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ABSTRACT

Recent data concerning the activity of protein kinase A (cyclic adenosine 3°,5" monophosphate-
dependent protein kinase} in processes associated with gene expression and regulation, as well as
general information concerning protein kinase A structure, synthesis and activity are presented in
this article. Protein kinase A is a tetramcric protein comprising two regutatory and two catalytic
subunits. The enzyme is activated by binding cAMP to the regulatory subunit, dissociation of the
holoenzyme, and liberation of frec catalytic subunits. Cyclic AMP is synthesized after adenylyl cv-
clase is activated by extracellular stimuli. Two types of protein kinase A are known, protein kinase A
I and protemn kinase A II. They differ in their regulatory subunits, R I and R II. Each regulatory
subunit may occur in two isoforms, R1¢, R I, R ILaand R 11 B. Three variants of catalytic subunits
exist, C o, C B and C y; the C B subunit may occur in three subisoforms, C 31, C B2 and C 3. The
RI a RII o, and C o subunits are expressed ubiquitously, whilethe RI B, RIIB, CBand C v
subunits are expressed in endocrine, newroendocrine, neural and leukemic tissues. The activity of
protein kinase A depends on cellular localization, which determines the access of the enzyme to
c¢AMP and substrate, and on the proportions of the regulatory and catalytic subunits. Protein kinase
A 11 1s associated with celiular structures through the regulatory subunit R 11, which is bound to
protein kinase A anchor proteins (AKAP) or to microtubule-associated protein (MAP-2). Protein
kinase A T is soluble in cellular cytosol. The protein kinase A subunits, R1a, RIB, R1T o, R
C o, C P, and C y are encoded by separate genes whose promoters are activated by ¢cAMP and bind
Sp 1; they lack TATA and CAAT sequences and have several transcription start sites. Protein kinase
A is involved in the expression of various proteins through the regulation of the activity and synthe-
sis of transcriptien factors, cycline A, cycline-dependent protein kinase inhibitors, and phosphoryla-
tion of microtubule-associated proteins. Protein kinase A is involved in hormone synthesis and se-
cretion. Basal cellular metabolisim is affected by protein kinase A through phosphorylation and regu-
lation of the activity of protein kinases, phosphorylascs, phosphatases, proteasc inhibitors, and through
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mmfluencing their synthesis, The cellular compartmentalization of diverse isoforms of protein kinase
A, differing in activity and substrate specificity, brings about a variety of cAMP-mediated cellular
responses to different hormonal stimuli.

KEY WORBDS: cyclic AMP, regulatory subunit, catalytic subunit, structure, biosynthesis, transcrip-
tional activation

ABBREVIATIONS

AKAP, protein kinase A anchor protein

AP-1, activator protein 1

AP-2, activator protein 2

ATP, adenosine S'-triphosphate

C, catalytic subunit of protein kinase A

CAP, catabolite gene activator protein

cAMP, cyclic adenosine 3',5'-monophosphate
cDNA, complementary DNA

CBPF, CREB binding protein

cdk, cycline dependent protein kinase

CRE, cAMP response element

CREB, CRE binding protein

Ht 31, a 31 kDa human thyroid anchor protein
MAP, mitogen activated protein kinase
MAP-2 microtubule associated protein 2
mRNA, messenger RNA

p75, bovine; pl150, rat brain proteins binding protein kinase A, with respective
molecular weights of 75 kDa and 150 kDa
Protein kinase A, adenosine 3',5'-monophosphate-dependent protein kinase (ATP-
protein phosphotransferase, EC 2.7.1.37)

R, regulatory subunit of protein kinase A

TF, transcription factor;

TBP, TATA-box binding protcin

INTRODUCTION

Adenosinc 3',5'-monophosphate-dependent protein kinase (protein kinase A,
ATP-protein phosphotransferase; EC 2.7.1.37) is known to play an important
regulatory role in many biochemical processes. The enzyme is activated by cAMP
binding to its regulatory (R) subunit, which results in the dissociation of protein
kinase A and hiberation of active, catalytic (C) subunit. Cyclic AMP is accumu-
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lated following stimulation of membrane receptor adenylyl cyclase coupled to
the stimulatory G protein ¢ subunit or 3y subunits of membrane receptors {Taus-
sing and Gilman, 1995; Daaka et al., 1997; Dessauer and Gilman, 1997; Dessau-
er et al.,, 1997; Bayewitch et al., 1998). Protein kinase A mediates the effects of
cAMP through phosphorylation of specific protcin substrates. A general review
of protcin phosphorylation was presented earlier (Ostrowska, 1987), and new
data concetning cAMP-mediated phosphorylation and regulation of transcrip-
tional processes have recently been published in Polish literature (Ostrowska,
1999).

PROTEIN KINASE A STRUCTURE AND ISOENZYMES

Protein kinase A is a tetrameric holoenzyme comprising two regulatory and
two catalytic subunits (Gill and Garren, 1970; Hofmann et al_, 1975; McKnight
ct al., 1988; Taylor et al., 1990). A diagrammatic represcntation of protein ki-
nase A structure is presented in Figure 1. Each of the four known R subunit
retains the general features of the molecule. The amino-terminal {N-terminal)
region of the R subunit contains a dimer interaction site encompassing approxi-
mately eighty amino acid residues, rich in hydrophilic and charged amino acids.
These are followed by two antigenic sites scparated by a hinge”, a pseudo-
substrate region. The hinge region is an auto-inhibitor substrate-like site in which
the R subunit binds to the C subunit. The carboxyl-terminal (C-terminal) part of
the R subunit contains two tandem cAMP-binding sites, A and B. Site A is loca-
ted inside of the molecule, site B is situated at the C-terminal. The spatial struc-
ture of the cAMP-binding sites is similar to catabolite gene activator protein
(CAP) from Escherichia coli (CAP binds to the lac promoter in the presence of
cAMP, thus promoting the transcription of the lac gene). The model of cAMP
binding sites in the R subunit was built by fitting the R subunit amino acid sc-
quence into the crystallographic coordinates of CAP. The cAMP-binding site is
a B-barrel composcd of cight B-strands and environed by three a-helices, Cyclic
AMP is bound inside of the B-barre] duc to interactions between glycine, glutamic
acid and arginine (sec section cAMP-binding sites), located on the strands of
B-barrel and cxocyclic oxygen of the phosphate moicty and 2-OH’ of the ribose
of cAMP (Taylor et al., 1990; Ostrowska, 1999). Recently, a crystatlographic
study of the fragment of the R subunit of protein kinase A revealed a similar
structure for the A cAMP binding site. Site B, located at the C-terminal, is lcss
shiclded by [3-strands and morc accessible to cAMP (Gibson and Taylor, 1997).

The catalytic subunit 1s a shightly elongated molecule comprising two lobes,
smaller and larger, separated by a deep cleft. The smaller lobe is associated pri-
marily with the binding of MgATP, It corresponds to the N-terminal segment
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Figure 1. The scheme of protein kinase A structure. R, regulatory subunit, C, catalytic subunit, D,
dimerization domain, H, hinge region, A and B, the sites binding cAMP (according to data presented
by McKnight et al., 1988; Scott et al., 1990; Taylor et al.. 1990; Gibson and Taylor, 1997 and as
presented in Ostrowska, 1999)

(residues 15-127). This domain is dominated by a -sheet consisting of five anti-
parallel B-strands. The only helical element is inserted between [-strands 3 and 4.
The N-terminal of the C subunit begins with an amphipathic o helix that lies pri-
marily along the surface of the larger lobe and is not visible in the crystal structure.
In mammalian species, the N-terminal glycine is myristoylated. The myristoyl group
stabilizes the C subunit (Taylor et al., 1990).

The larger lobe is associated with peptide substrate binding and catalysis. It is
predominantly helical and has seven o-helices. The only P structure region is lo-
cated on the surface of the cleft at the interface between the two lobes where four
anti-parallel strands form a sheet. The regions important for recognition of the
peptide and catalysis are located within this large lobe (from Glu 127 to Glu 331).
The seventy C-terminal amino acids (281- 350) extend over a large portion of the
surface of the enzyme from the bottom of the larger lobe to the top of the smaller
one. A part of this region appears to participate in the recognition of both the
protein substrate and ATP. The catalytic subunit contains several phosphorylation
sites Ser 14, Ser 139, Thr 197, Ser 338. The interaction between R and C subunits
occurs through amino acids located in the pseudo-substrate region and cAMP-
binding site A of the regulatory subunit and His 87, Trp 196, Lys 213 of the cata-
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lytic subunit (Knighton et al., 1991; Taylor et al., 1992; Gibson et al., 1997; Gib-
son and Taylor, 1997).

Ion exchange chromatography on DEAE cellulose revealed the presence of two
isoforms of protein kinase A that were named type | and type 1. The type | was
cluted at 0.05-0.1 M NaCl and type IT at 0.15-0.25 M NaCl. Protein kinase A
isoforms vary in their regulatory subunits, which differ in molecular weight, ami-
no actd composition and immunological determinants. Thesc dissimilarities result
in holoenzymes with different propertics such as the high affinity for MgATP of
protein kinase A I or the ability of protein kinase A II to catalyze intramolecular
phosphorylation, and differences in catalytic subunit recognition and substrate
specificity (McKnight et al., 1988; Taylor et al., 1990; Gibson et al., 1997; Gibson
and Taylor, 1997} .

A study involving cloning of cDNA from different tissucs showed further het-
erogeneity of protein kinase A subunits. In mammals, four distinct isoforms of the
R subunit have been demonstrated, R T o, RI [, R Il @ and R II 3 and three
isoforms of C subunit C o, C B and C y. Additionally, in the mouse brain, three
isoforms of the catalytic C 3 subunit were distinguished: C1, C B2 and C 3. The
1soforms R I o, R Il ot and C o are expressed ubigquitously, the expression of others
RIB,RIIB, CPand Cyis restricted to tissues having specific functions (Clegg et
al., 1988; McKnight et al., 1988; Garrel et al., 1993; Guthric ct al., 1997).

THE GENES AND PROTEINS OF PROTEIN KINASE A SUBUNITS

Mouse regulatory R I and R 1 B subunit nucleotide and amino acid sequences
arc presented in Figure 2, Each of the coding regions of mouse regulatory R [ o
and R I 3 subunits contains 1140 nucleotides encoding 380 amino acids (Clegg et
al., 1988). Sixty-seven {17.6%) amino acid residues are unconserved between R |
o and R T {3 subunits. The majority of unconserved amino acids are located in the
in N-terminal eighty amino acid region of regulatory R 1 subunits. The coding
regions of R I o and R I 5 subunit gencs differ in 295 (25.9%) nuclcotides. The
diversity 1 codon usage is considerably higher than amino acid and nucleotide
diversity.

