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Isotope partitioning experiments were carried out with 

the adenosine 3',5'-monophosphate-dependent protein kinase 

catalytic subunit (cAPK) from bovine hearts to obtain informa-

tion on the order of addition of reactants and the relative 

rates of reactant release from enzyme compared to the 

catalytic step(s). A value of 100% trapping for both ErMgATP-

[y_32P] a n d E:
3H-Serpeptide at low Mgf indicates that MgATP and 

Serpeptide dissociate slowly from the enzyme compared to the 

catalytic step(s). The K S e r p e p t i d e for MgATP trapping is 17 

|iM, while the K M g A T p for Serpeptide trapping is 0.58 mM. The 

latter data indicate that the off-rate for MgATP from the 

E:MgATP complex is 14 s - 1 while that for Serpeptide from the 

E: Serpeptide complex is 64 s--*-. At high Mg^, 100% trapping is 

obtained for the E:MgATP-[y-32P] complex but only 40% is 

obtained for the E:Serpeptide complex. Thus, the off—rate for 

Serpeptide from the E:MgATP:Serpeptide complex becomes 

significant at high Mgf. Data suggest a random mechanism in 

which MgATP is sticky. 

The V for the cAPK reaction increases 1.5-1.7 fold in the 

presence of the R I X in the presence of saturating cAMP at a 



stoichiometry of R:C of 1:1. No change is obtained with the 

type-I complex under these conditions. At higher ratio of R:C 

(up to 100) no further change is observed with the type-II 

complex but inhibition by the type-I R2(cAMP)4 complex 

competitive vs. Serpeptide is observed. The activiation 

observed in the presence type-II R2(cAMP)4 effects neither the 

K m for Serpeptide nor the K m for MgATP. Both the activating 

affect of the type-II complex and the inhibitory effect of the 

type-I complex are dependent on the Mgf with more type-II 

activation obtained the higher the Mgf and more type-I complex 

required for inhibition the higher the Mgf. The activation 

and inhibition are discussed in terms of the mechanism of the 

protein kinase. 



TABLE OF CONTENTS 

page 

LIST OF TABLES iv 

LIST OF ILLUSTRATIONS v 

LIST OF ABBREVIATIONS vii 

Chapter 

I. INTRODUCTION 1 

II. MATERIALS AND METHODS 4 6 

III. RESULTS 58 

IV. DISCUSSION 94 

BIBLIOGRAPHY 112 

i n 



LIST OF TABLES 

Table page 

I. Substrate for cAMP-Dependent Protein Kinase .... 10 

II. Protein Substrates for Protein and 

Sequence of Phosphorylation Sites 12 

III. Inhibitor of Protein Kinase 16 

IV. Summary of Kinetic Constants from Isotope 
Partitioning 66 

V. The Velocity of the cAPK in the Presence 
or Absence of Type-II Regulatory Subunit 73 

VI. Kinetic Constnats in the Presence or Absence of 
Type-II Regulatory Subunit at 0.5 mM Mgf 82 

VII. Kinetic Constants in the Presence or Absence of 
Type-II Regulatory Subunit at 10 mM Mgf 83 

IIX. Kinetic Constnats in the Presence or Absence of 
Type-1 Regulatory Subunit at 0.5 mM Mgf 92 

IX. Kinetic Constnats in the Presence or Absence of 
Type-I Regulatory Subunit at 10 mM Mgf 93 

IV 



LIST OF ILLUSTRATIONS 

Figure page 

1. Arrangement and conformations of substrate at 
active site of protein kinase 22 

2. Alternative coil conformation for the 
enzyme-bound heptapeptide substrate of 
protein kinase 25 

3. Standard synthesis cycle for the Sam-II 
peptide synthesizer 45 

4. Saturation curve for Serpeptide at pH 7, 

100 mM Mops at high and low Mg^ 60 

5. Inhibition by Alapeptide at pH 7 62 

6. Isotope partitioning studies of MgATP- [y-^P] 
in the binary E:MgATP-[y-3 P] 65 

7. The elution profile for phospho-Serpeptide 
and Serpeptide using an 8 ml SP-Sephadex 
column 68 

8. Isotope partitioning studies of ^H-acetyl-
Serpeptide in the binary E:3H-acetyl-
Serpeptide complex 70 

9. Double reciprocal of initial velocity vs. 
Serpeptide in the presence or absence of 
R J J - C A M P at 0.5 mM Mgf and 4 mM MgATP 75 

10. Double reciprocal of initial velocity vs. 
MgATP in the presence or absence of 
Rjj'cAMP at 0.5 mM Mg^ and 0.36 mM 
Serpeptide 77 

11. Double reciprocal of initial velocity vs. 
Serpeptide in the presence or absence of 
Rjj'cAMP at 10 mM Mgf and 1 mM MgATP 7 9 

v 



12. Double reciprocal of initial velocity vs. 
MgATP in the presence or absence of R J J ' C A M P 
at 0.5 mM Mgf and 0.36 mM Serpeptide 81 

13. Double reciprocal of initial velocity vs. 
MgATP in the presence or absence of Rj'cAMP 
at 0.5 mM Mgf and 0.36 mM Serpeptide 85 

14. Double reciprocal of initial velocity vs. 
MgATP in the presence or absence of Rj'cAMP 
at 10 MM MGF and 0.36 MM Serpeptide 87 

15. Competitive inhibition by Rj'cAMP at 
saturating MgATP and 0.5 mM Mgf 89 

16. Competitive inhibition by Rj'cAMP at 
saturating MgATP and 10 mM Mgf 91 

VI 



LIST OF ABBREVIATIONS 

Alapeptide 

ADP 

ATP 

AMP-PCP 

AMP-PNP 

CAMP 

cAPK 

CIMP 

DTNB 

DTT 

FSBA. 

Mgf 

Mops 

NAD 

NADH 

8-N3-CAMP 

Nyps 

oATP 

OD 

RI 

RII 

Leu-Arg-Arg-Ala-Ala-Leu-Gly 

adenosine 5'-diphosphate 

adenosine 5'-triphosphate 

adenosine 5 ' — (j3, y-raethylene-triphosphate) 

adenosine 5' —(p, y-imido-triphosphate) 

adenosine 35'-monophosphate 

catalytic subunit of cAMP-dependent protein 
kinase 

inosine 3 ',5'—monophosphate 

5, 51-dithiobis(2-nitrobenzoic acid) 

1,4-dithiothreitol 

p-fluorosulfonyl-5'-benzoyladenosine 

uncomplexed Mg^+ concentration 

(3-(N-morpholino)-propanesulfonic acid) 

nicotinamide adenine dinucleotide 

nicotinamide adenine dinucleotide (reduced) 

8-azido-cAMP 

3-nitro-2-pyridinesulfenyl 

periodate-oxidized adenosine 51-triphosphate 

optical density 

type-I regulatory subunit of cAMP-dependent 
protein kinase 

type-II regulatory subunit of cAMP-dependent 
protein kinase 

Vll 



SDS sodium dodecyl sulfate 

Serpeptide Leu-Arg-Arg-Ala-Ser-Leu-Gly 

t-Boc tetra-butyloxycarbonyl 

Taps (3-(tris(hydroxymethyl)-methylamino-)-1-

propanesulfonic acid) 

TNB thionitrobenzoate 

Vlll 



CHAPTER I 

INTRODUCTION 

The cAMP-dependent protein kinase (EC 2. 7. 1. 37: ATP 

protein phosphotransferase) was first isolated from rabbit 

skeletal muscle by Walsh et al. in 1968 and has since been the 

subject of intensive investigation. It is the target of the 

second messenger, cAMP, and its role in the regulation of 

cellular metabolism in response to hormonal action is well 

known (Krebs, 1972; Rubin & Rosen, 1975; Cohen, 1978; Krebs & 

Beavo, 1979). The holoenzyme is an inactive heterotetramer 

composed of a regulatory dimer and two catalytic monomers. In 

the presence of cAMP binding to the regulatory dimer, the 

complex dissociates give two active catalytic monomers 

according to the following equation: 

R 2C 2 + 4cAMP^===2t R2 (CAMP) 4 + 2 C (1) 

The active catalytic subunit (cAPK) then catalyzes the 

transfer of the y-phosphate from a nucleoside triphosphate 

(usually MgATP) to a serine or threonine residue of a protein 

substrate according to: 



Protein + MgATP-^ —^Protein-P + MgADP (2) 

The Regulatory Subunit of cAMP-Dependent Protein Kinase. 

There are two types of cAMP-dependent protein kinase based 

largely on differences in the regulatory subunit called Type-I 

(Rj) and Type-II (RJI)• The types were so named as a result 

of their relative elution from a DEAE column. The major 

function of both types of regulatory subunit has been thought 

to inhibit of the cAPK activity by binding tightly to the cAPK 

to form the R2C2 tetramer. Recently, however, Khatra et al. 

(1985), in an in vitro study, have shown that the RJJ, in the 

presence of cAMP, is an effective inhibitor of phosphatase 

activity. 

Erlichman et al. (1974) reported that RJJ can be 

phosphorylated by cAPK, with a stoichiometry of 2 moles of 

phosphate apparently in the cAMP-binding component. This 

phosphorylation results in a more facile cAMP-induced 

dissociation of the holoenzyme and does not appear to alter 

binding of cAMP to the holoenzyme. Extension of these studies 

by Hofmann et al. (1975) suggested that only the RII; and not 

Rj can be phosphorylated. In addition, these authors reported 

that the type-I holoenzyme, with MgATP bound, had a 10-fold 

increased dissociation constant for cAMP while phosphorylation 

of the type-II holoenzyme decreased the dissociation constant 

for cAMP 5- to 6-fold. 

Granot et al. (1980) investigated directly the 



interaction of type-II catalytic and regulatory subunits using 

magnetic resonance techniques. They found that the holoenzyme 

binds ADP and MgADP with a five-fold greater affinity than 

does cAPK. However, the cAPK binds Serpeptide, a heptapeptide 

substrate of the protein kinase, while the holoenzyme does 

not, suggesting that the regulatory dimer binds to the protein 

substrate binding site of the cAPK, as suggested previously by 

Demaille et al. (1977). 

Armstrong & Kaiser (1978) investigated the interaction of 

the R-J-J dimer and cAPK from bovine heart in the absence and 

presence of saturating cAMP. They found that the isolated 

cAPK is inactivated by modification with DTNB (5, 5'-dithio-

bis(2-nitrobenzoate)), a sulfhydryl reagent (Peters et al., 

1977). The regulatory subunit protects cAPK from DTNB 

modification in the absence of cAMP but the presence of 

saturating cAMP results in a more rapid DTNB inactivation 

compared to cAPK alone. These results have provided the best 

evidence for interaction between cAPK and the regulatory 

subunits in the presence of saturating cAMP. To account for 

this, Armstrong & Kaiser postulated the existence of an 

intermediate complex containing cAMP, regulatory dimer, and 

cAPK as shown in eq. 3: 

R 2C 2 + 4cAMP-^==^R 2 (cAMP) 4 C 2 ^
 R2 ( c A M P> 4 + 2 C <3) 

The regulatory subunits have been isolated to homogeneity 



by affinity chromatography with 8-(6-aminohexyl)-cAMP agarose 

(Dills et al., 197 9; Ramseyer et al., 1974), N®-(2-aminoethyl) 

-cAMP agarose (Ramseyer et al., 1974; Dills et al., 1976), or 

N®-(6-aminohexyl)-cAMP agarose (Pieke et al., 1975) column 

chromatography, eluting with cAMP. It is also possible to 

elute the regulatory subunits using a high (2 to 8 M) 

concentration of urea in the elution buffer (Builder et al., 

1980; LaPorte et al., 1980). 

Early reports (Beavo et al., 1975; Rosen et al 1975) 

suggested that both the holoenzyme and the isolated regulatory 

subunit bind one mole of cAMP per regulatory subunit monomer, 

irrespective of the species, tissue type or preparation of the 

subunit (Nimmo et al., 1977). In most of these studies, 

however, binding was measured by Millipore filtration as 

described by Gilman (1970) or Gill & Garren (1970). Utilizing 

equilibrium dialysis and modified Millipore filtration 

techniques, Corbin et al. (1978) reported that two moles of 

cAMP were bound by each mole of heart RJJ monomer. Builder et 

al. (1980) confirmed this stoichiometry of 2 for both R-j- and 

Rjj using equilibrium dialysis, changes in UV absorbance, 

quenching of 1, N6-etheno-cAMP, and Millipore filtration 

techniques. They also found that the Millipore filter paper 

caused release of one—half of the cAMP which had already bound 

to the regulatory subunit accounting for the discrepancy of 

earlier reports. Each regulatory subunit has been shown to 

contain two intrachain sites referred to as site I (high 



affinity) and site II (low affinity) (Rannels et al., 1980; 

Builder et al., 1980). At present, it is still uncertain 

which site (or sites) when occupied is responsible for cAPK 

activity, but it is clear that the type-I and type-II 

holoenzyme exhibit differences in cyclic nucleotide analog 

specificity (Yagura et al., 1980) and the effects of MgATP on 

cAMP binding (Hoppe et al., 1977). The study of the binding 

of cAMP analogs on activation of cAPK suggests that the site I 

and site II of one isozyme are quite similar, and perhaps 

homologous to the corresponding sites of another isozyme 

(Rannels et al., 1980). 

Cyclic nucleotide analogs with modification at C-8 of the 

purine ring have a preference for site I, whereas, analogs 

with modification of C-6 of the purine ring prefer site II 

(Rannels et al., 1980). It is possible that site I binding 

either requires the amino group at position 6 for hydrogen 

bonding or other interaction, or that a bulky substitutent at 

this position imposes spatial restraints. By the same 

reasoning, modification at C-8 could restrict binding at site 

II. It is also possible that a specific conformation of the 

nucleotide directs site selectivity. Bulk substitution at 

position 8 is thought to result in a predominant "syn" 

configuration (Hoppe et al., 1978) while Ng—substituted cAMP 

molecules are thought to be in an "anti" conformation (Hoppe & 

Wanger, 1974). Several studies were carried out to test the 

function(s) of the intrachain cAMP-binding sites. Binding to 
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site II of analogs such as [%]-cIMP is stimulated by the 

binding of site I preferring analogs, so that at least one 

function of site I appears to be induction of binding to site 

II (Corbin et al., 1981). Rannels et al. (1981) have shown 

that the reverse is also true so that there is a cooperative 

link between the two sites. 

