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I. INTRODUCTION

Over the quarter century since the first report of a protein kinase in liver by Burnett
and Kennedy' this type of enzyme (NTP: protein phosphotransferase) has been
identified and studied in a wide range of vertebrate and invertebrate cells. It has
become clear as a result that the simple transfer of a phosphate moiety from a
nucleoside triphosphate to a protein molecule is a powerful posttranslational
mechanism which nature has frequently exploited to alter the properties of uniquely
situated proteins responsible for any of a large and diverse number of regulatory
events in cells. In the last several years, the regulation and function of protein kinases
have become important to virologists, immunologists, plant biochemists, neuro-
chemists, and students of cellular growth mechanisms as well as to the biochemists and
metabolic endocrinologists whose interest was originally attracted’ by the involve-
ment of glycogen phosphorylase kinase in the regulation of glycogen metabolism in
skeletal muscle. (For review see References 3 to 7).

The reactions catalyzed by protein kinases can be generally represented as indicated
in Equation 1:

NTP.Mg"™ + protein— protein-P + NDP.Mg" H

In all the systems which have been studied to this time this posttranslational protein
modification can be reversed by the action of a phosphoprotein phosphatase™® as
indicated in Equation 2:

Protein-P, + nH.O — protein + n P (2)

The biochemical basis for the wide-ranging ability of protein kinases to dra-
matically change the activity of key proteins lies in part in the ability of many
protein substrates to preserve some of the high energy of the nucleoside triphosphate
bond within their structure when phosphate is covalently bound to a specific
residue. The free energy of hydrolysis (AG®) of the serine-phosphate bond in
casein has been calculated to be —6.5 kcal/mol under conditions where the same
parameter is only —2.9 kcal/mol for free serine-phosphate’. (AG® for ATP = —8.4
kcal/mol). The finding of such a high free energy of hydrolysis of protein bound
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phosphate has two clear consequences. First, it is clear that the considerable energy
made available upon cleavage of a protein-phosphate bond might be used to bring
about significant conformational changes in protein structure. Second, the high free
energy of hydrolysis means that the phosphorylation reaction can be limited to
circumstances when the appropriate protein kinase is activated and able to catalyze
phosphorylation.

This review is concentrated upon a biochemical consideration of the protein kinases
which have been purified to homogeneity up to this time. Other important aspects of
the control of cellular events by protein phosphorylation-dephosphorylation
reactions such as the enzymology of protein phosphatases and the study of protein
substrates are not extensively addressed herein, but are the subject of several excellent
reviews.” ™'%'2 The reader is also referred to several recent reviews which deal with
individual protein kinases, notably cAMP-dependent protein kinases (cAK),>'"°"
cGMP-dependent protein kinases,'" and phosphorylase kinase.** These latter
enzymes will be covered insomuch as studies on them have set precedents of
terminology and methodology for the study of other protein kinases and in order to
highlight properties which appear to be held in common and which may, therefore,
enlighten researchers through the existence of common structural features and
mechanisms of effector regulation or similar protein substrate specificities. Through-
out, we wish to emphasize the importance of comparison of diverse protein kinases
since we believe that when nature has discovered a particularly effective biochemical
means of regulation it is apt to employ it in multiple and varied systems.

A full understanding of the involvement of any particular protein kinase in the
control of cellular events clearly hinges upon a knowledge of the enzymology and
biochemistry of the enzyme in question. Protein kinases play a transducer role in
nature, acting as mediators for effector molecules such as haem, calcium, cAMP,
or ¢cGMP which may be involved in the action of hormones such as EGF,"”
catecholamines,'®™"® glucagon,'®?' vasopressin, angiotensin II,”* or insulin®? on
targeted cellular events. As a result, one can expect to identify within the structure of
most protein Kinases an effector binding domain or subunit and a catalytic domain or
subunit. The unique structural, thermodynamic, and kinetic properties of these two
domains and the mechanism of action of one domain upon another in individual
protein kinase structures lie at the heart of those regulatory events wherein these
enzymes are involved. This review will focus upon these aspects of the protein kinases
which have been isolated up until this time.

Accurate biochemical data on protein kinase structure have been possible since the
first purification of a protein kinase, phosphorylase b kinase, to chemical
homogeneity in 1964.” Twelve other protein kinases have since been purified to
apparent homogeneity. The gross physical and kinetic properties of these proteins are
summarized in Table 1. It is clear that protein kinases have a wide range of molecular
weights and a variety of different subunit structures. However, it is equally clear that
the vast majority prefer ATP rather than GTP, UTP, or ITP as the phosphoryl donor
and that all have Kms for ATP which are well below the concentrations of the
nucleotide (2 to 6 mM) thought to exist in most cells. It is immediately clear, therefore,
that little regulation of protein kinase activity can be achieved by mechanisms which
simply change the Km for ATP. Other means must be sought and it is towards a better
understanding of these means that this review is addressed.

II. cAMP-DEPENDENT PROTEIN KINASE

The protein kinase which has been most extensively characterized is the cAMP-
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Table 1
PURIFIED PROTEIN KINASES

Autophos-
Monomer molecular Subunit phorylated Km for
Protein kinase weights structure subunits ATP
cAMP-dependent type | 49,000 (R) R,C; C 3—1S uM
39—42,000 (C)
cAMP-dependent type 11 54—56,000 (R) R,C, R,C 3—15uM
39—42.000 (C)
c¢GMP-dependent 74—81,000 (E) E, E 10—-20 uM
Phosphorylase kinase 118—145,000 (o) (afBy6)s a,B 200—400 u M
108--128,000 (B8)
41—42,000 ()
17,000 (6)
Myosin light chain kinase 77-—125,000 (M) MC M 50—300 u M
17,000 (C)
Hemin-dependent el F-2a kinase 80—95,000 +
dsRNA-dependent elF-2a kinase 67—70,000 +
Casein kinase 1 37—42,000 Monomer + 13—200 u M
Casein kinase 11 42—44,000 (o) aa’ B2 B 4—10 uM
38—40,000 («’)
24—26,000 (B)
Viral tyrosine kinase | 60,000 +
11 120,000 +
111 85—142,000 +
EGF-dependent tyrosine kinase 150,000 (E) E
Pyruvate dehydrogenase kinase 50,000
Insect cyclic nucleotide-dependent
protein kinase 180,000 (I) I, 86 uM
Rhodopsin kinase 50—52,000 Monomer 8 uM

dependent protein kinase. The enzyme has two principal classes of isozymes,*® named
as type I and type 1I on the basis of their elution from DEAE-cellulose.

The relative distribution of these two isozymes varies from species to species and
from tissue to tissue®® within a wide range of sources from which the enzyme has been
isolated. Recently, it has been reported that isozyme Il has a neural subclass which is
present in bovine cerebral cortex, cerebellum, medulla, mid-brain, brain stem,
anterior pituitary, pineal and adrenal medulla, but not in bovine skeletal muscle, liver,
kidney, heart, or adrenal cortex.”® Erlichman et al.*® have pointed out the great
potential value of this subclass of isozyme in developmental, anatomic and
pathological studies of the brain. No significant evidence is at present available to
challenge the postulate’’ that all the cellular actions of cAMP in mammalian tissues
are mediated by the action of these isozymes.

The purification of both isozymes to chemical homogeneity has been achieved and
has recently been reviewed in detail by Carlson et al.'’ Biochemical studies on the
subunit structure and physical properties of the purified kinase have been
fundamental to our understanding of the regulation of cellular events by cAMP. The
cAMP-dependent protein kinases which have been studied appear to be tetramers of
two regulatory and two catalytic subunits (Table 1). The binding of cAMP to the
regulatory subunit (R) causes a change in the affinity of the regulatory dimer for the
catalytic subunits (C)*** so profound that they physically dissociate when the
holoenzyme is present at cellular concentrations (~0.2 to 0.7 pM). The activation by
cAMP can be represented as indicated in Equation 3.%
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R,C, + 4 cAMPSIR,;. (cAMP), + 2C 3)

The exact affinity of the regulatory dimer for the catalytic subunit has been hard to
determine because of the difficulty of purifying regulatory subunit in the absence of
cAMP. The nucleotide has an affinity for the regulatory subunit of the enzyme which
is dependent upon concentration of protein and which increases as the protein is
diluted.***® At cellular kinase concentrations of 0.2 to 0.7 puM the apparent
dissociation constant of cAMP from the protein is 10 M. As a result of this high
affinity at dilute concentrations, the nucleotide is exceptionally difficult to remove.*
In recent years researchers have prepared R subunit by elution with cAMP from
affinity columns prepared with 8(6-aminohexyl)-cAMP,***® N®-(2-aminoethyl)-
cAMP,**! or N(6-aminohexyl)-cAMP*. It is also possible to elute using high (2 to 8
M) concentrations of urea in the eluting buffer.’>*»*™4

Although the cAMP-binding properties of the R subunit appear sensitive to this
procedure,*’ the ability of R subunit to inhibit the C subunit may be preserved intact
after extensive dialysis to remove urea.’>” It has also been possible to prepare R
subunit devoid of cAMP by elution from these affinity columns with cGMP followed
by extensive dialysis which does succeed in removing the nucleotide.* The affinity of
protein prepared by these procedures for C subunit has been reported to be ~0.2 nM
in the absence of cAMP for both types of isozymes in the presence of 150 mM NaCl
and 1 mM magnesium.’” The affinity is decreased 10-fold by phosphorylation and 10°-
fold by the binding of cAMP* 10 a value (2 X 10_6M') which exceeds the estimated
intracellular concentration of the R;C, holoenzyme complex (2 to 5 X 1077 M) and
therefore results in net dissociation. The structural basis for the 10*-fold lowering in
affinity caused by cAMP binding remains obscure.

Care must be taken in determinations of affinity, since the interaction of the
effector-binding subunit with the catalytic moiety is affected by salt concentration®*?
and by the presence of protein substrates,”*’ basic polypeptides,”*™*® or MgATP.*
Furthermore, the validity of these determinations rests on the assumption that the
holoenzyme form is devoid of all catalytic activity and that heterologous protein
substrates can only undergo phosphorylation when cAMP is bound.”

A. cAMP-Binding Domains

The discovery of two cAMP-binding sites per R subunit monomer***>*® has led to
an avid interest in the action of the effector on protein kinase activation. The existence
of two sites within one polypeptide chain could allow for intrachain cooperativity for
cAMP binding.”' At present it is not known which site, or sites, is responsible for
catalytic subunit activation, although studies pertaining to this question will be
described below.

Both of the major isozyme classes contain the two intrachain sites referred to as
Sites 1 and 2.°'"°® Although it is clear that the isozymes exhibit differences in cyclic
nucleotide analog specificity’® and MgATP effects on cAMP binding,* the effects of
analogs on cAMP dissociation behavior suggest that intrachain Sites 1 and 2 of
one isozyme are quite similar, and perhaps homologous, to the corresponding sites of the
other isozyme.’> There is compelling evidence to indicate that Sites 1 and 2 are
different. When labeled cAMP is removed by exchange with an excess of the unlabeled
nucleotide, the presence of certain competing cyclic nucleotide analogs before the
addition of cold nucleotide and at levels which inhibit [>’H]cAMP binding by more
than 50%, alters the relative amount but not the slope of each of the two dissociation
components which are observed.”> Two distinct [*H]JcAMP dissociation rates,
reflecting approximately equal amounts of each component, can be observed when
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purified R subunit is used.”»*’ Certain competing cyclic nucleotide analogs at low
concentrations inhibit [’ H]JcAMP binding approximately 50%, while much higher
concentrations of the analogs are required for further inhibition.***>* It appears,
therefore, that analogs have a relative preference for either Site 1 or Site 2.5

If the binding of a radiolabeled analog which prefers one of the sites is measured,
one would expect that only those unlabeled analogs which prefer the same site would
compete well in a binding reaction. This is found to be the case.**** The biphasic
quenching of the fluorescence of 1,N°-etheno-cAMP when bound to R also suggests
different intrachain binding sites.*’ The data indicating two different cAMP-binding
sites are thus quite convincing. The postulate that these different sites are intrachain
rather than interchain assumes that the R dimer contains two identical chains. To
date, no separation procedure has resolved two distinct chains of the R dimer with
different cAMP-binding properties. Intrachian binding site variability is supported by
the fact that variation of regions within a single protein chain occurs much more
frequently than variation between homologous chains of a protein dimer. Contiguous
duplication of a gene coding for a single binding site, followed by modification and
fusion, is one possible evolutionary process which could explain the existence of the two
different intrachain sites.

Some preliminary insights into the nature of Sites 1 and 2 have been gained from
studies of [’ H]cAMP dissociation and from the effects of cyclic nucleotide analogs on
[’H]cAMP binding and dissociation.”” The dissociation rate constant for [*’H]jcAMP
at 25° is approximately 0.025 to 0.050/ min for Site | and 0.23 to 0.26/min for Site 2.
These rate constants are similar, but not identical, for isozymes I and 11. If one assumes
that both sites have similar association rates, it follows that Site 1 would have a higher
affinity for cAMP.

Cyclic nucleotide analogs with C-8 modification of the purine ring have relative
preference for Site 1, whereas, those analogs with C-6 modification prefer Site 2 as
indicated by the model presented in Figure 1.°* It is possible that Site 1 binding either
requires the amino group at position 6 for hydrogen bonding or other interaction, or a
bulky substituent at this position imposes spatial restraints. By the same reasoning,
modification at C-8 could restrict binding at Site 2. The analogs could exist in different
conformational states (syn or ante), or different purine ring positional electron
densities, which confer site selectivity to them. The possibility that two different cyclic
nucleotides or two different forms of cAMP react with Sites 1 and 2 in vivo cannot be
ruled out. The existing knowledge of cyclic nucleotide binding to the two intrachain
sites and the availability of diverse cyclic nucleotide analogs should allow detailed
studies of function and mapping of cyclic nucleotide binding to Sites I and 2 to be done
in the near future.

That the cAMP-binding domains are located in discrete regions of the primary
sequence of R, as indicated in Figure 1, is suggested by the finding that small
proteolytic fragments of 10,000 to 16,000 daltons, which retain cAMP-binding
activity, can be isolated from both isozymes.”*’ A 16,000-dalton fragment from type I
isozyme resembles Site 2 in its cAMP dissociation behavior, but it cannot be ruled out
that it either represents a modified Site | or that it contains both sites, at least one of
which is modified. A 14,000-dalton fragment from type II isozyme appears, on the
basis of its dissociation properties and analog effects on cAMP binding, to be a
modified Site 2.°*°" The latter fragment occurs in the middle portion of the primary
sequence of R’**® and seems to be separate from the 8-azido-[**PJcAMP affinity-
labeled peptide.”®*® The 8-azido-[?P]cAMP labeling, which might be expected to
occur mainly at Site 1, has been shown to be covalently linked to a tyrosine residue and
very close to one of the phosphorylation sites near the carboxyl end of the R chain.”

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

HOOC

138 CRC Critical Reviews in Biochemistry

e X
N7 N NN
@[;}@ L

N

CH ¢} 0
b 5D

O,‘p\-o OH o=P-0 OH

OH@ o‘nﬂ

2 NHp

COOH

% KNOWN INHIBITORY ACTIVITY 39K

56K

FIGURE 1. Model of domains in type 11 isozyme of regulatory subunit. cAMP-bindingsites are designated as
1 and 2 as described in the text. The preference of analogs modified in the 8-position for Site | and of those
modified in the 6-position for Site 2 is indicated, as is the only region known to possess inhibitory activity.
Phosphorylatable serine residues are indicated by S-P.

