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The kinetic mechanism of the cAMP-dependent protein 

kinase has been determined to be random in the direction of 

MgADP phosphorylation by using initial velocity studies in 

the absence and presence of the product, phospho-Serpeptide 

(Leu-Arg-Arg-Ala-Ser[P]-Leu-Gly) , and dead-end inhibitors. 

In contrast to the kinetic parameters obtained in the 

direction of Serpeptide phosphorylation, the only kinetic 

parameters affected by Mg2 + are the dissociation constants 

for E:phospho-Serpeptide and E:MgADP, which are decreased by 

about 4-fold. The dead-end analog MgAMPCP binds with an 

affinity equal to that of MgADP in contrast to MgAMPPCP, 

which binds weaker than MgATP. The ratio of the maximum 

velocities in the forward and reverse reactions is about 200, 

and the Haldane relationship gives a K e q of (7.2 ± 2) x 102. 

The latter can be compared to the K e q obtained by direct 

measurement of reactant concentrations (2.2 ±: 0.4) x 103 and 

3 1P NMR (1 ± 0.5) x 103. 

Data for the pH dependence of kinetic parameters and 

inhibitor dissociation constants for the cAMP dependent 

protein kinase are consistent with a mechanism in which 

reactants selectively bind to an enzyme with the catalytic 



base unprotonated and an enzyme group required protonated for 

Ser-peptide binding. Preferentially MgATP binds fully 

ionized and requires an enzyme residue (probably lysine) to 

be protonated. The maximum velocity and V/KMgATP are pH 

independent. The V/K for Serpeptide is bell-shaped with 

estimated pK values of 6.2 and 8.5. The dependence of 1/K^ 

for Leu-Arg-Arg-Ala-Ala-Leu-Gly is also bell-shaped, giving 

pK values identical with those obtained for V/K S e r p e p t i d e, 

while the for MgAMPPCP increases from a constant value of 

650 |IM above pH 8 to a constant value of 4 mM below pH 5.5. 

The Kj_ for uncomplexed Mg2+ obtained from the Mg2+ dependence 

of V and V/Kjgjĝ ijp is apparently pH independent. 
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CHAPTER I 

INTRODUCTION 

Adenosine 3',5' - monophosphate-dependent protein kinase 

(EC 2.7.1.37: ATP: protein phosphotransferase) catalyzes the 

tranfer of the y-phosphoryl group of ATP to serine or 

threonine residues of peptide or protein substrates in the 

presence of cAMP according to (Rubin & Rosen, 1975): 

protein + MgATP • • protein-P + MgADP (1) 

The importance of cyclic AMP in the regulation of glycogen 

metabolism was first recognized by Rail et al. (1957) and 

cyclic AMP-dependent protein kinase was discovered by Walsh 

et al. in 1968. These two findings not only led to 

elucidation of the pathway by which epinephrine stimulates 

glycogenolysis in mammalian muscle, but they also have had a 

profound effect on studies of the mechanism of action of many 

other hormones. 

cAMP—dependent protein kinase can be separated into 

several fractions by ion exchange chromatography (Corbin et 

al., 1975, Beavo et al., 1974). The two largest fractions of 

protein kinase, resolved using the anion exchanger DEAE-



cellulose, were designated "type I" and "type II" based on 

their relative elution positions from the column (Hofmann et 

al., 1975). The holoenzyme is an inactive heterotetramer 

composed of a regulatory dimer and two catalytic monomers. 

In the presence of saturating levels of cyclic AMP, the 

heterotetramer binds four molecules of cyclic AMP per R2C2 

unit and dissociates to give a regulatory dimer and two 

catalytic monomers according to the following equation; 

R2C2 (inactive) + 4 c A M P R 2 (cAMP) 4 + 2C(active) (2) 

The presence of cAMP causes the equilibrium to shift to the 

right and the catalytic subunit is released from the 

inhibition imposed by the regulatory subunit. When cAMP is 

hydrolyzed by cAMP phosphodiesterase, the inactive R2C2 form 

is reestablished, and phosphotransferase activity is 

inhibited (Flockhart & Corbin, 1982; Beavo & Mumby, 1982; 

Doskeland & Ogreid, 1981). 

In order for the unmodified form of the protein 

substrate to be regenerated, a phosphoprotein phosphatase 

catalyzes a dephosphorylation reaction. The steady-state, 

phosphorylation-dephosphorylation equlibrium between the 

active and inactive forms of a number of proteins is 

dynamically regulated by the protein kinase, phosphoprotein 

phosphatase (s), and their respective putative effectors. 



This constitutes a metabolic cascade system that can provide 

the cell with an efficient and sensitive control mechanism 

that has potential for amplification and cooperativity of 

response (Laporte & Koshland, 1983; Koshland et al., 1982; 

Goldbeter & Koshland, 1981; Shacter et al., 1984). 

Substrate specificity. Many proteins are 

phosphorylated by the C-subunit of cAPK. At least two 

structural features of the protein substrate are important 

for phosphorylation by a protein kinase. First, the 

phosphorylatable site must be accessible to the enzyme, and 

second, the phosphorylatable region must contain the 

necessary structural elements for the formation and 

subsequent reaction of the enzyme-substrate complex. 

Sequences of the phosphorylation sites for vatrious protein 

substrates of the C-subunit of cAPK have been determined. 

These data along with those obtained by investigators using 

synthetic peptide substrates have pointed out a number of the 

structural requirements for the substrate specificity of the 

C-subunit ( Bramson et al., 1984; Carlson et al., 1979; 

Feramisco et al.,197 9; Kemp et al.,197 6; Kemp et al.,1975; 

Daile et al.,1975) . 

Protein substrates for the C-subunit must contain 1-2 

basic amino acid residues on the amino terminal side of the 

phosphorylatable site (Shylapnikou et al., 1975; Carnegie et 

al., 1974; Kemp et al., 1975). Arginine residues are 

preferred and usually occur two or three residues from the 



phosphorylatable sxde chain. Lysyl and histidyl residues are 

found less frequently. The phosphorylatable side chain is 

composed of a serine or threonine residue. 

The use of synthetic peptides as substrate has been of 

great importance in identifying which residues are crucial 

for substrate recognition. Peptides of the form Arg-Arg-X-

Ser-Y are phosphorylated most efficiently by the C-subunit 

(Bramson et al., 1984). The amino acid spacers, X and Y, are 

usually small hydrophobic residues such as alanine or valine 

(Zetterqvist et al., 1976; Kemp et al., 1977; Feramisco et 

al•r 1980; Ragnarsson et al., 1979) but not proline (Granot 

et al., 1981) . 

The heat-stable inhibitor protein (PKI) of the C-subunit 

acts by inhibiting in a manner competitive with respect to 

the phosphoryl-accepting substrate (Demaille et al., 1977; 

McPherson et al., 1979). Digestion with Staphylococcus 

aureus V8 protease of the inhibitor protein of the C-subunit 

results in the sequential formation of three active 

inhibitory peptides (Cheng et al., 1985). The smallest 

active peptide has the sequence Thr-Thr-Tyr-Ala-Asp-Phe-Ile-

Ala-Ser-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile-Hxs-Asp and has a 

Ki value of 0.2 nM. This peptide contains a cluster of 

arginine residues that causes a marked loss of inhibitory 

potency when deleted (Scott et al., 1985) or when any single 

argxnxne residue is substituted by lysine (Cheng et al., 

1986). The best inhibitor among the synthetic peptide 



inhibitors is Alapeptide, Leu-Arg-Arg-Ala-Ala-Leu-Gly, which 

has a Kj_ value of 490 |1M (Feramisco & Krebs, 1978) 

Stereochemistry. Since structural properties beyond 

the primary sequence may well play a determining role in the 

substrate specificity of protein kinase, Granot et al. (1981) 

studied the conformation of enzyme-bound peptide substrates 

such as Serpeptide using NMR techniques. These authors found 

that distances measured in the NMR were not compatible with 

either a-helix or J 3 - p l e a t e d sheet conformations of the 

enzyme-bound heptapeptide. The only two possible secondary 

structures consistent with the measured distance were [5-turns 

and coils. Model-building studies using the Mn2+ to proton 

distance of Serpeptide excluded a-helical, (5-pleated sheet, 

P-bulge, and all of eight possible J 3 - t u r n conformations 

(Rosevear et al., 1984). The distances are consistent with 

only an extended coil structure for the conformation of the 

enzyme-bound peptide substrates. Furthermore, additional 

studies utilizing NMR spectroscopy of modified peptides such 

as those N-methylated at the peptide bond have shown that the 

C-subunit binds Serpeptide in a specific coil conformation 

(Thomas et al., 1987 a,b,: Bramson et al., 1987) 

Circular dichroism studies using the signal induced by 

blue dextran bound to the C-subunit have suggested that 

peptide binding occurs in three steps (Reed & Kinzel, 1984: 

Reed et al., 1985). The first involves the interaction of 



the Arg-Arg subsite with enzyme resulting in a closed 

conformation. Second, it is assumed that this closing of the 

site on the peptide results in a specific coil conformation. 

Third, this change in the peptide conformation results in 

movement of the serine hydroxyl group into correct alignment 

for phosphorylation. Granot et al. (1979) and Bolen et al. 

(1980) using Co(NH3)4 ATP of known chirality and ATP0s with 

Mg2+ and Cd2+ have suggested that the C-subunit uses the A 

isomer of |3, y bidenate MgATP. Granot et al. (1980b) have 

also found substantial changes in the torsional angle of the 

N-glycosylic linkage between the base and ribose suggesting 

that the enzyme interacts strongly with the adenosine portion 

of the nucleotide. Cook et al. (1982) have shown that either 

a negative charge or a hydrophobic region is present in 

vicinity of the a-phosphate. More recently, a follow up by 

Bhatnagar et al. (1983) has shown that the site in the 

vicinity of the a-phosphate is hydrophobic and does not 

contain either a positively or negatively charged functional 

group. 

Chemical Modification. While much has been learned 

concerning the conformational arrangement of peptide 

substrates and metal nucleotide complexes at the active site, 

little is known regarding the crucial active site residues 

involved in substrate recognition and/or catalysis. This 

information is essential for the elucidation of the mechanism 

by which catalysis occurs. Many chemical modification studies 



of the C—subunit have been reported [for reference, see 

Bramson et al., 1984]. Lysine-72 has been identified by 

treatment with FSBA to be an essential component of the MgATP 

binding site (Zoller et al., 1981; Zoller & Taylor, 197 9; 

Hixson & Krebs, 197 9). This lysine is thought to act as an 

electrophile that hydrogen-bonds the y-phosphate to facilitate 

nucleophilic attack by the serine hydroxyl. Cysteine-199 has 

been shown to be in close proximity to the (3- and/or y -

phosphates of ATP (Bramson et al., 1982: Bhatnagar et al., 

1983). This cysteine is not essential since it can be 

changed to a thiocyanate with retention of 60% activity. 

Using the bifunctional reagent O-phthalaldehyde, Puri et al. 

(1985) have been able to crosslink lysine-72 and cysteine-

199. The proximal distance between the £—amino group of the 

lysine and the sulfhydryl group of the cysteine residue is 

estimated to be approximately 3 A based on the crosslinking. 

Mobashery and Kaiser (1988) have used two peptide-based 

affinity inactivators, Ac-Leu-(BrAc-Orn)-Arg-Ala-Ser-Leu-Gly 

(inhibitor 1) and Ac-Leu-Arg-(BrAc-Orn)-Ala-Ser-Leu-Gly 

(inhibitor 2), to modify C-subunit, where Ac-Leu refers to N-

acetyl-leucine and BrAc-Orn refers to bromoacetyl-ornithine. 

Inhibitor 1 alkylated Thr-197 and Glu-34 6, while inhibitor 2 

modified Cys-199 and Glu-346. Thus, it was concluded that 

Thr-197 and Cys-199 are located at or near the active site. 