The 8-N3-CAMP is a highly specific photoaffinity probe 

for the regulatory subunit of cAMP-dependent protein kinase 

and can be used to label the regulatory subunit selectively in 

crude extracts (Haley, 1975; Pomerantz et al., 1975). 

Kerlavage & Taylor (1980) have used 8-N3-CAMP to probe the 

cyclic nucleotide binding and to identify which amino acid 

residue(s) is (are) involved in the cAMP binding to R j j . They 

found that only one amino acid residue, tyrosine-381, was 

covalently modified by 8-N3-CAMP. Bubis & Taylor (1985) used 

the same technique to study the Rj. They found that two amino 

acid residues, proline-271 and tyrosine-371, were covalently 

modified by 8-N3-CAMP. 

Since the regulatory subunit exists in dimeric form 

(Rannel et al., 1980; Zick et al., 1979), it was not known 

whether the cooperativity of cAMP binding is manifested by 

intrasubunit, intersubunit, or both types of interactions. 

The early studies of Sugden & Corbin (1979) indicated that 

endogenous proteolysis or trypsin treatment of the native rat 

liver type-Il holoenzyme (R;^) r e s u l t s i n a n R' c complex in 

which the dimerization domain of the regulatory subunit is 



lost but the cAPK binding site is retained. This R C complex 

is activated normally by cAMP. Weber & Hilz (1979) and Takio 

et al. (1983) suggested that chymotrypsin activity against the 

purified regulatory subunit may closely resemble the type of 

endogenous proteolysis shown for the liver holoenzyme. 

Rannels et al. (1985) reported on the basis of SDS-PAGE that 

when purified bovine heart type-II holoenzyme was treated with 

trypsin, the product is a dimer containing one intact cAPK and 

a proteolyzed regulatory subunit of Mr. 48,000 that binds cAMP 

cooperatively. The above data have suggested that (1) 

proteolytic cleavage of the native regulatory dimer can cause 

monomerization without affecting the inhibition or activation 

of cAPK, (2) essentially all of the cAMP binding cooperativity 

is a result of intrasubunit interaction within the R2 dimer, 

and (3) the N-terminus of the regulatory monomer is 

responsible for the dimerization domain. Reimann (1986) 

showed further that the dimerization domain of bovine RJJ is 

much closer to the N-terminus than expected. Specifically, 

removal of only 45 residues is sufficient to eliminate dimer 

formation. 

The complete amino acid sequence has been determined for 

RJJ from bovine heart (Takio et al., 1984a) and for RJ from 

bovine skeletal muscle (Takio et al., 1984b). Based on the 

amino acid sequence, RJ contains 37 9 amino acid residues 

corresponding to a molecular weight of 42,804, whereas, RJJ 

contains 400 amino acid residues corresponding to a molecular 
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weight of 45/004. From the initial sequence of both types of 

regulatory subunit, it is clear that the molecule contains two 

in-tandem gene duplication sequences in the carboxy-terminal 

region, consistent with two cAMP binding sites, and that the 

two homologous regions were also homologous with the sequence 

of the cAMP binding domain of CAP, a cAMP-dependent gene 

regulatory protein from Escherichia coli (Weber et al., 

1982) . 

The Catalytic Subunit of cAMP-Dependent Protein Kinase: 

The cAPK is thought to be responsible for all of the known 

catalytic activity and substrate specificity exhibited by the 

cAMP-dependent protein kinase. Most studies of this enzyme's 

action were performed by using isolated cAPK to avoid the 

complicating effect of the regulatory subunit. The mammalian 

protein has been purified to homogeneity from bovine liver 

(Sugden et al., 1976), bovine heart (Erlichman et al., 1973; 

Armstrong et al., 1979; Hofmann et al., 1977; Peter et al., 

1977), bovine adrenal cortex (Steiss et al., 197 9), rabbit 

skeletal muscle (Beavo et al., 1974; Bechtel et al., 1977), 

rabbit liver (Peter et al., 1977), rat skeletal muscle (Kinzel 

et al., 197 6), porcine skeletal muscle and gastric mucosa 

(Taylor et al., 1978). The cAPK isolated from either type-I 

or type-II isozymes appear to have similar chemical (Sugden et 

al., 1976; Peter et al., 1977; Zoller et al., 1979), physical 

(Hofmann et al., 1975; Sugden et al., 1976; Bechtel et al., 



1977; Taylor et al., 1978; Zoller et al., 1979), catalytic 

(Sugden et al., 1976; Hofmann et al., 1977; Peter et al., 

1977; Bechtel et al., 1977), and immunological (Reimann et 

al., 1978) properties, as well as similar values for MgATP 

and protein substrate (Sugden et al., 1976; Hofmann et al., 

1977), and the ability to interact with either Rj or RJJ 

(Yamamura et al., 1971; Yamamura et al., 1973). Peter et al. 

(1977) found that this enzyme is composed of three major 

isozymes which have similar molecular weights (39,000 to 

42,000 daltons) but different isoelectric points (pi = 7.01, 

7.48, 7.78) as shown by isoeletric focusing. Uhler et al. 

(1986) and Uhler & McKnight (1987) reported the cloning of 

cDNAs coding for two isoforms of cAPK. These two isoforms, 

referred to as C a and Cp, are encoded by distinct mRNAs and 

Genes. They are 91% identical in amino acid sequence but 

depressed in tissue-specific: manner. 

The cAPK has a very broad protein substrate specificity 

in vitro. Beavo & Krebs (1979) have carefully studied the 

substrates of cAPK, and based on the results, the substrates 

have been designed as "physiological", "probably 

physiological" or "nonphysiological" as shown in Table I. The 

molecular basis for the protein and peptide substrate 

specificity of cAPK in vitro appears to lie in part in the 

requirement of this enzyme for a pair of basic amino acids on 

the amino terminal side of phosphorylated serine/threonine 

(Kemp et al., 1975; Daille et al., 1975; Kemp et al., 1976). 
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Table I: Substrates of cAMP-Dependent Protein Kinase 

Physiologic 

Substrate 

Possible 

Physiological Substrate 

Nonphysiological 

Substrate 

Phosphorylase kinase 

Glycogen synthase 

Hormone-sensitive 
lipase 

Pyruvate kinase 

Troponin I 

Histone 

Phospholamban 

Fructose diphosphatase 

Diglyceride lipase 

Phosphatase inhibitor-I 

Regulatory subunit-II Phosphofructokinase-1 

Cholesterol esterase Reverse transcriptase 

Acetyl-CoA carboxylase Protamine 

Tyrosine hydroxylase S-6 ribosomal protein 

ATP—citrate lyase Myelin basic protein 

phosphofructokinase—1 HMG—CoA reductase kinase 

Casein 

RCMM-lysozyme 

RNA polymerase 

eIF-2 

cGMP-dependent 
protein kinase 

Artificial 
peptides 
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Furthermore, Thomas et al. (1987a, b) and Bramson et al. 

(1987) reported that the amide proton at position 2 and 4 are 

crucial for recognition of peptide by cAPK. 

Substrate Specificity of cAMP-Dependent Protein Kinase. 

Although a number of proteins can be phosphorylated by cAPK, 

these proteins have quite different amino acid sequences and 

tertiary structures. The principal features of the substrates 

responsible for determining cAPK specificity remained an 

enigma until an important clue was provided by the observation 

that the native chicken lysozyme (Bylun et al., 1975) and pig 

liver pyruvate kinase (Humble et al., 1975), poor substrates 

for the cAPK, were rapidly phosphorylated after denaturation. 

The phosphorylation sites of many protein substrates of cAPK 

have since been identified and sequenced; a list is provided 

in Table II (Carlson et al., 1979). 

The importance of the amino acid sequence in determining 

substrate specificity of cAPK has been confirmed by a variety 

of approaches. Experiments using genetic variants of casein 

and peptide analogues of portions of sequence surrounding 

phosphorylated residues of natural substrates have proven to 

be most useful. For instance, substitution of arginine for 

serine residue 122 in a variant of [3-casein produced a 70-fold 

increase in the rate of phosphorylation at serine 124 (Kemp et 

al., 1975). Thus, a single amino acid substitution can have 

dramatic impact on specificity. 
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Table II: Protein Substrate for Protein Kinase and Sequence 

of Phosphorylation Sites 

Substrate Sequence 

Phosphorylase kinase ((3-subunit) 

Phosphorylase kinase (a-subunit) 

Glycogen synthase (site 1) 

Glycogen synthase (site 2) 

Pyruvate kinase 

Histone HI 

Histone H2a 

Histone 2b 

Protein phosphatase inhibitor 

Troponin I (rabbit muscle) 

Troponin I (rabbit heart) 

Myelin basic protein 

(3-Casein-B 

Protamine (site 1) 

Protamine (site 2) 

Protamine (site 3) 

A-R-T-K-R-S-G-S(P)-V-T-E-P-L 

F-R-R-L-S(P)-I-S-T-E-S-Z 

K-S-N-S(P)-V-D-T-S-S-L-R 

K-R-A-S(P)-R 

G-V-L-R-R-A-S(P)-Z-L 

A-K-R-K-A-S(P)-G-P-P-V-S 

A-K-T-R-S-S(P)-R-A 

R-K-R-S(P)-R-K-E-S(P)-Y-S-V-Y 

P-K-K-G-S(P)-K-A 

I-R-R-R-R-P-T(P)-A-T 

V-R-M-S(P)-A-D-A-M 

R-Q-H-L-K-S(P)-V-M-Q-L 

V-R-R-S(P)-D-R-A-Y-A 

R-V-R-I-S(P)-A-D-A-M-M 

P-S-Q-R-H-G-S(P)-K-Y-L-A 

G-R-G-L-S(P)-L-S-R 

R-H-R-D-T(P)-G-I 

F-T-E-R-Q-S(P)-L-T-L-T-D 

R-R-R-R-S-S-S(P)-R-P-I-R 

R-R-A-S(P)-R-P-V-R 

R-R-R-R-S(P)-R-R-A 
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The use of synthetic peptides has done most toward 

identifying the residues crucial for substrate recognition. 

One of the first peptides was made by Daile et al. (1975). 

They examined the phosphorylation of the synthetic peptide, 

Gly-Arg-Gly-Leu-Ser-Leu-Ser-Arg, which is equivalent to amino 

acid residues 106-113 in the basic protein of human myelin 

(Carnegie., 1971). Only the serine residue between the two 

leucyl residues is phosphorylated in either the peptide or the 

protein. Kinetic studies gave a of 240 |IM for the peptide 

and 53 |LLM for the protein, with V m a x values of 0.3 and 0.07 mol 

of incorporated per minute, respectively. Zetterquist et 

al. (1976) also synthesized peptides, representing the 

phosphorylation site of rat liver pyruvate kinase. The 

shortest peptide to be phosphorylated by cAPK which they 

prepared was Arg-Arg-Ala-Ser-Val, with a K m of 0.08 mM. 

However, Leu-Arg-Arg-Ala-Ser-Val with a K m of 0.02 mM and 

Leu-Arg-Arg-Ala-Ser-Val-Ala with a K m less than 0.01 mM were 

much better substrates. Peptides in which threonine was 

substituted for serine, or in which leucine was substituted for 

either one of the arginines of the pentapeptide, were not 

detectably phosphorylated. Substitution of phenylalanine for 

valine increased, while substitution of lysine or glycine for 

valine considerably decreased the rate of phosphorylation. 

Following the discovery that Leu-Arg-Arg-Ala-Ser-Val-Ala 

is phosphorylated by cAPK with a low and a high V m a x, a 

large number of peptides have been synthesized in order to 
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determine which structural features of such peptides are 

important for recognition by cAPK. It has been reported that 

Leu-Arg-Arg-Ala-Ser-Leu-Gly, representing the phosphorylation 

site of pig liver pyruvate kinase (Hjelmquist et al., 1974), is 

phosphorylated with a of 16 fXM and V m a x of 20 |Amol/min/mg 

enzyme (Kemp et al., 1977). These authors also found that 

substitution of either of the two arginine residues with 

alanine increased the K m more than 100-fold. They suggested 

that both arginine residues appear to be essential since 

peptide analogs containing lysine, histidine, or homoarginine 

in place of one of the arginines have higher K m values (15- to 

80-fold) than the parent peptide. Replacement of the serine 

with threonine resulted in a 37-fold higher but deletion of 

either the N-terminal leucine or the C-terminal glycine had 

little effect on the kinetic parameters. The optimal number of 

amino acids between the basic residues and serine was 

determined by synthesizing the complete series of dodeca-

peptides with the form (Gly)g_n-Arg-Arg-(Gly)n-Ala-Ser-Leu-Gly, 

when n = 0 , 1, 2, 3, 4, or 5, and then determining the kinetic 

constants for phosphorylation of each peptide by cAPK 

(Feramisco et al., 1980). The peptide, (Gly)g-Arg-Arg-Ala-Ser-

Leu-Gly, with a similar sequence to Serpeptide, Leu-Arg-Arg-

Ala-Ser-Leu-Gly, is the best substrate in this series. 

A naturally occurring heat stable protein inhibitor of 

protein kinase was discovered by Walsh et al. (1971) and 

purified from rabbit skeletal muscle (Demaille et al., 1977). 
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This inhibitor has a molecular weight of 11,300, and it binds 

to the cAPK with a Kj_ of about 2 nM. Peptide inhibitors have 

also been synthesized. Feramisco & Krebs (1978) chose the 

sequence of the peptide substrate Leu-Arg-Arg-Ala-Ser-Leu-Gly 

as the basis for designing inhibitors since it is 

phosphorylated with a low and a high Vmax. They 

synthesized a number of peptides, replacing the serine of 

Serpeptide with various other amino acids. A list of these 

peptides is shown in Table III. The best inhibitor among those 

was Leu-Arg-Arg-Ala-Ala-Leu-Gly, referred to as Alapeptide, 

which competitively inhibited the phosphorylation of Serpeptide 

with a K.j_ of 4 90 HM, much greater than the Km of Serpeptide (16 

|IM) . It is probable that either the hydroxyl group of serine 

is critical for binding or the for Serpeptide is 

considerably higher than the K m for its phosphorylation. 

