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ABSTRACT 

Four distinct serine/threonine protein phosphatases have been 

purified from and identified in various tissues. They are type 1 and type 2 

phosphatases, which are further classified as phosphatase 2A, 2B, and 2C. 

In this study, endogenous brain phosphatases that dephosphorylate 

sodium channels were partially purified and characterized. Multiple peaks of 

sodium channel phosphatase were detected after DEAE-Sephadex 

chromatography and gel filtration. All peaks were sensitive to a low 

concentration of okadaic acid (10 nM), which strongly suggests that 

phosphatase 2A is the major brain phosphatase dephosphorylating sodium 

channels. Individual fractions containing sodium channel phosphatase 

activity from both DEAE-Sephadex chromatography and gel filtration were 

subjected to immunoblot with anti-phosphatase 2Ac antibody. The results 

indicate that all fractions containing phosphatase activity also contained 

phosphatase 2Ac immunoreactivity. The fractions which stained most 

intensely in the immunoblots were the fractions containing the highest 

phosphatase activity in all cases. The molecular weights of the multiple 

sodium channel phosphatases estimated by gel filtration were 83 kDa, 147 kDa, 

and 141 kDa. These may represent isozymes of phosphatase 2A in brain. 
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CHAPTER 1 

INTRODUCTION 

The Role of Protein Phosphorylation as a Common Regulatory Mechanism 

It has become clear that protein phosphorylation is a major mechanism 

for regulating the activities of enzymes and other proteins in many cellular 

processes both inside and outside of the nervous system. Protein 

phosphorylation, in the central nervous system, provides a conceptual 

framework for understanding how hormones and neurotransmitters could 

modulate neuronal responses to external stimuli. These stimuli can change the 

state of phosphorylation of specific substrate proteins in target tissues, 

producing diverse biological responses. Phosphorylation of substrate 

proteins, through one or more steps, controls the rate of specific metabolic or 

physiological responses. For example, many hormones or neurotransmitters 

stimulate adenylate cyclase, an enzyme which makes one of the second 

messengers, cyclic AMP, in the cell. Cyclic AMP in turn activates cyclic AMP-

dependent protein kinase. This kinase has been shown to phosphorylate its 

substrate on serine and threonine residues, triggering conformational 

changes in target proteins that alter their biological properties. 

In nervous tissue, protein phosphorylation has been implicated in 

regulating a myriad of neuronal functions such as neurotransmitter 

biosynthesis, axoplasmic transport, neurotransmitter release and postsynaptic 
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potentials. Studies have also shown that several different types of ion 

channels are regulated by cyclic AMP-dependent protein phosphorylation, 

and it has been suggested that regulation by cyclic AMP-dependent protein 

kinase may be a physiologically important property common to a wide variety 

of ion channels (Nestler and Greengard, 1984). 

Sodium Channel Phosphorylation 

The electrical activity of nerve cells is governed by the flow of ions 

across the plasma membrane. Ion channels are integral membrane proteins 

that mediate electrical signalling by controlling the movement of ions 

traveling down their concentration gradient through the membrane. The 

voltage-dependent sodium channel is responsible for mediating the sodium ion 

current occurring in the initial phase of most neuronal action potentials. 

Membrane potential becomes depolarized in response to electrical stimulation. 

Depolarization induces a conformational change in the sodium channel which 

opens the sodium channel pore, allowing sodium ions to flow into the cell. The 

rat brain sodium channel is a transmembrane protein consisting of 3 subunits: 

a, pi and 02. The a subunit, which contains both the voltage sensor and ion 

pore, is phosphorylated on multiple serine residues by cyclic AMP-dependent 

kinase. The channel can be phosphorylated in vitro and in situ, and the sites 

of phosphorylation on purified channels are the same as those phosphorylated 

in intact neurons (Costa and Catterall, 1984; Rossie and Catterall, 1987). In 

cultured rat brain cells, sodium channels are substantially phosphorylated in 

the absence of added stimuli, and the level of phosphorylation is increased by 



agents that increase the intracellular cAMP concentration (Rossie and 

Catterall, 1987). This finding suggests that the extent of sodium channel 

phosphorylation is determined by the activities of both kinase and 

phosphatase that act on the channel. 

The functional significance of sodium channel phosphorylation is not 

well understood. Treatment of synaptosomes, synaptic nerve ending particles 

isolated from brain, with 8-bromo-cyclic AMP has been reported to cause a 16-

26% decrease in neurotoxin-activated 22Na influx through sodium channels, 

indicating that the sodium current is reduced by cyclic AMP-dependent 

phosphorylation (Costa and Catterall, 1984). Preliminary electrophysiological 

studies on cultured rat brain cells showed that an increase in intracellular 

cyclic AMP shifts the voltage-dependence of inactivation of the sodium 

channel to a more negative membrane potential (Coombs-Hahn et al., 1988). 

This suggests that cyclic AMP-dependent phosphorylation prolongs 

inactivation, a state in which the channels are closed and unable to open in 

response to depolarization. As a result, increasing numbers of sodium 

channels would be unavailable for activation at the normal resting membrane 

potential in response to stimuli, and a decrease in excitability of the cell may 

occur. However, in these studies, it was difficult to control the extent of 

channel phosphorylation, and additional experiments will be required to 

establish a role of cyclic AMP-dependent phosphorylation in the modulation of 

the sodium channel. It will be important to learn how phosphorylation and 

dephosphorylation of the sodium channel are controlled in order to further 

understand the functional significance of channel phosphorylation. Once the 
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sodium channel phosphatase is identified, purified phosphatase and cyclic 

AMP-dependent protein kinase can be used to study the behavior of sodium 

channel electrophysiologically. 

The Importance of Protein Dephosphorvlation and Various Types of 

Phosphatases 

Dephosphorylation of proteins is now recognized to be an important 

mechanism for the control of intracellular events in eukaryotic cells. The 

level of protein phosphorylation depends on the relative activities of both 

protein kinases and protein phosphatases. A substrate protein is converted 

from the dephosphorylated to the phosphorylated form by kinase and is 

converted back to the dephosphorylated form by phosphatase. Thus, 

regulation of cellular processes by protein phosphorylation is dynamic and 

may be influenced by altering the activity of kinase, phosphatase, or both. 

Protein phosphatases have received less attention than kinases, perhaps 

because of the difficulty in obtaining a well-defined substrate before the 

phosphatase itself can be studied. However, since the discovery that 

phosphatases are essential components in regulating gene transcription and 

cell division, as well as other important processes involved in cellular 

regulation, the importance of phosphatases has been increasingly recognized. 

Four distinct serine/threonine protein phosphatases have been 

purified from and identified in various tissues, predominantly in skeletal 

muscle (reviewed by Cohen, 1989). They are type 1 phosphatase (PrP-1) and 



1 4  

type 2 phosphatases (PrP-2), further classified as phosphatase 2A (PrP-2A), 

phosphatase 2B, also known as calcineurin, and phosphatase 2C (PrP-2C). The 

above four phosphatases are classified on the basis of substrate specificity, 

requirement for divalent cations, and sensitivity to different regulators. 

Phosphorylase kinase, an enzyme involved in stimulating glycogenolysis in 

skeletal muscle, is used to distinguish between the two major classes of 

phosphatases, type PrP-1 and type PrP-2. Phosphorylase kinase is 

phosphorylated on serine residues in both the a and p subunits under 

physiological conditions. The separation of the type 1 and type 2 phosphatases 

is based on the fact that PrP-1 specifically dephosphorylates the p subunit and 

PrP-2 enzymes specifically dephosphorylate the a subunit of phosphorylase 

kinase. A variety of protein substrates phosphorylated on serine and 

threonine residues have also been used to investigate the substrate specificity 

of these protein phosphatases. These studies indicate that protein 

phosphatases 1, 2A, and 2C all have broad, but somewhat overlapping substrate 

specificities, whereas calcineurin has a narrow substrate specificity. 

These protein phosphatases can also be distinguished by their 

sensitivity to various inhibitors and activators. PrP-1 is a highly regulated 

protein phosphatase. Two thermostable inhibitor proteins, termed inhibitor-1 

(II) and inhibitor-2 (I2), were first identified in skeletal muscle extracts. Ii 

was found to be a specific and potent inhibitor of PrP-1 in low concentration, 

only after Ii had been phosphorylated by cAMP-dependent protein kinase. 

PrP-2A and calcineurin can both dephosphorylate Ii, but calcineurin 

accounts for majority of Ii phosphatase activity in some tissues. The 



dephosphorylation of Ii would lead to activation of PrP-1, and subsequent 

dephosphorylation of wide range of cellular phosphoproteins that are 

substrates for PrP-1. A quiescent cytosolic form of PrP-1, also termed Mg-

ATP-dependent protein phosphatase, has been described. In this form of PrP-

1, I2 is bound to the catalytic subunit of the enzyme. I2 is responsible for 

interconversion of Mg-ATP-dependent protein phosphatase between its active 

and inactive forms. Phosphorylation of I2, which requires magnesium and 

ATP, causes disinhibition of this form of PrP-1. 

Regardless of their effects on PrP-1, PrP-2 enzymes are insensitive to 

the inhibitor proteins (Huang and Glinsmann, 1976). PrP-2A has been shown 

to be activated by polycations such as histone HI and polylysine (Walkens and 

Merlevede, 1987). The exact mechanism is unclear, but is thought to occur 

primarily by interaction with the catalytic subunit. PrP-2A is also inhibited 

by a naturally occurring protein inhibitor. The cerebellum contains a 

phosphoprotein, termed G-substrate, which is specifically phosphorylated by 

cGMP-dependent protein kinase. Recent results have shown that 

phosphorylated G-substrate inhibits PrP-2Ac with half-maximal inhibition at 

0.27 uM (Nairn and Greengard, unpublished results). The dephosphorylated 

form of G-substrate was completely inactive. G-substrate, like Ii, is a very 

good substrate for calcineurin. 