Matsuo et al. (1980) using 3-(3-dimethyl-aminopropyl)-1-



ethylcarbodiimide (EDAC) and glycine ethyl ester have 

identified glutamate residues in the active site. In this 

case the peptide was the only reactant that protected, so 

that the authors have suggested that the glutamate residues 

represent the anchor for the Arg—Arg subsite of the peptide. 

Toner-Webb and Taylor (1987) have shown that the hydrophobic 

carbodiimide, dicyclohexyl carbodiimide (DCCD), is an 

irreversible inhibitor of the C-subunit, and that MgATP 

protects against inactivation. This inhibition by DCCD 

suggests that an essential carboxyl group is present at the 

active site of the enzyme and that it covalently cross-links 

to a nearby nucleophile on the protein. In order to identify 

the specific carboxyl group(s) that react(s) with DCCD, the 

C-subunit was modified by acetic anhydride prior to treatment 

with DCCD (Buechler & Taylor, 1988). Using this technique 

the residue was identified by peptide mapping and sequencing 

as Asp-184. It is suggested that this residue probably 

serves as a catalytic residue. More recently, Buechler and 

Taylor (1989) using DCCD have shown that Asp-184 and Lys-72 

located close to one another at the active site of the 

enzyme, play essential roles in catalysis. 

pH studies. Bagirov et al. (1983) have determined the 

pH dependence of the kinetic parameters over the pH range 5 

to 9 for the ATPase and phosphotransferase reactions using 

histone HI as a substrate. The V m a x for both the ATPase and 

phosphotransferase reactions decreases at low pH with 



apparents pK values of 5.0 ± 0.2 and 5.7 ± 0.2 for these two 

reactions, respectively. The V/K for MgATP also decreases at 

low pH giving pK values of 5.7 ± 0.2 and 6.0 ± 0.3 for these 

two reactions, respectively. Based on these results, the 

authors have suggested the participation of a histidine 

residue in the binding and/or cleavage of the J3,y-phosphate 

bond of the substrate, MgATP. 

The pH dependence of the kinetic parameters using the 

peptide, Leu-Arg-Arg-(0-N02)Tyr-Ser-Leu-Gly, were measured in 

MES and EPPES buffer solutions ranging from pH 6 to 9 

(Bramson et al., 1984). The kcat/Km>value for the peptide 

decreases at low and high pH giving pK values of 6.2 ± 0.1 

and 8.3 ± 0.1 and a pH independent value of 183 ± 12 |LIM-1 

min 1. The authors have concluded that, although a pK of 6.2 

is a typical value for a histidine residue, it could also 

represent the ionization of a carboxyl side chain such as 

those of glutamic or aspartic acid; this is the case in 

carboxypeptidase A (Auld & Vallee, 1970) and lysozyme 

{Parsons & Raftery, 1972; Parsons & Raftery, 1969). The pK 

of 8.3 was suggested to be compatible with a cysteine, e.g., 

cysteine 199, but low for lysine or tyrosine and high for 

histidine. However, these pK values may represent ionizing 

groups other than those suggested that affect enzyme 

activity. 

Kinetic Mechanism. A study of the kinetic mechanism of 

the C-subunit has been carried out in several laboratories. 
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Mol 1 and Kaiser (1976) and Kochetkov et 3.1. (1976) have 

studied phosphorylation of histone with protein kinase 

derived from brain. Double reciprocal plots of initial 

velocity data gave parallel lines indicative of a ping—pong 

mechanism. Intersecting patterns, diagnostic of a sequential 

kinetic mechanism, were obtained when the same substrate was 

used with the rabbit skeletal muscle catalytic subunit 

(Matsuo et al., 1978). The phosphorylation of histone HI 

(and peptides derived from HI) catalyzed by the calf thymus 

catalytic subunit was reported to follow sequential kinetics 

(Pomerantz et al., 1977). A number of studies have been 

carried out using the heptapeptide, Leu-Arg-Arg-Ala-Ser-Leu-

Gly (Serpeptide), the sequence corresponding to the 

phosphorylation site of porcine liver pyruvate kinase 

(Hjelmquist et al., 1974). The use of Serpeptide eliminates 

a number of possible problems associated with the use of 

protein substrates, e.g., multiple phosphorylation sites and 

possible contamination of the substrate preparation with 

other kinases, both of which can compromise the 

interpretation of kinetic data. Indeed, the results obtained 

using Serpeptide have been more consistent. Intersecting 

double reciprocal plots have been reported in studies 

employing the catalytic subunit from bovine thymus (Pomerantz 

et al., 1977), bovine cardiac muscle (Bolen et al., 1980), 

and skeletal muscle (Casnellie et al., 1981) protein kinases. 
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Interestingly, with the ATPpS "A" diastereomer, the reaction 

with Serpeptide gives a double reciprocal plot consisting of 

parallel lines suggestive of a ping-pong mechanism (Bolen et 

al•r 1980). These data, however, suggest that there is at 

least an order of magnitude difference in the binding of 

reactants to free enzyme and the ES complex. Feramisco and 

Krebs (1978) and Feramisco (1978) studied kinetics of the 

catalytic subunit derived from skeletal muscle utilizing 

Serpeptide as the substrate. In this case, initial velocity 

patterns were also parallel. Data obtained from product and 

dead end inhibition, however, are consistent with an ordered 

mechanism as the predominant kinetic pathway. These 

authors have also shown that the for acetyl-Serpeptide is 

0.2 5 mM whether obtained in the presence or absence of Mg2+ 

and adenyl-5-yl-imidodiphosphate, yet the Km for this peptide 

is only 5 HM. This effectively rules out a rapid equilibrium 

process. Bolen et al., (1980) have suggested on the basis of 

a sequential initial velocity pattern and a competitive 

product inhibition pattern by MgADP against MgATP at 

saturating Serpeptide concentration that the mechanism is 

compulsory ordered with the addition of MgATP prior to 

Serpeptide. 

Cook et al. (1982), in a more complete initial velocity 

study, have suggested that the mechanism involves a random 

addition of Serpeptide and MgATP with an apparent ordered 

release of phospho-Serpeptide and MgADP and a dead-end 
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combination of Serpeptide to the E:MgADP binary complex 

allowed.. In addition, they have shown that the mechanism 

does not depend on the concentration of Mg2 + that is 

uncomplexed to ATP. The K d for phospho-Serpeptide was 

measured as > 30 mM from NMR studies (Granot et al., 1981) 

The high K d suggests that this product binds very weakly and 

is probably released quickly with respect to catalysis. 

Whitehouse and Walsh (1983) and Whitehouse et al., (1983), 

have proposed an ordered addition of MgATP and Serpeptide 

followed by an ordered release of phospho-Serpeptide and 

MgADP based on data qualitatively identical to those 

collected by Cook et al. (1982). In the ordered mechanism, 

these authors suggest the presence of a dead-end E:Serpeptide 

complex, i.e. the E:Serpeptide complex, although allowed, is 

not productive whether or not MgATP can bind to this complex. 

The difference between the mechanisms proposed by Cook et al. 

(1982) and Whitehouse et.al (1983) depends on whether or not 

the binary complex with Serpeptide is productive. Based on 

the CD studies of Reed et al. (1985), and Reed and Kinzel 

(1984) using the signal induced by Blue Dextran, substrate 

binding was suggested to take place in a series of three 

steps, each of which is dependent on a particular recognition 

signal. These CD studies supported the belief that the 

ordered mechanism with nucleotide binding first is 

predominant for the C-subunit. 

Kong and Cook (1988) have recently carried out isotope 



13 

partitioning and. substrate inhibition studies to distinguish, 

between these possible kinetic mechanisms. A total of 100% 

of the initial radioactive E:MgATP-[ y -32p] and E:(3H-N-

acetyl-Leu-Arg-Arg-Ala-Ser-Leu-Gly) was trapped at low Mg2+ 

concentration suggesting that MgATP and Serpeptide dissociate 

slowly from enzyme compared to the catalytic step(s) and that 

both binary complexes must be productive. At high Mg2+ 

concentration, 100% trapping was obtained for the E:MgATP-[ y 

-32p] complex but only 40% was obtained for the E:Serpeptide 

complex, suggesting that the off-rate for the Serpeptide from 

the central complex is much lower than the catalytic rate at 

low but not at high Mg 2 + concentration. In support of this 

finding, the Ki for Leu-Arg-Arg-Ala-Ala-Leu-Gly increases 

from 0.27 mM at low Mg2+ to 2.4 mM at high Mg2+. m the 

direction of MgADP phosphorylation, no trapping was observed 

at either high or low Mg2+ for the E:Mg{14C-ADP) complex up to 

a phospho-Serpeptide concentration of 5 mM. Thus, they 

proposed that the kinetic mechanism is rapid equilibrium in 

the direction of MgADP phosphorylation. Using a coupled 

spectrophotometric assay in which MgADP is coupled to the 

pyruvate kinase and lactate dehydrogenase reactions, no 

substrate inhibition was observed by Serpeptide at any 

concentration of Mg2+ or MgATP up to Serpeptide concentrations 

of 3-5 mM. This finding is opposed to that of both Cook et 

al. (1982) and Whitehouse et al. (1983) and is attributed to 
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an artifact of the radioassay making use of total peptide 

binding to filter paper. Overall the data are consistent 

with a steady-state random mechanism at both low and high Mg2+ 

concentrations with the pathway in which MgATP adds to the 

enzyme first preferred. 

THEORY 

Initial Velocity Studies 

The rate equation which describes the behavior of most 

enzymes with only one substrate concentration varied is shown 

below: 

v = VA/(K + A) (3) 

where A is reactant concentration, V is the maximum velocity 

obtained at infinite reactant concentration, and K is the 

Michaelis constant, the concentration of reactant at which 

the velocity is one-half of V. At very high A, v = V, while 

at low A, v — (V/K)A, so that V/K is the apparent first—order 

rate constant at low reactant concentration. v and V/K (or 

their reciprocal) are thus the two independent kinetic 

parameters (rate constants) varying independently with the 

concentration of other substrates, inhibitors, activators, or 
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such variables as pH, temperature, or ionic strength. The 

ratio of these two independent parameters, K, is not an 

independent constant (Cleland, 1975), and K is usually not 

identical to the dissociation constant of the enzyme-

substrate complex. Rather it represents the apparent dynamic 

dissociation constant under steady state conditions; that is, 

the dissociation constant equals (E)(A)/(EA) at thermodynamic 

equilibrium, while the Michaelis constant equals the same 

expression under steady state conditions while the enzyme 

reaction is turning over. 

To visualize kinetic parameters, the above equation must 

be linearized. Although several methods are possible, the 

one most commonly used is the double reciprocal plot. 

1/v = (K/V)(1/A) + 1/V (4) 

Slope effects are obtained from the double reciprocal plots 

by letting the variable substrate concentration go to near 

zero, and the intercept effects are predicted by letting the 

variable substrate concentration become infinite. Although 

data are displayed as double reciprocal plots data are 

routinely fitted directly using the nonreciprocal form of the 

equation using a nonlinear least squares fit and FORTRAN 

programs developed by Cleland (197 9b) 
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pH Studies 

The use of pH studies to determine the chemical 

mechanism of an enzyme-catalyzed reaction provides knowledge 

of the chemical mterconversions that occur on the enzyme 

surface once reactants are absorbed, that is, a 

characterization of the catalytic steps responsible for the 

conversion of reactants to products. Therefore, experiments 

are designed to define the groups on enzyme or reactant that 

are responsible for catalysis and/or binding. Many studies 

have been carried out to elucidate the chemical mechanism of 

enzymes such as; hexokinase (Viola & Cleland, 1978), alanine 

dehydrogenase (Grimshaw et al., 1981), aspartate 

aminotransferase (Arnone et al., 1981; Jansonius et al., 

1981; Kiick & Cook, 1983), p -lactamase (Hardy et al., 1984), 

pyruvate kinase (Dougherty & Cleland, 1985), malic enzyme 

(Kiick et al., 1986), pyrophosphate-dependent 

phosphofructokinase (Cho & Cook, 1988) and others. 