Feramisco & Krebs (1978) also synthesized Na-[^H]-acetyl-Ser-

peptide and using equilibrium dialysis, obtained a of about 

250 JJ.M, whereas the Km for this peptide is about 3 |iM. 

Thus, either substrate synergism exists (if = Kd) or some 

steps after release of the first product limits the overall 

rate. 

In summary, the primary structure of the protein substrate 

plays a vital role in determining the specificity of cAPK. 

Specifically, phosphorylation occurs at residues that are 

preceded by two or three basic amino acid side chains 

separated by a small hydrophobic residue. 
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Table III: Inhibitor of Protein Kinase 

Sequence % (|XM) 

Leu-Arg-Arg-Ala-Ala-Leu-Gly 490 ± 10 

Leu-Arg-Arg-Ala-Val-Leu-Gly 810 ± 70 

Leu-Arg-Arg-Ala-His-Leu-Gly 2150 ± 350 

Leu-Arg-Arg-Ala-Asp-Leu-Gly 2150 ± 320 

Leu-Arg-Arg-Ala-Gly-Leu-Gly 1670 ± 130 

Leu-Arg-Arg-Ala-Asn-Leu-Gly 1090 + 580 

Arg-Arg 3080 ± 400 

Ac-Leu-Arg-Arg-Ala-Ala-Leu-Gly 620 ± 50 

protein kinase heat-stable inhibitor 0.002 

*A11 of these inhibitors inhibit protein kinase catalyzed 

phosphoryl group transfer competitively with respect to peptide 

or histone substrate 
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The Conformation of Metal-Nucleotide Bound in the Protein 

Kinase Active Site: The cAPK requires a divalent metal ion in 

order to catalyze phosphoryl group transfer (Krebs, 1972; 

Shizuta et al., 1975) . The enzyme can use Mg2+, Mn 2 + and Co2+, 

but the effects of each vary depending on the experimental 

condition and the source of the enzyme (Reimann et al., 1971). 

Armstrong et al. (1979a) investigated the interaction of the 

cAPK with Mn 2 + using NMR techniques. They found that in the 

absence of nucleotides, the enzyme binds Mn 2 + very weakly. The 

binding of ADP or AMP-PCP to cAPK caused the appearance of two 

tight Mn 2 + binding sites, while the presence of the 

substitution-inert complex Co(NH3)4ATP (a competitive inhibitor 

vs. MgATP) resulted in only one Mn 2 + binding site on the 

enzyme. This suggests that the tighter of the two Mn 2 + binding 

sites in the E:ADP and E:AMP-PCP complexes is on the enzyme 

9 4-

bound nucleotide while the more weakly bound Mnz is on the 

protein, but near the nucleotide (Armstrong et al., 197 9a; 

Granot et al., 1979). Kinetic studies indicated that the 

second Mn 2 + or Mg 2 + is an inhibitory site for the 

phosphotransferase reaction with inhibition of 50-fold and 

5-fold for Mn 2 + and Mg2+, respectively (Armstong et al., 1979b; 
Cook et al., 1982) . 

Using the paramagnetic enhancement technique in the NMR, 

Granot et al. (197 9) determined the distance between Mn 2 + and 

nine atoms of the molecule CofNH^^ATP while these molecules 

were bound in the cAPK active site. On the basis of molecular 
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model building and computer analysis, they found that there 

were two possible conformations for CofNHg^ATP in the enzyme 

active site. The major difference between the two conformations 

is the torsional angle at the glycosylic bond: one conformation 

yielded %= 84 ± 10° (anti-conformation) and the other yielded % 

= 284 ± 10° (syn-conformation). Rosevear et al. (1983) employed 

the Nuclear Overhauser Effect (NOE) to distinguish between 

these two possibilities. They reported that for enzyme-bound 

C O ( N H 3 ) 4 A T P the only NOE observed from a ribose proton to an 

adenine proton was from ribose H 2 to adenine Hg. From their 

measurements, they concluded that ribose H'2 is at least 52 % 

farther from adenine H2 than from adenine Hg and, therefore, 

C O ( N H 3 ) 4 A T P must have an anti-conformation when bound in the 

cAPK active site. Granot et al. (197 9) also found that the 

cAPK could catalyze phosphoryl group transfer from the A isomer 

of {3, y- bidentate CO(NH3)4ATP to Serpeptide at a rate of 0.1 % 

compared with MgATP, while X isomer apparently had no 

detectable rate. In addititon, Bolen et al. (1980) showed that 

the enzyme utilized the "A" isomer of MgATP|3s at a rate equal 

to MgATP but at a rate 50 times greater than that of the "B" 

isomer. When Cd 2 + was used in place of Mg2 + , the ATPjJs "B" 

isomer was utilized 20-fold greater than the "A" isomer. Jaffe 

& Cohn (1978) have shown from ^lp NMR studies that Cd(II) 

preferentially chelates ATPFIS and A T P Y S through the sulfur atom 

while Mg(II) preferentially chelates the same ATP analogs 

through the oxygen atom of the thiophosphoryl groups. Because 
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of these metal ion preferences, (3, y-bidentate MgATP|3s "A" and {3, 

y-bidentate CdATP(3s "B" are expected to be geometrically 

equivalent and both are thought to have the same geometry as 

the A isomer of J3,y-bidentate CofN^^ATP. From these facts, 

it may be concluded that protein kinase utilizes the |3, 

y-bidentate MgATP "A" isomer as shown below in the geometric 

illustration. 

>P—\ / 
0 \ 2H 

Mg cjr N o- AMP 

The Conformation of the Peptide Substrates in the Protein 

Kinase Catalytic Site: The conformation of the enzyme-bound 

peptide substrates on cAPK has been studied by NMR in 

quaternary complexes of the type 

Peptide-enzyme-RMPPCP-CotNHx^ 
\ / 

M l , 2 + i nh 

Granot et al. (1981) studied the conformation of the peptide 

substrates Leu-Arg-Arg-Ala-Ser-Leu-Gly (Serpeptide) and 

Leu-Arg-Arg-Tyr-Ser-Ala-Gly, in addition to the inhibitor 
* 

Leu-Arg-Arg-Ala-Ala-Leu-Gly (Alapeptide). They found that the 

measured distances were not compatible with either a-helix or 

jj-pleated-sheet conformations of the enzyme-bound heptapeptide. 
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The only two possible secondary structures consistent with the 

measured distances were (3-turns and coils. Based on Chou & 

Fasman (1979) models that predicted (3-turns in proteins, there 

are four (5-turns possible for the enzyme-bound Serpeptide, 

namely, Leu^-Arg^-Arg^-Ala4 ( | 3 1 _ 4 ) f Arg^-Arg^-Ala4-Ser^ (P2-5) r 

Arg3-Ala4-Ser5-Leu6 (^3-5)/ and Ala4-Ser5-Leu6-Gly7 (P4-7)• 

Zetterquist et al. (197 6) and Kemp et al. (1977) have reported 

that peptides with Leu-'- or Gly7 deleted are still good 

substrates for cAPK. This ruled out P^_4 and $4-7 turns as 

possible conformations. The P^_4 turn is also incompatible 

with the substrate activity of Pro4 heptapeptide, in which 

Ala4 is replaced with Pro4 in Serpeptide, since proline cannot 

donate an N-H for a hydrogen bond in the | 3 - t u r n (Fermascio et 

al., 1979a). Fermascio et al. (1979b) reported a peptide in 

which Ser^ has been replaced by hydroxyproline^. This peptide 

is phosphorylated by cAPK with very poor kinetic parameters but 

argues against P2-5 turn as probable. Thus, Granot et al. 

(1981) suggested that a ^3-5 turn or a coil conformation 

comprise the best possible secondary structure for the 

enzyme-bound peptide as shown in Fig. 1. Kemp et al.(1979) 

have reported that synthetic peptides containing a 

phosphorylatable Thr residue followed by a proline is a 

substrate, although not a good one, for cAPK. There are in 

addition two proteins that act as substrates containing 

similarly located proline residues (Cohen et al., 1977; Sung et 

al., 1970). In addition, the peptides Leu-Arg-Arg-Ala-Ser-Leu 
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Figure 1: Arrangement and conformations of substrates at 

active site of protein kinase concomitant with distances 

determinated by NMR. (A) ^3_g turn conformation for the 

peptide; (B) coil conformation for the peptide. 
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-Gly (Kemp et al., 1977), Leu-Arg-Arg-Pro-Ser-Leu-Gly 

(Feramisco et al., 1979b), Leu-Arg-Arg-Tyr-Ser-Leu-Gly (Granot 

et al., 1981) and Leu-Arg-Arg-Trp-Ser-Leu-Gly (Wright et al., 

1981) have all been shown to be phosphorylated by cAPK with 

similar kinetic parameters. According to the Chou & Fasman 

(1979) models of |3-turns, these peptides have widely varying 

potentials for forming £3-6 turns. If a $3-5 turn was required 

for binding to enzyme, then the above peptides should have 

different reactivity. Thus, the ^3-5 turn structure is not 

obligatory and Granot et al. (1981) concluded that if enzyme 

has an obligatory conformational requirement for the peptide/ 

protein substrates in the active site, the structure must be a 

coil. 

Rosevear et al. (1984) also used NMR studies of 

pentapeptide (Arg-Arg-Ala-Ser-Leu) and heptapeptide (Leu-Arg-

Arg-Ala-Ser-Leu-Gly) substrates bound to the cAPK. Their 

results excluded not only the a-helix and |3-pleated-sheet 

conformations but also all of the possible p-turns within the 

bound heptapeptide substrates. Based on the skeletal and 

space-filling models, they found two possible coil structures 

that fit the bound heptapeptide substrate as shown in Fig. 2. 

Bramson et al. (1987) have repeated the experiments of 

Rosevear et al. (1984) using N-methylated heptapeptides as 

bound substrates. They suggest that, when bound in the enzyme 

active site, Serpeptide has a conformation that resembles 

structure A much more closely than structure B. 
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Figure 2: Alternative coil conformation for the enzyme-bound 

heptapeptide substrate of protein kinase. Model consistent 

with all of the measured distances were built with Mn^+ and 

Cr3+ reference points either on the left (A) or on the right 

(B) of the peptide chain. 
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Kinetic Mechanism of cAMP-Dependent Protein Kinase: A 

number of attempts have been made to define the kinetic 

mechanism of the cAPK. Moll & Kaiser (197 6) studied the 

kinetic mechanism of cAPK using histone as a substrate. They 

found the double reciprocal plots of the initial rate against 

either histone or MgATP gave parallel lines. As a result, the 

authors suggested that the phosphoryl group transfer involves a 

ping-pong type mechanism even though the phosphoenzyme 

intermediate could not be detected. Kochetkov et al. (1977) 

obtained results similar to Moll & Kaiser (197 6) . In 

addition, they found that a histidyl residue was labeled after 

incubation with MgATP- [y-32P], and that the phosphoryl group 

could be transferred in a second reaction to the protein 

substrate. There are no other reports of a phosphoenzyme 

intermediate in spite of a number of attempts to find one. 

Pomerantz et al. (1977) and Matsuo et al. (1978a) showed 

intersecting double reciprocal plots of initial velocity vs. 

both MgATP and histone ruling out the ping-pong mechanism at 

least as the major pathway. Furthermore, product inhibition by 

MgADP is competitive against MgATP but noncompetitive against 

histone, whereas phosphohistone is competitive against histone. 

Based on these results, the author strongly suggested that the 

random bi-bi mechanism is most compatible with the reaction of 

cAPK. This proposal is further supported by the observation 

that polyarginine, a dead end inhibitor vs. histone, is 

competitive againt histone and noncompetitive against MgATP 
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(Matsuo et al., 1978b). 

A number of studies have been reported using the 

heptapeptide, Serpeptide also known as Kemptide. Feramisco 

(1978) reported that initial rate data gave parallel lines in 

double reciprocal plots vs. Serpeptide or MgATP, but the 

product inhibition by MgADP was competitive against MgATP and 

uncompetitive against Serpeptide, whereas phospho-Serpeptide 

was noncompetitive against both MgATP and Serpeptide. The dead 

end inhibitor, Alapeptide, was competitive with Serpeptide and 

uncompetitive with MgATP, and MgAMP-PNP was competitive against 

MgATP and uncompetitive with Serpeptide. Based on these 

results, Feramisco suggested a ordered bi-bi mechanism as the 

predominant kinetic mechanism. Feramisco & Krebs (1978) 

reported that the for N-acetyl-Serpeptide is 250 .̂M when 

obtained in the presence or absence of Mg 2 + and adenyl-5'-yl 

-imidodiphosphate but the peptide has an K m of 3 |AM. This 

ruled out a rapid equilibrium process. 

Bolen et al. (1980) also suggested that the mechanism was 

compulsory ordered with addition of MgATP prior to Serpeptide. 

The pattern obtained by Bolen et al. (1980) however, are also 

consistent with several other possibilities including a 

Theorell-Chance mechanism in which Serpeptide is added before 

MgATP with a rapid release of MgADP, or MgATP is added before 

Serpeptide with rapid release of phospho-Serpeptide or an 

ordered mechanism. Cook et al. (1982) proposed that the 

mechanism involved random addition of Serpeptide and MgATP with 
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an apparent ordered release of phospho-Serpeptide and MgADP, 

and that the mechanism does not depend on the concentration of 

Mg that is uncomplexed to ATP. In addition, substrate 

inhibition was observed by Serpeptide at concentrations above 

0.5 mM and were suggested to be a result of formation of an 

E:Serpeptide:MgADP complex. These and other data indicated 

that the release of MgADP is a rate limiting (or partially 

limiting) step, since the for phospho-Serpeptide is > 30 mM 

(Granot et al., 1981) suggesting that this product binds very 

weakly and is probably released quickly with respect to 

catalysis. 

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

proposed an ordered mechanism in which the nucleotide binds 

first. In addition, substrate inhibition by Serpeptide was 

also observed and attributed to the formation of a E:Serpeptide 

nonproductive binary complex. The later was also observed in 

equilibrium dialysis studies. Reed et al. (1985) reported, 

based on CD studies, that binding of the peptide substrate 

involves a series of at least two independent conformational 

changes in the enzyme, and suggested that the ordered mechanism 

is predominant for cAPK. 

At the present time, most researchers agree that the 

kinetic mechanism of cAPK is a sequential mechanism, but 

whether ordered or random is still uncertain. 