The rat regulatory R IT o and R II B subunit nucleotide and amino acid se-
quence is presented in Figure 3. The subunits arc 400 amino acid residue mole-
cules. The subunits differ in N-terminal dimerization domains. The rat N-terminal
part of the regulatory R T & subunit was not sequenced (Scott et al,, 1987), so the
nucleotide and amino acid sequences are not presented. The majority of amino
acid scquences of regulatory R IT o and R 1I B subunits arc conscrved, although
certain parts of conserved sequences arc shifted. The diversity in coding triplets is
higher than in aminoe acid sequence.
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mRIoe Met Ala Ser Gly Ser Met Ala Thr Glu Glu Glu Glu Arg Ser Leu Arg Glu Cys Glu Leu
ATG GCG TCT GGC AGT ATG GCA ACC AGTGAG GA A GAG CGG AGT CTC CGG GAA TGC GAG CTG

[ ] | a = ;
mRI Met Ala Ser Pro Ser Cys Phe His Ser Glu Asp Glu Asp Ser Lew Lys Gly Cys Gl Met
ATG GCCTCC CCA TCA TGCTTC CACTCTGAG  GAT GAG GACTCT CTG AAA GGA TGC GAG ATG

mRIae Tyr Val Gln Lys His Asn lle Gln Ala Leu Leu Lys Asp Ser Ile Val Gln Leu Cys Thr
TAT GTG CAG AAG CAC AAT ATC CAGGCC CTG CTC AAG GAC TCC ATC GTG CAG TGC ACT ACT

mRIP Tyr Val Gin Lys His Gly lle Gin Gln Val Leu Lys Glu Cys lle Val His Leu Cys Val
TAC GTG CAG AAA CAT GGC ATCCAG CAGGTG  CTC AAA GAA TGC ATT GTG CAC CTC TGT GTC

Ewmmmmmmmmm

mRIa Thr Arg Pro Glu Arg Pro Met Ala Phe Leu Arg Glu Tyr Phe Glu Arg Leu Glu Lys Glu
ACG CGG CCC GAG AGG CCC ATG GCCTTC CTT CGG GAG TAC TTT GAG AGG TTG GAG AAG GAC

]

mRif Ala Lys Pro Asp Arg Pro Leu Arg Phe Lew Arg Glu His Phe Glu Lys Leu Glu Lys Glu
GCC AAG CCG GAC CGG CCA CTGCGA TTCCTC  CGG GAG CAC TTT GAG AAG TTG GAG AAG GAG

70 80
mRlae Glu Ala Arg Gln lle Gln Cys Lew Gln  Lys Thr Gly Ile Arg Thr Asp Ser Arg Glu Asp
GAG GCC AGA CAGATTCAG TG TCTA CAG AAA ACC GGC ATC CGT ACT GAC TCG AGG GAT GAC

mRIP Glu Asa Arg Gln Ile Lev Ala Arg Gin Lys Ser Asn Ser Gin Cys Asp Ser Iis Asp Glu
GAA AAC AGG CAG ATC CTG GCT CGG CAG AAG TCA AAC TCC CAG TGT GAT TCC CAC GAT GAG

90 100

mRIaGlu lle Ser Pro Thr Pro Pro Asn Pro Val Val Lys Gly Arg Arg Arg Arg Gly Ala lle
GAG ATC TCT CCT CCA CCCCCC AATCCAGTG GTG AAG GGC CGA CGC CGC CGA GGT GCT ATC

mRIP Glu lle Ser Pro Thr Pro Pro Asn Pro Val Val Lys Ala Arg Arg Arg Arg Gly Gly Val
GAG ATC TCC CCA ACACCT CCAAACCCCGTG  GTC AAG GCG CGT CGG CGG CGG GGC GGT GTA

110 120

mRIot Ser Ala Glu Val Tyr Thr Glu Glu Asp Ala Ala Ser Tyr Val Arg Lys Val ille Pro Lys Asp
AGT GCT GAA GTT TAC ACT GAG GAG GATGCT GCC  TCC TAC GTT AGA AAG GTT ATT CCA AAA GAT

mRIP Ser Ala Glu Val Tyr Thr Glu Glu Asp Ala Val Ser Tyr Val Arg Lys Val lle Pro Lys Asp
AGT GCT GAA GTC TAC ACT GAA GAAGATGCTGTC  TCC TAC GTG AGG AAG GTC ATT CCC AAG GAC

130 140
mRIaTyr Lys Thr Met Ala Ala Leu Ala Lys Ala lle Glu Lys Asn Val Lev Phe Ser His Leu
TAT AAG ACA ATG GCT GC’I‘ TTA GCC AAG GCC ATT GAA AAG AAT GTG CTG TTl' TCA CACCTT

mRIPTyr Lys Thr Met Thr Ala Leu Ala Lys Ala Ile Ser Lys Asn Val Leu Phe Ser His Leu
TAT AAG ACC ATG ACC GCG CTG GCC AAG GCC  ATT TCT AAG AAC GTG CTC TTT TCT CAC CTG
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150 160

mRio Asp Asp Asn Glu Arg Ser Asp lie Phe Asp Ala Met Phe Pro Val Ser Phe fle Ala  Gly
GAT GAT AAC GAG AGA AGT GAC ATT TTT GAT  GCT ATG TTT CCA GTC TCCTTT ATT GCT GGA

] (=]

mRIPAsp Asp Asn Glu Arg Ser Asp Ile Phe Asp Ala Met Phe Pro Vel Thr His lle Gly Gly
GAC GAC AAC GAG AGA AGTGACATATITGAC  GCC ATG TTTCCT GTC ACT CAC ATC GGT GGG

170 180
mRic Glu Thr Val lle Gin Gin Gly Asp Glu Gly Asp Asn Phe Tyr Val lle Asp Gin Gly Glu
GAG ACG GTT ATT CAG CAA GGT GAT GAA GGG~ GAT AAC TTC TAT GTG ATT GAC CAA GGA GAA

mRIf Glu Thr Val lle Gin Gin Gly Asn Glu Gly Asp Asn Phe Tyr Val He Asp Gin Gly Glu
GAA ACA GTC ATA CAG CAA GGG AATGAA GGA  GAT AAT TTC TAT GTG ATT GAC CAA GGA GAA

190 200
mRlce Met Asp Val Tyr Val Asn Asn Glu Trp Ala Thr Ser Val Gly Glu Gly Gly Ser Phe Glv
ATG GAT GTC TAT GTC AAT AAT GAA TGG GCA ACC AGT GTT GGG GAA GGA GGG AGC TTT GGG
mRIIP Val Asp Val Tyr Val Asn Gly Glu Trp Val Thr Asn Ile Ser Glu Gly Gly Ser Phe Gly

GTA GAT GTA TAT GTG AAC GGG GAA TGG GTG ACC AAC ATC AGT GAG GGG GGA AGC TTC GGG

210 220
mRl a G Al Val Lys Ala Lys Thr Asn Val

Glu Leu Ala Leu lle Tyr Gly Thr Pro Arg Als Ala Thr
GAG CTG GCT TTG ATT TAT GGA ACA CCC AGA  GCA GCC ACT GTC AAA GCA AAG ACA AAC GTG

mRIB Glu Leu Ala Leu le Tyr Gly Thr Pro Arg  Als Ala_Thr Val Lys Ala Lys Thr Asp Leu
GAG CTG GCT CTC ATC TAC GGC ACC CCC AGA  GCG GCT ACC GTG AAG GCC AAG ACG GAC CTC

230 240
mRIalys Leu Trp Gly [le Asp Arg Asp Ser Tyr Arg Arg fle Lleu Met Gly Ser Thr Leu Arg
AAA CTG TGG GGC ATC GAC CGA GACCGTGAC ~ CAG AGA ATC CTC ATG GGA AGC ACT CTG CGA

s i i R R -

mRIBLys Leu Trp Gly lle Asp Arg Asp Ser Tyr Arg Arg lle Leu Met Gly Ser Thr Leu Arg
AAG CTC TGG GGT ATC GAC CGT GAC CGTGAC  AGC TAC AGG CTC ATG GGA AGC ACA CTG AGG

250 260
mRIce Lys Arg Lys Met Tyr Glu Glu Phe Leu Ser Lys Val Ser lle Leu Glu Ser Leu Asp Lys
AAG AGG AAG ATG TAT GAA GAA TTC CTT AGT  AAA GTG TCT ATT TTA GAG TCT CTG GCG AAG

mRIP Lys Arg Lys Met Tyr Glu Glu Phe Leu Ser Lys Val Ser He Leuw Glo Ser Leu Glu Lys
AAA CGC AAG ATG TAT GAG GAG TTC CTC AGC - AAA GTC TCC ATC CTA GAA TCC CTG GAG AAG

270 280
mRia Trp Glu Arg Leu Thr Val Ala Asp Ala Leu Glu Pro Val Gin Phe Glu Asp Gly Gin Lys
TGG GAG CGT CTC ACA GTAGCCGATGCATTG  GAG CCT GTC CAG TTT CAA GAT GGA CAG AAG
m B

mRIP Trp Glu Arg Leu Thr Val Ala Asp Ala Leu Glu Pro Val Gin Phe Glu Asp Gly Glu Lys
TGG GAA CGC CTG ACT GTA GCT GAT GCC CTG  GAG CCT GTG CAG TTT GAA GAT GGA GAG AAA

290 300
mRloe He Val Val Gln Gly Glu Pro Gly Asp Glu Phe Phe e He Leu Glu Gly Thr Ala Ala
ATC GTG GTG CAA GGA GAG CCT GGG GAT GAG  TTC TTC ATC ATT TTA GAG GGC ACA GCT GCT

o
Phe Tyr He He Thr Glu Gly Thr Ala Ser
TTC TAC ATC ATC ACA GAG GGC ACT GCT TCA

mRIf Hle Val Val Gin Gly Glu Pro Gly Asp Asp
ATT GTT GTG CAG GGG GAG CCT GCA GAT GAC
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3o 320

mRla Yal fen Gln Arg Arg Ser Glu Asn Glu Gla Phe Val Glu Val Gly Arg Leu Gly Pro Ser
GIGCTG CAG COT CGG TCA GAA AAT GAA GAA  TTTGTT GAA GTG GGA CGA CTG GGG CCT TCT

mRIP Val Leu Gin Arg Arg Ser Pro Agn Glu Glu Tyr Val Glu Vel Gly Arg Lew Gly Proo Ser
GTCCTC CAG CGA CGA TCC CCC AAT GAG GAG  TAC GTG GAA GTG GGG CGC CTT GGA CCC TCT

