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by 
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(ABSTRACT) 

Phosphorylase kinase (EC 2.7.1.38) is a key enzyme involved in the regulation 

of the glycogenolysis pathway. It catalyzes the Ca?*-dependent phosphorylation and 

activation of the enzyme glycogen phosphorylase, to make the active form glycogen 

phosphorylase,. Phosphorylase kinase is composed of 4 subunits with a stoichiometry 

of (aBy6),. The y subunit is the catalytic subunit. The regulatory domain (residues 

277-387) of y contains a sequence resembling the sites phosphorylated in known y 

substrates with the exception that a valine,,, occurs at the analogous position of the 

phosphorylated serine or threonine residue. 

The investigation of this pseudosubstrate sequence began with the construction 

of a recombinant baculovirus containing a cDNA encoding the y-subunit of 

phosphorylase kinase from mouse skeletal muscle. Cultures of Sf9 insect cells 

infected with the -baculovirus produce an intact and soluble wild type y-protein



(ywr). A purification procedure is presented that yields a sample of yy; which is 

devoid of interfering enzyme activity and which is not associated with calmodulin 

from the insect cells. The isolated yy; has enzymatic properties which are similar to 

reported values for the activated phosphorylase kinase holoenzyme. Addition of 

calmodulin to yy stimulates its activity 1.5- to 2.0-fold at pH 6.8 in both the 

presence and absence of calcium. The stimulation by calmodulin at pH 6.8 results 

from an increase in the V,,, Of ywr with little effect on its K,,. 

The inhibitory properties of the putative pseudosubstrate sequence were 

assayed using a 10 amino acid peptide modelled after this pseudosubstrate sequence. 

Although this peptide is only a weak inhibitor of y activity, a second peptide 

modelled after this pseudosubstrate sequence, in which a valine residue is replaced by 

a phosphorylatable serine residue, is a very good substrate. A mutant y-protein, with 

a serine for valine,,, substitution (y,,,) was subsequently prepared in the baculovirus 

system. The +... mutant autophosphorylated by an intramolecular mechanism, 

whereas yw;, under the same conditions and time period, does not. This 

demonstrates that this sequence has access to the catalytic site in the protein.
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INTRODUCTION 

Protein phosphorylation and dephosphorylation is recognized as an important 

means of regulating many biological functions in eucaryotic cells, such as cell growth 

and division, muscle contraction, and gene regulation. It was during the studies on 

glycogen metabolism, primarily in the laboratory of Gerty and Carl Cori, that this 

type of regulation first became known. They were the first to purify the enzyme 

glycogen phosphorylase (phosphorylase),“? which catalyzes the sequential removal and 

phosphorylation of glucose residues from the nonreducing end of the glycogen 

molecule. In muscle, the resulting product (glucose 1-phosphate) is metabolized by 

glycolysis to meet the energy requirements for muscle contraction. When the enzyme 

was first isolated, they found it required AMP for activity.” These early experiments 

suggested that phosphorylase was only activated by AMP. However, in 1943, the 

crystallization of rabbit muscle phosphorylase was reported and it was found to be 

60 - 70% active in the absence of AMP, but it subsequently could be converted to a 

form which showed a complete requirement for AMP.® The form of phosphorylase 

active without AMP was named phosphorylase,, and the form requiring the nucleotide 

for activity was named phosphorylase,. 

Fischer and Krebs reported that the conversion of phosphorylase from inactive 

to active forms could occur in rabbit muscle extracts in the presence of ATP and 

divalent metal ions.°: They discovered that the inactive enzyme was converted to



the active form by the transfer of the terminal phosphate of ATP to a specific serine 

residue in phosphorylase.” They isolated the enzyme responsible for this conversion, 

phosphorylase kinase, which was the first protein kinase to be isolated.© 

In 1950, Sutherland noticed that epinephrine caused a rapid breakdown of 

glycogen and an increase in free glucose, suggesting that epinephrine was somehow 

acting to increase phosphorylase activity.®”) But he found that epinephrine did not 

stimulate the enzyme directly. Instead, it caused an increase in production of another 

factor in the cells, which was later identified as cAMP.“ In 1968, Walsh et al., 

demonstrated that cAMP did not act directly upon phosphorylase kinase, but rather on 

another enzyme named cAMP-dependent protein kinase (CAPK).“” This discovery 

completed the cascade from hormonal regulation by epinephrine, to glycogenolysis. 

In 1956, from studies on frog and rat muscle, Cori first suggested that a 

correlation might exist between muscle contraction and an increase in 

phosphorylase,.“”) Fischer and Krebs observed a conversion of phosphorylase, to 

phosphorylase, in crude muscle extracts, a result they attributed to calcium ions,“?"” 

but the specific role that calcium plays in the activation of phosphorylase kinase was 

not discovered until 1971, when Brostrom et al.“* provided evidence confirming an 

interaction between Ca** and phosphorylase kinase in vitro, and proposed a model for 

the regulation of skeletal muscle phosphorylase kinase by Ca?* in vivo. They 

theorized that upon stimulation of a muscle fiber, Ca’* is released from the 

sarcoplasmic reticulum, initiating contraction and stimulating phosphorylase kinase to



convert phosphorylase, to phosphorylase,. This discovery effectively linked the 

regulation of glycogenolysis by phosphorylase kinase to muscle contraction. Thus, 

the enzyme activity of phosphorylase kinase is regulated both by cAPK 

phosphorylation and by the binding of Ca?*. These two regulatory mechanisms 

coordinate the hormonal signal for glycogenolysis with the Ca’* signal for muscle 

contraction (Fig. 1). 

Typically, enzymes are grouped in accordance with the kind of chemical 

reaction that they catalyze and the names of individual enzymes are based on the 

specific substrate upon which they act. The protein kinases, however, often catalyze 

the phosphorylation of a number of different proteins, so this system of nomenclature 

is not practical. Thus, protein kinases have been classified into five groups according 

to their acceptor amino acid specificity:“® (1) serine/threonine, (2) tyrosine, (3) 

histidine/arginine/lysine, (4) cysteine, and (5) asparagine/glutamine. Phosphorylase 

kinase is a serine/threonine kinase, a member of the largest group. Protein 

serine/threonine kinases can be further classified into 4 broad categories."'”’ These 

are: (1) cyclic-nucleotide-dependent protein kinases, e.g. cAPK and cGPK, (2) Ca*t- 

dependent protein kinases, e.g. phosphorylase kinase , protein kinase C (PKC), and 

myosin light chain kinase (MLCK), (3) messenger-independent protein kinases, e.g. 

casein kinase I and II, and glycogen synthase kinase-3 (GSK-3), and (4) the multi- 

functional Ca?*/CaM-dependent protein kinases, e.g. Ca**/CaM-dependent protein 

kinases I, II, and II]. The phosphoryl donor in almost all kinases is ATP,“® although



Figure 1. Glycogenolysis. A schematic diagram of the regulation of selected 

enzymes in the cascade leading to the breakdown of glycogen into glucose 1- 

phosphate by phosphorylase. In this figure, the emphasis is on showing how the 

hormonal signal (epinephrine/glucagon) is coupled to the signal from muscle 

contraction (Ca**) in the activation of phosphorylase kinase.
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a few can use GTP in vitro (e.g. casein kinase II and a histone H1 kinase from tumor 

cells@?.2) 

Phosphorylase kinase is a large and complex protein with a molecular weight 

of 1.3 x 10° and is composed of 4 different subunits with a stoichiometry of 

(aBy6),.° The molecular weights of the subunits based on electrophoretic mobility 

on SDS-PAGE have been reported as, a = 145,000, a’ = 133,000, and 6 = 

128,000.° The absolute values for y (44,673) and 6 (16,680)° have been 

determined from sequence analysis. The a and a’ subunits are isozymes, with a 

found in fast-twitch muscle and a’ found in slow-twitch muscle.@*° Thus, one form 

of phosphorylase kinase would contain 4 a-subunits and another 4 a “-subunits. 

Whether the 2 isozymes have unique physiological functions is not known. Restricted 

tryptic cleavage of both the a and the 6 subunits tended to convert the molecule to 2 

equal halves, suggesting the native molecule is comprised of bridged octamers each of 

structure «,3,7,6,.?” Cross-linking studies produced a variety of dimers and trimers 

indicating close interactions of these various combinations of subunits in the native 

molecule (e.g. aa, 88, ay, By, aBy, Byy).@8?” The 3-dimensional structure of 

phosphorylase kinase is unknown. 

The catalytic site is contained in the y subunit®, and the other subunits are 

thought to be involved in the relatively complex regulation of this enzyme. The y- 

subunit of rabbit skeletal muscle phosphorylase kinase contains 386 amino acid 

residues.” The primary structure in the N-terminal region of y (71-276) is



homologous with the catalytic domains of other protein kinases.°*°” This region 

contains the substrate-binding site, the ATP-binding site and the phosphotransferase 

activity. Experimental evidence indicates that the C-terminal region (110 amino acid 

residues) contains the CaM binding domain.°The « and 6 subunits are 

phosphorylated by cAPK in response to a hormonal signal, which increases activity of 

the enzyme principally at physiological pH.°?*” The 6 subunit is identical to 

calmodulin (CaM)°®. The calcium-dependent regulation of phosphorylase kinase 

activity occurs through the 6 subunit. Half-maximal activation of active 

(phosphorylated) phosphorylase kinase occurs at a Ca?* concentration of 

approximately 10’ M, and approximately 10° for nonactive phosphorylase kinase.“” 

(Intracellular free Ca?* levels are estimated at 10” M for resting muscle and 10° to 

10° M for muscle under maximal tension.°”) Unlike other CaM-regulated enzymes, 

the 6 subunit remains bound to phosphorylase kinase even in the absence of 

calcium.°® Four additional CaM molecules (5°) have been shown to associate with 

the a and @ subunits in a Ca**-dependent manner. These CaM molecules increase 

catalytic activity of PhK an additional 2- to 7-fold.@°?” These experiments were 

conducted at pH 8.2, using active and nonactive PhK. The 6° CaM does not remain 

bound after Ca?* is removed.°” 

Phosphorylase kinase constitutes from 0.5 to 1% of the soluble protein in 

rabbit skeletal muscle.°*° Between 20 and 30% of the phosphorylase kinase found 

in muscle and liver is bound to glycogen. The rest is free in the cytosol.“



Nonactivated phosphorylase kinase, isolated from resting muscle has little activity at 

physiological pH (6.8 - 7.0) but considerable activity at pH values greater than 7.6.2” 

Following phosphorylation of the a and 6 subunits,°’”® or following limited 

proteolysis of these subunits,@**” the activity at pH 6.8 - 7.0 increases markedly and 

much more so than that measured at higher pH values. Since dissociation of the 

enzyme into partial complexes (ayé and 6) also results in a marked activation at pH 

6.8 with little change at pH 8.2,” it is most likely that the regulatory subunits (a and 

@) in the nonactivated enzyme inhibit the catalytic site from exhibiting maximum 

catalytic potential. This inhibition is relieved either by a conformational change 

induced by pH or covalent modification, or by removal of the inhibitory subunits by 

dissociation and/or proteolysis. The changes in activity that occur with pH and 

covalent modifications can be attributed almost entirely to changes in affinity for 

phosphorylase,. This change in pH dependency (between pH 6.8 and 8.2) has been 

used as a means to clarify the activation states of phosphorylase kinase. Thus, the 

nonactivated phosphorylase kinase has a ratio of the specific activity at pH 6.8 to that 

at pH 8.2 of approximately 0.04.“ Activation by covalent modification or 

proteolysis increases the activity ratio to 0.2 to 0.9. It is important to note that the 

activity at pH 8.2 is not static but also changes with phosphorylation and proteolysis, 

although less dramatically than the activity changes at pH 6.8. 

Several protein serine/threonine kinases, e.g. myosin light chain kinase 

(MLCK), cAPK, protein kinase C, and Ca’*/CaM-dependent protein kinase II, are



maintained in an inactive state due to the interaction of a pseudosubstrate sequence 

(autoinhibitory domain) with the catalytic site.““*® Three features characterize 

pseudosubstrate sequences: (1) removal of the sequence generates an active protein, 

(2) the sequence is located outside the core catalytic region of the enzyme, and (3) the 

sequence inhibits enzyme activity by mimicking a substrate and binding in the 

catalytic site.“ It is possible that the C-terminal region of yy contains a 

pseudosubstrate sequence. A proteolytic fragment of the y protein (y,-19g), aS well as 

truncated forms of y (71-300, Y1-316) have a specific activity that is approximately two- 

fold greater than the specific activity of the full-length y protein.“°*° This suggests 

the presence of an inhibitory domain in the C-terminal region of y. In order to 

determine if a sequence in yy resembles its substrate and is autoinhibiting, the 

sequences encompassing the phosphorylation sites in known phosphorylase kinase 

substrates were aligned to determine a substrate consensus sequence using a weighted 

matrix. Through comparisons with the weighted matrix, a putative pseudosubstrate 

sequence was found in the C-terminal region of y, between residues 326 and 334. 

This sequence contains a valine at the analogous position of the serine or threonine in 

phosphorylated substrates, and it lies outside the core catalytic domain of y. 