Since probably neither the cAMP-binding fragments nor the affinity-labeled peptide
represents an entire binding site, it is too early to state confidently that the readily
obtainable 16,000- and 14,000-dalton fragments represent Site 2 of the respective R,
whereas the principal 8-azido-[*?P]cAMP-labeled peptide is derived from Site 1.

Several studies are now being directed toward understanding the function(s) of the
two intrachain cAMP-binding sites. Since the binding of a Site 2-preferring analog
such as [’H]cIMP is stimulated by the binding of Site I-preferring analogs, at least
one function of Site 1 appears to be to induce binding to Site 2 in a cooperative
manner.’® The reverse experiment, which tests whether Site 2 binding stimulates Site 1
binding, has also demonstrated significant stimulations.*****! This rather direct
method of determining cooperativity of cyclic nucleotide binding differs from kinetic
methods, which have occasionally shown cooperativity.’”*? Such a method promises
to be useful in studies of effector binding to other protein kinases. Although the data
suggest intrachain cooperativity of Sites 1 and 2, they can also be interpreted as
interchain cooperativity. Were that the case, cAMP binding to Site 1 of one chain of
the dimer would presumably stimulate binding to Site 2 of the other chain. Whether or
not cAMP binding to Site 1 or Site 2, or both, is responsible for the C subunit
activation cannot be unequivocally stated at this time. However, a Site 2—preferring
analog such as cIMP is more efficient than cAMP itself, in terms of moles bound to R
per mole of active C subunit released.*****' On the other hand, it is known that low
concentrations of Site |—preferring analogs will activate protein kinase. Finally, since
the cAMP-binding domains appear to interact with each other, one should consider
the possibility that two molecules of bound cAMP could themselves interact.
Dimerization of cAMP does occur under certain conditions,** albeit at low affinity,
and such a process could be favored by the proximity of two interacting sites.

B. Catalytic Domains
As indicated in Table 1, the C subunit of cAMP-dependent protein kinase has been
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Table 2
SUBSTRATES FOR cAMP-DEPENDENT PROTEIN KINASE

Possible
Physiological physiological Nonphysiological
substrates substrates substrates
Phosphorylase kinase Histone Casein
Glycogen synthase Phospholamban RCMM-lysozyme
Hormone-sensitive lipase Fructose diphosphatase RNA polymerase (E. coli)
Pyruvate kinase Diglyceride lipase elF-2 (E coli)
Troponin 1 Protamine cGMP-dependent protein kinase
Regulatory subunit Phosphatase inhibitor 1 Artificial peptides
Cholesterol esterase Phosphofructokinase
Acety! CoA carboxylase Reverse transcriptase
Tyrosine hydroxylase S-6 ribosomal protein
ATP-citrate lyase Myelin basic protein

HMG CoA reductase kinase

isolated and shown to be a monomer of 39,000 to 42,000 daltons. This protein has been
purified to homogeneity from bovine liver,*” heart,**’>** adrenal cortex,”’ rabbit
skeletal muscle,”’>" rabbit liver,” rat skeletal muscle,”* porcine skeletal muscle,”
and porcine gastric mucosa.”’ In contrast to R subunit, C subunit, isolated from either
the type I isozyme or the type Il isozyme or obtained from any of these sources,
appears to have similar chemical,’®’>"" physical,’”****"*">"" catalytic,****"*" and
immunological”® properties, as well as similar Km for ATP,****7*¥ protein substrate
specificity,”*>">" and the ability to interact with either type I or type 11 R subunit.”®
Nevertheless, a number of investigators®®’®*' have separated up to three different
forms of the protein which have similar molecular weights but different isoelectric
points as revealed by isoelectric focusing. (For a summary see Reference 81). The
different migration of these forms does not appear to be due to different amounts of
endogenous phosphate or carbohydrate,” nor to any immediately obvious differences
in the content of Asx, Glx, His, Lys, or Arg residues.”

The C subunit has a very broad protein substrate specificity in vitro as indicated in
Table 2. This breadth does not appear to be due to differing specificities between forms
of the protein which have different isoelectric points. However, it has been necessary
to define strict experimental criteria’® which must be satisfied in order to clearly
demonstrate that any protein is a substrate for the enzyme in vivo.'’ Such criteria are
all the more important in that they can legitimately be employed during the
examination of any protein kinase. They have been carefully applied by Beavo and
Krebs' to the substrates of cAMP-dependent protein kinases and it is on this basis
that substrates have been designated as “physiological”, “probably physiological”, or
“nonphysiological” in Table 2.

The molecular basis for the protein and peptide substrate specificity of cAMP-
dependent protein kinase 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
serines or threonines.®*®* Among the known substrate proteins, arginine residues are
particularly common in this position and they usually occur two or three residues from
the phosphorylatable amino acid.>”'®'" Studies using peptide substrates, recently
reviewed by Glass and Krebs'' and by Carlson et al.,” indicate that two arginyl
residues provide the best combination for protein kinase action when they are one
residue removed from the phosphorylated amino acid, but that a Lys.Arg sequence is
preferred if there are two intervening residues.'® At present, there are no data which
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indicate that histidine, lysine, arginine, or tyrosine residues can undergo phosphoryla-
tion catalyzed by this kinase. It has been postulated, on the basis of structural
predictions from known sequences of phosphorylated sites in proteins,®’ that a B-turn
in the protein structure near the phosphorylatable residue may be a further
determinant which is recognized by cAMP-dependent protein kinase. However,
studies of peptide substrate and substrate analog binding using NMR spectroscopy
indicate that, if there is any obligatory structural determinant other than arginine
residues, then it must be a coil structure,*® and not a B-bend.

It is interesting to consider the requirement for basic residues in protein substrates in
the light of other enzymes, notably the trypsin-like serine proteases, which also
recognize sites in proteins adjacent to basic amino acid residues. It has recently been
shown that the C subunit from rat intestinal mucosa is retained by an affinity column
of soybean trypsin inhibitor*®® which can therefore be used to separate C subunit from
the holoenzyme.®® Furthermore, it was found that soybean trypsin inhibitor was
capable of inhibiting the pure C subunit obtained from skeletal muscle, albeit with low
affinity®®” (Ki ~ 10™ M). Lastly, it has been shown that a-N-tosyl-L-lysine
chloromethyl ketone (TLCK), an affinity labeling reagent originally designed for
labeling the active site of trypsin, specifically attacks a sulfhydryl group at the active
site of the C subunit of cCAMP-dependent protein kinase and inactivates the enzyme."’
It therefore seems possible that the retention of the C subunit on soybean trypsin
inhibitor affinity columns is due to an affinity between the inhibitor and the
recognition subsite at the active site of the C subunit. Experiments in this laboratory
have not revealed any ability of the protein inhibitors of C subunit, i.e., the regulatory
subunits or the Walsh inhibitor, to inhibit trypsin®® despite the fact that both trypsin
inhibitor® and the protein kinase inhibitor’”*® contain essential basic amino acids. An
examination of the published sequences of trypsin®’ and of catalytic subunit™ reveals
little clear sequence homology. Nevertheless, there do seem to be similarities in the
recognition properties of this particular kinase and trypsin and in the ability of both
enzymes to be inhibited by heat-stable protein inhibitors in a manner competitive
with substrate and with K;s in the nanomolar range. An awareness of the chemistry
and enzymology of well-characterized proteases such as trypsin promises to be useful
during the future study of protein kinases which have similar substrate recognition
characteristics.

In order to probe the chemistry of the active site, chemical reagents have been used
to modify the C subunit. These include sulfhydryl modifying reagents: iodoacet-
amide,” p-hydroxymercuribenzoate,65 N-ethylmaleimide,*”® p-chloromercuribenzoic
acid,”® and 5,5'-dithiobis (2-nitrobenzoic acid),’®’*'" all of which appear to destroy
activity. The enzyme can be protected, at least partially, against these agents by the
presence of Mg.ATP but not of protein substrate.*>’"" Interestingly, thiocyanylation
of the -SH groups, which represents a relatively small modification, does not appear to
affect either the catalytic properties of the molecule or the ability to be inhibited by the
homogeneous kinase inhibitor.”” The magnesium nucleotide has also been reported to
protect the kinase activity from modification by ethoxyformic anhydride,”’ or the
affinity label S’-p-fluorosulfonyl benzoyl-5’-adenosine’™® which modifies a lysine
residue,”>”® as does the 2’,3'-dialdehyde derivative of ATP.** Cibacron Blue F3GA
inhibits the C subunit in a reaction which can be prevented by the presence of either
Mg.ATP or protein substrate.” 3-(3-Dimethylaminopropyl)-1-ethyl carbodiimide in
the presence of glycine ethyl ester modifies what appears to be an essential glutamate
residue at the active site.*® This modification can be prevented by the inclusion of
protein substrate but not of Mg.ATP in the modification reaction.* These data taken
together indicate the presence of sulfhydry! groups and glutamic residues around the
active site, but do not prove their direct involvement in the catalytic mechanism.
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The data obtained from experiments using affinity labels based on the structure of
ATP indicate the presence of a lysine residue in the proximity of the nucleotide
binding site, but do not prove involvement of this residue in the binding of ATP. The
use of a large number of ATP analogs modified in numerous parts of the molecule has
nevertheless provided considerable information about the ATP-binding site and the
relationship of this site to equivalent sites in other kinases or proteins which bind
ATP.®*'®" In this way researchers have been able to study which parts of the
nucleotide molecule are important determinants for binding to the protein kinase in
question. This approach to the study of the nucleotide binding sites of protein kinases
has particular attractions since it has the potential to identify nucleotides which are
useful, specific inhibitors of a particular enzyme in the presence of several others.

It is clear from the studies of Freist et al.'® (confirmed in this laboratory'’!) that the
C subunit has a high specificity for the purine moiety of ATP and that modifications to
the triphosphate moiety affect binding to the protein less, whereas analogs modified at
the ribose moiety have binding properties very similar to that of ATP. This is in
contrast to some t-RNA synthetases'® and potassium ion-stimulated adenosine
triphosphatase103 which appear to possess strong binding determinants for the ribose
moiety, but is similar to data on DNA polymerase*® which indicate very tight binding
to the adenine moiety.

These data have been used to argue that the high affinity ATP-binding site on the
holoenzyme of the type I isozyme is related to the ATP-binding site of the C subunit
rather than the cAMP-binding site of the R subunit.'” This has been confirmed by the
use of the photoaffinity label [y**P]8-N;-ATP which appears in the C subunit after
photolysis in the presence of holoenzyme followed by dissociation with cAMP.'*
Furthermore, these studies demonstrate that cAMP can bind competitively to the
ATP site of the C subunit (K; = 210 u M).' It is therefore clear that concentrations of
¢AMP in this range are able to inhibit the C subunit when concentrations of ATP
below the Km (5 to 10 p M) are used in assays. This has led to the false identification of
protein kinase which is inhibited, rather than stimulated, by cAMP.

ATP analogs have also been used in attempts to probe the Mg.ATP (syn or ante)
conformation preferred by enzymes. Should there exist a metal ion-ATP complex in
which the metal is coordinated to the N-7 atom of the adenine moiety and to oxygen
atoms of the phosphate moiety while ATP is in the anre conformation (Figure 2), then
substituents at the N-7 position should inhibit the formation of the ante
conformation.'®™ In the same way it has been argued that Mg-ATP in the syn
conformation may have metal coordinated to the N-1 or N-3 atoms of the adenine
moiety and to phosphate oxygens. Hence substituents at these positions would block
formation of the Mg.ATP syn conformation. Data obtained by the use of NMR* and
Raman spectroscopy,'o5 however, do not indicate any direct chelation of the adenine
moiety by magnesium. At neutral pH the Raman data indicate that the binding to the
phosphate moiety is the only interaction between ATP and Mg"™ since noticeable
spectral changes in adenine ring vibrations are not found.'” Nevertheless, it is clear
from model building of ATP analogs (see Figure 2) that bulky substituents at the C-8
position of ATP severely restrict adoption of the ante conformation. Credence is given
to this idea by the known conformation of 8-substituted adenosines in both crystals'®
and solution.'”” As a result, protein kinases which can bind such analogs well must be
able to use the syn conformation of the magnesium nucleotide. In the case of cAMP-
dependent protein kinase, increasing the size of the substituent at the C-8 position
(-SH>-Br>-NH,) progressively decreases ability to bind the kinase.'°®'®' This could
indicate either a strong steric requirement for binding at this site or a preference for
ante conformations.

Model building also makes clear that only the largest and most charged substituents
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FIGURE 2. Space-filling models of the syn (lower) and ante (upper) forms of ATP.

at the C-6 position can affect the conformation of the nucleotide. Therefore, the large
changes in binding affinity caused by modification at this position (ITP has a K; at
least 100-fold above the binding constant for ATP) cannot be due to conformational
change (syn or ante) and must be due to either a need for the hydrogen-bonding amino
group, a need for a defined electron density in the ring structure, or strict steric
requirements for the molecular organization at this position.

The molecular organization of the triphosphate moiety at the binding site has also been
the subject of study and is of particular relevance to the reaction mechanism which
removes the y-phosphate in order to transfer it to protein, to peptide,***'*'” or to
water.t*’$!"%!!! Indeed the various possible chelated structures of the triphosphate
moiety have been suggested''’ to be the structural basis for the catalytic versatility of
Mg.ATP in biochemical reactions. Clearly, it is possible for enzymes to determine the
phosphate which is to undergo nucleophilic attack by arranging the relative positions and
the conformations of the bound substrates such that the phosphorus atom that is to
undergo substitution is proximal to the appropriate nucleophilic atom of the substrate.'"
Such is the case for the C subunit for which the relationship of peptide substrate
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conformation to that of the triphosphate moiety has been described in detail.®”*® This has
been possible because catalysis requires a divalent cation such as Mg** which can be
replaced by Mn.”" The paramagnetic properties of Mn"" allow the use of electron
paramagnetic resonance (EPR) to determine stoichiometries and binding constants for
the cation.”® The paramagnetic effect of bound Mn"™ on the longitudinal nuclear
relaxation rates (1/Tip) of nearby atoms such as phosphorus, substrate protons, or water
protons allows precise measurements of the metal to substrate distances.*® Careful
studies of the triphosphate conformation have depended upon the preparation of stable
complexes of ATP with Mn(1I),*” Cr(111),*® and tetraamine Cobalt IIL,*® which have
two important properties:

1. They bind to ATP-utilizing enzymes but are relatively inert to substitution and
have low activity (about 1/1000th of that with Mg.ATP)

2. They have known absolute stereochemistry around phosphorus and known chelate
structures.

M?** ATP complexes chelated at the 8- and y-phosphates have two stereoisomers
denoted A and A.*® It is clear that the bovine heart C subunit uses the A isomer as a
substrate in preference to the A isomer. The stoichiometry of metal binding to
enzyme-nucleotide complex is 2:1.°” Since numerous studies indicate that ATP
binding to C subunit has a stoichiometry of 1,”>°*'® it follows that there are two
metal binding sites. The NMR data indicate that the higher affinity metal binding
site is on the enzyme-bound nucleotide and the lower affinity site is induced on the
enzyme by the bound nucleotide. This latter metal binding forms a bridge between
enzyme and metal nucleotide substrate and inhibits activity.*® These data account for
the strong inhibition (=80%) of C subunit activity which occurs at higher concentrations
(20 mM) of magnesium.

