroitin sulfate synthase 1 
 

45 PTN Pleiotrophin 

12 DCLK1 Serine/threonine-protein kinase DCLK1 
 

46 PURA 
Transcriptional activator protein Pur-

alpha 

13 DCLK2 doublecortin-like kinase 2 
 

47 RASAL2 Ras GTPase-activating protein nGAP 

14 DGKG Diacylglycerol kinase gamma 
 

48 RASGRP2 RAS guanyl-releasing protein 2 

15 Dgkz Diacylglyceral kinase zeta 
 

49 Rmb14 RNA-binding protein 14 

16 DMXL2 DmX-like protein 2 
 

50 RPH3A Rabphilin-3A 

17 
DYNC1H

1 Cytoplasmic dyneine 1 heavy chain 1 
 

51 RPL36A 60S ribosomal protein L36a 

18 EIF4G1 
Eukaryotic translation initiation factor 4 

gamma 1 
 

52 RPS15 40S ribosomal protein S15 

19 Epb4.115 Band 4.1-like protein 1 
 

53 SLC1A3 Excitatory amino acid transporter 1 

20 Fam126b Protein FAM126B 
 

54 SLC1A4 Neutral amino acid transporter A 

21 GAP43 Neuromodulin 
 

55 SNCB Beta-synuclein 

22 GK5 Putative glycerol kinase 5 
 

56 Spnb2 Spectrin beta chain, brain 1 

23 GPRIN1 
G protein-regulated inducer of neurite 

outgrowth 1 
 

57 SRSF2 Serine/arginine-rich splicing factor 2 

24 GRM5 Metabotropic glutamate receptor 5 
 

58 Stx1a Syntaxin-1A 

25 ITSN1 Intersectin-1 
 

59 Stx1b Syntaxin-1B 

26 MAPRE2 
Microtubule-associated protein in RP/EB 

family member 2 
 

60 Sv2b Synaptic vesicle glycoprotein 2B 

27 Mapt Microtubule-associated protein tau 
 

61 Syn1 Synapsin-1 

28 Marcks 
Myristoylated alanine-rich C-kinase 

substrate 
 

62 
TBC1D10

B TBC1 domain family member 10B 

29 MarcksII MARCKS-related protein 
 

63 TUBA1A Tubulin alpha-1A chain 

30 Mbp Myelin basic protein 
 

64 TUBA1B Tubulin alpha-1B chain 

31 Mtap1a Microtubule-associated protein 1A 
 

65 Tubb2a Tubulin beta-2A chain 

32 Mtap1b Microtubule-associated protein 1B 
 

66 Twf1 Twinfilin-1 

33 MTAP2 Microtubule-associated protein 2 
 

67 Wdr60 WD repeat-containing protein 60 

34 MTAP7 
Microtubule-associated protein 7 

(Ensconsin) 
    Table 1: 67 substrates identified from four different thiophosphorylation experiments. 

Only substrates that were detected at least twice are listed here.  
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These 67 proteins were then analyzed by Cytoscape GeneMANIA to predict 

networks of functional relationships between these proteins. Among the functional 

interactions, 7 genes were related to synaptic vesicle function. We were particularly 

interested in this result because of evidence discussed above that ethanol induces 

neurotransmitter release in several brain regions with one study showing that this effect 

of ethanol is PKCε dependent in the amygdala (Bajo et al 2008). We were also 

interested in the genes related to another network that was identified in the list “cell 

leading edge”, since PKCε is a known regulator of the actin cytoskeleton (Akita 2008, 

Newton and Messing 2011). Furthermore, chronic alcohol consumption has been shown 

to cause changes in the cytoskeleton and dendritic spine morphology, which may 

underlie neuroadaptations that lead to excessive alcohol consumption (Liu et al 2017, 

Laguesse 2017). Hence one hypothesis that stems from these findings is that PKCε-

mediated phosphorylation of cytoskeletal proteins could regulate alcohol consumption.  