330 340
mRIw Asp Tyr Phe G Ty He fa L eu ) la Thr Val Vil Al
GAT TAT T1T GGT GAA ATT GCC CTG CTG ATG AAT CGT CCT CGG GCT GCC ACT GTG GTT GCC

| o A R G AT [EEREE TS R

mRJ  Asp Tyr Phe Gly_ Gl g Alg lcpp Feu feu Asn Ary Pro A Alg Ala Thr Val Val Ala
GAC TAC TTT GGG GAGATT GCC CTGCYGCTG AAT CGG CCC CGT GCA GCC ACT GTG GTG GCC

350 360
mRle Arg Gly Pro Lew Lys Cys Val Lys Lew Asp Arg Pro Arg Phe Glu Arg Val Lew Gly Pro
CGG GG CCT TTG AAG TGC GTT AAG TTGGAC  OGG CCT CGG TTT GAA CGC GTC CTT GCC CCG

mRIf} Arg Gly Pro Leu Lys Cys Val Lys Leu Asp Arg #ro Arg Phe Glu Arg Val feuw Gy Pro
CGG GET CCC CTC AAG TGT GTG AAG TTA GAC CGGCCT CGT TTTGAG CGT GTC CTG GOC CCC

370 380
mRI& Cys Ser Asp D¢ Leu Lys Arg Asn Ne Gin Gin Tyr Asn Ser Phe Vvai Ser Leu Thr Val
TGC TCA GAC ATC CTC AAG CGG AAC ATC CAG  CAG TAC AAC AGC TTC GTG TCC CTG ACT GTC
5 G SRR T ]

mRIP Cys Ser Glu lle lew Lys Arg Asn lle  Gin Arg Tyr Asn Ser Phe lie  Ser Leu Thr val
TGC TCT GAG ATC CTG AAG AGG AAC ATC CAG CGT TAC AAC AGC TTC ATC TCC CTG TCC GTC TGA

Figure 2. The nucleotide sequence and predicted primary structure of mouse R [ ¢ and mouse brain
R 1 B subunits of protein kinase A {Clegg and al., i988). The conserved amino acid sequence is
shown by grey filled bars. The hinge region is bolded. The cores of cAMP binding sites is under-
lined. The lines shown single, conserved, shifted amino acids. The secondary structure is presented
for dimerization domain of R I & subunit (Leon et al., 1997). The spirals indicate o-helix structures,
arrows indicate -strand structures

Dimerization domains

The amino acid sequence of regulatory subunits R I ccand R [ and the second-
ary structure of the dimerization region of R | o are presented in Figure 2. In the
dimerizing fragment of the regulatory R [« subunit, two inter-chain disulfide bonds
are formed between Cys 18 and Cys 39 of the anti-parallel N-terminal chains {Zick
and Taylor, 1982; Bubis et al., 1987). The R I § subunit dimerization region con-
tains four cysteine residues, Cys 6, Cys 18, Cys 34 and Cys 39, and more disulfide
bonds may be formed. The disulfide bonds are resistant to reduction. Mutagenesis
of Cys 39 to His does not disturb the dimerization of R I o regulatory subunits,
thus, it seems that the cysteine bonds are not necessary for dimers to form. Circu-
tar dichroisin studies and algorithm data predict an approximately 40-30 % helical
structure of the dimerizing fragment of R 1 o subunit {Leon et al., 1997). The small
helical fragments of Ser 14 — Glu |7 and Ile 27 — Leu 31 are separated with small
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rRIP Phe Thr Val Gl Val Leu Arg His Gin

Pro Ala Asp lLeu Leu (lu Phe

221

20

Ala Leu Gin His

TTC ACG GTG GAG GTG TG AGG CACCAG  CCC GCC GAC CTGCTG GAG TTC GCG CTG CAG CAC

30
TRlio

rRIIP Phe Thr Arg Leu Gin Gin Glu Asn Glu Arg
TTC ACG CGG CTG CAG CAG GAG AAG GAG CGC

50

Rl Glu Ala Arg Arg Gin Glu Ser Asp Ser Phe

40
Phe Alz Val Giy Tyr Phe Thr Arg Leu Arg
T TC GCG GTG GAG TAC TTC ACA CGC CCTLEGC

Lys Gly Ala Ala Arg Ser Alz Met Arg Ala
AAG GGC GCC GCG CGT TCG GCC ATG AGG GCA

60

lle Ala Pro Pro Thr Thr Phe His Ala Gin

GAG GCC CGC CGC CAG GAA TCA GACTCGTTC  ATCGCC CCCCCG ACG ACC TTT CAC GCG CAG

RIPGly Pro Gly Gly Thr Arg Ala Gln Pro Arg

kS

Glu Pro Ser Lys Gly Val Asn Phe

Ala Glu

GGT CCT GGG GGG ACG CGG GCG CAG CCG CGG GGG CGA ACC CCC AGT AAG GGT GTC AACTTC

0

80

Asp Gly Gin Ser Glu  Ser  Pro Ser Asp Asp

GAG TCC AGC GGG GTC CCC GTC ATC GAG GAG  GAC GGG CAG AGT GAA TCG CAC TCG GAC GAT

rRIocGlu Ser Ser Gly Val Pre Val lle Glu G
&
RSP Ala Gly Glu Pro Met Arg Ser Asp Ser Glu

GCC GAG GAG CCC ATG CGC TCC GAT TCC GAG

%0
RILee Glu Asp Leu Glu Val Pro Il Pro Ala Lys
GAG GAT CTG GAA GTT CCG ATT CCA GCA AAA

RITBGly Ala Phe Asn Ala Pro Val [ Asn Arg

]

Asn Gly Glu Glu Glu Gle Ala Ala Glu Ala
AAC GGC GAA GAG GAG GAG GCC GUG GAA GCA

100
Phe Thr Arg Arg ¥al Ser Val Cys Ala Giu
TTT ACT AGA CGA GTA TCA GTC TGT GCA GAA
Cys Ala

Phe Glu

GGG GCG TTC AAC GCT CCA GTT ATA ACC CGG TTC ACA AGG CGT GCC TCG GTA TGT GCA GAA

11c

TRI®The Phe Asn Pro Asp Gl Glu Glu Asp Asn

120

Asp Pro Arg Val Val His Pro Lys Thr Asp

AAG TTT AAC CCT GAT GAA GAA GAA GAT AAT GAT CCA AGG GTG GTT CAC CCA AAA GAC GAC

fRILAla Tyr Asn Pro Asp Glu Glu Glu Asp Asp Ala Glu Ser Arg lle lle His Pre Lys Thr

B GCT TAT AAT CCT GAT GAA GAA GAA GAT GAT

130
Rl Glu Gin Arg Cys Arg Leu Gin Gin Ala Cys
GAG CAG AGG TGC AGA CTT CAG GAA GCC TGT

fRIP Asp Asp Gio Arg Asn Arg Leu Gln Gle Ala
GAC GAT CAA AGA AAC AGA TTG CAA GAA GCC

150
rRloGiln Glu Gin Leu Ser Gln Val Leu Asp Ala
CAG GAA CAG CTT TCT CAA GTT CGT GAC GCC

rfRIIBAsp Pro Giu Gln Met Ser Gln Val Lew Asp
GAT CCA GAA CAG ATG TCT CAA GTA TTA GAT

170
rRILaHis Vval e Asp Gin Giy Asp Asp Gly Asp
CAT GTC ATT GAC GAA GGA CAT GAT GGA GAC

rRUPBGIu His Val ile Asp Gln Gly Asp Asp Gly

GCA GAG TCC AGG ATA ATACAT CCC AAA ACT

140
Lys Asp Ile Leu Leu Phe Lys Asn leu Asp
AAA GAC ATT CTG CTG TTC AAA AAC CTG GAT

Cys Lys Asp lle Leu Leu Phe Lys Asn Leu
TGC AAA GAC ATC CTGCTG TTT AAG AAC CTG

160

Met Phe Lys Arg Ile Val Lys Thr Asp Glu
ATG TTC AAA AGG ATA GTC AAA ACT GAC GAG

Ala Mgt Phe Glu Lys Lew Val Lys Glu Gly
GCC ATG TTT GAA AAA TTG GTC AAA GAA GGG

180
Asn Phe Tyr Val 1lle Glu Arg Giy Thr Tyr
AAC TTT TATGTC ATA GAA AGG GGA ACT TAT

Asp Asn Phe Tyr Val lle Asp Arg Gly Thr

GAA CAC GTA ATC GAT CAA GGT GAT GAT GGT  GAC AAC TTT TAC GTC ATC GAC AGA GGA AGA
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190 200
rRIlee Asp Ile Leu Val Thr Lys Asp Asn Gin Thr Arg Ser Val Gly Gln Tyr Ala Asn Arg Gly
GAC ATT TTA GTA ACA AAG GAT AATCAA ACA  CGA TCT GTT GGT CAG TAT GCA AAC CGT GGC

&1 ; :

rRIIBPhe Asp lle Tyr Val Lys Cys Asp Gly Val Gly Arg Cys Val Gly Asn Tyr Asp Asn Arg
TTT GAT ATT TAT GTA AAA TGT GAT GGC GTT  GGA AGA TGC GTT GGT AAC TAT GAC AAT CGT

210 220
rRIlceSer Phe Glv Glu Loy Ala Lew Met Tvr Asn  The Pro Arg Als Ala Thr lle Val Ala Thr
AGTTTT GGA GAA CTA GCC CTG ATG TAC AAT ACC CCG AGA GCT GCT ACC ATT GTG GCC ACC

rRIBGly Ser Phe Glv Glu Ley Ala Ley Met Tyr  Asn Thr Pro Arg Ala Ala Thr Thr. lle Al
GGG AGT TTT GGA GAA CTG GCC TTAATG TAC ~ AAT ACA CCC AGA GCA GCT ACA ACT ATC GCT

230 240
tRIlcxSerAsp Gly Ser Leu Trp Gly Leu Asp Arg Val Thr Phe Arg Arg lle lle Val Lys Asn
TCA GAC GGC TCC CTT TGG GGA TTG GACCGG  GTG ACT TTT AGG AGA ATC ATA GTG AAG AAC

. = Wb,

fRIIP Thr Ser Pro Gly Ala Leu Trp Gly Leu Asp Arg Val Thr Pro Arg Arg [le lle Val Lys
ACC TCT CCT GGT GCT CTG TGG GGT TTG GAC ~ AGG GTG ACC TTC AGG AGA ATA ATA GTA AAA

250 260
rRIlxAsn Ala Lys Lys Arg Lys Met Phe Glu Ser Phe lle Glu Ser Val Pro Leu Phe Lys Ser
AAT GCA AAG AAG AGG AAGATG TTCGAATCG  TTTATT GAG TCT GTA CCG CTC TTT AAA TCA

b

fRIPIAsn Asn Ala Lys Lys Arg Lys Met Tyr Glu Ser Phe Ile Glu Ser Leu Pro Phe Leu Lys
AAC AAT GCC AAA AAG AGG AAG ATG TAC GAG AGC TTT ATA GAG TCA CTG CCA TTC CTC AAG