A determination of the secondary structure of peptide bound to protein kinase has also
been possible through the use of ATP chelates of heavy metals. Manganese, cobalt, or
chromium ions can be used to cause shifts in the relaxation times of substrate or water
protons and this has allowed the stereochemistry of heptapeptide binding to C subunit to
be described by the calculation of precise distances between metal and proteins and by
model building.*® It was thus determined that the a-helix and 8-pleated sheet structures
are not preferred as substrates, that various S-turns could conceivably be preferred, but
that a coil structure for peptide substrates could well be obligatory.*® It is of interest that
the conformation of that part of the phosphorylase a molecule which contains the serine
phosphorylated by phosphorylase b kinase is a coil as determined by X-ray analysis.'"?

Knowledge of the precise stereochemistry of peptide and metal nucleotide substrates at
the active site contributes greatly to an understanding of the reaction mechanism
employed by the kinase to catalyze the transfer of phosphate from nucleotide to peptide.
Kinetic studies on the beef heart enzyme, which indicate the absence of ping-pong
kinetics,**®'"* can be combined with studies of active site stereochemistry to argue
against a phosphoryl-enzyme intermediate and for a mechanism wherein the -y-
phosphate dissociates and forms a metaphosphate intermediate before nucleophilic
attack by the seryl hydroxyl.*® This is in contrast to reports which have indicated that the
brain enzyme does employ a phosphoryl-enzyme intermediate linked to a histidyl residue
in the reaction mechanism.”*

The studies discussed above have been the first which have yielded stereochemical data
on any protein kinase active site. It will be of great interest in the future to determine
whether other protein kinases use similar reaction mechanisms or whether different
methods of catalysis are employed. Such studies will inevitably contribute greatly to our
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understanding of the means which nature has designed for the regulation of active site
catalysis by these enzymes and for the recognition of physiological substrate enzymes and
proteins.

From the point of view of practical considerations, observations on the cAMP-
dependent protein kinase catalytic domain indicate several areas of potentially fruitful
study on other protein kinases which are less well understood. These include studies of
active site stereochemistry (as described above), ATPase reactions, ATP analog
specificity, and the reversal of protein kinase reactions. The ability of C subunit to
transfer phosphate from ATP to water appears genuine and not due to a contaminating
ATPase activity.''! This property allows the study of kinetics and reaction mechanismin
the absence of protein or peptide substrate. High concentrations of Mg. ADP can be used
to force the C subunit to “reverse” catalytic activity, remove phosphate from a protein
substrate, and transfer it to ATP.>""" The Km of the reverse reaction for ADP is 40
M 210001 Thig is a useful method for removing phosphate from protein substrates in
the absence of an appropriate or pure protein phosphatase if the reverse reaction has a
relatively low Km for Mg. ADP and particularly if the protein substrate specificity of the
reverse reaction is similar to that of the forward reaction and the kinase responsible for
catalyzing phosphorylation of a substrate is unknown or uncertain. This method has
been used to carefully study the effect of the phosphorylation state on the activity of rat
liver pyruvate kinase,''* and is an absolute requirement for the determination of the free
energy of hydrolysis of covalently bound phosphate.’ It is doubtful, however, that the
reverse reaction has any physiological meaning.

C. Autophosphorylation

The holoenzyme of cAMP-dependent protein kinase has been known since 1974 to
undergo “autophosphorylation”,'" i.e., to catalyze phosphorylation of a residue within
its own structure in an intramolecular reaction.''® Asisindicated in Table I there are now
many protein kinases which have been shown to undergo autophosphorylation and,
while this phenomenon may not be a general property of all protein kinases, it may well
be of fundamental importance to the regulation of the activity of a large number of these
enzymes and the cellular events which they control. The effect of autophosphorylation on
the catalytic and regulatory properties of any kinase promises to be important to an
understanding of why protein kinases should undergo this reaction. This is indeed the
case for cAMP-dependent protein kinase.

The C subunit is able to catalyze the incorporation of 2 mol of phosphate per mole of R
monomer,''”'* and the C monomer itself can incorporate 2 mol of phosphate upon
incubation with Mg. ATP in the absence of protein substrate.”'?' Although the sequence
of the autophosphorylation sites in the C subunit has been determined,'*’ no clear
functional role has as yet been assigned to them. In the case of the R subunit, the two
phosphorylation sites have different kinetics of phosphorylation since one site (Site 2) is
phosphorylated extremely quickly even at 0° whereas the other (Site 1) requires
incubation with large concentrations of C subunit at 30°.'"” Autophosphorylation under
conditions where the faster site (Site 2) is phosphorylated resuits in R subunit which hasa
lower reassociation rate with C subunit."”™'?* The recent observation that the two
autophosphorylation sites in the R subunit are proximal to the two cAMP-binding sites®®
at least in terms of the primary structure is interesting and supports our original
contention® that the two cAMP-binding sites may have evolved as the result of genetic
duplication of a domain. No effect of phosphorylation on the binding of cAMP by either
domain has been demonstrated to date, although the juxtaposition of a cAMP-binding
site with each phosphorylation site in the primary structure may indicate that
appropriate assay conditions have not yet been designed.
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FIGURE 3. Models of modes of action of cyclic nucleotide-dependent protein kinases. (A) cAMP-dependent
protein kinase. (B) cGMP-dependent protein kinase.

The Site 2 phosphorylation site has been shown to be within three residues of the most
sensitive part of the R subunit to tryptic cleavage.''*'?° This site has been determined to
have the primary sequence Asp-Arg-Arg-Val-Ser-Val-Cys-Ala and trypsin cleaves
between the two arginyl residues as one might expect. The high tryptic sensitivity of this
site suggests that it may exist on a connecting peptide between domains.''>'?® A model
depicting the structure of the isozyme 11 of cAMP-dependent protein kinase is shown in
Figure 3. While this model is designed as a working hypothesis and is by no means
complete or unequivocally accurate it does demonstrate several testable features which
we consider important. Each monomer has three major domains: two-cAMP-binding
domains’*'"*'* and a dimerization domain as first described by Taylor et al.'**'*” One of
the two phosphorylated residues is located either near or within a cAMP-binding do-
main.*®*"'®2® No such detailed model of the domain structure of the regulatory moiety of
any other kinase can be presented at this time. Data on the mechanism of action of the
R moiety upon the C subunit of this kinase are of interest in the study of other protein
kinases which may or may not employ similar mechanisms to regulate active site
catalysis.

D. Mechanism of Action

The molecular basis for the regulation of cAMP-dependent protein kinase by cAMP
lies in the means by which active site catalysis in the C subunit is inhibited by the R
subunit and the means by which cAMP can reverse this inhibition by binding to the R
moiety. As discussed above, the two subunits have an exceptionally high affinity for
each other in the absence of cAMP*>* and this affinity is decreased 10*-fold by binding
of the nucleotide. It is generally considered'®'**>*"’ that the holoenzyme complex has no
significant activity towards peptide and protein substrates although the isozyme Il is
clearly capable of catalyzing autophosphorylation in the absence of cAMP.'"’

Several pieces of evidence have now been gathered which suggest that cAMP activates
the holoenzyme by a mechanism which involves formation of an intermediate ternary
complex of nucleotide and holoenzyme before dissociation of the dissimilar subunits. In
this postulated mechanism cAMP would bind to the R subunit while it was part of the
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holoenzyme complex rather than to that small amount of free R subunit which was
dissociated simply as a result of the equilibrium between holoenzyme and free R. As a
result of cAMP binding the R and C subunits are presumed to dissociate from one
another so that the whole process can be represented as:

R:C; + cAMP — cAMP. R:C; -~ cAMP. R, + 2C “4)

The evidence for this sequence of events is mainly kinetic, although two groups have
reported data''™'?® which may indicate physical isolation of a cAMP-holoenzyme
complex. Huang et al.'® have used CL-Sepharose 6B gel filtration to study the
interaction of [’H]JcAMP (10 M) and holoenzyme, and report that although
[’H]cAMP binds to the holoenzyme, it does not dissociate it until higher concen-
trations (1077 M) of the nucleotide are used. Erlichman et al.!'” have shown that
preincubation of “dephosphorylated” isozyme 1l holoenzyme with 20 u M cAMP for 10
min at 0° followed by chromatography on a column of Bio-Gel A-1.5m in the presence of
2 uM cAMP resulted in binding activity which emerged in the same elution volume as
untreated holoenzyme and which co-eluted with cAMP-dependent catalytic activity.
However, similar experiments carried out using S-200 chromatography and in the
presence of 50 mM KCl, 50 mM KH,PO, and after preincubation with 0.5 mM cAMP do
result in complete dissociation.”’” The interpretation of experiments which purport to
demonstrate physical isolation of such a ternary complex of isozyme II must clearly be
qualified because of the ability of the subunits to quickly reassociate, particularly in the
absence of high salt concentrations,” and because of the difficulty in separating free R
from holoenzyme using conventional procedures.

Despite the inherent difficulty in the isolation of a ternary complex it is clear that the R
subunit and C subunit can interact in the presence of cAMP. In the case of the type II
isozyme the C subunit is clearly capable of catalyzing phosphorylation of the R subunitin
the presence of saturating concentrations of cCAMP. Modification of C subunit by 5,5'-
dithiobis (2-nitrobenzoic acid) (DTNB) causes rapid inactivation of C subunit, yet
“phospho-"R subunit decreases the rate of inactivation and “dephospho-"R subunit
increases the rate even in the presence of 0.5 mM cAMP.''" These results may clearly be
explained by a ternary complex [cAMP,. R:C,] in which the -SH group(s) on the C
subunit is (are) activated toward reaction with DTNB. The slower rate of inactivation of
the phosphoholoenzyme compared to the dephosphoenzyme may be the result of slower
recombination of the subunits of the former. The authors of these studies correctly point
out the possibility that inactivation of C subunit in the ternary complex is not caused by
direct reaction of C subunit with DTNB. It remains possible that a stepwise mechanism is
involved wherein DTNB first reacts with cAMP.R and then subunit recombination
allows intracomplex transfer of TNB (trinitrobenzoate anion of DTNB) from R to C.'*°
Nevertheless, it is clear that changes in sensitivity to DTNB are due to interaction of the
dissimilar subunits in the presence of cAMP.

Such interactions are also indicated by experiments which show that the presence of C
subunit stimulates the rate of dissociation of labeled cAMP or of (1,N®-etheno-cAMP)
from R subunit.”>*** Data on the binding of cAMP to Drosophila embryo protein kinase
at 0° indicate a ternary complex as the most likely of three postulated mechanisms to fit
the data."”® The data on the binding of cAMP in all these experiments are compromised
quantitatively by the use of the simple Millipore filtration method which is known to
underestimate the cAMP bound to R subunit.’****° Nevertheless, the data do support the
ternary complex mechanism gualitatively. Perhaps the most convincing evidence for this
mechanism comes, however, from studies with the type I isozyme from bovine skeletal
muscle which have demonstrated that in the absence of cAMP the dissociation of R from
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C is exceptionally slow (t4 = 1 hr) as compared to the almost immediate activation of
holoenzyme by saturating concentrations of cAMP.** As discussed above (Section 11.A),
it is unclear at the moment whether both moles of cAMP which bind to each R monomer
are responsible for activation, nor has it been possible to determine whether or not one or
the other site is primarily responsible. Furthermore it is unclear whether either or both
sites are involved in the formation of the ternary complex before dissociation and
activation.

In the absence of bound cAMP the R subunit exerts a very effective inhibitory action
on the C subunit. It has been postulated®' that R subunit inhibition of the C subunit from
the type II isozyme of bovine protein kinase occurs through shielding of the Mg ATP
binding site. However, the data which show intramolecular autophosphorylation of this
isozyme in the absence of cAMP make it clear that the Mg. ATP site is indeed
available.**'"” There could, of course, exist a distinct Mg.ATP binding site for the
phosophorylation of exogenous substrates by the C subunit, but the kinetic t%*¢7%"3
NMR,*”** and analog modification data'®*'"®! indicate there to be only one type of site.

It has been suggested’®'"” that R subunit inhibits the catalytic activity by acting as a
“substrate analog” of high affinity which shields the protein or peptide substrate binding
site on the C subunit. Modifications to the R subunit such as tryptic proteolysis or
treatment with an arginine-modifying reagent®’ remove inhibitory activity and the ability
of R subunit to act as a phosphoryl-acceptor substrate. In addition NMR studies of
substrate proton relaxation rates make it clear that it is the binding of peptide substrate
which is blocked by the type II isozyme of the R subunit, rather than that of Mg. ATP.*
Since R subunit clearly blocks the ATPase activity''® which has been demonstrated to be
intimately associated with the C subunit,*>’®''® it follows that the interaction of the two
subunits is even able to prevent water (at a concentration of 50 M) from acting as a
substrate for the kinase activity. It is therefore clear that R subunit may exert at least two
actions to inhibit catalytic activity. First, it may act as a high affinity substrate analog and
competitive inhibitor and second, it may block the ability of catalytic subunit to transfer
phosphate from ATP to substrate.

It remains possible that there is more than one interaction site for the protein substrate
on the C subunit and that R subunit blocks interaction with that site also. Whether or not
an additional inhibitory interaction site is the Site | phosphorylation site is uncertain.
The possibility of a second interaction site seems particularly attractive in light of data
which indicate heat lability of inhibitory activity but not of phosphoryl-acceptor or
substrate activity for the isozyme II of the R subunit."”’

The heat-stable protein kinase inhibitor may also work by acting as a “substrate
analog” since inhibitory activity of the homogeneous protein is blocked by treatment
with the arginine-specific reagent, 2,3-butanedione and the kinetics of interaction are
consistent with those of a high affinity, competitive inhibitor.”” However, the mechanism
of inhibition by R subunit is clearly different in some respects in that the inhibitory
activity of the heat-stable inhibitor is obviously insensitive to heat treatment, whereas
that of the type 11 isozyme of the R subunit is destroyed by mild heat treatment''* and the
inhibitor contains no phosphorylation sites.'*'"’

Experiments on the interaction of fragments of R subunit which retain inhibitory
activity with the C subunit will better elucidate the biochemical mechanisms which are
involved in inhibition. Few such fragments have been isolated up to this time. Careful
kinetic experiments to determine whether or not R subunit inhibits C subunit in a manner
which is competitive with substrate have not been reported. However, the type 1isozyme
is indeed capable of inhibiting cGMP-dependent protein kinase in a competitive manner.
It is clear that R subunit possesses superior inhibitory properties (Ki= 1 nM)to those of
synthetic peptide analogs (Ki = 1 mM) of protein substrates.’” The demonstration of
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high affinity inhibitory kinetics for the heat-stable protein kinase inhibitor’’ raises the
possibility that it contains a uniquely effective inhibitory sequence within its structure or
that this protein also possesses properties other than the ability to act as a substrate
analog which confer great inhibitory activity upon it.

E. Activation in Intact Tissues

The state of protein kinase activation, referred to as protein kinase activity ratio
(activity minus cAMP divided by activity plus cAMP), can be measured in crude extracts
of intact tissues after treatment of the tissues or whole animal with hormones or other
agents.”"'**"* In most cases the activity ratio has been shown to reflect the level of
cAMP in the tissue. The activity ratio has been useful in various studies up to this time:

1. 1t provides an approach to the understanding of qualitative and quantitative in
vivo cAMP-dependent protein kinase regulation.