Chemical Modification of cAMP-Dependent Protein Kinase. A 
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number of chemical modifications have been used to probe the 

active site of cAPK. Modification of the sulfhydryl groups of 

cAMP-dependent protein kinase has been studied extensively as a 

result of the high reactivity. Modification using DTNB has 

been reported by several laboratories. Armstrong & Kaiser 

(1978) found that two cysteine residues of cAPK can be modified 

by DTNB and that the rate of inactivation is a biphasic 

process, in agreement with the finding of Peter et al. (1977). 

Kupfer et al. (1980) have shown that modification of cAPK with 

DTNB is dependent on ionic strength. At an ionic strength of H 

= 0.03 the kinetics of the reaction are biphasic, while at an 

ionic strength of H = 0.22, it becomes a monophasic process. 

Jimenez et al. (1980) extended these studies to show that when 

increasing the ionic strength of the medium from 0.03 to 0.22, 

one -SH group of cAPK, referred to as SHj, became more reactive 

toward DTNB, while another -SH group, referred to as S H J J , 

became less reactive toward the same reagent. They also found 

that increasing the ionic strength caused the K m values for 

both histone and MgATP to increase from 3- to 4-fold while V m a x 

remained the same. Thus, they suggested that cAPK had different 

conformations while in enviroments of different ionic strength. 

In addition, MgATP protected cAPK from inactivation by DTNB, 

specifically preventing modification of S H J J , but not affecting 

the reactivity of SHj. In the presence of magnesium acetate, 

saturating concentrations of either ATP or AMP-PNP afforded 

much better protection from DTNB inactivation than did ADP or 
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AMP. Thus, Jimenez et al. (1980) suggested that SHjj is 

associated with the y-phosphoryl subsite of the ATP binding 

site of the protein kinase. 

Kupfer et al. (1982) reported that the protein substrates 

histone 2b and protamine, instead of protecting the enzyme from 

inactivation, increased the DTNB inactivation rate. In 

addition, Serpeptide was favored to enhance the chemical 

reactivity of SHjj without affecting SHj. Histone, protamine 

and Serpeptide are all positively charged and thus it was 

proposed that upon binding to the enzyme these substrates could 

"channel" the negatively charged DTNB into the binding site. 

To test this hypothesis, cAPK was modified with two uncharged 

disulfides, 2,2'-dithiopyridine and 2,2'-dithiobis(5-nitro-

pyridine) as well as the negatively charged 6,6'-dithio-

dinicotinic acid and DTNB. Enzyme was inactivated by all the 

four reagents, in all cases the inactivation could be reversed 

by reaction with 2—mercaptoethanol, and MgATP protected the 

enzyme from inactivation by all of the four reagents. However, 

the stimulatory effects of positvely charged protein substrates 

on the inactivation rate were restricted only to the negatively 

charged disulfides. Based on these results, the authors 

concluded that the SHjj was an active site residue. 

Nelson & Taylor (1983) used [14C]-iodoacetic acid to 

modify cAPK and found that alkylation of the free cAPK resulted 

in a loss of activity because of alkylation of both cysteine 

residues, Cys-199 and Cys-343. The nucleotide substrate, 
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MgATP, but not Serpeptide, completely protected the enzyme from 

inactivation. Furthermore, no loss of activity was observed 

following alkylation of the holoenzyme, which was found to be 

selectively modified at Cys-343 while Cys-199 was not modified. 

Thus, S H J J was identified as the essential Cys-199 while 

Cys-343 is not essential for enzymatic activity. 

Whether the sulfhydryl group plays an essential role in 

catalysis is still unclear. Peter et al. (1977) suggested that 

the -SH group is only near the active site and not required for 

catalysis, since the S-cyanylated cAPK still retained 63% 

activity. They suggested that modification with bulkier 

sulfhydryl reagents such as DTNB leads to inactivation by 

steric hindrance. However, Bramson et al. (1982) showed that 

the thiomethylated enzyme was completely inactive. Since the 

methyl group is similar in size to the cyano group, it appears 

that steric hindrance alone cannot provide a good explanation 

for the loss in enzymatic activity. On the basis of these 

results, Nelson & Taylor (1983) hypothesized that the chemical 

properties of the cyanylated Cys residue in contrast to the 

other modifying groups still allow it to carry out a role 

similar to that of the unmodified cysteine residue. 

Matsuo et al. (1980) reported that the cAPK could be 

inactivated by 3-(3-dimethyl-aminopropyl)-1-ethylcarbodiimide 

and glycine ethyl ester at pH 6.5, reagents showing some 

selectivity for modifying carboxyl groups. The enzyme can be 

protected from inactivation by histone or polyarginine (a 
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competitive inhibitor of the peptide substrate). The latter is 

known from kinetic studies to intereact specifically with the 

arginine recognition site. On the other hand, MgATP provides 

no protection. A stoichiometry of 1.7 ± 0.2 mol carboxyl 

groups per mol of enzyme was obtained. The labeled cAPK was 

extensively digested by proteolytic enzymes, the radiolabeled 

peptide was isolated and the modified residues were identified 

as derivatives of glutamic acid. 

Witt & Roskoski (1975) used ethoxyformic anhydride to 

modify the cAPK. They found that the holoenzyme could be 

modified by the ethoxyformic anhydride in the presence, but not 

absence, of cAMP and that MgATP protected against inactivation. 

Thus, they suggested that the ethoxyformic anhydride must 

modify that part of the active site that is shared by MgATP and 

the regulatory subunit. The ethoxyformic anhydride potentially 

reacts with several side chain residues such as phenolates, 

imidazoles, carboxylates, sulfdryls and amino groups (Muhlrad 

et al., 1969; Melchior et al., 1970). Partial reversal of the 

inactivation by treatment with hydroxylamine led Witt & 

Roskoski (1975) to suggest that the modification of a tyrosine 

is involved. However, this criterion also does not rule out 

imidazole. 

Kochetkov et al. (1977) used oATP, the 2',3'- dialdehyde 

derivative of ATP, as an affinity label for the cAPK. The 

inhibition, which can be prevented by ATP, is irreversible. 

After inactivation, one mole of ^ C — labeled inhibitor was 
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incorporated, per inol enzyme. The labeled tryptic peptide 

after borohydride reduction was isolated by two-dimensional 

paper electrophoresis. Amino acid analysis of this peptide 

gave 1.0 Val, 0.9 Pro, 1.1 Arg and an additional compound that 

was identified as a-N-dansyl-e-N-(2,3-dihydroxypropyl)-lysine. 

Based on these results, the author suggested that the MgATP 

binding site contain a lysine for electrostatic intereaction 

with the y-phosphate of ATP, thus facilitating the nucleophilic 

attack by the serine hydroxyl. 

The reagent p-fluorosulfonyl-5'-benzoyladenosine (FSBA) is 

an affinity analogue for many kinases (Wyatt & Colman, 1977). 

Hixson & Krebs (197 9) found that it also inactivated the cAPK 

with a stoichiometry of one mol of reagent per mol of enzyme. 

MgATP, MgADP and MgAMP-PNP, but not the free nucleoside, fully 

protected the cAPK from inactivation by FSBA. Saturation 

kinetic were obtained for the inactivation rate at various 

reagent concentrations indicating that the reagent reversibly 

binds to the enzyme prior to inactivation. Zoller & Taylor 

(1979) obtained results similar those of Hixson & Krebs (1979) 

with an apparent Ki for FSBA of 60 |J.M and maximum inactivation 

rate of 0.04 min-1. Following tryptic digestion of the 

14C-covalently modified enzyme, a single radiolabeled peptide 

was isolated. This purified peptide was then treated with mild 

alkaline hydrolysis that specifically cleaved the ester bound 

of fluorosulfonylbenzoyl adenosine, releasing free adenosine 

and generating an extra negative charge in the carboxylsulfonyl 
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labeled peptide. The labeled amino acid residue was identified 

as carboxyl benzyolsulfonyl lysine. The residue was later 

identified as Lys-72 (Zoller et al., 1981). 

Bramson et al. (1982) synthesized peptides such as 

Leu-Arg-Arg-Ala-Cys(Npys)-Leu-Gly and Leu-Arg-Arg-Ala-

Cys(Npys)-Leu-Gly-OEt (where Npys is 3-nitro-2-pyridine-

sulfenyl) to affinity label cAPK. They found a single 

sulfhydryl group labeled as shown by the stoichiometry of the 

release of the Npys group and the amount of label incorporated 

in the enzyme when radiolabeled peptide analogs are employed as 

the modifying reagent. The reaction of enzyme with the peptide 

analogs all followed kinetics which were pseudo first-order 

with respect to the release of the Npys groups. In addition, 

the reagent exhibited saturation kinetics. These peptides were 

found to modify cAPK with a Kj_ of 40 ÎM and a k 2 of 0.25 s"
1. 

These modified enzymes can be regenerated by treating with 

dithiothreitol and the modification by the peptide analogs 

could be blocked by prior reaction with DTNB suggesting that 

the peptide analogs modify an enzyme thiol group which is 

located at the active site. Furthermore, the enzyme modified 

with either of the peptide analogs made the kinetics of 

subsequent modification with DTNB monophasic, with only 1 

equivalent of TNB released. Based on these results, the author 

strongly suggested that the Cys-199 residue undergoing reaction 

is in the vicinity of the active site. 
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pH Studies of cAMP-Dependent Protein Kinase: A detailed 

pH study has been carried out by Yoon & Cook (1987). The pH 

dependence of the kinetic parameters V and V/K for MgATP and 

Serpeptide were determined over the pH range 5 to 10. The V is 

pH independent in H 20 or D 20 indicating that the reactants bind 

selectively to the correctly protonated enzyme form (Cleland, 

1977). In addition, the solvent isotope effect of 1.6 on V 

suggests that a proton involved in the release of MgADP is a 

major rate limiting step, as had been previously suggested by 

Cook et al. (1982) . 

The V/K M g A T p (representing E:Serpeptide and MgATP) is pH 

independent from pH 5.5 to 9.5, but decreases slightly below 

and above these values giving apparent pK values of 4.9 and 

10.4. A pK value of 4.6 for MgATP has been determined at an 

ionic strength of 0.1 (Martell & Smith, 1982), quite similar to 

the value of 4.9 obtained from V/K̂ ĝ rjip profile. Thus, the pK 

of 4.9 observed is probably a result of protonating MgATP, 

while the pK value of 10.4 most likely represents the e-amino 

group of the lysine residue which is already known to be in the 

vicinity of MgATP binding site. (Hixson & Krebs, 1979; Zoller & 

Taylor, 1979). 

The V / K S e r p e p t i d e (representing E:MgATP and Serpeptide) 

decreases at low and high pH giving pK values of 6.2 and 8.5. 

The peptide has no pK values in this pH range so that the 

decrease in rate with change in pH must represent the titration 

of enzyme residues. The pK^ for Alapeptide also decreases at 
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low and high pH with identical pK values indicating both pK 

values are intrinsic and both groups must be in their correct 

protonation state for binding Alapeptide (and presumably also 

Serpeptide). In this case, the group with a pK of 6.2 is most 

likely the catalytic base that must be unprotonated to accept a 

proton from the serine hydroxyl. The other group with a pK of 

8.5 must be protonated for activity. This group must be a 

binding group required for proper orientation of the peptide in 

the active site for phosphorylation. It is probably hydrogen 

bonded to the serine carboxyl oxygen. 

The pH dependence of the cAPK ATPase has also been studied 

to investigate the rate determining transfer of the y-phosphate 

of MgATP. Both V and V/KMgATp are pH dependent and give a pK 

of 6.0 ± 0.1. The pK of 6 from the V/KMgATp for the ATPase 

activity reflects free enzyme while the pK of 6.2 from the 

v/KSerpeptide f r o m t h e Phosphotransferase activity reflects 

E:MgATP suggesting that the presence of MgATP in the active 

site does not affect the pK value of the catalytic base. 

The Kj_ value for AMP-PCP (a competitive inhibitor vs. ATP) 

increases from a constant value of 650 |XM above pH 8 to a 

constant value of 4 mM below pH 4.5 indicating that the 

unprotonated form of MgAMP—PCP binds 6-fold better than the 

monoprotonated species. This suggests that the protonated 

MgATP may still bind to the enzyme. The Kj_ value for 

uncomplexed Mg2+ in the inhibitory site in the 

E:Serpeptide:Mg2+ (V/KMgATP) and E:Serpeptide:MgATP:Mg
2+ (V) 
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complexes have been obtained. The V and V/K^g^p are pH 

independent at any Mgf suggesting that none of the ligands to 

Mgf titrate in this complex over the pH range 5.5 to 9.5. 

Data suggest a mechanism in which a single acid-base 

catalyst is required. However, the participation of other 

groups required for substrate binding to the enzyme and 

orientation are also indicated. Substrates bind selectively to 

the enzyme form in which the catalytic base (pK of 6.2) is 

unprotonated while a substrate binding group (pK of 8.5) is 

protonated. When Serpeptide is bound, all groups are locked in 

their correct protonation state since the V/K^g^rpp is largely 

pH independent. 

Isotope Partitioning Studies. The isotope partitioning 

method was first introduced by Meister's group (1962) to detect 

whether a glutamyl-y-P intermediate existed in the glutamine 

synthetase reaction. A similar approach has been used in 

studies of argininosuccinate synthetase (Rochovhansky et al., 

1967) and phosphofructokinase (Lyeda, 1970) . However, the 

potential of the method was not recognized until Rose et al. 

(1974) applied the isotope partitioning (also named isotope 

trapping or pulse-chase) method to the trapping of glucose 

in the yeast hexokinase reaction. On the basis of net rate 

constants, Cleland (1975) derived the isotope partitioning 

equations which allowed quantitative analysis of the results. 

The isotope partitioning method is a powerful tool providing 
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information, not only qualitatively in terms of kinetic 

mechanism but also quantitatively for determining the rate 

constants for some of the steps of the enzyme reaction, and 

also in predicting the "stickiness" of substrates. 