Calcineurin is a Ca2+ and calmodulin dependent enzyme. Its activity is 

markedly enhanced in the presence of divalent cations other than Ca2 + as 

well. The activation of calcineurin by Ca2+/calmodulin is inhibited by 



calmodulin antagonists. Protein phosphatase 2C is found to have an absolute 

requirement for Mg2+, although Mn2+ can be substitute to some extent. 

Another useful tool in distinguishing between the four known 

phosphatases is okadaic acid, a polyether fatty acid. This toxin has been shown 

to inhibit both type 1 and type 2 phosphatases. PrP-2Ac is the most sensitive to 

okadaic acid, with half-maximal inhibition occurring at 1 nM. PrP-lc is about 

500-fold less sensitive, whereas calcineurin is 5000-fold less sensitive, and 

PrP-2 is completely insensitive (Bialojan, et al, 1988). 

Several different forms of PrP-1 have been characterized. The 

subcellular location and activity of each form are determined by the 

association of the catalytic subunit with different regulatory subunits. The 

different forms of PrP-1 were also found to vary in their substrate specificity 

measured in vitro using different phosphoproteins. The catalytic subunit, 

PrP-lc, Mr 37,000, is indistinguishable in its enzymatic and structural 

properties among the various forms. ATP-Mg-dependent protein phosphatase, 

the most extensively studied native form of PrP-1, has been identified in many 

tissues. As mentioned earlier, this form consists of the catalytic subunit and a 

modulatory subunit, I2. Association of PrP-lc and I2 in a molar ratio of 1:1 

results in inactivation of PrP-lc, which then requires phosphorylation of I2 

in the presence of ATP-Mg for reactivation. Tremendous amounts of this form 

of PrP-1 have been found in mammalian brain (Yang and Fong, 1985). In 

addition, the brain also contains Ii and DARPP-32, a dopamine and cyclic AMP-

regulated phosphoprotein, which inhibits PrP-1 in an analogous manner to Ii. 
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The catalytic subunit of PrP-2A, Mr 35,000, is complexed with other 

subunits to form high molecular weight forms varying in size from 100-

260,000 Kilodaltons. At least three subtypes of PrP-2, PrP-2Ao, 2Ai and 2A2, are 

found in skeletal muscle, the tissue where phosphatases have been studied 

most (Tung et al, 1984). All three forms of PrP-2A shared y (Mr 35,000) and a 

(Mr 60,000) but PrP-2A0 and PrP-2Ai possessed additional subunits, termed p' 

(Mr 54,000) and p (Mr, 55,000), respectively. Two inactive/latent protein 

phosphatases, termed LP-1 and LP-2, have also been identified and purified 

from pig brain. Because they are completely insensitive to I2, and they have 

similar substrate specificity to that of PrP-2A, these enzymes are suggested to 

be brain forms of PrP-2A (Yang and Fong, 1985). The subcellular and 

regional distribution of PrP-2A in rat brain has been investigated recently by 

immunocytochemistry. This enzyme is distributed widely in various regions of 

rat brain, where immunoreactivity is localized mainly in neurons (Saitoh and 

Miyamoto, 1989). The various forms of PrP-2A in the brain and their 

relationship to skeletal muscle forms have not been well elucidated. 

Calcineurin is a heterodimer containing an A subunit and a B subunit. 

The A subunit binds calmodulin and contains the catalytic activity, while the B 

subunit is a Ca2+ binding polypeptide. The A subunit has an Mr of 61,000 and B 

subunit has an Mr of 17,000 based on migration during SDS/polyacrylamide gel 

electrophoresis (Merat et al, 1985). The distribution of calcineurin is broad in 

eukaryotes. Calcineurin is a major protein in mammalian brain, where it 

comprises 1% of total protein in some regions (Klee and Cohen, 1988). 
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Protein phosphatase 2C, an apparent monomer yielding a single band of 

M r 44,000 on SDS/polyacrylamide gels, is also present in many mammalian 

tissues, including brain. PrP-2C is found mainly in cytosolic fractions 

(McGown and Cohen, 1987). 

Overview and Purpose of Study 

As mentioned above, the enzymatic addition or removal of phosphate 

esters on serine and threonine hydroxyls may alter the activity of ion 

channels in neurons. The presence of all four currently established 

serine/threonine phosphatases in brain strongly suggests a role for these 

phosphatases in neuronal functions. Several studies suggest that the 

phophatases may act on many ion channels modified by phosphorylation. 

For example, calcineurin may limit Ca2+ influx through dihydropyridine-

sensitive Ca2 + channels in the plasma membrane of mammalian brain by 

dephosphorylating the channel, or a closely associated protein, causing 

channel inactivation (Armstrong, 1989). In another study, the frequency of 

opening of Ca2 +-activated K+ channels in rat brain was increased by the 

addition of adenosine triphosphate (ATP) to the cytoplasmic side of the 

channel. The requirement of ATP hydrolysis for channel modulation implies 

that phosphorylation is involved. ATP activation was reversed with type 1 

phosphatase treatment (Chung and Levitan, 1991). 

The sodium channel is a good candidate for the investigation of ion 

channel dephosphorylation because its structure is well-characterized and the 



1 9  

cAMP-dependent phosphorylation sites in the channel protein are identified. 

Since the basal level of sodium channel phosphorylation in rat brain may be 

extensive, there is a great possibility that phosphatase, in addition to cyclic 

AMP-dependent protein kinase, is playing an important role in maintaining 

this partially phosphorylated status. It is not yet known which 

serine/threonine phosphatase dephosphorylates sodium channels under 

physiological conditions. 

The aim of this study is to determine whether a novel phosphatase or a 

known phosphatase(s) acts on sodium channel. Identification and 

characterization of the neuronal phosphatase(s) that dephosphorylates the 

cyclic AMP-dependent phosphorylation sites on rat brain sodium channels is 

essential before the question of how channel phosphorylation is regulated can 

be addressed. 

Many established neurotransmitters have been shown to increase 

phosphorylation of neuronal phosphoproteins by changing the level of 

second messengers, such as cyclic AMP and Ca2+ in brain. Dephosphorylation 

of specific phosphoproteins by identified phosphatases after neurotransmitter 

stimulation has also been recently documented (Halpain, et al, 1990). Once the 

sodium channel phosphatase(s) is identified, regulation of channel 

dephosphorylation by neurotransmitters and second messengers can be 

examined. 

A growing body of evidence suggests that kinases and phosphatases may 

be intimately associated with the target substrates at the subcellular level to 
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efficiently serve regulation. Once the sodium channel phosphatase is 

identified, localization of the phosphatase relative to sodium channels can be 

examined. Specific probes, such as antibodies raised against the sodium 

channel phosphatase, can be prepared and used for the study. 

Thus, by identifying the specific phosphatase that acts on sodium 

channel, the possible neurotransmitters that regulate the phosphorylation 

state of the channel and the importance of the location of the phosphatase to 

the channel can be explored. Identification and characterization of sodium 

channel phosphatase lays the ground work for future studies such as the ones 

mentioned above. Since the sodium channel plays such an important role in 

controlling the excitability of neurons, learning how its activity is regulated 

may have therapeutical value in the treatment of central nervous system 

disorders such as epilepsy. 



CHAPTER 2 

MATERIALS AND METHODS 

Materials 

[y32P] ATP (3000Ci/mmol) was purchased from DuPont-NEN (Boston, 

MA). Phosphorylase b, phosphorylase kinase, ATP, trypsin, protease 

inhibitors, Diethylaminoethyl (DEAE)-Sephadex, Carboxymethyl-Sephadex, 

Poly-L-Lysine-Agarose, 2-[N-Morpholino] ethanesulfonic acid (MES), 

Sephadex G-SO and molecular weight markers were purchased from Sigma 

Chemical Co. (St. Louis, MO). Calmodulin was obtained from Calbiochem (La 

Jolla, CA). Okadaic acid was obtained from Ploana Bioproducts Inc. (Honolulu, 

Hawaii). Sephadex G-150 and G-100, and Calmodulin-Sepharose were purchased 

from Pharmacia LKB Biotechnology Inc. (Piscataway, NJ). Mouse anti-PrP2Ac 

antibody was a special gift from Dr. Mark Mumby (Department of 

Pharmacology, The University of Texas Health Science Center at Dallas). 

Immobilon-P transfer membrane was purchased from Millipore Corporation 

(Bedford, MA). 

Preparation of Soluble Brain Extract 

All work was performed at 0-4°C. Male Sprague-Dawley rats (150-250 g) 

were killed by decapitation. Approximately 7 g of fresh rat brain was 

homogenized by 12 pestle passes in a Potter-Elvehjem glass teflon tissue 



2 2  

homogenizer in 90 ml of ice-cold homogenizing buffer. The homogenizing 

buffer consisted of 20 mM Tris-HCl, pH 7.5, 1 mM ethylenediaminetetraacetic 

acid (EDTA), 1 mM ethylene glycol-bis(B-aminoethyl ether) N.N.N'.N1-

tetraacetic acid (EGTA) , 1 uM Pepstatin-A, 0.1 ug/ml Leupeptin, 1 mM 

phenylmethylsulfonyl fluoride and 15 mM p-mercaptoethanol (buffer A). Cell 

fragments were sedimented at 1,000 x g for 10 min, and the pellet was 

discarded. The resulting supernatant was further centrifuged at 100,000 x g 

for 60 min. The resulting supernatant is referred as the crude soluble fraction 

and the pellet is referred as the crude particulate fraction in the following 

discussions. 

