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Chapter 7

Ser/Thr-specific Protein Kinases and Protein
Phosphatases

Reversible phosphorylation of amino acid side chains is a widely used principle for regu-
lation of the activity of enzymes and signaling proteins (see Chapter 3). Via this function,
protein kinases and protein phosphatases play pivotal roles in regulating aspects of
metabolism, gene expression, cell growth, cell division and cell differentiation. Almost
all intracellular signaling pathways use protein phosphorylation to create signals and
conduct them further. The protein kinases are certainly one of the largest protein fami-
lies in the cell. Conservative estimates suggest that more than 1000 protein kinases are
coded in the mammalian genome. Of the various protein kinases, the Ser/Thr-specific
and Tyr-specific enzymes are the best characterized. Tyr-specific protein kinases are
dealt with in Chapters 8 and 11. Before going on to the protein family of Ser/Thr-specific
protein kinases, a rough classification of protein kinases will be presented.

7.1 Classification, Structure and Characteristics
of Ser/Thr-specific Protein Kinases

7.1.1 General Classification and Function of Protein Kinases

The first protein kinase obtained in a purified form was the Ser/Thr-specific phospho-
rylase kinase of muscle, in 1959 (Krebs et al., 1959). With the discovery of the Tyr-spe-
cific protein kinases (Erikson et al., 1979), the Ser/Thr-specific protein kinases were
joined by another extensive class of protein kinases of regulatory importance, to which
a central function in growth and differentiation processes was soon attributed. At pre-
sent, several hundred different protein kinases are known in mammals, most of which
are Ser/Thr- or Tyr-specific. In addition, there are some protein kinases that phospho-
rylate other amino acids (review: Hunter, 1991).

Based on the nature of the acceptor amino acids, four classes of protein kinases can
be distinguished (Fig. 7.1):

— Ser/Thr-specific protein kinases esterify a phosphate residue with the alcohol group
of Ser and Thr residues.

— Tyr-specific protein kinases create a phosphate ester with the phenolic OH group of
Tyr residues.

— Histidine-specific protein kinases form a phosphorus amide with the 1 or 3 position of
His. The members of this enzyme family also phosphorylate Lys and Arg residues.
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Fig. 7.1. Amino acid specificity of protein kinases.

— Aspartate- or glutamate-specific protein kinases create a mixed phosphate-carboxy-
late anhydride.

Whilst comprehensive data are available on structure and function of the Ser/Thr- and
Tyr-specific protein kinases, both the other families of protein kinases are incompletely
characterized.
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In the sequence of protein kinases, a homologous catalytic domain can be identified,
that includes ca.270 amino acids. Based on the sequence of the catalytic domain, it is
possible to differentiate between Ser/Thr- and Tyr-specific protein kinases. Further-
more, homology considerations enable identification of subfamilies within both the lar-
ger families of Ser/Thr- and Tyr-specific protein kinases.

Protein phosphorylation by protein kinases is a general and versatile tool in the cell,
with the function of a switch in signaling pathways. Examples of cellular activities regu-
lated by protein kinases are diverse, affecting practically all the cell’s performance.
Protein phosphorylation is found in:

e Enzymes: as elements of signal chains (Chapters 7, 8, 10, 13) and in enzymes of
intermediary metabolism (Chapter 2)

Adaptor proteins (Chapter 8)

Signal proteins (Chapters 5, 7, 8)

Transcription factors (Chapter 1)

Ion channels (Chapter 16)

Transmembrane receptors (Chapters 5, 8, 11, 12)

Ribosomal proteins (ribosomal protein S6, Chapter 6)

Structural proteins

Transport proteins

The switch function of protein phosphorylation is based on different mechanisms that
may work alone or in combination. Phosphorylation by protein kinases influences fun-
ction and activity of the protein substrate, especially in the following ways:

o Induction of conformational changes (Chapters 2, 11, 13)

e Direct interference with binding of substrate or other binding partners, e.g., isoci-
trate dehydrogenase (Chapter 2)

e Creation of binding sites for effector molecules in the sequence: examples of this are
binding of Tyr-P to SH2 and PTB domains (Chapter 8) and binding of Ser-P to
14-3-3 proteins (Chapter 8).

7.1.2 Classification of Ser/Thr-specific Protein Kinases

Due to the complexity and number of the subfamilies, only selected subfamilies of the
Ser/Thr-specific protein kinases in vertebrates are presented in the following (accor-
ding to Hunter, 1991).

Subfamilies of the Ser/Thr-specific Protein Kinases
— Protein kinases regulated by a cyclic nucleotide
e cAMP regulated protein kinase, protein kinase A, PKA
e cGMP regulated protein kinase
— Diacylglycerol regulated protein kinases
Protein kinase C, with further division into the a, pI, pIL, v, 0, €, T, M, L, A, and u sub-

types
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— Calcium/calmodulin regulated protein kinases
e vy subunit of phosphorylase kinase
e Myosin light chain kinase, MLCK
e Ca**/calmodulin dependent protein kinase II

— Ribosomal S6 protein kinase
Kinases that specifically phosphorylate ribosomal protein S6

— Serpentine receptor kinase
[B-adrenergic receptor kinase, BARK

— Casein kinase II (casein kinase gets its name from the observation that casein, milk
protein, is a good substrate)

— Glycogen synthase kinase

— CDC2 kinases (representatives of this family are central elements of regulation of
the cell cycle, see Chapter 13

— Mitogen activated kinases, MAP kinases (the MAP kinases are involved in trans-
duction of growth promoting signals, see Chapter 10)

— Mos/raf protein kinases (see Chapter 9, the mos/raf protein kinases are also invol-
ved in signal transduction of growth factors).

There are many other protein kinases that do not show any close relationship to these
subfamilies. These include protein kinases with two-fold specificity, in that they can
phosphorylate Ser/Thr and also Tyr residues. An example of a protein kinase with two-
fold specificity is the MAP kinase kinase (see Chapter 10).

7.1.3 Substrate Specificity of Ser/Thr-specific Protein Kinases

Taking into account the many Ser and Thr residues in proteins, the question arises of
which parameters define the phosphorylation site of a substrate protein. With the help
of targeted exchange of amino acids in substrate proteins, sequence comparison of
phosphorylation sites, and use of defined peptides as substrates, it has been possible to
clearly show that the sequence in the neighborhood of a Ser/Thr residue is an impor-
tant determinant of specificity. The different Ser/Thr-specific protein kinases show dif-
ferent requirements with respect to the neighboring sequence of the Ser or Thr residue
to be phosphorylated, so that each subfamily has its own consensus sequence for phos-
phorylation. Within the family of Ser/Thr kinases, however, the sequences of the phos-
phorylation sites show great variability and it is not possible to give a consensus
sequence for all Ser/Thr-specific protein kinases. Due to the different roles and the
very different substrate proteins, this is not surprising. For more information on con-
sensus sequences for protein phosphorylation, the reader is referred to sequence data-
bases and to review articles (Pearson and Kemp, 1991). It should be pointed out that
several Ser/Thr residues are found in many phosphorylation sequences, so that multi-
ple and cooperative phosphorylation is possible in a sequence segment. Phosphoryla-
tion of the large subunit of the RNA polymerase II (see 1.2) is particularly marked. At
the C terminus, this contains 52 copies of the heptamer sequence YSPTSPS as poten-
tial phosphorylation sites.
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Many protein kinases show indistinct substrate specificity, especially in in vitro expe-
riments. Certain phosphorylation sites of the histone H1 can be phosphorylated by
various protein kinases. Insight into the specificity requirements of protein kinases was
only possible once highly resolved structural information on the binding of model sub-
strates to protein kinases was available (see 7.1.4).

7.1.4 The Catalytic Domain of Ser/Thr-specific Protein Kinases

Structural information on Ser/Thr-specific protein kinases (review: Goldsmith and
Cobb, 1994, Johnson et al., 1996, Johnson, 1998) indicates a markedly conserved struc-
ture of the catalytic domain. In Fig. 7.2a, the structure of the catalytic subunit of pro-
tein kinase A is shown in complex with an inhibitor peptide (Knighton et al., 1991). In
this case, the inhibitor peptide serves as a model for a phosphorylation substrate. In the
form of two Arg residues, it possesses part of a sequence characteristic of phosphoryla-
tion sites of protein kinase A, which is defined by two Arg residues in the neighbor-
hood of the Ser residue to be phosphorylated (Fig. 7.3). The inhibitor peptide lacks the

Fig. 7.2
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Fig. 7.2. Structure and substrate binding sites of Ser/Thr-specific protein kinases. a) Peptide
binding site: structure of the catalytic subunit of the cAMP-dependent protein kinase A from
mouse, with bound inhibitor peptide PKI (5-22), shown in dark in the figure. PKI (5-22) is a frag-
ment (amino acids 5-22) of the naturally occurring heat-stable protein kinase inhibitor PKI. The
inhibitor peptide binds in the region of the substrate binding site between the two lobes of protein
kinase A (Knighton et al., 1991). The P-loop is involved in binding the phosphate residue of ATP.
b) ATP binding site: structure of casein kinase I with bound Mg-ATP. The Mg** is shown as a
sphere. MOLSKRIPT representation according to Kraulis, (1991).