Furthermore, it lies between the proposed CaM-binding sites in y. This position may 

be significant because the autoinhibitory domains in MLCK and Ca’?*/CaM-dependent 

protein kinase II are adjacent to or overlapping with their CaM-binding domains.“ 

The role of each subunit in the regulation of phosphorylase kinase activity has



been investigated by isolating the individual subunits and then assaying activity in 

reconstitution experiments. Initially, denaturing solvents were used to purify the 

individual subunits, but studies with the denatured-renatured subunits from the 

holoenzyme are hampered because the subunits are not accessible to site-directed 

mutagenesis.° An alternative approach has been to express a y-cDNA in cultured 

bacteria. However, so far, the y expressed in bacterial cultures is found principally 

in inclusion bodies and requires denaturing solvents to solubilize it.©?) The fraction of 

+ protein that is not in inclusion bodies is subject to proteolysis, and the primary form 

that can be isolated in the absence of denaturants is truncated and no longer interacts 

with calmodulin. 

Because of the difficulties associated with expressing y in bacterial systems, 

we selected an alternative approach, using cultured insect cells and the baculovirus 

vector. The baculovirus/insect cell culture system is a eucaryotic expression system 

well-suited for manipulating and expressing cDNAs, and is notably tolerant of foreign 

proteins.©?°°) The most widely used baculovirus expression system utilizes a lytic 

virus known as Autographa californica multiply-enveloped nuclear polyhedrosis virus 

(AcMNPV). The DNA genome of the baculovirus is double-stranded, circular, and 

approximately 128,000 bp in size. 

The virus enters the cell by endocytosis or fusion and moves to the nucleus 

where its DNA is released. DNA replication begins approximately 6 h after 

infection. Replication is followed by viral assembly in the nucleus of the infected 

10



cell. Two types of viral progeny are produced during the life cycle of the virus. The 

first are the extracellular virus particles (ECV, or nonoccluded virus particles). They 

are released from the cell by budding, beginning at 12 h post-infection, and reaching 

a maximum by 36-48 h post-infection. The second type of viral progeny are the 

occluded virus particles. They appear in the nucleus at approximately 18 h post- 

infection and continue to accumulate as late as 72 h post-infection or until the cells 

lyse. The occluded virus particles are embedded in a proteinaceous coat called a 

polyhedrin within the nucleus of infected cells (Fig. 2). The polyhedrin protein (29 

kDa) is the major component of the occlusion bodies. 

The polyhedrin protein serves an important function for the survival and 

propagation of the virus in nature, providing the means for horizontal transmission of 

the virus, but its expression is unnecessary in tissue culture. The baculovirus 

expression system takes advantage of several facts about the polyhedrin protein. 

First, the polyhedrin protein is expressed at very high levels in infected cells where it 

constitutes more than half of the total cellular protein late in the infection cycle. 

Second, it is nonessential for replication or infection of the virus. Third, viruses 

lacking the polyhedrin gene have a plaque morphology that is different from viruses 

containing the gene (Fig. 3). To produce a recombinant virus that expresses the gene 

of interest, the gene is first cloned into a transfer vector. We selected the pVL1393 

vector. The ATG of the polyhedrin gene (polh) has been mutated to ATT to allow 

expression to begin at the ATG of the inserted gene. This vector also contains an 

11



Figure 2. Sf9 insect cells. A comparison of uninfected insect cells (A) to cells 

infected with the baculovirus (B). Within the infected insect cells, the occluded virus 

particles can be seen as small spheres. The cells are in TNM-FH medium, 

supplemented with 10% FBS. The magnification in each photo is 100X. 
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Figure 3. A comparison of Sf9 insect cells infected with wild type baculovirus to 

cells infected with recombinant baculovirus, containing y-cDNA. In frame A are 

cells infected with wild type baculovirus, viewed with indirect lighting. In B are cells 

infected with recombinant baculovirus, viewed with indirect lighting. In C are cells 

infected with wild type baculovirus, viewed in phase contrast. In D are cells infected 

with recombinant baculovirus, viewed in phase contrast. The cells are in a plaque 

composed of 1% agar, TNM-FH medium supplemented with 10% FBS, fungizone (at 

2.5 pg/mL), and gentamycin (at 50 wg/mL). The magnification in each photo is 

200X. 

14
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antibiotic resistance gene, amp’, for propagation in E. coli. Once ligated into the 

pVL1393 plasmid, the gene is downstream of the strong polyhedrin promoter, and is 

followed by the polyadenylation sequence of the polyhedrin gene (Fig. 4). This 

recombinant plasmid is transfected along with wild-type viral DNA (baculovirus) into 

Sf9 insect cells. A double recombination between viral sequences flanking the target 

gene in the transfer vector and the corresponding sequences in the baculovirus DNA 

transfers the target gene to the baculovirus genome. Because homologous 

recombination occurs at such a low frequency (1-5%), the majority of the virus 

produced after cotransfection are still wild-type, so it is necessary to identify 

recombinant viruses. Two methods for detecting recombinant viruses are by plaque 

hybridization and by visual inspection of the plaques. An alternative is to cotransfect 

the recombinant vector with a specially engineered virus, such as BacPAK6 (Clontech 

Laboratories, Inc., Palo Alto CA), which contains a lethal mutation and only becomes 

viable by recombination with the transfer vector. The pVL1393 vector can be used 

with this system as well. 

16



Figure 4. Features map of pVL1393 vector. The y-cDNA was inserted between 

the BamHI and Xbal restriction enzyme sites in the multiple-cloning site (MCS) of the 

pVL1393 vector. Translation began with the ATG of the y-cDNA. The polyhedrin 

start codon had been mutated to ATT, as shown in the map. 
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SPECIFIC AIMS 

Phosphorylase kinase activity is regulated by phosphorylation in response to a 

hormonal signal, and by calcium in response to a neuronal signal, initiated by muscle 

contraction. The experiments described in this study were designed to resolve the 

following problems: 

(1) To determine the mechanisms involved in the regulation of phosphorylase kinase 

by calcium and phosphorylation. 

(2) To select an expression system that would give us a method for isolating the + 

(catalytic) subunit of phosphorylase kinase. This would allow us to control the 

methods for adding the regulatory subunits (a, 8, and 5) to y and examine their effect 

on ¥ activity. 

19



MATERIALS 

Chemical reagents were purchased from Fisher Scientific, Sigma Chemical 

Co., or Bio-Rad Laboratories. Restriction enzymes were purchased from Promega, 

or New England Biolabs. Fetal bovine serum was purchased from Intergen Co. 

Insect cell culture medium was purchased from Life Technologies. Additional 

reagents and equipment are reported throughout this study followed in parenthesis by 

the supplier, with the exception of those listed below. 

[y-”-P]ATP, 6000 Ci/mmol, was purchased from New England Nuclear (Boston, 

MA). Sf9 insect cells were purchased from American Type Culture Collection 

(Rockville, MD). Bovine brain and rabbit skeletal muscle were purchased from Pel- 

Freez Biologicals (Rogers, AK) 

20



METHODS 

Preparation and characterization of antibodies 

Antibodies made against the y-subunit from rabbit skeletal muscle were used 

to follow the purification of the expressed y-protein, to quantitate the amount of y- 

protein, and to assay for the presence of y-fragments. Antibodies were prepared and 

assayed as described in Lanciotti and Bender.°® The amount of y in the extracts 

from infected Sf9 cells was determined by immunoblotting using purified PhK as a 

standard and following published procedures.°” 

Protein purification and quantitation 

Phosphorylase, was isolated from rabbit skeletal muscle by published 

procedures®® with an additional chromatography step on DE-52. The sample of 

phosphorylase was treated with activated charcoal and then dialyzed against 25 mM 

Tris buffer, pH 7.6 treated with Chelex-100 resin (Bio-Rad, Richmond CA). The 

sample then was divided in half, and each half was dialyzed against 25 mM Tris, 1.0 

mM DTT, 0.1 mM EDTA, at either pH 6.8 or 8.2 for subsequent assay at the 

corresponding pH. 

Calmodulin was isolated from bovine brain by published procedures.©” To 

assess the effects of CaM in the presence and absence of calcium, aliquots of CaM 

were dialyzed against 25 mM Tris, and 1 mM DTT at pH 7.5, treated with Chelex- 

21



100 resin, and then dialyzed against the same buffer plus either 0.1 mM CaCl, or 0.1 

mM EGTA for later addition to assays at the corresponding condition. 

The concentrations of proteins were determined spectrophotometrically, using 

an absorbance index, A!” 5.5 am, Of 13.2 for phosphorylase,,“ and an absorbance 

index, Al”... 1» Of 1.8 for CaM. The wild type y protein (yy7) and mutant ¥ 

protein (y,,,) were expressed in the baculovirus system and were purified according to 

procedures described below. Their concentrations were determined by 

immunoblotting, using purified phosphorylase kinase as a standard per published 

procedures.©” A truncated species of , containing residues 1-300 and expressed in 

bacteria, was kindly provided by Drs. Chi-Ying F. Huang and Donald J. Graves. 

Protein separation and detection 

Proteins were separated by SDS-PAGE according to the method of 

Laemmli,“ except that the concentration of acrylamide in the stacking gel was 3.5%. 

The polyacrylamide gels were prepared as 8%, 10%, or 12% w/v acrylamide, and 

were run on a Hoefer Model SE 200 apparatus (Hoefer Scientific Instruments, San 

Francisco, CA) at 22 mA per gel for 2 - 2 h in the buffer described by Laemmli. 

Following electrophoresis, the gels were stained with either Coomassie Brilliant Blue 

or silver stain®, or were transferred to a PVDF membrane, depending on the 

requirements of the assay. 

For transfers, the proteins were electroblotted onto Immobilon-P PVDF 
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transfer membranes (Millipore Corp., Bedford, MA) using either a Trans-Blot cell or 

a Trans-Blot Semi-Dry transfer cell, both manufactured by Bio-Rad. The transfer 

buffer used in the Trans-Blot cell was based on the buffer formulation described by 

Towbin,™ except methanol was used at 10% rather than at 20%. Prior to transfer, 

the PVDF membrane was wet in a small volume of 100% methanol for 10 sec. The 

membrane was then placed in 50 mL of water for 5 sec to remove the methanol. 

Finally, the membrane was equilibrated in 50 mL of the transfer buffer described 

below for 10-15 min prior to blotting. Transfers were carried out at 250 mA 

overnight, or sequentially at 250 mA for 30 min, 400 mA for 90 min, and 600 mA 

for 40 min. Transfers using the Trans-Blot Semi-Dry cell were carried out per 

manufacturers protocols at 12 V for 40 min. 

Following the transfer, the membranes were rinsed once in TBS (150 mM 

NaCl and 100 mM Tris, pH 7.6) for 5 min to remove any residual SDS from the 

electrophoresis buffer. The membranes were blocked for 60 min at room temperature 

in 50 mL of blocking solution (3% BSA in TTBS, which is TBS plus 0.1% Tween- 

20), then washed once at room temperature in 50 mL of TTBS for 15 min. The 

membranes were incubated in a heat-sealable pouch (Kapak Corp., St. Louis Park, 

MN) with 0.5 ng/mL of anti-y antibodies in 4 mL/membrane of antibody buffer 

(TTBS, 0.1 mM thimersol, and 1% BSA) and placed on an aliquot mixer overnight at 

4 °C or for 2 h at room temperature. After the incubation, the membranes were 

washed four times in 50 mL of TTBS, 15 min each wash. 
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For proteins detected with alkaline phosphatase (AP), the membrane was 

incubated with a 1:2000 dilution of rabbit anti-sheep IgG AP-conjugated (Pierce, 

Rockford, IL) in 4 mL/membrane of antibody buffer. The membranes were washed 

four times as described above. The y protein was detected on the membrane by the 

color development of the AP-conjugated secondary antibody following incubation in 

developing solution (100 mM Tris, 100 mM NaCl, and 5 mM MgCl, pH 9.5) 

containing BCIP and NBT. 

For proteins detected with the Renaissance™ chemiluminescence reagent 

(DuPont NEN Research Products, Boston, MA), the membrane was incubated in a 

1:5000 dilution of rabbit anti-sheep IgG HRP-conjugated (horse radish peroxidase), 

also from Pierce. Following incubation, the membrane was washed 4 times, as 

described above, then incubated in the Chemiluminescent Reagent, 

MwmL/membrane, for 1 min at room temperature. The dried membrane was 

exposed to autoradiography film and developed. 

Agarose gel electrophoresis 

Agarose gels of 0.8%, 1.0%, or 1.2% w/v agarose were used for the analysis 

of isolated plasmids, plasmids and viral DNA digested with restriction enzymes, and 

ligation products. The gels were electrophoresed at 60 V in a Hoefer model HE99 

MAX submarine gel apparatus or at 150 V in a Hoefer model HE33 MINI submarine 

gel apparatus in TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 7.6). 
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Electrophoresis was at room temperature. Ethidium bromide was added to the gel at 

0.5 ng/mL, which allowed visualization of the DNA bands with a Fisher Biotech 312 

nm Transilluminator (Fisher Scientific, Pittsburgh, PA). 