For a bireactant enzyme-catalyzed reaction, the experiment 

is carried out by first incubating radiolabeled substrate with 

enzyme in a small volume under the conditions in which most 

enzyme is in the form of a binary complex. This so-called 

"pulse solution" is then injected into a rapidly stirring, 

larger volume chase solution, containing a large 

nonradiolabeled excess of the same reactant that is 

radiolabeled in the pulse solution and variable amounts of the 

other reactants required for the reaction. The reaction is 

terminated after a short reaction time (2 to 3 sec), and the 

radiolabeled product is isolated and counted. A control is 

then carried out for each experiment in which the same amount 

of radiolabeled substrate in pulse solution is added to the 

chase solution, and the reaction is started by adding the same 

amount of enzyme as was in the pulse solution. The purpose of 

the control reaction is to correct for the amount of 

radiolabeled product that is generated from the recombination 

of radiolabeled substrate to the enzyme once dissociated from 

the enzyme-substrate binary complex and for radioactive 

impurities that coelute with the radiolabeled product. The 

results are then analyzed by double reciprocal plot of 

radiolabeled product vs. the substrate varied in the chase 
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solution. 

The isotope partitioning of the EA binary complex has 

been described by Rose et al. (1974) and Cleland (1977) as 

below: 

k38 k 5 or V/Et 
EA* v — EA*B =*E + P* (4) 

*2 

1/ 

k4 
k ? 

V 
E + A* EA* + B 

The rate constant k 2 and k 7 are irreversible because of 

the presence of excess nonradiolabeled A in the reaction 

mixture. The initial EA* binary complex either dissociates to 

free E and free A*, which is diluted immediately by 

nonradiolabeled A, or reacts with B to form the EA*B ternary 

complex. The amount of EA*B from EA* depends on tk,
3/(k

,
3 + 

k2)] in which the k'3 is the net rate constant equal to [k3(k5 

+ k7)B/(k4 + k 5 + k7)]. The radiolabeled product, P , 

produced from EA*B depends on [k5/(k5 + k7)] in which k 5 

represents all steps from EA*B to release of products. The 

dissociation constant for the EA binary complex is required to 

calculate the initial EA* in the pulse solution. 

Quantitatively, the ratio k7/k^ and limits of k2/(V/Et) can be 

obtained . The quantitative analysis will be discussed in the 

Theory section of CHAPTER II. 

Ping pong or sequential, even random or ordered, 
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mechanism can be distinguished easily by isotope partitioning 

studies. In general, trapping A* from EA* indicates that EA 

is a productive binary complex. In the ping pong case, the 

labeled product produced is independent of second substrate 

concentration since reaction is usually over prior to addition 

of the pulse to chase (at least for formation of the covalent 

intermediate). In the case of sequential mechanism, the 

enzyme catalyzes the reaction according to EA EA B E 

+ p* which is identical to the enzyme reaction where A is at 

saturation under steady state conditions. However, if the 

rates of dissociation of A* from EA* <k2) and EA*B (k7> are 

much greater than k 5 (rapid equilibrium addition), no trapping 

occurs. The trapping experiment also can be carried out with 

EB*, even when the sequence EB* EB*A — ^ E + P* is not 

necessarily the preferential pathway. This pathway may not be 

easily observed by steady state kinetic studies. Since the 

functional transitory complex can be detected by isotope 

partitioning, this technique can be combined with initial 

velocity studies and other techniques to probe the kinetic 

mechanism. It also should be noted that, except for the ping 

pong mechanism, this technique cannot tell whether the labeled 

substrate reacts chemically with enzyme in its binary complex, 

but only whether it can dissociate at a finite rate relative 

to V m a x (Cleland, 1977). 

There are several possibilities why one observes no 

trapping: (1) EA does not form. (2) EA is dead-end complex. 
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(3) A dissociates from EA much faster than k3[B] even at the 

highest [B]. The upper limit to the off-rate of A can be 

estimated from the equation K d = k 2/k 1
 w h e r e kl' w h e n l t i s 

diffusion limited, is about 108 M"1 s - 1, so that k 2 is equal 

to (Kd) x (108 M - 1 s"1). If one can obtain (V/(KbEt)) from 

initial velocity studies, the amount of A coming off enzyme 

"k , 

compared to the amount trapped of EA xs: 

(Kd) x (108 M - 1 s 1) k 2 

= (5) 

V/(KbEt) (M 1 s X) V/Kb 

Thus, to be sure the [B] is high enough to trap EA it should 

be varied in region of k2/(V/Kb) if possible. (4) A 

dissociates from EAB much faster than EAB turns over. 

Rose (1980) has throughly reviewed isotope partitioning 

methods. This technique has been used to determine the 

kinetic mechanism of several enzymes such as: fructokinase 

(Raushel & Cleland, 1977), pyruvate kinase (Dann & Britton, 

1978), creatine kinase (Cook et al., 1981), chorismate 

mutase-prephenate dehydrogenase (Sampathkumar & Morrison, 

1982), glutamine synthetase (Meek et al., 1982), 

dihydropteridine reductase (Poddar et al., 1984) and NAD-malic 

enzyme (Chen et al., 1987) . 

SAM-II Peptide Synthesizer. The principle of the SAM-II 

peptide synthesizer is based on Merrifield solid phase peptide 

synthesis with some modifications. The whole synthetic cycle 
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including deblocking, base washing, coupling and capping, Fig. 

3, takes place in a reaction vessel and is described below: 

(1) Deblocking with TFA solution to remove the t-Boc 

protecting group from the a-amino group of the amino 

acid attached to an insoluble resin. 

(2) Base washing to remove and neutralize the TFA used 

for deblocking, and ensure that the a-amino group is 

deprotonated for the coupling reaction. 

(3) Coupling, a t-Boc amino acid derivative reacts with 

an activator. At the same time, the activated amino 

acid is added to the free a-amino group of the peptide 

attached to the resin. 

(4) Capping, any unreacted a-amino groups are blocked 

from reaction after coupling. Blocking is usually 

carried out by acetylation. It prevents the growth of 

failure sequences and gives a product that is much 

easier to purify. 

The dissertation presented here studied the cAMP-

dependent protein kinase enzyme reaction for the determination 

of: 

(1) the kinetic mechanism of the catalytic subunit of 

cAMP-dependent protein kinase, 

(2) the ratio of the off-rate of substrates from 

enzyme-substrate complex compared to catalysis, 

(3) the individual rate constants of some of the steps of 
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the reaction, and 

(4) the effects of the regulatory subunit in the presence 

of saturating cAMP on the activity of cAPK. 
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Figure 3: Standard synthesis cycle for the Sam II peptide 

synthesizer. 
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CHAPTER II 

MATERIALS AND METHODS 

Chemicals. Phosphoenolpyruvate, NADH, ATP, ADP, Mops, and 

SP-Sephadex were from Sigma. The ATP-[y-32P] was a generous 

gift of Dr. R. A. Masaracchia of the Department of 

Biochemistry, Texas College of Osteopathic Medicine. 

^H-Acetic anhydride was obtained from DuPont and ADP-[2-^H] 

was obtained from Amhersham. The AQUA MIX™ was obtained from 

ICN Radiochemicals. 

The peptides were prepared using a Biosearch SAM II 

peptide synthesizer. The t-Boc amino acids and resin with 

t—Boc-glycine attached (0.28 to 0.32 mmole/g resin) were 

obtained from Biosearch. Methylene chloride (HPLC grade) and 

acetonitrile (HPLC grade) were from Mallinkrodt. 

Diisopropylethylamine, diisopropylcarbodiimide, anisole and 

acetyl imidazole were from AiLdrich. Dimethylformamide was 

obtained from J. T. Baker. Trifluoroacetic acid was either 

from Pierce or from Advanced ChemTech. Synthesis made use of 

a 6.7 molar excess of t-Boc amino acid over resin. 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 

46 
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then purified using a BioRad HPLC system and a Hi-Pore 318 

Prep (250 x 21.5 mm) reverse phase column, developed with a 

linear gradient of 0 to 50% acetonitrile in 0.1% TFA. The 

amino acid composition was consistent with the peptide 

sequence. The ALtex Ultrasil™-AX HPLC column was from Rainin. 

Enzymes. Pig heart lactate dehydrogenase and rabbit 

muscle pyruvate kinase were from Boehringer Mannheim 

Biochemicals. The catalytic subunit of cAMP-dependednt 

protein kinase was purified from bovine heart muscle according 

to the method of Sugden et al. (1976). Enzyme had a final 

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

of peptide phosphorylation obtained with 0.5 mM uncomplexed 

Mg 2 +. The type-I regulatory subunit was purified from rabbit 

skeletal muscle and the type-II regulatory subunit was 

purified from bovine heart muscle according to Rannel et al. 

(1976). The protein concentration was determined by the 

method of Bradford (1976) using bovine serum albumin as a 

standard. The enzymes were stored at 4° C in a storage buffer 

containing 200 mM phosphate buffer (pH 6.8), 1 mM DTT and 20% 

glycerol. The purity of enzymes was checked by 10% SDS-

polyacrylamide gel electrophoresis. 

Enzyme Activity Determintion. The cAPK activity in the 

direction of peptide phosphorylation was determined by 

coupling the production of MgADP to the pyruvate kinase and 
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lactate dehydrogenase reactions and continuously monitoring 

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

assay contained the following in a 0.4 ml volume: 100 mM Mops, 

pH 7, 100 mM KC1, 1.1 mM PEP, 0.2 mM NADH, 2 mM ATP, 2.75 mM 

MgCl2, 0.2 mM Serpeptide, 18 units of lactate dehydrogenase, 

17 units of pyruvate kinase and variable amounts of cAPK. The 

reaction was initiated by the addition of cAPK after 

sufficient data were collected to determine the background 

rate in the absence of cAPK. The background rate was 

substracted from the plus enzyme rate to obtain the initial 

velocity. Under all conditions the rate was a linear function 

of enzyme concentration. Data were collected using a Gilford 

260 spectrophotometer equipped with a 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. All substrate concentrations were 

corrected for the concentration of the metal chelate complexes 

with Mg^+ as discussed previously (Cook et al., 1982) using 

the following values for dissociation constants: MgPEP, 5 mM; 

MgNADH, 19.5 mM; MgATP, 0.0143 mM; Mg-Serpeptide, 316 mM 

(Dawson et al., 1979,; Martell & Smith., 1977). The stability 

constant for Mg-Alapeptide was assumed equal to that of 

Mg-Serpeptide. 

Initial Velocity Studies. Assays to determine whether 

substrate inhibition was observed were carried out as 
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discussed above with uncomplexed Mg2 + at 0.5 mM or 10 niM 

concentration. At 10 mM uncomplexed Mg2 + , the MgATP was 

maintained either at 20 times its K m (0.4 mM) or at 2 times 

its K m (0.04 mM), and Serpeptide was varied from 0.02 mM to 5 

mM using 0.008 units of cAPK per assay. At 0.5 mM uncomplexed 

Mg2+, the MgATP was maintained either at 20 times its K m (4 

mM) or at its (0.2 mM) , and Serpeptide was varied from 0.02 

mM to 3 mM using 0.014 units of cAPK per assay. 

For Alapeptide inhibition, assays were carried out at 10 

mM uncomplexed Mg + 2 as previously described. The 

concentration of MgATP was maintained saturating (1 mM) and 

Serpeptide was varied around its at Alapeptide 

concentrations of 0, 2, 4, and 8 mM. 

Isotope Partitioning Studies. Isotope partitioning 

studies were performed according to Rose et al. (1974). Three 

enzyme substrate complexs (E:MgATP, E:Serpeptide and E:MgADP) 

were tested for isotope trapping. 

The concentration of EA* binary complex in the pulse 

solution can be calculated according to dissociation constant 

as follow: 

EA = Et/[1 + (Kd/Af)] (6) 

where the Et is the total enzyme concentration, Af is the 

uncomplexed substrate and K d is the dissociation constant for 
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EA binary complex. The total substrate concentration is the 

sum of EA plus Af. 

The E:MgATP trapping experiments were carried out at 

both 0.5 and 10 mM Mgf. At low Mg2 + concentration, the 0.05 

ml pulse solution contained 210 jig cAPK (0.1 mM), 0.2 mM 

ATP- [y—32p] (specific activity 195 cpm/pmole), 0.7 mM MgCl2 and 

20 mM Mops, pH 7. This solution was added to a vigorously 

stirring 5 ml chase solution containing 100 mM Mops, pH 7, 3.2 

mM ATP, 3.7 mM MgCl2> and a Serpeptide concentration of 10 |IM. 

The experiment was then repeated at Serpeptide concentrations 

of 50 and 200 |XM. The above experiment was then carried out 

using 10 mM Mgf. In this case the pulse solution contained: 

105 jig cAPK (0.05 mM), 0. ImM ATP-[y-32P] (specific activity 146 

cpm/pmole), 10.1 mM MgCl2 and 20 mM Mops, pH 7, while the 

chase solution contained: 100 mM Mops, pH 7, 2 mM ATP, 12 mM 

MgC^r with Serpeptide concentrations of 1.19, 8.3 and 11.86 

JIM. In each case, the reaction was terminated by adding 

acetic acid to a final concentration of 30%, 2 sec after 

mixing the pulse solution with the chase solution. The 

resulting 32P-phosphopeptide was detected by scintillation 

counting after spotting on phosphocellulose paper and washing 

according to de la Houssaye et al. (1983). 

The E:Serpeptide trapping experiments were carried out at 

0.5 and 10 mM Mgf. At low uncomplexed Mg+2 concentration, the 

0.05 ml pulse solution contained 210 |lg cAPK (0.1 mM) , 0.5 mM 

3H-acetyl-Serpeptide (specific activity 21.33 cpm/pmole), 0.5 
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mM MgCl2 and 20 mM Mops, pH 7. The 3H-acetyl-Serpeptide was 

prepared according to Riordan et al. (1967). The chase 

solution contained 100 mM Mops, pH 7, 1.5 mM Serpeptide, and a 

MgATP concentration of 0.1 mM. The experiment was then 

repeated at MgATP concentrations of 0.4, 0.7 and 1 mM. After 

termination of the reaction as above, the reaction mixture was 

lyophilized and dissolved in 5 ml of 20 mM Taps, pH 9. A 0.5 

ml aliquot of this solution was applied to an SP-Sephadex 

column (BioRad Econo-Column), pre-equilibrated with 20 mM 

Taps, pH 9, and eluted with a 50 ml linear gradient 0 to 0.5 M 

NaCl, collecting fractions of 0.9 ml. An aliquot of 0.5 ml of 

each fraction was counted for radioactivity. The above 

experiment was then repeated at 10 mM Mg^. In this case the 

pulse solution contained: 210 |ig cAPK (0.1 mM) , 0.5 mM 

3H-acetyl-Serpeptide (specific activity 21.33 cpm/pmole), 10 

mM MgCl2 and 20 mM Mops, pH 7, while the chase solution 

contained: 100 mM Mops, pH 7, 1.5 mM Serpeptide with MgATP 

concentrations of 0.1, 0.2, 0.4 and 1 mM at a Mg^ 

concentration 10 mM. 