270 280
rRIlcLew Glu Met Ser Glu Arg Met Lys lle Val Asp Val lle Gly Glu Lys Hle Tyr Lys Asp
CTA GAG ATG TCA GAA CGA ATG AAG ATT GTG  GAT GTG ATC GGG GAA AAG ATC TAT AAG GAT

= — S— —

rRIIP Ser Leu Glu Val Ser Glu Arg Leu Lys Val Val Asp Val Tle Gly Thr Lys Val Tyr Asn
TCT CTG GAG GTT TCT GAA CGC CTG AAG GTG  GTG CAT GTG ATT GCG ACC AAA GTT TAC AAT

2% 300
RILaGly Glu Arg lle fle Thr Gin Gly Glu Lys Ala Asp Ser Phe Tyrlle lHle Giu Ser Gly
GGA GAG CGA ATA ATC ACT CAG GGT GAA AAA  GCC GACAGC TTT TAT ATT ATA GAC TCT GCA

rRIIPp Asp Gly Glu Gin Me Ile Ala Gln Gly Asp Ser Ala Asp Ser Phe Phe lle Val Glu Ser
GAT GGA GAA CAG ATC ATTGCT CAG GGA GAC  TCG GCG GAT TCG TTC TTC ATT GTA GAA TCT

310 320
RIIa Glu Val Ser lle Leu Me Arg Ser Lys Thr Lys Thr Asn Lys Asn Gly Gly Asn Glu Glu
GAA GTG AGC ATC TTG ATT AGA AGC AAG ACT  AAA ACG AAC AAG AAC GGG GGG AAC CAG GAG

. ~. N N &=

-

rRIip Gly Glu Val Arg lle Thr Met Lys Arg Lys Gly Lys Ser Asp Hle Glu Glu Asn Gly Ala
GGA GAA GTG AGA ATT ACT AGT AAG AGAAAG  GGT AAA TCA GAC ATC GAA GAG AAC GGT GTC

30 340
rRileVal Glu Ile Ala His Cys His Lys Gly Gin  Tyr Phe Gly Glu Leu Ala leu Val Tvr Asn
GTT GAG ATT GCC CAC TGC CAT AAGGGG CAG  TAC TTT GGA GAA CTT GCC CTG GTA ACC AAC

fRIIP Val Glu lle Ala Arg Cys Lew Arg Gly Gln Tyr Phe Gly Gly Lew Ala Ley Val Thr Asp
GTG GAA ATC GCT CGG TGT CTC CGG GGA CAG  TAT TTT GGA GAG CTT GCC CTG GTC ACT AAC

350 360
rRIleLys Pro Arg Ala Ala Ser Ala Tyr Ala Val Giy Asp Val Lys Cys Leu Val Met Asp Val
AAG CCA AGA GCT GCT TCT GCT TATGCG GTT  GGA GAC GTC AAA TGC TTA GTC ATG GAT GTT
2 @ i 0 B

fRIIP Lys Pro Arg Als Ala Ser Ala His Ala lle Gly Thr Val Lys Cys Leu Ala Met Asp Val
AAG CCA AGA GCA GCA TCT GCA CAC GCC ATT GGG ACT GTC AAA TGC TTA GCC ATG GAT TGT
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170 180
rRIlzGin Ala Phe Glu Arg Leu Leu Gly Pro Cys  Met Asp Ilc Met Lys Arg Asn ll¢  Ser His
GG

TG GAC A C TCA CAT
s 3

sRISB Gln Ala  Phe Glu Arg Leu Lew Gly Pro Cys  Mel Glu He Met Lys Arg Asn lie Ala Thr
CAA GOATTT GAG AGG CTT CTG GGA CCT TG ATG GAA ATT ATG AA G AGG AAT ATC GCEC ACC

90
RIMaTyr Gy Ghi GIn Lew Val Lys Met Phe Gly  Ser Asn Leu Asp Leu Lew Asp Pro Gly Gin
I"AL (JAA bAA CAG CTG GTG AAG ATG T-ITUGC TCC -\AC TTG GAT CTA TTG GAC €CC GGG CAG TAG

BRI Tyr Glu Giu Gln Lew Val Ala Lex Phe Gly The Asy Met Asp lle Val Glu Pro Thr Ala
TAT GAG GAG CAA TTA GTT GCA CTG TTT GGG ACA AAC ATG GAT ATT GTT GAG CCC ACT GCA TGA 1281 ot

RITB ATGTGATOAATCTCGGAGCCTICTCAGTGTGATACCAAATCCTTCCACTCAGCCACAAGAACACACTCA

GAAAACAGACACGACAGAACTGCGCCTGCTGCTGTCTCTGCTGCTGOCATCGOTCGCTGTGGTAAAGGGCACTTA

AAGCAAAAG TOTGGOGGAAGAAAGCGCOCGTTTAGUGTTAAG TGAAGCAAGTTACATAGCAGTGGTTAG. 1260 nt

Figure 3. The nucleotide sequence and predicted primary structure of rat R 11 ot (Scott ¢t al., 1987)
and R 11 P (Jahnsen et al., 1987) subunits The hinge region is bolded. The cores of cAMP binding
sites A and B are underlined. The conserved amino acid sequence is shown by grey filled bars.
Shifted, conserved, sequence is shown by unfilled bars. The lines shown single, conserved, shifted
amino acids '

B-strands Cys 18 — Gln 23 and Asp 33 — Pro 43, which are followed by a larger ¢i-
helix containing the fragment from Met 47 to Glu 60. The eighty amino acid dimer-
ization regions of regulatory R 1 o and R [ 3 subunits differ in thirty-five (45%)
amino acids, however, all cysteine residues are located on B-strands, and the ma-
jority of leucine residues arc conserved in o-helices.

The N-terminal fragment of the regulatory R IT subunit also plays the role of
a cellular protein anchor. The first fourteen amino acids are essential for regulato-
ry R II subunit dimerization and for protein anchoring. A R I & regulatory subunit
mutant [acking these amino acids is unable to dimerize and to bind MAP 2. The
first thirty N-terminal amino acids seem to be sufficient for regulatory R IT subuntt
dimerization but not for cellular protein binding. The protein fusion of thirty N-
terminal amino acids and protein carrier 1s able to form a dimer, but it can not bind
MAP 2 (Scott et al., 1990). Additionally, Phe 36 is thought to be necessary for
dimer formation (Li and Rubin, 1995).

The amino acid sequence of bovine regulatory R 1T ¢t and R 1  subunit dimer-
ization /anchoring domains is presented in Figure 4 A, and the secondary and
tertiary structure of this region of the R 11 & subunit is presented in Figurc 4 B. The
region is constructed of B-strand (residues 1-5), B-turn I (residues 6-9), a-helix 1
(residues 10-23), B-turn 11 (residues 24-28) and c-helix I (residues 29-42). The
dimerization domain is maintained by intra- and inter-subunit interactions of the
aromatic ring of phenylalanine residues, and the hydrogens of residues of valines
and leucines. The intra-subunit interactions are between Val 20 of c-helix I and
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Phe 31 of a-helix 11 The inter-subunit interactions are between Phe 36 of o-helix
II of one of the R II & subunit molecule and Val 20 and Leu 13 of the g-helix I of
other R 1I o subunit molecule (Hausken et al., 1994, 1996; Newlon et al., 1997).
The anchor protein binding domain is supposed to be located in a larger regula-
tory R II subunit N-terminal fragment, comprising forty-four (Lou et al., 1990;
Hausken et al., 1994} or eighty-two (Scott et al., 1990) amino acid residues. Iso-
leucine residues 3 and § are required for binding anchoring proteins (Hausken et
al., 1994, 1996). The amino acids of B-turns, Pro 7 and Pro 26 in regulatory R 11 ¢
subunit and Ala 7 and Ala 26 in R II § subunit are thought to be responsible for
the specificity of R IT ¢ and R 11 3 subunit binding to anchor proteins. The amino
acids known to be necessary for dimers to form, Leu 9, Leu 13, Val 20, Phe 31 and

20
bRIF ot AcSer His Tle Glu lle Pro Pro Gly Leu Thr  Glu Leu Leu Gin Gly Tyr Thr Val Glu Val

' ]
bRIER  Met Serlle Glu lle Pro Ala Gly Leu Thr  Glu Leu Leu Gln Gly Phe Thr Val Glu Val

40
bRII o Leu Arg Gin Arg Pro Pro Asp Leu Val Asp Phe Ala Val Asp Tyr Phe Thr Arg Leu Arg

BRIl § Leu Arg His Gin Pro Ala Asp Leu Leu Glu  Phe Ala Leu Gin His Phe Thr Arg Leu Gin

SR

60
bRIH o Glu Ala Arg Ser Arg Ala Ser Thr Pro Pro Ala Ala Pro Pro Ser Gly Ser GIn Asp Phe

bRI! § Giu Glu Asn Glu Arg Lys Gly Thr AlaArg  Phe Gly His Glu Gly Arg Thr Tep Gly Asp

80
bRII ot Asp Pro Gly Ala Gly Leu Val Ala Asp Ala Val Ala Asp Ser Glu Ser Glu Asp Glu Glu

bRII B Ala Gly Ala Ala Ala Gly Giy Gly Thr Pro  Ser Lys Gly Val Asn Phe Ala Glu Glu Pro

bRII o Asp Leu Asp Val Pro fle Pro Gly Arg Phe

£

BRII B Arg His Ser Asp Ser Glu Asn Gly Glu Glu

Figure 4. A, Amino acid sequence of the dimerization domains of bovine cardiac muscle regulatory
R 1 o (Takio et al., 1982) and bovine brain R 11 (} (Luo et al., 1990) subunits. The conserved amino
acid sequence is indicated by grey filled bars
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Figure 4. B. The secondary and tertiary structure of the dimerization domain of R 1T o subunit pre-
dicted using cirular dichroism analysis and nuclear megnetic resonance spectroscopy ( according to
Newlon et al., 1997). The arrows indicate 3-strands, the arcs indicate 3-turns and cyclinders indicate
helices

Phe 36 and for cellular protein anchoring, Ile 3 and Ile 5, are conserved in both R
IT o and R IT B regulatory subunits. The amino acids of the B-turn involved in the
specific binding to cellular structures differ.