2. It has been a better indicator of cAMP changes than measurement of cAMP itself.
One might even argue that in metabolic studies measurement of the activity ratio
is more informative than measurement of cAMP levels. Many investigators have
had difficulties measuring significant changes in cAMP after treatment with
hormones which cause physiological effects on phosphorylase, heart function,
lipolysis, etc. There have been claims that cAMP did not change and could not
be the mediator of such actions,

3. Noninvolvement of cAMP can be studied in this manner, For example, it has
been used to demonstrate that cAMP is nor the mediator of alpha agonist effects
in liver?' Since the protein kinase is a crucial step in the overall control of
metabolism in tissues, it is an important step to analyze for possible blocks under
experimental conditions (e.g., adrenalectomy).

4. Using the activity ratio one can explore the presence of non-cAMP mechanism(s)
for kinase regulation.

5. One can attempt to determine the existence of “sequestered” cAMP in vivo. The
activity ratio has been a useful tool for many workers and has cleared up
several misinterpretations in the literature.

Since many investigators have used the original method for determining the protein
kinase activity ratio, it is important to recognize the pitfalls one has to contend with.
These pitfalls, and methods to circumvent them, have been discussed individually in
several papers over the years,”>'? ?%!4%!*! apd are summarized in Table 3. Obviously,
some of the potential pitfalls in the list would apply to several other enzymes which are
assayed in crude extracts. Many of the items of Table 3 have also been emphasized by
Palmer et al. who have suggested the inclusion of exogenous protein kinase in
homogenizing media in order to monitor and correct for dissociation-association
artifacts.'”® Another improvement in the method is the suggestion of using artificial
peptides, instead of histones, as substrate in the kinase assay.'’* Other workers have
investigated homornal effects on the protein kinase by determining the endogenous
cAMP-R complex either by measuring [*H]JcAMP binding to empty sites on R'** or by
measuring protein-bound cAMP directly.'*™**

The protein kinase activity ratio probably compares in nature and value to other assays
involving activatable enzymes, even those involving covalent modification, e.g.,
phosphorylase, phosphorylase kinase, pyruvate kinase, and lipase. There are many
effectors which change in concentration and form after cell breakage. One can only
approach the real value while ruling out as many artifacts as possible. It is anticipated, as
with all enzyme assays, that improvements in the activity ratio determination will be
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Table 3
POTENTIAL PITFALLS IN DETERMINATION
OF THE PROTEIN KINASE
ACTIVITY RATIO

ATPases

Phosphodiesterases

Phosphoprotein phosphatases

Release of sequestered cAMP
Artifactual RC dissociation (histone, salt)
C binds to particles

Salt inhibits kinase

Artifactual R and C reassociation

ATP effects on reassociation
Endogenous or added cAMP too high
Isozyme distribution (tissue and species)
cAMP-independent protein kinase
Presence of endogenous substrates
Heterogeneity of cells in a tissue
Proteases

made with time. As the regulation of other protein kinases becomes understood in more
detail at an enzymological level, one would expect it to be possible to develop similar
activity ratio assays for these enzymes in order to test their involvement in regulatory
events mediated by hormones or viruses, or in cellular growth mechanisms.

III. cGMP-DEPENDENT PROTEIN KINASE

The purification of cyclic GMP-dependent protein kinase to homogeneity'*¢™'** from
bovine lung and heart has made it clear that this enzyme is regulated in a manner different
from the cAMP-dependent protein kinase, although the enzymes are similar in that each
is specifically activated by a cyclic nucleotide. cGMP binding and catalytic activities of
the enzyme are clearly on one polypeptide chain since the subunit obtained by limited
proteolysis contains both cGMP binding and phosphotransferase activities.'*® The
activities exist on separate domains, however, since further proteolysis of the enzyme can
separate the two activities.'*” The enzyme is a dimer'***° (M, = 175,000 to 180,000)
consisting of similar subunits (M, = 74,000 to 82,000) which are linked in part by
interchain disulfide bridges.'**"*' The domain responsible for dimerization can be
isolated as a 16,000-dalton dimer composed of two 7000-dalton monomers which
represent the blocked amino-terminal ends of the two polypeptide chains.””’ Activation
which occurs by the binding of 1 mol of cGMP per monomer'**'**'** can therefore be
represented as:

E: + 2 ¢cGMP —SE,.cGMP; (5)

Purification of cGMP-dependent protein kinase to homogeneity has also allowed study
of the detailed biochemistry of the enzyme and has cast some light upon the role of this
kinase and the transduction of cGMP effects to cellular events.

The low levels of cGMP and cGMP-dependent protein kinase in cells have made the
study of cGMP effects a much more difficult task than study of cAMP or the cAMP-
dependent enzyme. Furthermore, reports of proteins which bind cGMP specifically and
with high affinity, but which have no phosphotransferase activity."””"** raise the
possibility that the biological effects of cGMP are mediated by the action of more than
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one protein transducer. At the present time the relationship of phosphorylation of any
specific substrate protein to cellular events mediated by cGMP-dependent protein kinase
has not been unequivocally established. These considerations have led Lincoln and
Corbin'*® to postulate that the versatility of the cGK may be limited to the control of only
one or very few processes. It follows that cGMP itself, as compared withcAMP, might be
more specific in its biological function.

Crucial to any discussion of the role of cGMP is a consideration of the protein
substrate specificity of enzymes that mediate the action of the nucleotide. cGMP-
dependent protein kinase [cGK] was initially thought to possess highly specific protein
recognition properties, distinct from those of cAMP-dependent protein kinase since
opposite physiological effects appeared to be associated with rises in the cellular content
of either cAMP or ¢cGMP."**'”” Furthermore, cGK has been reported to catalyze
phosphorylation of distinct tryptic peptides on mixed histones and to be unable to
activate phosphorylase kinase.'*'*'** Subsequently, however, more careful examina-
tion of the protein'*'**'* and peptide substrate'®’ specificity of cGK in vitro has revealed
remarkable similarities between the two enzymes. Both protein kinases can catalyze
phosphorylation of several protein substrates.'*'®"'*> The rates of phosphorylation of
substrates are usually 10- to 15-fold slower when ¢GK is used than when the cAMP-
dependent enzyme is the catalyst,''*'¢2

All the known in vitro substrates for cGK are described in Table 4. The columns have
been arranged according to the criteria which have been outlined as requirements for
physiological substrates for a protein kinase.'® As is clear, the application of criteria that
must be fulfilled by a physiological protein substrate'® leaves no substrates which one can
be certain are phosphorylated in vivo.

Detailed studies using synthetic peptides recently reviewed by Glass and Krebs'' show
that the two cyclic nucleotide-dependent protein kinases have overlapping but not
entirely identical specificity determinants.'®® Certain differences in protein, as opposed to
peptide specificity, are indicated by studies using histone H2B,'**'** H,'® the skeletal
muscle phosphorylase kinase,'”’ “G-substrate” from cerebellum,'*”'*® or the type I
regulatory subunit.'**'” All of these proteins possess two phosphorylation sites, both of
which can undergo phosphorylation catalyzed by either of the cyclic nucleotide-
dependent protein kinases. In each protein one site is preferred by cGK and the other
preferred by the C subunit. G-substrate,'*”'®® proteins G-1 and G-2 from smooth
muscle,'** and type I regulatory subunit'®®'™ represent the few native proteins which are
phosphorylated faster by cGK than by C subunit.'*”'® Since certain proteins which act as
good substrates for cGK in vitro probably are not physiological suibstrates, it will be of
great interest to determine whether or not these proteins act as substrates for cGK in vivo.

The most dramatic difference in substrate specificity between the two enzymes is for
the type I isozyme of the R subunit'®*'”® which can incorporate 2 mol of phosphate per
polypeptide chain when the reaction is catalyzed by ¢cGK, but not when catalyzed by C
subunit.'’® C subunit does not catalyze the incorporation of phosphate even at
concentrations (107 M) which are 4 times the concentration of cGK used'™ and are at
least 20 times higher than those estimated to be present in cells.”” There are data which
indicate that the type I isozyme of R subunit contains phosphate in vivo when isolated
from bovine skeletal muscle,'® rat soleus muscle,”®® or cultured S-49 mouse lymphoma
cells.'”' However, the site phosphorylated by cGK in vitro is clearly different from any
site phosphorylated in vivo in rat soleus muscle.'®® Since the level of ¢cGK in rat sekletal
muscle is exceptionally low,'*” and since the phosphorylation of the type I isozyme of R
subunit is relatively slow [using high concentrations of R subunit (7 X 10 M) and ¢GK
(6 X 107° M) the phosphorylation reaction required 2 to 3 hr to plateau at 300717t
remains possible that in vivo phosphorylation is due to some kinase other than ¢cGK. This
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Table 4
SUBSTRATES FOR ¢cGMP-DEPENDENT PROTEIN KINASE

Passible
Physiological physiological Nonphysiological
substrates substrates substrates
? Troponin | Casein
Phospholamban RCMM-lysozyme
cAMP-kinase (type | R subunit) Artificial peptides

Phosphorylase kinase
Glycogen synthase
Phosphatase inhibitor 1

Pyruvate kinase
Fructose diphosphatase

Cholesterol esterase
Diglyceride lipase
Hormone-sensitive lipase

S-2 ribosomal protein
S-10 ribosomal protein
L-5 ribosomal protein

Protamine
Histone

c¢GMP-kinase (self phosphorylation)
Unidentified brain protein
Myelin basic protein

possibility has not been tested to date. Alternatively, appropriate conditions for the
optimum phosphorylation of the type I isozyme R subunit by cGK in vitro may not have
been designed, or cellular factors needed for the optimum rate of reaction may be
missing. Specific substrates for cGK do appear to exist in vivo since the phosphorylation
of a number of unidentified proteins in broken cell preparations has been reported to be
selectively stimulated by low concentrations of cGMP but not by cAMP.'"'">"'"® The
actual in vivo phosphorylation of any of these proteins has not been demonstrated.

The reported differences in protein substrate specificity are therefore seen against the
background of large similarities between the two cyclic nucleotide-dependent protein
kinases in this respect. This similarity originally led Lincoln and Corbin'* to propose
that the two types of enzyme were homologous proteins. While it is clear that there are
differences in the mode of action and cyclic nucleotide specificity of these two kinases,
they do have very similar physical properties,'*>'** Kms for ATP,"*>'** affinity for cyclic
nucleotide,'”® mode of action,’»'*® and kinetics of modification by 5'-p-fluorosulfonyl-
benzayladenosine.”>**'" A comparison of the amino acid compositions of cGK and the
isozyme 11 of cAMP-dependent protein kinase has been used to predict a 70 to 90%
sequence homology.'** While knowledge of the actual extent of homology must await the
sequence determinations, the concept of homology has been valuable in that it has
allowed predictions about one enzyme to be drawn from data on the other and vice versa.
Models have been proposed for the structure of the two enzymes*>"**'** as indicated in
Figure 3. As is the case for the cAMP-dependent enzyme, it is clear that the structure of
¢GK contﬁi?s functional domains which can be separated by limited proteolytic
digestion.”**"!
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A. Effector-Binding Domains
1. cGMP

It is believed that one molecule of cGMP binds to each monomer of cGK kinase. This is
supported by the stoichiometry of [’ H]cGMP binding'**'**'*® to homogeneous enzyme
eluted with the radioactive nucleotide from either of two types of affinity column:
8-(2-aminoethyl)-amino-cAMP-Sepharose'®? or 8-(2-aminoethyl)-thio-cGMP-Sepha-
rose.’ The binding of cGMP to cGK is of similarly high affinity as is the binding of
cAMP to the regulatory subunit (~ 107 M)."**"'*®!5* The homogeneous enzyme can be
50% activated by 0.02 to 0.05 uM cGMP in a highly specific manner.'**'®* The only
nucleotide tested with a comparable effectiveness is 8-Br-cGMP.'*¢ Cyclic GMP is 100
times as effective as CAMP in the decrease of [’H]cGMP binding to the enzyme.'!'*
Interestingly, the guanine nucleotide is only 25 times as effective as cAMP in the
activation of histone phosphorylation,'' but 1000-fold better when hormone-sensitive
lipase is the substrate.'*'®' The cause of these discrepancies probably lies in the effect of
histone itself on the cGMP binding and catalytic properties of the enzyme as discussed
below.

Data have been presented by Gill et al.'® which indicate that the binding of cGMP
exhibits positive cooperativity. The addition of cold cGMP to ¢GK fractionally saturated
with [*’H]cGMP retarded the release of [?’H]cGMP from the complex brought about by
dilution. This is consistent with cooperativity as are Scatchard plots of [’H]cGMP
binding. As might be expected, binding of ¢cGMP is sensitive to conditions of
temperature, and pH.'*

ATP is able to decrease the affinity of cGK for cGMP by noncompetitively inhibiting
the rate of association of the cyclic nucleotide.'® Although this effect appears to be due to
interaction with the catalytic site of the enzyme since it is half-maximal at a concentration
close to the Km of cGK for ATP (10 uM),'® this has not been rigorously proven to be
the case by the use of photoaffinity labels or analog specificity studies. The ATP effect
cannot be due to an autophosphorylation of the ¢GK since no magnesium is required for
it, and it is generally evident after very short incubation times, which is inconsistent with
the relatively slow autophosphorylation reaction known to occur in the presence of
Mg.ATP."*'® A model can be outlined to explain the effects of ATP on cGMP binding
which draws strong analogies with the type I isozyme of the cAMP-dependent enzyme.
The latter has a high affinity (10 nM) binding site for ATP*’ which is known to stimulate
reassociation of the two dissimilar subunits® and a consequent increase in the rate of
dissociation of cAMP.”’ However, in the case of the cGK, no binding of ATP has been
observed in the absence of cGMP, and it is clear that phosphorylation is unlikely to be the
mechanism involved. It remains likely nevertheless that ATP in some way induces a
conformational change in the catalytic domain which stimulates it to interact with the
c¢GMP-binding domain in such a way as to inhibit the rate of association of the free cyclic
nucleotide.

The cGMP-binding domain can be separated from the catalytic domain by
proteolysis,"*>'*™'* however, it is also possible to copurify the cGMP binding and
catalytic domains on a monomeric, globular fragment of Mr = 65,000 by the use of
trypsin'*® or chymotrypsin.'*’ The precise relative locations of these latter two functional
domains have not been further determined. Changes in catalytic and binding properties
which might be caused by proteolysis and which might contribute to our understanding
of the protein structure have not been studied.