Oligonucleotides 

The oligonucleotides (see Table I) were synthesized by adding B-cyanoethyl 

phosphoramidite monomers to a solid support, derivatized with the initial protected 

nucleoside, in a model 381A DNA synthesizer from Applied Biosystems (Foster City, 

CA) by our in-house facility. The synthetic deoxynucleotides were then treated with 

concentrated ammonium hydroxide to cleave the oligonucleotide from the solid 

support and to remove the 6-cyanoethy! protecting group. The benzoyl and isobutyryl 

base protecting groups and the acetyl capping groups were removed by adding 

ammonium hydroxide and leaving overnight at 55 °C. The final purification of the 

synthetic deoxynucleotides was carried out by reverse-phase chromatography using 

OligoPak cartridges (Cruachem, Sterling VA), according to the manufacturer’s 

protocol. Once the oligonucleotides were eluted from the column with 20% 

acetonitrile, they were lyophilized and resuspended in TE buffer at a final 

concentration of 100 pmol/L of oligonucleotide. The concentration was determined 

by measuring absorbance of the oligonucleotides at 260 nm. Oligonucleotides with an 

OD... value of 1 have a concentration of 33 ng/mL. The molecular weight of 

oligonucleotides was determined by multiplying the number of bases by 330 mg/mL. 
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Table I. List of oligonucleotides. These are the synthetic oligonucleotides that were 

used to prepare the y,,, protein and for the sequencing reactions. The underlined 

nucleotides in N-1 and N-2 are the mismatches from the mouse y-cDNA that 

produced the y,,, mutant. Positions 1054 and 1055 in the y-cDNA were changed 

from GT to TC. This converts a valine (GTC) to a serine (TCC). 

4 - The base position refers to the location of the oligonucleotide, 3° end to 5° end, 

within the nucleotide sequence of mouse y-cDNA (Fig. 5). 

* - The sequence for this oligonucleotide is within the pVL1393 plasmid, upstream 

from the ATG start codon in the mouse y-cDNA (Fig. 6). 
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OLIGONUCLEOTIDES 

  

  

  

Oligonucleotide sequence Base position’? } Oligo # 

> GGGAGATCTCCATCCGAGACCC?” 1067 > 1046 | N-1 

> GTCTCGGATGGAGATCTCCCTGG* 1043 + 1065 N-2 

> CGGAGCTAGCCTCAACGAGGTGTTTGG* 33 +7 N-3 

> GCCAGTCGACCTTACACTCACCACAGGG? 1503 > 1530 | N-4 

> AGAGGCCTTGGCACACC? 913 — 897 N-5 

> CCCGCGGCCGCTGCCCTTCAGAAGTCCTCC? 1212 > 1241 N-6 

> TAAAATGATAACCATCTCGC (-)59 — (-)78° | N-7 

> TACCTCCTCAGAGCTAAAGC?” 230 — 249 N-8 

*‘CGGGGATCCCGCCCTCCCTGACTCGC? 88 > 63 N-9       
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Figure 5. The nucleic acid sequence of the y-cDNA is illustrated with the encoded 

amino acid sequence written above each line in single letter code. The amino acid 

differences between this mouse y-subunit and the rabbit -y-subunit are written below 

each line of coding sequence. The X at amino acid 384 is for alignment and 

represents the absence of a corresponding amino acid in the rabbit y-sequence. 

Rabbit yy is one amino acid shorter than the mouse y-subunit. The start and stop 

codon are underlined as well as the poly(A) addition consensus sequences in the 3° 

nontranslated region. The nucleic acid sequence has been confirmed by sequencing 

both strands of the y-cDNA. (Reprinted from Bender and Emerson®”.) 
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y-mRNA: Sequence and Expression 

3’ ~AAGEGCCTACKAGGACCTCAACGAGGTGTTTGGGATCCCCCTGAGATCCACGTGACCATG -60 

T R D S 8 § AQtTF ¥ £E N ¥ £ P XK 
AeccGachTaACGCCCTCCETGACTEGCATIGTGCACRGACITEC maccacancrinchacecaxcchaatcceeesc. -138 

A G T HG 

R GVS SS V¥VvVRRc¢Co3«eARKR PTCQEYAVKRIET yp LT: 
TETGGTCAGGCGCTGCATCCACAAACCCACATECCAGGAA TACGCAGTGAAAATCATTGACATC-216 

v 

GGGSsFss8 VvQEuLREATLRE vp 7 IL 
AGCGEAGEAGGANGCTTTAGCTCTGAGGAGGTACKGGAGCTICOGGAAGECASC ecTaancaAcatcchcatcctacks- 294 

K VS GHPNTItI@guK DT YETNT PP FL Vv fF pi AAGGTCTCGGGACACCCCAACATCATACAGCTGAAGGACACTTACGAGACCAACACTTTCTTICTTCTIGGTATTTGAT~372 

1 a cavcanactceractcr® LTtTeEeKY EK £ T R K wis 
TCT FTGACTATCTCAGTGAGAAGGTCACCTANGCGAGAAGGAAACCAGANAGAICATG-450 

RALLeEveo.e HK LN IV ARODOULXK PEN Lis6 
cGacCocTectachacTGaTCTGTACCCTGCACAAACTCAACATTGICCATCGGGACCTGAAGCCGGACAATATCCTT-528 

L DDN MN IK LTDF GF 8S cCQgQungPeGeeEeEKLUR, eg 
CAGGAGAGAAGCT! TEGGATGACAACATGAATATAAAGCTCACAGACTICGGGTTTTCCTGCCAGCT 'GCAGC! CCGAGAG ~ 606 

D 

voecGgtes BErreeswMs G G K208 
GTTTGTGGGACTCCCAGTTATCTGGCCCCTGAAATCAZ TACAGTGCTCCATGGACGACGGCCATCCIGECTATGGGANG- 684 

DM*es*e?Ggyvy48s Gos R 234 
GAGGTGGACATGTGGAGCACAGECGTCATCASGTACAGTCLECEGGATGECTACORGCETTECTNGCR CO RGA NGCSA 762 

M L Q@FGs PEW Dp Tt v*6o 
atcTeATGTTGCGGATGATCATGGACGECAAATACCAGTITGECTCACCAGAGTGGGATGACTACTECGACACAGTG- 840 

K DOL $ v Q Q cS AEEA A Bf Pp Fas 
aachcriactoTércGartcrFocTooTocAACeTCAGGACCGCTECTCGGCGGANGAGGCCTIGUCACACCETTIC- 918 

Y 

Vv 212 FQeE ¥ v V £ E V R 8 F §S PR GK FPF KVIcCctL tT 
TT TCAGGAGTACGTAGTAGAAGAAGTACGGCACTTCAGCCCCCGAGGGAAGTTCAAGGTGATCTGICTAACTGTGCTG- 996 

Asvx ry Q Vv E at3# 
GEATCAGTAAAGATCTACTACCAGTACCOTCGGGTGAAGCCGGTAACCAGGGAGATCGTCATCCGAGACCECTACGEC- 1074 

A I v eK K GQ 364 
CTICEGCCGCTGCGGASGCTCATTGACGACTATGOTTTCCOTATCTACGGCCACTEGGTGAAGAAAGGG CAACAGCAG-1152 

L E EB pF? 
AAcaGacCccCccTCTICGAGAACACGCECAAGGCTGTGCHCCECTECTIGGCTGAGGAGGAGGACTECEGAAGGGCA- 1230 

GCGGGGGCCCAGGGGAAAGCAGACAGCAGGGACTTGTAGAAGAGGATGCCCCAAGTAGCCTTCTGCAAAGGAATAGGT- 1308 

GECCCTACTCTGTGCTCTCARAGGCTTGCTCTAGARGCACAGGGTGTTCCCAGTARACAGCAGTAATTACAGCTGGAG- 1386 

CTIGGATGTGCTGTGGCATGTGC CTGTTGCCCCGAGACAGTAGGATCACGGGTTCTAGCCCAGCCECGGAAGTCTAGTG -1464 

ATGCTTATTTCAABRATAABAATGAGGCTGGGAATGTAACCCTGTGGTGAGTGTAAGGTCTCCAAATTCAACCTCTGGT- 1542 

ACAGCTAAAATGAGATBATAAATAAATAAATAATABATCCAACGCAGC TGAGACCGTGATAGGCAGAAATGGAAGGGC - 1620 

ATAGAGCACAGTGTATTC' TGGGAGCTATAAGCCTTCTGGCTICTCTACTGTGCACCTTTGTTGATGTCTATAGTTTTC ~1698 

TIGTIITITITATTTAAGATTIATGCATTITATGTATGITITAGCTGCATGCATITIATS TAACCCACATGCATGCAG-~1776 
a— 

TACCTGTAGAGGTCACAAGAAGGCATCAGAAACCCTGAAACTGGAGTTGTATAGATAGCTGAGCCCACCTTGTGGGTG-1854 

GTAGGAATTGAACCCCTCCTCAGCAAGAACAGGCGCTCATAACTGTCTAGCTAAAGTTATGGATATTTGAGGAAGTGA- 1932 

AAGCAGGAGTTCAAGGTCATTTGTGGCTACACAAGGAGCTTGAGGCTAGCCTGGGCTACATGAAACCCTATCTCAAAC- 2010 

AACAATTATATTGTGCTTCCTGATATACATAAGAATTTATTGACCTCGGGCTGGTGTGATGGCTCAGTGGGTAAGAGT - 2088 
an 

ACCCGACTGCTCTTCCAAAGGTCCAGTGTTCAAGTCCCAGCAACCACATGGTGGCTCACAACCATCCGTAACGAGATC-2166 

TGATGCCCTCTTCTGGTGTGTCTGAAGACAGCTACAGTGTACTTACATAT AAS 3° -2225 
a3! en 

Fic. 1. The nucleic acid sequence of the y-cDNA is illustrated with the encoded amino acid sequence 
written above each line in single letter code. The amino acid differences between this mouse y-subunit and 
the rabbit y-subunit are written below each line of coding sequence. The X at amino acid 384 is for alignment and 
represents the absence of a corresponding amino acid in the rabbit y-sequence. Rabbit y is one amino acid shorter 
than the mouse y-subunit. The start and stop codons are underlined as well as the poly(A) addition consensus 
sequences in the 3’ nontranslated region. The nucleic acid sequence shown has been confirmed by sequencing both 
strands of the y-cDNA (see “Experimental Procedures”). 
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Figure 6. The nucleic acid sequence of the polyhedrin promoter region in the 

pVL1393 vector. The numbers above the sequence are relative to the ATG of the 

polh (polyhedrin) gene (+1 to +3), which has been mutated to ATT. The MCS 

begins at position +35. The y-cDNA was cloned into the vector between the BamHI 

site (position +36) and the Xbal site (position +52). 
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pVL1393 

-90 -80 -70 -60 -50 . 
EcoRV | | | | * polh mRNA 5 end > 
GATATCATGGAGATAATTAAAATGATAACCATCTCGCAAATAAATAAGTATTTTACTGTTTTCG 

PoP 
TAACAGTTTTGTAATAAAAAAACCTATAAATATLECCGGATTATTCATACCGTCCCACCATC 

+35 +177 

| BamHI _KpnJ EcoRI NotI PstI 
GGGCGcggatcccaggtaccttctagaattccggagcgagccgctgcagatctgatccITIC 

Smal Xbal EagI BglII 

  

31



The oligonucleotides used as primers in the sequencing reactions (N-5, N-6, 

N-7, N-8, and N-9) were designed following guidelines outlined by Saiki.© The N-5 

and N-6 oligonucleotides were used to verify that the serine for valine mutation had 

been incorporated into y. The N-7 and N-8 oligonucleotides were used to sequence 

between the ATT of the polh gene and the ATG of the y-DNA. The ATG of the 

polh gene was mutated to ATT so that translation would begin at the ATG of the 

inserted gene, in this case y. But, there has been evidence of translation beginning 

with the ATT of the polh gene, so it was necessary to ensure that the ATG of y was 

out-of-frame with the ATT. 

The N-1 and N-2 oligonucleotides were used to incorporate the serine for 

valine mutation. They were designed according to the recommendations of 

Higuchi.©” Briefly, primers with single-base mismatches require 3-4 base 

complementarity at the 3’ end, where specificity is most significant. Add-on 

sequences that provide overlap between PCR products should be approximately 15 

bases long. The N-3 and N-4 oligonucleotides were used in conjunction with N-1 and 

N-2 to produce a full-length ~-DNA that retained the BamHI and Xbal restriction 

enzyme sites that were used to ligate y into the pVL1393 vector. The N-2 and N-9 

oligonucleotides were used to verify the presence of y in ECV from recombinant 

plaques. 

Transforming E. coli 
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Competent E. coli DH5a cells were transformed per manufacturers protocol 

(Life Technologies, Inc., Gaithersburg, MD). Competent E. coli BB-4 cells were 

transformed using procedures outlined by Hanahan. 

Insect cell culture 

Sf9 cultured insect cells (ATCC # CRL 1711) have a doubling time of 20-30 

h. The cells were typically seeded at a density of 5 x 10° cells/mL in SFM (serum- 

free media for insect cells from Life Technologies, Inc.), supplemented with 1% heat- 

inactivated FBS (fetal bovine serum) and gentamycin (50 pg/mL), and were 

subcultured every 2-4 days. The cells were grown as monolayer cultures (attached to 

a culture dish or flask), or as suspension cultures, at 27 °C. The spinner flasks were 

set to rotate at 80-100 rpm. 