The 67 proteins in the above table were identified in a brain lysate. Lysates lack 

the normal relationships that exist within a cell, and, therefore, some of the 

phosphoproteins that were identified may not be true substrates of PKCε. My specific 

project was to determine if 5 candidate proteins [Synapsin 1 (Syn1), Brain Specific 

Threonine/Serine Kinase 1 (Brsk1), Microtubule-associated Protein Tau (Mapt), Alpha 

Adducin 1 (Add1), and Growth Associated Protein 43 (Gap43)], implicated in synaptic 

vesicle and cytoskeletal function (Song and Augustine 2015, Inoue et al 2006, Kaech et 

al 1996, Angliker and Ruegg 2013), are true PKCε substrates by performing a series of 

validation studies. My study focused on synapsin 1, which is abundant in brain and 
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regulates the availability of vesicles for exocytosis and neurotransmitter release (Hilfiker 

et al 1999).  

 

Figure 3: 67 proteins that were identified by mass spectrometric analysis were inputted 
into Cytoscape GeneMANIA to determine protein interactions and networks.  
 



  16 

 
Table 2: Functional annotations of gene networks were found and identified. Here, the 
network with the lowest false discovery rate (FDR) was related to synaptic vesicle 
release. Another network of interest was cell leading edge.  
 
 
MATERIALS AND METHODS 

In vitro thiophosphorylation  

Human recombinant PKCε (100ng) from Invitrogen was pre-incubated with 1mM ATPγS 

and kinase buffer (20 mM HEPES pH 7.4, 10 mM MgCl2, 0.1 mM EGTA, 0.03% Triton 

X-100, 1 µM phorbol myristate acetate, 0.1 mg/mL bovine serum albumin) at 27° C for 3 

hours. WT or mutant GST-tagged peptide (1mg/mL) plus histone (1mg/mL) as a control 

substrate were added and the reaction incubated at 37°C for 2 hours on a nutator. 

Reactions without enzyme served as a negative control. EDTA was added at 100 mM to 

stop the kinase reaction, and p-nitro benzyl mesylate (2.5 mM) was added to alkylate 

the thiophosphorylated proteins. After incubation for 1 hour at room temperature, 5X 

Laemmli loading buffer was added and the samples were separated by SDS-PAGE.  
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The peptides used were the following:  

1) Synapsin 1 

a. WT: QASISGPAPTK 

b. Mutant S568A: QAAISGPAPTK 

2) Brain Specific Serine/Threonine Protein Kinase 1 

a. WT: LNSIRNSFLQSPRFHR 

b. Mutant S559A: LNSIRNAFLQSPRFHR 

3) Microtubule-associated protein Tau 

a. WT: IETHKLTFRENAK 

b. Mutant T694A: IETHKLAFRENAK 

4) Alpha adducin 

a. WT: KKFRTPSFLKKSK 

b. Mutant S724A: KKFRTPAFLKKSK 

5) Gap 43 

a. WT: KAATKIQASFRGHITR 

b. Mutant S41A: KAATKIQAAFRGHITR 

Western Blot Analysis 

In vitro reactions were resolved by SDS-PAGE using 4-12% gradient gels from 

Invitrogen. Proteins were then transferred to nitrocellulose membranes, which were 

blocked with Tris buffered saline (TBS: 50 mM Tris, pH 7.6, 150 mM NaCl) containing 

0.1% Tween-20 (TBS-T) and 5% nonfat dry milk. The blots were incubated with 

monoclonal rabbit anti-thiophosphate ester antibody from Abcam at 1:5000 dilution in 

5% nonfat dry milk overnight. Blots were washed 3 times in TBS-T, 10 minutes per 
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wash, incubated in horseradish peroxidase-conjugated goat anti-rabbit IgG antibody 

from Jackson ImmunoResearch at 1:1000 in 5% nonfat dry milk for 1 hour at room 

temperature, washed again, and visualized using the SuperSignal West Pico 

Chemiluminescent Substrate kit from Thermo Fisher. All quantification of Western blots 

was done using densitometry in ImageJ (Schneider et al 2012).  