Chromatographic Methods Evaluated in Preliminary Studies 

All work was performed at 0-4° C. Carboxymethyl-Sephadex 

chromatography was performed in batch mode. 0.5 ml of the crude soluble 

brain extract was mixed for 30 minutes with 0.5 ml of carboxymethyl-Sephadex 

resin equilibrated in 20 mM MES-Tris, pH 6.5, 1 mM EDTA, 1 mM EGTA, 1 uM 

Pepstatin-A, 0.1 ug/ml Leupeptin, 1 mM phenylmethylsulfonyl fluoride and 15 

mM p -mercaptoethanol. The resin was washed twice with 1 ml of the same 

buffer, then proteins were eluted with 1 ml of buffer containing 1 M NaCl. 

Sodium channel phosphatase activity was examined as described below. 

DEAE-Sephadex chromatography and Poly-L-Lysine-Agarose 

chromatography were also performed in batch mode. 0.5 ml of the crude 

soluble fraction was mixed for 30 minutes with 0.5 ml of DEAE-Sephadex resin 
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or Poly-L-Lysine-Agarose resin equilibrated in 20 mM Tris-HCl, pH 7.5, 1 mM 

EDTA, 1 mM EGTA, 1 uM Pepstatin-A, 0.1 ug/ml Leupeptin, 1 mM 

phenylmethylsulfonyl fluoride and 15 mM f3-mercaptoethanol. The resins 

were washed twice with 1 ml of the same buffer, then proteins were eluted 

with 1 ml of this buffer containing 1 M NaCl. Sodium channel phosphatase 

activity was examined as described below. 

Calmodulin-Sepharose chromatography was performed in batch mode 

after DEAE-Sephadex chromatography. Three types of buffer were used for 

this assay. Buffer 1 consists of 0.04 M Tris-HCl, pH 7.5, 0.2 mM CaCl2, 3 mM 

MgCl2, 0.05 M NaCl, 0.1 mM dithiothreitol, 0.1 ug/ml Leupeptin and 10 ug/ml of 

soybean trypsin inhibitor. Buffer 2 is the same as buffer 1, except it contained 

0.2 M NaCl instead of 0.05 M NaCl. Buffer 3 contained 0.04 M Tris-HCl, pH 7.5, 0.2 

M NaCl, 1 mM MgCl2, 2 mM EGTA, 0.1 mM dithiothreitol, 1 ug/ml Leupeptin and 

10 ug/ml of soybean inhibitor. 0.5 ml of material eluted from DEAE-Sephadex, 

which was free of endogenous calmodulin, was applied to 0.1 ml of calmodulin-

Sepharose resin equilibrated in buffer 1. The resin was then washed twice 

with 0.1 ml buffer 1, three more times with 0.1 ml buffer 2, then protein eluted 

with three successive additions of 0.05 ml buffer 3. 

Partial Purification of Rat Brain Phosphatases 

All purification steps were carried out at 4°C unless otherwise stated. 90 

ml crude soluble extract prepared from 7 g rat brain was filtered through glass 

wool, pH adjusted to 7.5, then applied to a DEAE-Sephadex column (2.5 x 18 cm) 
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equilibrated in 20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 1 uM Pepstatin-

A, 0.1 ug/ml Leupeptin, 1 mM phenylmethylsulfonyl fluoride and 15 mM p-

mercaptoethanol (buffer A). The column was washed in buffer A until protein 

concentration in the wash, monitored by absorbance at 280 nm, was close to 

the buffer A. Proteins were eluted with a linear gradient of 0-1 M NaCl in 

buffer A at a flow rate of approximately 0.6 ml/min. 3 ml fractions were 

collected. Phosphatase activity was assayed in the presence of 1 mM CaCl2, 

0.05 uM calmodulin (CaM) and 10 mM MgCl2, using purified phosphorylated 

sodium channel as substrate. Multiple peaks of activities were normally seen. 

Fractions containing sodium channel phosphatase activity were pooled and 

concentrated by precipitation with 55% (NH3)2SC>4. The precipitated protein 

was collected by centrifugation at 35,000x g for 30 min. The pellet from each 

peak fraction was resuspended in 1 ml buffer A and dialyzed against the same 

buffer overnight. 300 ul of each dialyzed sample was applied to a Sephadex G-

100 or G-150 gel-filtration column (1.0 x 25 cm) equilibrated in 20 mM Tris/HCl, 

1 mM EDTA, 1 mM EGTA, 0.1 M NaCl, 1 uM Pepstatin A, 1 mM 

phenylmethylsulfonyl fluoride and 15 mM p-mercaptoethanol (buffer B). The 

column was eluted with buffer B. 2 ml fractions were collected. Phosphatase 

activity was assayed in the presence of 1 mM CaCl2, 0.05 uM CaM and 10 mM 

MgCl2 using phosphorylated sodium channel as substrate. 

Purified Proteins Used for Analyses 

Sodium channels were purified from rat brain by solubilization and 

sequential chromatography on DEAE-Sephadex, hydroxylapatite, and wheat 
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germ agglutinin-Sepharose (Hartshome and Catterall, 1984). Protein 

phosphatase 2Ac was purified from rabbit skeletal muscle as described (Cohen 

and Hemmings, 1988). Cyclic AMP-dependent protein kinase was purified from 

bovine heart (Beavo and Krebs, 1974). 

Preparation of 32P-Labeled Protein Substrates 

[32p] Phosphorylase a was prepared by incubating phosphorylase b 

with 0.3 mM [y-32P]ATP (0.2 Ci/mmol), 0.2 mg/ml phosphorylase kinase, 3 mM 

magnesium acetate, 0.125 mM CaCl2, 50 mM p-glycerol phosphate and 50 mM 

Tris, at pH 8.6., at 30°C for 1 hour, then protein was precipitated with 45% 

(NH3)2SC>4 on ice for 1 hour, and collected by centrifugation at 20,000 x g for 

10 min at 4°C. The pellet was washed in 50 mM Tris/HCl, pH 7, 1 mM EDTA, 2 mM 

p-mercaptoethanol, 45% (NH3)2SC>4, centrifuged again, then resuspended in 50 

mM Tris/HCl, pH 7, 1 mM EDTA, 2 mM p-mercaptoethanol, and dialyzed against 

the same buffer overnight. The milky white sample was transferred to a 

microfuge tube and left on ice for 1 hour, then centrifuged at 17,000 x g for 5 

min at 4°C. The pellet was resuspended in 50 mM Tris/HCl, pH 7, 1 mM EDTA, 2 

mM p-mercaptoethanol, 250 mM NaCl and stored at 4°C. 15 mM caffeine was 

included with phosphorylase a when performing the phosphatase assay. The 

free 32P in the substrate mixture was checked by adding buffer consisting of 

20 mM Tris-HCI, pH 7.5, 1 mM EDTA, 100 mM NaCl, 2 mg/ml bovine albumin and 

0.3% TX-100. Proteins were then precipitated with 10% ice cold trichloroacetic 

acid (TCA), and the acid-soluble 32P in the supernatant was counted. Only 

substrate having a background less than 20% of the total counts was used. 
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Sodium channel (NaCh) was phosphorylated by incubation with 120 uM 

ATP containing [Y-32P]ATP (2.5 Ci/mmol), 12 mM MgCl2, 0.4% TX-100 and 

purified cyclic AMP-dependent protein kinase catalytic subunit on ice for 1 

hour. The stoichiometry of phosphorylation averaged approximately 4 mol 

Pi/mol NaCh. ATP was removed by passing the reaction mixture through 

Sephadex G-50 equilibrated in 25 mM Hepes/Tris pH 7.4, 0.1 M NaCl and 0.2% 

TX-100. The background of the labeling was examined as described for 

phosphorylase a. 

Phosphatase Assay 

Protein phosphatase activity was measured by incubating samples with 

substrate at 30°C for 10 min in 20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl, 

2 mg/ml bovine albumin, 0.3% TX-100 and 15 mM 0-mercaptoethanol, with or 

without 1 mM CaCl2, 0.05 uM calmodulin, 10 mM MgCl2, 1 mM EGTA and other 

drugs as indicated. The amount of protein present in an assay of 30 ul total 

volume varied at different stages of purification. 32P-NaCh (41nM) or 32P-

phosphorylase a (6.7 uM) were used as substrate, with approximately 10,000 

cpm per sample. In either case, dephosphorylation of substrate was kept to 

less than 30% of the total incorporated label in each sample, so that phosphate 

release was linear with respect to time and enzyme concentration. The 

reaction was terminated by addition of 100 ul ice cold 10% TCA to the reaction 

mixture. Each sample was microfuged and acid-soluble 32P was counted in a 

scintillation counter. Control samples were processed under the same 

conditions, except for the addition of buffer instead of phosphatase fractions. 
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When performing the phosphatase assay using phosphorylase a as 

substrate, caffeine was added because of the following advantages: (1) it binds 

to phosphorylase a, (2) it prevents inhibition of phosphorylase phosphatase 

by traces of AMP that may contaminate phosphorylase a or the phosphatase, 

(3) it increases phosphorylase phosphatase activity 2- to 3-fold, and (4) it 

allows phosphorylase a to be stored in ice without crystallizing (Cohen and 

Lim Tung, 1988). 

Sodium Dodecvl Sulfate Polvacrvlamide Gel Electrophoresis fSDS-PAGE^ 

Samples were boiled in 6% SDS, 15 mM Tris/HCl, pH 6.7, 6 mM EDTA, 10% 

glycerol, 0.02% bromphenol blue, 0.1% p -mercaptoethanol, and analyzed by 

SDS-PAGE using a 3% acrylamide stacking gel and 12% acrylamide resolving 

gel. Molecular weight standards used for comparison included: phosphorylase 

b, 97 kDa; bovine albumin, 66 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 31 

kDa; trypsin inhibitor, 21 kDa; lysozyme, 14 kDa. Gels were fixed and stained in 

10% isopropyl alcohol, 10% acetic acid, and 0.23% coomassie blue. 

