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ABSTRACT
Cy-AND Ca-SUBUNITS PROVIDE THE SPECIFICITY FOR PKA/cAMP FUNCTION
Wei Qing Zhang
Eastern Virginia Medical School and Old Dominion University, 1997
Advisor: Dr. Stephen J. Beebe

The Ca and Cy subunits of the cAMP-dependent protein kinase (PKA) are two highly
homologous (83% amino acid identity), yet functionally distinct isozymes in vitro for substrate and
pseudosubstrate specificity, and in intact cells for cell phenotypes (Beebe, 1992).

To determine the molecular mechanisms underlying the distinct functions in cell
phenotypes, in vitro experiments were designed to make a detailed comparison of Cy and Ca for
substrate and pseudosubstrate specificity. To this end, Cy and Ca were expressed in mammalian
cells, bacteria and Sf9 insect cells using baculovirus. Abundant expression of active enzyme was
cell system specific. Cy and Ca expressed in Sf9 cells and bacteria, respectively, were purified to
homogeneity. Kinetic analysis showed that Cy and Co shared primary substrate phosphorylation
specificity. Cy exhibited similar or lower Km values, but lower Vmax values in substrate
phosphorylation than Ca. Different isoforms of PKI and R-subunit expressed in bacteria were
purified to homogeneity. The kinetic comparison on these pseudosubstrate-inhibition of
phosphotransferase activity showed Cy was insensitive to PKI-inhibition and required the C-
terminal residues in the pseudosubstrate site for Rla-inhibition. In vitro data suggested that Cy had
unique substrate and pseudosubstrate specificity. Intact cell experiments were designed to
determine the distinct role of Cy and Ca in the regulation of cAMP-responsive gene expression. To
this end, Cy and Ca were compared in the regulation of CRE(cAMP responsive elements)-reporter
gene activity, and in the events which were associated with CRE-reporter gene expression using

HEK?293 cells and Y1/Kin8 clones permanently transfected with Cy- and Cat-subunits. In response
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to cAMP stimulation, both Cy and Ca migrated to the nucleus, phosphorylated CREB (cAMP
responsive element binding protein) and increased the levels of immunoreactive CREB.
Phosphorylated CREB in the nuclear extracts of Cy and Ca. clones bound to a CRE element in
super gel mobility shift assay. Surprisingly, Ca., but not Cy induced CRE-reporter gene activity
and only Ca clone restored steroidogenesis to cCAMP resistant Kin8 mutant. However, Cy could
both positively and negatively modulate Ca-mediated regulation of reporter gene activity. Results
from Gal4-luc/Gal4-CREB reporter gene study showed that CRE and CREB dimerization were not
necessary for Cy to modulate the Ca-mediated regulation of CRE-reporter gene activity,
suggesting that Cy and Ca played different roles in the regulation of cAMP-responsive gene
activity by an intra-CREB-molecular mechanism.

The presence of two kinetically and functionally distinct C-subunit isoforms provides the
potential to fine-tune and /or to diversify cAMP signal transduction downstream of PKA
activation, which is mediated by R-subunits and PKI, and/ or activation of C-isoforms with

different specificity.
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CHAPTERI
INTRDUCTION

A. Background and Significance of Research

1.Protein kinase and phosphorylation coordinate cell function: Protein phosphorylation is one of
the most highly conserved and successful mechanisms to evolve for the regulation of cell function
in multicellular organisms ( Hunter et al., 1995). Many critical proteins and enzymes are regulated
by reversible covalent modification with the addition of a phosphate. The protein kinase family that
catalyzes these reactions is becoming bigger in number and more diverse in functions. The
functional regulation by phosphorylation in the eukaryotic cells is initiated by extracellular signals
that generate intracellular second messengers (cAMP, cGMP, Ca™, phospholipids and others ),
which activate downstream protein kinases. There are two major classes of kinase: those showing
specificity for serine/threonine, and those that transfer phosphate to tyrosine. Many mutant
oncogenic proteins are protein kinases and have been demonstrated to disturb normal signaling
pathways, which serves as a important molecular mechanism accounting for the origin of some
tumors. Many multiple-substrate protein kinases play an integral role in signal transductions
(Walsh et al., 1994). Of these, cAMP-dependent protein kinase is a prototypic model.

2.The cAMP-dependent protein kinase (PKA) is the prototype and best characterized kinase in
eukaryotic cells: PKA is composed of a regulatory (R) subunit dimer and two monomeric catalytic
subunits (Beebe et al., 1986, and Talor et al., 1989). The R-subunit family consists of four distinct
gene products (Rle, RIB, Rile, and RIIB) and the C-subunit family consists of 3 distinct gene
products (Ca, CB, and Cy ) (Beebe, 1994). In the absence of cAMP, the C-subunit is bound as an
inactive kinase to R-subunit, which functions in part as a pseudosubstrate, inhibitor and regulator
of kinase activity. Each R-subunit of PKA contains the sequence Arg-Arg-Gly-Ala-Ile, which

matches the consensus sequence for phosphorylation except for the presence of alanine in place of
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serine. In the R;C; complex, this pseudosubstrate of R occupies the catalytic site of C. thereby
preventing the entry of proteins substrates. In the presence of cAMP. which binds :n rwe disunct
sites on R-subunit, C-subunit is released as a free. active phosphotransferase, which phosphor iate
protein substrates and mediates all of the well defined actions of cAMP (Figure 1) A PKA R-
subunit model for cAMP binding was first derived by analogy to the crystal structure of the
catabolic activator protein (CAP) from bactena (Beebe et al., 1986) and more recently from the
crystal structure of an RIa-subunit amino terminal deletion mutant (Su et al., 1995)