Ser residue to be phosphorylated; this is replaced by alanine. Due to these characteri-
stics, the inhibitor peptide is bound in a very similar way and with similar affinity to a
substrate, but it cannot react and has the property of a pseudosubstrate. The contacts
between protein kinase A and a substrate are shown as a model for a peptide known
as kemptide, which serves as a phosphorylation substrate.

The catalytic domain of protein kinase A has a two lobe structure, composed of a
smaller lobe with a large portion of 3-sheet structures and a larger lobe that is mostly
a-helical. All Ser/Thr- and Tyr-specific protein kinases structurally characterized to
date show a similar domain structure.

The binding site for the protein substrate and the ATP binding site are located in the
cleft between the two lobes. The link between the two lobes is flexible and functions as
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Fig. 7.3. Contact points of protein kinase A with inhibitor and peptide substrates. The contact
points are shown between the catalytic subunit of protein kinase A, the inhibitor PKI (5—24) and
a peptide substrate (kemptide). The inhibitor binds, via two Arg residues (P3, P-2), to the same
Glu residue of protein kinase A that also binds to the substrate. The phosphorylation site is label-
led as P, the N-terminal and C-terminal situated amino acids are labelled as (-) and (+) and are
numbered starting from the phosphorylation site. According to Kemp et al., (1994).

a hinge. On binding substrate proteins and ATP, the two lobes fold together, bringing
the ATP binding site into the interior of the molecule, between the two lobes. A gly-
cine-rich loop is involved at the ATP binding site, with a consensus sequence Y-Gly-X-
Gly-(Phe/Tyr)-Gly-X-Val. The loop is flexible and it is attributed an important role in
catalysis of phosphate transfer and regulation of the protein kinase, in addition to ATP
binding (Bossemeyer, 1994). ATP binding is shown, using casein kinase I as an
example, in Fig. 7.2b.

The catalytic center is formed by residues from both lobes. Sequence comparisons,
mutation experiments and biochemical studies indicate an essential function in cataly-
sis of phosphate transfer for the conserved amino acids Lys72, Asp166 and Asp184
(numbering of PKA). However, the catalytic mechanism of phosphate transfer is not
definitely established. It is generally assumed that Asp166, which is invariant in all pro-
tein kinases, serves as a catalytic base for activation of the Ser/Thr hydroxyl and that
the reaction takes place by an ,,in-line” attack of the Ser-OH at the y-phosphate.

The inhibitor is bound in an elongated form to the substrate binding surface and
forms many contact points to the protein kinase. Hydrophobic residues of the inhibitor
find their binding equivalents in hydrophobic pockets of the enzyme. The Arg residues
important for specificity of substrate binding are in contact with Glu residues of the
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protein via ionic interactions (Fig. 7.3). In total, there are many possible contact points
between kinase and inhibitor. The diversity of the contact points explains why certain
variations in the neighboring sequence of the Ser residue are tolerated. For tight bind-
ing and correct orientation of a substrate protein, it is not necessary that all possible
contacts are formed. A substrate that only provides some of the contact points can still
be bound in a productive way, assuming that some key amino acids are present. Such
key amino acids for protein kinase A are basic residues in the neighborhood of the Ser
residues (see Fig. 7.3); for casein kinase II, acidic residues are the determinants of spe-
cificity. A particular protein kinase thus does not have any strictly defined specificity
elements on the substrate side, which is not the case for specific protein-nucleic acid
interactions. Protein kinases do not recognize any fixed sequence, rather they recog-
nize families of related sequences.

7.1.5 Autoinhibition and Intrasteric Regulation of Ser/Thr-specific
Protein Kinases

Protein kinases can exist in active and inactive forms, which is why they are able to per-
form the function of a switch in signaling pathways. Protein kinases are particularly
suitable as switches in signal pathways due to their flexible structure of two domains
that can adopt different orientations with respect to one another. Furthermore, in the
cleft between the two domains, it is possible to initiate signal-controlled conformatio-
nal changes of great importance for substrate binding and catalytic activity.

The transition between inactive and active forms of the protein kinase may be con-
trolled by different mechanisms:

— Binding of activator proteins
— Binding of inhibitor proteins
— Ligand-controlled binding of regulatory subunits
— Activation by cofactors
Example: activation of protein kinase C by diacylglycerol and Ca**
— Covalent modification by phosphorylation at Ser/Thr and/or Tyr residues
— Regulated subcellular localization
— Changes in the oligomerization state (see chapter 8)

Many structure-function investigations have shown that protein kinases can exist in an
inhibited state in which structural elements in the active center fold back and inhibit
substrate binding and/or catalytic activity. For protein kinases that are regulated by
inhibitor proteins or inhibitory elements, the inhibition is also caused by a direct or
indirect blocking of the active center by the bound inhibitor. On arrival of a signal
(e.g., phosphorylation signal, binding of a messenger substance to the inhibitor), the
enzyme is released from the inhibited state. In the process of activation, the inhibiting
structural element vacates the active center or the inhibitor protein dissociates
(Fig. 7.4).
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Fig. 7.4. Schematic representation of autoinhibition and activation of protein kinases. a) Release
of autoinhibition by phosphorylation. b) The catalytic subunit C of a protein kinase, in an inhibi-
ted state due to binding of an inhibitory subunit R, can be released by an external signal and the-
reby activated.

This mechanism is known as intrasteric regulation since it involves regulation in the
direct vicinity of the active center. Two mechanisms of intrasteric regulation are hig-
hlighted: regulation by autoinhibition and regulation by phosphorylation in the activa-
tion loop.

Autoinhibition

If the inhibitory structural element is itself a part of the protein kinase, this is known
as autoinhibition. The inhibitory structural elements often have the character of a
pseudosubstrate. They possess a similarity to the proper substrate and can accumulate
in the substrate binding site. Since the pseudosubstrate lacks a phosphate receptor, no
phosphorylation takes place (review; Kemp et al., 1994).

Structural information on autoinhibition is available for the twitchin kinase. The
twitchin kinase is a Ser/Thr-specific protein kinase of the nematode Caenorhabditis ele-
gans and is homologous to the myosin light chain kinase of mammals (see 7.4.1). The
crystal structure of a catalytic fragment of twitchin kinase (Hu et al., 1994) has an auto-
inhibitory element at the C-terminus, which makes specific contact with parts of the
active site and the ATP binding site. The active site of twitchin kinase is blocked by the
autoinhibitory structural element by:
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— Forming contacts with the substrate binding site (pseudosubstrate function)
— Resulting interference with ATP binding
— Contacting essential residues and shielding these.

The autoinhibitory element is highly complementary to the active center and due to
this complementarity, performs effective inhibition.

Phosphorylation in the Activation egment

Many protein kinases require phosphorylation of Ser/Thr or Tyr residues to reach full
activity. The activating phosphorylation often takes place in a part of the structure in
the vicinity of the active center, known as the activation segment which spans two con-
served sequence motifs (DFG to APE, using single-letter code) present im almost all
kinases (review: Johnson et al., 1996). Phosphorylation of the activation segment may
be catalyzed by other protein kinases or by the protein kinase’s own active center. In
the latter case, this is generally an autophosphorylation in trans, i.e., between the sub-
units of an oligomeric protein kinase (see Chapter 8.1.3).

Ser/Thr (e.g. Thr197 of PKA) or Tyr phosphorylation sites (see insulin receptor,
Chapter 8) are located at the activation segment. As shown for the phosphorylation of
the CDK2-cyclin A complex (see 13.2.4), phosphorylation in the activation segment
leads to reorganization of the catalytic center in the sense of an optimal orientation of
the catalytic groupings (review: Johnson and O’Reilly, 1996).

7.2 Protein Kinase A

Of the protein kinases, protein kinase A is the best investigated and characterized
(review: Francis and Corbin, 1994). The functions of protein kinase A are diverse. Pro-
tein kinase A is involved in the regulation of metabolism of glycogen, lipids and sugars.
Substrates of protein kinase A may be other protein kinases, as well as enzymes of
intermediary metabolism. Protein kinase A is also involved in cAMP-stimulated trans-
cription of genes that have a cAMP-responsive element in their control region (review:
Montminy, 1997). An increase in cAMP concentration leads to activation of protein
kinase A which phosphorylates the transcription factor CREB at Ser 133. CREB only
binds to the transcriptional coactivator CBP in the phosphorylated state and stimulates
transcription (see Chapter 1.4.4.2).