The E:MgADP trapping experiments were carried out at 0.5 

and 10 mM Mgf. At low Mg2+, the 0.05 ml pulse contained 210 

ng cAPK (0.1 mM), 0.2 mM ADP-[2-3H] (specific activity 30 

cpm/pmole), 0.7 mM MgCl2, and 20 mM Mops, pH 7. The chase 

solution contained 100 mM Mops, pH 7, 1 mM ADP, 1.5 mM MgCl2 

and phospho-Serpeptide was varied from 1 to 5 mM. The 

phospho-Serpeptide was prepared from Serpeptide enzymatically 
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using the cAPK reaction and purified as above for E:Serpeptide 

trapping. After termination of the reaction as above, the 

reaction mixture was lyophilized and dissolved in 5 ml of 10 

mM phosphate buffer, pH 4.5. An aliqout of 0.2 ml was applied 

to an ALtex UltrasilTX-AX HPLC column (Rainin) and eluted with 

a linear gradient of 0.3 to 1 M KC1. Fractions of 1.5 ml were 

collected and 0.5 ml aliquots of each fraction were counted 

for radioactivity. The experiment was then repeated at a 10 

mM Mgf. In this case the pulse solution contained: 210 [lg 

cAPK (0.1 mM) , 0.2 mM ADP-[2-3H] (specific activity 30 

cpm/pmole), 10.2 mM MgCl2, and 20 mM Mops, pH 7, while the 

chase solution contained: 100 mM Mops, pH 7, 1 mM ADP, 11 mM 

MgCl2 and phospho-Serpeptide was varied from 1 to 5 mM. 

In each of the above cases a control was run in which the 

same amount of radiolabeled substrate in the pulse solution 

was added to the chase solution and the reaction started by 

adding the same amount of enzyme in a 0.05 ml pulse. All the 

reactions were performed at 25° C. 

Regulatory Subunit Studies. Assays to detemine the 

effect of the regulatory subunits on cAPK in the presence of 

cAMP were carried out by either radioassay with MgATP-[y~32P] 

or the coupled spectrophotometry method described above. In 

the case of the radioassay, a total volume of 50 [4.1 reaction 

mix contained: 20 mM Mops, pH 7.0, 10 mM Mg^, saturating 

MgATP-[y-32P] (0.2 mM, specific activity 78 cpm/pmol) and three 
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times its Kĵ  of Serpeptide (60 JAM) . The reaction was 

initiated by addition of 10 |ll enzyme mix which containing (1) 

cAPK alone, (2) cAPK plus cAMP, (3) cAPK plus regulatory 

subunit (either type-I or type-II), or (4) cAPK plus 

regulatory subunit plus cAMP. After 10 min reaction, 35 |ll 

reaction mix was spotted onto a 1 x 2 cm piece of 

phosphocellulose paper and immersed in 30% acetic acid to 

terminate the reaction according to de la Houssaye et al. 

(1983) . Radioactivity was measured by scintillation 

spectrophotometry. A reaction mix without Serpeptide was run 

as a control for each enzyme mix. In the case of the coupled 

spectrophotometeric assay, similar conditions were used as for 

the radioassay, except that Mgf was maintained at either 0.5 

or 10 mM. Under all conditions the rate was a linear function 

of enzyme concentration. 

In order to obtain more information concerning the effect 

of the regulatory subunits on cAPK, detailed initial velocity 

studies were obtained using the coupled spectrophotometric 

assay in which the enzyme mix contained cAPK alone or cAPK 

plus cAMP and different levels of either of the two regulatory 

subunits. In the case of 0 5 mM Mg^, the 0.4 ml reaction mix 

contained the component mentioned above except that either 

MgATP or Serpeptide were fixed at a saturating concentration 

and other substrate was varied. The background rate was 

obtained in the presence of enzyme mix but in the absence of 

Serpeptide and the reaction was initiated by addition of 
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Serpeptide. The initial velocity was obtained by subtracting 

the background rate from the rate plus Serpeptide. Similar 

conditions were used for 10 mM Mg^. 

Theory: Rose et al. (1974) have introduced an isotope 

partitioning technique to obtain information not only on the 

order of addition of reactants, but also on the relative rates 

of release of reactants from enzyme compared to the catalytic 

steps. 

The isototpe partitioning rate equation for a random 

mechanism was originally derived by Cleland (1975). The 

following scheme can be used to analyze isotope partitioning 

data for a random bireactant enzyme: 

k38 k 5 or V/Et 

EA* v — EA*B ^E + P* (7) 

k 

k4 
2 

/ 
k? 

E + A* EA* + B 

The radiolabeled substrate A* in the EA* complex can 

dissociate from the EA* binary complex or it can remain on 

enzyme until the other substrate binds to form the EA B 

ternary complex. Then the A* can either dissociate from the 

EA*B ternary complex or go through the catalytic steps to form 

radiolabeled product, P . The maximum amount of P formed 

from EA*, (P*max
)' w h e n B i s saturating is given in eq. 8. 
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P*max/EA* " V < k 5 + k?) 

kv/k5 = (EA*/P*max) - 1 (8) 

The rate constant k5 is equal to or greater than V m a x/E t, and 

thus a lower limit for k 7 is obtained from eq. 9. 

*7/<vmax/Et) * (EA*/P*max) - 1 (9) 

Cleland (1975) also derived an expression to obtain the 

amount of P* formed from EA* at any concentration of B. 

P* = p*max Z*1 + V B > <10> 

where K B = [k2 (k4 + k5 + k7)]/[k3(k5 + k7)], the concentration 

of B that gives half the maximum amount of trapping of EA* as 

P*. Since the steady state kinetic parameter V m a x/E t/K b = 

k3k5/(k4 + k5), factoring of k2 out of K B is not quite 

possible, as shown in eq. 11. 

<KB> (vmax> * * 
k 2 = — — [1+((EA /P max)-1)(k4/(k4+k5+k7)] (11) 

<Kb) (Et) 

One can, however, still obtain limits on k2. If k4 is much 

greater than (k5 + k7), that is, if B is in rapid equilibrium 

with EA*B, then 
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k 2 - (KB/Kb) (Vmax/Et) (EA*/P*max). (12) 

If the substrate A* is very sticky that is, if k-y « k^, then 

k 2 = (KB/Kb) (Vmax/Et) . (13) 

Thus, the k 2/(V m a x/E t) will lie between K B/K b (lower limit) 

and (KB/Kb)(EA*/P*max) (upper limit). 

Data Processing. Reciprocal initial velocities (or 

amount of radioactive product formed) were plotted against 

reciprocal substrate concentration and all plots were linear. 

Data were fitted using the appropriate rate equation and 

FORTRAN programs developed by Cleland (1979). Data for 

isotope partitioning were fitted using eq. 14. Data for 

competitive inhibition studies with Alapeptide were fitted 

using eq. 15 and data for initial velocity studies in the 

presence or absence of R2'cAMP4 complex were fitted using eq. 

16. 

p* " <p*max> (A)/(K'a + A) (14) 

v = VA/(Ka(1+I/Ki)+A) (15) 

v = VA/(Ka + A) (16) 
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In equation 14, P * m a x is the maximium amount of trapping, P* 

is the amount of trapping at a giving concentration of A (the 

varied reactant), but K*a is the concentration of substrate in 

the chase solution that given half the maximium amount of 

trapping (Km for trapping). In eq. 15 and 16, Ka is the Km 

for A, V is the maximium velocity, A and I are the 

concentrations of substrate and inhibitor, respectively, and 

Kj_ is the inhibition constant for I. 



CHAPTER III 

RESULTS 

Initial Velocity Studies. Substrate inhibition of the 

cAPK reaction by Serpeptide has been reported by Cook et al. 

(1982) and Whitehouse et al. (1983). In both of these 

studies, a filter binding fixed time assay was used. Plots of 

initial velocity obtained using the coupled spectrophotometric 

assay vs. Serpeptide concentration at saturating MgATP and 

either 0.5 or 10 mM Mgf gives no indication of substrate 

inhibition, Fig. 4. In addition at 0.5 mM Mgf with MgATP 

equal to its Km or at 10 mM Mgf with MgATP equal to 2 times 

its Km no substrate inhibition is observed. 

Inhibition by Alapeptide vs. Serpeptide at 0.5 mM Mgf and 

saturating MgATP is competitive with a Kj_ of 270 (J.M (Yoon et 

al., 1987). The inhibition by Alapeptide vs. Serpeptide at 10 

mM Mgf is also competitive, Fig. 5, with a Kj_ for Alapeptide 

of 2.4 ± 0.4 mM at pH 7.0. 

Isotope Partitioning Studies. Three binary 

enzyme:substrate complexes (E:MgATP, E:Serpeptide and E:MgADP) 

were used for isotope partitioning studies and each of these 

is discussed below. 
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Figure 4: Saturation curve for Serpeptide at pH 7, 100 mM 

Mops at high (A) and low (B) Mg^. The concentration of 

Serpeptide is varied from 0.02 to 3-5 mM. The MgATP 

concentration was maintained at 20 times K m in the case of the 

solid curves or at K m in the case of the broken curve. 
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Figure 5: Inhibition by Alapeptide at pH 7, 100 mM Mops. The 

Mgf and MgATP concentration were fixed at 10 and 1 mM, 

respectively, with Serpeptide and Alapeptide concentration 

varied as indicated. Solid lines are from the fit using eq. 

3, while points are experimental. 
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E:MgATP Partitioning. Based on a K d of 160 |i.M (Cook et 

al., 1982) for E:MgATP, a pulse solution containing 2430 pmole 

of E:MgATP-[y-32P] was prepared for isotope partitioning 

studies at 0.5 mM Mgf (also contained in the pulse solution). 

At 10 mM Mgf concentration, based on a K d of 0.01 mM 

(Armstrong et al., 1979), the pulse solution contained 2130 

pmole of E:MgATP-[Y~32P] . Each of the above was subjected to 

isotope partitioning at variable levels of Serpeptide 

contained in the chase solution. Results are shown in Fig. 6. 

In both cases, radiolabeled phosphopeptide was produced, but 

note that at the higher Mgf concentration the range of 

Serpeptide concentrations used to trap E:MgATP- [y—32p] is less 

by a factor of 10. 

For both Mgf concentrations, ca 100% of the initial 

radiolabeled binary complex is trapped at infinite 

concentration of Serpeptide in the chase solution. Kinetic 

parameters for the trapping reaction are shown in Table IV. 

E:Serpeptide Partitioning. The elution profile for 

separation of Serpeptide and 32P-phospho-Serpeptide on 

SP-Sephadex is shown in Fig. 7. The amount of E:3H-acetyl 

-Serpeptide in the pulse solution was 3200 pmole at both 0.5 

mM and 10 mM Mgf, calculated using a K d of 0.25 mM (Feramisco 

& Krebs., 1978). The pulse solutions were used in isotope 

partitioning experiments with varied levels of MgATP in the 

chase solution. Results are shown in Fig. 8. In both cases, 
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Figure 6: Isotope Partitioning studies of MgATP- [y-^P] i n the 

binary E: MgATP-[y-^^P], pH 1, 100 mM Mops. A double-reciprocal 

plot of P* (32p-phospho-Serpeptide) produced vs. Serpeptide in 

the chase solution at low (A) and high (B) Mg^. At low Mg^, 

2430 + 50 pmole of E:MgATP-[y-^^P] is the maximum amount 

trapped as ^^P-phospho-Serpeptide, whereas at high Mg^, 2100 ± 

100 pmol of E:MgATP- [y-^P] is the maximum trapped. 
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Table IV: Summary of Kinetic Constants from Isotope 

Partitioning 

66 

Parameter4 Mgf 

0-5 inM 10 mM 

EA 

P* 

r max 

KSerpeptide 

^ m a x ^ ^ 

E:MCTATP— ry—32P 1 Trapping 

2430 pmole 

2430 + 50 pmole 

17 ± 2 mM 

99 ± 2 % 

14 ± 2 s - 1 

(9 ± 1) x 104 M ^ s - 1 

2130 pmole 

2100 + 100 pmole 

2.0 ± 0.8 mM 

99 ± 4 % 

0.3 ± 0.1 s"1 

(3 ± 1) x 104M~1s~1 

e:3H-acetvl-Serpeptide Trapping 

EA 

P* r max 

KMgATP 

P*max/EA* 

3200 pmole 

3140 ± 70 pmole 

0.58 ± 0.05 mM 

98 ± 2 % 

60 ± 30 s"1 

(3 ± 1) x 105 M' 

3200 pmole 

1170 ± 20 pmole 

0.18 ± 0.01 mM 

36.7 ± 0.6 % 

-LO-L 

A • E A * is the initial amount of the radiolabeled binary complex 

present in the pulse solution for each experiment. 
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Figure 7: The elution profile for phospho-Serpeptide and 

Serpeptide using an 8 ml SP-Sephadex column. The column was 

eluted with a 50 ml salt gradient from 0 to 0.5 M NaCl in 20 

mM Taps, pH 9. Closed circles represent the absorbance at 219 

nm. Open circles with solid line represent the ^2p 

radioactivity count after each fraction was spotted on a 

phosphocellulose paper. The open circles with the dotted line 

represent the counts of ^2p radioactivity after spotting on 

the phosphocellulose paper and washing with 15% acetic acid 

solution. 
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Figure 8: Isotope Partitioning studies of ^H-acetyl-

Serpeptide in the binary E:^H-acetyl-Serpeptide complex pH 1, 

100 mM Mops. The double-reciprocal plot of P* (phospho-^H-

acetyl-Serpeptide) produced vs. MgATP at low (A) and high (B) 

Mgf. At low Mgj, 3140 + 70 pmole of E:^H-acetyl-Serpeptide is 

maximally trapped as phospho-3H-acetyl-Serpeptide, whereas at 

high Mg2+£, 1170 ± 20 pmole is maximally trapped. 
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radiolabeled phosphopeptide was produced. With 0.5 mM Mgf^ 

apparently 100% of the initial radiolabeled binary complex was 

trapped at infinite concentration of MgATP while at 10 mM Mgf 

only 40% was trapped. Kinetic parameters are shown in Table 

IV. 