Thiophosphorylation in intact cells  

Human embryonic kidney (HEK 293) cells that stably express AS-PKCε and wild type 

HEK 293 cells were plated in 6-well plates at a density of 6 x 105 cells/well. After 24 

hours, cells were trypsinized and resuspended in cold kinase buffer (25 mM Tris-HCl pH 

7.5, 10 mM MgCl2) containing 50 mg/mL digitonin to permeabilize the cells. Cells were 

incubated on ice for 5 minutes, pelleted at 200 x g for 5 minutes, and resuspended in 

warm kinase buffer (25 mM Tris-HCl pH 7.5, 10mM MgCl2, 50-200 µM ATP, 100-500 

µM N6-benzyl ATP-γS, 1 mM GTP) to label substrates. Cells were then incubated at 30° 

C for 30 minutes and then lysed in 1X RIPA buffer (50mM Tris-HCl pH 8, 150mM NaCl, 

1.0% NP-40, 0.1% SDS, protease and phosphatase inhibitors) containing 25mM EDTA 

and 2.5 mM PNBM for 1 hour at room temperature.  

Immunoprecipitation of Synapsin 1 

Zeba spin columns from Thermofisher were used to remove PNBM. The column was 

first spun down at 1500 x g to remove storage solution and then washed three times 

with 300 µL of 1X RIPA buffer and spun down at 1500 x g for 1 minute. The column was 

then placed in a fresh Eppendorf tube and 100 µL of protein lysate with PNBM was 

added on the resin for 2 minutes. The column was then spun down at 1500 x g for 2 

minutes and the flow-through was collected and protein concentration was measured. 
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350 µL of Protein-A agarose was washed with 1X phosphate-buffered saline (PBS) 

three times. After the third wash, 175 µL of PBS was added to the beads. 

Thiophosphorylated lysates were added to 1X RIPA buffer to reach a final volume of 

500 µL and then 30 µL of washed beads were added to each tube and placed on the 

nutator at 4° C for 30 minutes to pre-clear the beads and prevent non-specific binding of 

proteins to agarose. After 30 minutes, tubes were spun down briefly on a desk-top 

spinner and the supernatant was transferred to a different tube. 50 µL of washed beads 

and 5 µL of rabbit polyclonal anti-synapsin 1 antibody from Phosphosolutions was 

added to each tube and placed on the nutator at 4° C overnight. Beads were then 

washed gently with 1X RIPA. Immediately afterwards, 50 µL of 2X loading dye 

containing DTT was added, boiled, spun down, and supernatant was taken out to load 

onto a gel.  

Western Blot Analysis of Immunoprecipitated Synapsin 1 

Western blots were run the same way as they were for in vitro thiophosphorylation 

reactions. However, after probing with the rabbit monoclonal anti-thiophosphate ester 

antibody, blots were stripped and then probed with mouse monoclonal anti-synapsin 1 

antibody from Santa Cruz to estimate total levels of synapsin 1.  

RESULTS 

1. Brsk1, Mapt, and Gap43 are phosphorylated by PKCε in vitro while Syn1 shows 

a strong trend towards phosphorylation by PKCε 

Of the proteins identified from the brain lysates that were involved in synaptic 

vesicle function and cytoskeletal rearrangement, we focused on five: Syn1, Brsk1, Mapt, 

Add1, and Gap43. In this experiment, we used thiophosphorylation to detect kinase 
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activity using western blot analysis. We tested wild type and mutant peptide sequences 

with the prediction that mutant peptides with an alanine at the identified phosphorylation 

site would show little or no thiophosphorylation. We found greatly reduced 

thiophosphorylation in Brsk1, Mapt, and Gap43 mutants, indicating that the identified 

sites are likely substrates of PKCε. Further experiments need to be done to test if 

synapsin 1 levels of thiophosphorylation are statistically significant as the current data 

shows a strong trend towards lower levels of thiophosphorylation in the mutant peptide, 

but has a low n. Thiophosphorylation was not reduced in the alpha adducin mutant, 

indicating that alpha adducin is probably not a true PKCε substrate. 

 

Figure 4: In vitro thiophosphorylation of PKCε substrates: GST-tagged WT and 
mutant peptides were purified and thiophosphorylated using human recombinant PKCε 
and ATPγS, which were then alkylated with PNBM. This was detected using 
thiophosphate ester antibody. Mutation of the putative PKCε phosphorylation site 
significantly reduced thiophosphorylation in Brsk1, Mapt, and Gap43. S568A Syn1 
showed a strong trend towards reduced thiophosphorylation that did not reach statistical 
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significance. Add1 did not show substantial reduced thiophosphorylation. *p<0.05, one-
tailed unpaired t-test, n=2 experiments/Syn1, n=3 experiments for all other substrates.  