PKA, the second protein kinase to be purified and charactenzed. 1s one of the simplest members
of kinase family owing to its well defined simple structure and mechamism of acuvation The
crystal structure of the catalytic subunits of PKA (Ca). complexed with ATP and 20-residue
inhibitor (PKl;.24), 1s reviewed and correlated with chemucal and mutagenetic data (Tavlor et al
1993). The crystal structure of the C-subunit serves as a prototype for all kinases. and shows a
striking convergence of protein kinase structure with biochemistry and genetics (Kmughton et al .
1991). The well-defined molecular mechanism for the catalvsis by the PKA Ca-subunut senves as
general template for the entire famuly of the enzymes
3.The C-subunit serves as a model for all phosphotransferases and mediates all of the well
characterized actions of cAMP PKA - All kinases share a hughlv conserved catalvuc core. which 1s
based on sequence comparisons and the C-subunit structure resolved from X-ray crystallography
The C-subunit is considered as a model for all eukarvotic protein kinases The C-subumt ts
composed of two lobes, and catalysis occurs in the cleft between these lobes (Zheng et al . 1993)
The smaller lobe (residues 40-125) functions to bind ATP/Mg"™ for phosphate transfer and the
larger lobe (residues 140-280) funcuons to bind the substrate, to position the phosphate of ATP for
transfer, and to promote catalysis. C-subunit catalyzes the transfer of y-phosphate of ATP to

substratc by an ordered bi-bi mechanism in which ATP binds first (Whitehouse et al . 1983)
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However, Kong's reporter (Kong and Cook. 1988) indicated that substrate phosphorvlanion by
PKA followed the sequential random mechamism. No defimitive conclusion has been made vet The
terminal anhvdride bond is then proposed to undergo a conformational change. induced either as a
consequence of ATP binding per se or by the subsequent binding of protein substrate Catalysis
then ensues. leading to the sequential release of phospho-substrate and ADP (Figure 2)

The resolved catalvtic structure of C-subunit has broad significance because residues $0-280
constitute a conserved catalvtic core that is shared by more than a hundred different protemn
kinases. Most of the highly conserved residues among protein kinases are clustered near the
surfaces of the cleft between the small lobe and large lobe These include all 11 residues that are
conserved in the protein kinase familv. Two extended chain structures outside of the loop domains
are important for substrate. R-subunit and inhibitor recogrution (Brushua et al . 1993, Kmghton <t
al.. 1991). These chains have been shown to mediate substrate recogmtion Cv and Ca ditfer
several regions of these chains. which mayv explain differences in observed 1soform-specificin for
substrates. R-subunits and inhibitors. The C-subunt of PKA regulates 2 wide range of furctions
including energy metabolism. gene expression. proliferation. and differentiation. as well as tmmune
and reproductive functions in selected cell types (see Beebe. 1994 for review)

Two natural. highlv homologous. but funcuonally disunct 1sozymes. Cv and Ca. provide a
focused structural map to correlate structural and functional differences (Beebe. 1992 and 1994)
Chemical modification and site directed mutagenesis studies have generally supported C-subunt
model denived from crystal studies. but additional studies about the molecular basis for the
structural and functional differences between the C7 and Ca 1s necessary Companson of these two
natural vanants will provide good models to further develop our understanding of protein kinasc

function in cAMP-mediated signal transductions
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+.The Structural Disnnction Of cAMP-Response Between the Prokarvote and Eukaryote: Chciic
AMP (cAMP) has been known as an wmportant second message for the regulation of czii
proliferation and differentiation in all living cells. However. cAMP uses different mediaters to
regulate cell function in prokarvouc and eukarvouc cells. The earliest defined role for cAMP was
in bactena for the regulation of gene expression controlling carbohydrate metabolism (Krebs ¢t al .
1979 Beebe and Corbin. 1988 for a review). In bactena. cAMP regulates gene expression by
binding with a protein called the catabolic acuvator protein (CAP) (Crombrugghe ct al . [984)
CAP has two kinds of binding sites. one for binding cAMP and the other for binding DNA cAMP
binding induces a conformation changes in CAP and makes CAP bind specific DNA regions which
serve as promoter elements in a cAMP-responsive genes. So cAMP directly regulates transcription
bv binding CAP. However. in eukarvotes. there 1s not a single mediator protewn hike CAP for the
regulation of cAMP-responsive gene expression The function of CAP 1s shared by at least threx
protewns. These include that 1) PKA regulatorv-subumit. which exhibits highly conserned cAMP
binding sites for cAMP binding: 2) Nuclear trans-actuivating transcniption factors. which belengs to
CREB/ ATF-1 family (Gonzalez et al . 1989) CREB/ATF members have DNA binding domauns
that recogruze and bind cAMP-responsive elements (CRE) as promoter for cAMP-responsive gene
expression. 3) and PKA catalvtic subunits. which phosphorviate and regulate regulaton ¢ennvmes
and trans-activating transcription factors, but does not have a prokanouc countzrpan
Consequently. in eukarvotes. cAMP causes a conformational change in the R-subunut to dissaciate
R-subunit from C-suburut. The C-subunit does not have 2 DNA binding domain. but C-subumut can
regulate gene expression by phosphorviaung trans-activaung transcnpueon factors  These
phosphorylated transcnpuon factors via C-subunit phosphonvlation can recruit other transcnpticn
cofactors to CRE site. then together activate CRE-containing gene expression The advantages for
the presence of multiple components in cAMP response in eukan ouc cells are considered as a way

to provide more versatile and flexible control for the regulation of gene expression in response to
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the cAMP stimulation. Actually. this multuple-step control has evolved for the highly differentiated
and sophisticated functions of the eukarvouc cell (Miller et al.. 1993)