Immunoblotting of Sodium Channel Phosphatases with Anti-PrP2Ac Antibody 

Partially purified phosphatase fractions were analyzed by 

immunoblotting using mouse monoclonal antibodies specific for PrP-2Ac. 

Aliquots of active fractions from DEAE-Sephadex, containing from 5-10 ug 

protein, and gel filtration, containing 0.5 -2 ug protein, were subjected to SDS-

PAGE on a 12% polyacrylamide gel. Proteins were then electrophoretically 
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transferred at 100 V for 40 min to Immobilon membranes in 10 mM CAPS (3-

[cyclohexylamino]l-propanesulfonic acid), 10% methanol, pH 10.5 (adjusted 

with NaOH). Membranes were washed for 1 hour at room temperature in 40 

mM Tris-HCl, pH 7, 0.9% NaCl and 0.2% Tween (Tris buffer), then incubated in 

40 mM Tris-HCl, pH 7, 0.9% NaCl, plus 5% bovine serum albumin, 0.2% Tween 

and 0.02% NaN3 overnight at 4°C to block non-specific binding sites. 

Membranes were then incubated for 1 hour with primary antisera, anti-

PrP2Ac (lug/ml), in Tris buffer containing 1% bovine albumin, 0.2% tween 

and 0.02% NaN3. After a 1 hour wash with Tris buffer, the membranes were 

incubated with secondary antibody, biotin-IgG conjugate, for 30 min, followed 

by another 1 hour wash in Tris buffer. The membranes were then incubated 

for 20 min with akaline phosphatase-streptavidin complex. Substrate-

chromogen was then added, and a colored precipitate formed at the site of 

complex binding. The reaction was stopped in water, membranes were air-

dried and photographs taken. 

Okadaic Acid Sensitivity 

Aliquots of pooled active fractions from DEAE-Sephadex 

chromatography, were assayed for phosphatase activity as described, in the 

presence of increasing concentrations of okadaic acid, ranging from 0.05 nM 

to 500 nM. 
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Organic Phosphate Extraction 

Organic phosphate extraction (E. Shacter, 1984) was performed in 

parallel to trichloroacetic acid precipitation after the phosphatase assay to 

determine whether proteolysis was occurring. After samples were incubated 

with 32P-NaCh, 20 ul of the reaction mixture was added to 1.2 ml of 

isobutanol/toluene (1:1) and 0.8 ml of 5 mM silicotungstate in 1 mM H2S04, 

vortexed, then mixed with 0.16 ml of 5% ammonium molybdenate in 2 M H2SO4. 

The sample was centrifuged at 100 g for 4 min. 32P in 0.5 ml of the organic 

phase was counted. 
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CHAPTER 3 

RESULTS 

Preliminary Studies 

Preliminary studies were performed to establish conditions for the 

measurement of sodium channel dephosphorylation. Assay conditions for 

measuring phosphatase activity were determined for which phosphate 

release from substrate was linear with respect to time and amount of extract 

used. The rate of dephosphorylation was linear as long as phosphate released 

from the labeled substrate was controlled to be less than or equal to 30% of the 

total protein-associated radioactivity present in the sample. Under these 

conditions, changes in phosphatase activity by different treatments could be 

measured. Preliminary assays were performed to evaluate different 

termination time points of the assay and different amounts of extract added in 

30 ul of assay volume in order to establish appropriate assay conditions. 

When assayed for 10 minutes at 30°C, 0.36 ul (1.5 ug) of crude extract in 30 ul 

total assay volume was found to release 10-20% of the total protein-associated 

phosphate. All subsequent assays were carried out for 10 min at 30° C. The 

amount of extract used was adjusted according to the protein concentration at 

different purification steps (data not shown). 

Initial studies were done to compare sodium channel dephosphorylation 

by crude particulate (P3) or soluble (S3) fractions prepared from brain as 



stated in the method section. Both fractions were tested in a range of dilutions 

for ability to dephosphorylate 32P-labeled sodium channel or 32P-labeled 

phosphorylase a, a well established substrate for skeletal muscle PrP-1 and 

PrP-2A. The data indicated that, although each fraction dephosphorylated 

both substrates, the majority of the sodium channel phosphatase activity was 

detected in S3, whereas most of the phosphorylase a phosphatase activity was 

found in P3 at similar protein concentrations, as shown in figure 1. Because 

most of the sodium channel phosphatase activity was in S3, activity in this 

fraction was examined further. 

Okadaic acid inhibits serine/threonine protein phosphatases to varying 

degrees (Bialojan and Takai, 1988). PrP-2Ac is most sensitive to inhibition by 

okadaic acid (IC50 = 1 nM), whereas phosphatase PrP-lc is 100-500 fold less 

sensitive (IC50 = 100 nM - 500 nM), and calcineurin is 5000 fold less sensitive 

(IC50 = 5 uM). PrP-2C is not influenced by 10 uM okadaic acid. 10 nM okadaic 

acid preferentially inhibits PrP-2Ac, and 500 nM inhibits both PrP-2Ac and 

PrP-lc. Therefore, the sensitivity of phosphatase activity in both soluble and 

particulate fractions to 10 or 500 nM okadaic acid was examined. As shown in 

figure 2, in both S3 and P3, 10 nM okadaic acid produced partial inhibition 

(25-35%) and 500 nM produced almost complete inhibition (85-100%) of 

phosphorylase a phosphatase activity, suggesting that PrP-lc is the 

predominant enzyme dephosphorylating phosphorylase a in both fractions. 

In contrast, 10 nM okadaic acid greatly inhibited (65-70%) sodium channel 

phosphatase activity and 500 nM did not cause much more inhibition than the 

low concentration already did (65-75%). This result suggests that, in both 
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|Fhos a 
gJNaCh 

Fraction 

Figure 1. Dephosphorylation of sodium channels or 

phosphorylase a by rat brain extract. Crude soluble (S3) or particulate 

(P3) fractions were prepared from rat brain homogenate by centrifugation at 

100,000 x g for 1 hour, then a phosphatase assay was performed using 32P-

labeled sodium channel (NaCh) or 32p_iabeied phosphorylase a (Phos a) as 

substrate. 
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Figure 2. Inhibition by okadaic acid of phosphate release 

b y  s o l u b l e  f r a c t i o n  ( S 3 )  a n d  p a r t i c u l a t e  f r a c t i o n  ( P 3 ) .  T h e  

experiments were performed essentially the same as outlined in figure 1. 

Treatment with 10 nM and 500 nM okadaic acid (o.a.) was tested with 32P-

labeled sodium channel or 32P-labeled phosphorylase a as substrate. Results 

were expressed as percent inhibition of control release (in the absence of 

drug). % of inhibition = 100-100(cpm released, 10 or 500 nM okadaic acid / 

cpm released, no okadaic acid) 



soluble and particulate fractions, PrP-2Ac may act on sodium channel, and 

PrP-lc does not. 

Determination of Appropriate Techniques for Sodium Channel Phosphatase 

Purification 

As mentioned before, the chromatographic methods employed here 

were tested because they have been useful in purifying other phosphatases. 

DEAE-Sephadex chromatography, carboxymethyl-Sephadex chromatography, 

poly-L-lysine affinity chromatography, calmodulin-Sepharose 

chromatography, gel filtration and ammonium sulfate precipitation were 

tested using sodium channel as substrate. Each chromatographic technique 

was examined initially in the batch mode on crude soluble fraction, then the 

useful techniques were tried sequentially using gradient separation. Under 

the conditions employed, DEAE-Sephadex retained most of the sodium channel 

phosphatase activity, as compared with carboxymethyl-Sephadex. After 

treatment with 1 M NaCl, 60% of the bound activity was recovered from DEAE-

sephadex; however, recovery from carboxymethyl-Sephadex was poor (Table 

1). 

Poly-L-Lysine Agarose also bound more than 90% of the sodium channel 

phosphatase activity, although only 35% was recovered by treatment with 

buffer containing 1M NaCl (Table 2). It was then decided to perform DEAE-

Sephadex chromatography, followed by poly-L-Lysine Agarose 

chromatography. Multiple peaks of phosphatase activity were eluted from 
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DEAE-Sephadex using a gradient of 0 to 1 M NaCI initially. Each active peak 

eluting from DEAE-Sephadex was separately subjected to poly-L-Lysine-

Agarose chromatography. In each case, only a single peak of sodium channel 

phosphatase activity eluted from the poly-L-Lysine-Agarose 

chromatography, overlapping with the major protein peak. Therefore, this 

step was considered not helpful in terms of purification because it did not 

separate protein away from the phosphatase that already coincided in the 

same DEAE-Sephadex active fractions. 

Calmodulin-Sepharose chromatography was also tested after DEAE-

Sephadex chromatography. DEAE-chromatography was required to remove 

endogenous calmodulin from the extract before applying it to the calmodulin-

Sepharose. Under the employed assay conditions, a moderate amount of total 

protein and very little activity was bound to the resin. Therefore, this 

procedure was not included in the final scheme of the purification steps. 

In the ammonium sulfate precipitation experiment, 50% phosphatase 

activity and 25% of total protein was precipitated after treatment with 55% 

ammonium sulfate (Table 2). Thus, this step gives approximately 2-fold 

purification. 