2. Titration of nucleotides for detecting thiophosphorylation in intact cells  

Because the in vitro studies above showed promising results, a study in intact 

cells was done to see if the same phosphorylation events could be replicated in live 

cells. Although AS- PKCε has very high affinity for N6-substituted ATP analogs, native 

kinases can utilize them when they are present at high concentrations. Hence, in 

preliminary experiments, we titrated the amount of N6-benzyl ATP-γS (50-500µM), ATP 

(50-500µM) and GTP (1-3mM). We added unlabeled ATP and GTP to reduce use of N6 

substituted analogs by native kinases and thereby reduce background 

thiohosphorylation. We performed thiophosphorylation of endogenous substrates in 

digitonin permeabilized HEK 293 cells expressing AS-PKCε (S) and in WT parent cells 

(P) that do not express AS-PKCε. Our results reveal several conditions where we 

observed increased thiophosphorylation in cells expressing AS-PKCε compared with 

parent cells. Specifically, we found that 50µM N6-benzyl ATP-γS plus 100µM ATP in the 

presence of 1mM GTP resulted in robust thiophosphorylation in AS-PKCε cells with 

minimal background thiophosphorylation in parent cells. 
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Figure 5: Thiophosphorylation in intact cells: Levels of thiophosphorylation in parent 
(P) and AS-PKCε (S) cells were detected by rabbit monoclononal anti-thiophosphate 
ester antibody in the presence of various concentrations of ATP, GTP, and N6-benzyl-
ATP-γS. Blots were stripped and probed for actin, which served as loading control. We 
found that 1 mM GTP, 100 µM N6-benzyl- ATPγS, and 50 µM ATP resulted in robust 
thiophsophsorylation in AS-PKCε but not parent cells (denoted by the red asterisk). Blue 
asterisks indicate other conditions where we detected enhanced thiophosphsorylation in 
AS-PKCε cells compared with parent cells. 
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Figure 6: Quantification of thiophosphorylation in intact cells: The reactions that 
showed the most promising results were quantified by measuring levels of 
thiophosphorylation and normalizing to actin. Here, the condition denoted by the red 
asterisk in Figure 4 is shown in the first set of conditions marked by a red oval. An 
increase in thiophosphorylation in condition 1 compared to condition 10 can be seen, 
indicating that AS-PKCε cells can thiophosphorylate proteins at higher levels than WT 
cells. Another condition marked by a blue asterisk in Figure 4 is also shown in a red 
oval here to demonstrate another condition that showed increased levels of 
thiophosphorylation in AS-PKCε cells compared to WT cells.  
 
3. Synapsin 1 shows a trend towards higher levels of thiophosphorylation in AS-

PKCε cells compared with WT cells 

The two conditions that showed promising results in Figure 5 were used for 

subsequent experiments. Because synapsin 1 is known to be involved in 

neurotransmitter release (Hilfiker et al 1999), we were interested in replicating the trend 

we saw for synapsin 1 in intact cells. Therefore, after performing thiophosphorylation in 

intact cells, we lysed the cells, performed an immunoprecipitation of synapsin 1, and 

then probed for both the thiophosphate ester moiety and total synapsin 1 levels. We 

saw increased levels of thiophosphorylation in AS-PKCε cell lysates (Figure 7) 

compared with WT parent cell lysates, which confirmed our previous results (Figure 6). 

Additionally, we found increased levels of thiophosphorylation of synapsin 1 in AS-PKCε 
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cells compared with WT parent cells, while levels of total synapsin 1 protein remained 

similar. This suggests that synapsin 1 is phosphorylated by PKCε in intact cells. 

Because this experiment has only been done once, further replicates are needed to test 

if this effect is reproducible.  