5.PKA 15 well defined intracellular mediator or cAMP acnion in regulanon of eukarvonic gene
expression: AMP is an ubiquitous intracellular second messenger whose functions in eukan otes 1s
mediated by the activation of cAMP-dependent protein kinase (PKA). Once activated by cAMP.
PKA performs diversified functions in the cell by phosphorylating a wide vanetv of substrate
proteins as a response to cAMP sumulanon. C-subumits were first recogmzed for the
phosphorvlation of enzymes that regulate carbohydrate and lipid metabolism (Krebs and Beavo.
1979: Beebe and Corbin. 1986 ). We now know that Ca-subumits can translocate to the nucleus
after the release of regulatory R-subumit. and activate trans-activaung transcription factors (Nigg
et al..1985). One of the best charactenzed proteins which 1s involved in cAMP-responsive gene
transcrnption and activated by C-subunit phosphony lation 1s the cAMP-respoasive clement binding
protein (CREB) (Montmuny et al.. 1987, Hoffer et al .1988) CREB 1s a 43 kDa moncmenc
proten that binds as a dimer to an consensus-palindromuc 8-nucleotide sequence (5 -TGACGTCA-
37) termed as cAMP-responsive clement (CRE). The CRE eclement 1s found in the 3 promoter
regions of cAMP-responsive genes (Comb et al.. 1986. Montmuny et al . 1986). and sumuiates
CRE-containing gene transcnipion. CREB 1s one member of a large famuly of transcnipucn factors
that exhibit basic region/leucine zipper motifs. which are involved n dimenzaton and binding-
efficiency to CRE~<lements in the promoter region of CRE-containing genes (Gonzalez et al .
1989). The funcuons of these trans-acuvating factors in ATF-1'CREB famuly are regulated by
protein phosphorylation. which modulate their nuclear transport or DNA-binding atfimty (Hunter
et al.. 1992) These trans-acuvating factors can form homodimers or interact with other
transcription factor members to form heterodimers with thewr C-termmnal zinc-finger mouf after
their phosphorylation (Waeber et al. 1991) Although dimers of transcnption factors can

efficiently bind CRE clements consensus sequences (Foulkes et al . 1991a). they sull cannot
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activate downstream gene expression. Other proteins termed as co-transcnpuon factors. are
necessary to stimulate CRE-containing gene expression by interacting with phospho-CREB dimers
So far, clearly defined co-factors include CREB binding protein (CBP) and p300 (adenoviral E1A-
associated cellular protein) (Hoffler et al.. 1988. Lundblad et al.. 1995) Upon elevauon of
intracellular cAMP. CREB is phosphorylated by PKA at single phospho-acceptor site. Ser-133
This phosphorylation event is believed to bring about a conformational changes in CREB. but
recent reports indicate that CREB phosphorviation by C-subunits does not induce the changss in
global conformational and CRE-binding affimty in CREB (Richards et al.. 1996) Althcugh
unphosphorviated-CREB still can bind to CRE sequence. onlv phospho-CRE can bind with
phosopho-CBP (Chnivia et al.. 1993). After the formation of phospho-tnmer CREB-CBP. RN A
polyvmerase II can be recruited to CRE promoter site to mitiate CRE-containng gene expressien
(Lee et al.. 1990: Brindle et al.. 1993) Therefore. PKA phosphorvianion and acuvation of CREB
occurs by the production of its specific. complementary interacuons with these co-factors (Figure
3) (Richards et al.. 1996)

There are several levels to manipulate the regulation of CRE-contaiming gene transcnpuon The
ratio of heterodimers and homodimers among the same transcniption factor family members will
affect the transcniption efficiency of CRE-contaiming genes The phospho-CREB homodimer
enhances the CRE-contaiming gene expression (Gozalez et al. 1991). but the heterodimers of
CREB and CREM. termed as cAMP responsive element modulator. and homodimer of CREM
inhibit CRE-containing gene expression (Folkes et al.. 1991) CREM protewn 1s lughly homolegous
to CREB 1n sequence and in the efficiency and speaificiny for CRE-binding. but in contrast to
CREB. CREM acts as a down-regulator of cAMP-responsive gene expression (Fulkes ot al [[s0])
These trans-acuvating factors act as competitive antagomsts by physicalls occupying CRE binding

site. but not inducing transcnption
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CRE-containing gene expression is also manipulated by vanations in CRE sequence in different
CRE-containing genes. which determines the presence of cell- or ussue-specific cAMP responses
via distinct binding specificity to certain activated trans-activating factors Consequently. the
binding efficiency of these factors to respective CRE sequence 1s modulated by nucleoudes
flanking the CRE (Liu et al.. 1991). There are some cAMP-responsive genes which do not use
CRE as promoter. Here cAMP-responsive gene expression is regulated by cAMP-receptor protein
in the cviosol. Most of these genes are involved in the generation of steroids hormones The 2xact
molecular mechanism for the regulation of these non-CRE cAMP-responsive gene expressicn s
unclear.

Another way to diversify the regulation for cAMP-responsive gene expression includes muitiple
phosphorylation of CREB/ATF transcnption members and or other co-tactors It 1s well known
that phosphoryvlation of CREB at Ser133 by PKA 1s major requirement for cAMP-responsive zene
transcription, but the PKA phosphorviauon of CREB on unique Ser-133 1s not sutficient to fuily
acuvate CREB (Lee et al.. 1990). Addituonal phosphorvlation in three other Senne sites are
necessary to induce full simulation of CRE-containing gene transcnpuon (Foul et al . 1994y [ s
now recognized that the phosphonvlation of the first site appears to provide a signal fer the
phosphorvlation of the second one. and both are required for full acuvity (Roach. 19911 Our
preliminary data suggests that the differences between C+ and Ca-subunit for the regulation of
CRE-reporter gene activity may be mediated by a disunct C+ phosphorylauon n CREB. CBP or
other co-transcription factors. It 1s also possible that C+ modifies the other kinases-mediated
phosphorylation of these transcnpuon factors Therefore. the regulation of cAMP-responsive zene
expression becomes much more complicated than onginally thought These muluple controls :n the
actuvation of cAMP-mediated gene expression provide a molecular basis for the cell to manipuiate

its response to cAMP-sumulation in particular conditions As a major mediator for cAMP-
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regulated function in the cell. PKA plays important role in gene expression via phosphorylation of
ATF/CREB trans-acuvating factor and thetr cofactors