All other procedures, such as infecting the cells with the baculovirus and 

preparation of frozen stocks, were carried out as described in the baculovirus 

manual. © 

Preparation of y insert and pVL1393 vector 

The 71/18 bacteria containing y-cDNA was streaked out on an LB plate 

containing ampicillin (SO pg/mL) and left to grow overnight in an incubator at 37 °C. 

A single colony was selected from this plate and cultured in LB medium plus 

ampicillin at 37 °C for 16 to 20 h in a shaking incubator. The bacteria were 
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harvested and lysed as per procedures outlined in Sambrook et al.©? The plasmid 

was extracted and purified using the alkaline lysis procedure outlined in Sambrook, et 

al, © 

DH5qa cells were transformed with the pVL1393 vector, kindly provided by 

Dr. Max Summers at the Texas Agricultural Experimental Station. The transformed 

cells were spread on an agar plate containing LB medium and ampicillin and 

incubated overnight at 37 °C. A colony was selected from the plate and the bacteria 

were harvested per the procedures cited earlier for the y-cDNA. The plasmid was 

extracted and purified from the lysed bacteria per procedures described in Focus 11.1, 

a publication of Life Technologies, Inc. 

The purified y-cDNA and pVL1393 DNAs were each double-digested with 

restriction enzymes BamHI and Xbal in preparation for the ligation. 

Ligation 

The reaction mixture contained a 3:1 molar ratio of insert to vector. (The 

insert was y-cDNA and the vector was pVL1393.) The vector and insert were each 

double-digested with the restriction enzymes BamHI and Xbal. The ligation reaction 

was carried out according to published procedures, and left at 16 °C for 16 to 20 

h. The resulting recombinant plasmids contained the y-cDNA under the 

transcriptional control of the polyhedrin promoter. The first ATG start codon comes 

from the y-cDNA whereas the polyadenylation site comes from the polyhedrin gene. 
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E. coli BB-4 cells were transformed with the ligation mixture. The 

transformed cells were spread on agar plates containing LB medium and ampicillin 

and were incubated overnight at 37 °C. A colony was selected from these plates and 

grown in LB medium and ampicillin. The bacteria was harvested and lysed from the 

cells per procedures oulined by Sambrook, et al. The extracted plasmid was 

purified using CsCl, as described in Sambrook et al. The purified recombinant 

plasmids were used to transfect Sf9 insect cells. 

Transfection of Sf9 cells 

Sf9 insect cells were cotransfected with the pVL1393/y-cDNA ligation mixture 

and with the BacPAK6 viral DNA (CLONTECH Laboratories, Inc., Palo Alto, CA), 

mediated by Lipofectin™ (Life Technologies, Inc.) per manufacturer’s protocol, with 

some slight modifications. Briefly, two 60 mm culture dishes were seeded with Sf9 

cells in SEM at a density of 2 x 10° cells/dish and allowed cells to attach for 5 h. 

Only Lipofectin™ and pVL1393/y-cDNA were added to one dish, to act as a control 

to determine whether there were any contaminants in the preparation of the ligation. 

Lipofectin™ and 0.5 yng of the BacPAK6 DNA and 0.5 yg of the ligation-product 

DNA were added to the second dish. (Lipofectin™ is a liposome formulation that 

interacts with DNA to form a lipid-DNA complex. The fusion of the Lipofectin’™’- 

DNA complex with cells results in the efficient uptake of the DNA.) The media was 

removed from the cells after 6 h of transfection and replaced with SFM plus 1% FBS 
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plus gentamycin (50 pg/mL). The cells were incubated for 2 days at 27 C, at which 

time the media was replaced. After two more days, the media was removed and 

stored at 4 °C to be used for future infections of SF9 cells. The cells were lysed with 

1X treatment buffer (62.5 mM Tris, 2% SDS, 5% sucrose, and 100 mM DTT) and 

run on a polyacrylamide gel to verify that the y protein was being expressed by the 

Sf9 cells. 

End-label primers 

The primers were end-labeled using T4 polynucleotide kinase per 

manufacturers protocol (United States Biochemical Corp., Cleveland, OH). The 5’ 

end-labeled oligonucleotide was separated from unincorporated [y-**P]ATP using the 

Bio-Gel P-6 gel filtration column from Bio-Rad, which was pre-equilibrated in STE 

buffer (100 mM NaCl, 10 mM Tris, 1 mM EDTA, pH 8.0). Briefly, the P-6 column 

was centrifuged in the clinical centrifuge at a setting of 5 for 5 min to form a dry 

cylindrical cake of the matrix. STE buffer, 200 wL, was added to the cake and the 

column was centrifuged again at a setting of 5 for 5 min. This step was repeated two 

more times. The sample was added to the dry cake following the last spin and the 

column was centrifuged 

at a setting of 6 for 2 - 3 min. The flow-through was collected. If the column was 

not a dry cake, then the spin was repeated and any additional flow-through was 

collected and pooled with the first. 
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Sequencing reactions 

DNA sequencing reactions were carried out on double-stranded DNA using 

CircumVent™ (New England Biolabs, Beverly, MA), which is based upon the 

dideoxynucleotide chain termination method of Sanger et al.“ However, 4 units of 

Vent,™ (exo-) DNA polymerase were added per reaction tube rather than 2 units. 

This modification was based on advice given to us by the Technical Assistance Dept. 

of New England Biolabs to correct the problem of premature termination of the G and 

C nucleotide lanes. 

The polymerase chain reactions were carried out on the GeneAmp™ PCR 

System 9600 (The Perkin-Elmer Corp., Norwalk, CT) using extension, annealing, and 

denaturation times and temperatures outlined in the CircumVent™ protocol. The final 

volume of the reaction mixture was 50 pL, with 200 ng of y-DNA, and it was 

prepared per published procedures,© except Vent™ DNA polymerase was used 

rather than Taq™ DNA polymerase and the magnesium ion concentration was 4 mM 

rather than 1.5 mM. An earlier experiment had shown that a magnesium ion 

concentration of 4 mM produced the highest yield of the PCR product, so this 

concentration was used throughout. 

The DNA products of the sequencing reactions were run on either a model 

ADJ #2 apparatus from Owl Scientific, Inc. (Cambridge, MA) or a model STS 45 

apparatus from International Biotechnologies, Inc. (New Haven, CT), using a 6% 

polyacrylamide gel, prepared according to the Promega "Protocols and Applications 
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Guide".“”) The STS 45 apparatus was used when more than 20 lanes were needed for 

the sequencing. The spacers were 0.4 mm thick. TBE buffer (89 mM Tris, 89 mM 

boric acid, 2 mM EDTA, pH 8.0) was used, with the lower reservoir brought to 1 M 

sodium acetate, pH 5.0, by the addition of a 5.0 M sodium acetate stock. The 

sodium acetate was added to optimize the resolution of the slower migrating bands. 

This procedure was outlined in "Editorial Comments", published by United States 

Biochemical Corp.” 

The two sequencing plates were treated as follows. In a 15 mL tube, 30 pL of 

methylacryloxypropyl trimethoxy silane was added to 10 mL of ethanol (95%). In an 

eppendorf tube, 30 wL of acetic acid was added to 300 uL water. The 330 wL of 

acetic acid and water was added to the silane solution and mixed by inverting. The 

mix was poured onto the smaller plate and spread evenly with a cloth or tissue. The 

plate was left under the hood for 5 min to dry. The gel will stick to this plate. To 

the second sequencing plate was added 150 wL of dichlorodimethy] silane in 5 mL of 

chloroform. The plate was left under the hood for 5 min to dry. The gel does not 

stick to this plate. 

Three separate sequencing reactions were carried out. The first confirmed the 

orientation and site of the y-cDNA ligation into pVL1393 by sequencing over the 

junction regions. The purpose of the second set of sequencing reactions was to 

confirm the presence of the mutation, first in the +,,.-DNA/pVL1393 ligation product, 

then in the virus DNA following transfection with this ligation. The third sequencing 
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reaction was of the region between the ATT of the polh gene and the ATG of the y- 

DNA, which was described earlier in the Oligonucleotides section. 

Titer ECV 

The titer of a virus stock is the concentration of infectious virus particles in 

that stock and is expressed as pfu(plaque forming units) per mL . Typically, cells are 

infected at a ratio of 10:1 pfu per cell. 

The method used to determine the titer of the +,.,-containing virus was based 

on that of Reed and Muench™ to derive the TCID.o value - the dose at which 50% of 

the cultures become infected. Briefly, two 96-well plates were seeded with Sf9 cells 

at 25,000 cells/well. Ten-fold serial dilutions of a control virus with a known titer of 

1 x 10° pfu/mL were added to the cells. The final titers of the virus in the wells 

ranged from 1 x 10° pfu/mL to 1 x 10' pfu/mL. Twelve wells of cells were infected 

with 10 pL of each dilution of virus. This was repeated for a second 96-well plate, 

except these cells were infected with the same dilutions of the Yse-containing virus. A 

few wells in each plate were left uninfected to act as a control to screen for potential 

contamination of the medium. The plates were incubated at 27 °C. 

At four days post infection, the cells were examined. It was easy to detect 

infected cells in the wells containing the control virus, because cells containing the 

control virus formed occlusion particles. It was not as easy to detect the infection of 
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cells containing the y,., virus because cells containing the recombinant virus did not 

form occluded particles, though the cells do become enlarged and deformed. To 

better differentiate between viable and non-viable cells, 10 »L of MTT in PBS (1 mM 

sodium phosphate, 10.5 mM potassium phosphate, 140 mM sodium chloride, 40 mM 

potassium chloride, pH 6.2), was added to each well. MITT is taken up by living 

cells and is continuously metabolized to form a purple precipitate.“ The MTT is not 

metabolized in dead cells, so it remains yellow. The plate was incubated for one 

additional day. The wells that were predominantly purple were scored as noninfected 

and the wells predominantly yellow were scored as infected. The titer of the control 

virus by this method was approximately 5 x 10° pfu/mL which is 5-fold greater than 

the reported value, but this difference was not significant. Cells are typically infected 

at 1-10 pfu per cell, and the difference in titer values is within this range. 

Recovery of viral DNA 

Infectious virus particles in ECV in tissue-culture medium can be stored at 4 

°C for at least a year with no appreciable loss in virus titer. For long-term 

storage, virus stock in tissue-culture medium should be stored frozen at (-)80° C. As 

an alternative, viral DNA can be isolated and stored at 4 °C. Whenever necessary, 

virus particles can be obtained by transfecting the baculovirus DNA into Sf9 insect 

cells. The virus DNA, containing the y,., DNA, was isolated and purified following 

procedures provided by PharMingen, Catalog No. 21100D (San Diego, CA). 
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The baculovirus-containing medium was centrifuged at 10,000 g for 10 min at 

4 °C to remove cell debris. The supernatant was transferred to ultracentrifuge tubes 

and centrifuged at 40,000 g for 1 h at 4 °C to pellet the virus particles, which were 

then resuspended in TE buffer and left overnight at 4 °C. The virus suspension was 

layered on top of a 10-50% sucrose step gradient and centrifuged at 40,000 g for 1 h 

at 4 °C. The virus suspension was then collected at the interphase in the form of a 

milky white band. The virus suspension was diluted 5-fold with TE buffer and re- 

pelleted at 40,000 g for 1 h at 4 °C. The virus pellet was resuspended in TE buffer 

containing proteinase K (100 ng/mL) and SDS (0.5%) and incubated at 37 °C for 30 

min. The DNA was extracted and purified by sequential treatment with phenol, 

phenol-chloroform-isoamy] alcohol, and chloroform-isoamy] alcohol.©” The DNA 

was ethanol-precipitated by adding 1/10 volume of 3M sodium acetate and 2.5 

volumes of absolute ethanol and left at (-) 20 °C overnight. This suspension was 

centrifuged for 20 min at 4 °C and 10,000 rpm to pellet the DNA. The DNA pellet 

was resuspended in TE buffer. 

The concentration of the purified virus DNA was determined by OD 6 

measurements. (An OD,,, value of 1 for double-stranded DNA is equivalent to a 

concentration of 50ug/mL.) The purity of the virus DNA was determined by 

digesting an aliquot with restriction enzyme BamHI and running the fragments on an 

agarose gel. The restriction fragment pattern was identical to that of the viral 

genome,°”) with the exception of the difference that resulted from the insertion of the 
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Yser DNA at a BamHI site. An additional aliquot of the purified DNA was sequenced 

to verify the presence of the y,.. DNA. 

Purification procedure for the baculovirus-expressed y protein 

Initial characterization of uninfected Sf9 cell extracts demonstrated the 

presence of both an endogenous protein recognized by the anti-y antibodies and an 

endogenous phosphorylase kinase-like activity. The immunoreactive protein has a 

relative molecular mass of approximately 76,000. It was not difficult to separate the 

immunoreactive protein from the expressed y protein by the purification procedure 

reported below. The endogenous phosphorylase kinase-like activity does not 

correspond to the 76,000 immunocrossreactive protein. Rather, this activity must 

result from some other endogenous protein in uninfected Sf9 cells that is not 

recognized by the antibodies. The endogenous activity has a K,, for phosphorylase, of 

70 uM and has chromatographic properties similar to those of the expressed y- 

protein. However, the endogenous activity is not affected by either Ca*? or 

calmodulin. These results indicate that unlike the y-protein, the endogenous Sf9 

enzyme did not bind calmodulin. I used this observation to separate the endogenous 

activity from the expressed y-protein by incorporating an affinity column with a 

calmodulin-Sepharose matrix in the following purification procedure. 