The amino acid sequences of the dimerization regions of bovine R I o and
R II oo and mouse R I B and R II  subunits are compared in Figures 5 A and B,
respectively. The amino acid sequence is not conserved in the dimerization re-
gions between the cytoplasmic soluble R I and cellular structure-bound R 1I subu-
nits in both o and P isoenzymes. The regulatory R I o subunit does not contain
phenylalanine residues in their forty amino acid N-terminal region, which main-
tain the dimer structure in regulatory R II subunits. The leucine residues separated
by charged amino acids occur in both R I and R II subunits and may form leucine
zipper-like structures one with another, or with other cellular proteins. The isoleu-
cine residues (3 and 5), required for target protein anchoring in the regulatory
R II o and R II B subunits are absent in R I ot and R 1 B subunits. All isoforms of
regulatory subunits, R I o, R I, R IT o and R II 3 contain of serine and threonine
residues that may be potential phosphorylation sites that may influence subunit-
subunit and subunit-cellular protein interactions.

Two antigenic sites separated by a ,,hinge”, pseudo-substrate region are located
next.
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10

20

Ala Ser Gly Thr Thr Ala Ser Glu Glu Glu Arg Ser Lys Arg Glu Cys Glu Leu Tyr Val

bRIT ¢ AcSer His Ile Gin Ile Pro Pro Gly Leu Thr Glu Leu Leu Gln Gly Tyr Thr Val Glu Val

bRI o

bRII &

bRI a

bRII o

bRI

bRII a0

bRI

bRII &

Figure 5. A. The amino acid sequence of the dimerization domains of bovine regulatory R I ¢ (Titani

30

Gin Lys His Asn Ile Gln Ala Leu Leu Lys

Leu Arg Glin Arg Pro Pro Asp Phe Ala Val
50
Pro Glu Arg Pro Met Ala Phe Leu Arg Glu
el =]
Glu Ala Arg Ser Arg Ala Ser Thr Pro Pro
70
Lys Arg Ile Arg Asn Leu Gln Lys Ala Gly

Asp Pro Gly Ala Gly Leu Val Ala Asp Ala

90

Ser Pro Pro Pro Pro Asn ProVal Val Lys
i | @

Asp Leu Asp Val Pro Ile Pro Gly Arg Phe

et al., 1984) and R IT o (Takio et al., 1982) subunits

40

Asp Ser Ile Val Gln Leu Cys Thr Ala Arg

o

AspTyr Phe Thr Arg Glu Ala Arg Ser Arg
60

Glu Tyr Phe Glu Lys Glu Lys Glu Glu Ala
Ala Ala Pro Pro Ser Gly Ser Gln Asp Phe
80

Ser Arg Ala Asp Ser Arg Glu Asp Glu Ile

Val Ala Asp Ser Glu Ser Glu Asp Glu Glu
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10 20
mRI B Met Ala Ser Pro Ser Cys Phe His Ser Glu  Asp Glu Asp Ser Leu Lys Gly Cys Glu Met
B B
mRII § Met Ser His Ile Gln Ile Pro Pro Gly Len Thr Glu Leu Leu Gln Gly Tyr Thr Val Glu

30 40
mRIP Tyr Val Gln Lys His Gly Ile Gln Gln Val Leu Lys Glu Cys Ile Val His Leu Cys Val

mRIIB Val Gly Gin Gln Pro Pro Asp Leu Val Asp Phe Ala Val Glu Tyr Phe Thr Arg Leu Arg

50 60
mRIfB AlaLysPro Asp Arg Pro Leu Arg Phe Leu Arg Glu His Phe Glu Lys Leu Glu Lys Glu
a2

mRIIB Glu Ala Arg Arg Gln Glu Ser Asp Thr Phe  Ile Val Ser Pro Thr Thr Phe His Thr GIn

70 80
mRIP  GluAsn Arg Glnlle Leu Ala Arg GlnLys  Ser Asn Ser Gln Cys Asp Ser His Asp Glu
mRIIB  Glu Ser Ser Ala Val Pro Val Ile Glu Glu  Asp Gly Glu Ser Asp Ser Asp Ser Glu Asp

90
mR 1B Glulle Ser Pro Thr Pro Pro Asn Pro Val
&
mRIIB Ala Asp Leu Glu Val Pro Val Pro Ser Lys

Figure 5 B. The amino acid sequence of the dimerization domains of mouse regulatory R [ § (Clegg
et al., 1988) and R II B (Scott et al., 1987) subunits
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The hinge region

The hinge region is an auto-inhibitor substrate-like site in which the regulato-
ry subunit binds to the catalytic subunit. The hinge region is more sensitive to
protease than other domains of the regulatory subunit of protein kinase A. The
amino acid sequences of the hinge regions of mouse RTatand R13; rat R 1 and
rat R Il o and R II § subunits are presented below:

96 97 98 99 100
mRIa Arg Arg Gly Ala e
mRIP Arg Arg Gly Gly Val
rRIB Arg Arg Gly Gly Vval

93 94 95 96 97
R Arg Arg Val  Ser Val
RIIB Arg Arg Ala  Ser Val

The hinge regions of regulatory R II o and R 11 3 subunits may be phospho-
rylated by protein kinase A at Ser 96.The hinge regions of the regulatory subunits
R 1 o and R [ B do not possess a phosphorylation site.

cAMP — binding sites

The C-terminal part of the regulatory subunit contains two tandem cAMP-bind-
ing sites, A and B, Sitc A is located inside of the molecule, in a region of approxi-
mately 140 to 260 amino acids; site B is situated at the C-terminal. The fificen
amino acid region of the cAMP binding sites is highly conserved in all cAMP
binding proteins. This region is thought to be the core of the cAMP binding site
(Shabb and Corbin, 1992). The amino acid sequences of the core A and B cAMP
binding sites of bovine R I o (Titani et al., 1984), mouse R 1 ot and R 1 B
(Clegg et al., 1988), bovine R ] o (Takio et al., 1982) and bovine R II B (Luo et al.,
1990) are presented below.

cAMP binding site A

198 212

bR 1 o Phe Gly Glu Leu Ala Leu lle Tyr Gly Thr Pro Arg Ala Ala Thr

199 213

mR [ o Phe Gly Glu Leu Ala Leu lle Tyr Gly Thr Pro Arg Ala Ala Thr
GGA GAG AGA

mR [ 3 Phe Gly Glu Leu Ala Leu lle Tyr Gly Thr Pro Arg Ala Ala Thr
GGG GAG AGA
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203 217
bRII ¢t Phe Gly Glu Leu Ala Leu Met Tyr Asn Thr Pro Arg Ala Ala Thr
221 226
bR 11 § Phe Gly Glu Leu Ala Leu Met Tyr Asn Thr Pro Arg Ala Ala Thr
GGC GAA AGA
cAMP binding site B
322 336
bR I & Phe Gly Glu llg Ala Leu Leu Met Asn Arg Pro Arg Ala Ala Thr
323 337
mR [ o Phe Gly Glu lle Ala Leu Leu Met Asn Arg Pro Arg Ala Ala Thr
GGT GAA CGT
mR I B Phe Gly Glu Lle Ala Leu Leu Met Asn Arg Pro Arg Ala Ala Thr
GGG GAG CGG
332 346
bRII o Phe Gly Glu Leu Ala Leu Val Thr Asn Lys Pro Arg Ala Ala Ser
350 364
bRIT 3 Phe Gly Glu Leu Ala Leu Val Thr Asn Lys Pro Arg Ala Ala Ser
GTC GAA CGA

The amino acid residues that interact with exocyclic phosphate and ribose
hydroxyl group of cAMP, Gly, Glu and Arg (bolded) are conserved in both A and
B ¢cAMP binding sites in R T o, R I, R Il o and R [T 3 subunits. The amino acid
sequence is conserved in ¢cAMP binding site A between o and [ isoforms of the
same, R I or R 11, regulatory subunit. The differences between site A cores of
R I and R II subunits are in two amino acids {lte/Met and Gly/Asn, underlined).
The differences between site B cores of R I and R [I subunits are in five amino
actds (underlined). Sites A and B of all isoforms of regulatory subunits contain
threonine or serine residues that may be phosphorylation sites. The site B core of
R 1 a and R I P subunits contains one threonine residue, while other cAMP
binding site cores (sites A and B of R 1l e and R IT f3, and site A of R T & and
R I ) contain two amino acid residues that may be phosphorylated. The pattern
of phosphorylation of ¢ytosol soluble R [ subunit may differ from that of mem-
brane-bound R 11 subunit.

The conserved amino acid sequence in cAMP binding sites A and B may sug-
gest that the sites A and B originate from a gene duplication. The amino acids
known to be involved in cAMP binding are encoded by the same or different nu-
cleotide triplets in sites A and B. The triplets coding for Gly (GGG) and Glu (GAG)
are the same in sites A and B of the mR [ 3, and the triplets coding for Glu (GAA)
are conserved in sites A and B of the bR 1T § subunit. However, site A Arg is
encoded by AGA inmR Tar, mR [ and bR 113 and site B Arg is encoded by CGT
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inmR [ ¢, CGG in mR I B and CGA in bR 11 3. The coding triplets are partially
conserved, partially changed. Gene duplication of cAMP binding sites in the reg-
ulatory subunit of protein kinase A during evolution can not be excluded.

Catalytic subunit

The nucleotide and amino actd sequences of mouse catalytic subunits C o and
C B and their isoforms, C 2 and C B3 are presented in Figure 6. In the 240-
nucleotide promoter region of the C o subunit gene, five transcription start sites
and three DNA sequences binding Sp | transcription factor have been found. In
the same promoter region of the C [ subunit gene, four transcription start sites
have been found and one Sp 1 binding sequence. Three additional Sp | regulated
sequences are located in the region extended to — 390 nucleotides of the 5°-un-
transalated region.

The exon-intron composition of the mouse catalytic C o subunit is presented in
Table 1, and a diagram of the genc is shown in Figure 7. The C o subunit gene
comprises ten exons and nine introns. The first exon also contains 350 nucleotides
of the 5’-untranslated promoter scquence (Chrivia et al., 1988).

Two polyadenylation AATAAA signals have been found in the 3’ -untranslated
region at 2057-2062 and 2076 -2081 nucleotides in the C o subunit gene (Chrivia
et al., 1988), however, the polyadenylation signals are absent in the 3’-untranslat-
ed region of the C P subunit gene (Uhler et al., 1986a).