Based all information about cAMP-responsive gene transcription. it 1s clear that thers are
multiple steps to manipulate cAMP response in the cell. and PKA plays a key role in the regulation
of this pathway. Previous results show that unlike Ca. stable Cy-transfection could not restore the
steroidogenesis which was mediated by cAMP-responsive gene expression in Kin8.Y 1 cells (Beebe
et al.. 1992). This observation implies that different C-subunit 1sozymes may play different roles in
the regulation of cAMP-responsive gene expression by their different substrate andor
pseudosubstrate specificity. or distinct cellular localizaton.
6.PKA 1soforms provide specificity to cAMP funcnon. AMP regulates vanous kinds of czll
functions. but different cells respond to the cAMP-stimulation differently This implies that cAMP
function will be diversified in the cell under certain conditions [t has been known for vears that
PKA mediates cAMP-responsive function. An array of PKA 1sozymes are expressed in mammaiian
ussue: genes encoding three C-subunits and four R-subunit 1soforms have been idenufied (Beebe.
1994). The iniual classification of PKAs depended on differences in the R-subumts and most
attention to PKA isoform specificity has focused on them (see Becbe. 1994 for a review) The
presence of multiple 1soforms of PKA-subunits provides another potenual for functional diversit

The RI- and RII- subunit 1soforms. which determune tvpe [ and [I PKA. differ in molecular
weight, amino acid sequence. phosphorylation state as well as tissue and subcelluar distnbution
The Rlla- and RIIB-subunits were best charactenzed for their interaction with A kinase anchonng
proteins (AKAPs). providing a mechanmism for PKA subcellular localization and funcuenai
specificity (Scott et al.. 1992). The RI-subumit 1soforms were reported to be selectively localized in

some cell types. but the mechamism for localization was different from the mechamsms tor the RII-
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subunits and had not been not clearly defined (Coghlan et al.. 1993) All these differsnces
mediated PKA 1soform-specific function

It was known that different hormones activate specific PKA subtypes. For example. type-I PKA
was preferentially activated by glucagon in hepatocytes and by corticotrophin releasing factor.
isoproterenol and forskolin in pituitary derived at T-20 cells (Byus et al.. 1979 ) In contrast. tvpe-
IT was activated by human gonadotrophic hormone in ovanan follicles Recently. tvpe-I PKA. but
not type [I, was associated with T cell acuvation and inhibition (Laxmunarayana. 1993, Skalhezg et
al.. 1992 ). Although these observations wndicate the different R-subunit provide the speaificinn for
PKA funcuon. this also may be explained simplv by differential localizanon of PKA and
compartmentalization of cAMP elevation (Coghlan et al..1993) PKA 1s a multufunctional enryme
with a broad substrate specificity. Subcelluar localization may provide an important mechanism to
diversifv PKA functions. Thus thesis predicates that the presence of muluple C-subunit 1sommes
also contributes to the specificity of cAMP-response by the preferenual phosphonlauon of
substrate by kinases with different substrate specificity Recent accumulated evidence (Beebe ct
al..1992 and 1994 ) demonstrates that the C-subunuts provide the specificity for the funcuicn of
PKA in cAMP-response just like R-subunit.
7.Cy may have distinct specificity for substrate and pseudosubstrate in vitro. and J:<erent
Sunctions for Y1 Kin8 cell phenonypes: Unul molecular cloning became available. C-suburut was
thought to be common to all holoenzymes (Krebs and Beavo. 1979, Beebe and Corbin. 1985) The
human Ca and CP isoforms, which share 92% identity at the amuno acid level. are functionalis
identical (Beebe et al.. 1990). but Cv exhibits functional differences (Beebe et al | 1992 and 1994)
Cv shares 82% and 79% idenuty with Ca and CP. respectivelv In spite of hugh degree of dentity .
the differences between Cv  and Ca have profound effects on C-subumit substrarz and

pseudosubstrate specificity in virro and function 1n wntact cells Cv differs from Ca in us
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interactions with substrates. inhubitors. and R-subumits. and onc or more of these differences 1s
responsible for the Cy- and Ca-specific phenotyvpes in Y 1/Kin8 cells (Beebe et al . 1992) This
suggests that the C-subunit is not necessanly common n all PKA holoenzymes and that the C-
subunit may provide specificity for PKA function in cell physiology (Beebe. 1994)

Several observations suggest that Cv and Ca exhibit different characters. or that C has some
unique features. Firstlv, 17 virro study showed that Cv phosphorviated the histone protein substrate
better than Kemptide which has been believed as a specific substrate for PKA ( Krebs et al . 1972)

Secondly, Cv kinase acuvity is not sensitive to PKI-inhubiion. which is one of the umque features

of Cv, because the PKI has served as PKA specific inhubitor for long ume (Walsh, 1970) A thuird
observation indicated that the expression of Cv and Ca in the cAMP-resistant Y1 Kin8 mutant
adrenal cells resulted in distinct cell phenotvpes The Y1 adrenal mutant cell. Kin8. was chesen as
an n wntact cell model to compare the functions of C7 and Ca. because this Y1 Kin8 mutant cell
contains an RI subunit mutant and is defective in cAMP-mediated responses (Rae et al . 1979)
This provided an opportunity to transfect Cy and Ca to bypass the mutant and compare C- and
Ca-expression on cell phenotype. The data ( Table 1) was referred from Beebe (1992)
The table 1 shows that Cv and Ca differenually restore cAMP-dependent phenotypes to the cells
Both 1sozymes restored cAMP-mediated morphology changes and growth inhibition. but in contrast
to Ca, Cy expression did not restore steroidogenests. which 1s dependent on cAMP-responsive genc
expression. This result suggested that Cv had a different function in the regulation of steroid gene
expression from that of Ca