Several gel filtration resins with differing pore sizes were tested for 

their ability to retain sodium channel phosphatase. A sample of extract was 

concentrated by precipitation with 55% ammonium sulfate, then resuspended 

and subjected to gel filtration using Sephadex G-100, G-150 or G-200. All three 

retained phosphatase activity. Both Sephadex G-100, with fractionation range 
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4,000 to 150,000 Da and G-150, with fractionation range 5,000 to 300,000 Da were 

used in subsequent studies. 

Based on these results, DEAE-Sephadex chromatography and ammonium 

sulfate precipitation appeared to be useful purification steps, whereas 

carboxymethyl-Sephadex and calmodulin-Sepharose chromatography were 

not helpful. Poly-L-Lysine chromatography did not further resolve or purify 

sodium channel phosphatase activity beyond that achieved with DEAE-

Sephadex. Therefore, the soluble crude was subjected to DEAE-Sephadex 

chromatography, ammonium sulfate precipitation, then gel-filtration as final 

purification steps. 

Final Scheme of Purification 

DEAE-Sephadex Chromatography 

The crude soluble extract was subjected to DEAE-Sephadex 

chromatography. Proteins were eluted with a linear gradient of 0-1 M NaCl 

buffer, and phosphatase activity was examined. Four out of seven times, DEAE-

Sephadex chromatography yielded 2 peaks of sodium channel phosphatase 

activity, peak A' and peak B. The other three times, DEAE 
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DEAE-Scphadcx 

Sample X of Total 
Protein 

Total 
Activity 

(U) 

Specific 
Activity 

(U/uie) 

Extract 100 2.36 x 105 1321 

Flow through &c 
Washes 

49 6.53 x 103 506 

1M NaCl elution 51 1.37 x 105 3146 

Cm-Sephadex 

Sample X of Total 
Protein 

Total 
Activity 

(U) 

Specific 
Activity 

(U/ufi) 

Extract 100 1.27 x 106 1977 

Flow through & 
Washes 

85 8.1 x 10« 438 

1M NaCl elution 5 1.5 x 104 425 

Table 1. Preliminary studies testing various purification 

t e c h n i q u es • Results from DEAE-Sephadex and CM-Sephadex 

chromatography. Conditions used were as described in methods section except 

experiments were done in a small scale. U = cpm/min. 



3 8  

Poly-L-Lysiii e 

Sample % of Total 
Protein 

Total 
Activity 

(U) 

Specific 
Activity 

(U/u«) 

Extract 100 1.87 x 105 1003 

Flow through 6c 
Washes 

77 7.32 x 103 231 

1M NaCl elution 22 6.69 x 104 1243 

Ammonium sulfate 

Sample X of Total 
Protein 

Total 
Activity 

(U) 

Specific 
Activity 

(U/U K )  

Extract 100 3.26 x 104 734 

0-55% cut 24 1.18 x 104 1481 

Table 2. Preliminary studies testing various purification 

techniques. Results from Poly-L-Lysine chromatography and ammonium 

sulfate precipitation. Conditions used were as described in methods section 

except experiments were done in a small scale. U = cpm/min. 
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purification gave 3 resolved peaks, peak Ai, peak A2 and peak B. A 

representative example of each chromatogram is presented in Fig. 3a and Fig. 

3b. 

Agents known to stimulate phosphatases, Ca2+, calmodulin, and Mg2 + 

were added in the assay buffer to measure phosphatase activity after each 

column purification. It has been reported that a time-dependent deactivation 

of calcineurin occurs (King and Huang, 1984). Deactivation is dependent on 

the simultaneous presence of Ca2+ and calmodulin with calcineurin and it is 

the complex that undergoes deactivation. This occurrence was carefully 

avoided in the assay by preventing any preincubation of Ca2+/calmodulin 

with the extract. Following DEAE chromatography, pooled peaks of sodium 

channel phosphatase activity were tested for their sensitivity to each agent. 

Results are summarized in Table 3. When Ca2+ and calmodulin were removed 

and 1 mM EGTA added, activity in peak A1 was reduced by 14% and peak B by 

41% when compared to the control. When Mg2+ was taken out of the buffer, 

peak A1 activity decreased by approximate 19% and peak B by 48%. 

Peak A' activity was 73% inhibited by 10 nM okadaic acid, and 89% 

inhibited by 500 nM. Activity in peak B was 46% inhibited by 10 nM okadaic 

acid and 54% by 500 nM. These results indicated that, overall, high okadaic 

acid concentration did not produce much further inhibition than did the low 

concentration in either peak. In the absence of Ca2+ and calmodulin, both 

peaks showed greater sensitivity to 10 nM okadaic acid, as peak A1 activity was 

inhibited by 91% and peak B by 98%. 
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Activity of peak A1 and peak B toward phosphorylase a, a substrate for 

PrP-1 and PrP-2A, was also measured in the presence of okadaic acid, and the 

absence of Ca2 + and calmodulin (Table 4). Activity in peak A' was 

approximately 92% inhibited by 10 nM okadaic acid and 98% by 500 nM. Peak 

B activity was 82% inhibited by 10 nM and 99% inhibited by 500 nM okadaic 

acid. The results obtained with phosphorylase a were similar to those 

observed using sodium channel as substrate, indicating that low okadaic acid 

causes nearly complete inhibition in both peaks in the absence of Ca2+ and 

calmodulin. The above observations suggest that Ca2 + /cal mo dul in-

independent sodium channel phosphatase activity is similar to PrP-2Ac in its 

sensitivity to okadaic acid. 

In order to directly compare the sensitivity of sodium channel 

phosphatase activity and PrP2Ac to okadaic acid, a full dose-response curve 

was constructed (figure 4). The sensitivity of DEAE peak A1 activity to 

inhibition by okadaic acid was very similar to that of purified PrP-2Ac from 

rabbit skeletal muscle. Peak B behaved somewhat differently. The dose-

responses curve for inhibition by okadaic acid was biphasic, suggesting that 

there might be a Ca2+-dependent phosphatase activity which is insensitive to 

okadaic acid acting on sodium channel, or there was some Ca2+-dependent 

proteolysis taking place. Further investigation is needed to explain this 

phenomenon. 
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Figure 3a. Chromatography of rat brain extract on DEAE-

Sephadex A-25 (2 peaks of activity). Rat brain extract was filtered through 

glass wool, pH adjusted to 7.5, then applied to a DEAE-Sephadex column (2.5 x 18 

cm), equilibrated with 20 mM Tris-HCl pH 7.5, 1 mM EGTA, 1 mM EDTA, 15 mM (i-

mercaptoethanol, 1 uM Pepstatin A, and eluted with a 576-ml linear gradient 

of 0 to 1 M NaCl in the same buffer at a flow rate lml/min. 3 ml fractions were 

collected. Optical density was measured at 280 nm to determine protein 

concentration. Phosphatase activity in every third fraction was assayed in 

the above buffer with the addition of all the activating agents, 1 mM Ca2+, 0.5 

uM calmodulin and 10 mM Mg^+ for maximum stimulation. U = fmol Pi 

released/ min. 
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Figure 3b. Chromatography of rat brain extract on DEAE-

Sephadex A-25 (3 peaks of activity). The experiment was performed 

essentially the same as outlined in figure 3A. U = fmol Pi released/ min. 
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Condition Peak A' 
% decrease 

Peak B 
% decrease 

-CaCaM/+EGTA 14 + 4.6 41 + 6.9 

-Mg2+/+EDTA 19 + 5.2 48 + 10.2 

10/iM O.A. 
fCaCaM/Me) 

73 + 3.2 46 + 3.4 

500nM O.A. 
(CaCaM/Me) 

89 + 6.4 54 + 4.8 

10/iM O.A. (EGTA) 91+5.5 98 + 2.2 

Table 3. Sensitivity of sodium channel phosphatase to 

different agents after DEAE-Sephadex chromatography. Equal 

volumes of pooled active fractions from peak A' and peak B were tested in 

20mM Tris-HCl, ImM EDTA, lOOmM NaCl, 2mg/ml bovine albumin, 15mM p* 

mercaptoethanol and 0.3% TX-100 with protease inhibitors. Control 

represents 100% of the activity, measured in the presence of ImM Ca2+, 0.5uM 

calmodulin and lOmM Mg2+. The change in phosphatase activity in response 

to different treatments is presented as % decrease from control. Peak A' 

control represented 27 mol Pi released/min/ug of protein and peak B control 

was 28 mol Pi released/min/ug of protein. Results were averaged from 4 

experiments with duplicates in each experiment. CaM = calmodulin, O.A. = 

okadaic acid. 
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Condition Peak A' 
% inhibition 

Peak B 
% inhibition 

10/JM O.A. 92 + 2.1 82 + 2.3 

500/iM O.A. 98 + 1.9 99 + 2.3 • 

Table 4. Okadaic acid sensitivity of phosphorylase a 

phosphatase after DEAE-Sephadex chromatography. Experiments 

were performed essentially the same as outlined in table 3. Treatments with 

low and high concentrations of okadaic acid were the only manipulations 

tested with phosphorylase a as substrate. Results were averaged from 4 

experiments with duplicates in each experiment. 
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Figure 4. Inhibition by okadaic acid of sodium channel 

phosphatase activity in the presence of Ca/CaM. 32P-sodium channel 

was incubated with pooled DEAE fractions from peak A' and B in the presence 

of increasing amounts of okadaic acid, ranging from 0.05 nM to 500 nM. 

Similar experiments were done with purified PrP-2Ac from rabbit skeletal 

muscle and compared. The assay conditions were the same as before, 

performed in the presence of 1 mM Ca2+, 0.5uM calmodulin and lOmM Mg2+. 