For the expression of y-protein, suspension cultures of Sf9 cells, adapted to 

0.5% serum containing media, were infected with the y-baculovirus. Sixty to sixty- 
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five hours after infection the cells were harvested by centrifugation. The cell pellet 

was suspended in a hypotonic buffer (10 mM Tris, 0.2 mM EDTA, 1.0 mM EGTA, 

5.0 mM DTT, 1.0 mM MgCl, 0.1 mM phenylmethylsulfony! fluoride, 10 pg/ml 

leupeptin, and 1.0 ug/ml pepstatin A, pH 8.0) at 1/20th the volume of the suspension 

culture, and was allowed to swell for 10 min at 4 °C before being ruptured using 10 

passes with a Dounce homogenizer. Next, 0.1 volumes of 500 mM Tris - 50% 

sucrose, pH 8.0 was added to the homogenate, and the homogenate mixed by three 

additional passes with the Dounce pestle. This homogenate was centrifuged at 18,000 

g for 20 min. The resulting supernatant was transferred to fresh tubes and was 

centrifuged at 100,000 g for 60 min. This high speed supernatant was brought to 80 

mM in NaCl by the addition of a 5.0 M NaCl stock and was then loaded on a column 

of DE-52 cellulose (2.5 x 10 cm). The column was washed with buffer A (SO mM 

Tris, 80 mM NaCl, 1.0 mM EGTA, 0.2 mM EDTA, 1.0 mM MgCl, 1.0 mM DTT, 

pH 7.6,), and then the y-protein was eluted with buffer A containing 250 mM NaCl. 

The pooled y containing fractions from the DE-52 elution were precipitated by 

the addition of an equal volume of 90% saturated (NH,),SO, pH 6.8, collected by 

centrifugation, suspended in 3.0 ml of buffer A containing 100 mM NaCl, and were 

dialyzed against the same buffer for one hour. After dialysis, insoluble material was 

removed by brief centrifugation, and the supernatant was loaded onto a column (1.5 X 

95 cm.) of Sephacryl S-300 (Pharmacia LKB Biotechnology Inc., Piscataway, NJ). 

The column was eluted with buffer A containing 100 mM NaCl. 
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Fractions containing the y-protein from the S-300 elution were pooled and 

were dialyzed overnight against buffer B (SO mM Tris, 100 mM NaCl, 0.5 mM 

CaCl,, 1.0 mM DTT, pH 8.2). After dialysis the sample was applied to a column 

(2.5 x 5.0 cm.) of calmodulin-Sepharose and then washed with buffer B. This wash 

was followed by an additional wash with buffer B containing 250 mM NaCl. The y- 

protein was eluted with buffer C (SO mM Tris, 500 mM NaCl, 1.0 mM EGTA, 1.0 

mM DTT, pH 6.8 - Fig. 10). The components of buffer C which are necessary to 

elute effectively the bound y are low pH, high salt, and the EGTA. Once the y 

sample is loaded on the column it can be washed with buffer B containing EGTA in 

place of the CaCl,. Under these conditions the y-protein eluted from the column very 

slowly as a broad peak. This result indicates that the - sample interacts with the 

calmodulin-Sepharose even in the absence of Ca*’, although its affinity is apparently 

reduced. 

The sample of y-protein obtained from the buffer C elution of the calmodulin- 

Sepharose column was dialyzed against 50 mM Tris, 100 mM NaCl, 1.0 mM DTT, 

pH 7.6, with 1.0 g of Chelex-100 included in the dialysis buffer, outside of the 

dialysis bag. After an overnight dialysis the dialysis bag was removed, rinsed in 

water, and placed in a second beaker for overnight dialysis against 50 mM Tris, 100 

mM NaCl, 1.0 mM MgCl, 0.2 mM EDTA, 0.2 mM EGTA, 2.0 mM DTT, pH 7.6. 

The dialyzate was removed, and insoluble material was collected by centrifugation. 

The supernatant, containing the y-protein, was concentrated from approximately 11 
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mL to 2 mL by centrifugation in a Centriprep-30 concentrator (Amicon, Inc., 

Beverly, MA). For storage, the concentrated sample was mixed with an equal 

volume of glycerol and placed at (-)20 °C. 

Purification of pseudosubstrate peptides 

The V-peptide (KPVTREIVIR), which corresponds to amino acids 325 to 334 

in the y-protein, and the S-peptide (KPVTREISIR), which corresponds to the same 

region but contains a serine for valine substitution, were commercially prepared and 

then purified on CM-Sephadex. The peptides were eluted with an ammonium acetate 

gradient (0.1 to 1 M), and detected by their absorbance at 240 nm on the 

spectrophotometer. The peptide was diluted 1:1 in H,O and lyophilized, then 

resuspended in 10 mM Tris and 15 mM HEPES, pH 6.8, to a final concentration of 

10 mM of peptide. Their size and purity were verified on the mass spectrometer. 

The concentration of the peptides was determined by amino acid analysis, and verified 

by spectrophotometric absorbance at 210 nm, with BSA as a standard, based on 

published procedures. 

Protein kinase assays 

All protein kinase assays were carried out at 30 °C in Buffer A, which 

contained HEPES (60 mM), Tris (40 mM), DTT (3.7 mM), and either EGTA (0.1 

mM) or CaCl, (0.1 mM). The buffer was adjusted to pH 6.8 or 8.2, depending on 
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the requirements of the experiment. Peptides, enzymes, and CaM were included in 

the reaction mixture depending on the requirements of the assay. Following a 2 min 

preincubation at 30 °C, reaction was initiated by adding a mixture of Mg** and [y- 

“P]ATP to final concentration of 10 mM and 3 mM respectively. Unless stated 

otherwise, reaction mixtures were incubated for 10 min at 30 °C. Incorporation of 

phosphate was linear up to 20 min. Phosphate incorporation into phosphorylase, was 

determined by TCA precipitation and scintillation counting.“”’ Phosphate 

incorporation into peptides was determined by scintillation counting after binding to 

p81 paper (Whatman LabSales, Inc., Hillsboro, OR).“® Kinetic parameters for the 

Ywr and +,., proteins were determined with the PFIT program (Fig. P Software Corp., 

Durham, NC). 

The assays to determine the time course for autophosphorylation of yyy and Ye, 

were done at both pH 6.8 and 8.2 in Buffer A with EGTA at 0.1 mM. The 

concentration of ywr was 10 to 15 nM and the concentration of +,,, was 13-15 nM. 

Aliquots were removed in duplicate at selected time points. These aliquots were 

resolved on a 10% SDS-PAGE gel, transferred to an Immobilon-P membrane and 

both exposed to x-ray film and immunoblotted. The y bands were then cut out of the 

membrane and counted in ScintiVerse E (Fisher Scientific). 

The assay to determine whether the +,., autophosphorylation was occurring by an 

intermolecular or intramolecular mechanism, the reaction mixture contained Buffer A 

at pH 6.8 and y¥,., at various concentrations. There was no significant difference 
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between reactions with or without CaCl,. Autophosphorylation was initiated by 

addition of Mg[y-"PJATP and aliquots were removed in duplicate after 1, 2, 3, and 4 

min incubation at 30 °C. These aliquots were then resolved on a 10% SDS-PAGE 

gel. In some experiments, the gel was dried and then exposed to x-ray film to locate 

the y band. In other experiments, the proteins were transferred to Immobilon-P 

membrane and then exposed to x-ray film to locate the y band. In each case, once 

the band was located, it was excised and placed in a scintillation vial to be counted as 

described above. 

When CaM was included in the assay, it was added at a final concentration of 

either 4 or 16 uM. Also, based on the results which showed that CaM stimulated ywr 

activity in a time-dependent manner, there was a 4-5 h preincubation at 4 °C. 

Following this preincubation, the reaction mixture was placed at 30 °C for an 

additional 2 min before the Mg[y-**P]ATP was added. 

Phosphoamino acid analysis 

The phosphoamino acid analysis was carried out per published procedures.‘ 

Briefly, y,., and ywr were autophosphorylated for 25 min at 30 °C. The y proteins 

were transferred to an Immobilon-P membrane and exposed to x-ray film. The y 

bands were excised from the membrane and hydrolysed in 5.7 N HCl. The 

hydrolyzed products were lyophilized and resuspended in pH 1.9 electrophoresis 

buffer, containing 1 »L of phosphoamino acid standards at 5 mM, for two- 

47



dimensional electrophoresis. Radioactive phosphoamino acids were detected by 

autoradiography and their co-migration with a phosphoamino acid marker determined 

after staining the TLC plates with ninhydrin. 

CNBr digest of the y,,,-protein 

The CNBr digest of the +,..-protein was carried out per published 

procedures,®” after allowing the y,.,-protein to autophosphorylate for 10 min. The 

digested y,.,-protein was run on an 18% SDS-PAGE gel. 

Immunoprecipitation 

For the immunoprecipitation of y-protein, anti-y antibodies were crosslinked to 

Affi-Prep beads following the manufacturer’s recommended procedure (Bio-Rad 

Laboratories, Inc.) using a concentration of 5 mg protein/mL. In parallel, a sample 

of non-immune sheep IgG (Sigma Chemical Co., St. Louis, MO) at a concentration of 

5 mg protein/mL was crosslinked to an aliquot of the Affi-Prep beads. The non- 

immune sheep IgG beads were included to check for non-specific binding of the y- 

protein to the beads. Both preparations of beads were washed in buffer composed of 

10 mM Tris, 50 mM NaCl, 0.05% Tween-20, 0.5 mg/ml bovine serum albumin, 1.0 

mM DTT, at pH 8.2. The sheep IgG Affi-Prep beads and the anti-y beads were 

mixed in tubes in various proportions such that the concentration of anti-y antibodies 

in each tube varied, but the concentration of total IgG and the amount of Affi-Prep 
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beads in each tube were approximately equal. The beads were concentrated by 

centrifugation, and were then suspended in wash buffer containing an aliquot of the 

baculovirus expressed y. After 1 h at 4 °C the beads were collected by centrifugation 

and equal volumes of the supernatant were assayed for y activity at pH 8.2. The 

activity in each supernatant was normalized to the activity in the supernatant of the 

sample treated with only IgG crosslinked beads (100% activity). 

Preparation of mutant y-protein 

In the mutant y, a serine residue replaced valine,,,. The replacement was 

confirmed by DNA sequencing with CircumVent™. Site-directed mutagenesis of y- 

cDNA from mouse skeletal muscle was performed by the two-step polymerase chain 

reaction according to the method of Higuchi.©” Briefly, two y-cDNA fragments 

overlapping by 20 bp were amplified in separate reactions. In one reaction, 

oligonucleotides N-2 and N-3 were used as primers (Fig. 7) and in the second 

reaction, N-1 and N-4 were used as primers (Fig. 8). Specific base substitutions were 

introduced as mismatches between the PCR primer (N-1 and N-2) and the target 

sequence, y-cDNA. (The N-1 and N-2 primers anneal to the same segment of y but 

to opposite strands.) The mismatches lead to the same sequence alteration in the two 

primary PCR products. 

The product of each reaction was applied to a Sephacryl S-400 column to 

remove the excess primers. A third PCR reaction was run to combine the 
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overlapping sequences and join the two PCR products made from the same template 

to produce a full-length y containing the serine for valine mutation (Fig. 9). 

The composition of the PCR buffers was based on published procedures, 

with 5 ng of y-cDNA template in a final volume of 50 nL. The PCR was conducted 

in a Coy Temp Cycler (Coy Laboratory Products, Inc., Ann Arbor, MI), using a 

denaturing temp. of 94.5 °C (25 cycles, 2.5 min), an annealing temp. of 58 °C (1.5 

min, 5 cycles) then 65 °C (1 min, 20 cycles), and an extension temp. of 72 °C (2.5 

min, 25 cycles). The results of PCR reactions # 1 and #2 were verified on an 

agarose gel before the two reactions were combined. 