7.2.1 Structure and Substrate Specificity of Protein Kinase A

The activity of protein kinase A is controlled by cAMP. In the absence of cyclic AMP,
protein kinase A exists as a tetramer composed of two regulatory R subunits and two
catalytic C subunits (see Fig. 6.2). The catalytic activity is masked in the holoenzyme
C,R,, since an inhibitory structural element of the R subunit blocks the entrance to the
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active site. Binding of cAMP to the R subunit leads to a reduction in the affinity bet-
ween R and C by a factor of 10,000—100,000. The holoenzyme dissociates into the
dimer of the R subunits and two monomers of C, that now become catalytically active.

In mammals, four isoforms of the R subunit (Rla, RIB, RIIa and RIIP) and three
subtypes of the C subunit, namely C, Cp and Cy, are known.

The composition of the subunits is shown schematically in Fig. 7.5. The R subunit has
two cAMP binding sites of differing affinity. In addition, the R subunit has a domain
containing an autophosphorylation site which is involved in the autoinhibition of pro-
tein kinase A.

The C subunit has a myristinic acid residue at the amino terminus, the function of
which is unknown. In addition, the C subunit has specific Ser/Thr phosphorylation
sites, namely Thr197 and Ser338. Thr197 is located in the activation loop and is phos-
phorylated by an autophosphorylation mechanism. This is linked to an increase in the
affinity for ATP and to the catalytic efficiency.

The consensus sequence for phosphorylation of proteins by protein kinase A is
RRXSX. The RII subunit contains such a sequence in the autoinhibitory domain and
is therefore subject to phosphorylation by the C subunit in the holoenzyme, but with-
out release of inhibition. Inhibition of the C subunit by the R subunit is based on bind-
ing of the autoinhibitory sequence of R at the substrate binding site and at parts of the
active center of the C subunit.

7.2.2 Regulation of Protein Kinase A

In addition to regulation by cAMP, protein kinase A is also subject to other regulatory
influences. Thus, the C subunit may be specifically phosphorylated (see 7.2.1). It is not
clear, however, which protein kinase is responsible for phosphorylation of the C subunit.
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Fig. 7.5. Functional domains of protein kinase A. The functional domains of the catalytic (C)
and regulatory (R) subunits of protein kinase A (bovine) are shown in a linear configuration. M:
myristoylation.
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Regulation of protein kinase A may also take place via its subcellular localization.
Protein kinase A containing the RII subunit is found associated with the cytoskeleton
and with the Golgi apparatus. Anchoring of protein kinase A to the subcellular com-
partments is mediated by specific proteins known as protein kinase A anchor proteins
(AKAP: A kinase anchor protein). The RII subunit functions as a specific localization
subunit by mediating the interaction of protein kinase A with the anchor proteins.

The changes in concentration of cAMP that lead to activation of protein kinase A in
the cell are relatively small. In many tissues, a 2- to 3-fold increase in cAMP concentra-
tion is sufficient to bring about the maximum physiological effect. The cell has diffe-
rent mechanisms available that limit the increase in cAMP concentration to a relati-
vely narrow concentration region and contribute to damping of signal transduction via
protein kinase A. An example of a mechanism with a damping effect in signal trans-
duction by protein kinase A is a feedback control by a cAMP phosphodiesterase. The
activated protein kinase A phosphorylates and activates a phosphodiesterase that
hydrolyses cAMP to AMP (Fig. 7.6). This mechanism enables protein kinase A to con-
trol its own steady state activity. It also ensures that, as the external signal diminishes,
the cAMP signal rapidly subsides.
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Fig. 7.6. Feedback control of protein kinase A by a phosphodiesterase. On activation of protein
kinase A, the catalytic C subunits are released, which then phosphorylate a phosphodiesterase, in
addition to other substrates. The phosphodiesterase is activated by the phosphorylation and
hydrolyzes cAMP to AMP, whereby the signal transduction via protein kinase A is reduced or ter-
minated.
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7.3 Protein Kinase C

7.3.1 Characterization and Classification

The family of protein kinase C enzymes includes Ser/Thr-specific protein kinases that
require the following cofactors for activation (review articles: Dekker and Parker,
1994; Newton, 1997, Oancea and Meyer, 1998):

_ Ca2+
— Phospholipids such as phosphatidylcholine
— Diacylglycerol

Regulation by Ca** and diacylglycerol identify protein kinase C as a component of
signal transduction pathways, in the course of which, phospholipase C is activated and
the messenger substances Ins(3,4,5)P;/Ca* and diacylglycerol are produced. Activa-
tion of protein kinase C may take place via two central pathways:

Signaling pathways starting from receptor tyrosine kinases trigger stimulation of
protein kinase C by activating phospholipase Cy. An activating signal may also be
despatched in the direction of protein kinase C — via activation of phospholipase Cf3 —
from G-protein-coupled membrane receptors (see Fig. 6.4).

Stimulation by Phorbol Esters

A property of the protein kinase C enzyme family that is highly valuable for their iden-
tification and characterization is their activation by tumor promoters such as phorbol
esters (Fig. 7.7). Protein kinase C binds to the tumor promoter, tetradecanoyl phorbol
acetate (TPA), with high affinity and is activated by this binding. The specific activa-
tion of protein kinase C by phorbol esters is an important tool to demonstrate their
involvement in signal transduction pathways. By external addition of TPA, it is possi-
ble to use cellular model systems to test which biological responses of a signal trans-
duction pathway involve, and are controlled by, protein kinase C.

Tumor promoters such as TPA do not themselves initiate tumor formation, but
rather they promote triggering of the tumor by carcinogenic substances, e.g.,
benzo[a]pyrene. At present, the mechanism by which the structurally very heterogene-
ous tumor promoters bring about their tumor promoting activity is not understood. In
the case of TPA, stimulation of protein kinase C forms the basis of the explanation.
Since one of the roles of protein kinase C is in regulation of proliferation and of diffe-
rentiation processes, unregulated activation of protein kinase C could lead to undesi-
red protein phosphorylation and thus bring about misregulation of cell proliferation.

The Protein Kinase C Family

Like most of the Ser/Thr-specific protein kinase family, the protein kinase C family
also shows significant heterogeneity. At the present time, at least 12 different subtypes
of protein kinase C have been discovered in mammals, based on different criteria such
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Fig. 7.7. Structure of tetradecanoyl phorbol
acetate (TPA). Tetradecanoyl phorbol ace-

tate functions as a tumor promoter and is a
specific activator of protein kinase C.

as sequence, stimulation and regulation. These are known as a, BI, pIL, v, 0, €, C, 1,
1, A and u subtypes. Not all members of the protein kinase C family are stimulated by
Ca*/diacylglycerol. The subtypes ¢ and \ are not dependent on Ca**/diacylglycerol, but
are clearly part of the protein kinase C family due to sequence homology.

The existence of the many subtypes of protein kinase C in mammals suggests that
the individual subtypes perform specific functions in the organism (Hug and Sarre,
1993; Dekker and Parker, 1994). The different subtypes are distinguished by different
cellular localization, different activation by cofactors, and a different pattern of sub-
strate proteins. For example, the o, 6 and € subtypes are widespread in almost all tis-
sues whereas the other subtypes only occur in specialized tissues.

The members of the protein kinase C family are composed of a polypeptide chain
with a molecular weight of 68—83 kDa. The N-terminal regulatory domains C1 and C2
and a C-terminal catalytic domain can de differentiated in the primary structure (Fig.
7.8). In addition, a pseudosubstrate sequence with autoinhibitory function is located at
the N-terminus.

The C1 domain includes ca.50 amino acids and contains a cysteine-rich motif with
two bound Zn** ions. In many isoenzymes, two copies of the C1 domain are present,
known as C1A and C1B (or also as Cysl- and Cys2 elements). When expressed in the
isolated form, both C1 domains can specifically bind phorbol esters, whereas in vivo
only one of the two binding sites is occupied by phorbol esters.

In the C2 section, which is not present in all members of the protein kinase C family,
the Ca®* binding site and a binding site for acidic phospholipids are found. The conser-
ved C3 and C4 sections form the catalytic domain with the binding sites for ATP and
substrate proteins.

Most of the biochemical information is available for protein kinase Ca. In the follo-
wing, protein kinase C refers to the protein kinase Ca enzyme.
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Fig. 7.8. Functional domains of protein kinase C. The functional domains of protein kinase Ca
and C0 are shown as a linear representation. The binding site for TPA lies in domain C1. Domain
C2 contains the Ca** binding site. Protein kinase C8 lacks the C2 elements and thus regulation by
Ca®*. According to Azzi et al., (1992). Pseudosubstrate: autoinhibitory sequence with pseudosub-
strate character.

7.3.2 Structure and Activation of Protein Kinase C

In the absence of activating cofactors, the catalytic domain is subject to autoinhibition
by the regulatory domain (Orr and Newton, 1994). A sequence motif is found in the
regulatory domain which serves as a pseudosubstrate. It resembles the consensus
sequence for phosphorylation sites of protein kinase C but does not have a Ser or Thr
residue for phosphorylation. This sequence motif is found in all protein kinase C
family members. It is assumed that the active center is inhibited by occupation by the
pseudosubstrate.