The amino acid homology between C o and C [ is 91%, the weakest homology
is in the N-terminal part of the molecule, 70% identity over 70 N-terminal amino
acids (Uhler et al., 1986ab). Mouse brain C 3 catalytic isoforms C B2 and C 3

TABLE ]
The exonfintron structure of catalytic C @ subunit of protein kinase A (according to Chrivia et al.,
1988)

Exon/intron Exon size Intron size
number nt nt
1 330 + 45 8900
I 62 500
m 132 5200
v 83 1500
\' 83 2400
VI 127 200
VIIL 96 300
VI 123 3900
IX 165 400

X 123




OSTROWSKA A. 231

mC B(CP1) S'-CAGA GGGGCTCOCG CCCGCCGGGG GGCTTGACCGG CGTCACTTCCC
-350

mCP GOCGCGOCCG CCCCGGAAAG AGGCGGAGGT CGCAGTCCGG GTGTGCGGCT
-300

mC B CCTGGGGACG CCCCGTGTCG GGGACGCGCG TGGAGGGCGG GCTCGGGAAG

=250 =
== - e
mCa 5'-G TAACCAATGGG CGGTGGGCTG CGGGGGCGIT ACGGACAGAG

T e Ao
mCP GGGAGTGTC CGCGCGCCGE CGCTGCCGEC GCCGOCACCG CCGCCACCGE -

-200 = =
mCe GACTTGGGCT GAGGCTCCCC CGCGGOCGGG C GCAGAGAGA CGCGGGAAGC

=
mCB CGCCACCGCC CGGTCCCGG  TCTCTGCCGA GAG CTCCAG  CATCTCTGCC

-150
mCa AGGGGCTGGG CGGGGGTCGTG GCGCCGCAGC CAGCGCAGCC AGCCCCAGGG

mCP GGACACCCAG CCCCTCCGTG  CAGCCGGACG CCGCGCTCTA GGGTCTGCGG

-100
mCa GCCGCCGCCTC CGCTGCCCAG CGCGCTCCGG GCCGCCGGC CACCTTAGCA

mCP GAGCCTAGCC AAAGCCTAGC CAAAGTTGCT CCGACTGCC GGGCGGCCGG
-50
mCo CCCGCCCGCGT CGCAGCTCCG GGACTGGCCC CGGCCGCGCA CGCCGCCGC

mCf GGGACGGCCC CGGTCCCTCC CTCCGTCATC CCTGCTTG CG GACTCCGGTC

10 20
mCea Met Gly Asn Ala Ala Ala Ala Lys Lys Gly Ser Glu Gln Glu Ser // Val Lys Glu Phe Leu Ala
ATG GGC AAC GCC GCC GCC GOC AAG AAG GGC AGC  GAG CAG GAG AGC G // TG AAA GAG TTC CTA GCC

mCBMel Gly Asn Thr Ala Ile Ala Lys Lys Gly Ser Glu Val Glu Ser # Val Lys Glu Phe Leu Al
ATG GGG AAC ACT GCG ATC GCC AAG AAA GGC AGC GAA GTG GAG AGC G // TG AAA GAG TTT CTA GCC

cp2 Met  Asn  Val

ATG AAT GTG

Cp3 Met Gly Leu Leu

ATG GGC TTG TTG

30 40
mCalys AlaLys Glu Asp Phe Leu Lys Lys Trp Glu #/ Asp Pro Ser Gln Asn Thr Ala Gln Leu
AAA GCC AAG GAA GAT TTC CTG AAA AAA TGG  GAA/NGAC CCC TCT CAG AAT ACA GCC CAG TTG

[

mCfLys AlaLys Glu Asp Phe Leu Arg Lys Trp Glu // Asn Pro Pro Prc Ser Asn Ala Gly Leu
AAA GCC AAA GAA GAC TTT CTG AGG AAATGG  GAGHAAC CCT CCC CCG AGT AAT GCT GGG CTT
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50 60
mCoAsp Gln Phe Asp Arg lle Lys Thr Leu Gly Thr Gly Ser Phe Gly Arg Val Met Leu Val
GAT CAG TTT GAT AGA ATC AAG ACCCTTGGC  ACC GGC TCC TTT GGG CGA GTG ATG CTG GTG
@ 7]
mCP Glu Asp Phe Glu Arg Lys Lys Thr Leu Gly Thr Gly Ser Phe Gly Arg Val Met Leu Val
GAG GAT TTT GAG AGG AAG AAA ACCCTC GGG  ACG GGT TCC TTT GGA AGA GTC ATG TTG GTG

70 80
mCobLys His Lys Glua Ser Gly Asn His TyrAla Met Lys lle Leu Asp Lys Gin Lys/ Val Val
AAG CAC AAG GAG AGT GGG AAc CAC TAC GCC  ATG AAG ATC TTA GAC AAG CAG AAG/ GTG GTG

mCPBLys His Lys Ala Thr Glu Gln Tyr TyrAla Met Lys lle Leu Asp Lys Gin Lys/#/ Vval Val
AAG CAT AAA GCC ACT GAG CAG TACTAC GCC ATG AAG ATC TTA GAC AAG CAG AAG/H GTT GTT

S0 100
mCoLlys Leu Lys GIn lle Glu His Thr Leu Asn Glu LysArg Ile Leu Gln Ala Val Asn Phe
G CTA AAG CAG ATC GAG CAC ACT CTG AAT GAG AAG CGC ATC CTG CAG GCC GTC AAC TTC

mCf Lys Leu Lys Gin lle Giu His Thr Leu Asn  Glu LysArg lle Leu Gin Ala Val Glu Phe
AAG CTG AAG CAA ATA GAG CAC ACT CTG AAT GAG AAG AGA ATC CTG CAG GCC GTG GAG TTC

110 120
mCaPro Phe Leu Val Lys Leu Glu Phe Ser Phe Lys Asp Asn Ser Asn LeuTyr Met Val Met
CCG TTC CTG GTC AAA CTTGAA TTCTCe TTC AAG GAC AAC TCA AAC CTG TAC ATG GTC ATG

3
mC BPro Phe Leu Val Arg Leu Glu Tyr Ser Phe Lys Asp Asn Ser Asn Leu Tyr Met Val Met
CCG TTC CTT GTG CGG CTG GAG TACTCT TTT AAG GAT AAT TCT AAT TTA TAC ATG GTT ATG

130 140
mCoGlu Tyr Val Ala Gly Gly Glu Met Phe Ser His Leu Arg Arg lie Gly Arg Phe Ser//Glu
GAG TAT TCA GCT GGT GGC GAG ATG TTCTCC  CAC CTA CGG CGG ATT GGA AGG TTC AG//CGAG

R

mCfAGlu Tyr Val Pro Gly Gly Glu Met Phe Ser
GAA TAC GTC CCT GGG GGA GAG ATG TTCTCA  CAT CTG AGA AGA ATT GGA AGG TTC AG/TGAG

150 160
mCa Pro His Ala Arg Phe Tyr Ala Ala Gin Ile  Val Leu Thr Phe Glu Tyr Leu His Ser Leu
CCC CAT GCC CGT TTC TAC GCGGCG CAGATC GTC CTG ACC TTT GAG TAT CTG CAC TCC CTG

ST S

mC BPro His Ala Arg Phe Tyr Ala Ala Gin lle Val Leu Thr Phe Glu Tyr Leu His Ser Leu
CCC CAC GCC CGT TTC TAT GCAGCC CAG ATT GTG CTA ACA TTT GAG TAC CTT CAT TCC CTC

170 180
mCoaAsp Leu MHe T{yrGln Asp Leu Lys Pro Glu Asn Leu Leu lle Asp Glu Glu Gly Tyr lle
GAC CTC ATC TAC CGG GAC CTG AAG CCC GAG  AAT CTT CTC ATC GAC CAG CAG GGC TAT ATT

mCPAsp Leu lle T{yrArg Asp Leu Lys Pro Glu Asn Leu Leu lle Asp His Gln Gly Tyr lle
GAC CTC ATC TAC AGA GATCTC AAGCCG GAA  AACCTC TTA ATT GAC CAC CAG GGT TAC ATC
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190 200

mC aGln#/ Val Thr Asp Phe Gly PheAla Lys Arg Val Lys Gly Arg Thr Trp Thr Leu Cys Gly
CAG //GTG ACA GAC TTT GGG TTT GCC AAGCGT GTG AAA GGC CGT ACT TGG ACC TTG TGT GGG

mCGin//Val Thr Asp Phe Gly PheAla Lys Arg Val Lys Gly Arg Thr Trp Thr Leu Cys Gly
CAG /GTC ACA GAT TTC GGG TTC GCC AAAAGA GTC AAG GGC AGG ACA TGG ACA TTG TGT GGC

210 220

mCoThr Pro Glu Tyr Lew Ala Pro Glu lle lle  Leu Ser Lys/ Gly Tyr Asn Lys Ala Val Asp
AAC CCT GAG TAC TTG GCC CCC GAG ATT ATC CTG AGC AAA //GGC TAC AAC AAG GCT GTG GAC

mCBThr Pro Glu Tyr Leu Ala Pro Glu [le lle Leu Ser Lys# Gly Tyr Asn Lys Ala Val Asp
AAC CCA GAG TAC CTG GCCCCG GAG ATC ATC CTC AGC AAG //GGT TAC AAT AAG GCG GTG GAC

230 240

mCoeeTrp Trp Ala Leu Gly Val Leu lle Tyr Glu Met Ala Ala GlyTyr Pro Pro Phe Phe Ala
TGG TGG GCT CTC GGA TTC CTC ATC TAC GAG  ATG GCT GCT GGT TAC CCA CCC TTC TTC GCT
& =

mCPTrp Trp Ala Lew Gly Val Leu lle Tyr Glu Met Ala Ala GlyTyr Pro Pro Phe Phe Ala
TGG TGG GCA CTG GGC TTG CTG ATC TAT GAG  ATG GCT GCT GGC TAC CCT CCA TTC TTT GCT

250 260
mCaAsp Gln Pro lle Gin lle Tye Glu Lys lle  Val Ser Gly Lys/ Val Arg Phe Pro Ser His
GAC CAG CCT ATC CAG ATC TAT GAG AAA ATC GTC TCT GGG AAG/H/GTG CGG TTC CCA TCC CAC

mCPAsp Gin Pro Ile Gin Ille Tye Glu Lys Ile Val Ser Gly Lys/ Val Arg Phe Pro Ser His
GAC CAG CCA ATT CAG ATC TAT GAG AAG ATT GTC TCT GGA AAG//GTC CGG TTC CCA TCA CAC

270 280
mCoa  Phe Ser Ser Asp Lew Lys Asp Leu Leu Arg  Asn Leu Leu Glu Vsl Asp Leu Thr Lys Arg
CTT AGC TCT GAC TTG AAG GAC CTG CTGCGG AACCTT CTG CAG GTG GAT CTA ACC AAG CGC

mCfH  Phe Ser Ser Asp Leu Lys Asp Leu Leu Arg  Asn Leu Lew Glu Vsl Asp Leu Thr Lys Arg
TTC AGC TCG GAT CTC AAGGACCTTCTGCGG  AAC CTG CTG CAG GTG GAT CTG ACA AAG CGA