The pH profiles that are of most value are the pK^ (log 

[1/Kj.]) for competitive inhibitors or metal-ion activators, 

log (V/K) for reactants, and the isotope effects on the V/K 

for substrates. The log V profiles or pH dependence of 

isotope effects on V require more knowledge of the kinetic 

mechanism for interpretation (Cleland, 1982) 

To determine V/K and V values, one can obtain the 

s 
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initial rate at variable concentrations of one reactant at 

fixed, saturating concentrations of all others and plot the 

reciprocal of the rate as a function of the reciprocal of the 

reactant concentration. The intercept of this plot is 1/V 

and the slope is K/V. A plot of log V or log V/K vs. pH will 

yield a profile that decreases with a positive slope at low 

pH and/or a negative slope at high pH. The value of the 

slope indicates the number of groups on enzyme and/or 

substrate required in a given protonation state for catalysis 

and/or binding to occur. The intersection point of the 

extrapolated zero and nonzero asymptotes defines the apparent 

pKs, that is the pH value at which the group that is required 

to have a specific protonation state is half ionized. The 

V/K profile usually shows pK values of groups necessary for 

both binding and catalysis. The V profile will fail to show 

the pK values of groups that are required for binding, so 

that when a pK is seen in the V profiles, it is usually 

involved in catalysis. Since intrinsic pK values are only 

observed if the catalytic rate is the slowest step along the 

reaction path (Knowles, 1976; Jencks, 1959), one may obtain 

only apparent pK values from the pH dependence of the kinetic 

parameters. 

The K ± values for competitive inhibitors, or metal 

activators represent equilibrium dissociation constant from 

an enzyme form predominant under the reaction conditions, 

since one extrapolates the variable substrate to zero in 
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order to determine Kj_. Intrinsic pK values are always 

obtained from the pH dependence of the dissociation constant 

for a competitive inhibitor when the state of ionization on 

either enzyme or inhibitor affects the binding of the 

inhibitor (Cleland, 1977). The rationale is that since 

inhibition is competitive, it is only observed under 

conditions in which the concentration of reactant is limiting 

and thus addition of reactant to enzyme is the slowest step 

along the reaction path. Therefore, all steps prior to the 

addition of reactant, that is, addition of inhibitor and 

protonation of the enzyme, come to thermodynamic equilibrium 

and intrinsic pK values are observed for the pH dependence of 

K-̂  values. The pK^ profiles detect only groups whose 

protonation state affect binding. A group required for 

catalysis will not be observed in pKi profiles unless it is 

also involved in binding. if the pK values obtained from the 

Ki profiles are the same as those obtained for V/K profile 

for the reactant with which the inhibitor competes, true pK 

values are also observed in the V/K profile. If reactants 

and/or inhibitors have pK values in the pH range where values 

are observed in V/K profiles, it is possible to distinguish 

whether these values represent pK values for groups on 

reactants or enzyme by using alternate reactants and/or 

competitive inhibitors with pK values different than that of 

reactant. 



CHAPTER II 

EXPERIMENTAL PROCEDURES 

Ch.oniicd.ls. Gold label (100 atom % D) was from Aldrich. 

<X-D-glucose, phosphoenolpyruvate, ATP, ADP, AMP, AMP-PCP and 

AMPCP were from Sigma. NADH and NADP were from Boehringer 

Mannheim Biochemicals. All peptides were prepared using the 

solid-phase synthesis of Gutte and Merrifield (1969) via a 

Biosearch SAM II peptide synthesizer. The t-boc amino acids 

and resin with t-boc-glycine attached (0.28 ~ 0.32 mmol/g of 

resin) were obtained from Biosearch. Methylene chloride 

(HPLC grade) was from J.T. Baker. Acetonitrile (HPLC grade) 

was from Fisher. Trifluoroacetic acid was either from Pierce 

or Advanced ChemTech. Diisopropylethylamine, anisole, 

dusopropylcarbodiimide and acetylimidazole were from 

Aldrich. After synthesis, the peptide was cleaved from the 

resin and deblocked using a Peninsula Laboratories HF 

cleavage apparatus with hydrogen fluoride gas from Alphagaz. 

The peptide was then desalted with Sephadex G-25 followed by 

purification with a Bio-Rad HPLC system and a Hi-Pore 318 

prep (250 x 21.5 mm) reverse-phase column with a linear 

gradient of 0-50% acetonitrile in 0.1% TFA. Amino acid 

composition was carried out to confirm the product. All 
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other substrates, inhibitors and buffers were obtained from 

commercially available sources and were of the highest 

quality available. 

Enzymes. Pig heart lactate dehydrogenase, rabbit 

muscle pyruvate kinase, baker's yeast glucose-6-phosphate 

dehydrogenase, and baker's yeast hexokinase were from Sigma. 

The catalytic subunit of cAMP-dependent protein kinase was 

purified from bovine heart muscle according to the method of 

Sugden et al.(1976). Typically, the enzyme had a final 

specific activity of 25 to 30 unit/mg protein in the 

direction of peptide phosphorylation(one unit = one 

Hmole/min). Protein was determined by the method of Bradford 

(197 6) using bovine serum albumin as a standard. The enzyme 

was homogeneous by the criterion of SDS-polyacrylamide gel 

electrophoresis. The enzyme was stored at 4° C in a storage 

buffer containing 200 mM phosphate buffer (pH 6.8), 1 mM DTT 

and 10% glycerol. 

Metal Chelate Correction. The concentration of the 

reactants and inhibitors added to the reaction mixture was 

corrected for concentration of the metal-ligand chelate 

complex. The total concentration of any reactant or 

inhibitor was calculated according to the following equation: 
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Lf Mf 

Lt = Lt + (5) 

kml 

where Lt is the total final concentration of ligand added to 

the reaction mixture, Lf is the desired uncomplexed 

concentration of the ligand, Mf is the desired uncomplexed 

concentration of divalent metal, and K M L is the equilibrium 

constant for dissociation of the metal-ligand chelate complex 

fKML = (M)(L)/(ML)]. The total concentration of divalent 

metal to be added under any given set of concentration 

conditions for a solution containing i ligands was calculated 

according to the following equation: 

+ 

Mf (Li)f 

( 6 ) 

KMLj_ 

where Mt is the total final concentration of divalent metal 

to be added to the reaction mixture, (L±)f is the desired 

uncomplexed concentration of the ith i i g and, KML. is the 

equilibrium constant for dissociation of a chelate complex 

between divalent metal and the ith i i g a n d, a n d M f h a s t h e 

same definition as above. Dissociation constants used in 

these studies are: MgPEP, 5mM; MgNADH, 19.5 mM; MgATP, 

0.0143 mM; MgSerpeptide, 316 mM; MgADP, 0.25 mM; MgNADPH, 
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19.5 mM (Dawson et al., 1979; Martel & Smith, 1982). The 

stability constants for MgAMPPCP, MgAlapeptide, Mg(phospho-

Serpeptide), and MgAMPCP were assumed equal to those for 

MgATP, MgSerpeptide, Mg(ethanol phosphate), and MgADP, 

respectively. 

Enzyme Asssy. In the direction of Serpeptide 

phosphylation, the C-subunit was assayed by coupling the 

production of MgADP to the pyruvate kinase and lactate 

dehydrogenase reactions and continously monitoring the 

disappearance of NADH at 340 nm (Cook et al., 1982) . A 

typical assay contained the following in a 0.4-mL volume: 

100 mM Mops, pH 7; 100 mM KC1; 1.1 mM PEP; 0.3 mM NADH; 3.56 

mM ATP; 4.14 mM MgCl2; 0.19 mM Serpeptide; 18 units of 

lactate dehydrogenase; 17 units of pyruvate kinase; and 0.02 

units of C-subunit. The ATPase activity of the kinase was 

assayed under identical conditions except that the Serpeptide 

was not present and the C-subunit concentration was 750 times 

greater than that used for the normal assay. Reaction was 

initiated by the addition of C-subunit after sufficient data 

were collected to determine a background rate in the absence 

of the kinase. The background rate was subtracted from the 

plus enzyme rate to obtain the true initial velocity. Data 

were collected using a Gilford 2 60 spectrophotometer with 

strip chart recorder. Temperature was maintained at 25° C 

using a circulating water bath with the capacity to heat and 

cool the thermospacers of the cell compartment. The coupled 
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enzyme assay was optimized according to Cleland (1979a) so 

that the lag would occur during mixing. When inhibitors were 

used, the assay was tested by obtaining velocity vs. enzyme 

at the highest inhibitor concentration used at the lowest 

concentration of variable substrate. In all cases, the rate 

was a linear function of C-subunit concentration. 

The activity of the catalytic subunit in the direction 

of MgADP phosphorylation was determined by coupling the 

production of MgATP to hexokinase and glucose-6-phosphate 

dehydrogenase reactions and continuously monitoring the 

appearance of NADPH at 340 nm. A typical assay at pH 7 

contained the following components in a 0.4 ml volume: 100 

mM Mops, pH 7; 100 mM KC1; 3 mM (X-D-glucose; 1 mM NADP; 0.2 

mM ADP; 10.5 mM MgCl2, 10 mM phospho-Serpeptide; 3 units of 

glucose-6-phosphate dehydrogenase; 14 units of hexokinase and 

1 unit of C-subunit. Experimental procedures for this 

direction are the same as described above. 

Phosphorylation of Serpeptide. The phosphorylation of 

Serpeptide can be carried out enzymatically. The reaction 

mixture contains the following in a 3 ml total volume: 50 mM 

Mops. pH 7; 10 mM Serpeptide; 40 mM ATP; 42 mM MgCl2; and 5 

units of C-subunit. The reaction mixture was maintained at 

room temperature overnight followed by titration to pH 2 

using percholoric acid. This results in a denaturation of 

the enzyme and precipitation of some of the K+ as KC104. The 
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solution is then centrifuged to remove solid material. The 

resultant solution is then purified by chromatography on 

Dowex AG-1 X 8 isocratically eluting with 30% acetic acid, 

with phospho-Serpeptide eluting in the void volume. The 

resulting phospho-Serpeptide solution is calibrated using the 

Bradford protein assay with Serpeptide as the standard and 

enzymatically using the following mixture: 100 mM Mops, pH 

7; 1 mM ADP; 1.5 mM MgCl2; 3 units C-subunit; 3 mM glucose; 1 

mM NADP; 3 units of glucose-6-phosphate dehydrogenase; 14 

units hexokinase; variable amounts (not to exceed 0.2 mM) of 

phospho-Serpeptide. The reaction is initiated by the 

addition of peptide. The change in absorbance at 340 nm is 

directly proportional to the concentration of phospho-

Serpeptide calculated using an extinction coefficient of 

6,200 M-1cm-1 for NADPH. 

Equilibrium Constant. The equilibrium constant for C— 

subunit was determined at pH 6.0 (100 mM Mes) as follows. 

Reaction mixtures were prepared at different ratios of 

[P-SP]/ [SP] and a constant [MgADP]/[MgATP] ratio. Enzyme was 

added and after a 2 hr incubation the C-subunit was denatured 

by vortexing with a few drops of perchloric acid. The final 

Serpeptide concentration was determined enzymatically as 

described by Cook et al. (1982) . 

P NMR Spectra. 3lp nmr spectra were recorded at 3 6.3 

MHz on a JEOL FX-90Q NMR spectrometer with HOD as the locking 

signal. Spectra were obtained by using a 90° pulse of 25 
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duration, a pulse delay of 3 s, and a pulse acquisition time 

of 3.4 s. Typically, 120 scans were accumulated and the 

sweep width was 1200 Hz. Chemical shifts were referenced to 

85% H3P04 as an external standard. All measurements were made 

using 1 cm tubes at a probe temperature of 28° C. 

pH Studies. The pH stability of the C-subunit was 

determined by incubating enzyme at the desired pH and 

assaying aliquots as a function of time up to 10 min at pH 7 

as described above. Enzyme is stable with no activity loss 

from pH 6 to 9. At pH 5.5, some denaturation occurs with a 

t1/2 of 14.7 min, while at pH 10 a t1/2 of 5 min is obtained. 