This oligonucleotide containing the desired mutation was double-digested with 

restriction enzymes BamHI and Xbal, ligated into the pVL1393 plasmid, and used to 

transfect Sf9 insect cells as described earlier for yy;. The y,,,-protein expressed in 

the baculovirus system was purified as described earlier. Whereas insect cells 

infected with yy;-recombinant virus were purified by undergoing three rounds of 

plaque hybridization,©” insect cells infected with y,.,-recombinant virus were purified 

with a single round of plaque hybridization and an additional verification step using 

PCR. A plaque was lifted from a plate infected with the ECV from the transfection 

and placed in 1 mL of SFM plus 2 wL of gentamycin. The virus was allowed to 

diffuse out of the plaque overnight at 4 °C. Proteinase K was added, at 50 pg/mL, to 

75 pL of the plaque suspension and the suspension was dialyzed against 10 mM Tris 

(pH 8.0) and 1 mM EDTA for 1 h at room temperature. The dialyzed suspension 
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was heated at 80 °C for 15 min to denature the proteinase K. Approximately 20 pL 

of this suspension was added to a 50 nL PCR reaction mix containing primers N-2 

and N-9 (Table I). This reaction amplified y-DNA in the ECV. The product of this 

reaction was run on an agarose gel to verify the presence of y. Sf9 insect cells were 

infected with the remainder of this suspension. The y,,,-recombinant virus present in 

the medium following this infection was used to infect a larger culture of Sf9 insect 

cells. The expressed +,.,-protein was purified from a 500 mL culture of Sf9 cells 

infected with the +,.,-recombinant virus as outlined earlier (Purification procedure for 

the baculovirus-expressed y protein). 
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Figure 7. Outline of the PCR reaction to prepare the mutant y-DNA - Reaction 

#2. In A is the segment of the y-cDNA that is amplified using oligonucleotides N-2 

and N-3 (Table I) as primers in a polymerase chain reaction. The nucleotide 

sequence in primer N-2 is identical to the noncoding sequence (bottom row) in the 

box directly above it, except N-2 contains an AGG sequence rather than a CAG 

sequence. The sequence complimentary to this mismatched sequence in N-2 codes for 

a serine residue (TCC); whereas, the sequence complimentary to the CAG encodes 

for the valine in wild type y-protein. The TCC sequence is incorporated into a y- 

cDNA fragment in Reaction #1, outlined in Figure 8. The letters above the second 

box are the amino acids that are encoded by the sequence within the box. The N-3 

primer is upstream from the ATG codon. 

In B, is a schematic representation of the primary fragments of DNA that are 

produced by this PCR. The mutation site is represented as the raised segment of the 

5° to 3° fragment (line). 
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Figure 8. Outline of the PCR reaction to prepare the mutant y-DNA - Reaction 

#1. In A is the segment of the y-cDNA that is amplified using oligonucleotides N-1 

and N-4 (Table I) as primers in a polymerase chain reaction. The nucleotide 

sequence in primer N-1 is identical to the coding sequence (top row) in the box 

directly below it, except N-1 contains a TCC sequence rather than a GTC sequence. 

The TCC sequence encodes for a serine residue. The GTC codon encodes for a 

valine residue. The letters below the first box are the amino acids that are encoded 

by the sequence within the box. The 3°-end of the N-4 primer is 276 bases 

downstream from the TGA codon. 

In B, is a schematic representation of the primary fragments of DNA that are 

produced by this PCR. The mutation site is represented as the raised segment of the 

5° to 3° fragment (line). 
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Figure 9. Outline of the PCR reaction to prepare the full-length mutant ~-DNA, 

containing the serine for valine substitution - Reaction #3. The products from the 

two PCR reactions (Figure 7 and Figure 8) are run through separate Sephacryl S-400 

columns to remove the excess primers (N-1 and N-2). The primers are retained in 

the S-400 matrix. The flow through from each column are added together in a third 

PCR reaction. This is shown in Part A. Some of the molecules from Reaction #1 

and Reaction #2 can form as the heteroduplexes shown in Part B, but only Product B 

can be extended, in the 5’ to 3’ direction by the DNA polymerase. This extension is 

represented by the dashed lines at the 3’-ends in Product B. The N-3 and N-4 

primers, which are included in the PCR reaction, anneal to the extended ends of 

Product B and form a full-length mutant ~-DNA, shown in Part C. 
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RESULTS 

The protein purification procedure was developed to isolate from the insect 

cells a sufficient quantity of y protein to determine its kinetic constants, and to 

remove the endogenous phosphorylase kinase-like activity detected in the cells. Table 

II shows the purification procedure for the y,,,-protein. The elution profiles from the 

chromatography steps are illustrated in Figure 10. Figure 11 presents the 

immunoblots of selected samples during the purification. Evident in the immunoblot 

of the DE-52 column load is the y protein and a protein of approximately 76,000 M, 

which originates from the Sf9 cells. Also evident are several proteins of higher 

molecular weight than the 76,000 protein which are weakly crossreactive with the 

antibodies. Elution on the DE-52 cellulose column enriches for both the 76,000 M. 

protein and the y protein. The 76,000 molecular weight protein separates from the y 

protein by elution on the S-300 column. Intact y eluted shortly after the exclusion 

volume (Fig. 7). The elution volume of the y peak indicates a molecular weight 

larger than that of a ~ monomer and may indicate that a y oligomer is the major 

form. The phosphorylase kinase-like activity is removed by elution on the CaM- 

sepharose column. For the sample of y obtained from the CaM-sepharose 

chromatography both an immunoblot and silver stained gel are shown (Fig. 11). 

The final sample of y prepared by the purification procedure is not absolutely pure. 

Several other proteins evident in the silver stained gel shown in Figure 11 have 
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Table II. Purification table for y,,, protein. The y-protein was quantitated using 

Renaissance™ chemiluminescence reagent (DuPont NEN Research Products), as 

outlined in "METHODS" section of this study. Total protein was quantitated using a 

modified Lowry method.® 
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Figure 10. Elution profiles from the chromatography on DE-52 Cellulose, S-300, 

and CaM-Sepharose. Each elution profile is labeled corresponding to the matrix 

used in the chromatography. The positions where changes in buffer composition were 

made to affect either the stringency of washing or the elution of + are indicated. 

Fractions that were pooled from each chromatography elution and used in the next 

purification step are indicated. 
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Figure 11. Immunoblots of selected samples from the purification procedure. 

Phosphorylase kinase standard from rabbit skeletal muscle is shown in the first lane 

(PhK-Std.) Lane (A) is an aliquot of the homogenized cell extract loaded on the DE- 

52 column. Lane (B) is an aliquot of the pooled high salt elution from the DE-52 

column. Lane (C) is an aliquot the sample loaded on the S-300 column. Lane D is 

an aliquot of the sample loaded on the CaM-sepharose column. Lanes (E) are the 

pooled eluted sample from the CaM-Sepharose column and represent the final 

sample. The lane (E), at the far right, is a silver stained gel, the other lanes are all 

immunoblots. The positions of the a, 8, and y subunits are indicated as well as the 

position of the 76,000 relative molecular weight protein (76K). 
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comparable abundance to y. Nevertheless, greater than 85% of the phosphorylase 

kinase activity in the y sample is precipitated specifically by an affinity matrix with 

anti-y antibodies as demonstrated in Figure 12. Furthermore, in the absence of the 

substrate phosphorylase,, the amount of *’P incorporated into TCA precipitable 

material is less than 4% of the y activity in the presence of phosphorylase,. These 

results demonstrate that the purification procedure has removed most of the 

phosphorylase kinase-like activity originating from the Sf9 cells and that there is not 

significant kinase activity other than + in the preparation. Further characterization 

has involved using the general phosphatase inhibitor NaF at 10 mM in the activity 

assay, and immunoblotting the y sample after incubation in the assay buffer to detect 

proteolytic fragments. Those experiments reveal no interfering phosphatase activity 

nor protease activity in the ~ sample. These experiments demonstrate that the y 

preparation is sufficiently pure to investigate the enzymatic properties of the y 

protein. 

In Figure 13 are illustrated the curves for velocity versus phosphorylase 

substrate concentration for the baculovirus-expressed yyy, at pH 6.8 and 8.2. The 

same curves are obtained whether CaCl, up to 0.2 mM or EGTA up to 0.2 mM is 

included in the assay. To determine the V,,,, from this data in terms of mg y protein 

the amount of - was quantitated by immunoblots using the phosphorylase kinase 

holoenzyme as a standard and the chemiluminescence method for staining.©” A 

summary of the kinetic constants for the baculovirus-expressed y is provided in Table 
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Figure 12. Immunoprecipitation of y activity from the baculovirus expressed y- 

sample. Aliquots of the baculovirus expressed yy; (Lane E, Fig. 11) were incubated 

with the indicated volumes of anti-y crosslinked Affi-Prep beads. In addition, non- 

immune IgG crosslinked Affi-Prep beads were added to each aliquot to adjust total 

volume of beads to 30 yl. This addition controls for non-specific absorption to the 

bead matrix, as outlined in "METHODS" section of this study. After incubation, the 

beads were collected by centrifugation, and the supernatants were assayed for ywr 

activity (Ml). Each point represents the average of at least two data points. 
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Figure 13. Graph of activity versus phosphorylase, concentration at pH 6.8 (MH) 

and at pH 8.2 (4). The data is fitted to the Michaelis-Menton equation, using the 

PFIT program (Fig. P Software Corp., Durham, NC). Each point represents the 

average of at least two data points. 
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Table Il. Summary of kinetic constants for phosphorylase kinase, y,.., and yyy. 

Yser refers to the mutant + protein, which contains a serine for valine, substitution. 

Yden/ren Yefers to denatured and subsequently renatured y purified by HPLC.® 

For PhK, and PhK,, the data at pH 6.8 are from Newsholme and Walsh®™, and the 

data at pH 8.2 are from Kee and Graves), and Chan and Graves.) The values for 

ser are derived from at least four data points at each pH value. The V,, values are 

expressed in terms of mg y. In some cases, mean + S.E. is included. 
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pH 6.8 pH 8.2 

Ky Vu K, Vu 

uM Phos, | pmol/min/mg | uM Phos, pmol /min/mg 

PhK, 67 1.2 190 + 80 125 + 18 

PhK, 125 73 60 + 20 138 + 15 

Yaen/ren 116 6 80 8.5 

Yur 140 + 25 59 + 10 36 + 6 91 + 16 

Ywr/CaM 139 + 17 120 + 9 N.D. N.D. 

Y sex 104 + 25 82 + 10 124 + 22 120 + 12           
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II along with the reported values for some other forms of the enzyme. A comparison 

of these values indicates that the K,, for phosphorylase, of the baculovirus-expressed 

is similar to that of the phosphorylase kinase holoenzyme in its activated (PhK,) form 

and is similar to that of the y subunit isolated from the holoenzyme by denaturation 

and subsequent renaturation. However, the V,,,, of the baculovirus-expressed y is 

approximately 10-fold greater than that of the ; subunit isolated by denaturation. 

This difference indicates that more of the baculovirus-expressed y is in an active 

configuration as opposed to the y isolated by denaturation. Even though the 

baculovirus-expressed ‘y has a higher specific activity than other preparations of 

purified +, it exhibits only 65% of the specific activity of PhK, at pH 8.2 and 80% at 

pH 6.8, as determined from Table III. These differences between PhK, and the 

baculovirus-expressed y indicate that either 20-35% of the baculovirus-expressed y is 

in an inactive conformation or that the regulatory subunits, a, 6, and 6 (CaM), 

stimulate the basal activity of in the PhK, holoenzyme. The latter possibility 

implies that the activity of the baculovirus-expressed yy represents the basal activity of 

+ in the absence of the regulatory subunits. 

To investigate these possibilities and to determine whether the baculovirus- 

expressed y retains the ability to interact with CaM, the effect of adding CaM to the 

kinase assay was measured. Calmodulin was selected for these experiments because it 

is known to enhance the renaturation of denatured y®® and to increase its specific 

activity. Renaturation of y-protein by CaM is a time dependent process,” so yywr 
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was preincubated at 4 °C in the standard protein kinase assay buffer supplemented 

with CaM . Aliquots were removed at various time points, and the assay for protein 

kinase activity was initiated by shifting the temperature to 30 °C, then adding ATP 

and magnesium acetate. The results of this experiment at pH 6.8 with CaM at 2.0 

uM in the presence and absence of calcium are illustrated in Figure 14. Calmodulin 

does stimulate yy activity under these conditions in a time dependent manner. 

Maximum stimulation occurs after four to five hours preincubation, and there is a 

slow decrease in activity after six hours preincubation particularly in the absence of 

calcium. At pH 8.2, in the presence or absence of calcium, there is only a marginal 

stimulation of y activity (< 10%) by CaM. Because of the time dependence for CaM 

stimulation, subsequent experiments to determine concentration dependence and 

changes in the kinetic constants were done following a four to five hour preincubation 

before initiating the assay for protein kinase activity. 

The dependence of yy stimulation on CaM concentration was determined at 

pH 6.8 in the presence and absence of calcium. The results are illustrated in Figure 

15. In the presence of calcium, CaM stimulates y activity by approximately 2-fold. 

In the absence of calcium the stimulation is slightly less, between 1.5- and 2-fold. 

The biggest difference between the presence and absence of calcium is the 

concentration of CaM necessary for half-maximal activation (A, 5). In the presence of 

calcium the A,,; is 3.5 1M CaM whereas in the absence of calctum the Ay, is 9.2 uM 

calmodulin. (The A), values were determined with the PFIT program - Fig. P 
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Figure 14. Changes in y activity with varying times of preincubation with CaM. 