E:MgADP Partitioning. The amount of E:MgADP-[2- H] m 

the pulse solution was 3600 pmole at 0.5 mM Mg^, based on a 

of 0.05 mM, and 4722 pmole at 10 mM Mgf, calculated using a K d 

of 0.005 mM (Cook et al., 1982). These were subjected to 

isotope partitioning experiments at variable levels of 

phospho- Serpeptide. No trapping of the E:MgADP-[2-3H] binary 

complex was observed at either 10 mM or 0.5 mM Mg^ up to a 

phospho-Serpeptide concentration of 5 mM. 

Type-II Regulatory Subunit Studies. The results obtained 

from either radioassay or coupled spectrophometric assay at 

high Mgf are quite similar as shown in Table V, which suggests 

a rate enhancement of cAPK in the presence of the Rjj-cAMP 

complex. In addition, at low Mgf, Table V, the coupled 

spectrophotometric assay also suggests a rate enhancement of 

cAPK in the presence of RI3;-cAMP complex. Furthermore, the 

effects of the Ri;[-cAMP complex on the cAPK reaction velocity 

at high and low Mgf concentrations are also shown in Figs. 9, 

10, 11 and 12. Kinetic parameters for the effects of the 

RH-cAMP complex are shown in Tables VI and VII for low Mg^ 
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and high Mgf, respectively. 

Type-I Regulatory Subunit Studies. Results obtained 

using the coupled spectrophotometric assay at low and high Mgf 

are shown in Figs. 13, 14, 15 and 16. The K ± for Rj-cAMP as a 

competitive inhibitor vs. Serpeptide is 0.011 ± 0.002 at 

low Mgf, and 0.101 ± 0.036 |IM at high Mgf while the K m for 

Serpeptide is remained the same (0.016 ± 0.001 mM for low Mg^ 

whereas 0.013 ± 0.003 mM for high Mgf). Kinetic parameters 

for the effects of the Rj-cAMP complex on cAPK are shown in 

Tables IIX and IX for low Mgf and high Mgf, respectively. 
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Table V: The Velocity of the cAPK Reaction in the Presence or 

Absence of Type-II Regulatory. 

Enzyme Mix Activity 

A B b C b 

(cpm) (%) (10-3) (%) (10~3) (%) 

c 5000 100 2.35 100 3.7 100 

C + CAMP 3260 65.2 2.35 100 3.01 81 

C + RII 1300 26 1.48 62.5 1.4 38 

C + CAMP + Rjj 9500 190 2.79 124 4.1 111 

All the assays were carried out at 25° C, pH 7, in either 20 

mM (radioassay) or 100 mM (coupled) Mops. A. radioassay at 10 

mM Mgf. B (10 mM Mgf) and C (0.5 mM Mgf) are obtained with 

the coupled spectrophotometric assay. ^Units are ^mol/min. 
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Figure 9: Double reciprocal plot of initial velocity vs. 

Serpeptide concentration at pH 7, 100 mM Mops. The Mg^ and 

MgATP concentrations were fixed at 0.5 mM and 4 mM 

respectively, with Serpeptide varied as indicated. cAPK 

(0.102 jug) alone (A), cAPK (0.102 M-g) + 0.1 [lg RIZ*cAMP 

complex (•) and cAPK (0.102 |lg) + 0.5 JJ.g Rjj-cAMP complex <•) 
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Figure 10: Double reciprocal plot of initial velocity vs. 

MgATP at pH 7, 100 mM Mops. The Mg^ and Serpeptide 

concentrations were fixed at 0.5 mM and 0.36 mM respectively, 

with MgATP concentration varied as indicated. cAPK (0.102 

|lg) alone ( A ) , cAPK (0.102 Hg) + 0.1 Jig RJJ-CAMP complex (•) 

and cAPK (0.102 ^g) + 0.5 |ig Rjj-cAMP complex (•) . 
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Figure 11: Double reciprocal plot of initial velocity vs. 

Serpeptide at pH 7, 100 mM Mops. Conditions are as in the 

legend to Figure 9 except that Mgf and MgATP concentration are 

10 mM and 1 mM, respectively. 
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Figure 12: Double reciprocal plot of initial velocity vs. 

MgATP at pH 7, 100 mM Mops. Conditions are as in the legend 

to Figure 10 except that the Mg^ and Serpeptide concentrations 

were fixed at 10 mM and 0.36 mM, respectively. 
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Table VI: Kinetic Constants for cAPK in the Presence or 

Aabsence of Type-II Regulatory Subunit at 0.5 mM Mgf> 

Type-II Regulator Subunit (U-q) 

Parameter0 0 . 1 0.5 

V (10~3) 

KMgATP 

V/K MgATP 

KSerpeptide 

V//KSerpeptide 

3.07 ± 0.7 

0.107 ± 0.09 

0 . 0 2 8 ± 0 . 0 2 

3.26 ± 0.6 

(1.06 ± 0.31) 

0.10 ± 0.06 

0.033 ± 0.002 

(1.18 ±0.81) 

3.87 + 0.8 

(1.26 ± 0.39) 

0.105 ± 0.08 

0.036 ± 0.02 

(1.29 ± 1.17) 

0.022 ± 0.001 0.020 ± 0.0001 0.023 ± 0.0007 

0.140 ± 0.004 0.163 ± 0.003 0.168 ± 0.004 

(1.16 ± 0.04) (1.20 ± 0.05) 

aAssays were carried out at 25° C, pH 7, in 100 mM Mops with 

0.102 p.g of C-subunit. Units are the following: V, pmol/min; 

KMgATP' m M ; v/KMgATP' KSerpeptide' m M ; V//KSerpeptide' 

min--'-. Parenthesis indicate fold activation; +/- standard 

error. 
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Table VII: Kinetic Consyants for cAPK in the Presence or 

Absence of Type-II Regulatory Subunit at 10 mM Mg^. 

Type-II Regulator SvOxmit (M-g) 

Parameter3 0 0.25 2.5 

V (10~3) 3 .62 . ± 0.05 4.34 ± 0.05 5.66 : t 0 .40 

(1.20 ± 0.02) (1.56 + 0.11) 

KMgATP 0 .011 ± 0.001 0.012 ± 0.002 0.012 + 0.001 

v / KMgATP 0 .274 ± 0.002 0.323± 0.005 0.404 + 0.04 

(1.18 ± 0.02) (1.48 + 0.12) 

KSerpeptide 0 .022 ± 0.001 0.024 ± 0.001 0.021 + 0.005 

v^KSerpeptide 0 .165 ± 0.006 0.184 ± 0.006 0.2 63 + 0.004 

(1.12 ± 0.05) (1.60 + 0.06) 

aAssays were carried out at 25° C, pH 7, in 100 mM Mops with 

0.6 (lg C-subunit. Units are the following: V, (Imol/min; 

KMgATP' rn**' ^/^MgATP' m^ n ^' ^Serpeptide' V//KSerpeptide' 

min-^-. Parenthesis indicate fold activation; +/- standard 

error. 
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Figure 13: Double reciprocal plot of initial velocity vs. 

MgATP at pH 7, 100 mM Mops. The Mgf and Serpeptide 

concentrations were fixed at 0.5 mM and 0.36 mM respectively/ 

with MgATP concentration varied as indicated in the presence 

(A) or absence (B) of 0.185 |ig Rj-cAMP complex. 
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Figure 14: Double reciprocal plot of initial velocity vs. 

MgATP at pH 7, 100 mM Mops. The Mgf and Serpeptide 

concentrations were fixed at 10 mM and 0.36 mM respectively, 

with MgATP concentration varied as indicated in the presence 

(A) or absence (B) of 1.85 Ji,g Rj-cAMP complex. 
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Figure 15: Competitive inhibition by Rj-cAMP complex at pH 7, 

100 mM Mops. The Mg^ and MgATP concentration were fixed at 

0.5 mM and 4 mM respectively. Serpeptide was varied as 

indicated at zero (•) and (#) 0.185 [ig Rj-cAMP complex. 
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Figure 16: Competitive inhibition by Rj-cAMP complex at pH 7, 

100 mM Mops. The Mg^ and MgATP concentration were fixed at 10 

mM and 1 mM respectively. Serpeptide was varied at zero (•) 

and (0) 1.85 |Hg cAPK + Rj-cAMP complex. 
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Table IIXX: Kinetic Constants for cAPK in the Presence or 

Absence of Type-I Regulatory Subunit at 0.5 mM Mgf. 
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Parameter' 

V 

K, MgATP 

v/KMgATP 

Tvr>e-1 R e g u l a t o r y S u b u n i t (Lla) 

0 

0 .0028 ± 0 . 0 0 0 1 

0.064 ± 0.008 

0.044 ± 0.004 

0.185 

0.0027 + 0.0002 

0.076 ± 0.011 

0.035 ± 0.003 

aAssays were carried out at 25° C, pH 7, 100 mM Mops and 

saturating levels of Serpeptide with 0.09 mg cAPK. Units are 

the following: V, mmol/min; mM; V/Kĵ gjyjip, min -1 



Table IX: Kinetic Constants for cAPK in the Presence or 

Absence of Type-I Regulatory Subunit at 10 mM Mg^. 
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Parameter' 

Type-1 Regulatory Subunit (Ucr) 

0 1.85 

0.0068 + 0.0001 0.0067 ± 0.0005 

K, MgATP 0.0088 ± 0.0005 0.0075 ± 0.0002 

V//KMgATP 0.77 ± 0.03 0.89 ± 0.09 

aAssays were carried out at 25° C, pH lr in 100 mM Mops and 

saturating levels of Serpeptide with 1.03 mg cAPK. Units are 

— 1 
the following: V, mmol/min; r roM; ̂ /%lgATP' m i n 



CHAPTER IV 

DISCUSSION 

Substrate Inhibition Studies By Serpeptide. Existing 

studies agree that the kinetic mechanism of cAPK is a 

sequential mechanism. Cook et al. (1982) proposed that the 

kinetic mechanism was steady state random with substrate 

inhibition by Serpeptide at concentrations above 0.5 mM as a 

result of the formation of a E:MgADP:Serpeptide dead-end 

complex. Whitehouse et al. (1983) suggested an ordered 

mechanism in which the nucleotide binds first and also 

observed substrate inhibition by Serpeptide at concentrations 

above 0.1 mM suggesting formation of an E:Serpeptide non-

productive binary complex. In both cases in which substrate 

inhibition was observed the radioassay with ATP-[y-32P] was 

used, which makes use of 32P-phospho~Serpeptide binding to 

phosphocellulose paper. However, both the substrate, Ser-

peptide, and product, 32P-phospho-Serpeptide, will bind to the 

paper. Thus, at higher concentration of Serpeptide, it is 

likely the paper becomes saturated resulting in an under-

estimate of product produced. This could be the reason why 

substrate inhibition was observed with the radioassay. 

To test whether Serpeptide exhibits substrate inhibition, 

94 
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the coupled spectrophotometer^ assay was used. At high Mgf 

concentration, no substrate inhibition by Serpeptide was 

observed at either saturating or nonsaturating MgATP over the 

range 20 |1M to 5 mM Serpeptide. Similar results were obtained 

at 0.5 mM Mgf concentration. 

Circular dichroism studies (Reed et al., 1985) have 

shown that binding of the peptide substrate involves a series 

of conformational changes in the absence of nucleotide. 

Equilibrium dialysis studies (Whitehouse et al., 1983) have 

also detected the E:Serpeptide binary complex. That no 

substrate inhibition is observed by Serpeptide suggests that 

the E:Serpeptide complex is a productive binary complex. 

Isotope Partitioning Studies. The isotope partitioning 

technique of Rose et al. (1974) is a powerful tool for the 

determination of enzyme kinetic mechanism. This technique can 

directly identify functional Michaelis complexes, and can also 

from the amount of trapping of each productive 

enzyme-substrate complex as a function of the other 

reactant(s) concentration(s) allow estimate of the relative 

rate of dissociation of reactant compared to the catalytic 

step(s). 

Isotope partitioning studies using Mg 2 + as the divalent 

metal ion for adenosine 3', 5'-monophosphate-dependent protein 

kinase catalytic subunit suggests a steady state random 

mechanism in the direction of protein phosphorylation, 
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consistent with previous results of Cook et al. (1982). 

Isotope Partitioning Studies of E:MgATP. At low Mgf 

concentration, a value of 100% trapping is obtained for MgATP 

indicating either that MgATP has a high commitment to 

catalysis once bound or that the mechanism is ordered with 

MgATP binding before Serpeptide. Initial velocity studies 

have suggested that E:Serpeptide is a productive binary 

complex indicating that MgATP must be very sticky. Under 

conditions where 100% trapping occurs, the off-rate of MgATP 

from the E:MgATP binary complex, k2 (see scheme 1), can be 

calculated from the product of K'b (the K m for Serpeptide for 

trapping) and V/(Kb)(Et) from initial velocity studies (Rose 

et al., 1974). The K ' S e r p e p t i d e for the trapping reaction is 

17 ± 2 flM whereas the steady state kinetic parameter 

V/(Et)(Kgerpeptide* is (8.5 ± 0.3) x 105 M - 3^" 1 (Yoon & Cook, 

1987). Thus k2 is equal to 14 ± 2 s"
1. The on-rate for 

MgATP, k]_, is obtained from K d = k2/k1 in which K d is 0.16 mM 

(Cook et al., 1982). A value of (9 ± 1) x 104 M^s""1 is 

obtained which is about 4 orders of magnitude lower than the 

diffusion limit. These data suggest that the binding of MgATP 

to the enzyme requires at least two steps. The conformational 

change accompanying MgATP binding may be reflected in the 

tight binding of adenosine with a strained torsional 

glycosylic angle of 78° and puckering of the ribose ring as 

shown by the NOE studies of Rosevear et al. (1983). In 
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addititon, the circular dichroic studies of Reed et al. (1984) 

using blue dextran also suggest that ATP binding to the enzyme 

causes a conformational change. 

0 4- . 