Previous results suggested that Cv and Ca had different R-subunit specificin Cv. but net Ca.
restored type [I PKA holoenzyme in Kin8 clone Cv always was associated with R-subunuts as
holoenzyme 1n Cv clone. but free Ca was present in Ca clone A higher cAMP concentration was

required to dissociate Cv-Type-I holoenzyme than Ca-tvpe [ holoenzyme i1 virro These results

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—
(P )

Table 1 cAMP-PKA-Mediated Phenotvpes in Y 1/Kin8

Clone Steroidogenesis Rounding Proliferation Rate
Y1 + + o+ + + - - - - -
Kin8 - - - - - -
Cr 7 + - + - - - -
Ca 2 -+ -+ - - - -

For brevity, phenotypes are presented as relative responses to sumulation of Y 1.Kin8 clones with 300 .\
cAMP for 18 hours. Total steroids were quantified (after methylene chlonde extracuon of cell culture
media) by fluorescence at 530 nm using an excitauon wavelength of 470 nm. 20 x-hydroxyprogesterone
was used as standard. Rounding was scored by visual observation and proliferation determined by ceil

counts and /or *H-thymidine incorporation

suggested that C-subunit 1sozyme had distinct specificity in the interaction with R-subunit (Bezbe
etal.. 1997). All these observauons provide a mouve and justificauon for this dissertation research
to compare C7 and Ca 1sozyvmes 17 vitro and 1n intact cell models

Structure-function studies of PKA have supplied cnucal understanding to the biochermustn and
physiology of PKA. but there are sull some unknown answers to very important questions 1) What
structural feature at the pnmary phosphorvlation site of substrate and pscudosubstrate determines
C+ and Ca specificities ? 2) Do Cv and Ca differ kinetically for the phosphor lation of substrate °
3) Is 1t possible to correlate Cv and Ca specificity for R-subunit in virro and i intact cells® 4)
Does Cy-mediated differential regulation of CRE-reporter gene actuviny account for the absence of
steroidogenesis in Cy/Kun8 clone (Table 1) 5) Do differences between Cv and Ca from parualls

punified preparations cowmncide with those differences of Cv and Ca from hemogencous
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preparations? 6) What are the full contents for the distinct function of C-subunit 1sozvmes” Trese

results will enhance our understanding of mechanisms for the specificity of mulusubstratz kinase

B. Rationale of Research

C+ has been shown to differ from Ca in vitro for substrate and pseudosubstrate specificity. and n
intact cells for different phenotypes and regulation of cAMP-responsive gene expression It has
been well known that various protein kinases perform their distunct cell funcuons through unique
substrate phosphorviation. The observed distinctions between Cv and Ca are most likelv mediated
by differences in the substrate specificity and/or various pseudosubstrates To determune the
molecular mechanism that accounts for distinction of C~ and Ca in cell phenotypes and preeabis
in the regulation of gene expression. [ took the fcllowing expenmental approaches |) makz a
detailed companson of homogeneous C~ and Ca for their substrate and pseudosubstrate specitein
in \irro. 1) create an intact cell model for direct companson of C+ and Ca funcucn = the
regulation of cAMP-responsive CRE-reporter gene acuvity: 3) charactenzz nuclear funcuens for
C+ and Ca in Kin8 cells that permanently express each C-subumt isozyme In summar.. majer
rauonality to carry out thus dissertation research was to search for molecular explanances for the

distincuon of C+ and Ca in cell function.

C. Research Hypothesis

All previousiy accumulated findings clearly demonstrated that Cv has disunct speciicn on
substrate and pseudosubstrate and 1s distinct in the restoration of cell phenotype and the reguiatcn
of gene expression (Table 1).

It was hypothesized that Cv and Ca play distinct cell functions by umque substrats

pseudosubstrate specificity. and both R-suburut and C-suburut 1sozymes provide the spec:fic:n for
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the diversified funcuon of cAMP/PKA. Thus 1s a completely new 1dea. which may senve as a new
model to study how isozyvmes of one kinase provide diversified function for signal transductions

To support this hypothesis. 1t was first important to confirm the presence of substrate and
pseudosubstrate specificity. To this end. homogencous preparations of both C-subunt were utilized
to make a fully detailed comparnison of both 1sozymes 17 vitro. This serves as basic evidence to
explain their distinct functions 1n cell phenotvpe.

It is also important to search for possible molecular mechamism (s) underlving the disunct role
of Cv and Ca in the regulation cAMP-responsive gene expression using an transient and permanent
transfection in intact cell models This provides evidence to show how differently C+ and Ca

regulate cAMP-responsive gene acuvity and nuclear events in intact cells

D. Specific Aims of Research

[.Provide pure recombinant enzymes for in vitro charactenization for subdstrare ond
pseudosubstrate specificity: Cv and Ca have been expressed in mammabian adrenal Y1 mutant
cells (cAMP resistant Kin-8 cell) by permanent transfection with Cv and Ca ¢DNA ( Begbe 2t ai .
1992) The charactenzation of these clones provided a valuable intact cell model. because the
mouse methallothinein promoter (pMT) has the advantage that C-subunit expression can be
regulated by Zinc. But 1t 1s not practical to obtain sufficient amounts of homogenous recomtmnant
protemns from this mammalian expression system for i vitro charactenzation. because pMT does
not contain a strong expressing promoter compared with T4 in bactenal pET or baculovirus poln
(polyhedron) promoter There 1s also an inherent declined-tolerance to the accumulaticn of
recombinant proteins 1n mammahan cells due to feedback and compensaton mechamisms that
mawntain mammahan cell nomal funcuon The expenments proposed in this specific aim will

provide a way to create sufficient quantities of native recombinant PKA C-subunit 1sonvmes for i
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vitro characterization by the expression of both i1sozvmes in heterologous systems using bactzna
and using Sf9 insect cell-baculovirus system.