Initial velocities are measured using the pH jump method, 

i.e., enzyme is maintained in dilute buffer (10 mM Mops) at 

pH 7 where it is stable and an aliquot of this stock solution 

is diluted into a reaction mixture at the desired pH with 

concentrated buffer to initiate the reaction. As a result 

any loss in activity during the first 30 seconds of the assay 

will be insignificant particularly with the large t1/2 values 

measured. In addition, substrates are present in the assay 

(unlike the preincubation mixture used to determine enzyme 

stability) so that some protection is likely to be afforded 

against denaturation. 

The velocity vs. enzyme profile was measured at pH 5 and 

10. In both cases, the velocity is a linear function of C-

subunit activity. Initial velocity data were obtained as a 
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function of pH under conditions in which either MgATP or 

Serpeptide was saturating. The pH was maintained by using 

the following buffers at 100 mM concentrations: Mes, 5-6.5; 

Mops, 6.5-7.5; Taps, 7.5-8.5; BTP, 8.5-10. The pH was 

recorded before and after initial velocity data were recorded 

with no significant change in the assay pH. 

Inhibition data were obtained for inhibitors competitive 

with the variable substrate at a saturating concentration of 

the fixed substrate. Full inhibition patterns were obtained 

at the pH extremes (5 and 10) with the substrate varied at 

several different fixed levels of the inhibitor, including 

zero. Once the competitive nature of the inhibition was 

established as pH independent, Dixon experiments were carried 

out in which the variable substrate was fixed at a 

concentration equal to its K m and the inhibitor concentration 

varied over a range {including zero) that gave inhibition. 

The measured was then divided by 2 to obtain the true K-̂ . 

Solvent Perturbation of the pK Values. There was some 

question as to whether the V profile in H20 decreased at low 

pH. To test this possibility, the V profile was repeated in 

D20. Enzyme stability, linearity of the assay, and the pD 

dependence of the kinetic mechanism were redetermined at the 

pD extremes with results qualitatively similar to those 

obtained in H20. All reagents except enzyme and peptide were 

made up in D20 with buffers titrated to the desired pD with 

KOD. The final concentration of D20 was approximately 95%. 
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The pH of the solution was measured and the pD calculated by 

adding 0.4 to the pH reading as a result of the isotope 

effect on the electrode (Schowen, 1977). 

5 [p~ (Fluorosulfony 1)benzoyl]adenosine Inactivation. 

Inactivation of the catalytic subunit of cAMP-dependent 

protein kinase has been reported previously (Zoller & Taylor, 

1979). At pH 7 and 8, 0.12 unit of catalytic subunit was 

incubated in separate inactivation mixtures with 100 mM 

buffer (as indicated under pH studies above) and several 

different concentrations of FSBA: pH 7 (0-0.4 mM); pH 8 (0-

0.1 mM). At time intervals of 10 min, aliquots were 

withdrawn and assayed for activity at pH 7, 200 mM Mops using 

saturating concentrations of MgATP and Serpeptide. The 

apparent first-order rate constant for inactivation at each 

FSBA concentration was obtained from a plot of the natural 

logarithm of the velocity vs. time. 

Data Processing. Reciprocal initial velocities were 

plotted against reciprocal substrate concentrations, and all 

plots and replots were linear except for the data collected 

by varying the MgATP concentration at different fixed levels 

of uncomplexed Mg2+- Data were fitted by using the 

appropriate rate equation and FORTRAN programs developed by 

Cleland (1979b). Data for substrate saturation curves used to 

obtain the pH dependence of the kinetic parameters were 

fitted by using eq. 7, while data for sequential initial 
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v = VA/(Ka + A) (7) 

v = VAB/(K i aK b + K aB + K bA + AB) (8) 

v = VA/[Ka(l + I/Kis) + A] (9) 

v = VA/[Ka + A(1 + I/Kii)] (10) 

v = VA/[Ka(l + I/Kis) + A {1 + I/Ki;L)] (11) 

log y = log C/(l + E/Kx + K2/H) (12) 

log y = log C/(l + E/Kx) (13) 

log y = log[YL + YH(K1/H)]/[1 + K^/H] (14) 

y = a (1 + I/KIN)/(1 + I / K I D ) (15) 

velocity patterns and. competitive and noncompetitive 

inhibition were fitted by using eq 8-11. Data for bell-

shaped pH profiles in which the limiting slopes were +1 amd -

1 were fitted by using eq 12, while ATPase data, which shows 

a decrease with a limiting slope of +1 at low pH, were fitted 

by using eq 13. Data for the pH dependence of 1/K± MgAMPPCP' 

which decreased from a constant value at high pH to a lower 
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constant value at low pH, were fitted by using eq 14. Data 

for the uncomplexed Mg2+ dependence of V and V/K M g A T p were 

fitted by using eq 7 for each saturation curve with the 

hyperbolic replots fitted by using eq 15. In eq 7-11, v is 

the initial velocity, V is the maximum velocity, while K a and 

K b are the Michaelis constants for A and B, respectively. 

The variables A, B, and I are substrate and inhibitor 

concentrations, while K i a, K i s, and K ± i are observed 

inhibition constants for A, slope, and intercept, 

respectively. In eq 12-14, y is the observed value of the 

parameter of interest, e.g., V/K S e r p e p t i d e, at a given pH, C 

is the pH-independent value of y, H is the hydrogen ion 

concentration, Kx and K2 are acid dissociation constants for 

enzyme, substrate, or inhibitor functional groups, while YL 

and Yh are the pH-independent values of 1/K± MgAMPPCP
 at low 

high pH respectively. In eq 15, y is the value of V or 

y/KMgATP at a given Mg 2 + concentration, I is the 

concentration of Mg2+, a is the value of y at I = 0, 

a (KIQ/KIN) is the value of y at I = «> , k i d is the 

dissociation constant for Mg 2 + from the E:Serpeptide:Mg2+ 

complex when V/K M g A T p is plotted and from the 

E:Serpeptide:MgATP:Mg2+ complex when V is plotted, and K I N is 

a ratio oi rate constants that causes the hyperbola to level 

off at a finite value. 



CHAPTER III 

RESULTS 

KINETIC MECHANISM STUDIES 

Equilibrium constant determination. Addition of C-

subunit to reaction mixtures containing different 

concentrations of Serpeptide and P-SP but constant MgADP and 

MgATP produces a change in Serpeptide as equilibrium is 

approached. The change in the Serpeptide concentration is 

plotted against the initial [P-SP]/[SP] ratio, with K e q being 

taken as the point where the resulting curve crosses the ASP 

axis (Fig.1). The equilibrium constant by this method at pH 

6.0 and 25° C is (2.2 ± 0.4) x 102. 

The 31P NMR spectrum of the reaction mixture was also 

used to determine the equilibrium constant. A reaction 

mixture was prepared away from the equilibrium position and 

the spectrum recorded prior to the addition of enzyme and as 

a function of time after the addition of enzyme to ensure 

that equilibrium had been attained. These data are shown in 

Fig.2. The percent increase and decrease in given phosphate 

resonances were used to adjust the reactant concentrations. 

The concentrations of MgADP and MgATP were recalculated and 
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FIGURE 1. Equilibrium constant for the protein kinase 

reaction. The P-SP/SP ratio was varied at a constant 

MgADP/MgATP ratio at pH 6. Correction was made for the 

concentration of chelate complex as discussed in Experimental 

Procedures. 
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FIGURE 2: Fourier transform 3 1P-NMR of the protein kinase 

s^uilibrlum mixture. A. Reaction mixture minus enzyme. The 

initial total concentration of reactants is as follows: 

Mg2+, 30 mM; P-SP, lOmM; ATP, 7.7 mM; ADP, 281.2 mM; Mes (pH 

6), 100 mM; 30% D2O. B. Reaction mixture 2 hr after the 

3-ddition of 3 units of C—subunit. Probe temperature was 

28°C. Enzyme activity was redetermined after the spectrum 

was taken with no change in activity observed. Both spectra 

are the result of 100 scans with proton decoupling. Chemical 

shifts were referenced to 85% H3PO4 as external standard. 

The resonances indicated are as follows: (1) P-SP; (2) 

inorganic phosphate; (3) y-phosphate of ATP and the (5-

phosphate of ADP; (4) a-phosphate of ATP and ADP; (5) J3-

phosphate of ATP. 
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the amount of Mg(phospho-Serpeptide) was assumed to be 

insignificant. The range of equilibrium constant calculated 

in this manner is (1 ± 0.5) x 102 at pH 6.0. 

Initial Velocity Studies. The reaction catalyzed by 

the C-subunit of cAPK in the direction of MgADP 

phosphorylation can be monitored by coupling the production 

of MgATP to the hexokmase and glucose 6—phosphate 

dehydrogenase reactions. A time course using this coupled 

spectrophotometric assay is shown in Figure 3. The initial 

velocity obtained from the slope of time courses such as 

those in Figure 3 as a function of C-subunit concentration is 

linear, Figure 4, suggesting that the assay does reflect the 

C-subunit activity. 

When the velocity is determined at varying MgADP 

concentrations and several fixed levels of P-SP, an 

intersecting initial velocity pattern is obtained. In the 

direction of Serpeptide posphorylation, increasing the Mg2 + 

concentration results in a 5- to 6-fold decrease in V m a x in 

the presence or absence of 0.1 M KC1. There is also a 5-fold 

increase in V/KMgATp in the absence of KC1 and a 13-fold 

increase in V/Kjyjĝ TP at 0.1 M KC1 (Cook et al., 1982). 

Therefore, steady-state kinetic analyses were carried out 

with free Mg2+ at 0.5 or 10 mM in combination with either 100 

mM or zero KC1 in the direction of MgADP phosphorylation. 

Increasing the uncomplexed Mg2+ concentration from 0.5 to 10 

mM in the absence of KC1 did not affect the values obtained 

for the kinetic parameters {Fig.5, Table I). As KC1 is 
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FIGURE 3: Time course using the coupled spectrophotometric 

assay in the direction of MgADP phosphorylation. 
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FIGURE 4: Velocity as a function of enzyme concentration in 

reverse direction. Data were fitted using the equation for a 

straight line 
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increased from 0 to 100 mM the kinetic parameters are not 

affected but the for MgADP and P-SP are increased. The 

values of 26 |XM and 8 mM obtained for the ErMgADP and E(P-SP) 

complexes at 0.5 mM uncomplexed Mg2+ (Fig. 6) were decreased to 

7 JIM and 2 mM at 10 mM uncomplexed Mg2+ (Table II, Fig.7) . 

Product and Dead-End Inhibition. Experiments were also 

carried out in the presence of the product Serpeptide, at 10 

mM Mg2+ and 100 mM KC1. Product inhibition patterns were 

obtained by varying MgADP at 5 mM P-SP and by varying P-SP at 

saturating MgADP(Fig.8). Serpeptide is competitive vs.P-SP 

with MgADP fixed at a saturating concentration (Table III). 

Adenosine was used as an analog of MgADP. Inhibition is 

competitive vs. MgADP at saturating P-SP or with P-SP equal 

to Km (Fig.9), while it is noncompetitive vs. P-SP with MgADP 

equal to its Km (Fig.10). The Kj_s values for adenosine at 

saturating and nonsaturating P-SP are 0.016 ± 0.006 mM and 

0.028 ± 0.008 mM, respectively. The analog, AMPCP, is also a 

competitive inhibitor vs. MgADP whether P-SP is maintained 

saturating or equal to its Km (Fig.11). The K i s values for 

AMPCP at nonsaturating P-SP and at saturating P-SP are 0.016 

± 0.003 mM and 0.007 ± 0.002 mM, respectively (Table III) 

The dead end inhibitor Leu-Arg-Arg-Ala-Ala-Leu-Gly, an analog 

of P-SP gave no inhibition at a concentration of 1 mM. An 

estimated of >6 mM was obtained for Alapeptide. 
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FIGURE 5: Initial velocity pattern in the direction of MgADP 

phosphorylation at 0.5 mM Mg2+ (A) and 10 mM Mg2+ (B). 