Phosphatase activity was expressed as % of control (no okadaic acid 

treatment). 
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Gel Filtration Chromatography 

Pooled peaks of activity from DEAE-Sephadex chromatography were 

concentrated by precipitation with 55% ammonium sulfate, then subjected to 

gel filtration. As shown in figures 5 and 6, a single peak of sodium channel 

phosphatase activity was detected after gel filtration of either DEAE-Sephadex 

peak A1 or peak B. 

The molecular weights of the multiple DEAE-Sephadex peaks, A', Ai, A2 

and B, of sodium channel phosphatase activity were estimated from gel 

filtration chromatography with Sephadex G-100 and Sephadex G-150. 

Standard curves for both columns were constructed using molecular weight 

standards as shown in figure 7a and 7b. The estimated molecular weights of 

sodium channel phosphatases are compared with reported forms of 

phosphatase-2A in Table S. A summary of partial purification of sodium 

channel phosphatase can be found in Table 6. 

Immunoblot of Sodium Channel Phosphatase 

Individual fractions containing phosphatase activity from both DEAE 

chromatography and gel filtration were subjected to immunoblot with anti-

PrP-2Ac antibodies, in order to find out whether they contained PrP-2Ac 

immunoreactivity, and whether peak immunoreactivity coincided with peak 
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Figure 5. Gel filtration of sodium channel phosphatase DEAE 

chromatography peak A' on Sephadex G-150. Material from pooled 

active fractions after DEAE-Sephadex was concentrated by precipitation with 

55% (NH3)2S04 and resuspended in 1ml of 20 mM Tris-HCl, 1 mM EGTA, 1 mM 

EDTA, 0.1 M NaCl, 15 mM p-mercaptoethanol, and 1 uM Pepstatin A. 300 ul was 

applied to the column (1.0 x 25 cm) which was equilibrated in the same buffer. 

2ml fractions were collected. Optical density was measured at 280 nm and 

sodium channel phosphatase was assayed in control buffer as before. U = fmol 

Pi released/ min. 
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Figure 6. Gel filtration of sodium channel phosphatase DEAE 

chromatography peak B on Sephadex-G150. The experiment was 

performed essentially the same as outlined in Figure 5. U = fmol Pi released/ 

min. 
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Figure 7a. Standard curve of molecular weight markers for 

Sephadex G-100 column. A standard curve of molecular weight markers 

was constructed for the sephadex G-100 column. Molecular weight markers 

used were: p-amylase, of 200KDa; alcohol dehydrogenase, 150KDa; 

phosphorylase b, 97KDa; albumin, 66KDa; carbonic anhydrase, 29KDa; 

cytochrome c, 12KDa. Molecular weight markers were eluted under the same 

condition as were phosphatase samples, and were detected by absorbance at 

280 nm. The elution volume of phosphatase was determined and compared to 

the standard curve to determine its molecular weight. The values were 

averaged from 3 separate experiments and the line drawn was the best fit for 

all points. 
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Figure 7b. Standard curve of molecular weight markers for 

sephadex-150 column. The experiment was performed essentially the 

same as outlined in figure 7a. Molecular weight markers used were: p-

amylase, of 200KDa; alcohol dehydrogenase, 150KDa; phosphorylase b, 97KDa; 

albumin, 66KDa; carbonic anhydrase, 29KDa; cytochrome c, 12KDa. Molecular 

markers were eluted under the same condition as were phosphatase samples, 

and were detected by absorbance at 280 nm. Values were averaged from 3 

separate experiments and the line was drawn in the best fit to all the points. 
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Known 
phosphatases 

Reported MW Observed 
Phosphatases 

Estimated MW 

d 
PrP-lI/PrP-lG 

a 
60,000/140.000 Ai 83,000 

PrP-2A0 

a 
150,000 A2 147,000 

PrP-2Ai 
a 

151,000 A' 156.000 

PrP-2A2 
a 

96,000 B 141.000 

Calcineurin 
b 

79,000 - -

PrP-2C 
c 

44,000 - -

Table 5. Estimated molecular weight of sodium channel 

phosphatases of peak A' and peak B. Molecular weights were derived 

from a standard curve created by subjecting molecular weight markers to gel 

filtration. These estimated sodium channel phosphatase molecular weights 

were averaged from 3 separate experiments were compared with reported 

molecular weights of various forms of phosphatases. 

a = Reproduced from Cohen and Tung, 1988. 

b = Reproduced from Dennis and Cheung, 1987. 

c = Reproduced from Clare and Cohen, 1988. 

d = PrP-li represents PrP-lc - I2 

PrP-lG represents PrP-lc - G 
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Purifica 
tion step 

Protein 
(mg) 

Total 
Activity 

(U) 

Specific 
Activity 
(U/mg) 

Fold of 
Purifica 

tion 

% Yield 

Brain 
extract 213 11,138.826 52.290 - -

DEAE-
sephadex 

Peak A' 
80 2.529.530 31.619 - 100 

Peak B 92 1,760.015 19,131 - 100 

(NII3)2S04 
PEAK A' 4 479,134 119,748 3.8 19 

Peak B 2 420.446 210,223 11 24 

Gel 
filtration 

Peak A' 
0.11 46,200 420.000 3.5 10 

Peak B 0.04 14,800 370.000 1.8 3.5 

Table 6. Summary of partial purification of sodium channel 

phosphatase. Assay conditions were described under "Materials and 

Methods". Units are expressed as the mol Pi released/ min of protein from 

32p-iabeled sodium channel. Yield and fold purification are calculated after 

DEAE-Sephadex chromatography. 
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phosphatase activity. Skeletal muscle PrP-lc and PrP-2Ac were used as 

negative and positive control, respectively, for antibody specificity. The 

results (figure 8a-8c) indicated that all fractions containing sodium channel 

phosphatase activity also contained PrP-2Ac immunoreactivity. The fractions 

which stained most intensely in the immunoblots were the fractions 

containing the highest phosphatase activity in all cases. This is consistent 

with the hypothesis that the sodium channel phosphatase is related to PrP-2A 

and that DEAE peak Ai, peak A2 and peak B are 3 isoforms of same enzyme. 

Comparison of the Rate of Dephosphorylation of Sodium Channel and 

Phosphorylase a 

Phosphatase activity towards sodium channel or phosphorylase a was 

compared (figure 9a and 9b). Under the conditions used, sodium channel 

dephosphorylation was less extensive than that of phosphorylase a. However, 

phosphate released from either substrate was the same order of magnitude, 

although the starting concentration of phosphorylase a (6.7 uM) was 100-fold 

more than that of sodium channel (41 nM). A more comparable condition, 

using similar substrate concentrations is required to compare the rate of 

dephosphorylation of the 2 substrates. 
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Figure 8a. DEAE-Sephadex Active Fractions. 
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Figure 8b. Gel Filtration Active Fractions. 



Figure 8a. Immunoblot analysis of sodium channel 

phosphatases with anti-PrP2Ac antibodies. Equal volumes of fractions 

from DEAE-Sephadex active peak Ai, peak A2 and peak B were boiled in 6% 

SDS, 15 mM Tris/HCl, pH 6.7, 6 mM EDTA/Tris pH 7, 10% glycerol, 0.02% 

bromphenol blue, 0.1% p-mercaptoethanol and subjected to SDS-PAGE, then 

blotted to immobilon PVDF and probed with antibodies to PrP-2Ac as described 

in Methods. Pre-stained molecular weight standards (200,000, 97,000, 68,000, 

43,000, 29,000, 18,000, and 14,000 Da) were also subjected to SDS-PAGE. Lanes 1 

through 5 are the active fractions of DEAE peak Ai. Lanes 6 and 7 contain 

molecular weight standards, and lane 8 through 12 are the active fractions of 

DEAE peak A2. Lane 13 is an active fraction of peak A2, with no primary 

antibody incubation. Lanes 14 through 18 are the active fractions of peak B, 

and lane 19 contains molecular weight standards. 

Figure 8b. Immunoblot analysis of sodium channel 

phosphatases with anti-PrP2Ac antibodies. Equal volumes of fractions 

after gel filtration of DEAE-Sephadex peak Ai, peak A2 and peak B were 

subjected to SDS-PAGE and immunoblot as described above. Lanes 1 through 5 

are the active fractions after gel filtration of DEAE-Sephadex peak Ai, Lanes 

6 and 7 contain molecular weight standards, and lanes 8 through 13 are the 

active fractions after gel filtration of DEAE-Sephadex peak A2. Lanes 14 

through 18 are the active fractions after gel filtration of DEAE-Sephadex peak 

B. Lane 19 contains purified skeletal muscle PrP-2Ac. 
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t v 43,000 
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Figure 8c. Immunoblot analysis of purified skeletal muscle 

PrP-lc and PrP-2Ac with anti-PrP-2Ac antibodies. Purified skeletal 

muscle PrP-lc and PrP-2Ac were subjected to SDS-PAGE, blotted and the blot 

probed with anti-PrP-2Ac antibodies as described in Methods. Lanes 1 

through 3 contain 1, 2 and 5 ug purified skeletal muscle PrP-lc, respectively. 

Lanes 4 and 5 contain 1 and 2 ug purified skeletal of PrP-2Ac, respectively. 

Lane 6 contains molecular weight standards. 
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Figure 9a. Comparison of the rate of dephosphorylation of 

sodium channel and phosphorylase a by gel filtration peak A. 