Two functions are attributed to the binding of the activating cofactors Ca**, diacyl-
glycerol and phospholipid:

e Stabilization of a structure of protein kinase C in which the active center is acces-
sible for substrate proteins
e Promotion of membrane association

Detailed structural information on protein kinase C is not available at present. The
reason is probably the flexibility and membrane association of protein kinase C. The
first insight into the mechanism of activation was obtained by structural determination
of a C1 domain (Cys2 element) of protein kinase Cd in complex with phorbol ester
(Zang at al., 1995).

From the structure of the Cys2 element with bound phorbol ester (Fig. 7.9), it was
concluded that the activating function of the phorbol ester is based, in particular, in
promotion of membrane association of protein kinase C. The binding site of the phor-



262 7 Ser/Thr-specific Protein Kinases and Protein Phosphatases

Fig. 7.9. Structure of the Cys2
element of protein kinase CO
with bound phorbol ester.
(Zang et al., 1995). MOL-
SKRIPT representation accor-
ding to Kraulis, (1991).

bol ester lies in a hydrophobic region of the Cys2 element that is broken by a hydrophi-
lic region. On binding of the phorbol ester, a continuous hydrophobic surface is crea-
ted in this region of Cys2. It is assumed that the Cys2 section is involved in membrane
association and that membrane association is energetically unfavorable in the absence
of the phorbol ester. According to this theory, the phorbol ester binding enlarges the
hydrophobic surface of the Cys2 element and favors a partial insertion of the Cys2 in
the membrane.

Membrane association, and thus activation of protein kinase C, is controlled by the
cofactors Ca**, diacylglycerol and phosphatidyl serine. A special role is assigned to the
intensity and frequency of the Ca** and diacylglycerol signals. Binding of Ca?* to the C2
domain leads to an increased membrane association and to activation by release of the
catalytic center from interaction with the autoinhibitory structural element. Further
activation takes place by binding of diacylglycerol to the C1 domain and binding of
phosphatidyl serine to the C2 domain, whereby these ligands serve as an anchor for
membrane association. Use of the two membrane-targeting domains C1 and C2 appa-
rently helps to ensure high affinity, specificity and regulation of the membrane interac-
tion.

The importance of coordination of the Ca** and diacylglycerol signals is very nicely
illustrated for protein kinase Cy of brain (Oancea and Meyer, 1998). For persistent
activation of protein kinase Cy, it is necessary that high frequency Ca®* signals and a
diacylglycerol signal are active simultaneously. Low frequency Ca** signals, in contrast,
only lead to low activation in the presence of diacylglycerol. Due to this property, the
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function of a molecular device, able to decode Ca** and diacylglycerol signals, is assig-
ned to protein kinase Cy.

7.3.3 Regulation of Activity of Protein Kinase C

Functions and regulation of protein kinase C are shown schematically in Fig. 7.10.

Regulation by Membrane Association

Many functions of protein kinase C in signaling pathways are closely linked with the
membrane association of the enzyme. Activation of protein kinase C, initiated by addi-

activated phorbol ester
transmembrane receptor PR

E‘ﬂ M EGF receptor

2", DAG| |1PA
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Fig. 7.10. Functions and regulation of protein kinase C. Receptor-controlled signal pathways
lead to formation of the intracellular messenger substances Ca’* and diacylglycerol (DAG), that,
like phorbol ester (TPA), activate protein kinase C (PKC). Translocation to the cell membrane is
linked with activation of protein kinase C; receptors for protein kinase C, the RACK proteins, are
also involved. Substrates of protein kinase C are the MARCKS proteins and other proteins asso-

ciated with the cytoskeleton. Other substrates are the Raf kinase (see Chapter 10) and the recep-
tor for vitamin D; (VDR, see Chapter 4).
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tion of phorbol esters, for example, is associated with a redistribution of the enzyme
from the cytosol to the membrane. An increase in cellular Ca** is also sufficient for the
redistribution, whereby Ca®* is directly involved in translocation of protein kinase C.
An equilibrium seems to exist between cytosolic and membrane bound forms of pro-
tein kinase C; it can be assumed that this equilibrium can be shifted in the direction of
membrane association with the help of the cofactors Ca**, phosphatidyl serine and dia-
cylglycerol.

Regulation by Localization

Specific receptor proteins are also involved in the membrane association of protein
kinase C; these are known as receptors for activated protein kinase C (RACK proteins).
The RACK proteins are membrane associated proteins that prepare the binding site
for protein kinase C at the membrane and thereby mediate specific membrane associa-
tion of protein kinase C.

Regulation by Phosphorylation

Protein kinase C has three phosphorylation sites to which regulatory functions are
assigned in vivo. One phosphorylation site (Thr500 in PKC 1) is located in the activa-
tion loop of the catalytic domain, the other ly in the vicinity of the C terminus. Activat-
ing phosphorylation in the catalytic domain is probably performed by another — as yet
unknown — protein kinase. The two phosphorylations at the C terminus are autophos-
phorylations, to which an activating function is also assigned.

Following activation of signal transduction pathways that contain protein kinase C
as a regulation element, a longer lasting stimulation of protein kinase C is observed in
many cases that consequently results in long lasting biological effects. This long term
activation of protein kinase C cannot be explained by release of InsP; and diacylglyce-
rol within the bounds of activation of phospholipase C alone. Activation of protein
kinase C is also observed when the phospholipase C signal and the associated Ca®*
have died away.

Lasting stimulation of protein kinase C is associated with other pathways for forma-
tion of diacylglycerol. Following a transient increase and decrease of the diacylglycerol
concentration due to activation of phospholipase C, a renewed, longer lasting increase
in diacylglycerol is observed (Fig. 7.11). Other possibilities for production of diacylgly-
cerol must be taken into consideration as the explanation for this increase (Liscovitch,
1992). In particular, phospholipids of the cell membrane may be an important source
for release of diacylglycerol, whereby phosphatidyl choline is attributed a special role.
Release of diacylglycerol from phosphatidyl choline may take place via phospholipases
of type C or phospholipase D (see Fig. 6.11). Phospholipase D converts phosphatidyl
choline to phosphatidic acid, from which diacylglycerol may be produced by removal
of the phosphate residue. Activation of these phospholipases by Ca** mobilizing agon-
ists has often been described, although the underlying mechanisms are not explained.

Free fatty acids are also attributed a role in activation of protein kinase C. Free fatty
acids, in particular arachidonic aicd, may be released by the activity of phospholipase
A2 on phospholipids. Direct activation of protein kinase C by fatty acids has been des-



7.3 Protein Kinase C 265

congc. IA\ DAG

v

sec min h

Fig. 7.11. Kinetics of formation of Ins(1,4,5)P; and diacylglycerol. The figure shows a model for
the different dynamics of formation of Ins(1,4,5)P; and of diacylglycerol (DAG), observed as a
consequence of hormonal stimulation in an idealized cell. An extracellular stimulus causes activa-
tion of the PtdIns specific phospholipase C (PL-Cf or PL-Cy) on a sec timescale, and thus forma-
tion of Ins(1,4,5)P; and DAG, and release of Ca** (not shown). The renewed increase in concen-
tration of DAG is caused by the activation of phosphatidyl choline specific phospholipases of type
C and phospholipase of type D. According to Liscovitch, (1992).

cribed many times, as has stimulation of phospholipase A2 following activation of G-
protein-coupled signal transduction pathways (review: Liscovitch and Cantely, 1994).
The details of this activation are still unknown, however.

7.3.4 Functions of Protein Kinase C

The members of the protein kinase C family are central signal proteins and as such, are
involved in the regulation of a multitude of cellular processes. A problem in the identi-
fication of substrates of protein kinase C is its low substrate specificity which often can-
not be differentiated from that of protein kinase A, particularly in in vitro experiments.
The consensus sequence of the phosphorylation sites in substrate proteins are similar
to those of protein kinase A, in that basic amino acids are required in the neighbor-
hood of the Ser/Thr residue to be phosphorylated. The following consensus sequences
may be formulated for phosphorylation by protein kinase C: (* = phosphorylation site)
S*/T*XK/R; KIRXXS*/T*; KIRXXS*/T*XK/R; K/IRXS*/T*; K/IRXS*/T*XK/R (Pear-
son and Kemp, 1991).

Of the many substrates of protein kinase C, the MARCKS proteins are highlighted
as very well characterized and specific substrates of protein kinase C (review: Aderem,
1995). The abbreviation MARCKS stands for myristoylated, alanine-rich C-kinase
substrate.