Aliquots of the y sample were preincubated at the indicated times with 2.0 uM of 

CaM before assaying for kinase activity. Open circles (O) are data in the presence 

of EGTA and closed circles (@) are data in the presence of calcium. The assays 

were conducted at pH 6.8. Each point represents the average of at least two data 

points. 
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Figure 15. Changes in y activity with varying CaM concentrations. The Y-axis is 

the ratio of y activity in the presence of the indicated CaM concentration to the 

activity in the absence of CaM. Solid squares (MH) are data in the presence of 0.1 

mM calcium and open squares (LJ) are data in the presence of 0.1 mM EGTA. Data 

was fit to the illustrated curves by the P.Fit program (Fig. P Software Corp., 

Durham, NC). The dotted line is fit to the data in the presence of EGTA and the 

solid line is fit to the data in the presence of calcium. Each data point illustrated is 

the average of duplicates and some data from replicate assays are shown to illustrate 

the variability in the assay. 
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Software Corp., Durham, NC - using the data from Fig. 15.) Differences in the 

affinity of ywr for CaM, depending on the presence or absence of calcium, have also 

been noted for ~ prepared under denaturing conditions.®” An interesting difference in 

the data is that in the absence of calcium the data fit an asymmetric sigmoid curve 

with a Hill coefficient of 1.5, whereas in the presence of calcium the data fit a curve 

with a Hill coefficient of approximately 1.0. The cooperativity indicated in the 

absence of calcium suggests that the binding of CaM to one y molecule increases the 

affinity of a neighboring y molecule for calmodulin. This effect may reflect the 

oligomerization state of the yy;-protein as was also indicated by its elution on S-300. 

The CaM stimulation of yy, activity cannot be fully explained via the 

renaturation of a portion of inactive yy;. The stimulation by CaM occurs principally 

at pH 6.8, with only moderate stimulation, < 10%, at pH 8.2. This would indicate 

that very little more of the yy, in the sample renatures. Furthermore, at pH 6.8 the 

stimulation by CaM in the presence of calcium results in a specific activity for ywr 

that is slightly greater than that of the activated phosphorylase kinase holoenzyme. 

This would indicate that the interaction of CaM affects the kinetic properties of ywr. 

Figure 16 illustrates the velocity versus phosphorylase, concentration for the 

baculovirus-expressed yy; at pH 6.8 in the presence of calcium and with 8.0 u»M 

calmodulin. The results from three replicate experiments are shown in the figure. 

The average K,, value for the three experiments is 139 (+ 17) uM, and the average 

Vinax 1S 120 (+ 9) pmoles PO, incorporated per min per ng ywr. This K,, value is not 
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Figure 16. Graph of activity versus phosphorylase, concentration in the presence 

of CaM. The data from three replicate assays are shown fit to a right rectangular 

hyperbola using the Henri-Michaelis-Menten curve, using the PFIT program (Fig. P 

Software Corp., Durham, NC). Each assay is in the presence of 8.0 1M CaM and 

0.1 mM CaCl.. 
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significantly different from that in Table III for the baculovirus-expressed yy in the 

absence of calmodulin. However, the V,,,, in the presence of CaM is 2-fold greater 

than that in the absence of calmodulin. MLCK and Ca?*/CaM-dependent protein 

kinase IJ are two enzymes that are regulated by a pseudosubstrate sequence. 

Typically, for enzymes regulated by a pseudosubstrate sequence, the effect of CaM on 

that regulation is seen as a reduction in Km,, for substrate.“**) Because CaM has no 

effect on the K,, of ywy for substrate, it is unlikely that regulation of the putative 

pseudosubstrate sequence in y is mediated by CaM. 

The search for a pseudosubstrate sequence in y began with the construction of 

a table of the phosphorylation sites of known phosphorylase kinase substrates. This 

alignment is illustrated in Table IV. From these sequences we constructed a matrix 

that weighted the frequency with which specific amino acids occurred at each position 

in column 2 of Table IV. For weighting, the basic amino acids, R and K, were 

considered equivalent, as were the hydrophobic amino acids, V, I, and L. At the 

position of the phosphorylated serine/threonine, any residue is tolerated because a 

pseudosubstrate sequence is not necessarily autophosphorylated. At this position 

equal weight was given to all amino acids except those with charged side chains (K, 

R, D, E) and those with bulky side chains (F, W, Y), which were given low weights. 

The resulting weighted matrix favors R or K at positions -3 and +2, and V, I, or L at 

positions -1 and +1. Using this matrix the protein sequences listed in Table IV, and 

the y~ sequence were scanned. Alignment scores were determined by the Matscan 
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program from the PC/GENE package (IntelliGenetics, Inc., Mountain View, CA). 

The highest score possible is 12, and the program lists all sequences with a score 

greater than 6. The sequences listed in Table IV all score between 9-10. In y one 

sequence with a score of 9.3 was found. The sequence is: 

py TREI VI R™ 

-6 -5 -4 -3 -2 -1 O +1 +2 

and is located at residues 326 through 334. Intriguingly, this sequence is located in 

the region between the two proposed CaM-binding regions (Fig. 17). The 

pseudosubstrate sequences in MLCK and Ca’*/CaM-dependent protein kinase II lie 

adjacent to or overlap with their CaM-binding sequences. 

Two synthetic peptides were prepared that were modelled after the amino acid 

sequence in the putative pseudosubstrate sequence in y. The 10 amino acids in the V- 

peptide are identical to those found in the pseudosubstrate sequence: KPVTREIVIR 

with K added at the NH,-terminus to aid purification on CM-Sephadex, and amidated 

on the COOH-terminus to eliminate a negative charge. This peptide was tested for its 

inhibitory properties. The second peptide, S-peptide, contained these same 10 amino 

acids except with a serine replacing the valine at position 0 (KPVTREISIR). This 

peptide resembles the consensus sequence of a + substrate and was tested for its 

ability to act as a y substrate. Partially-purified yy; protein expressed in the 
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Table IV. Alignment of the amino acid sequences of the phosphorylated sites for 

phosphorylase kinase. The a and 8 sites refer to the autophosphorylation sites on 

those subunits of phosphorylase kinase. The number in parentheses following the a 

and @ sites is the position of the first amino acid of the sequence shown in Column 2. 

The pseudosubstrate sequence found in the y-subunit of PhK (residues 326 to 334) is 

shown at the bottom of the table. The phosphate acceptor is in bold italics, marked 

by an asterisk. 
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Substrate 

Glycogen phosphorylase 

Glycogen synthase 

Troponin 

a site 

a@ site 

site R 

site 

site 

site DW 
WD 

DW
 

1 

2 

Sequence 

I (fast SkM) 

(972) 

(985) 

(1007) 

(11) 

(26) 

(700) 

in y subunit 

  

  

Sequence 

EKRKQIS VR 

PLSRTLS*VS 

KRNRAIT’AR 

EFGVERS VR 

NVSPAIS*IH 

GIMQLKS"EI 

GLMAEVS "WK 

RTKRSGS*VY 

KVKRQSS*TS 

PVTREIVIR   

Ref. 

90 

91,92 

93 

94 
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Figure 17. Amino acid sequence (residues 302-366) in the regulatory domain of 

the y-subunit of phosphorylase kinase. The sequence in bold type is the 

pseudosubstrate sequence in y. It was located by the Matscan program from 

PC/GENE (IntelliGenetics, Inc., Mountain View, CA) using the weighted values 

defined by Table IV. The site where phosphorylation would normally occur is 

double-underlined (valine). The proposed calmodulin-binding domains are 

underlined. 
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subunit of phosphorylase kinase 

Catalytic domain 

    

Regulatory domain | 

    

Pseudosubstrate 

302 sequence 166 

GKFKVICLTVLASVRIY YOYRRVKPVTREIVIRDPYALRPLRRLIDAY AFRIYGHW VKKGQOONR 

CaM-binding domain CaM-binding domain 

(domain-N) (domain-C) 
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Table V. Summary of kinetic parameters for phosphorylase kinase and y with 

synthetic peptides as substrates. 

“) - Data for phosphorylase, are from Kee and Graves.» 

‘ _ Data for phosphorylase, peptides are from Tessmer, et. al. 

In parentheses following the peptides are the amino acid residues numbered according 

to their actual sequence in phosphorylase, (see below). Serine-14 is the phosphate 

acceptor. 

Ser-Asp-Gln-Glu-Lys-Arg-Lys-Gln-Ile-Ser-Val-Arg-Gly-Leu 

5 6 7 8 9 10 11 12 13 14 #15 16 #17 «18 

The V,, values are expressed in terms of mg y. (vy is 13% of the mass of the 

phosphorylase kinase holoenzyme.) PhK, refers to nonphosphorylated phosphorylase 

kinase. PhK, refers to phosphorylated phosphorylase kinase. Phos, refers to 

nonphosphorylated phosphorylase. The kinetic values for yw; are derived from at 

least four data points at each pH for each substrate. 
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Substrate 

" Phosphorylase, 

n 

S-peptide 

Phosphorylase,” 

Phos, (5-18) 

Phos, (9-18) 

Phos, (5-16) 

Phos, (9-16) 

Phos, (5-18) 

Phos, (9-18) 

Phos, (5-16)   

Enzyme form 

Ywr, DH 6.8 

Ywr, PH 8.2 

Ywr, PH 6.8 

Ywr. PH 8.2 

PhK,, pH 6.8 

PhK,, pH 8.2 

PhK,, pH 8.2 

PhK,, pH 8.2 

PhK,, pH 8.2 

PhK,, pH 8.2 

PhK,, pH 8.2 

PhK,, pH 8.2 

PhK,, pH 8.2   

uM 

140 

36 

280 

210 

220 

190 

1200 

900 

200 

200 

3500 

1000 

2000   

Vu 

ymol/min/mg 

59 

91 

112 

112 

160 

125 

22.3 

22.3 

0.08 

0.29 

84.6 

66.2 

14.6 
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baculovirus system was used for these experiments with the synthetic peptides. The 

apparent K,, for S-peptide of yw; is comparable to the lowest K,, values for peptides 

modeled after the phosphorylated site of phosphorylase, (Table V). This indicates 

very good binding of the S-peptide by yy,. The apparent V,,,, is equivalent to the 

Vmax {or phosphorylase, of PhK, at pH 8.2 and is much higher than the V,,,, for the 

other peptides. 

The V-peptide was tested for its inhibitory properties, using the S-peptide as 

substrate (Fig. 18). There was slight inhibition of yy; activity at pH 6.8 with the V- 

peptide used at 5 mM, whereas at pH 8.2, the inhibition was significantly higher. 

With a truncated ,;.39), the V-peptide is a stronger inhibitor, exhibiting 50% 

inhibition between 1.6 and 2.0 mM at both pH 6.8 and 8.2. It is interesting that the 

V-peptide exhibits stronger inhibition of a truncated ,;399 than of the full length wild 

type y, and that inhibition of the wild type y shows a pH dependence. The weaker 

inhibition of full length y indicates that the presence of the presumed endogenous 

pseudosubstrate sequence, i.e. the C-terminal domain, antagonizes binding of the 

inhibitory peptide, while the pH dependence indicates that the structure of the 

endogenous sequence and its binding at the catalytic site are influenced by pH, with 

stronger binding occurring at pH 6.8. This conclusion is consistent with a model for 

the regulation of the holoenzyme in which most factors have greater effects on 

activity at pH 6.8 than at 8.2, and with the suggestion that the lower K,, of y for 

phosphorylase, at pH 8.2 results from a pH-dependent difference in the binding of the 
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Figure 18. Inhibition of yy; with V-peptide. 

Yrr refers to the truncated y-protein (7,399), provided by Huang and Graves. 

Ywr refers to wild type y-protein (full length), expressed in the baculovirus system. 

Assays were conducted at pH 6.8 (O =ywr, CJ =y-rp) and pH 8.2 (@=yyr, M=vyrp)- 

Each point represents the average of two or more experiments, and the range of 

values for those experiments. The y activity is expressed as the percentage of activity 

in the absence of inhibitory peptide (V-peptide). The S-peptide was used as the 

substrate, at 200 nM. Each point represents the average of at least four data points. 
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endogenous pseudosubstrate. Although the V-peptide is only a weak inhibitor of y, 

there are also other examples of pseudosubstrate sequences which when assayed as 

synthetic polypeptides are not potent inhibitors. For example, a peptide of the 

pseudosubstrate sequence in the cGMP-dependent protein kinase is also a poor 

inhibitor of the kinase.°” There may be additional residues that are important for 

effective inhibition that are not necessary to make a good substrate, or the serine 

substitution may compensate for the absence of a residue in the V-peptide. In 

addition, the interactions between a pseudosubstrate sequence and a catalytic domain, 

when each are located within the protein, are not necessarily reproduced in assays in 

which the inhibitor and catalytic site are separate elements. 

The synthetic peptide analogs of the pseudosubstrate sequence in y were shown 

to inhibit y activity (V-peptide) and to act as a very good substrate for y (S-peptide). 

Based on these results, a mutant y protein (y,.,) waS prepared in which a serine 

residue replaced the valine residue at position 332. The y,,, was prepared using site- 

directed mutagenesis and was expressed in the baculovirus system, as outlined in 

"Methods" section of this study. If this pseudosubstrate sequence in y is bound to the 

catalytic site, then the y,,, protein should undergo intramolecular autophosphorylation. 