2. Polyarginine

In the same way that cAMP-dependent protein kinase can interact with the heat-stable
protein inhibitor,””** ¢GK also has been reported to possess within its structure binding
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sites for regulatory proteins. Calmodulin has been reported to stimulate ¢cGK in a
calcium-independent manner by increasing the maximum velocity without altering
the Km for ATP,'"®® in a manner analogous to heat-stable modulators.'”>*** The
lack of calcium dependence makes this report suspect, however, as does the impurity of
the enzyme preparations used. Of considerably greater interest are the reported effects of
arginine-rich histones and synthetic poly-L-arginine. Asis the case for cAMP-dependent
protein kinase,* these proteins stimulate cGK activity when used at low concentrations,
but inhibit the enzyme at higher concentrations.'” At low concentrations these proteins
also cause a decrease in the binding of cGMP.'® No studies have been made of the
enzymological mechanism involved in these effects. For example, it is not yet known
whether the Km or Vmax for ATP or substrate is changed or whether cGMP binding
affinity is altered. It is perplexing that the consequences of interaction with arginine-
containing peptides and proteins do not appear to be reversible.”® Although the
possibility of contamination of histone by proteases has been considered carefully and
excluded by the use of synthetic poly-L-arginine and histone heated at 90° C,'* it remains
possible that a polyarginine-stimulated protease contaminates the cGK preparation. In
this regard it is particularly disturbing that soybean and lima bean trypsin inhibitors were
able to exert small inhibitory effects on the action of histones. Nevertheless, independent
data do indicate another site of interaction with histone. Preliminary evidence has been
presented by Glass and Miller'”' which indicates that a synthetic peptide analog of the
phosphorylation site in histone H, B is capable of inhibiting phosphorylation of peptides
but not of whole histone H,B. These data suggest that the interaction of histone with
c¢GK at a site distinct from the catalytic site prevents the peptide from access to the active
site. It remains possible therefore that low concentrations of arginine-rich proteins can
interact with cGK in such a way that they prize apart the two isologous chains indicated
in Figure 3 through interaction with a site very close to the cGMP-binding sites. The
proximity of these two sites is suggested by the decrease in[*’H]JcGMP binding caused by
poly-L-arginine and the prevention of polyarginine effects by high cGMP concentra-
tions.'®™ At high concentrations one might expect the basic histones to inhibit ¢cGK
through competition for those sites on the enzyme which bind the arginine residues
proximal to the phosphorylation sites of cGK protein substrates. This is indeed found.'*°

The effects of arginine-rich histones and poly-L-arginine can be blocked by a
protein'’>"** which “stimulates” cGK through the prevention of inhibition by high
concentrations of histone."”® This latter protein, the stimulatory modulator, has been the
subject of extensive study and has been reported to have a similar tissue distribution to
c¢GK." It will not be discussed in detail here since its effects are clear only when some
histones are used as substrates for cGK, and Shoji et al."** have clearly demonstrated by
sucrose density gradient centrifugation that the modulator does not interact with the
kinase, but exerts its effects by binding to histone.

B. Catalytic Domain

Although the search for a cellular role for cGK has generated extensive studies on the
protein and peptide specificity of cGK relatively little is known about the ATP-binding
properties of the enzyme. The Km for ATP is 10 to 20 uM,"**'** and GTP and ITP will
not serve as substrates. No studies of the stereochemistry of metal-ATP complexesatthe
active site have been reported, although NMR studies on the subject could provide
invaluable data with which to compare ¢cGK with the cAMP-dependent enzyme and
other protein kinases. In particular, it is impossible at this time to discuss the catalytic
mechanism which is involved in the transfer of phosphate from ATP to protein or peptide
substrate.

Preliminary data have been reported which suggest that there are considerable
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similarities in the ATP-binding properties of the C subunit and of ¢GK. Both proteins
can be modified with the affinity label 5'-p-flucrosulfonylbenzoyladenosine.’>**'”” The
modification can be prevented in each case by MgATP, MgADP, or MgAppNp, but not
by magnesium alone, or by peptide substrate. Interestingly, the rate of affinity label
modification of cGK can be stimulated up to 10-fold by the presence of basic
polypeptides such as histone 11 A or protamine.'”® While it is conceivable that this effect is
due to binding to the polyarginine-binding site described above, it seems unlikely since
synthetic palylysine can stimulate the rate of inactivation'”® whereas this polypeptide is
unable to stimulate cGK activity in a manner analogous to polyargine.'®® Polyarginine
does not affect either the activity of the holoenzyme of isozyme 11 of cAMP-dependent
protein kinase'*® or the rate of affinity label inactivation of the C subunit.”? The pseudo
first-order rate constant for inactivation with 1 mM affinity label was 0.048 +
0.0003/min”" for C subunit and 0.067 + 0.005/ min"' for cGK. The K; for affinity label
was 0.24 mM for C subunit and 0.82 mAM for cGK. These data are consistent with
preliminary studies of the binding of ATP analogs to the active site.'®’ These studies
indicate that cGK has an affinity for nearly all of 27 analogues which is 2- to 3-fold lower
than that for C subunit. Furthermore, it is clear that whereas the affinities of the two
enzymes for nucleoside triphosphates are consistently different, the relative affinities of a
range of analogs for either protein kinase are very similar and both enzymes have a very
high specificity for the purine moiety, relative to the ribose or triphosphate moieties. This
indicates substantial similarity between the two ATP binding sites.

C. Autophosphorylation

Incubation of Mg. [y-**P]-ATP with homogeneous c¢GK results in the incorporation
of P into the enzyme itself."”™'** The reaction is intramolecular and independent of
enzyme concentration,'™ as is the case for the autophosphorylation of the isozyme II of
cAMP-dependent protein kinase in the absence of cCAMP.'"® It has recently become clear
that both cGK'"' and the isozyme II of the R subunit'®'™ can incorporate 4 mol of
phosphate per mole of enzyme dimer. In the presence of cGMP only I mol of phosphate
is incorporated'’' whereas in the presence of cCAMP it has been reported that 2 mol are
incorporated.”! Autophosphorylation can be prevented by limited tryptic cleavage of
c¢GK or by treatment with the arginine-specific protein modifying reagent 2,3-
butanedione.'” Cyclic AMP and histone H2B'**'** stimulate the autophosphorylation
whereas it is inhibited by cGMP."”®'® It has been postulated that cGMP decreases
autophosphorylation by the same conformational change which allows the catalytic site
to become available to substrate (See Figure 3).'

Stimulation of autophosphorylation by histone H2B appears inconsistent with the
effects of polyarginine on histone kinase activity."” However, the same stimulation is
consistent with the effect of histone 1IA to increase the rate of modification by affinity
label."”” 1t appears therefore that polycationic proteins like histone may have a dual
effect: first, to make the catalytic site available to protein substrate and second, to
increase the rate of reaction of MgATP with the enzyme.

The effect of cAMP on the rate of reaction with affinity label, and the effects of histone
on distribution of phosphate in cGK have not been reported on, so it is impossible to tell
at present whether stimulation of autophosphorylation by cAMP occurs through a
similar mechanism to that employed by histone H2B.

D. Mechanism of Action

Detailed quantitative studies upon the relationship between cGMP bound to cGK and
the activity of the enzyme upon protein substrates have not been performed, however,
qualitative studies have provided considerable insight into how the cylic nucleotide
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brings about activation of the enzyme. A model for the mode of action of cGMP
involving such a conformational change is depicted in Figure 3. The model is analogous
to that for cAMP-dependent protein kinase wherein the activity is inhibited in the
absence of cyclic nucleotide by high affinity binding of the autophosphorylation site to
the substrate binding determinants of the catalytic site. The model is consistent with the
following evidence:

1. ¢GMP stimulates activity upon substrates, but inhibits autophosphorylation.'*

2. Low concentrations of trypsin activate cGK and destroy the ability of the enzyme to
undergo autophosphorylation.'*

3. The arginine-specific protein modifying reagent 2,3-butanedione blocks autophos-
phorylation of the enzyme and also stimulates the activity in the absence of cGMP.'*

4. The effects of 2,3-butanedione are evident only when the enzyme is modified

in the presence of cGMP.'®

Cyclic GMP brings about no detectable change in the Stokes radius of the enzyme.

6. The rate of modification of ¢cGK by 5-p-fluorosulfonylbenzoyladenosine is not
affected by cGMP.'”’

7. The dimer cannot be dissociated into monomers by treatment with either
2-mercaptoethanol or 2, 3-butanedione, however, the combination of the two
reagents succeeds in causing monomerization.'”

(9]

Although cGMP binding to the protein kinase has been reported to be cooperative,'®
no reports of cooperativity in activation of the enzyme have appeared. As a result one can
only speculate as to the consequence of interactions between the two cGMP-binding
sites. There appear to be interactions of the enzyme with basic polypeptides through
binding to a “polyarginine-binding site” on ¢GK. Binding of peptide to this site appears
to decrease cGMP binding, suggesting that the two sites may be close to one another.
Recent data which show one of the cAMP-binding sites in the isozyme 11 of the R subunit
to be close to a highly acidic region containing four adjacent glutamate residues are
interesting in this regard.'”® The presence of an endogenous protein, which might bind to
the polyarginine-binding site has not been tested for, although this is an attractive
possibility.

In summary, less detailed and quantitative biochemistry has been performed upon
c¢GK than upon the cAMP-dependent protein kinases. Studies performed to date have
cast some light upon the role of the enzyme and upon the regulation by cGMP. Further
studies of the active site stereochemistry and catalytic mechanism are needed in order to
compare cGK with other protein kinases and to more fully understand the regulatory
mechanisms involved. For exampie, no reports of ATPase activity associated with cGK
have appeared and so it is not known whether cGMP might stimulate it, or whether the
inhibited enzyme prevents the transfer of phosphate from ATP to water. Studies of the
primary sequence of the enzyme also promise to be important to our understanding of
cGK, since the sequence of the autophosphorylation sites will help elucidate both the in
vivo substrate specificity and the regulation of cGK.

Lastly, data which show changes in the activity of the enzyme in vivo are critical to the
demonstration of the involvement of ¢cGK in the action of cGMP upon any cellular
process. A method to study the state of activation of the enzyme in heart when cGMP is
raised by nitroprusside or by acetylcholine has been developed in the laboratory of Lincoln
and Keely.'*® This method has been useful in distinguishing the effects of these two agents
on contractile force. The data imply cGMP produced by acetylcholine, but not by
nitroprusside, is coupled to protein kinase activation in this tissue. These authors have
emphasized the difficulties in making sensitive determinations of the cGK activity ratio.
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A greater knowledge of the binding determinants for both polypeptide and nucleoside
triphosphate substrates will help immeasurably in the design of conditions under which it
will be easier to study the state of activation of the enzyme in vivo.

IV. PHOSPHORYLASE KINASE

The enzyme which converts phosphorylase b to its active form, phosphorylase a, was
the first protein kinase to be characterized'”’ and the first to be purified to
homogeneity."””'** The role of phosphorylase kinase in catalyzing the phosphorylation
of phosphorylase has been thoroughly documented in muscle,”'** but the enzyme is
also clearly important in the control of glycogenolysis in heart’™ and liver.'””® The
skeletal muscle protein is composed of four types of subunit (a, 8, v, 8) organized in a
tetrameric structure (a4 B4 y4 84) With an overall molecular weight of 1.3 X 10°.°%2°! The
enzyme has different isozymic forms in red and white skeletal muscle,” the & subunit in
red muscle having about 3% lower molecular weight,'***? and being named o’.'***** In
liver, phosphorylase kinase has a less clearly delineated structure, since it has proven
difficult to purify the enzyme intact. The data obtained in relation to the liver enzyme
have been reviewed by Chrisman et al*®

An activity present in sarcoplasmic membranes has also been reported to catalyze
phosphorylation of phosphorylase.”®**** In addition, fluorescent antibodies to soluble
muscle phosphorylase kinase are found to stain cardiac or diaphragm sarcoplasmic
reticular membranes and sarcolemma.’***® This activity has been reported to catalyze
phosphorylation of phospholamban,’®**”’ the proposed activator protein of the cardiac
sarcoplasmic reticulum calcium pump,”®®*® as well as exogenous phosphorylase b.
However, it does not appear to be identical to soluble phosphorylase kinase. The enzyme
appears to have no y subunit®® and no tightly bound calmodulin as a 8 subunit.”’ In
contrast, the 8 subunit from the soluble skeletal muscle enzyme has been shown to be
tightly bound, to bind calcium,?'® and, by determination of part of the amino acid
sequence, to be closely related to caimodulin.?"!

A vast body of work has been directed toward clarifying the roles of the other subunits
in this complicated structure. Recently methods have been developed for the dissociation
of the v subunit from the complex,’’? and this work has at last laid the groundwork for
more detailed studies of the domains within the structure of each polypeptide chain
responsible for effector binding, regulation, and catalytic activity. The identification of
two different strains of animal which lack phosphorylase kinase in either muscle’'>*'* or
liver’"® tissue promises to be important in the elucidation of the roles of the enzyme and of
the individual subunits in these tissues. For an excellent and detailed discussion of the
chemical and physical properties of phosphorylase kinase and of currently available
purification methods the reader is referred to the recent review by Carlson et al.'> The
following discussion will therefore be limited to a consideration of the mechanisms
involved in regulation of phosphorylase kinase activity.

A. Regulatory Domains

Two distinct mechanisms for the regulation of phosphorylase kinase activity are
thought to be of physiological significance. First, the enzyme activity has been shown to
have an absolute requirement for calcium.’'*?'” Second, the enzyme has very little
activity when isolated from resting muscle and assayed at physiological pH."”” The
activity exhibits a pH optimum at pH 8.2, however, and the ratio of activity at pH 6.8 to
that at pH 8.2 can be raised from less than 0.05 to 0.35 to 0.40 when phosphorylation of
the enzyme is catalyzed by cAMP-dependent protein kinases.'*”'**°2'® The pH 6.8/8.2
ratio can also be increased to 0.5 by autophosphorylation'®”” or to 0.7 by tryptic
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proteolysis'®”'** or to a similar extent by dissociation with LiBr.2'? The enzyme also

exhibits sensitivity in vitro to many other effectors. These include an activating effect of
free magnesium ion, described in elegant experiments performed by Clerch and
Huijing’"® in which free magnesium concentration was varied under conditions of
constant saturating Mg.ATP and constant free ATP.>'® Several phosphorylated
carbohydrates influence the activity. These include glycerophosphate, which inhibits the
nonactivated kinase, but stimulates the activated enzyme,”” and glucose-6-phosphate
(G6P), which inhibits enzyme activity'*’ both through binding to phosphorylase 5**' and
through a direct effect on the enzyme.””® The G6P effect can be mimicked by UDPG,
glucose-1-phosphate, and fructose-1-phosphate.””® Heparin stimulates the unactivated
enzyme'”” by an unknown mechanism. Polyaspartic acid decreases the activity at pH 8.2,
as does protamine.’”’

All the effects described above are on the holoenzyme form of phosphorylase kinase.
The inability of researchers to separate or clearly designate the functions of any of the
subunits until recently means that it is only possible at the moment to discuss a few of the
above effectors for which binding to a particular subunit has been shown. This section
therefore concentrates upon the action of the regulatory domains for calcium,
calmodulin, troponin C, and cyclic nucleotide-dependent protein kinase upon the
catalytic site(s) of phosphorylase kinase,

It is clear that the & and 8 subunits play a regulatory role, although this may not be
their exclusive function. Limited proteolysis of these subunits in the absence of any
apparent degradation of the y subunit causes activation of the enzyme by decreasing the
Km for phosphorylase b.""”'**?°! A very similar effect is produced upon phosphorylation
of the o and 8 subunits by purified cAMP-dependent protein kinase,"*"'****"?'¥ through
autophosphorylation of these two subunits'*”?*° or, interestingly, by the presence of high
concentrations of organic solvents, particularly acetone or 2-propanol.’??