Assays were carried out at pH 7. MgADP was varied from 0.015 

- 0.15 mM at different fixed level of phospho-Serpeptide 

(0.25 — 2.5 mM). All other conditions and the corrections 

for metal chelate complex are described under Experimental 

procedures. The data were fitted using eq. 8. 
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Table I: Kinetic Parameters for the C-subunit in the Direction 

of ADP Phosphorylation in Absence of KC1 at pH 7(Mops,lOOmM) 

and 25°C.a 

Mg f
2 + =0.5 mM Mg f

2 + = 10 mM 

KMgADP ^ 0.002 ±0.001 0.003 ±.0.001 

mM 0.6 ± 0.05 0.2 ± 0.02 

Ki MgADP 0.02 ±0.001 0.03 ± 0.003 

Ki P-SP 7 ± 2 8 ± 1 

V/Et s - 1 
0.08 0.1 

V/[<KMgADp) <
Et>] M - 1s - 1 4.0 x 105 3.3 x 105 

V/t(Kp.gp) (Et)] M~ls-1 3.3 x 10^ 5.0 x 102 

aThe concentration of Mg2+, ADP and P-SP were corrected for 

the Mg2 + chelate complexes by using dissociation constants 

given under Experemental Procedures. Data for initial 

velocity patterns were fit using eq. 2. 
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FIGURE 6: Initial velocity pattern in the direction of MgADP 

phosphorylation at 0.5 mM Mg2+ and 100 mM KC1. The 

experimental condition are the same as described in Figure 5. 
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FIGURE 7: Initial velocity pattern in the direction of 

MgADP phosphorylation at 10 mM Mg^ + and 100 mM KC1. The 

experimental condition are the same as described in Figure 5. 
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TABLE II: Kinetic Parameters for the C-subunit in the Direction 
of ADP Phosphorylation in the presence of KC1 at pH 7.0(Mops,100 
mM) and 2 5°C.a 

KC1 = 100 mM 

Mgf2+ == 0.5 mM Mgf
2+ = 10 mM 

KMgADP nM 0.003 ± 0.002 0.003 ± 0.001 

Kp_sp mM 1.0 ± 0.2 1.0 ± 0.05 

Ki MgADP 0.026 ± 0.004 0.007 ± 0.001 

Ki p_sp mM 8.0 ± 4.0 2 . 2 ± 0 . 6 

V/E s"1 0.08 0.084 

V / [ (KMgADP) (Et)] M" l s _ 1 3 x 104 3 x 104 

V/[(KP_SP)(Et)] M^s" 1 1.0 x 102 1.1 x 102 

aThe concentration of Mg2+, ADP and P-SP were corrected for the 
Mg2+ chelate complexes by using dissociation constants given 
under Experimental Procedures. Data for initial velocity 
patterns were fit using eq. 2. 
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FIGURE 8: Product inhibition by Serpeptide at 10 mM Mg^+ and 

100 mM KC1. The data were fitted using eq. 9. MgADP was 

maintained at a saturating (0.1 mM) concentration. All 

substrate and inhibitor concentrations were corrected for 

metal chelate complex as described under Experimental 

Procedures. 
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Table III: 

and 25°C.a 
Product and Dead-End Inhibition Data at pH 7(Mops, 100 mM) 

Variable 
Substrate 

Fixed 
Substrate Inhibitor Pattern^ Kis (mM) K±i (mM) 

Product Inhibition 

P-SP MgADPc SP C 0. 09 ± 0.03 

Dead-End Inhibition 

MgADP p-spb AMP CP c 0. 016 ± 0.003 

MgADP P-SPC AMP CP c 0. 007 ± 0.002 

MgADP P-SPb Adenosine c 0. 016 ± 0.006 

MgADP P-SPC Adenosine c 0. 028 ± 0.008 

P-SP MgADP-k Adenosine NC 0. 11 ± 0.03 0. 17 ± 0.04 

P-SP MgADPc Alapeptide > 6 

aAll data were obtained at 10 mM Mgf
2+ and 100 mM KC1. 

bThe concentration of the fixed reactant was maintained at a value 
equal to its K m except for P-SP which was fixed at 4 times Km when 
SP was used for product inhibition and MgADP which was fixed at 3 
times K m when adenosine was used for a dead-end inhibitor. 

cMgADP and P-SP were maintained at a saturating level, 20 Km and 
10 Km, respectively. 

dDatafor competitive, noncompetitive, and uncompetitive 
inhibition were fit using eqs.9, 11 and 10, respectively. 
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FIGURE 9: Dead end inhibition by Adenosine at 10 mM Mg^ + and 

100 mM KC1. The data were fitted using eq. 9. Phospho-

Serpeptide was maintained at its Km (A) and saturating (B). 

All substrate and inhibitor concentrations were corrected for 

metal chelate complex as described under Experimental 

Procedures. 
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FIGURE 10: Dead end inhibition by Adenosine with fixed 

(10HM) concentrationof MgADP at 10 mM Mg^+ and 100 mM KC1. 

The data were fitted using eq. 11. All substrate and 

inhibitor concentrations were corrected for the amount of 

metal chelate complex formation as described under 

Experimental Procedures. 
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FIGURE 11: Dead end inhibition by AMPCP at 10 mM Mg2 + and 

100 mM KC1. The data were fitted using eq. 9,. Phospho-

Serpeptide was fixed at its Km (A) and saturating (B). All 

substrate and inhibitor concentration were corrected for 

metal chelate complex as described under Experimental 

Procedures. 
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pH STUDIES 

In order to obtain information on the acid-base 

chemistry catalyzed by the catalytic subunit of cAMP-

dependent protein kinase, the pH dependence of kinetic 

parameters was determined. However, prior to a determination 

of the pH dependence of the kinetic parameters to facilitate 

interpretation of the results in terms of the predominant 

enzyme form present under any given set of conditions, pH 

stability (Fig.12) and the pH dependence of the kinetic 

mechanism must first be obtained. The velocity vs. enzyme 

profile is a linear function of C-subunit activity (Fig.13). 

As pointed out in Experimental Procedure, the enzyme is 

sufficiently stable over the pH range 5-10 to collect initial 

velocity data, particularly since the pH is instantaneously 

jumped from 7 to the desired pH. The kinetic mechanism is 

random with a preferred addition of MgATP prior to the 

peptide substrate (Cook et al., 1982; Whitehouse & Walsh, 

1983, Whitehouse et al., 1983). The diagnostic pattern for 

this mechanism is the noncompetitive inhibition obtained by 

using a dead end analogue of Serpeptide at varying MgATP 

concentrations. A repeat of the initial velocity pattern in 

the absence of inhibitors at pH 5.5 (Fig.14) and pH 9.8 

(Fig.15) gives a double-reciprocal plot that intersects to 

the left of the ordinate, suggesting a sequential mechanism. 

In addition, the dead-end inhibition pattern obtained by 
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FIGURE 12: Enzyme stability at 0.5 mM Mg^ + and 100 mM KC1, 

pH 5(Mes,100 mM) pH 7(Mops,100 mM) and pH 10(BTP,100 mM). 

Half time was calculated from x = 0.69/slope. The assay 

conditions are described under Experimental Procedures. 
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FIGURE 13: Velocity as a function of enzyme volume. All 

substrates are at saturating concentrations[4 mM(pH 5 and 

above),MgATP ;4 mM(pH 5),0.6 mM(pH 7),8 mM(pH 

10),Serpeptide]. The following buffers were used: pH 5, 

Mes(lOOmM); pH 7, Mops(lOOmM); pH 10, Caps(lOQmM). Data were 

fitted to the equation for a straight line. 
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FIGURE 14: Initial velocity pattern at 0.5 mM Mg^+ and 100 

mM KC1, pH 5.5(Mes,100 mM). MgATP was varied from 0.1 - 1 mM 

at different fixed levels of Serpeptide (0.1 - 1 mM). The 

solid lines are from a fit of equation 8 to the data. Points 

are experimental values. All substrate concentrations were 

corrected for metal chelate complex as described under 

Experimental Procedures. 



64 

S 
"s 

a 

1400 

1200" 

1 0 0 0 -

800" 

600" 

400" 

200 

0.1 mM Seipeptide 

0 2 4 6 8 10 12 

l / [ M g A T P ] 1 / m M 



65 

FIGURE 15: Initial velocity pattern at 0.5 mM Mg2+ and 100 

mM KCl,pH 9.8(BTP,100 mM). Serpeptide was varied from 0.02 

0.2 mM at different fixed levels of MgATP (0.14 - 1.4 mM). 

Points are experimental values. The solid lines are from a 

fit of equation 8 to the data. All reactant concentrations 

were corrected for metal chelate complex as described under 

Experimental Procedures. 
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using Leu—Arg—Arg—Ala—Ala—Leu—Gly, an analog of the substrate 

heptapeptide in which the serine to be phosphorylated is 

replaced by alanine, is noncompetitive at both pH values, 

Figure 16. As a result, the kinetic mechanism appears to be 

pH independent and random over the pH range 5-10. 

pH Dependence of Kinetic Parameters. The maximum 

velocity is essentially pH independent. The V/KMgATP is pH 

independent over the entire pH range but decreases slightly 

at both low and high pH. The V/K for Serpepti.de is bell-

shaped, decreasing at both low and high pH with slopes of 1 

and -1, respectively. Values of 6.2 ± 0.2 and 8.5 ± 0.1 are 

obtained for the pKs. The pH-independent values of V/Et, 

(KSerpeptide) Et anc* v/(KMgATP)Et a r e 20 ± 4 s~l, (8.5 ± 0.3) 

x 105 M-1 s"1, and (1.1 ± 0.5) x 105 M"1 s-1 (Fig.17). 

The enzyme also catalyzes an ATPase reaction at a rate 

1/1300 the rate of Serpeptide phosphorylation (Armstrong et 

al., 1979b). Since transfer to water is very slow, the 

phosphoryl transfer rate is almost certain to be rate 

determining. The pH dependence of the maximum velocity and 

the V/K for MgATP are shown in Figure 18. Both are pH 

dependent, giving a pK value of 6.0 ± 0.1. The pH 

independent values of V/Et and V/(KMgATP)Et are 0.016 ± 0.002 

s-1 and 55 ± 4 M-1 s-1. 

pH Dependence of the Kifor Inhibitory Analog: Dead end 

inhibitors competitive with the variable substrate bind to 

the same enzyme form as the variable substrate. Since the 
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FIGURE 16: Inhibition by Alapeptide at pH 7(Mops,100 mM) and 

pH 9(BTP,100 mM). The Mg2 + and KC1 concentrations were fixed 

at 0.5 mM and 100 mM. The Serpeptide concentration was fixed 

at saturation. MgATP and Alapeptide were varied as 

indicated. The data were fitted using eq. 11. 
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FIGURE 17: pH dependence of the kinetic parameters for 

phosphorylation of Serpeptide in the protein kinase reaction. 