The MARCKS proteins are a family of proteins that are involved in physiologically
important processes such as cell mobility, secretion, membrane transport and in regu-
lation of the cell cycle. All these processes are associated with changes and restructu-
ring of the actin cytoskeleton. The role of converting extracellular signals into changes
in the structure of the actin cytoskeleton is attributed to the MARCKS proteins. A
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Fig. 7.12. Functional domains or the MARCKS proteins. Linear representation of the characte-
ristic domains of the MARCKS proteins. The Ser phosphorylation sites in the effector domain are
underlined. The function of the MH2 domain is unknown.

protein kinase C mediated phosphorylation of the MARCKS proteins is involved in
this regulation. These are widespread and specific substrates of protein kinase C and
their phosphorylation is used as an indicator of activation of protein kinase C in vivo.

The MARCKS proteins are acidic proteins with a high content of the amino acids
Ala, Gly, Pro and Glu. An N-terminal domain carries a lipid anchor in the form of
myristinic acid, from which it is assumed that it mediates the association with the mem-
brane. A basic effector domain is important for regulation of the MARCKS proteins;
a binding site for Ca**/calmodulin and the phosphorylation site for protein kinase C
are located in this domain (see Fig. 7.12).

In the unphosphorylated form and in the absence of Ca**, the MARCKS proteins
bind to actin filaments and bring about crosslinking of the latter. Binding of Ca**/cal-
modulin or phosphorylation by protein kinase C inhibits the crosslinking activity. The
MARCKS proteins can thus modulate the aggregation status of actin filaments and
function as effectors for the conversion of extracellular signals that are carried into the
cell via G-protein-coupled receptors and/or tyrosine kinase receptors.

Further examples of substrates of protein kinase C are the epidermal growth factor
receptor (see Chapter 8), a Na*/H" exchanger protein, and Raf kinase (Chapter 9).
Activation of protein kinase C may, as the examples show, act on other central signal
transduction pathways of the cell; it may have a regulating activity on transcription
processes and it is involved in the regulation of transport processes. Many substrates of
protein kinase C are membrane proteins and it is evident that membrane association of
protein kinase C is of great importance for the phosphorylation of these proteins.

7.4 Ca*/calmodulin Dependent Protein Kinases

7.4.1 Importance and General Function

The signal-mediating function of Ca** is performed as a Ca**/calmodulin complex in
many signaling pathways. Ca**/calmodulin can bind specifically to effector proteins
and modulate their activity. In first place as effector proteins of Ca**/calmodulin are
the Ca**/calmodulin protein kinases (CaM kinases) (review: Braun and Schulman,
1995). The CaM kinases are widespread and are found in practically all cells of mam-
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mals. Like other target proteins of intracellular messengers, the CaM kinases also show
great heterogeneity caused by the existence of distinct genes and alternative splicing.

A rough categorization of the CaM kinases differentiates between specialized CaM
kinases and multifunctional kinases.

An example of a specialized CaM kinase is myosin light chain kinase (MLCK), the
primary function of which is to phosphorylate the light chain of myosin and thus to
control the contraction of smooth musculature.

The multifunctional CaM kinases are collectively referred to as CaM kinases of type
II, whereby further subtypes a, 3, y and & are differentiated. The a and 3 subtypes of
CaM kinase II only occur in the brain whereas the other subtypes are also found in
other organs. The multifunctional CaM kinases regulate many processes (see Table
7.1) such as glycogen metabolism, activity of transcription factors, microfilament for-
mation, synaptic release of neurotransmitters from storage vesicles, biosynthesis of
neurotransmitters and many more. An important cellular function is assigned to CaM
kinase II in brain, where it makes up 0.25 % of the total protein.

7.4.2 Structure and Autoregulation of CaM Kinase 11

From a regulatory point of view, CaM kinase II is of particular interest as it has the
characteristic of an enzyme with a built-in ,,memory switch“. The ,,memory* allows the
CaM kinase to conserve a stimulatory signal over a longer period of time and to
remain in an activated state, even when the initiating stimulus has died away.

CaM kinase is regulated by both autophosphorylation and by Ca**/calmodulin. An
N-terminal catalytic domain, a regulatory domain and an association domain can be

Table 7.1. Examples of substrates of Ca**/calmodulin dependent protein kinases (source: Ann.
Rev. Physiol. (1995), 57.

protein

function

AcetylCoA carboxylase
Glycogen synthase
HMGCoA reductase
NO synthase

Ca** channel (N-type)
Ca** ATPase (heart)
Synaptogamin

Ryanodin receptor

p56 Lck tyrosine kinase

EGEF receptor

Cyclic nucleotide phosphodiesterase
Phospholipase A2

Ribosomal protein S6

CRE binding protein

Biosynthesis of fatty acids
Glycogen synthesis
Biosynthesis of cholesterol
Biosynthesis of NO

Presynaptic Ca®* influx
Storage of Ca**
Release of neurotransmitters

Release of Ca?

Activation of T cells

Growth control

cAMP and cGMP metabolism
Hydrolysis of phospholipids
Protein biosynthesis

Transcription control
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differentiated in the structure of CaM kinase. Electron microscopic pictures show that
CaM kinase II has an oligomeric structure (Kanaseki et al., 1991) in which 8§—12
copies of the monomeric enzyme (o, 3, y or 0 subtype) are configured in the form of a
cylinder with the catalytic domains orientated outwards (Fig. 7.13). The aggregated
form of CaM kinase may occur as the homooligomer or as a heteroligomer composed
of different subtypes.

In the absence of Ca**/calmodulin, the catalytic domain of CaM kinase exists in an
autoinhibited state. The active center is blocked by occupation by a pseudosubstrate
sequence of the regulatory domain. An increase in the Ca** concentration and the
associated Ca?* signal lead to binding of Ca**/calmodulin at the C-terminal end of the
regulatory domain, which releases the enzyme from its inhibited state (Fig. 7.14). The
enzyme is now activated and can perform an autophosphorylation in the autoinhibi-
tory sequence. The phosphorylation takes place at a conserved Thr residue (Thr286 of
the o subtype) and is intermolecular, i.e., neighboring subunits of the holoenzyme
mutually phosphorylate one another.

a)
regulatory
domain
i
1 : 542
catalytic domain CaM binding oligomerization domain
b) .

i‘— ~ca.33nm~ —|

Fig. 7.13. Primary struc-
ture and oligomeric struc-
ture of CaM kinase II of
type f. a) Linear represen-
tation of the functional
domain of CaM kinase IIf.
b) The oligomeric structure
shown is proposed for an
octamer of type {3, based on
electron microscopic inve-
stigations (Kanaseki et al.,
1991). The N-terminal cata-
lytic domain is represented
as a larger circle, the C-ter-
minal oligomerization
domain by a smaller circle.
f3 - monomer CaM: calmodulin.
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Fig. 7.14. Regulation of CaM kinase II. Scheme of regulation of CaM kinase II by Ca**/calmodu-
lin and by autophosphorylation. CaM kinase II is inactive in the unphosphorylated form and in
the absence of Ca**/calmodulin. Binding of Ca**/calmodulin activates the kinase for phosphoryla-
tion of protein substrates. In the process, autophosphorylation takes place at a conserved Thr resi-
due that stabilizes the active state of the enzyme. In this state, significant residual activity is still
present after dissociation of Ca?*/calmodulin and the enzyme remains in an active state for a lon-
ger time after the Ca”" signal has died away. The active state is only terminated when the activat-
ing phosphate residue is cleaved off by a protein phosphatase.

The autophosphorylation has two important consequences:

The affinity for Ca’*/calmodulin is increased by close to three orders of magnitude.
Ca**/calmodulin only dissociates very slowly from this high affinity complex. The acti-
vated state is thus preserved over a longer period of time. Even when the Ca®* signal
has died away and the Ca®* concentration has fallen to a level of 10”M, the enzyme
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remains in the activated state for several more seconds, since calmodulin can remain
bound to the enzyme without bound Ca*".

After dissociation of calmodulin, the phosphorylated enzyme still has 20—80 % of
the activity of the Ca**/calmodulin bound form. This ensures that significant activity
remains after the Ca’*/calmodulin signal has died away. In the phosphorylated form,
CaM kinase is in an autonomous, Ca**/calmodulin independent state. This is only ter-
minated when phosphatases cleave off the activating phosphate residue and thus lead
the enzyme back into the inactive state.

The special feature of regulation of CaM kinase is the memory effect within the acti-
vation process. Activation of the enzyme is initiated by a generally transient increase
in cellular Ca®*. Ca*" activates CaM kinase in the form of the Ca**/calmodulin complex;
the kinase remains active even after the Ca®* signal has died away, because the enzyme
is converted into an autonomous activated state during autophosphorylation. A special
importance is attributed to this property, particularly for detection and differentiation
of repetitive Ca** signals. The interval between the occurrence of staggered Ca®
signals is a determining factor for the intensity of activation. If the Ca** signals occur
with a higher frequency, a long lasting and effective activation is possible since the
kinase remains in the activated state between signals, due to the memory effect (De
Koninck and Schulman, 1998). Due to this special property, it is assumed that CaM
kinase actively participates in memory formation. In agreement with this is the obser-
vation that the memory capability of transgenic animals is influenced by expression of
CaM kinase ( Mayford et al., 1996).