There appears to be a good correlation between the phosphorylation of the 8 subunit
and the increase in activity which results.”*"?'**** However, a discrete role for the a
subunit in regulation cannot be ruled out since a continuing increase in activity can be
observed after a plateau in the phosphorylation of the 8 subunit has been reached.™’
Experiments wherein cGK has been used to catalyze phosphorylation of the a and 8
subunits have recently been reported.’?’ This kinase is a particularly useful tool since it
catalyzes phosphorylation of the o subunit much faster than the 8 subunit in the
conditions under study. Activation was closely correlated with phosphorylation of the 8
subunit and poorly correlated with that of the o subunit.””* Both the  and 8 subunits also
appear to be involved in the loose binding of calmodulin in vitro since cross-linking
reagents are found to link them to '*C-labeled calmodulin.”*

1. Calmodulin

It has been suggested that extrinsic calmodulin may be a “d’ subunit” of the enzyme.
However, it has also been made clear’®"*** that troponin C, which is known to possess
extensive sequence homology with calmodulin,”®**’ can substitute for the calcium-
dependent regulator in this regard. Subsequently, the determination of the half-maximal
effects of calcium on the troponin C or 8 complexes with phosphorylase kinase®'® have
indicated that troponin C must be the dominant form of interaction at these sites at the
concentrations of calcium one expects in vivo.””**?’ The author’'® points out that this
concurs with what one might expect from knowledge of the concentrations of calmodulin
and troponin C in fast twitch muscle fibers. If a 6 subunit is bound to phosphorylase
kinase in vivo (afvy68'), then it is clear that a molar excess of calmodulin over
phosphorylase kinase does not exist, but calmodulin is thought to interact with many
other proteins in muscle, notably the myosin light chain kinase.”>?*! On the other hand,
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troponin C is present at very high concentrations (100 uM)?**" and is therefore

available to interact with phosphorylase kinase as well as with the troponin-tropomyosin
complex.

The precise means by which troponin C or loosely bound calmodulin mediate the
effects of calcium on activity through binding to thea or to the 8 subunit remain unclear.
However, neither protein appears to be capable of increasing the activity of
phosphorylase kinase which has been previously activated by phosphorylation or by
proteolysis. This suggests a mechanism which employs common structural features
at some point as is suggested by the binding of 8’ and troponin C to the same subunits
which undergo phosphorylation or proteolysis during activation. Both phosphorylation
and proteolysis cause a large decrease in Km for phosphorylase b (25-fold in the case of
phosphorylation; 100-fold in the case of proteolysis) in the absence of large changes in
Vmax or Km for ATP. This is in contrast to the activation of the cyclic nucleotide-
dependent protein kinases by cAMP ro cGMP, each of which causes changes in the
Vmax of enzyme activity, with no change in Km for substrate or ATP.

As indicated above, the 6 subunit of skeletal muscle phosphorylase kinase is essentially
identical in amino acid sequence and all determined properties to calmodulin isolated
from bovine uterus.”'' It is tightly bound, as evidenced by the fact that it is not removed
during preparations of the enzyme in the presence of 20 mM EGTA and the absence of
calcium, and in that it is not dissociated from the y subunit even by 8 M urea.”* The rate
of exchange of ' C-calmodulin with the § subunit has been reported to be 15%/ week at
0°.2** Data obtained from experiments using cross-linking reagents also show that the &
subunit is in the close proximity of the i subunit in the native holoenzyme complex. It
follows that the activating effects of calcium which are mediated by the 8 subunit are
probably, although not certainly or exclusively, a result of interaction between it and the
v subunit. Determination of the sensitivity of the various forms of phosphorylase kinase
to calcium indicates that the most important role of this interaction is in the
phosphorylated, activated enzyme which can be half-maximally activated by 1.6 uM
CaCl, at pH 6.8 and 0.6 u M CaCl; at pH 8.2.'° The unphosphorylated phosphorylase
kinase b appears less sensitive to calcium,”***'* and takes 20 u M CaCl, to cause half-
maximal activation in the presence of extrinsic calmodulin at pH 6.8, but 4 u M CaCl, in
the presence of troponin C at the same pH.? It therefore seems that the phosphorylation
of the o and B8 subunits is able in some way to increase the affinity of the 6 subunit for
calcium as well as lower the Km for phosphorylase at the active site. This implies either
interaction of the & and B subunits directly with tightly bound calmodulin, or indirectly
through association with the y subunit, which appears so tightly bound to it.”**

2. Autophosphorylation

Both the @ and B subunits of phosphorylase kinase incorporate phosphate upon
incubation with Mg.ATP. This reaction is particularly significant in the presence of high
concentrations of magnesium (> 10 mM) or of ATP (~ 1 mM) and at pH 8.2 as opposed
to pH 6.8.22%** That autophosphorylation might activate the enzyme is suggested by the
lag in the time course of activity at pH 6.8,%"***** when progressive autophosphoryla-
tion appears to coincide with the increase in activity.””>** In addition, glycogen has been
noted to stimulate both autophosphorylation and activity,”’ and many other effectors of
autophosphorylation, including phosphate,® glycerophosphate,””® and glucose-6-
phosphate,”™ all affect activity in parallel. The mechanism through which autophos-
phorylation stimulates activity is unclear, although it may well cause the removal of an
inhibitory action upon the catalytic subunit(s). It is impossible to tell whether a
“substrate analog” autophosphorylation site is involved in inhibition, in analogy with the
model of regulation postulated for the cyclic nucleotide-dependent protein kinases
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(Figure 3). This seems inadequate for phosphorylase kinase since such a model would
predict an increase in the Vmax through an increased number of available binding sites
for substrates, whereas a decrease in the Km is the most significant kinetic change
observed.

B. Catalytic Domain

Although it is clear that the major substrate for phosphorylase kinase in vivo is
phosphorylase b, the purified enzyme in vitro is also capable of catalyzing phosphoryla-
tion of itself,”*?**** troponin 1,”*?* troponin T,**'?* rabbit sarcoplasmic re-
ticulum,”*?***** cardiac sarcolemma,’ casein,”’ glycogen synthase,”***** phospholam-
ban,”**"*° or synthetic peptides."

At the present time it is unclear whether the phosphorylation of these substrates is
catalyzed by one single catalytic subunit or whether the 8 subunit as well as the v subunit
are involved in catalysis. A role for the 8 subunit in catalysis cannot be excluded. An
affinity label based on the structure of ATP is reported to be incorporated equally into
the B8 and vy subunits, about 1 mol of label being incorporated per monomer.”* The
decrease in activity caused by affinity label appeared to correlate best with modification
of the 8 subunit, Proteolysis of dogfish phosphorylase kinase phosphorylated mainly in
the B subunit allows a low molecular weight phosphoprotein to be isolated which appears
to retain activity.””'

The vy subunit has recently been purified to approximate homogeneity after slow
dissociation of the complex by either 1 M LiBr or 100 mM ATP at 0° C.*'? It appears to
exist as a dimer of Mr=42,000 subunits upon isolation. This subunit clearly has catalytic
activity which is insensitive to calcium concentration but which can be stimulated 60% by
calmodulin.’'? Detailed studies on the protein or peptide specificity of the purified
subunit have not been performed. It will be of great interest to compare these with the
known specificity of the holoenzyme since it remains possible that the 8 subunit
contributes to the catalytic activity. The possibility that two sites might exist is suggested
by the inability of troponin T to compete with phosphorylase b as a substrate for
phosphorylase kinase,” and by the observation that antibodies prepared to the
apparently homogeneous kinase inhibit activity on both substrates but with different
patterns.”>> Although contamination is hard to exclude as a possible artifactual cause of
these data, it could indicate the existence of two catalytic sites or of two protein binding
or recognition sites associated with a single active site.

The specific activity of the peak fractions of the purified y subunit preparation are very
close (650,000 units/ mg) to what one would predict based on the activity of the fully
activated holoenzyme (95,000 units/mg). The purified v subunit is highly active at pH
6.8, whereas the holoenzyme is virtually inactive.'*'* The increase in activity is a result of
adecrease in the Km for phosphorylase b. The authors conclude that “the pH 6.8 activity
of nonactivated phosphorylase kinase is strongly inhibited by regulatory subunit(s) that
modulates the pH 6.8 activity by affecting the Km for phosphorylase 5.""

Peptide specificity studies have made clear the important binding determinants for the
phosphorylation of phosphorylase b.***** Substitution in the synthetic peptide which is
based on the primary sequence immediately around the phosphorylatable serine of
phosphorylase b—Lys-Gln-Leu-Ser-Val-Arg—has more deleterious effects than substi-
tution in areas on either side of this sequence.”*>** This is consistent with determinations
of the primary sequence in human, rat, and dogfish phosphorylase, in which this
sequence is highly conserved.” The arginine residue on the carboxyl side of the
phosphorylated serine seems to be particularly important. Substitution of this residue
with a glycine or lysine residue causes a dramatic decrease in the Vmax and increase inthe
Km for the peptide.”** The importance of arginine for substrate activity is emphasized by
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the observed competitive inhibition by arginine ethyl ester.*® On the other hand, the
sequence in glycogen synthase which undergoes phosphorylation has no such arginyl
residue on the carboxyl side. No explanation for this apparent anomaly is currently
available, The apparent importance for an arginyl residue is reminiscent of the cyclic
nucleotide-dependent protein kinases and is emphasized by the similarity in size of they
subunit to the cAMP-dependent protein kinase catalytic subunit (Mr= 39,000 to 42,000).
Few other obvious similarities exist, however, and it has been shown that it is possible to
synthesize a peptide containing two seryl residues, one of which is phosphorylated by
phosphorylase kinase and the other by cAMP-dependent protein kinase.”*® This
indicates that there are different exact specificity determinants for the two protein
kinases and this has indeed been confirmed by careful comparison of the specificity
determinants for the two enzymes.****’

No extensive study of the ATP-binding site of phosphorylase kinase has been
performed by the use of either analogs of ATP or of ATP chelated with heavy metals.
Nevertheless, it is clear that the enzyme activity can be reversed”® by the use of high
concentrations of Mg.ADP in the presence of glucose, which dissociates tetrameric
muscle phosphorylase a to the dimer.?*® Current knowledge of the enzyme suggests that
there is no change in either Km for ATP or Vmax of the enzyme caused by either calcium-
calmodulin, calcium-troponin C, organic solvent, proteolytic or phosphorylation-
related interactions with phosphorylase kinase. It follows that control of enzyme activity
is unlikely to be expressed through the ATP-binding site or through modulating catalytic
action upon the nucleotide. These activators appear to derive their effectiveness from an
ability to release the catalytic subunit(s) from the inhibitory activity of other subunits,
which keeps the Km for phosphorylase high by a mechanism which remains tantalizingly
obscure.

V. MYOSIN LIGHT CHAIN KINASE

The majority of studies on the structure and function of myosin light chain kinase has
been done on the enzyme from muscle cells.”*"**** There is much evidence which suggests
that myosin light chain kinase may play a particularly important role in the control of
contraction in smooth muscle.”***® It is assumed that the basic mechanism of
contraction in smooth muscle is similar to that inskeletal muscle and that length changes
occur as the result of interactions between the thick and thin filaments.

Two forms of regulation have been proposed for the regulation of the interaction of
smooth muscle myosin and actin. These are the leiotonin systems of Ebashi et al.?¢"
and the phosphorylation of myosin.”*"***?% Of these, the phosphorylation of myosin has
been reported in most detail and has, at the moment, the most evidence to support it. The
myosin phosphorylation is mainly that of the light chains by a myosin light chain kinase.
Although myosin light chains prepared from skeletal, cardiac, or smooth muscle can all be
phosphorylated by a myosin light chain kinase from their respective tissues,””>**’ skeletal
and cardiac muscle myosin MgATPase activity can be activated by actin without prior
myosin phosphorylation.”*"***?¢2% 1 contrast, the smooth muscle and nonmuscle
myosins require phosphorylation of the 20,000-dalton light chain as a prerequisite for
activation of their ATPase activity by actin.”’"*** In smooth muscle,”®® platelets,?*>***
and BHK-21 cells’® the extent of phosphorylation has been quantitatively correlated
with stimulation of the actin-activated ATPase. Consequently, myosin light chain kinase
has been proposed as a major regulator of calcium-dependent contraction in smooth
muscle and may also have an important function in nonmuscle tissues such as brain,
platelets, and BHK-21 cells. Havingsaid this, it must be added that the myosin light chain
kinase which is present in skeletal muscle may well play a modulatory role, although not
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an obligatory one, in the control of contraction in that tissue. The phosphorylated L,
light chain of skeletal myosin has been reported to increase the ATPase activity of
actomyosin at low concentrations (0.05 to 5 uM) of calcium.”® Recent in vivo studies
confirm this possibility. It has been shown in frog®**”® and rabbit muscle’™ that an
increase in the phosphorylated form of the light chain occurs during tetanic contraction.
Phosphorylation of myosin light chains has also been demonstrated in perfused rat heart
under the influence of both negative and positive inotropic agents.?**

The myosin light chain kinase has been purified to chemical homogeneity from
skeletal 672 heart,”’*?"! smooth muscle,***" platelets,””>?’* and BHK-21 cells.?*® There
are also preliminary reports of purification of myosin light chain kinase from brain.””**"
The enzyme is a dimer when isolated from skeletal ®”**® cardiac,”’®*’' smooth
muscle,”**?” platelets,””>”"* or BHK-21 cells.”®® It has been reported to consist of one
subunit of molecular weight 77,000 to 125,000 daltons®' and another subunit which
binds calcium and has been identified as calmodulin.?******’""?"* Neither component
alone appears to possess myosin light chain kinase activity.

A. Effector-Binding Domains
1. Calmodulin and Calcium

The chemical and physical properties of calmodulin and the characteristics of calcium
binding to it have been extensively reviewed”****?*? and will not be covered here. A
guantitative model for the activation of skeletal muscle myosin light chain kinase
through interaction with the calcium-calmodulin complex has been presented.””® The
data indicate that activation by calcium and calmodulin is a fully reversible process which
absolutely requires both calcium ion and calmodulin. The first step of the activation
appears to require binding of 4 mol of calcium to each mole of calmodulin.?”® This
complex subsequently combines with the inactive catalytic subunit to form the active
calcium-calmodulin-myosin light chain kinase holoenzyme wherein there isa 1:1 ratio of
calmodulin to catalytic subunit.”’***’ The intrinsic activation constants, K c,++ and K cam
have been calculated to be 10 uM and 0.86 uM, respectively, and the rate equation
obtained using these constants is able to predict the state of enzyme activation at known
concentrations of calcium and calmodulin. No method exists at present to determine the
state of activation of this protein kinase in vivo.

Light tryptic proteolysis of myosin light chain kinase has been shown to activate the
enzyme and to remove the absolute dependence on the presence of calcium-calmodulin.
This may reflect either a loss in activity or the assumption of an inhibitory domain of a
particularly active conformation at the catalytic site. While interference with the
calmodulin-binding domain may also occur, this need not follow from the data, and it is
possible that calmodulin does bind to the proteolyzed enzyme but has no activating effect
since the inhibiting domain has aiready been removed by the protease.

The consequences of light proteolysis are reminiscent of similar effects to activate and
remove the calcium-calmodulin dependence of phosphorylase kinase™'*' or to remove
cyclic nucleotide-independence from cAMP- or cGMP-dependent protein kinase by the
proteolysis of inhibitory domains.**'*

2. Phosphorylation by Cyclic Nucleotide-Dependent Protein Kinase

Neither cAMP or cGMP appears to directly affect the activity of purified myosin light
chain kinase.””’ However, the enzyme isolated from turkey gizzard smooth muscle,’”
human platelets,”” or bovine cardiac muscle?’’ has been shown to be phosphorylated by
the catalytic (C) subunit of cAMP-dependent protein kinase. The C subunit can catalyze
the incorporation of one mol of *’P from [y — *.P]ATP into light chain kinase.?”'"27**%
The total amount of chemical phosphate in the enzyme before phosphorylation has not
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been reported, and it therefore remains possible that there is more than one
phosphorylatable site.