The V/K value for Serpeptide was obtained at saturating 

concentrations of MgATP (4 mM) with the concentration of 

Serpeptide varied around its K m (50-500 |1M, pH 6 and below; 

10-100 JIM, pH 6.4-8.55; 50-500 JJ.M, pH 9; 0.1-1 mM, pH 9.4 and 

above). The V/K value for MgATP was obtained at saturating 

concentrations of Serpeptide (4 mM, pH 5.93 and below; 0.6 

mM, pH 6.4-8.55; 2.3 mM pH 8.9-9.4; 8 mM, pH 9.9) with the 

concentration of MgATP varied around its K m (0.1-1 mM). All 

reactants were corrected for the concentration of metal 

chelate complexes as described in Experimental Procedures 

(Metal Chelate Correction). The concentration of uncomplexed 

Mg 2 + and KC1 were maintained at 0.5 mM and 100 mM , 

respectively. The points shown are experimental values. The 

curve in the case of the V/K for Serpeptide is from a fit to 

the data using eq. 12, while the lines are the calculated 

average value in the case of V and V/K M g A T P. 
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FIGURE 18: pH dependence of the kinetic parameters for the 

ATPase reaction of the C-subunit at 100 mM KC1. The 

concentration of MgATP was varied around its K m with the 

uncomplexed Mg 2 + concentration maintained at 0.5 mM . The 

points are experimental values. The curves for V and 

v / KMgATP a r e theoretical from a fit of eq 13 to the data. 
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variable substrate is limiting under conditions in which 

inhibition is observed, true dissociation constants are 

obtained and the pH dependence of the dissociation constants 

will yield intrinsic pK values. A complete inhibition 

pattern in which Serpeptide was varied at differrent fixed 

levels of Alapeptide at pH 9.5 is shown in Figure 19. The 

pKi profile for Alapeptide is shown in Figure 20A (Plotted as 

log 1/K-L so that a decrease represents a decrease in 

affinity.) . The value of l/K-j_ decreases at low and high pH, 

giving pK values of 6.4 ± 0.3 and 8.5 ± 0.2, identical with 

those observed in the V/K S e r p e p t i d e p H profile. The pH 

independent value of is 0.27 ± 0.07 mM. 

The pKi profile for MgAMP-PCP is depicted in Figure 20B. 

A full inhibition pattern for MgAMP-PCP at pH 9.3 is shown in 

Figure 21. The K-̂  value is pH independent above pH 8 with a 

value of 0.65 i 0.03 mM and increases to become constant 

below pH 5.5 with a value of 4.0 ± 0.4 mM. A pK value of 6.8 

±0.1 is obtained for the decrease is 1/Kir and this value is 

perturbed to 6.0 ± 0.1, measured where the 1/K^ value levels 

off at low pH (Note that this is a log-log plot and thus the 

pK is obtained at the pH where the pH-independent value has 

decreased by a factor of 2 (0.3) log units). 

Adenosine 5'-monophosphate is also a competitive 

inhibitor vs. MgATP. The pK^ profile for AMP is shown in 

Figure 20C. The affinity for AMP increases as the pH 

decreases with 1/K± increasing by a factor of 10 per unit 

below pH 7. A value of about 6 mM is obtained for at pH 
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FIGURE 19: Competitive inhibition by Alapeptide vs. 

Serpeptide at 100 mM KC1, pH 9.5(BTP,100 mM). The data were 

fitted using ecj. 9. The Mĝ "*" and MgATP concentration were 

fixed at 0.5 mM and 4.6 mM respectively. All substrate and 

inhibitor concentrations were corrected for metal chelate 

complex as described under Experimental Procedures. 
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FIGURE 20: pH dependence of inhibitor dissociation constants 

for C-subunit at 0.5 mM Mg2 + and 100 mM KC1. (A) pH 

dependence of the Alapeptide dissociation constant. The 

filled circles represent data obtained with MgATP maintained 

at a saturating concentration and Serpeptide varied around 

its Km at several different fixed Alapeptide concentrations 

(2-8 mM, pH 5.84-8.85 and 9.4). The open circles represent 

data varying Alapeptide (0-8 mM, pH 5.3 and 9.7; 0-1.2 mM, pH 

6.4 5-8.5) at a saturating concentration of MgATP and 

Serpeptide equal to Kserpeptifjg. The points are 

experimental, while the curve is from a fit of eq 12 to the 

data. (B) pH dependence of the MgAMPPCP dissociation 

constant. The filled circles represent data obtained with 

Serpeptide maintained at a saturating concentration and MgATP 

varied around its Km at several different fixed MgAMPPCP 

concentrations (2-8 mM, pH 5.45-6; 0.5-2 mM, pH 6.26; 3-12 

mM, pH 9.28). The open circles represent data varying 

MgAMPPCP (0-8mM, pH <6; 0-3.6 mM, pH >6) at a saturating 

concentration of Serpeptide and MgATP equal to its Km. The 

points are experimental, while the curve is theoretical based 

on a fit of eq 14 to the data. (C) pH dependence of the AMP 

dissociation constant. All data were obtained varying the 

concentration of AMP (0-0.6 mM, pH 5.4-5.9; 0-24 mM, pH 6.5-

7.3, 0 40 mM, pH ̂  7.85) at a saturating concentration of 

Serpeptide and MgATP equal to its Km. 
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FIGURE 21: Competitive inhibition by AMPPCP vs. MgATP at 100 

mM KC1, pH 9.3(BTP,100 mM). The data were fitted using eq. 

9. The Mg2+ and phospho-Serpeptide concentrations were fixed 

at 0.5 mM and 2.8 mM respectively. All substrate and 

inhibitor concentrations were corrected for metal chelate 

complex as described under Experimental Procedures. 



80 

500 

400" 

§ 300" 
s 

' a 
• mm 
£ 

> 200 

100 

0 

*/ 
pH 9.3 AMPPCP / 

/ 1 2 mM 

/ 6 mM 

3 mM 

— 0 mM 

0 1 2 3 4 5 6 

l / [ M g A T P ] 1 / m M 



81 

9, while a value of 90 |IM is observed at pH 5.4. 

Solvent. D2O Perturbation of pK Values. Some of the 

data obtained for Vĵ ĝ  (not shown in Figure 17) indicated a 

decrease in the parameter at low pH. The decrease was not 

reproducible so that it became important to determine whether 

there was a real decrease. It is known (Schowen, 1977) that 

the pK values of nitrogen and oxygen bases increase by 0.4-

0.6 pH units in D20. A redetermination of the V and 

v/KSerpeptide P H dependence in D2O should then give the break 

in the V profile at about pD 6.0, while pK values around 6.6 

and 8.9 are expected for the V/K S e r p e p t i d e profile. The 

latter acts as an internal control as to whether the method 

works. The V profile in D20 is pD independent from pD 5.4 to 

9.5, while the V/KSerpeptide decreases at low and high pH 

giving pK values of 6.6 ± 0.1 and 8.8 ± 0.1 (Fig.22). Thus, 

the V profile does not decrease at low pH in H20. The pD 

independent values of V/Et and V/(KSerpeptide)Et at 18 i 3 

s 1 and (7 ± 4) x 10^ M ^ s . The ratio of the pH 

independent values in H20 and D20 gives no significant solvent 

isotope effects. A direct comparison at pH(D) 7.5, however, 

indicates there is a significant isotope effect on V of 1.6 + 

0.4 . 

pH Dependence of the Ki for Mg*+. A metal in addition 

to the one required to form the MgATP chelate complex has 

been implicated in the mechanism of the catalytic subunit 

(Armstrong et al., 1979a; Bolen et al., 1980; Granot et al., 
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FIGURE 22: pD dependence of V and V / K S e r p e p t i d e at 0.5 mM 

Mg^ and 100 mM KC1. Conditions are as described under 

Experimental Procedures except that all reagents were 

prepared in D2O. Reported pD values are the recorded pH 

values plus 0.4. The points are experimental. The curve for 

v/KSerpeptide theoretical from a fit of eq. 12 to the 

^^-ta. The line for V is the calculated average value. 
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1979, 1980; Cook et al., 1982). The dissociation constant 

for the second metal can be determined kinetically (Cook, 

1982; Cook et al., 1982) by obtaining the saturation curve 

for MgATP {the V/Kgerpeptide is n°t affected) as a function 

of Mg24" and then plotting V and V/K M g A T P vs. Mg 2 +. The 

concentration of Mg 2 + that gives half the change in the 

parameter represents the dissociation constant for 

E:Serpeptide:Mg and E:Serpeptide:MgATP:Mg in the case of 

v/RMgATP and V, respectively. An example of the technique is 

shown in Figures 23 and 24 for data obtained at pH 8.8. 

The above experiment was repeated as a function of pH, 

and the pH dependence of V and V/K^gATP was obtained at zero 

and infinite concentrations of Mg 2 +. Values obtained at zero 

Mg 2 + were identical with those reported in Figure 17. Data 

obtained at infinite Mg 2 + were also pH dependent, with V 

about 5-fold lower and V/K^gATP about 8-fold higher than 

those obtained at low Mg 2 +. The values obtained for Mg 2 + 

have little, if any, pH dependence within standard error, 

Figure 25. It is possible that there is some pH dependence 

for the Kf for Mg 2 + from E.-Serpeptide:MgATP :Mg but it is 

difficult to evaluate because of the large standard errors. 

Thus, if Mg 2 + has titrable ligands, they are more likely to 

be outside the pH range 5-9. 

Inactivation by 5 [p(fluorosulfonyl)benzoyl]adenosine-

The reagent 5•- [p-(fluorosulfonyl)benzoyl]adenosine 

covalently modifies the catalytic subunit of cAMP-dependent 
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FIGURE 23: Dependence of the initial velocity of the C-

subunit reaction on Mg2+ concentration at 100 mM KC1. 

Initial velocity patterns were obtained by varying MgATP 

(concentrations indicated) at the fixed concentration of Mg^+ 

indicated (pH 8.8,100 mM BTP). Serpeptide was maintained 

saturating. Data were fitted using eq 8, 
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FIGURE 24: Dependence of V and V/KMg^TP o n concentration of 

Mg2 + at 100 mM KC1, pH 8.8(BTP,100 mM). (A) Replot of V 

against Mg 2 +. (B) Replot of V/K M g A Tp against Mg
2 +. Mg2 + 

refers to the uncomplexed concentration of the divalent 

metal. Data points are calculated from V and V/K values 

obtained from Figure 23, while curves are theoretical from a 

fit of eq. 15 to the data. 
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FIGURE 25: pH dependence of the kinetic parameters as a 

function of Mg^ + concentration. (A) The pH dependence of 

V m a x at infinite concentration of Mg^
+. (B) The pH 

O i 

dependence of V/K at infinite concentration of Mg^ . (C) The 

pH dependence of Kj_ for Mg^ + from E : Serpeptide :Mg. (D) The 

pH dependence of Kj_ for Mg2+ from E : Serpeptide :MgATP :Mg. The 

concentration of uncomplexed Mg^+ was varied from 0.5 to 100 

mM. Serpeptide was maintained at saturating concentrations 

(4 mM, pH 6 and below; 0.6 mM, pH 6.5-8.0; 2.3 mM, pH 8-9.5) 

with the concentration of MgATP varied around its Km (0.1-1 

mM). All reactants were corrected for the concentration of 

metal chelate complexes as described in Experimental 

Procedures (Metal Chelate Correction). The points shown are 

experimental values. The lines are the calculated average 

values in all cases. 
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protein kinase, resulting in inactivation with a 

stoichiometry of 1 per subunit (Zoller & Taylor, 1979; Hixson 

& Krebs, 197 9). A complex is formed between enzyme and FSBA 

as shown by a double-reciprocal plot of l/^±nact
 v s• 1/FSBA 

that intersects on the ordinate. The substrate, MgATP, 

affords complete protection against inactivation by FSBA. A 

peptide containing a modified lysine has been isolated and 

sequenced (Zoller & Taylor, 1979). 

There is no evidence for a lysine in the V/K M g A T P 

profile that covers the pH range 5-10. It was of interest to 

determine the value of the pK for the lysine modified by 

FSBA. Unfortunately, the solubility and stability of FSBA 

only allowed determinations to be made at pH 7 and 8. Plots 

of In v vs. t are linear at all FSBA concentrations used, and 

a double reciprocal plot of the data is also linear (Fig.26). 