290 300
mCo Phe Gly Asnleu Lys Asp Gly Val Asn Asp lle Lys Asn His Lys Trp Phe Ala Thr Thr
TTT GGA AAC CTC AAG GAC GGG GTC AAT GAC  ATC AAG AAC CAC AAG TGG TTT GCC ACG ACT

mCPPhe Gly Asnleu Lys Asn Gly Val Ser Asp lle Lys Thr His Lys Trp Phe Ala Thr Thr
TTC GGG AAC CTG AAG AAC GGC GTG AGT GAC  ATA AAG ACC CAC AAG TGG TTT GCC ACA ACT
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e 320
mCuAsp T He aAla e Tyr Gln Arg Lys#val Glu Ala Pro Phe  lle Pro Lys Phe Lys Gly
GAC TGO ATT GCC ATC TAT CAG AGA AAGHGTG GAA GOT COC TTUATA CTA AAG TTT AAAE]GGC
{ o - ; - i ]

mCPAsp Tmp le Ala fe  Tyr Gin Arg Lystival Gle Ala Pro Phe Me Pro Lys Phe Arg Gly
GAC TGG ATT GUT ATT TAT CAG AGA AAGHGTT  GAG GCT CCA TTC ATA CCA AAG TTC AGA GGC

Lhbi] 340
mCaPro Gly Asp Thr  Ser Asn Fhe Asp Asp Tyr Gin Glu Glu Gl e Arg Val Ser lle Thr
CCT GGO GAC ACG AGT AAC TTT GAC GAC TAT  GAG GAG GAA GAG ATC COG OTC TCC ATC AAT

mCPSer Gly Asp Thr Ser Asn Phe  Asp Asp Tyr Glu Glu Glu Gl dle Arg Val Ser fle Thr
TCT GGC GAT ACC AGC AAC TTC GAT GAC TAT  UAA GAA GAA GAA ATCCGT GTG TCT ATA ACA

350
mCaGlu Lys Cys Gly Lys Glu Phe Cys Glu Phe
GAG AAG TGT GGC AAG GAG TTT TAC GAG TTT TAGGGATGTGET

mC BGlu Lys Cys Lify Lys Ol Phe Cys Glu Phe

GAA AAA TGT GOA AAG GAA TTT TGT GAA TTT TAG GGAGGA GAG

Figure 6, The nucleotide sequence and primary structure of the mouse catalytic C o and C B (Uhler
et al,, 1986 A and B; Chrivia et al., 1988} subunits and C B2 and C 83 subunit isoforms (Guthric et
al., 1997) of protein kinase A. The conserved amino acid sequence is shown by grey filled bars. The
Spl consensus sequences are underlined. The transcription start sites are indicated by arrows. The
gaps indicate the sites of intron insertions

. L | I

Figure 7. The scheme of mouse catalytic C o subunit gene of protein kinase A. The lines represent
the exon localization, the rectangles represent intron sizes (Chrivia et at., 1988)

differ from C 1 (C B) in the Iength of the protein chain and N-terminal amino acid
composition. The C 32 and C B3 proteins are not myristoylated, unlike the other
catalytic subunits (Guthrie et al., 1997).

SYNTHESIS OF PROTEIN KINASE A SUBUNITS
The regulatory R 1 ¢, R I, R ITex, R I1B and catalytic Cat, C B and Cy subunits

of protein kinase A are expressed from single genes (Uhler and McKnight, 1987;
Clegg et al., 1988; McKnight et al., 1988; Oyen et al., 1988; Landmark et al,,



OSTROWSKA A. 235

1991; Garrel et al., 1993}. The isoforms of mouse C 3 subunit, C 1, C 2 and
C 3 originate from the same gene (Guthric et al., 1997). The genes of protein
kinase A share some common characteristics: they belong to the class of genes
whosc promoters are GC-rich, lack TATA boxes, and initiate transcription at mul-
tiple sites. Most of them are activated by cAMP.

The cxpression of the R II B regulatory subunit is induced hormonally and
limited to specific tissues such as endocrine, neuroendocrine, neural and leuke-
mic. The DNA for the R IT B subunit was isolated from genomic libraries of the
mouse (Singh et al., 1991) and rat (Kurten et al., 1992) and sequenced. The
57-flanking, 4530 nucleotide non-coding region of the rat liver R 1l §§ gene has
been sequenced and characterized. The core of the promoter region starting from
nucleotide -400 is presented below (Kurten et al., 1992).

-390 -380 -370 =360 S350 -340 -330

GAGCTCAGGT GGAGCGCGCG GCCTCG([CCC CACGCCCCAG GdGCCCGCTG CCTCCACCCT TAGGCCACTT

20 310 4300 290 J280 270 -260
GAGAGGOGOC AGCGCTCOCG COCGOCGRAT TGCCATGGTT TCCGGGGATS ACGTGGGLGC GCUUGLGGGG

=250 -240 -230 =220 =210 =200 =190
GOGGGGOGEC GAGCGAGGGG GGGGGCGHTG CAGLGGGAC GUAAGCGGGA GCGGGAGGAG CTGGAGAGTC

-180 =170 =160 -150 -140 -130 -120
TGOCAACCCT COCCGGATTG TACTCGOTCT GOTGCOGOMG COGCACGGAG CAGCCTCOOC GOGGGCTCAG

110 -109 50 8 70 50 -50
TGCGECGEGE TCGCAGCCCG TAGCGCCCGG GGCGCTCOCT COGGGGCCGE GEAGCCCAAG ACCCGACTC

-40 -30 =20 -0

GOATAGGAGG CGAGGGCGGE GTCCAGGCG CTCGGUGTGE ACAGOGUAGG ATG

The promoter region is GC-rich and does not contain TATA nor CAAT boxes.
Nucleotide sequence analysis shows two tandem AP2 consensus sequences (boxed)
and five Spl binding sites (underlined). RNase protection experiments indicated
the presence of 11 transcription initiation sites, indicated by arrows. A transfection
study of rat granuiosa cells using different constructs of R IT 3 promoter and mo-
bility shift assay carried out on nuclear extracts of rat brain, ovary and liver showed
that the region induced by cAMP was localized between 394 and 176 nucleotides
of the promoter region. The sequences distal and proximal to this region are in-
volved in the basal gene expression (Kurten et al., 1992). The AP2 binding sites
confers cAMP inducibility. The GC-rich sequences are activated by Spl protein
and may be activated by cAMP (Ahlgren et al.,, 1999). In the mouse, the AP-1
scquence located 1180 bases upstream from the ATG initiation codon has been
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identified. This site may be additionally regutated by cAMP (Singh et al., 1991).
The polyadenylation signals AATAAA were found in the regions: 1508-1513;
1761-1766; 3041-3040; and 3058-3004 nucleotides in the 3’-end of the rat ovary
R II 3 subunit cDNA (Jahnsen et al., 1986).

In the anterior pituitary gland, mRNAs of all known regulatory subunits, R [ o,
RIB, Rl and R ITf and two catalytic subunits, C a and C 3 of protein kinase A
are expressed. The expression of mRNAs of R I 3 and C « subunits is activated by
cAMP. This activation is supposed to be mediated via cAMP induced protein(s)
that are involved in the induction of R II f and C o genes (Garrel et al., 1993),

ACTIVATION AND REGULATION OF PROTEIN KINASE A ACTIVITY

Protein kinase A is activated by cAMP binding to its R subunit followed by
dissociation of the C subunit. Since the protein kinase A complex is composed of
two regulatory and two catalytic subunits and each of them contains two ¢cAMP
binding sites, the activation of onc molecule of the enzyme requires four mole-
cules of cAMP. The kinetic study of cAMP binding to regulatory subunits mutated
in the A or B cAMP-binding sites has shown that the cyclic nucleotide binds first
to site B, causing conformational changes that make site A accessible to cAMP.
The liberation of the catalytic subunit results in uncovering its active center that
had been blocked by an auto-inhibitory region of the regulatory subunit, which has
an amino acid sequence similar to the substrate sequence recognized by catalytic
subunit (McKnight et al., 1988; Taylor et al., 1990).

Protein kinase A anchoring proteins

The activity of protein kinase A is comparimentalized to specific regions of the
cell; compartmentalization is determined by subcellular localization of the regula-
tory subunit. The regulatory R | subunit is found primarily in cytoplasm, while the
regulatory R 11 subunit binds to membrane structures such as plasma membranes,
Golgi complexes, centrosomes, mitotic spindle poles and nuclear proteins (Nigg et
al., 1985; Meinkoth et al., 1990; Podesta et al., 1991; Coghlan ct al., 1994; Faux
and Scott, 1996; Dell’Acqua and Scott, 1997, Colledge and Scott, 1999).

Two types of regulatory R I subunit anchoring proteins are known, microtu-
bule-associated protein 2 (MAP-2) and protein kinase A anchor protein (AKAP).
The MAP-2 (270-300 kDa) copurifies with brain microtubules. It appears as a
projection on the microtubule surface and also has the property of promoting mi-
crotubule assembly in vitro (Vallee, 1980; Majewska, 1995).

Atthe beginning, AKAPs were isolated from bovine (p73) and rat (p1 50) brains
and thereafter from other animal tissues and species. These proteins bind calmo-
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dulin. More than forty regulatory R II o subunit binding bands, ranging in size
from 25 to 300 kDa have been detected electrophoretically in various tissues (Carr
etal., 1992). Several AKAPs have been cloned and well characterized, AKAP-75
from bovine brain (Hirsch et al., 1992), Ht31 from human thyroid (Carr ¢t al.,
1992), AKAP-84 from hepatic cells (Chen ct al., 1997), AKAP-550 from Dro-
sophila melanogaster (Han et al., 1997) and AKAP-95 from rat pituitary GH,C,
cells (Coghlan et al., 1994). The latter AKAP has been shown to be an ubiquitous
nuclear regulatory RII subunit anchoring protein also having a DNA binding do-
main. It has been suggested that AKAP-95 plays a role in promoting the binding of
transcriptional factors to DNA, affecting chromatin structure and activating tran-
scription.

In the regulatory R 1 subunit, the domain binding MAP-2 and AKAPs is loca-
ted within the eighty amino acid N-terminal. Dimerization of the regulatory R IT 3
subunit is required for binding anchoring protein (Hausken et al., 1994; Dell” Acqua
and Scott, 1997). The MAP-2 protein binds the regulatory R 1I subunit at a site
near its N-terminal and, in AKAPs, the R II binding site is located at the C-termi-
nal part of the molecule (Carr et al., 1992; Hirsch et al., 1992; Coghlan et al., 1994;
Chen et al.,, 1997). The regions binding the R 11 subunit in AKAPs and MAP-2 do
not have a conserved primary structure. Studies of the secondary and tertiary struc-
tures of the regulatory R II subunit and its anchering proteimns, and assay of muta-
ted R Il subunit and mutated proteins anchoring the R 11 subunit revealed that
hydrophobic surfaces at the tethering sites of AKAPs and complementary surfaces
on R Il subunit dimers are essential for formation of stable AKAP-protein kinase
A complexes (Hausken et al., 1994, 1996; Li and Rubin, 1995; Newlon et al.,
1997).