The effect of phosphorylation is a decrease in activity. For the smooth muscle kinase
the activity dropped from 4.23 to 0.42 umol/ mg/ min** after phosphorylation catalyzed
by the cAMP-dependent enzyme. It has been suggested **° that the loss in activity is due to
a decrease in the binding affinity of calmodulin to the phosphorylated enzyme and to a
small decrease in Vmax. From the data presented, it is also possible that the effect is due
to a decrease in the ability of bound calmodulin to activate since no direct calmodulin
binding studies have been done.

3. Autophosphorylation

Myosin light chain kinase has been reported to undergo calcium and calmodulin-
dependent autophosphorylation?’'?*® in the apparent absence of any other protein
kinase. The autophosphorylation may be at the same site as is phosphorylated in the
presence of pure catalytic subunit of cAMP-dependent protein kinase since incubation of
myosin light chain kinase with calcium, calmodulin, and catalytic subunit results in no
greater incorporation than with calcium and calmodulin alone.”” Since a proteolyzed
form of the cardiac enzyme cannot undergo either cAMP-dependent phosphorylation or
autophosphorylation®” it appears the phosphorylated site can be removed by mild
proteolysis during preparation of the enzyme. No effects of autophosphorylation on
activity have been reported.

B. Catalytic Domain

The principal substrates for active myosin light chain kinase in vivo are almost
certainly Mg.ATP and the myosin light chain.”"*****° Although the enzyme is able to
catalyze phosphorylation of several other proteins, none has as fast a rate of phosphoryla-
tion as the 18,000~ to 22,000-dalton light chain. The sequence of the phosphorylation site
has been determined in myosin light chain isolated from four different sources:

Chicken skeletal muscle®®

Lys-Arg-Arg-Ala-Ala-Glu-Gly-Ser-Ser{ P]- Asn-Val-Phe-Ser
Rabbit skeletal muscle?®'*
Lys-Arg-Arg-Ala-Ala-Ala-Glu-Gly-Ser-Ser[P]- Asn-Val-Phe-Ser-Met
Chicken gizzard®*
Arg-Ala-Thr-Ser[P]-Asn-Val-Phe-Ala-Met
Scallop®™
Ala-Asp-Lys-Ala-Ala-Ser[P]-Gly-Val-Leu-Thr

Although the scallop sequence exhibits significant differences, it is clear that there is
conservation of at least the Ser[P]-Asn-Val-Phe primary sequence among two species
and two tissues, and one can infer that this cluster of amino acids may be an important
specificity determinant. Of further note are the conserved Lys-Arg-Arg sequences five
residues to the amino-terminal side of the phosphorylated serine. In keeping with the
requirement of cAMP-dependent protein kinase for arginyl residues adjacent to the
active site, the 20,000-dalton light chain of chicken gizzard myosin has been shown to
undergo phosphorylation catalyzed by a homogenous preparation of this kinase at the
same site as is phosphorylated in the presence of myosin light chain kinase in vitro.”*®

Proteins which have been reported not to undergo significant phosphorylation
catalyzed by myosin light chain kinase include casein,”*’*’%*”* skeletal muscle
phosphorylase 5,77*"%?" histone I11S,’” histone 11A,””**” histone VS,?”* troponin,?’
and phosvitin 27"

No studies using synthetic peptides as substrates have been reported on this enzyme.
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We must await such studies before our faintly perceived impressions of the specificity
determinants for a protein substrate of myosin light chain kinase can become firm
convictions.

Initial studies performed using the skeletal muscle enzyme have shown that ATP is
preferred as the phosphoryl donor over GTP, UTP, or ITP.**” Free ATP* appears to
inhibit the enzyme,’’ and there is also strong inhibition by MgADP.?*’ No successful
attempts to reverse the enzyme reaction have been reported.

The Km for ATP varies according to the source of the enzyme. The Km of the smooth
muscle kinase for ATP is about 65 u M,*" a value lower than that reported for the platelet
enzyme (121 u M),”” the cardiac enzyme (175 u M, 220 u M),"**"" or the skeletal myosin
light chain kinase (200 to 400 uM).**"?%” Detailed studies on the nucleoside triphosphate
specificity of myosin light chain kinase have not been reported. The Km for the myosin
light chain appears to be in the range of 15 to 30 u M.**"***?°” The Vmax was reported to
be about 10 umol/min/mg kinase for the chicken gizzard®®® or turkey gizzard®"
enzymes, and values reported for the skeletal muscle enzyme vary (4.3 pmol/min/ mg;*’
17 umol/min/mg;*"’ 26 ymol/min/ mg).*” The Vmax for the cardiac enzyme has been
determined as 20 to 30 umol/min/mg””" or 30 nmol/min/ mg for a proteolytically
degraded form of the enzyme.””' Kinetic studies of the active site have not progressed
to a stage where any catalytic mechanism can be delineated.

C. Mechanism of Action

The biochemical basis for regulation of myosin light chain kinase by calcium and
calmodulin, by cAMP-dependent protein kinase, or by autophosphorylation cannot be
described at the moment; however, it is possible to emphasize some points of particular
interest. First, light proteolysis activates the intact enzyme,”'”"***® but has no effect on
the enzyme which has undergone some considerable breakdown already.””® Such
proteolysis appears to remove the phosphorylatable sites.’® Second, phosphorylation by
cAMP-dependent protein kinase in vitro decreases enzyme activity dramatically,’®
either by decreasing the affinity for calmodulin, or by decreasing the efficacy of the bound
regulator. One cannot tell at the moment whether the Vmax of the enzyme in the presence
of saturating calmodulin is affected.”®

These data suggest a regulatory mechanism in which an inhibitory domain is removed
by calmodulin, but is endowed with greater efficacy by phosphorylation. Since the action
of calmodulin is principally to increase the Vmax of the enzyme it seems possible that
such an inhibitory domain has high- affinity for the active site in the absence of
calmodulin. The interesting observation that calmodulin does not activate the ATPase
activity of the enzyme -in conditions where activation of myosin light chain
phosphorylation is observed suggests that the inhibitory domain blocks the binding of
myosin light chain, rather than that of Mg. ATP. Although alternative explanations, such
as contamination with an ATPase activity or the existence of two catalytic sites are
clearly possible, such a model is analogous to the ability of the isozyme 1I regulatory
subunit of cAMP-dependent protein kinase to prevent peptide substrate, rather than
MgATP, binding to the catalytic subunit.**

VI. HEMIN-CONTROLLED PROTEIN KINASE (HRI) (HCR)

A protein kinase has been isolated from reticulocyte lysates which is involved in the
inhibition of protein synthesis through the phosphorylation of the smallest subunit
(eIF-2 a) of the initiation factor eIF-2 which binds Met-tRNA and GTP.**'"** This
subunit has a molecular weight of 38,000 daltons and the other two subunits of the eIF-2
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complex (Mr = 50,000 and 52,000 daltons) do not undergo phosphorylation by this
kinase.’®7% The kinase has been referred to as HCR (heme-controlled repressor)*® or
HRI (heme-regulated inhibitor).*®****% The striking biphasic inhibition of peptide
elongation in the absence of hemin appears to beé due, at least in part, to the biphasic
activation of this protein kinase. Both the inhibition of protein synthesis and the activity
of the kinase are blocked by the addition of hemin.*® The hemin-controlled elF-2a
kinase has been highly purified as a polypeptide of Mr = 95,000 or 80,000 daltons on
SDS-polyacrylamide gel electrophoresis,’®”?® however, glycerol density gradient
certrifugation indicates a molecular weight of 120,000 for the native enzyme.** It is thus
impossible to assign either a monomeric or dimeric structure to the enzyme at this time.

The activity of this eIF-2 kinase is strongly inhibited by hemin (20 u M),”**** and this

. inhibition can be studied with the purified form of the “reversible HR1”.****%” This latter

protein kinase activity can still be inhibited by hemin in contrast to the other purified
form of the enzyme, the “irreversible HRI”, which cannot be inhibited by hemin.*®® The
irreversible form of the enzyme appears to be a modified form of the reversible HRI
which has been altered either by brief treatment with sulfhydryl reagents®® or by
prolonged incubation in the absence of hemin.’'® Both the reversible and irreversible
forms have similar monomer molecular weights®*°® and have similar biphasic kinetics
when used to inhibit protein synthesis.’*”*® After addition of either protein the initial
control rate is followed by an abrupt inhibition in the rate of protein synthesis. Both
forms of the kinase appear to undergo autophosphorylation. The data suggest, but do
not prove, that autophosphorylation results in activation of the enzyme. Preincubation
of the HRI with reticulocyte lysates enriched in Mg.ATP results in an increased activity
of the protein kinase.***** Hemin inhibits both autophosphorylation and activity toward
elF-2q as a substrate.’®**® However, the possibility that an intermediary protein kinase
might be responsible for the phosphorylation and subsequent activation of the enzyme
has not been ruled out.’****'" Since dependence of the autophosphorylation reaction on
enzyme concentration has not been determined we can only speculate as to whether we
are observing an intermolecular or intramolecular phosphorylation. Should an
intermediary kinase exist it would follow that the effects of hemin might be exerted upon
it rather than directly on the elF-2qa kinase itself.

Other possible regulators of the hemin-dependent eIF-2 kinase include G6P*'? and
reduced glutathione (GSSG),””’ however, the purity of the systems in which these
effectors have been tested makes it difficult at present to define their site of action or
discuss direct regulation of the kinase. The postulate that cAMP may affect this system
through binding to the regulatory subunit of the cAMP-dependent protein kinase and
modulating the effect of this kinase on eIF-2a kinase has been firmly rejected,’’"*'* and
extensively reviewed.’® The ability of high concentrations of cAMP (10 m M) to inhibit
kinase activity is likely to be due to competition of the cyclic nucleotide with ATP
(0.1 mM)* as is found to be the case for the catalytic subunit of cAMP-dependent
protein kinase.'*>'"!

VII. dsRNA-DEPENDENT PROTEIN KINASE

The site of phosphorylation in the elF-2« (Mr = 38,000) subunit which is acted upon
by the hemin-regulated protein kinase appears to be very close to, if not the same
as,”'>*'6 the site which undergoes phosphorylation catalyzed by a double-stranded RNA
(dsRNA)-dependent activity®'’™*' which can be distinguished immunologically from the
HRI** and which is ribosome associated. The dsRNA-dependent protein kinase is of
particular interest because of the role it has been suggested to play in the antiviral action of
interferon upon cells.’*****7* The activated enzyme has been purified to approximate
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Table 5§
CASEIN KINASES

Monomer Subunit
Source Type molecular weights structure Sxow ATPKm GTP Km Ref.
Yeast 1 42,000 Monomeric — 200 uM ND 330
Novikoff ascites
tumor cells 1 37,000 Monomeric — 20 uM 4.1 mM 331
Rabbit reticulocytes 1 37,000" Monomeric  3.25 13 uM 500 uM 332
Novikoff ascites
tumor cells 11 44000 (a) aa'f 7.65 4 uM 7 uM 333
40,000 (a’)
26,000* (B)
Rat liver 11 42,000 (a) aa’f; 7.0 ND ND 334
39,000 (a)
26,000 (B)
Rabbit reticulocytes 1] 42,000 (a) aa’'f, 7.55 10 uM 40 uM 335
38,000 (a’)
24,000° (B)

Note: ND: not determined.

" Polypeptides that have been shown to contain endogenous phosphate or to be labeled with “Pi.

homogeneity from rabbit reticulocyte lysates.’'**?' It appears to have a subunit size of
67,000 to 70,000 daltons. The enzyme is capable of catalyzing phosphorylation of
histone®'® as well as eI F-2a and can undergo phosphorylation itself when the enzyme is
activated by dsRNA.

Very little is known about the mechanism by which dsRNA activates the elF-2a
kinase.’® It is not possible at the moment to tell whether autophosphorylation is part of
that mechanism. No apparent change in molecular weight occurs, however,'’?° and this
probably rules out a dissociative mechanism. The binding of dsRNA has been
suggested®'®**° to be the first step in increasing the activity of the enzyme, and a scheme
wherein autophosphorylation is required as an intermediate step during the process of
activation has been presented.’’® The requirement for ATP in the activation of elF-2a
kinase by dsRNA*****' supports such a scheme as does the fast rate of phosphorylation of
the polypeptide doublet that migrates as bands of 67,000 and 68,500 daltons on
SDS-polyacrylamide gel electrophoresis®***' and is thought to possess the protein
kinase activity.’’*?! Questions as to how the phosphorylation of dsRNA-dependent
protein kinase occurs, or how it stimulates enzyme activity are subjects which deserve
much further research, but which can draw only conjecture at the present.

VIII. CASEIN KINASES

While a large number of protein kinases, including phosphorylase kinase and both the
cyclic nucleotide-dependent enzymes have the ability to catalyze the phosphorylation of
casein, a number have been named as casein kinases since they prefer casein over histone
as a substrate. Those casein kinases which have been purified to apparent homogeneity
are summarized in Table 5. As is clear, these protein kinases can be divided into two
groups which have been termed casein kinase I and casein kinase Il in order of their
elution from DEAE-cellulose.’” The role of these kinases in the regulation of cell
function and their in vivo substrate specificity remains obscure.

Some progress towards such an understanding has been made by Traugh et al.,***7*

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informaheal thcare.com by 89.163.34.136 on 01/06/12
For personal use only.

166 CRC Critical Reviews in Biochemistry

who have shown that both types of casein kinases are capable of catalyzing
phosphorylation of eucaryotic initiation factors. Casein kinase I can stimulate the
incorporation of phosphate into elF-4B and cIF-5, whereas casein kinase II acts upon
elF-2, elF-3, eIF-4B, and elF-5. Neither casein kinase, however, acts upon the elF-2¢
subunit which undergoes phosphorylation under the influence of the heme-controlled
repressor**?*3 or of dsRNA-dependent protein kinase.’’**'® In contrast, it is clear
that casein kinase 1l can catalyze the incorporation of 2 mol of phosphate into the
elF-28 (Mr = 53,000) subunit.”*®

Determination of the in vitro protein substrate specificity has been approached by
using casein variants.”>*** Chymotryptic peptides have been made of the phos-
phorylated variants and these peptides have been subjected to amino acid analysis in
order to determine their origin in the known primary sequence of the complete
polypeptide. This method has made clear the primary structure in the region of the
phosphorylation sites in casein. A preference of casein kinase I for a glutamate residue
two frames towards the amino terminal of the phosphorylated serine has thus been
revealed.®®** In contrast, casein kinase II catalyzes the phosphorylation of threonine
residues in both a; -casein A and B-casein A’ In both cases a Glu-Asp sequence was
predicted to be immediately adjacent to the carboxyl end of the phosphorylated
threonine.**”*

The two types of casein kinase are also clearly different in their subunit structure and
specificity for nucleoside triphosphate (Table 5). Casein kinase 1 appears considerably
more capable of distinguishing between GTP and ATP. It follows that GTP could be
used as a relatively specific inhibitor of casein kinase I during in vitro assays.