Sodium channel (41nM) and phosphorylase a (6.7uM) were dephosphorylated 

by gel filtration pooled peak A'. The assay was performed in 20mM Tris-HCl pH 

7.4, ImM EDTA and 15mM P-mercaptoehanol buffer in the presence of ImM 

CaCl2. 0.5 uM calmodulin and 10 mM MgCl2 at 30 °C. Dephosphorylation was 

terminated at the time points indicated. The percent Pi released was kept 

under 30% of the total protein-associated phosphate added in order to ensure 

linearity of phosphate release. Values were averaged from 2 separate 

experiments. 
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Figure 9b. Comparison of rate of dephosphorylation of 

sodium channel and phosphorylase a by gel filtration peak B. The 

experiment was performed essentially the same as in figure 9a. 
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CHAPTER 4 

DISCUSSION 

This study suggests that PrP-2A is the major serine/threonine 

phosphatase in brain extract dephosphorylating brain sodium channels. It 

also suggests that the 3 separable forms of sodium channel phosphatase 

observed are all isoforms of PrP-2A. 

Okadaic acid sensitivity of PrP-2Ac strongly supports the above 

hypothesis. Pilot studies with crude brain extract showed that 10 nM and 500 

nM okadaic acid were equally effective, inhibiting approximately 65-75% of 

the sodium channel phosphatase activity. These doses were chosen to 

distinguish activities of PrP-lc and PrP-2Ac, since 10 nM would inhibit PrP-

2Ac activity completely with little effect on PrP-lc, and 500 nM would inhibit 

both PrP-2Ac and PrP-lc extensively. The fact that phosphatase activity was 

inhibited to a similar extent by both doses implied that most of the sodium 

channel phosphatase activity in the crude extract may due to brain PrP-2A, 

and not PrP-1. 
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Observations on DEAE-Sephadex Peak A' Sodium Channel Phosphatase Activity 

Suggestive Evidence From Okadaic Acid Sensitivity 

In the present studies, lOnM okadaic acid inhibited sodium channel 

phosphatase in DEAE-Sephadex peak A' close to completion. In the presence 

of Ca/calmodulin, peak A' activity was 73% inhibited by 10 nM okadaic acid 

and 89% inhibited by 500 nM. The fact that 500 nM did not produce any 

greater inhibition than the 10 nM already did indicated that the activity on 

sodium channel phosphatase was mainly contributed by PrP-2Ac, not PrP-lc. 

This finding is consistent with the same test performed on crude brain extract 

as mentioned before. Similar results were found using phosphorylase a, a 

substrate for both PrP-1 and PrP-2A. Activity of DEAE peak A' towards 

phosphorylase a was 92% inhibited by 10 nM okadaic acid and 98% by 500 nM. 

These results further confirmed that PrP-2A may account for the majority of 

sodium channel phosphatase activity in peak A1. 

In the absence of Ca/calmodulin, the activity of DEAE peak A' was 90% 

inhibited by 10 nM okadaic acid, using either sodium channel or 

phosphorylase a as a substrate. This data suggests that the okadaic acid 

sensitivity of sodium channel phosphatase may be influenced by the presence 

of Ca/calmodulin during the phosphatase assay. By taking CaCl2 away, the 

activity became slightly more sensitive to okadaic acid. A full dose-response 

curve for okadaic acid inhibition of peak A' phosphatase activity was 

compared to that for purified catalytic subunit of rabbit skeletal muscle type 
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2A phosphatase. The sensitivity of peak A' to okadaic acid was similar to that of 

skeletal muscle PrP-2Ac. 

Western blotting with Anti-PrP2Ac Antibodies Against Peak A' 

Immunoblotting is a very powerful and specific tool in confirming the 

identity of sodium channel phosphatase as one of the known phosphatases. A 

monoclonal antibody to the catalytic subunit of protein phosphatase 2A was 

used to detect the presence of PrP-2Ac in peak Ai and peak A2 active fractions 

after DEAE-Sephadex and gel filtration. Anti-PrP-2Ac recognized the purified 

PrP-2Ac as a single band of approximately at 36 KDa after SDS-PAGE. It did not 

detect PrP-lc, which is highly homologous to PrP-2Ac, indicating the 

specificity of the antibody for PrP-2Ac. Active fractions of peak Ai and peak 

A 2 after DEAE-Sephadex chromatography and gel filtration were tested 

separately for their reactivity with anti-PrP-2Ac antibody. A protein slightly 

larger than 36K Da in every active fraction was detected by immunoblot. The 

most immunoreactive fractions from the chromatographic peaks were the 

same fractions containing the highest phosphatase activity. Similar results 

were obtained for DEAE peak A' (data not shown). This result strongly supports 

the speculation that PrP-2Ac is responsible for the sodium channel 

phosphatase activity detected in the present study. 

Besides the major protein band at 36 KDa region, several other faint 

bands were detected in the upper region of the blot in most of the fractions. 



6 3  

They are considered non-specific, since these bands were present when the 

primary antibody was not included, shown in figure 8a, lane 13. 

Observations on DEAE-Sephadex Peak B Sodium Channel Phosphatase Activity 

Suggestive Evidence From Okadaic Acid Sensitivity 

In the presence of Ca^+/calmodulin, 46% of peak B sodium channel 

phosphatase activity was inhibited by 10 nM of okadaic acid and 54% by 500 

nM. Again, the fact that 10 nM okadaic acid was nearly as potent as 500 nM 

inhibiting in phosphatase activity illustrated that PrP-2Ac is the dominate 

okadaic acid-sensitive phosphatase in dephosphorylating sodium channel, and 

not PrP-lc. 

When Ca2+/calmodulin was removed, the activity of DEAE-Sephadex 

peak B toward sodium channels was reduced by 50%, and the residual activity 

was completely inhibited by 10 nM okadaic acid (Table 3). This may indicate 

the presence of an okadaic-acid insensitive phosphatase, Ca2+/calmodulin-

dependent phosphatase, such as calcineurin. This may also be caused by 

calcium-dependent proteolysis of sodium channels, which might generate 

TCA-soluble phosphopeptides and would be insensitive to okadaic acid. In order 

to clarify whether the Ca2+ - dependent activity was contributed by proteolysis 

of sodium channel or by calcineurin-like activity, future experiments, such as 

organic phosphate extraction, will be helpful. 
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Western blotting with Anti-PrP2Ac Antibodies Peak B 

Monoclonal antibodies to the catalytic subunit of protein phosphatase 

2A were used to detect the presence of PrP-2Ac in peak B active fractions after 

DEAE-Sephadex chromatography and gel filtration, as described previously for 

peak A'. Similar results were obtained. PrP-2Ac is present in all active 

fractions, and the peak phosphatase activity coincided with the peak 

immunoreactivity after each chromatographic step. Again, this result 

strongly supports the speculation that PrP-2A is responsible for at least part of 

the sodium channel phosphatase activity detected in DEAE-Sedphadex peak B. 

Other Observations Made on Hypothesized Brain PrP-2A Isoforms 

There were times when only 2 peaks of sodium channel phosphatase 

activity were seen after DEAE-Sephadex fractionation, namely peak A' and 

peak B. Other times, 3 peaks of phosphatases activity were seen. They were 

named as peak Ai, peak A2 and peak B. According to the estimated molecular 

weights and sensitivity to calcium, peak B consistently appeared as a single 

peak on the chromatograms. The sensitivities of peak Ai, peak A2 and peak A' 

to different agents are very similar implying they are related or similar 

enzymes. The variation among experiments might due to poor resolution of 

peak Ai and peak A2 in some experiments. Alternatively, peak Ai, which has a 

smaller molecular mass, may be a degradative product of peak A2, and may be 

present to a variable extent from experiment to experiment. The latter 

explanation is favored, because when peak A' was subjected to gel filtration 
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after DEAE-Sephadex chromatography, a single peak of activity was detected. 

If there were two phosphatases which had not been separated during DEAE-

Sephadex chromatography, they would have be separated by gel filtration, 

since peak Ai and peak A2 have distinct molecular weights. This suggests that 

probably a single phosphatase was present in peak A', not multiple unresolved 

phosphatases, when only one peak of activity was seen on DEAE-Sephadex. 

This observation is similar to findings reported for the skeletal muscle 

forms of PrP-2A. Three isoforms of skeletal muscle PrP-2A activity have been 

described after separation on DEAE-Sephadex: protein phosphatase-2A0, 2Ai 

and 2A2 (Tung and Cohen, 1984). Each isoform consisted of a combination of 4 

subunits, a, p, p' and y in different ratios. The molecular masses of the subunits 

estimated empirically on SDS-polyacrylamide slab gels were: a, 60 KDa; p, 55 

KDa; p', 54 KDa; y, 36 KDa, using standard marker proteins (Tung and Cohen, 

1984). PrP-2A0 consists of a-p'-y2; PrP-2Ai consists of a-p*Y2; and PrP-2A2 

consists of a-y. PrP-2A2 is not present in the tissue extract, but is generated 

from PrP-2A0 or PrP-2Ai through degradation or dissociation of the p or p' 

subunit. It may be that peak Ai( in the present study, is a degradative product 

from peak A1 and is generated to a variable extent during purification. 

Further work on the subunit composition of brain phosphatase 2A will be 

needed to clarify this observation. 

Based on their structures and subunit compositions of each subunit 

mentioned above, the molecular mass of skeletal muscle PrP-2A0 is calculated 

to be 186 KDa; PrP-2Ai is 187 KDa; and PrP-2A2 is 96 KDa. In the present study, 

the estimated molecular weights from gel filtration on sephadex-100 and 



sephadex-150 for brain peak Ai is 83 KDa; peak A2 is 147 KDa; and peak B is 141 

KDa. Peak A2 and peak B may be similar to the two large reported skeletal 

muscle forms PrP-2A0 and PrP-2Ai. Peak Ai may be similar to PrP-2A2. Since 

the subunit composition of brain PrP-2A still remains unknown, it is difficult 

to make a direct comparison between them. 