There are different mechanisms that lead to increased intracellular Ca** concentra-
tion and thus to activation of CaM kinase (see 6.5 and Fig. 6.6). CaM kinases are acti-
vated as a consequence of InsP;-mediated release of Ca®* from intracellular storage.
Influx of Ca®* from the extracellular region, triggered by opening of various ligand-
controlled or voltage-controlled Ca** channels, also brings about an activation of CaM
kinases. Thus, CaM kinase has a key function in several signal transduction pathways.
Some important substrates of CaM kinases are shown in Table 7.1.

7.5 Ser/Thr-specific Protein Phosphatases

Under physiological conditions, phosphate esters of Ser and Thr residues are stable
and only show a low rate of spontaneous hydrolysis. Thus, the cell requires its own
tools for regulated cleavage of phosphate residues, to terminate and damp signals
mediated by protein phosphorylation. This role is performed by specific protein phos-
phatases.

7.5.1 Structure and Classification of Ser/Thr Protein Phosphatases

We know of Ser/Thr phosphate specific protein phosphatases (referred to in the follo-
wing as Ser/Thr phosphatases) and Tyr phosphate specific protein phosphatases. The
latter are dealt with in Chapter 8.



7.5 Ser/Thr-specific Protein Phosphatases 271

In mammals, at least four groups of Ser/Thr phosphatases can be differentiated; the
members of these groups are known as protein phosphatases (PP) 1, 2A, 2B and 2C.
PP-1, PP-2A and PP-2B are highly homologous with respect to the sequence of the
catalytic domain but they differ in substrate specificity and type of regulation.

Protein phosphatase 2B is also known as calcineurin. Calcineurin is made up of a
catalytic A subunit and a regulatory B subunit that shows similarity to calmodulin. A
binding site for Ca**/calmodulin, required for activation of calcineurin, is found in the
catalytic subunit.

The protein phosphatase calcineurin was of particular interest since it mediates the
immunosuppressive effect of the pharmaceuticals cyclosporin and FK506, often used
in organ and tissue transplantations. The biochemical point of application of both phar-
maceuticals was unclear for a long time. In initial experiments, it was found that cyclo-
sporin and FK506 bind specifically to two proteins known as cyclophilin and FK506
binding protein, respectively. Both proteins function as peptidyl prolyl cis/trans isome-
rases (review: Fischer, 1994).

The immunosuppressive effect of cyclosporin and FK506 could not initially be
explained by these observations. Only with the discovery that cyclosporin and FK506
achieve their immunosuppressive effect via inhibition of calcineurin did it become
clear that the immunosuppression is mediated by a complex reaction chain involving
calcineurin. It was shown that the complexes of cyclosporin/cyclophilin and FK506/
FK506 binding protein bind to calcineurin and inhibit the phosphatase activity of the
latter.

Calcineurin is part of a signaling pathway that is activated by a rise in intracellular

calcium upon ligand binding to a cell membrane receptor. The rise in Ca®* activates
calcineurin’s phosphatase activity, which dephosphorylates cytoplasmic NF-AT trans-
cription factor family members. Dephosphorylated NF-AT-members enter the nucleus
and bind to DNA in cooperation with other transcription factors, e.g. AP-1. By this
way many target genes in diverse tissues can be activated.
Transcription of interleukin 2 is inhibited as one of the consequences of inhibition of
calcineurin; as an extracellular signal, interleukin 2 can stimulate proliferation of lym-
phocytes. This discovery made it clear that the protein phosphatase calcineurin has an
essential role in signal transduction processes in T lymphocytes (Fig. 7.15).

The Ser/Thr phosphatases exist mostly as heterodimers composed of a catalytic sub-
unit and another subunit to which a specific function for localization of protein phos-
phatases is often attributed. In the case of protein phosphatase I, this subunit is known
as the targeting subunit; its function is described in more detail in 7.7.

A crystal structure is available of the catalytic subunit of protein phosphatase I
(Goldberg et al., 1995). The enzyme contains two metal ions in the active center, which
are probably Mn*". Both metal ions are attributed a function in catalysis and also in
substrate binding.
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Fig. 7.15. Model of the function of calcineurin in T lymphocytes. Antigenic peptides are presen-
ted to the T lymphocytes by an antigen-presenting cell (APC) within a cell-cell interaction (see
also Chapter 11). Antigen binding activates the T cell receptor that starts a signal chain leading to
an increase in cytosolic Ca** and activation of calcineurin. The activated calcineurin cleaves an
inhibitory phosphate residue from the transcription factor NF-AT. Consequently, NF-AT is trans-
ported into the nucleus where it stimulates the transcription of corresponding genes. Amongst the
genes controlled by NF-AT is the gene for the cytokine interleukin 2 (IL-2). Following secretion
into the extracellular space, the IL-2 so formed binds to IL-2 receptors of the same cell or cells of
the same type. A proliferation signal is created by the activated IL-2 receptor, leading to prolife-
ration of T lymphocytes. Complexes of the immunosuppressants cyclosporin A (CsA) or FK506
with their binding proteins cyclophilin and FK506 binding protein (FK506B), respectively, inhibit
calcineurin and disrupt the signal transmission to NF-AT.
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7.5.2 Function and Regulation of Ser/Thr-specific Protein
Phosphatases

Protein phosphatases are the antagonists of protein kinases. They perform a dual fun-
ction. They can have a damping effect on protein kinase mediated signal transduction,
by diminishing and terminating a signal created by protein phosphorylation. Protein
phosphatases can also have a positive, reinforcing effect in signaling pathways.
Dephosphorylation of a signal protein by a protein phosphatase can lead to its activa-
tion and thus to amplification of the signal (Fig. 7.16).

Due to these functions, the protein phosphatases are an indispensable part of signal
transduction processes involving protein phosphorylation. It is therefore not surprising
that the protein phosphates are subject to diverse and complex regulation.

Regulation of the Ser/Thr phosphatases takes place predominantly by three mecha-
nisms.

Targeted Localization

With the help of the localization subunit, a protein phosphatase can be directed to dis-
tinct subcellular locations at which the substrates of the protein phosphatase are also
localized (see 7.7).

Specific Inhibitor Proteins

Specific inhibitor proteins for Ser/Thr phosphatases exist which can control the activity
of the protein phosphatases. These inhibitors are generally subject to regulation them-
selves, e.g., by phosphorylation (Fig. 7.17).

active inactive
O
Protein
phosphatase
ADP ADP
Protein Protein
kinase kinase
ATP ATP
Pi Pi
inactive active

Fig. 7.16. The dual function of protein kinases and protein phosphatases. Phosphorylation of
proteins (P1, P2) can fix the latter into an active or inactive state. In the case of P1, protein kina-
ses have an activating effect and protein phosphatases are inactivating; the reverse is true for P2.
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Fig. 7.17. Regulation of pro-
tein phosphatases by inhibitor
proteins. The substrates of
protein kinase A include pro-
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Protein phosphatase I has a phosphorylation site at the C terminus. Phosphorylation at
this site by a cyclin-dependent protein kinase inhibits the phosphatase activity.

7.6 Coordinated Action of Protein Kinases and
Protein Phosphatases

The current state of Ser/Thr phosphorylation of a protein is determined by the relative
activity of Ser/Thr-specific protein kinase and protein phosphatase. It is therefore
understandable that the cell has had to develop special mechanisms to balance the two
activities with one another, and, when needed, to allow kinase or phosphatase activity
to dominate. One of the best investigated examples of coordinated activity of protein
kinases and protein phosphatases is the regulation of glycogen metabolism in skeletal
muscle. Glycogen metabolism is an example of how two different signals, namely a
cAMP signal and a Ca”* signal meet in one metabolic pathway and control the activity
of one and the same enzyme.
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7.6.1 Protein Phosphorylation and Regulation
of Glycogen Metabolism

Degradation and synthesis of glycogen is subject to control via Ca** and via adrenaline
(Fig. 7.18). The Ca** control comes into effect predominantly in contraction of muscle,
whereas the hormonal regulation occurs in the resting state of the muscle. The hormo-
nal regulation takes place via a signal transduction pathway, the components of which
were described in previous chapters. Following binding of adrenaline to the 3-adrener-
gic receptor, activation of adenylyl cyclase occurs, mediated by a stimulatory G-pro-
tein, and thus the cAMP level increases. cAMP activates protein kinase A, which then
phosphorylates phosphorylase kinase and activates it. In a further step of this activa-
tion cascade, glycogen phosphorylase is phosphorylated and activated by phosphory-
lase kinase.