2. Characterize native recombinant C-isozymes for substrate and pseudosubsirate speciric:r

The recombinant PKA C-subunit proteins from mammalian cell exhibited differences 1n substrate
and pseudosubstrate specificities. However, these studies were not conducted with homogeneous
enzyme preparations. and kinetic analvses on these specificites have not been camed out due to
the absence of purified C-subunits The studies in this specific aim will provide kinetic companson
on the substrates and pseudosubstrate specificity for punfied Cv and Ca for the first ume Thus
information will serve as a fundamental evidence to confirm previous data and correlate the results
in virro studies with the phenomenon observed in intact cell studies

3.Search for molecular mechanism(s) which underlay the disnnct role of Cy and Ca irn tae
regulanion of cAMP-responsive gene expression Although the previous observation showed that
unlike Ca. Cv could not restore the cAMP-responsive gene expression for steroidogenesis. 1t 1s
unclear whether this really implied that Cv plaved different roles in the regulation of cAMP-
responsive genes expression or whether this distinction 1s umversal or particular to thus ceil hine
What molecular mechanisms underlay this kind of disunction ® To this end. two different strategies
were designed. The first one was to utilize transient transfection of CRE-reporter gene with C-
subunit expression vector as a model to determune general existence of distinet roles for C-subunit
isozymes in the regulation of cAMP-responsive gene expression The second set of expenments
were designed to search for the differences between Cv and Ca in the nuclear ovents that
determined the regulation of CRE-contaiung gene acuvity in both permanents  C-subunit
expressing Y 1/Kin8 clones after sumulation with zinc/cAMP These events include 1) The fevels
of immunoreactve and catalytic C-subunit proteins in the nucleus before and after stmulation 2)

CREB phosphoryiauon by C-suburuts 3) the levels of immuno-reactive CREB protein in the
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nucleus of respective clone after sumulation. 4) transcnption factors which mayv be mvolved 1n
gene transcription as determined by CRE-mobiliny shift. 5) the necessin of a CRE and
dimerization of CREB for the cooperative co-regulation of CRE-reporter gene activity by Cv and
Ca-subunits. Preliminary data showed that Ca. but not Cv. sumulated CRE-reporter genc actvity.
but Cy modulated Ca-mediated CRE-reporter gene activity both posiuvely and negativels After
explorning all these possibilitics, the results may provide a final answer for the question. or art least
provide a valuable evidence to rule out lots of possibilities. or provide important clues to approuch
to a final answer.

The results of this dissertation research are expected to provide important information about
function of C-subunit 1sozymes n the cAMP signal transductions pathway Tlus information may
help to generate a new concept in cAMP signal transductions. which 1s that PKA C-subunit
diversifies cAMP signaling downstream of PKA activauon by the locahization and  or reicase of

C-subunit isozymes with different substrate specificities and functions
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CHAPTER II

METHODS AND EXPERIMENTAL PROCEDURES
A. General Methods
1.Protein concentration Assay: Protein concentration was determined using the Bradford protein
assay with bovine serum albumin as standard (Bradford, 1976).
2. Protein kinase acnivity assay: In the standard kinase activity assay. the activity of C-subunt was
determined by the transfer of y-"P-ATP (200 uM) to peptide (65 uM Kempude. LRRASLG) or
protetn substrate (85uM histone [IIs, Sigma ) in the presence or absence of 1 uM PKlc-; . a heat-
stable peptide as a C-subunit specific inhibitor (Walsh and Krebs. 1972, Whitehouse and Lhier.
1982). The reaction (50 ul ) was carmied out at 30° C for 10 min.. Then 335 ul of reaction muxture
was transferred to P-81 phosphocellulose paper and washed in 75 mM phosphonc acid to stop
reaction, dried and counted in scintllation counter (Beebe et al . 1990, 1992)
3.CHJcAMP binding assay: Recombinant R-subunit activity was determuned by ammenium
sulfate-nitrocellulose ['H] cAMP-binding assay as described before (Doskarand and Ogreid. 1588)
4.Immunoblot analysis of C-suburits: Crude lysates for the immunoblot analvsis of C-subunts
were prepared as indicated in partcular cells. The supematants (0 5-25 ug of protewns) were
subjected to 9% SDS-PAGE. After electrophoresis. the proteins on the gel were transferred to
Immobilon-P membranes (Millipore). The membranes were blocked by 5% BSA n Buffer A (30
mM Tns-HCI containing 0.05% Tween 20, pH 7.5) overnight at 4 °C or 4 hours ar 37 °C.
incubated with PKA C-subunit specific antibody (1.1000) in Buffer A for 4 hours at room
temperature, and washed with Buffer B (Buffer A with additional 0 05°6 Tween 40) (310 mun )
The membranes were incubated with goat anti-rabbit IgG second antibods (1 1000) (Amersham)

for 2 hours. at room temperature and washed (3- 10 min ) with buffer A Finally, the membrane
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was developed using Chemiluminescence (ECL) and exposed to film according to manufacturz’s
protocols (Amersham).