 
Figure 7:  Immunoprecipitation of Synapsin 1: 1 mM GTP, 50 µM ATP, and either 
100 or 300 µM N6-benzyl- ATPγS were added to cell lysates and the results are shown 
on the left four lanes. Afterwards, a synapsin 1 immunoprecipitation was performed and 
ran on the right four lanes. The blot was incubated with rabbit monoclonal anti-
thiophosphate ester antibody and the band of interest can be seen right above the 100 
kDa marker. The blot was then stripped and probed for total synapsin levels using a 
mouse monoclonal anti-synapsin 1 antibody. This band can be seen in the bottom blots 
right above the 100 kDa marker.  
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Figure 8: Quantification of Synapsin 1 Immunoprecipitation: Thiophosphorylation 
levels were quantified and normalized to total synapsin 1 levels. An increase in 
thiophosphorylation levels was seen in both 100 and 300 µM N6-benzyl- ATPγS 
conditions in AS-PKCε cells compared with WT cells, indicating an increase of 
phosphorylation of synapsin 1 by PKCε. This experiment was only done once and 
needs to be repeated.  
 
DISCUSSION 

 In this series of experiments, we used a chemical-genetic strategy to determine if 

certain substrates were phosphorylated by PKCε. We developed both in vitro and intact 

cell strategies to test thiophosphorylation of substrates that were identified in a 

preliminary study. For the in vitro strategy, we developed mutant peptides and 

compared their thiophosphorylation levels to those of WT peptides. PKCε and ATP 

analogs with a thiophosphate at the γ-phosphate position were used to mark substrates 

with a kinase-transferable tag, which could then be identified using western blot 

analysis.  

In vitro studies showed that Brsk1, Mapt, and Gap43 peptides are 

thiophosphorylated at higher levels than mutant versions of these peptides, indicating 
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that PKCε phosphorylates Brsk1 at S559, Mapt at T694, and Gap43 at S41. Synapsin 1 

also showed a strong trend towards phosphorylation at S568, but future replications of 

the experiment must be done to test the significance of this trend. Of note the alpha 

adducin peptide did not show differences in levels of thiophosphorylation in the in vitro 

kinase assay, suggesting that PKCε phosphorylated T722 or S729 in the peptide. 

However, since these sites were not identified in the mass spectrometric analysis of 

brain lysates, it is unlikely these sites are truly phosphorylated by PKCε in the intact 

alpha adducin protein.  

The intact cell strategy of thiophosphorylation involves the generation of AS-

PKCε, which is similar to PKCε, but has a larger binding pocket to be able to accept 

bulky ATP analogs with a thiophosphate group. In live cells, AS-PKCε can transfer this 

kinase tag from the ATP analog onto protein substrates, which can then be identified 

using western blot analysis. This strategy allows us to see if PKCε phosphorylation of 

certain substrates occurs in intact cells where the relationships between proteins are 

restricted compared with cell lysates. Our studies in intact cells showed a strong trend 

towards higher levels of thiophosphorylated synapsin 1 in intact cells.  However, future 

replications of this experiment will also have to be done in order to test if the difference 

in thiophosphorylation is reproducible and significant.  

One important caveat to the thiophosphorylation strategy I used here in intact 

cells was that the buffer used to phosphorylate substrates was hypotonic. This could 

have resulted in cell lysis and therefore, the results seen may be more characteristic of 

cell lysates rather than phosphorylation in truly intact cells. Future experiments should 
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repeat the strategy using an isotonic buffer to reduce the possibility of cell lysis during 

digitonin permeabilization.  

Previous studies have suggested that PKCε regulates ethanol induced GABA 

neurotransmission through enhancement of GABA release in the central amygdala. The 

exact mechanism by which PKCε regulates GABA release is not known but is likely to 

involve PKCε phosphorylation of substrates that regulate neurotransmitter release. This 

process could play a role in both regulation of GABA neurotransmission and behavioral 

responses to ethanol, thus highlighting the importance of this study. The 

thiophosphorylation strategies in vitro and in intact cells could be used in the future to 

identify more substrates that might play a role in ethanol-induced responses.  

FUTURE DIRECTIONS 

 Future experiments will determine the role of putative substrates of PKCε in 

regulating ethanol-induced GABA release. Currently, different experiments involving 

measurement of neurotransmitter release by electrophysiology and localization of 

putative PKCε substrates in response to PKCε activation are being tested. Additionally, 

refinements to the thiophosphorylation technique in intact cells will be needed to provide 

convincing validation of PKCε phosphorylation in intact systems. This technique should 

allow screening of multiple potential substrates of PKCε at once.  
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