Glycogen synthase is regulated via the same pathway. Glycogen synthase is inactive
in the phosphorylated form whereas in the dephosphorylated form, it is active. Three
key enzymes of glycogen metabolism are thus controlled with the help of reversible
protein phosphorylation.

Ca*" brings about its regulatory effect at the level of phosphorylase kinase. Phospho-
rylase kinase is activated by Ca®*. Ca®* influx comes into play particularly in contrac-
tion of muscle, a process by which Ca®* is released from storage and activates phospho-
rylase kinase.

inactive e active /
tycogen lycogen
glycog glycogs

synthase synthase

synthesis

Glycogen
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Phosphorylase degradation
. kinase ®
hormonal signal » -» cAMP4—— active
wred  ©®
—
ATP
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na:
ca® inactive Phosphorylase
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Fig. 7.18. Regulation of glycogen metabolism in muscle. Phosphorylase kinase stands at the cen-
ter of regulation of glycogen metabolism. Phosphorylase kinase may exist in an active, phospho-
rylated form and an inactive, unphosphorylated form. Phosphorylation of phosphorylase kinase is
triggered by hormonal signals (e.g. adrenaline) and takes place via an activation of protein kinase
A in the cAMP pathway. In the absence of hormonal stimulation, phosphorylase kinase can also
be activated by an increase in cytosolic Ca**. The active phosphorylase kinase stimulates glycogen
degradation and inhibits glycogen synthesis, in that, on the one side, it activates glycogen phos-
phorylase by phosphorylation, and on the other side, it inactivates glycogen synthase by phospho-
rylation.
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At the level of the phosphorylase kinase, two signals meet: a hormonal signal in the
form of adrenaline and the Ca** signal (review: Cohen, 1992). The structural basis for
this dual regulation of phosphorylase kinase is its subunit structure (Fig. 7.19). Phos-
phorylase kinase is composed of four subunits: two regulatory o and 3 subunits, a cata-
lytic y subunit and calmodulin as 6 subunit. In the dephosphorylated state, phosphory-
lase kinase is inactive, since the catalytic y subunit is inhibited by interaction with the
other subunits. On increase in Ca”*" concentration, the inhibition is partially lifted in
that Ca*" binds to calmodulin. A further contribution to release of inhibition is made
by the contractile protein troponin C, which enters into an interaction with the inhibi-
tory B subunit. In this state, phosphorylase kinase is active and can phosphorylate gly-
cogen phosphorylase. Glycogen degradation begins and finally ATP is made available
for muscle contraction.

In the resting state, i.e., under conditions of low Ca** concentration, phosphorylase
kinase may be activated by a hormonal signal, in that phosphorylation by protein
kinase A takes place at the regulatory a and  subunits. In the phosphorylated form,
the kinase also needs Ca*"; however, the phosphorylated enzyme can be activated by
appreciably lower Ca?* concentrations than the unphosphorylated enzyme. Due to the
higher sensitivity towards Ca**, the phosphorylated enzyme can still be active at the
very low Ca”" concentrations that correspond to the intracellular Ca®* concentration in
the resting state of the muscle. Thus, hormonal stimulation of glycogen degradation is
possible in the resting state.
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Fig. 7.19. Subunit structure and regulation of phosphorylase kinase of muscle. Phosphorylase
kinase is — according to the excitation state of the muscle — regulated by two pathways. On ner-
vous stimulation of the muscle, voltage-controlled Ca®* channels are opened, the cytosolic Ca**
concentration increases and Ca”* binds to calmodulin, activating phosphorylase kinase. In resting
muscle, activation of phosphorylase kinase is triggered by a hormonal signal. A hormonal signal
initiates phosphorylation of the o and 3 subunits of phosphorylase kinase. In the phosphorylated
form, Ca** binding affinity of the calmodulin subunit (8) is strongly increased and activation is
also possible at low Ca** concentrations.
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7.6.2 Protein Phosphatase I and Regulation
of Glycogen Metabolism

Protein phosphatase I also has an important role in regulation of glycogen degradation
(review: Cohen, 1992; Hubbard and Cohen, 1993). The hormonal signals leading to
activation of protein kinase A and phosphorylase kinase simultaneously initiate inacti-
vation of protein phosphatase 1. The resultant inhibition of dephosphorylation and sti-
mulation of phosphorylation of the key enzyme of glycogen degradation ensures that
rapid mobilization of the glycogen reserves of muscle can follow a hormonal signal.

The basis of regulation of protein phosphatase I is the ability of the catalytic subunit
of the enzyme to reversibly associate with corresponding regulatory proteins. As a
result, the activity and specificity of the enzyme are modulated.

Glycogen-associated Proteins, G Subunit of Protein Phosphatase I

The catalytic subunit of protein phosphatase I is associated with a glycogen binding
protein, also known as the G subunit of protein phosphatase I (Fig. 7.20). The G sub-
unit is tightly bound to glycogen. Association of the catalytic subunit with the G sub-
unit creates a form of protein phosphatase I known as protein phosphatase I-G
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Fig. 7.20. Regulation of glycogen-bound protein phosphatase I. Regulation of the activity of pro-
tein phosphatase I (PPI) takes place by phosphorylation of the G subunit. The G subunit is phos-
phorylated at positions P1 and P2, in the process of a signal chain mediated activation of protein
kinase A. As a consequence of the phosphorylation, the catalytic subunit dissociates. The phos-
phatase activity of the free catalytic subunit is inhibited by association with a cytosolic protein
phosphatase inhibitor (I), the binding of which is also controlled via a protein kinase A mediated
phosphorylation. The phosphorylated G subunit can be dephosphorylated again by protein phos-
phatase 2A and may bind a catalytic PPI subunit once more.
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(PPIG). PPIG is a highly active form of the protein phosphatase in which the G sub-
unit functions to mediate a targeted localization of the catalytic subunit to glycogen, so
that the enzyme comes into the direct vicinity of its substrate. The substrates are the
phosphorylated forms of glycogen phosphorylase and phosphorylase kinase, both of
which are associated with glycogen.

Regulation of the activity of protein phosphatase I is also mediated by the G sub-
unit. This may be phosphorylated at two positions P1 and P2 localized in the phospho-
regulatory domain of the G subunit. Phosphorylation at P1 modulates the substrate
preference of protein phosphatase I, in that the activity towards glycogen synthase and
phosphorylase kinase is increased. The P1 phosphorylation thus has a stimulatory
effect on dephosphorylation of important substrates of protein phosphatase I. Phos-
phorylation at P2 has an opposing effect, bringing about a reduction in affinity for the
catalytic subunit by a factor of about 10* and thus leading to dissociation of the cataly-
tic subunit from glycogen. Via this mechanism, phosphorylation at P2 brings about an
inhibition of protein phosphatase activity at glycogen. The dephosphorylation and
inactivation of glycogen phosphorylase is hindered by phosphorylation at the P2 posi-
tion of the G subunit.

Hormonal stimulation of the cell and the associated activation of protein kinase A
lead to phosphorylation at the P1 and P2 sites of protein phosphatase I. Consequently,
the enzyme dissociates from the G subunit and can no longer dephosphorylate the gly-
cogen-bound substrate. PPI is released into the cytosol but still retains activity in this
form towards substrates not associated with glycogen.

Renewed docking of the catalytic subunit requires the removal of the phosphate resi-
due at the G subunit phosphorylated at the P2 site. This takes place via the protein
phosphatases 2A and 2B (calcineurin). Thus, a cascade of protein phosphatases is invol-
ved in the regulation of dephosphorylation of key enzymes of glycogen degradation,
whereby a phosphatase, namely protein phosphatase I, is indirectly activated by other
protein phosphatases. With calcineurin, a Ca**-dependent protein phosphatase is invol-
ved and thus it is possible to influence glycogen metabolism via Ca**-mediated signals.

Phosphorylation at P1 also delivers an explanation for the influence of insulin on
glycogen metabolism. Insulin stimulates glycogen synthesis and inhibits glycogen
degradation by initiating dephosphorylation and activation of glycogen synthase and
dephosphorylation and inhibition of glycogen phosphorylase. Both enzymes are
dephosphorylated by the protein phosphatase PPIG. Insulin activates protein phos-
phatase PPIG by causing phosphorylation of the G subunit at the P1 site, but not at the
P2 site, via an insulin-stimulated protein kinase (Fig. 7.21).

Inhibitors of Protein Phosphatase I

Protein phosphatase I that has dissociated from glycogen may be inactivated by associa-
tion with inhibitor proteins, preventing undesired dephosphorylation of proteins in the
cytosol. The activity of inhibitor proteins may in turn be controlled by reversible phos-
phorylation. A hormone-induced activation of protein kinase A leads to phosphoryla-
tion of inhibitor protein I; the phosphorylated form is the active form of the inhibitor.
This mechanism ensures that stimulation of protein phosphorylation mediated by cAMP
and protein kinase A is not weakened by an opposing dephosphorylation (Fig. 7.17).
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Fig. 7.21. Activation of glycogen-bound protein phosphatase I by insulin. Insulin has a stimulat-
ing effect on glycogen synthesis by initiating the dephosphorylation and activation of glycogen
synthase and the dephosphorylation and inhibition of glycogen phosphorylase. Both enzymes
(substrate S in the figure) are dephosphorylated by protein phosphatase PPIG. Insulin mediates
the activation of a protein kinase (insulin-sensitive protein kinase) within an insulin-stimulated
signal pathway, which phosphorylates and thus activates protein phosphatase PPIG at the P1 site.