3. Preparation of nuclear extracts: Nuclear extracts are prepared by a modification of the method
as described by Dignam (1983). Briefly. 1 x10° HEK or Kin8 cells werc washed twice with ice~cold
PBS. harvested in 5 ml PBS and centrifuged at 400g for 5 mun. at 4 °C The pellet was washed
with 4 packed cell volume of Buffer C containing 10 mM Trns-HCL pH 7 8. 1 5 mM MgCl.. 10
mM KCI and left on ice for 10 min. The cells were then lvsed bv 10 strokes of a Dounce
homognizer using a type B pestle. The presence of intact cell and nucleus were determuned b
cytospin analysis. Intact nuclet were sedimented d at 4500« g for S mun at 4 °C. resuspended in 2
packed cell volume of buffer D (420 mM KCL 20 mM Tns-HCL pH 78. 1 3 mM MgCl.. 272,
glvcerol) and incubated at 4° C with gentle agitauon for another one hour Immediately before use.
Buffer C and D were supplemented with 0.3 mM DTT. 0 4 mM PMSF. 10 ug'ml mucroct stin and
2 ug/ml each leupepun and pepstaun After complete Ivsis of nuclel. the nuclear extract was
centrifuged at 10.000 <g for 30 mun at 4 °C and supernatant was dialvzed twice aganst St mi
buffer E (20 mM Tns-HCL pH 7.8. 100 mM KCI. 02 mM EDTA. 20% givcerol) for 4 hr at 4
°C. aliquoted. frozen in liquid N: and stored at -80 °C Protein concentration was determuned using

the Bradford protein assay (1976) with bovine serum albumun as standard

B. Expression of C-Subunits in Mammalian Cells
! Stable transtection of C-suburuts in Y1 Kin8 cells Cv and Ca were expressed in mammaiian
cells by permanently transfecting cAMP-insensiive mouse Kin8 adrenal cell mutants with C+ or

Ca cDNAs expression vectors dnven by metallothionetn promoter as previoush descnibed (Becbe

etal. 1992)
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2.Partial punfication of C-subunits from Cy- and Ca-clones: Recombwnant mammalian C~ and
Ca were partially punfied from cell extracts by gradient elution on DEAE-Sepharose as
holoenzymes as previously described (Beebe et al.. 1992).

3.Detection of native Crsubunit in monocyte-like U937 cells: 200x10° U937 cells were
stimulated or not for 72 hours in the presence and absence of 30 uM 8-CPT-cAMP [ 8«-
chlorophenyithio0-adencosine 37:3°-cvclic monophosphate. The «cells were hanested by
centrifugation (5.000g <10 mun). The cell pellets were washed twice by cold phosphate butfer
saline (PBS) and pelleted again by centrifugation. The pelleted cells were resuspended in 4 mi
buffer F (10mM potassium phosphate. pH 6 9. ImM EDTA) and homogerized bv hand zlass
homogenized (4 x10). Crude lysate was centnfuged at 100.000xg for | hour to obtan clean
supernatant. 4 ml aliquots of supernatant were applied into 2ml equilibrated DEAE-Sepharose
column by buffer F. After washing the column with 20 ml of the same buffer. the first clution was
prepared by eluting the column with 8 ml buffer F contaiming 0 15 M NaCl The second clution
fraction was prepared by elutung the column by 20 ml buffer F contaiung 0 3 M NaCl | mi
aliquots of cach elution fraction was collected and used for protein kinase assav and immunoblot

analysis using C-subunit-specific anubody.

C. Heterologous Expression and Purification of C-Subunits for in Vitro
Characterization

1. Vector construcnion and expression of Cy and Ca i bactena Human Cv and mouse Ca
cDNAs were expressed n bactena using the pET expression svstem (Novagen) Construction of
pET Ca and expression of soluble. acuve Ca n bactena was carned out as previoush descabed

(Uhler et al.. 1987). The Cv and Ca constructions (made by Dr Holrovd in EVMS) were used to
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transform bactena (E. coli.. BL2IDE3pLySs). which included a pLysS construct for the
production of lysogen. Expression of recombinant protein was performed as previously descnibed
for Ca (Uhler et al.. 1987). In contrast to Ca. the Cv proteins had very low levels of kinase
activity. No increase in soluble. acuve Cv could be induced by incubation of Cv with catalvuc
amounts of Ca and ATP/Mg™". The co-expression of Cv with Rll-subumit and the incubation of
Cv-subunit expressing E. coli in different media (LB or M9ZB) (Molecular cloning 1989) at
different temperatures (4. 18. 25. or 36 °C.) for different umes (1. 4. 18. 24. or 36 hours). or with
zero. 0.04 or 0.4 mM IPTG (isopropyvl-B-D-thiogalactopyranoside) as inducer sull could create
acuve recombinant Cy in bacteria. Denaturalization/renaturalization expenments were unable to
acuve recombinant Cv expressed under different conditions as mentioned.

2. Punficanon of Cr- and Ca-subunits expressed in bacter:a C7 was assaved 1n crude bactznal
extract or after negauve chromatography with CM-Sepharose In contrast to all the PRA C-
subunuts described. the soluble Cv did not bind to CM-Sepharose and the flow through fracuons
were assaved for Kempude and histone kinase activities in the presence and absence of PKI. .
(2uM). Ca was punfied from recombinant Ca-expressing bactena by sequental chromatographs
on CM-Sepharose and Shacryl S-300 gel filtration as descnibed by Baude et al . (1994)

3.Vector construction and expression of Cy and Ca in §19 cells using baculovirus The | 6 kb
Cv and the 1.2 kb Ca ¢cDNAs were separately cloned 1nto the BamHI site of baculovirus transter
vector pVL1393. The recombnant C baculovirus was produced by cotransfection of SfS cells
(1 3<10°) with 2 ug baculovirus DNA (AcNPV DNA) and 3 ug of pVLI393 Cvor pVLIZ93 Ca
transfer plasmid for homologous recombinaton (4 hours at 27°C) The recombinant C+ and Ca
baculovirus were produced and used to infect Sf9 insect cells according to the manufacture’s

protocols (Invitrogen) Twenty of cach punfied recombinant C-subunit baculovirus isolates were
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selected and measured for kinase activity and C-subunuts by immunoblot analysis using C-subunit-
specific antbody in Sf9 cells. The best recombinant C-subunit baculovirus 1solate based on kinase
activity and immunoreactive proteins was chosen for further studies. Sf9 insect cells were cultured
in Graces” media with 10% FBS and 100 pg/ml penicillin and streptomycin at 27° C with flow air
(O'Reilly et al.. 19392). The ratio of virus and insect cells was optimized at 80 | for mnfection