Proportions of regulatory and catalytic subunits

The endogenous activity of protein kinase A depends on the proportions of
the regulatory and catalytic subunits and combination of their isoforms. Main-
taining cAMP-dependent control of protein kinase A activity is due to a certain
excess of the regulatory subunit in relation to the catalytic subunit. In an excess
of catalytic subunit, the cell would lose the effect of cAMP on kinase activation
and would have a continuously active protein kinase A, The cell is protected
against an exccss of catalytic subunit via a compensation mechanism of the regu-
Jatory subunit. This mechanism was observed in S49 cells overproducing the
catalytic subunit. In these cells, the level of regulatory R | o subunit increased
exceeding the catalytic subunit level (the level of R Tl subunit remained con-
stant). It has been postulated that this compensation results from an increase in
the stability and rate of translation of regulatory R | o subunit mRNA and stabi-
lization of R | o protein (McKnight et al., 1988; Knutsen et al., 1991). On the
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other hand, the associated holoenzyme is protected against proteolysis. The cata-
lytic subunit dissociated from the regulatory subunit easily undergoes proteolysis
(Hemmings, 1986). Thus, the excess of regulatory over catalytic subunits provides
a threshold for cAMP concentration-dependent protein kinase A activation and
establishes protection of protem kinase A activity.

THE ROLE OF PROTEIN KINASE A IN CELLULAR METABOLISM

Protein kinase A is involved in various cellular processes. Protein synthesis
is affected by protein kinase A at the transcription level. Genes are regulated via
phosphorylation and activation of cAMP response element binding protein
(CREB) interacting with cAMP response element (CRE). The CREB is a 45 kDa
protein which dimerizes after cAMP dependent phosphorylation and binds CRE
located in the promoter regulatory regions of cAMP-activated genes (Montminy
and Bilezikijan, 1987; Gonzalez et al., 1989). It recruits basal transcriptional
factors TFHIB, TFIID, TATA-box binding protein (TBP) to the promoter (Ferreri
et al,, 1994; Kwok et al., 1994; Parker et al., 1996; Nakajima et al., 1997a}).
Phosphorylated CREB dimerizes by a leucine zipper structure, forming a ho-
modimer, or, if it dimerizes with another transcriptional factor, a heterodimer is
formed. Phosphorylation and activation of CREB promote binding a large
265 kDa protein, CREB binding protein (CBP). The CBP binds histone acetyl-
transferase and itseif possesses intrinsic histone acetyltransferase and helicase
activity (Banmister and Kouzarides, 1996; Nakajima et al., 1997b). This com-
plex recruits RNA polymerase Il to the promoter and activates transcription (Fer-
reri ctal,, 1994; Kwok et al,, 1994; Liang and Hai, 1997; Nakajima et al., 1997a,b).
It is suggested that CRE is also activated by the R 1I P regulatory subunit of
protein kinase A (Srivastava et al,, 1998). Another cAMP-regulated element is
the AP-2 sequence (CCCCAGGC consensus) activated by AP-2 protein (John-
son et al., 1997, Wang et al., 1997).

Protein kinase A is involved in the synthesis and release of hormones (Roesler
et al., 1988; Counis, 1990; Kato et al., 1992; Puttagunta et al., 1992; Inukat et al.,
1993; Counis et al., 1993; Stadek and Gallagher, 1993; Jacob and Stanley, 1994;
Johnson et al., 1997; Spiro and McMurray, 1997; Klemm et al., 1998), synthesis of
adrenergic receptors (Thomas et al., 1992; Razik et al.,, 1997), enzymes synthesi-
zing neurotransmitters (Nagamoto-Combs et al., 1997; Swanson et al., 1997) and
melanin (Bertollotto et al., 1998}, ferritin (Bevilacqua et al., 1997), it participates
in the activation of the immediate-response genes (Ramirez et al., 1997}, and the
expression of interteukine-2 gene in T-lymphocytes (Butscher et al., 1998).

Recently, a role for protein kinase A in cell cycle regulation has been repor-
ted. Protein kinase A functions as a positive regulator of the cycline A gene
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promoter. Cycline A associates with cycline-dependent protein kinascs {cdks)
during phases of the cell cycle and is required for DNA replication in the S phase
(Desdouets et al., 1995). Protein kinase A-dependent phosphorylation interferes
with the tyrosine kinase phosphorylation of growth receptors and Ras-stimulat-
ed activation of Raf-1 kinase, resulting in the inhibition of MAP kinase and
alteration of cell proliferation (Giasson et al., 1997; York et al., 1998). Protein
kinase A downregulates oncoprotein Op 18 (metablastin or stathmin), the pro-
tein destabilizing microtubules, which diminishes oncoprotein activity (Gradin
et al., 1998). Furthermore, protein kinase A is involved in the arrest of virus
multiplication and cell transformation by induction of p27 and p21, proteins that
inhibit viral promoter activation and tumor development (Chinery et al., 1997;
Deleu et al., 1998). Protein kinase A phosphorylates cytoplasmic and membrane
protein substrates that influence the movement of proteins in the cytoplasm and
ion channel permeability, and is involved in the secretion processes (Vallee, 1980;
Carr ot al., 1992; Hirsch et al., 1992; Kurashima et al., 1997).

Changes in the phosphorylation of key enzymes of metabolic pathways affect
basal cellular metabolism leading to intensification of catabolic processes (Co-
hen and Hardie, 1991, Jakubowicz and Gasior, 1993). Phosphorylation of glyco-
gen phosphorylase activates the enzyme, while phosphorylation of glycogen syn-
thase inhibits it, leading to a decrease in glycogen synthesis. The phosphoryla-
tion of acetyl CoA carboxylase and 3-hydroxy-3-methyl-glutamyl CoA reduct-
ase diminishes the synthesis of fatty acids and cholesterol, respectively (Cohen
and Hardie, 1991; Mounier et al., 1997). Increased phosphorylation of these en-
zymes is not associated with their direct enzymatic phosphorylation, but is a
consequence of the inhibition of the activity of phosphoprotein phosphatases by
cAMP-dependent phosphorylation (Cohen and Hardie, 1991). The activity of
proteases is regulated by protein kinase A through phosphorylation and activa-
tion of calpastatin, a protease inhibitor, and cAMP-dependent activation of the
calpastatin gene (Salamino et al., 1994; Cong et al., 1998).

CONCLUSIONS

Protein kinasc A mediates the regulation of a great variety of cAMP-dependent
processes. The enzyme is involved in growth and development, cell proliferation
and basal cellular metabolism. Protein kinase A regulates transcription factors by
direct phosphorylation or by stimulation of its synthesis or synthesis of proteins
aclivating the expression of transcription factors, influences the activity of
cycline-dependent protein kinases by activating cycline A and cdk inhibitor genes,
phosphorylates proteins that are involved in microtubule formation, and atfects
the activity of mitogen-activated protein kinase,
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Protein kinase A occurs as several isoenzymes due to the presence of diverse
isoforms of its subunits. The isoenzymes of protein kinase A differ in the sub-
strate specificity and activity. The expression of protein kinase A subunits is
tissue- and hormone-specific. The tissue specificity of protein kinase A isoforms
and compartmentalization in the cell, which determine access to cAMP and sub-
strate, is the reason why protein kinase A may be involved in many cellular
processes and its activation leads to various cellular responses to stimulation
mediated by cAMP .
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STRESZCZENIE
Kinaza bialkowa A. Struktura i aktywnos¢

W artykule przedstawione najnowsze wyniki badan dotyczace roli kinazy biatkowej A (kinazy
biatkowej zaleznej od cAMUP®) w ekspresji gendw 1 agolne informacje dotyczace struktury, syntezy
i aktywnos$ci kinazy biatkowej A, Kinaza biatkowa A jest tetramerycznym biatkiem, ztozonym z
dwu podjednostek regulacyjnych 1 dwu podjednosick katalitycznych, Aktywowanie kinazy biatko-
wej A nastgpuje przez zwiazanic cAMP z podjednostka regulacyjng i uwolnicnie aktywnej podjed-
nostki katalitycznej. Cykliczny AMP jest syntetyzowany przez cyklaze adenylanowa, aktywowang
przez stymulacje dochodzacg z poza komorki. Znane sa dwa typy kinazy bialkowej A, typ Lityp II,
roznigce sie podjednostkami regulacyjnymi R 11 R 1, z ktorych kazda wystepuje w dwu izofor-
mach, R oo i R 18boraz R Il oui R 11B. Podjednostka katalityczna wystepuje w trzech wariantach,
C o, CBiCy. Istnieja trzy izoformy podjednostki C B: C Bl, C B2 i C B3. Podjednostki R | «,
R H i C « wystgpujg we wszystkich tkankach, natomiast podjednostki R I, RIUB, CPRiCy
sa syntetyzowane tylko w tkankach endokrynnej, neurcendokrynej, nerwowej i krwiotworczej.
Aktywnosé kinazy biatkowej A zalezy od rozmieszczenia enzymu w komorce, co ckrela dostep
do cAMP i substratu, a takZe od proporcji podjednostek regulacyjnych i katalityczaych. Kinaza
biatkowa A Il jest zwiazana ze strukturami komorkowymi przez podjednostke regulacyjna R I,
ktéra wigze sig z biatkami zakotwiczajgcymi (AKAP) lub z biatkami powigzanymi z mikrotubula-
mi {(MAP-2). Kinaza biatkowa A I jest rozpuszczona w cytosolu komarkowym Geny podjednastek
kinazy bialkowej A posiadajg w czgsci promotorowej sekwencie aktywowane przez cAMP, miej-
sca wiazace bialko Sp 1, sa pozbawione sekwencji TATA i sekwencji CAAT i posiadaja wiele
micjsc poczatku transkrypeji. Kinaza bialkowa A wplywa na ekspresjg bialck poprzez regulowanie
aktywnoscei i syntezy czynnikow transkrypeji, cykliny A, inhibitoréw kinaz biatkowych zaleznych
od cyklin, fosforylacje bialek zwiazanych z mikrotubulami. Kinaza biatkowa A ma wptyw na pod-
stawowy mctabolizm komérkowy poprzez fosforylacje innych kinaz biatkowych, fosforylaz,
fosfataz bialkowych, inhibitordw proteaz i repulowanie ich syntezy. Kinaza biatkowa A wplywana
synteze i sekrecje hormonow. Rozmieszszenie kinazy bialkowej A w roznych przedzialach komaor-
kowych, okreslajace dostep enzymu do cAMP 1 subsiratu, obecnos¢ réznych form izoenzymaty
cznych o rdznej aktywnosci i specyficznosci substratowe] decyduje o réznerodnosci efektow kina-
zy biatkowej A w odpowiedzi na hormonalne stymulacje.