The DEAE-Sephadex elution profile can also be compared between the 

skeletal muscle PrP-2A and brain PrP-2A. After DEAE-Cellulose 

chromatography, protein phosphatase-2A0 eluted at 0.1-0.15 M NaCI; 2Ai at 

0.19-0.24 M NaCI; and 2A2 at 0.28-0.32 M NaCI (Tung and Cohen, 1984). The three 

sodium channel phosphatase activities, peak Ai, peak A2 and peak B, eluted 

from DEAE-Sephadex in a similar range of the salt gradient, 0.04-0.12 M NaCI; 

0.12-0.24 M NaCI; and 0.27-0.39 M NaCI respectively. Differences in resin, 

column size, or enzyme structures may account for the differences in elution. 

Eliminating the Possibilities of Other Phosphatases 

Based on the information acquired so far, PrP-1 does not appear to 

dephosphorylate sodium channels in our study. This conclusion is based on 

the okadaic acid sensitivity of the phosphatase activities described and from a 

comparison of the molecular weights of known phosphatases and the observed 

sodium channel phosphatases. The reported molecular weight for the 

cytosolic form of PrP-1 in skeletal muscle is 60,000 Da which is small compared 

with the sodium channel phosphatases. The glycogen-bound form of PrP-1, 



140,000 Da, is insignificant in brain and would be sedimented after 30,000 x g 

centrifugation (Stralfors and Cohen, 1985). 

A latent cytosolic form of PrP-1 has been reported to be present in 

brain (Yang and Fong, 1985). This enzyme, termed "ATP-Mg-dependent 

protein phosphatase" or Fc, is active only following its incubation with ATP-

Mg and the activator Fa, which has also been identified as glycogen synthase 

kinase (Goris and Merlevede, 1979). This form of PrP-1 consists of a catalytic 

protein, Fc, and a modulatory subunit I2. The mechanism of activation of the 

Fc-12 complex is through the phosphorylation of I2 by Fa in the presence of 

Mg2+, which induces a conformational change of I2, releasing the catalytic 

subunit. Proteolysis with trypsin in the presence of Mn2+ ions also activates 

Fc. Limited proteolysis of Fc can release an active fragment which is 20-fold 

stimulated by Mn2+ or Mg2+, with Mn2+ being more effective than Mg2 + . 

After activation of the Fc complex by trypsin attack and Mn2+ treatment, a 

stable form of the enzyme is generated (Brautigan and Fischer, 1982). 

Because latent Fc is present in high concentrations in brain, a 

preliminary study was performed to test whether activated Fc would 

dephosphorylate sodium channels. DEAE fractions were treated with trypsin 

and Mn2+> then tested for phosphatase activity using phosphorylase a as 

substrate. Trypsin-activatable phosphatase activity coincided with DEAE peak 

A 2 sodium channel phosphatase activity. Although treatment with trypsin 

and Mn2 + increased the activity of these fractions 2-3-fold toward 

phosphorylase a, it did not increase activity toward sodium channel. This 

observation suggests that PrP-1 does not act on sodium channel. This is 
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consistent with studies showing that purified skeletal muscle PrP-lc has little 

activity toward sodium channel (Rossie and Catterall, in preparation). 

Protein phosphatase-2B, calcineurin, is a calcium-dependent enzyme, 

whose activity can be stimulated by calmodulin. Subunit A of calcineurin 

contains the catalytic site and interacts with calmodulin in a Ca2+ dependent 

fashion. Subunit B binds to 4 mole Ca2+ per mole of protein at micromolar 

concentrations of calcium. In the absence of calmodulin, Ca2+ by itself has 

little effect on calcineurin activity. However, calcineurin activity can be 

increased 10-50 fold by the combination of Ca2+/calmodulin (Li, H.C., 1984). In 

the present study, sodium channel phosphatase activity was first assayed in 

the presence of Ca2+/calmodulin to elicit maximal activity of calcineurin. 

Active fractions were then assayed in the absence of Ca2+/calmodulin to test 

whether activity was Ca2+/calmodulin dependent. The results showed that 

when Ca2+/calmodulin was removed from the buffer and EGTA was added, 

activity in peak A1 decreased by 14% and peak B by 41% as compared to control. 

Thus, peak A' was shown to be only mildly activated by Ca2+/calmodulin and 

was okadaic acid-sensitive, whereas peak B was more affected by 

Ca2+/calmodulin and was partially okadaic acid insensitive. It is possible that 

the Ca2 +-dependent activity seen in peak B is due to calcineurin-like 

phosphatase. The calcium and calmodulin-dependent phosphatase activity 

seen in DEAE peak B will be further investigated to determine whether 

calcineurin dephosphorylates sodium channels. 

Regardless of the possible contribution of calcineurin activity in peak 

B, the reported molecular weight of calcineurin is 68,000 Da, which is low 
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compared to the molecular weights estimated for any of the sodium channel 

phosphatases. However, calcineurin is a very labile phosphatase, which 

undergoes inactivation rapidly (King and Huang, 1984). Its activity might 

have been lost by the time of gel filtration, and would therefore be 

undetectable after gel filtration. 

PrP-2C is the least-studied phosphatase among the known 

serine/threonine phosphatases. Two forms of PrP-2C have been isolated from 

rabbit skeletal muscle or liver, termed PrP-2Cl and PrP-2C2 (McGowan and 

Cohen, 1987). Although PrP-2C activity has been reported in brain, little is 

known about the brain form (McGowan and Cohen, 1987). Millimolar 

concentrations of Mg2 + increase PrP-2C activity 10-fold. In our initial 

phosphatase assays, activity was measured in the presence of 10 mM Mg2+, for 

full stimulation of PrP-2C. Active fractions were then tested in the absence of 

added Mg2+ and presence of EDTA to test whether phosphatase activity was 

Mg2+ dependent. DEAE peak A1 activity was decreased by 19% and peak B was 

decreased by 48% upon removal of Mg2 + . Again, peak B showed more 

sensitivity to the divalent cation. However, the effect was not strong enough 

to draw any conclusion. In general, Mg2+ increases and stabilizes activity of 

all of the known serine/threonine protein phosphatases, but this effects 

depends on the stage of purification and substrate used. PrP-2C, being an 

monomer, gives molecular weight of 47,000 Da in SDS-polyacrylamide gel 

electrophoresis, which is incomparable to the molecular weight estimated for 

any of the observed sodium channel phosphatases. 



7 0  

Future Work 

In addition to extending preliminary observations on latent PrP-1 and 

calcineurin-like activities, another convincing study to confirm the activity 

of PrP-2Ac toward sodium channels would be immunoprecipitation of sodium 

channel phosphatase activity from brain extract by anti-PrP2Ac antibodies. 

An aliquot of extract will be incubated with anti-PrP2Ac antibodies. The 

antibody-bound PrP-2Ac will be isolated by binding protein A-Sepharose, and 

the complex sedimented by centrifugation. Both the supernatant and the 

pellet will be assayed for sodium channel phosphatase activity. If most of the 

phosphatase activity is found in the pellet, this will confirm that PrP-2Ac is 

the major sodium channel phosphatase in brain extracts. 

Having established that brain PrP-2Ac dephosphorylates sodium 

channel in extracts, experiments can then be done to test whether PrP-2Ac 

also dephosphorylates sodium channels in situ. Okadaic acid can penetrate the 

lipid bilayer of the cell easily and can be used to inhibit the activity of PrP-

2Ac in intact neurons. The extent of sodium channel phosphorylation can be 

quantified from neurons treated with or without okadaic acid to determine 

whether PrP-2Ac is a sodium channel phosphatase in vivo. The neuropeptide 

somatostatin has been shown to activate Ca2 +-activated K+ channels by 

stimulating okadaic acid-sensitive dephosphorylation, suggesting that 

somatostatin may activate PrP-2Ac (White and Armstrong, 1991). Experiments 

can be performed to test whether somatostatin stimulates sodium channel 

dephosphorylation in brain. The effects of somatostatin stimulation can be 
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studied in conjunction with those of other hormones or neurotransmitters that 

stimulate cAMP to further understand how sodium channel phosphorylation is 

regulated under physiological conditions. 

As mentioned before, the functional role of sodium channel 

phosphorylation has not been clearly defined at this point of time. Neurons 

can be treated directly with partially purified PrP-2Ac to measure the effect 

on electrophysiologic behavior of sodium channel. Thus, studying the action 

of PrP-2Ac on sodium channel will provide helpful information to better 

address the physiological significance of sodium channel phosphorylation. 

Conclusion 

Results from the current studies suggest that sodium channel 

phosphatase activity in brain extract is mainly contributed by the 

serine/threonine phosphatase PrP-2A. The separate forms of sodium channel 

phosphatase are also suggested to be isoforms of PrP-2A. Conclusions were 

drawn from the following observations: 1) Multiple peaks of sodium channel 

phosphatase activity were resolved after DEAE-Sephadex fraction, namely peak 

A' and peak B when 2 peaks were seen, and peak Ai, peak A2 and B when 3 

peaks were seen. 2) Sodium channel phosphatase activity in all DEAE-

Sephadex peaks was inhibited to a similar extent by both high and low okadaic 

acid concentrations, indicating that most of the sodium channel phosphatase 

activity is due to brain PrP-2A. 3) All fractions containing sodium channel 

phosphatase activity contained PrP-2Ac immunoreactivity, and the most 
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immunoreactive fractions against anti-PrP-2Ac antibody from 

chromatography peaks were the same fractions containing the highest 

phosphatase activity. 4) The estimated molecular weights for brain peak Ai 

was 83 kDa; peak A2 was 147 KDa and peak B was 141 KDa, which are 

comparable to the molecular weights of skeletal muscle PrP-2A isoforms, 186 

KDa, 187 KDa and 96 KDa, respectively. 
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