Values of 0.037 and 0.06 min"1 are obtained at pH 7 and 8, 

respectively, with a value of 1.31 x 10*̂  M— min -obtained 

for k m a x/K F SBA
 a t P H 8. Data collected by Hixson and Krebs 

(1979) at pH 7.5 normalized to the same enzyme concentration 

gives a value 0.054 min"1 for k m a x and 3.6 x 10
2 M - 1 min - 1 

for k m a x/K F S B A. 
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FIGURE 26: Inactivation of C-subunit by FSBA at pH 8.0 

(Taps,100 mM). (A) First order plots for inactivation of C-

subunit by FSBA. The inactivation was obtained at the FSBA 

concentrations indicated in the figure. (B) Double 

reciprocal plot of against the concentretion of FSBA. 

All incubation and assay conditions are as described under 

Experimental Procedures. 
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Chapter IV 

DISCUSSION 

Initial velocity studies in the absence of products. 

Initial velocity studies in the absence of inhibitors carried 

out over a wide range of MgADP and P-SP concentrations gives 

a pattern that intersects to the left of the ordinate 

suggesting a sequential kinetic mechanism in agreement with 

the mechanism proposed by Cook et al. (1982) in the direction 

of SP phosphorylation. Occupation of a second Mg2 + site (in 

addition to the Mg 2 + required to form the MgATP chelate 

complex) results in an increase in the affinity for MgATP and 

MgADP (Armstrong et al., 197 9a; Cook et al., 1982; Kong & 

Cook, 1988). Cook et al., (1982) reported that as free Mg 2 + 

is increased to high concentrations so that the inhibitory 

site is filled, additional binding strength is obtained as a 

result of coordination to at least the a and y phosphates of 

MgATP. Kinetic parameters were also obtained at high and low 

concentrations of KC1 and uncomplexed Mg 2 + in the present 

study. When the initial velocity patterns are obtained at 

low and high concentrations of Mg 2 + in the absence of 100 mM 

KC1, the kinetic parameters are not affected. Increasing the 

uncomplexed Mg2 + concentration in the presence of 100 mM KC1 

94 
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results in a change in the values for MgADP and P-SP. 

This suggests that if the mechanism is random in the 

direction of MgADP phosphorylation as it is in the opposite 

reaction direction, the only rate constants affected by 

occupying the second Mg2+ site are those for release of the 

reactants (MgADP and P-SP) from their respective binary 

complexes. In agreement with this possibility, Kong and Cook 

(1988) have recently reported that the off-rate for MgATP 

from E:MgATP(very similar to E:MgADP) is decreased 

approximately 40-fold in the presence of saturating 

uncomplexed Mg 2 +. Thus, in the direction of MgADP 

phosphorylation, only the binding of the first reactant 

appears to be affected by Mg2+, suggesting that both the (3-

phosphate of MgADP and the phosphate of P-SP coordinate to 

the second Mg2 + bound to enzyme. Interestingly, once either 

one of the substrates is bound, no further increase in 

affinity is observed for binding the second reactant. 

The V m a x in the direction of MgADP phosphorylation is 

200 times slower than that in the direction of SP 

phosphorylation, indicating that the products, MgADP and P-

SP, the forward direction must be released from enzyme at 

least 200 times faster than the slowest step in the direction 

of MgADP phosphorylation. Recent experiments (Kong & Cook, 

1988) using the isotope partitioning technique have shown 

that no trapping of the E:MgADP binary complex is observed at 
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either 0.5 or 10 mM uncomplexed Mg2+. in the direction of SP 

phosphorylation the release of MgATP and SP from the 

Michaelis complex was found to be slow. Thus, most likely 

MgADP is released from E:MgADP:P-SP much faster than it turns 

over, in other words the mechanism is rapid equilibrium in 

the direction of MgADP phosphorylation. 

Equilibrium Constant. The equilibrium constant for the 

reaction catalyzed by the C-subunit of cAPK using SP as a 

substrate has been obtained via two methods including; (1) 

varying the SP/P-SP ratio at a fixed MgATP/MgADP ratio and 

measuring the change in SP concentration after equilibrium is 

reached and (2) measuring intensity changes via 31p NMR 

starting with different initial reactant concentrations. The 

values obtained from these methods at pH 6 are 22 0 and 150 

giving values of 2200 and 1500 at pH 7. In order to be 

certain kinetic data are correctly determined, kinetic 

parameters must adhere to the Haldane relationship. One of 

the kinetic Haldane relationship for a Bi-Bi mechanism 

(Cleland, 1982) follows: 

Keq ~ (vf)(KP-SP> (Ki MgADP)/(vr)(KSP)(Ki MgATP) (16) 

Substitution of values from Table II and Cook et al. (1982) 

into the above equation gives a value of (7.2 ± 2) x 102 in 

good agreement with the directly determined values given 

above. The average value of the equilibrium constant at pH 7 

is 1500. 
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Product and Dead-end Inhibition Studies. The product 

inhibition pattern obtained with SP against P-SP at 

saturating MgADP concentration is competitive. When P-SP is 

maintained at a nonsaturating level, inhibition by SP is 

noncompetitive vs. MgADP. Dead-end analogs of ADP, AMPCP and 

adenosine, are competitive vs. MgADP, whether P-SP is 

saturating or equal to its Km. Adenosine is noncompetitive 

vs. P-SP. The patterns obtained with dead-end analogs are 

consistent with several possible mechanisms; first, a steady 

state ordered mechanism in which MgADP adds before P-SP; 

second, a Theorell-Chance mechanism with MgADP adding before 

P-SP; third, a rapid equilibrium random mechanism. The 

Theorell-Chance mechanism requires a rapid release of SP with 

respect to the release of MgATP from the E:MgATP complex. 

This is exactly the opposite of what has been found from 

isotope partitioning studies {Kong & Cook, 1988). Both MgATP 

and SP are released slowly from the central complex but at 

least an order of magnitude faster from the binary complexes. 

This effectively rules out a Theorell-Chance mechanism. 

If the mechanism is steady state ordered with MgADP 

adding to enzyme first, the K-[ for adenosine should be 

constant whether P-SP is limiting or saturating. As can be 

seen from Table III, the K-j_ for AMPCP increases while that 

for adenosine decreases when P-SP becomes saturating. In 

addition, as discussed above release of MgATP and SP from the 

central complex is the slowest step in the direction of MgADP 
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SCHEME I: Proposed kinetic mechanism for the C-subunit of 

cAPK. The heavy line represents the preferred pathway at 10 

mM Mg^+ concentration. At 0.5 mM Mg^+, both pathways will 

operate. 
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phosphorylation. Consequently, the mechanism must be rapid 

equilibrium. The initial velocity pattern in the absence of 

inhibitors intersects to the left of the ordinate and not on 

the ordinate when MgADP is varied at different fixed levels 

of P-SP so that a rapid equilibrium ordered mechanism has 

been ruled out. It thus appears that the mechanism is rapid 

equilibrium random as shown in Scheme I. The bold line 

represents the preferred pathway with MgATP adding to enzyme 

first and MgADP being released from enzyme last. Also in 

agreement with the random mechanism is the lack of substrate 

inhibition by Serpeptide in the direction of peptide 

phosphorylation. In the peptide phosphorylation direction 

release of MgADP is slow (Cook et al., 1982; Kong & Cook, 

1988). In addition, a dead end E:MgADP:Serpeptide complex 

has been documented above since SP is competitive vs. P-SP 

with MgADP saturating. If the mechanism were ordered, 

substrate inhibition by Serpeptide binding to the E:MgADP 

complex would be expected. In a random mechanism, however, 

Serpeptide need not affect the off-rate for MgADP. 

For this type of mechanism, the K-[ values for inhibitors 

competitive vs. MgADP will represent E:I at nonsaturating P-

SP and E:(P-SP):I at saturating phosphopeptide. In this 

case, the K-̂  values need not be identical. The values for 

the ternary complexes (P-SP saturating) for adenosine and 

AMPCP are 28 JiM and 7 |IM, respectively. The expression for 
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the apparent in a rapid equilibrium random mechanism under 

conditions where P-SP is maintained constant is as follows: 

app Ki = K±(KiaKb + KaB)/(KiaKb + KgBKi/Ki') (17) 

where B is P-SP, is for EI and • is for the ternary-

complex as discussed above. Using values for Kj_' of 28 |i.M 

and 7 [AM for adenosine and AMPCP and values from Table II at 

10 mM Mg2+ for K^a, Ka and K^, values of 10 |XM and 33 |i.M 

are obtained for adenosine and AMPCP, respectively. 

Granot et al. (1981) estimated the for P-SP as > 30 

mM from the E:(P-SP) complex suggesting that the 

phosphopeptide binds very weakly. Data obtained in this 

study agree with this assessment, although the for P-SP 

obtained in this study is about 4-fold lower than that 

estimated by Granot et al. (1981). The Km for P-SP is also 

much lower than anticipated based on the value of 30 mM. 

Enzymes that catalyze thermodynamically down-hill reactions 

will have either dramatically decreased affinity for products 

or a reduced rate in the unfavored reaction direction. The 

catalytic subunit reaction makes use of both with a 200-fold 

decrease in the maximum rate and a 10-fold decrease in the 

affinity for P-SP (2.2 mM) compared to that for SP (0.25 mM; 

Feramisco & Krebs, 1978). It is interesting to note that the 

value of K]y[gADp is quite low at about 3 JIM, similar to the 

value of 10 |AM obtained for MgATP at 10 mM Mg2+ and 100 mM 
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KC1 (Cook et al., 1982). 

The values of % for MgAMPPCP (Yoon & Cook, 1987) and 

MgATP (Cook et el., 1982) at 0.5 mM Mg2 + are 650 |J.M and 160 

JIM, respectively. Thus, MgAMPPCP, the ( 3 , y - d i p h o s p h o n a t e 

analog of MgATP, binds about 4-fold weaker than MgATP. 

However, the value of K-̂  for MgAMPCP and MgADP at 10 mM Mg^ + 

are both 7 |AM, suggesting that MgAMPCP and MgADP, unlike 

MgAMPPCP and MgATP may have a similar configuration when 

bound to the C-subunit. 

Interpretation of the pH Dependence of Kinetic 

Parameters. The maximum velocity is independent of pH over 

the range 5.5-10. Below pH 5.5 it is possible, on the basis 

of data presented in Figure 17, that the rate decreases below 

this pH. In order to test this possibility, the solvent 

deuterium isotope effect was obtained (Schowen, 1977). If V 

decreases at low pH, it should decrease at a higher pD than 

pH by 0.4-0.6 as a result of the equilibrium isotope effect 

on the pK value. A determination of the maximum rate as a 

function of pD indicates that it is pD independent from 5.4 

to 9.5 and does not decrease below a pD of 6.0-6.1 as 

expected if V were pH dependent. Since V is pH independent, 

a mechanism in which reactants bind selectively to the 

correctly protonated form of the enzyme is suggested 

(Cleland, 1977). For a mechanism of this type intrinsic pK 

values are observed for enzyme and substrate functional 
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groups in the pH-rate profiles. The solvent isotope effect 

of 1.6 on V indicates a proton involved in a slow step after 

release of the first product and prior to addition of 

substrates. This aspect is being pursued presently. 

The V/K for MgATP is pH independent from pH 5.5 to 9.5 

but decreases slightly below and above these pH values. One 

would expect to see the pK of MgATP unless both the 

protonated and unprotonated forms bind equally well and are 

both catalytically competent, and this is unlikely. The pK 

obtained for protonation of the y-phospate of MgATP at an 

ionic strength of 0.1 is 4.6 (Martell & Smith, 1982), outside 

the range of the present studies. An enzyme lysine residue 

is known to be in the vicinity of the P~ or y-phosphate of 

MgATP (Zoller & Taylor, 1979; Hixson & Krebs, 1979). The 

protonation state of this group is almost certain to affect 

the binding of the nucleotide. A pK value greater than 9 is 

estimated for this lysine from the pH dependence of the 

inactivation rate by FSBA since the data obtained at pH 

values from 7 to 8 suggest that k m a x / K F S B A is increasing by a 

factor of 10 per pH unit. As a result, the pK of the lysine 

modified by FSBA must be at least 9 and is probably higher 

and, as a result, if it does affect catalysis and/or 

nucleotide binding, its pK is again outside the range of 

these studies. 