7.7 Regulation of Protein Phosphorylation
by Specific Localization at Subcellular Structures

The extent and specificity of the reactions of protein kinases and protein phosphatases
are extremely dependent on the degree to which substrate and enzyme are localized at
the same place in the cell. Many substrates of protein kinases occur either as mem-
brane associated or particle associated forms (see 7.6.1, enzymes of glycogen metabo-
lism). For protein kinases or protein phosphatases to perform their physiological fun-
ction in a signal transduction process, they must be transported to the location of their
substrate in many cases (review: Hubbard and Cohen, 1992; Mochly-Rosen, 1995).
This is valid both for the Ser/Thr-specific protein kinases as well as for many Tyr-speci-
fic protein kinases. In the course of activation of signal transduction pathways, com-
partmentalization of protein kinases, redistributed to new subcellular locations, is
often observed.

Translocation of protein kinases is a specific process, encompassing at least two
mechanisms to decide the location in the cell at which the kinase will become active. In
one mechanism, sequence sections of the protein kinase are used as leader sequences
for compartmentalization.

In another mechanism, an associated subunit of the protein kinase or protein phos-
phatase determines in which compartment of the cell and at which membrane section
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the protein phosphorylation signal will become active. The subunit functions as a loca-
lization subunit; it determines at which place in the cell the protein kinase gains access
to its substrates. With the help of the localization subunit, protein kinase and substrate
are brought into the close vicinity of one another and thus rapid conversion of sub-
strate is achieved, due to the high local concentration of the enzyme.

The principle of targeted localization is shown in Fig. 7.22. In addition to the binding
site for the corresponding protein kinase (or protein phosphatase), the localization
subunit also has a specific binding site for an anchor protein, found at a subcellular site
in the region where protein phosphorylation should take place. Through the interac-
tion of anchor protein and localization subunit, the catalytic subunit is fixed at the desi-
red location and is able to preferentially convert substrate localized at the same loca-
tion.

Among the protein kinases already discussed, there are some for which the function
is linked with specific subcellular localization to a high degree:

Membrane

Anchor protein

specificity — — — —p

regulation = — — —p-

>

T Translocation
Localization '
subunit
Catalytic *
subunit
Fig. 7.22. The principle of targeted localization of protein kinases and protein phosphatases. The
spatial configuration between the catalytic subunit of a protein kinase or protein phosphatase and
a membrane-associated substrate is mediated by localization subunits that specifically bind to
membrane-localized anchor proteins. The specificity of co-localization is predominantly achieved
at the level of binding of the localization subunit to the anchor protein. The co-localization is
regulated, in particular, by the interaction of the catalytic subunit with the localization subunit. In

the membrane-associated form, the catalytic subunit has increased activity towards membrane-
bound substrates.
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Protein Kinase A

An increase in cAMP and activation of protein kinase A are accompanied, in many
cases, by a change in the subcellular location of the protein kinase A holoenzyme and
the catalytic subunit. In particular, protein kinase A in cells of the nerve system is often
found associated with the cytoskeleton. This association is mediated by the RII sub-
unit. Binding of cAMP to the regulatory subunit releases the catalytic subunit that can
phosphorylate substrates in the near vicinity. The released catalytic subunit can also be
transferred to other compartments of the cell. Parallel to the increase in cAMP, trans-
location of the catalytic subunit is observed in many cells from the Golgi apparatus to
the nucleus via the cytosol, and is accompanied by stimulation of transcription.

The A kinase anchor proteins (AKAP), which are tightly associated with the cytos-
keleton, serve as anchors for protein kinase A. In addition to the RII subunit of pro-
tein kinase A, the AKAP proteins also bring protein phosphatases and other protein
kinases to the cytoskeleton in a targeted fashion. The AKAP79 protein binds protein
kinase C and protein phosphatase 2B (calcineurin) as well as the RII subunit. The pos-
sibility to bring both a protein kinase and a protein phosphatase to the same place in
the cell opens up the prospect of a coordinated and layered regulation of both enzyme
activities.

By bringing together various protein kinases and protein phosphatases, anchoring
proteins organize signal transduction events and can create localized and efficient
signal events at specific subcellular sites.

f-adrenergic Receptor Kinase (BARK)

BARK is responsible for switching off and desensitizing activated -adrenergic recep-
tors (see 5.3.4 and Fig. 5.8). On binding of an agonist to the p-adrenergic receptor,
translocation of BARK from the cytosol to the membrane is observed. The v subunits
of the G-protein involved in signal transduction serve as membrane anchors. On recep-
tor activation, the 3y subunits are released and bind specifically to ARK. Since the By
subunits are associated with the membrane via a lipid anchor (see 5.5.4.7), binding of
the By complex to BARK is linked to translocation of BARK to the membrane.

Protein Kinase C

In many cases, stimulation of cells with phorbol esters or with hormones that activate
phospholipase Cf or phospholipase Cy leads to translocation of protein kinase C (or a
subtype of protein kinase C) from the cytoplasm to the cell membrane, cytoskeleton or
into the nucleus. The differential localization of the various protein kinase C isoforms
seems to be mediated by PKC targeting proteins, of which various classes have been
identified (review: Pawson and Scott, 1997). The RACK proteins (see 7.7.4) belong to
a class of targeting proteins that mediate anchoring of PKC to the membrane. The
RACK proteins bind to a structural section of protein kinase C that is not identical to
the catalytic center or the substrate binding site. Protein kinase C can thus be brought
to the membrane in a targeted manner, without any major intervention in catalytic
activity. Another class of proteins, termed substrate binding proteins (SBP), bind PKC
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in the presence of the substrate by forming a ternary complex with the kinase. Phos-
phorylation of the SBPs by protein kinase C abolishes the targeting interaction and
disrupts the ternary complex.

Protein Phosphatase 1

The G subunit of protein phosphatase I, occurring in the glycogen-bound form, is con-
sidered as its localization subunit. The G subunit enables targeted localization of the
catalytic subunit of protein phosphatase I to glycogen so that a close spatial orientation
of protein phosphatase and its substrates, the enzymes of glycogen metabolism, is crea-
ted (see 7.6.2).

7.8 General Principles of Regulation of Enzymes
by Phosphorylation and Dephosphorylation

The examples of phosphorylase kinase and protein phosphatase I illustrate some
important principles of regulation of enzyme activity by phosphorylation and dephos-
phorylation events. They clearly indicate how different signal transduction paths can
meet in key reactions of metabolism, how signals can be coordinated with one another
and how common components of a regulation network can be activated by different
signals. The following principles are highlighted:

Protein phosphorylation may be used to switch enzyme activities on and off. The
same is true for dephosphorylation of enzymes. In the cell, we often find phosphoryla-
tion cascades in which several phosphorylation reactions are connected to one
another. Dephosphorylation reactions may also be elements of these cascades. Fur-
thermore, networks of phosphorylation and dephosphorylation of proteins exist which
permit the cell to respond to external stimuli in a finely tuned way.

A protein kinase or protein phosphatase may be regulated by different signal trans-
duction pathways. Thus, different external stimuli may influence the phosphorylation
status of a protein. This differential stimulation may be mediated by the subunits of the
enzyme, for example. For phosphorylase kinase, a Ca®* signal is registered by the Ca®*/
calmodulin subunit whereas a cAMP protein kinase A signal is picked up in the form
of a phosphorylation of the a and 3 subunits. Which of the signals comes into play
depends on the current metabolic situation.

Differential signals may also be registered and differentiated by different phosphory-
lation sites of a protein. Due to the substrate preference of protein kinases, multiple
phosphorylation sites present in a substrate protein may be phosphorylated by different
protein kinases. The individual phosphorylation sites may have distinct functions in
regulation of the enzyme activity so that a specific regulation of the enzyme is possible.

A phosphorylation cascade in which several protein kinases are coupled in sequence
can be modulated by various signal transduction pathways, according to this mecha-
nism. Good examples of the importance of multiple phosphorylation sites are the pro-
tein kinases that control passage through the cell cycle (see Chapter 13).
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The subcellular localization of the kinase or phosphatase also plays a crucial role for
the activity of protein kinases and protein phosphatases. Many physiological functions
of protein kinases and protein phosphatases depend on the enzyme being brought,
with the help of specific protein-protein interactions, to certain subcellular locations in
the vicinity of its substrate.
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