The autophosphorylation reactions with +,,, and ywr were conducted at pH 6.8 

and 8.2. The time course of these reactions is shown in Figure 19. Maximum 

autophosphorylation occurred after 25 min for y,,,, at which point approximately 1 

mol PO, was incorporated per mol of y,,, at both pH 6.8 and 8.2. Some 
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Figure 19. Time course of autophosphorylation of y,... Each time point represents 

the average of two or more experiments for y,, (QO = pH 6.8, @ = pH 8.2) and for 

Ywr (L] = pH 6.8, Ml = pH 8.2). Assays were carried out in the absence of 

calcium. The concentration of y,,, was 13-15 nM. The concentration of yy; was 10- 

15 nM. 
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autophosphorylation of yw; protein, 0.25 mol PO, incorporated per mol of yy, also 

was detected after 25 min, at pH 6.8 only. A previous report described the 

autophosphorylation of an active y fragment (33 kDa) at pH 7.0. (There was no 

report of autophosphorylation of this fragment at pH 8.2.) They determined that Ser,, 

in the y protein was the target of this autophosphorylation, so it was necessary to 

ensure that the autophosphorylation detected in y,,, occurred in the pseudosubstrate 

sequence, which is in the C-terminal region of y, and not at Ser,). This was verified 

as follows. The y,,, was allowed to autophosphorylate for 10 min, followed by 

digestion of y,.. with CNBr. Gamma contains 10 methionines all of which occur 

between positions 107 and 243. Therefore, CNBr digestion produces primarily a 17 

kDa C-terminal fragment (residues 242-387) and a 12 kDa N-terminal fragment 

(residues 1-106). As can be seen in Figure 20, autophosphorylation of y,., occurs 

almost exclusively in the C-terminal fragment, which contains the pseudosubstrate 

sequence. Phosphoamino acid analysis (Fig. 21) revealed that the 

autophosphorylation of y,.. occurred on a serine residue. The results from these 

experiments demonstrated that the autophosphorylation of +,., occurs in the C-terminal 

region. There are 8 serine residues in the 17 kDa C-terminal fragment of j,,, 

produced by the CNBr digest, but autophosphorylation most likely occurs at Ser 3, 

because yy;-protein did not autophosphorylate under similar conditions. 

The enzymatic characterization of the y,,, protein were similar to those of ywr 

at pH 6.8 (Table III). However, at pH 8.2, the y,,. mutant has a 3- to 4-fold higher 
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Figure 20. CNBr peptide map of y,,, after autophosphorylation. (A) The relative 

position of the methionine residues in y are illustrated. The first methionine occurs at 

position 107 and the last occurs at position 243. (B) The 7,,, protein was 

autophosphorylated for 10 min at pH 6.8 prior to digestion with CNBr. The resulting 

fragments were resolved on an 18% polyacrylamide gel in the presence of SDS. The 

fragments were located by silver staining (A) and autoradiography (B). 
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Figure 21. Phosphoamino acid analysis of 7+,,, after autophosphorylation. The 

phosphoamino acid analysis of the y,,., protein was carried out per "METHODS". 

The large spot in the lower right-hand corner represents incompletely hydrolyzed 

phosphorylated protein. 
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K,, for phosphorylase, and for the S-peptide, indicating that the serine substitution 

may selectively enhance the binding of the pseudosubstrate sequence at the catalytic 

site at this pH. Consistent with this interpretation is an observed 2- to 3-fold decrease 

in the K,, when this y,,, was first allowed to autophosphorylate for 10 min before 

being assayed with substrate. The decrease in K,, indicates that the catalytic site is 

more accessible after autophosphorylation. Possibly, the phosphate addition on the 

serine residue decreases affinity at the catalytic site. 

Autophosphorylation can conceivably occur through either intermolecular or 

intramolecular mechanisms. If autophosphorylation is intermolecular, one +,,, 

molecule would phosphorylate another y,,, molecule. The initial reaction velocities 

would therefore be second order with respect to enzyme concentration and a linear 

relationship would exist between enzyme concentration and specific activity. If 

autophosphorylation is intramolecular, each +,., molecule would phosphorylate itself. 

The initial reaction velocities would be first order with respect to enzyme 

concentration and the specific activity for autophosphorylation does not depend on 

enzyme concentration. In order to distinguish between these possibilities, the rate of 

phosphate incorporated into y,., was determined as a function of y,,, concentration. 

The autophosphorylation was carried out at pH 6.8 as described in "Methods" section 

of this study. The enzyme concentration was varied from 0.94 nM to 30 nM (a 30- 

fold range). Samples were removed after 1, 2, 3, and 4 min because the rate of 

autophosphorylation remained linear over this time period (Fig. 19). A plot of the 
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Figure 22. Effect of y,.. concentration on the rate of autophosphorylation. The 

rate is measured in terms of mol PO, incorporated/mol y,,,/min. Reactions were 

carried out in the presence or absence of calcium, with no significant difference. The 

rates at each concentration of y,,, are the mean of at least four data points, + S.E. 
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rate (mol PO, incorporated/mol y,,,/min) versus enzyme concentration gives a line 

with a slope nearly equal to zero (Fig. 22). Thus, the rate is not dependent on 

enzyme concentration as consistent with a first order rate equation, and 

autophosphorylation of y,., occurs by an intramolecular mechanism. 

Calmodulin was added to the autophosphorylation reactions to determine what 

effect it had on the rate of autophosphorylation at different concentrations of y,,,. 

These assays were done at pH 6.8, because previous assays demonstrated that CaM 

had its maximum effect on y activity at that pH. Calmodulin was included in these 

assays at various concentrations between 4 and 16 uM. The mean rate (mol PO, 

incorporated/mol y,,,/min, + S. E.) for all assays without CaM was 0.15 + 0.02, 

and the mean rate for all assays with CaM was 0.11 + 0.02. The effect of CaM on 

the rate is so small that it is unlikely that CaM binding alone is a major effector of 

the pseudosubstrate regulation. 
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DISCUSSION 

One of the goals of this study was to select an expression system that would 

give us a method for isolating the y-subunit of PhK. The development of a 

recombinant y-baculovirus expression system is an important step for the further 

investigation of the subunit interactions in phosphorylase kinase. The high specific 

activity of the y-subunit thus produced provides a foundation to which the regulatory 

subunits can be added, either singly or in combination, to determine their role in the 

regulation of -y. By this approach the interactions which contribute to the complex 

regulation of the holoenzyme can be investigated. Furthermore, by site-directed 

mutagenesis the determinants in y mediating the regulatory subunit interactions can be 

identified. 

The amount of y-protein recovered from the baculovirus expression system 

was sufficient for testing its enzymatic properties, but the yield will need to be 

improved to permit studies of the structure of the protein. Although one milligram or 

more of heterologous proteins are recovered from 1 L cultures of the baculovirus 

expression system,°” in our hands less than 50 pg of y-protein was recovered from a 

500 mL culture of cells. The relatively low yield of y-protein suggests changes may 

be necessary to improve its expression for future work. The baculovirus handbook®” 

offers some suggestions on how to optimize expression of proteins, based on studies 

of the nucleotides around the ATG start codon of the MRNA. One suggestion is that 
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consideration should be given to removing the leader region of the cDNA if it is too 

long (greater than 30 nucleotides) or if the G+C content is too high. The leader 

sequence of the y-cDNA is 25 nucleotides long, with a G+C content of 

approximately 60%. There is a report that removal of G+C-rich 5’ noncoding 

sequences significantly improved the level of expression of the gene in the baculovirus 

expression system,” 

A second goal of this study was to determine the effects of the regulatory 

subunits of PhK on y activity. Calmodulin was used in these assays because it is 

known to increase the specific activity of y®°, and CaM has been shown to directly 

interact with y.??!© The effects of CaM on y¥ activity are shown in Table III. 

Comparison of the kinetic constants in Table III with those from Figure 16 for the 

baculovirus-expressed -y with CaM, indicates that the y-CaM complex has kinetic 

constants similar to those of the activated holoenzyme. The observation that CaM can 

stimulate the baculovirus-expressed yy even in the absence of calcium is consistent 

with previous reports which demonstrate a calcium independent interaction between 

CaM and 7° and is consistent with the calcium-independent association of CaM in 

the holoenzyme. Because the y-CaM complex does not require Ca’* for activity as 

the holoenzyme does, it is unlikely that the Ca?*-dependent regulation of PhK activity 

occurs through the CaM (6) subunit, alone. 

The cooperative effect of CaM stimulation in the absence of calcium indicates 

that the association of y and CaM may be mediated by interactions which differ in the 
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presence versus the absence of calcium. Gamma contains two domains which, when 

assayed as synthetic polypeptides, bind CaM in the presence of calcium. Both 

domains are located in the C-terminal region of y and are separated by only 15 amino 

acids (Fig. 17).°%) Whether one or both of these domains are necessary for the 

calcium independent interaction of y with CaM is not known. However, the binding 

of calcium to CaM exposes a hydrophobic patch in each CaM head, and residues 

within these patches contribute to hydrophobic interactions between CaM and target 

sequences.“°) In the absence of calcium it is likely that different residues are exposed 

in calmodulin. Gamma may require the flexibility provided by two CaM binding 

sequences in order to accommodate the changes in CaM structure depending on the 

presence or absence of calcium. Furthermore, the cooperative nature of the CaM 

interaction with y is evidence that y exists as an oligomer in the sample exhibiting y- 

interactions. Similar observations of y-protein being isolated in an oligomeric state 

have been reported for a bacterial system as well as for the baculovirus expression 

system.°°°” This state could be representative of the holoenzyme which has the 

subunit structure (a,6,y,6),. Thus, in the holoenzyme there is the potential for y-y 

interactions that could cooperatively interact to maintain CaM as an integral subunit in 

the absence of calcium. 

A pseudosubstrate sequence represents a mechanism by which other CaM- 

binding protein kinases are regulated.“*® The putative pseudosubstrate sequence in y 

was located by first defining a consensus substrate sequence for y, based on the 
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sequences surrounding the phosphorylated site in PhK substrates. This consensus 

sequence was used in the computer-based selection of the pseudosubstrate sequence in 

y. A pseudosubstrate sequence, because it resembles the substrate for the enzyme, 

should act as a competitive inhibitor if it lies near the catalytic site of the enzyme. 

The intramolecular autophosphorylation of the y,.,-protein indicates that the 

pseudosubstrate sequence in y ts near the catalytic site. If one of the subunits of 

phosphorylase kinase interacts with the pseudosubstrate sequence, then the effect will 

be seen on the apparent K,,. Within the holoenzyme, the phosphorylation state of the 

qa and 6 subunits has the greatest effect on the apparent K,, of the enzyme. Thus, a 

pseudosubstrate mechanism of regulation would most likely be mediated by an a 

and/or 6 interaction. These subunits are also known to inhibit the activity of isolated 

y, but it is not known which kinetic parameters are affected.) 

Data collected to date indicates that CaM alters the V,, of isolated ~, with no 

effect on the K,. However, the proximity of the pseudosubstrate sequence to the 

CaM-binding domains in + compelled us to test whether CaM affects the rate of 

autophosphorylation of the y,., mutant. Calmodulin had only minor effects on that 

rate. This cannot be attributed to an inability of the mutant y,., protein to bind to 

CaM because the purification procedure for the y,,, included affinity purification on a 

CaM-sepharose column. Instead, this finding supports the suggestion that the CaM 

regulation of y is not principally mediated by the putative pseudosubstrate. In the 

holoenzyme it is suggested that the regulation mediated by CaM may not result solely 
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from its interaction with y but may involve additional interactions with 8.“ Thus, 

in the holoenzyme the regulation of the pseudosubstrate sequence in ~ may require 

both the 8 and the CaM regulatory subunits. 

Other reports have identified potential pseudosubstrate sequence sites within the 

(105) just upstream of subunits of phosphorylase kinase. One sequence is also within y 

the sequence we investigated. That sequence places the cysteine at position 308 as 

analogous to the serine at a phosphorylation site, and lies in a portion of the CaM- 

binding domain-N. A peptide of the cysteine), sequence is a good competitive 

inhibitor,“° but neither the phosphorylation of a serine substituted peptide nor the 

autophosphorylation of a serine substitution within y has been used to determine if 

this sequence occupies the catalytic site in the enzyme. 

An additional autoinhibitory sequence has been reported within the 6 

subunit.“°? A peptide of this 6 sequence exhibits competitive inhibition with respect 

to phosphorylase, as well as the ability to be phosphorylated on an internal serine 

residue. Whether this sequence normally exists in or near the catalytic site of y has 

yet to be determined, nor is it known whether the phosphorylation of the 6 subunit 

affects the binding of this sequence at the catalytic site. The descriptions of these 

multiple pseudosubstrate sequences raises the possibility that each may be involved in 

the regulation of phosphorylase kinase under different conditions. For example, one 

pseudosubstrate sequence may inhibit the enzyme in the dephosphorylated form, while 

a different sequence inhibits the enzyme when it is phosphorylated but calcium is 
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absent. Because the enzyme responds to both a hormonal signal and a calcium signal 

from muscle contraction, multiple regulatory mechanisms are possible. Each of these 

mechanisms may involve multiple pseudosubstrate sequences that are important, 

depending on the state of the regulatory subunits. 

We may be able to clarify the complex regulation of phosphorylase kinase by 

studying the effects of the a and 6 subunits on the rate of autophosphorylation of the 

mutant +,., protein, in the presence and absence of Ca’* and of CaM. If the 

inhibitory properties of the a and 8 subunits are mediated by the pseudosubstrate 

sequence we describe, then their addition may stimulate y,.. autophosphorylation while 

having little effect on the activity of the truncated y. 
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