Casein kinase 11, but not casein kinase I, can be inhibited by hcparinm and possibly
other naturally occurring glycosaminoglycans®® through a mechanism which is
competitive with substrate (Ki = 20 ng/ mg). Competitive kinetics indicate the binding of
heparin to the catalytic subunit, but it has not been determined which of the subunits of
casein kinase I1 (a,a’ or B8) is involved directly in catalysis. No regulatory mechanism for
casein kinase 1 has been described.

Both casein kinases can undergo phosphorylation themselves, casein kinase II in the
B subunit®”?*° and casein kinase I in the single Mr = 37,000 polypeptide chain.’*”
Autophosphorylation has not been reported to change casein kinase activity under the
conditions employed.******

In summary, the data presented prove beyond doubt that the two casein kinases are
different enzymes which probably have different cellular functions and means of
regulation. Further studies on the precise biochemical means by which these enzymes
might be regulated are clearly necessary. Studies of the peptide and nucleoside
triphosphate analog specificity to determine the mechanism of catalysis will be important
to the understanding of the catalytic mechanism and the means by which catalysis might
be stimulated, inhibited, changed, or even prevented.

IX. VIRAL TYROSINE KINASES

Recently, a great amount of research activity has been stimulated by observations
which indicate that the viral gene product responsible for transformation by a number of
viruses is a protein kinase which catalyzes the phosphorylation of a low level of tyrosine
residues in cellular proteins, a phenomenon not previously observed. This has been
shown to be the case for the sr¢ gene product of avian sarcoma virus**>**! and Rous
sarcoma virus®*’ as well as feline sarcoma virus*** and Abelson murine leukemia virus.>*
These findings indicate a role for tyrosine protein kinase in some types of viral
transformation and possibly also in other methods of neoplastic transformation of cells.
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Of particular interest, however, is the discovery of a number of normal cell proteins
which appear to be similar in structure and function to the transformed gene
product®****7 and which also catalyze tyrosine phosphorylation. It follows that this
activity may have a role in normal cellular growth control mechanisms.

Crucial to further research must be data on the primary substrate specificity of tyrosine
protein kinases. The normal assay for these kinases involves the phosphorylation of the
immunoglobulin heavy chain of antibody directed against the pp60°°.3****" Cellular
substrates for the avian sarcoma virus kinases have been proposed. It has been shown
that a 34,000- to 36,000-dalton polypeptide which serves as a substrate for the avian
sarcoma virus-transforming gene product (pp60 ) in vitro is also phosphorylated in vivo
at a site located in the same tryptic peptide.**’ Rous sarcoma virus has also been shown,
by the use of antibody precipitation of *?P-labeled substrate, to induce in vivo
phosphorylation of vinculin, a protein of 130,000 daltons which may be involved in the
attachment of normal cells to anchor actin-containing filaments and substratum.’*
Vinculin and vimentin also appear to be in vitro substrates.””’ Other cytoskeletal
proteins, fibronectin, myosin heavy chain, a-actinin and actin have been examined using
the same approach but have either been shown to contain no phosphotyrosine invivo, or
to undergo insignificant changes in their state of tyrosine phosphorylation.’*®*%’
Although they do not appear to undergo phosphorylation in the cell, tubulin, actin, and
vimentin have been reported by one laboratory to serve as in vitro substrates for the
pp60° kinase activity from avian sarcoma virus-treated cells.*®' The physiological
significance of these data is unclear. Lastly, of particular interest during any discussion of
tyrosine kinase substrate specificity is the reported sequence of the site phosphorylated
by the pp60* in transformed cells: Leu-1Le-Glu-Asp-Asn-Glu-Tyr(P)-Thr-Ala-Arg.**
As yet no detailed peptide specificity studies or specific inhibitors have been reported.

The definitive substrate specificity and therefore the role of the individual tyrosine
kinases remains obscure. Methods which rely on the observation of changes in **P
content of polypeptides suffer from the disadvantages of artifacts due to changes in
specific activity of the cellular phosphoryl donor molecule, and of changes which are
missed because of high endogenous protein phosphate or lack of resolution on the gel
systems employed. On the other hand, experiments which use antibodies to determine
which specific proteins become phosphorylated are limited in their scope and cannot
identify the kinase involved in vivo.

Evidence has been presented which locates at least a fraction of both the pp60°* kinase
and normal cell src protein kinase activity within the plasma membrane of cells.****
Investigation of the functional domains of the Rous sarcoma virus tyrosine kinase
indicates that the amino terminal of the Mr = 60,000 polypeptide is responsibie for
attachment to the plasma membrane whereas the catalyticdomainislocated towards the
carboxyl end of the molecule.*®® This constrained locus for the enzyme would clearly
narrow the in vivo substrate specificity to proteins which could approach the plasma
membrane.

Both the endogenous cellular sarc gene, from which the src gene of Rous sarcoma virus
is derived and the src gene itself encode proteins of Mr = 60,000 daltons which undergo
phosphorylation in at least two positions of the polypeptide chain.**’** Insufficient
enzymological studies have been published which show unequivocally the auto-
phosphorylation of pp60°“ for any effect of autophosphorylation on activity or
regulation to be seriously discussed.

Viral tyrosine kinases have recently been classified according to their monomer
molecular weight, nucleoside triphosphate specificity, and preference for Mn** or Mg*™
as nucleotide chelators.**” The Rous sarcoma gene product (pp60°°) has been designated
as a type I tyrosine protein kinase.**” It has a molecular weight of 60,000 and can use
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either ATP or GTP as phosphoryl donor. On the other hand, the Abelson murine
leukemia viral gene product (p120) has Mr = 120,000 daltons and prefers ATP to GTP
and has been designated as a type 11 tyrosine kinase. The type 111 tyrosine kinases, which
are of varied molecular weight, use ATP and like the type II tyrosine kinase, have a
preference for Mn™ over Mg™.**’

Detailed enzymological studies on the peptide or nucleoside triphosphate specificities
have not been done as yet. Such studies will undoubtedly help determine the similarities
and differences between the three types of viral tyrosine kinases as well as help determine
the extent of structural and functional similarity of each viral gene product to the
naturally occurring homologue. Furthermore, these kind of data could enlighten
scientists as to the cellular role of these kinases through the development of specific
nucleotide, protein or peptide inhibitors, and the determination of the specificity
determinants for protein and peptide substrates. Although it is not clear at present how
the phosphorylation of tyrosine leads to transformation of cells, it is clear that greater
knowledge of the enzymes involved will provide insight into a new type of protein
kinase and its regulation and allow new models of cellular growth control mechanisms to
be put forward and tested.

X. EGF-DEPENDENT PROTEIN KINASE

A protein kinase activity which is dependent upon the presence of epidermal growth
factor (EGF) has recently been identified****' and purified*® from A-431 human
epidermoid carcinoma cell membranes using affinity chromatography over resin coupled
to EGF. These membranes are unusual in that they have a very high receptor density (2 to
3 X 10%/ cell).>®® Protein kinase activity appears to reside in the same protein complex as
EGF-binding activity, a unique observation.*® Study of the solubilization of these
activities from the membrane indicate the EGF-binding polypeptide to be an integral
membrane protein.’®? Activation of kinase activity towards exogenous histone®****! or
towards membrane proteins including the receptor polypeptide itself is brought about by
the binding of EGF***® and is reversible.**? It has been pointed out that reversibility
rules out the possibility that EGF releases a sequestered kinase activity from the
membrane.

Since EGF is clearly involved in the control of biochemical events which lead to cell
growth and multiplication, it has been exciting to realize that EGF-dependent protein
kinase has many characteristics which are reminiscent of the viral tyrosine kinases,
described in the previous section, which appear to be involved in malignant
transformation.®" Not only does the EGF-dependent enzyme catalyze tyrosine
phosphorylation,*®* but it also has a rapid rate of reaction at 0°*%* and a preference for
Mn++.360’361

It is clear that this protein kinase probably contains at least three functional domains:
an effector-binding domain for EGF, a catalytic domain, and phosphorylatable site.
Trypsin appears to decrease all three activities, however, and may therefore not be a
useful tool for separation of the domains or studies of how they might interact with one
another.*” The EGF-binding activity has high affinity for the hormone in either intact
(Kos = 10 M) or solubilized (Kos =2 X 107 M) preparations.’® Very little is known
about the catalytic domain other than its ability to catalyze phosphorylation of histone,
membrane proteins, or the Mr = 150,000 polypeptide itself, and its ability to catalyze the
fast reaction at 0° and its preference for Mn"*.***** No effect of autophosphorylation on
this tyrosine kinase activity has been reported, and at present the existence of a separate
kinase responsible for phosphorylation of the Mr = 150,000 polypeptide cannot be ruled
out. It does not appear that trypsin can activate the kinase by damaging an endogenous,
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inhibitory domain although it remains possible that this would be observed if low
amounts of protease were used.

The nucleoside triphosphate analog specificity of EGF-dependent protein kinase has
not yet been determined, and this combined with the early stage of the study of protein
and peptide substrate specificity makes careful comparison with the viral tyrosine kinases
and other protein kinases difficult at present. It wil} be of great interest to further probe
the biochemical mechanisms involved in the stimulation of tyrosine kinase activity by
EGF and the role which autophosphorylation might play in the control of enzyme
activity by regulators.

XI1. PYRUVATE DEHYDROGENASE (PDH) KINASE

PDH kinase’***®’ is particularly important because of the role phosphorylation
catalyzed by it plays in the control of PDH activity by insulin and other
hormones.”’?%**° The enzyme is exclusively mitochondrial in mammalian cells and it is
clear that it very specifically catalyzes phosphorylation of three sites in the @-subunit of
pyruvate decarboxylase. The amino acid sequences of these sites have been
determined®’™”" and the kinase has been shown to bring about phosphorylation of
synthetic peptides constructed on the basis of these known sequences.’’” These data make
clear that the enzyme has a substrate specificity different from other protein kinases that
have been examined. Although serine residues are the receptors for phosphate, few
arginine residues are evident in the primary sequences immediately proximal to the
phosphorylation sites.””®’”" The effects of phosphorylation to inhibit activity of the
decarboxylase’” appear to be most pronounced when Site 1 is phosphorylated,*’**"*
although there is some evidence that Site 2 may also be involved.**?” The real,
physiological function of these second two phosphorylation sites is a matter of
controversy. On the one hand data have been obtained by Sugden et al.>’® which indicate
that phosphorylation at these sites inhibits the reactivation of PDH by the phosphatase.
On the other hand Teague et al.’”* found that the presence of thiophosphoryl groups,
which are relatively resistant to the action of phosphatase, at Sites 2 and 3 had no effect
on the rate of dephosphorylation of Site 1.

PDH kinase appears to be stimulated by the products of the reaction which catalyzes
conversion of pyruvate to acetyl CoA, notably acetyl CoA itself and NADH, and is
inhibited by the substrates for pyruvate dehydrogenase, pyruvate, coenzyme A, and
NAD* 73%37738 Tryptic peptide substrates for the kinase have been used to distinguish
between substrate- and kinase-directed actions of these effectors. Using a highly purified
preparation of kinase and a tryptic digest of PDH it has been shown that Acetyl CoA and
NADH stimulate kinase activity, whereas pyruvate, dichloroacetate, and ADP inhibit
it.*®® These data imply the direct interaction of regulators with domains in the protein
kinase structure. Firm conclusions as to the specific protein target of these regulators will
have to await rigorous purification of the kinase and the use of synthetic peptides. The
transacetylase subunit of PDH also appears to play a role in the regulation of protein
kinase activity in that the apparent Km of the kinase for its protein substrate is decreased
about 30-fold in the presence of this subunit.**

No data are available which suggest autophosphorylation of PDH kinase. The fact
that there appear to be only 2 to 5 kinase polypeptides which are tightly bound to the
overall PDH complex which has close to 150 polypeptide chains of varying molecular
weight and an overall mass of 7 to 10 X 10° daltons’’* makes it difficult to purify large
quantities of the kinase upon which to do detailed effector-binding studies or protein
chemistry, Discussion of the interaction of functional domains within the structure of
PDH kinase must attend greater knowledge of the mechanism of effector action on the
substrate, on domains within the kinase structure, and on activity.
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XI1I. OTHER PROTEIN KINASES

There have been preliminary reports of the purification of a number of protein kinases
not discussed heretofore. These include a calmodulin-dependent protein kinase from
rabbit liver which appears to be very specific for glycogen synthase,*®' a light-dependent
rhodopsin kinase from bovine rod outer segments,** a calcium and phospholipid-
dependent protein kinase which is present in many tissues,’®** and an interesting
protein kinase from insects which has high affinity for both cAMP (Ka = 43 nM) and
¢GMP (Ka = 25 nM),*** and may be related in evolution to the well-described protein
kinases regulated by the individual nucleotides. Insufficient data on the purity or
regulation of these activities have been presented to date to allow these reports to be
evaluated, or considered in relation to the regulation of activity through the interaction
of domains.

XIII. PERSPECTIVES ON REGULATION OF PROTEIN KINASES

Whereas a great deal is known about the regulation of a few protein kinases, notably
cAMP-dependent protein kinase, cGMP-dependent protein kinase, and phosphorylase
kinase, it is clear that there is very little information about the biochemical basis for
regulation of the majority of protein kinases which have been isolated to sufficient purity
to allow biochemical studies to be performed. The diversity of protein kinases in protein
substrate specificity and regulation is striking. On the other hand pronounced similarities
exist between the enzymes which have been studied up until now. Nearly all prefer ATP
as a phosphoryl donor and all the reported Km for ATP appear well below the estimated
concentration of the nucleotide in cells. Furthermore, it appears that all the protein
kinases which have been tested can undergo phosphorylation themselves. This reflects
both the ability of some protein kinases to catalyze phosphorylation of themselves and
the ability of some to undergo phosphorylation by other enzymes.

All the protein kinases tested are also capable of catalyzing the phosphorylation of
small peptides, an important fact which indicates that the recognition determinants for
phosphorylation of a protein by a particular kinase are largely contained in the primary
structure of the substrate. The secondary, tertiary, and quaternary levels of protein
organization appear less important. A powerful tool is thus provided for distinguishing
between protein kinases in the form of synthetic peptides which can be used as specific
substrates or inhibitors. Similarities have been observed in the substrate specificity of a
number of groups of protein kinases, e.g., the cyclic nucleotide-dependent protein
kinases, the elF-2 kinases, the casein kinases, and the tyrosine protein kinases. We
propose that these groups may represent families of homologous proteins by analogy
with the cytochromes, globins, dehydrogenases, and other protein families. If this is the
case, then more confident extrapolations could be made from one enzyme to another
within a given protein kinase family.

The relationship between protein kinases and other enzymes which bind ATP and
transfer the terminal phosphate to small molecules or to water is an unexplored area, but
one of considerable interest. The tertiary structures of arginine kinase, pyruvate kinase,
hexokinase,*® and phosphoglycerate kinase,*®’ which involve two domains separated by
a cleft which is closed upon the binding of substrate, have been suggested to be common
to several other kinases.**
resolution, it will be useful and fascinating in the future to determine whether
relationships exist with other types of kinases as well as among families of protein
kinases. Regulatory mechanisms which are found to be held in common by families of
kinases will be particularly powerful precedents for the study of novel protein kinases
involved in the control of cellular events.
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