An increase in the concentration of uncomplexed Mg^T is 

known to increase the affinty for MgATP (Armstrong et al., 

1979a; Cook et al., 1982). As a result, the trapping 

experiments were repeated with 10 mM Mg^ in both pulse and 

chase solutions. The maximum trapping remains at 100% 

indicating that MgATP is still released slowly from the 

central E:MgATP:Serpeptide complex compared to product 

formation, but the K ' S e r p e p t i d e for trapping decreases to 2.0 

+ 0.8 |iM. The value for k2 can again be calculated as above 

with V/(E t)(K S e rp ep t i d e) equal to (1.70 ± 0.06) x 105 M _ 1s - 1 

(Cook et al., 1982) giving an apparent off-rate for MgATP of 

0.3 ± 0.1 s - 1, about 40-fold lower than that obtained at low 

Mg 2 + concentration. The K d for MgATP under these conditions 

has been measured by Armstrong et al. (1979b), using 

equilibrium dialysis, as 12 |i.M, allowing calculation of the 

apparent on-rate as (3 ± 1) x 104 M~1s"1. These data suggest 

that the increase in affinity in the presence of high 

concentrations of Mg 2 + is a result of a decrease in the 

effective off-rate with little apparent effect on the on-rate. 

However, even at high Mg 2 + concentrations, the on-rate is 

about 4 orders of magnitude lower than the diffusion limit, 

suggesting a minimum two-step process for MgATP binding 

independent of the Mg 2 + concentration. 
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Isotope Partitioning Studies of E:Serpeptide. At low 

Mg^ + , 100% trapping is obtained for the E:Serpeptide complex 

indicating that (1) E:Serpeptide does form and is a productive 

binary complex, and (2) Serpeptide is tightly bound in the 

E:MgATP:Serpeptide central complex as is also true for MgATP. 

Thus, the off-rate of Serpeptide from E:Serpeptide, kg (see 

scheme 2), can be calculated from the product of K*a (the 

for MgATP for the trapping reaction) and V/(Et)(Ka) from 

initial velocity studies (Rose et al. 1974). The K'MgATp for 

the trapping is 0.58 ± 0.05 mM whereas the kinetic parameter 

V/ (Ej.) (1*1 i 0.5) x 105 M ^s (Yoon & Cook, 

1987). Thus, kg is equal to 60 ± 30 s-1. The on-rate for 

Serpeptide is thus calculated using a of 0.25 mM (Feramisco 

et al., 1978) as (3 ± 1) x 10^ M~1s~^. This value is about 3 

orders of magnitude lower than the diffusion limit and as for 

MgATP suggests a minimum two-step process for Serpeptide 

binding. Recent experiments (Reed & Kinzel, 1984; Reed et al 

1984) using the circular dichroism of blue dextran bound to 

the C-subunit suggest that peptide binding occurs in three 

steps, with the first involving interaction of the Arg-Arg 

subsite with enzyme resulting in a closed conformation. This 

closing of the site is followed by a second change that 

results in the peptide assuming a specific coil conformation 

and this is followed by a third change that results in some 

movement of the serine hydroxyl group. 

These trapping experiments were repeated with 10 mM Mg^ 
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in both pulse and chase solutions. The maximum trapping for 

Serpeptide decreases to 40% suggesting that the Mgf 

concentration effects the binding of Serpeptide to the 

central complex, increasing its off-rate. To test this 

possibility, the Kj_ for Alapeptide was measured at saturating 

MgATP and 10 mM Mgf. The for Alapeptide under these 

conditions is 2.4 ± 0.4 mM whereas the Kj_ at 0.5 mM Mg^ is 

0.27 ± 0.07 mM (Yoon & Cook, 1987). If one assumes the 

on-rate for Alapeptide remains the same, the off-rate for 

Alapeptide and thus presumably also the off-rate for 

Serpeptide must increase at high Mg^. Since a Kd of 0.25 mM 

was used for E:Serpeptide at 10 mM Mg^, identical to that used 

for E:Serpeptide at low Mgf, and the Kd is likely higher than 

this value, the maximum amount of trapping cannot be 

ascertained since the initial concentration of E:Serpeptide is 

not known. The Kd for Serpeptide has been reported as 0.25 mM 

in the absence and presence of Mg-AMP-PCP, a nonhydrolyzable 

analog of MgATP (Feramisco & Krebs, 1978), but is likely 

higher than this in the presence of high Mgf as suggested 

above. Thus, one has the interesting case in which the for 

Serpeptide is identical at low and high Mg^ but the Kd 

increases as the Mgf concentration increases. Consider the 

following minimal mechanism for the kinase at saturating 

MgATP: 
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^3® k13 kg k H 
EA ̂  EAB ^ -» EPQ EQ =* E (17) 

k4 k 1 4 

where A, B, P and Q are MgATP, Serpeptide, phospho-Serpeptide 

and MgADP, Kb is given by eq. 18 where is k4/k3 

Kb = Kib kll(k14 + k9 + k13k9/k4> 
(18) 

kll(k14 + kg) + ki3(kg + k^) 

The off-rate for phospho-Serpeptide is much greater than 

catalysis as indicated by the value > 30 mM (Granot et al., 

1981) and some steps after catalysis must limit the rate at 

least partially for (20 |IM) to less than (250 H-M) . 

Using these qualifiers the above simplifies to eq. 19 (Cook et 

al., 1982). 

Kb = Kib^kll//k4 + kll/k13^ 

Since the off-rate for Serpeptide (k4) increases, k-^ must 

decrease by the same amount in order that remain the same 

a s Kib increases. In addition, k-j^/k^ must not be a very 

important term, that is, the catalytic step(s) is (are) not 

rate limiting. Thus, as suggested previously the release of 

MgADP from E -.MgADP must at least partially limit at low Mgf 

and become more rate limiting at high Mg^, likely accounting 

for the 5-fold decrease in V m a x observed as the concentration 
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of Mgf increases (Cook et al., 1982; Yoon & Cook, 1987). This 

is not surprising since Mg 2 + increases the affinity for MgATP 

by bridging enzyme and the polyphosphate chain of the 

nucleotide and will likely do the same with MgADP. 

Isotope Partitioning Studies of E:MgADP. There are 

several possibilities for no trapping being obtained with 

MgADP at either high or low Mgf concentration. (1) The 

ErMgADP binary complex does not form. (2) The off-rate of 

MgADP from E:MgADP is much faster than k3[phospho-Serpeptide] 

even at the highest [phospho-Serpeptide]. (3) MgADP is 

released from E:MgADP:phospho-Serpeptide much faster than it 

turns over. 

Kinetic studies have shown that the for ErMgADP is 

0.05 mM (Cook et al., 1982), and thus ErMgADP does form and 

MgADP binds reasonably tight. As discussed above, the MgADP 

release step is probably rate limiting in the phosphorylation 

direction. For the cAPK reaction, the ratio of the V m a x in 

the direction of Serpeptide phosphorylation to that in the 

direction of MgADP phosphorylation is 250 (unpublished results 

of M.-Y. Yoon in this laboratory) indicating that MgADP must 

be released from the central product complex at least 250 

times faster than the slowest step in the direction of MgADP 

phosphorylation. In other words, the mechanism is probably 

rapid equilibrium in this direction, suggesting that the third 

possibility is most likely. 
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Summary of Isotope Partitioning Studies. The data 

obtained from isotope partitioning studies are summarized in 

scheme 3 for low Mgf and scheme 4 for high Mgf. At low Mgf, 

both MgATP and Serpeptide are released from the central 

complex slowly compared to catalysis. In addition, based on 

the magnitude of the on-rate, the binding processes require 

more than one step in both cases. When Mgf concentration 

increases, the affinity of MgATP for the enzyme is increased 

as a result of a decrease in the off-rate for MgATP (as seen 

for example in the E:MgATP binary complex) but it results in 

an increase in the off-rate of Serpeptide at least from the 

E:Serpeptide:MgATP ternary complex. 

The isotope partitioning studies of cAPK suggest a steady 

state random kinetic mechanism in the direction of protein 

phosphorylation since trapping was obtained from both 

E : MgATP-[y-32P] and E:3H-acetyl-Serpeptide. At high Mgf 

conditions, there is a preference for MgATP binding to the 

enzyme first. 

Type-I Regulatory Subunit Effects. With Serpeptide 

saturating, the V and for MgATP remain the same, whereas 

with MgATP saturating, a competitive inhibition pattern is 

obtained from initial velocity studies for Rj-cAMP complex vs. 

Serpeptide at both low and high Mgf concentration. This 

indicates that the Rj-cAMP complex binds to the same site on 

enzyme as the peptide/protein substrate. 
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Witt et al. <1980) have shown that Cibacron blue F3G, an 

analog of MgATP (Thompson et al., 1975) containing a triazine 

chloride, covalently modifies the cAPK. The holoenzyme was 

resistant to the inactivation in the absence but not in the 

presence of cAMP. Granot et al. (1980) also reported that the 

holoenzyme, in the absence of cAMP, bound ADP and MgADP with a 

five fold increased affinity . All of the above results 

suggest that the regulatory dimer binds to the protein site of 

the cAPK. 

There are two possible pathwats of holoenzyme 

dissociation by cAMP (Builder et al., 1981) . That can be 

illustrated as follow: 

R 2 C 2 7 = ^ 2 ( C A H P ) 4 C 2 

\ 

4 c AMP 

4cAMP . 
r 2 + 2C v ^R2(CAMP)4 + 2C 

With the spectrophotometric assay, when Serpeptide is 

saturating, there is a lag in the time course when the peptide 

is used to initiate the reaction in which cAPK and Rj-cAMP are 

preincubated. This most likely indicates that the initial 

enzyme mix exists as R2*cAMP^*C2 complex and Serpeptide shifts 

the equilibrium toward the productive Michaelis complex as 

follows: 
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R 2(CAMP) 4C 2 v
 s 2C + R2<cAMP)4 

-MgATP r 
N 

C + Serpeptide ^Catalysis 

This is not only consistent with the suggestion of Armstrong & 

Kaiser (1978) that the R2*cAMP4 shares the same binding site 

as the protein/peptide substrate, but also suggests that the 

cAMP activation occurs with R2(cAMP)^C2 complex formation. 

The dissociation constant for holownzyme has been 

estimated as 0.1 nM in the absence of cAMP (Granot et al., 

1980) . The Kj_ value for R-j-'cAMP complex is 0.011 ± 0.002 |i.M 

at low Mgf while a value of 0.101 ± 0.036 |AM is obtained at 

high Mgf/ which is about 10-fold higher than that at low Mgf. 

The data are consistent with Alapeptide inhibition studies 

alone in which the is also increased by about 10 fold. 

Type-II Regulatory Subunit Effects. Preliminary data were 

obtained from this laboratory indicating that the skeletal 

muscle RJJ, in the presence of saturating cAMP, enhanced cAPK 

activity up to 1.5 fold when Serpeptide was saturating. In 

this preliminary experiment the ratio of R J J ' C A M P to cAPK was 

100. Independently, Dr. Richard Armstrong (Univ. of Maryland) 

obtained a stimulation of 1.7-fold with RXI*cAMP/cAPK at 1.0. 

To test whether the Rjj'cAMP complex really enhances cAPK 
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activity, initial velocity studies were carried out with both 

the radioassay and the coupled spectrophotometry assay. At 

high Mg f concentration, the results obtained using the 

radioassay and coupled spectrophotometry assay indicate that 

Rjj, in the presence of cAMP, activates cAPK. 

In order to probe the effects of the Rjj'cAMP on the 

enzyme catalytic reaction, detailed initial velocity studies 

were carried out at either low or high Mg^ concentration. In 

the case of high Mgf, the value for MgATP and Serpeptide 

remain the same while V is increased up to 1.5 fold. In the 

case of low Mgf, qualitatively similar results are obtained. 

Consider the following mechanism for the cAPK: 

kg k*y kg 
EAB N EPQ x EQ ^ E (20) 

k 6 

where A, B, P and Q are MgATP, Serpeptide, phospho-Serpeptide 

and MgADP. Based on the net rate constant method of Cleland 

(1975) the following equations can be derived: 

V kcknkg 
= (21) 

Ê . (kcjk-y + kgkg + k-ykg + k^kg) 

k5 

1 + k5(l/k7 + 1/kg) + k 6/k 7 

(22 ) 
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Since the off-rate for phospho-Serpeptide (k7) is much greater 

than catalysis indicated by the > 30 mM (Granot et al., 

1981), the eq. 22 can be simplified to 

V k5 
(23) 

Et 1 + k5/k9 

Thus either increase in k^ or kg can result in an increase in 

V/Et. Consider the following scheme, 

koB k 5 k 7 k 9 
*•» F.aR — ^ EPO — a*. EQ ^ E (24) 

k4 k6 

Where A is Serpeptide, B is MgATP, P is phospho-Serpeptide and 

Q is MgADP. Based on net rate constant (Cleland, 1975), the 

KMgATP c a n b e e x P r e s s e d a s e<3* 2 5 

- KiMgATP (1 + k5 / k4 + k6 / k7 ) ^ 
KMgATP (1 + k s ( 1 / k 7 + 1 / k g ) + k6/k7) 

if k 7 » kg, which is most likely when K d of phospho-

Serpeptide is > 30 mM (Granot et al., 1981) . 

(1 + k5/k4) 
KMgATP = KiMgATP (l + k 5/ k g) ^ 

KMgATP i s determined by k 4 / k g , since k 4 is the off-rate of 

MgATP and kg is the off-rate of MgADP. KMgATP
 r e m a i n e d t h e 
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same even at high R J J - C A M P complex, and thus the k4/k9 ratio 

must remain the same. So it is a reasonable assumption that 

increasing ^max due to increased kg in the presence of 

RJJ-CAMP complex since K m for MgATP remained unchanged. 

However, it is also posibble the k^ is increased and k4, kg 

remain unchanged. The effects of the Rjj-cAMP complex in the 

direction of MgADP phosphorylation will help to distinguish 

between these possibilities. 

From the results of involving the regulatory subunits 

studies, the following conclusion can be made: 

1.Since a competitive pattern is obtained, with Rj the 

R2(CAMP)4C2 complex does form. 

2.The Rjj-cAMP complex enhances cAPK activity at 

saturating concentration of MgATP and Serpeptide 

indication that RI];-cAMP activate cAPK allosterically. 

Thus, there are two binding site for RJJ on the cAPK, 

one is the protein (peptide) portion of the active site 

while the second is as yet unknown allosteric site. 

There is then, the potential for additional regulatory 

of the catalytic subunit activity. 
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