The V/K for Serpeptide decreases at low and high pH, 

gxvmg pK values of 6.2 and 8.5 representing titrable groups 
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of Serpeptide or E:MgATP. The peptide has no pK values in 

this pH range so that the decrease in rate with changes in pH 

must reflect the titration of enzyme residues. General base 

catalysis is expected in the case of the kinase reaction with 

a base accepting the proton from the serine hydroxyl 

concomitant with attack on the y-phosphate. The group with a 

pK of 6.2 is most likely the general base. In addition to 

this base, however, there is clearly the requirement for a 

second enzyme residue with a pK of 8.5 that must be 

protonated for activity. The simplest explanation is that 

this enzyme residue is a binding group for the peptide (or 

protein substrate) that may serve to aid in the proper 

orientation of the substrate for subsequent nucleophilic 

attack by serine in the y-phosphate of MgATP. If so, there 

are only a few reasonable possibilities in terms of the 

functional groups on the peptide that could be bound by this 

enzyme residue. Of the amino acid residue in the peptide 

substrate (Leu-Arg-Arg-Ala-Ser-Leu-Gly) the N-terminal and C-

terminal residues can be removed with only a 2-4-fold 

decrease in V/K for the peptide (Kemp et al., 1977), and thus 

these are not likely candidates for orienting groups. The 

two arginine residues are required for tight binding and 

represent the initial interaction of the peptide substrate 

with the enzyme (Reed & Kinzel, 1984; Reed et al., 1985). 

This presumably occurs via combined electrostatic and 

hydrogen-bonding interaction with active-site glutamate 
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residues. As a result, these residues are already well 

anchored in the active site. Three possible residues of the 

peptide remain, Ala-Ser-Leu, any or all of which could be 

bound to the group with a pK of 8.5. However, since the 

serine is phosphorylated, it is most likely the serine that 

is bound. Since the enzyme group must be protonated for 

activity, the interaction is most likely a hydrogen bond with 

the carbonyl oxygen of the peptide backbone. Further 

experimental evidence will be required to test this 

hypothesis. 

An ATPase reaction that is intrinsic to the protein 

kinase affords an excellent opportunity to look at a rate-

determining transfer of the y-phosphate of MgATP (the ATPase 

1/1300 the rate of the kinase reaction) . The maximum rate 

and the V/K for MgATP decrease at low pH, reflecting the 

protonation of the catalytic base. The pK is within 

experimental error identical with that obtained from the 

v/^Serpeptide profile, in agreement with the fact that true 

pK values are expected in the latter. In addition, since the 

pK of the catalytic base is essentially the same when 

determined from the ATPase reaction representing free enzyme 

(6.0 ± 0.1) and from the V/K S e rp ep t i d e for the kinase 

reaction representing E:MgATP (6.2 ± 0.2), the presence of 

MgATP in the active site does not affect the pK of the base. 

Water is a very poor acceptor for the phosphoryl group 
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compared to the peptide as measured not only by the 

difference in turnover numbers for the two {20 and 0.016 s - 1, 

respectively) but also by the V/K M g A T p values (10$ and 55 

M s ). Both V and V/K reflect the decreased rate of 

chemical transfer since the ratio is similar (1300-2000) in 

both cases. 

Interpretation of the PK± Profiles. The mechanism 

proposed above suggests that intrinsic pK values should be 

observed in the V / K S e r p e p t i d e profile. This aspect can be 

tested through the use of competitive inhibitors. These 

inhibitors mimic the variable substrate and bind to the same 

enzyme forms and thus should be affected by the protonation 

state of the same groups that affect the binding of 

substrates. Since the for a competitve inhibitor is its 

thermodynamic dissociation constant, true pK values will be 

observed. The inhibitor closest in structure to the 

substrate Serpeptide is Alapeptide in which the hydroxyl to 

be phosphorylated is replaced by a proton. The pK± profile 

for Alapeptide gives pK values essentially identical with 

ose obtained from the V/Kgerpept£cie profile, corroborating 

the above proposed mechanism. The peptide substrate only 

binds to enzyme in which the group with a pK of 6.2 is 

unprotonated and the group with a pK of 8.5 is protonated. 

The pH-indpendent value of the K ± is 270 |1M, identical with 

the K i of 250 HM for N-acetylleucyl-Serpeptide obtained by 

direct binding studies (Feramisco & Krebs, 1978) in the 
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presence or absence of MgAMP-PCP; The data for acetyl-

Serpeptide binding and the fact that the K m for the 

acetylated peptide is more than 100-fold lower than its 

were interpreted by Cook et al. (1982) as indicating rate-

limiting release of MgADP. Since the for Alapeptide is 

identical with that for Serpeptide, it can further be stated 

that the serine hydroxyl does not contribute significantly to 

the overall binding affinity. Of course, the assumption must 

be made that E:MgAMP-PCP is identical with the E:MgATP 

complex so that the lack of change of the Serpeptide in 

the presence of MgAMP-PCP is also true with MgATP bound. 

This appears to be a reasonable assumption according to the 

NMR studies of Armstrong et al. (197 9a) even though the 

diphosphonate analog binds about 4-fold weaker as shown by 

values of 650 |AM for MgAMP-PCP (these studies) and 160 (J.M for 

MgATP obtained at 0.5 mM Mg 2 + (Cook et al. 1982). 

Very little pH dependence is observed in the V / K M g A T p 

profile, suggesting that no binding groups for the nucleotide 

titrate over the pH range 5.5-9.5. To test this hypothesis, 

the pKi profile for MgAMP-PCP was obtained. The is pH 

independent with a value of 650 p.M above pH 8 but increases 

to a new constant value of 4 mM at low pH. This types of 

behavior is consisting with a model in which either an enzyme 

residue or MgAMP-PCP loses affinity upon protonation but can 

still bind with reduced affinity once fully protonated. The 

pK for AMP-PCP is 8.4 (Yount et al., 1971), and the 
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dissociation constant for MgAMP-PCP is 0.038 mM, only 3-fold 

higher than that for MgATP. The pK for ATP decreases 2 pH 

units with Mg bound, and a decrease of about 1.5 pH units is 

expected in the case of AMP-PCP, giving a pK of about 6.9 for 

MgAMP-PCP, similar to the observed value of 6.8. As a result 

, the pH dependence of MgAMP-PCP binding can be described 

by Scheme II. 

«i 

E + MgAMP-PCP * = £ E: MgAMP-PCP 

Kl I 11 K2 

E + MgAMP-PCPH ^=5. E:MgAMP-PCPH 

Kj 

Scheme II 

The values for K ± and Kj are 650 jim and 4 mM, respectively. 

The value for pKx will be obtained at the pH were Kj_ has 

increase 2-fold to a value of 1.3 mM, while the value of pK2 

will be obtained at the pH where Kj has decreased 2-fold to a 

value of 2 mM. Thus, when bound, the pK for MgAMP-PCP is 

only decreased by 0.8 pH unit from 6.8 to 6.0. It is 

interest that the binding of MgAMP-PCP is not eliminated when 

the y-phosphate is protonated. These data suggest that this 

may also be true for MgATP, but data cannot be collected to 
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test this possibility because the pK for MgATP is too low. 

The pK^ profile for AMP is also quite interesting. Cook 

et al. (1982) suggested on the basis of values for 

adenosine (40 JIM) , AMP (8mM) , MgADP (40 JIM) , and MgATP (160 

JAM) that there existed in the vicinity of the a-phosphate a 

hydrophobic region or a negatively charged residue. Work by 

Bhatnagar et al. (1983), using a number of nucleotide analogs 

having positive, negative and hydrophobic moieties at the 

2',3' and 5' positions of the ribose, indicates that the 

region in the vicinity of the a-phosphate is hydrophobic. As 

a result, the for AMP is expected to decrease with 

decreasing pH. The pK values for AMP are 6.4 and < 1.0 

(Dawson et al., 1969) . The decreases below pH 7, and 

below pH 6 it is decreasing by a factor of 10 per pH unit. 

However, the increase in affinity for AMP as a result of 

protonating the phosphate is probably buried in the data 

since there is only a slight inflection in the data around pH 

6-7. The continued increase in affinity as the pH decreases 

must be a result of protonating some enzyme residue with a pK 

less than 5 that either neutralizes a negative charge or puts 

a proton on a group that is within hydrogen-bonding distance 

of the phosphate. A possibility for this residue is one of 

the glutamate residues thought to hydrogen bond the arginines 

of the peptide substrate. If a value of 4.7 is used as an 

estimate of this putative glutamate pK (similar to acetic 

acid since the (X-amine and <X—carboxyl of glutamate are in 
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peptide linkage), a pH-independent value (with monoprotonated 

AMP and the enzyme residue protonated) of 20 |XM is obtained 

for the Kj_ of AMP. The latter value is (within experimental 

error) equal to that obtained for adenosine (40 |4M) and MgADP 

(40 |iM) . Whether the group titrated is actually a glutamate 

will have to await further study. 

Chemical Mechanism. The data suggest a mechanism in 

which a minimum of three active-site residues participate in 

catalysis and binding, with the reactants Serpeptide and 

MgATP selectively binding to enzyme only when these residues 

are in their correct protonation state (Scheme III). This is 

suggested by the pH independence of the V profiles for both 

the kinase and ATPase reactions and the pKĵ  profile for Ala-

peptide. In addition, MgATP binds with the highest affinity 

when ionized but may still bind when protonated as suggested 

by the MgAMP-PCP pK^ profile. When Serpeptide is bound, all 

groups are apparently locked in their correct protonation 

state since the pH dependence of the catalytic base is not 

observed in the V/KMgATp profile. 

The nucleotide is bound via the adenosine moiety most 

tightly (Rosevear et al., 1983) but the tripolyphosphate 

portion of the molecule also contributes since guanosine 

alone at a concentration of 1 mM or Mg-tripolyphosphate alone 

at a concentration of 10 mM does not inhibit but MgGTP is a 

substrate with a Km of 1 mM (Cook et al., 1982). The 
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SCHEME III: Proposed chemical mechanism for the C-subunit 

catalyzed reaction. 
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contribution of the tripolyphosphate moiety is likely to be 

the result of interaction of the y-phosphate with a protonated 

e-amine of lysine that has been shown to be in the vicinity of 

the |3- or y-phosphates by using the affinity analogue FSB A 

(Zoller & Taylor, 1979; Zoller et al., 1981). The lysine 

could thus also serve as an electrophile neutralizing the 

formal negative charge on the y-phosphate in preparation for 

nucleophilic attack. 

The peptide binds in three stages as suggested by CD 

evidence (Reed & Kinzel, 1984; Reed et al., 1985). It first 

interacts via the Arg-Arg subsite with glutamate residues 

present, then assumes a specific coil-type orientation that 

probably orients the serine hydroxyl proton toward the 

catalytic base and facilitates in—line attack of the serine 

oxygen on the y-phospate of MgATP. The group with a pK of 8.5 

could certainly play a role in the conformational change of 

the bound peptide by hydrogen bonding the serine carbonyl 

oxygen. 

Once proper orientation has occurred, the catalytic base 

accepts a proton from the serine hydroxyl concomitant with 

nucleophilic attack on the y-phosphate. Whether an additional 

conformational change accompanies this process to bring the 

hydroxyl and the y-phosphate closer together or the reaction 

coordinate is elongated [5.3 ± 0.7 A (Granot et al., 1980a)] 

is not known at present 
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