Debris was removed from culture media by centrifugation (2500 < g 15 min.) Cell lysates were
prepared by hand homogenization and centrifugauon (14000 < g. 20 mun) The crude Ivsawe
supernatants were assayved for PKA activity and subjected to immunoblot analyvsis

4. Purification of Cy expressed in Sf9 cells using baculovirus: Three-davs post-infected Sf9 cells
were harvested by centrifugation at 1500=g for 5 min. All subsequent procedures were carmed out
at 4°C. After washing twice with PBS. pelleted Sf9 cells were homogemzed by ground gzlass
homogenized (10« 4 strokes) in Buffer F containing 1 ug:ml pepstaun. | ug'ml leupepun. | mM
PSF. and 50 mM benzamidene. The homogenate was centrifuged at 13800 - g for 20 mun and the
supernatant was applied to a CM-Sepharose column (mullion cellsml resin) The column was
thoroughly washed with Buffer F. and C-subunit was eluted with a NaCl gradient (0-0 6 M) in the
same buffer. One-ml elution fraction was collected and assaved for histone kinase actvin 1n the
presence 1pM PKl::: and proten concentration The peak of PKl-insensiive histone kinase
activity was pooled. concentrated by Centricon-10 and applied to Sephacn 1 S-300 (Pharmacia) gel
filtration column (2.5 <70 cm) equilibrated in Buffer F contaung 0 5 M NaCl Fractions (% $ml)
were collected. and assayed for histone kinase activity in the presence of | u M PKI 2 5-50 ug of
purified Cy protein was subjected to SDS-PAGE. stained with silver or Coomassie blue. and
identified as a single protein with an apparent molecular w eight of 41 kDa

3 Companison of purified C-subunits on the heat-stabilin: Punfied Cv-subunits expressed in St

cell using baculovirus and Ca-subunit expressed in bactena as descnbed above were prewncubated
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at 37 °C for varying ume intervals and kinase actinvities were determined by the standard
phosphotransferase assay as mentioned above. Kempude (65 uM) or histone (85 uM) were used as
peptide and protein substrates. respectively. The themostability was represcnted as the percentage

of kinase activity without preincubation with same substrate.

D. Expression and Purification of Other Recombinant Pseudosubstrate Proteins for
Cy and Ca Characterization in Vitro

1.Expression and punficanon of Rla -subumit in  bacteria The expression. nduction and
purification of recombinant Rla-subunits was performed as previously descnibed (Ringheim et al
1990). Brefly. one liter of LB broth contaiming 50 ug/ml ampiciilin was noculated with an
overrught culture (Iml) of Rla expressing E. coli.. (gift from Dr Susan Tavlor. UCSD). grown at
37°C for 40-44 hours. harvested by centrifugation. and resuspended in 135 ml of Ivsis Buffer G ¢
30mM MES.. pH6.5. 150 mM NaCl. 15 mM B-mercaptoethanol. | pug'ml leupepun. | ug ml
pepstatin. 50 mM benzamidine) Bactenal lysates were prepared by nitrogen cavitaton Scluble
proteins were precipitated by (NH).SO. with 60°5 saturation at 4 °C for onc hour The precipitated
Rla was harvested by centnifugation at 10000 xg for 20 mun at 4 °C The Rla pellet was
resuspended in 2 ml Buffer H (10mM MES . pH 6 5. 2mM EDTA. 2mM EGTA. SmM B-
mercaptoethnol) and dialyzed against three « 300 ml Buffer H at 4 °C for 4 hours The dials zed
soluble proteu: was applied to 30 ml DEAE-Sepharose column equilibrated 1n Buffer H The Rla-
subunit was eluted from the column with a NaCl gradient (0-0 5M) i Buffer H Fractions
exhibiting [’H]<AMP binding activities were pooled. and concentrated by Centncon-10
Concentrated Rla was applied to Sephedex G-30 chromatography (1 5 « 75 ¢m ) and eluted by

Buffer H containing 05 M NaCl To prepare cAMP-free Rla. solid urca was added 1o the
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pooled Rla fractions from DEAE-Sepharose column to 8 M as final concentration. and cAMP was
removed by Sephedex G-25 chromatography (2« 50 cm) equilibrated with Buffer H containung 8M
urea. Fractions containing Rl were pooled and dialvzed for 12 hours at 4 °C against Buffer F
immediately to remove urea. 5 ug proteins of purified Rla bound with cAMP was loaded for 9%,
SDS-PAGE, and stained by Coomassie blue as single protein band with 48 kDa as apparent
molecular weight.

2.Expression and punificanon of His;—RIla in bacteria: Expression and punficaton of
recombinant Hisl0-Rlla in bacteria were conducted as previously descnbed with some
modifications (Baude et al.. 1994). Briefly. E. coli. BL2I1(DE3)/pLysS. harbonng mouse His- R-
[Ia\pET16b construct were grown in LB broth containing 25 ug'ml chloramphenicol. and 3¢ 2g mi
ampicillin overmight at 37 °C. 500-ml LB was wmoculated with 7 ml overmight cuiture and grown to
0.8 O.D. at 600 nm. then induced with IPTG (0.4 mM)_ The bactena was incubated for addizional
2 hours. pelleted. and resuspended in 15 ml of Buffer I (50 mM Tns-HCL. 500mM NaCl. pH ™ 3)
contamning | mM PMSF. | ug/ml pepstatin . and | ug/ml leupepun. The supernatant was loaded
onto 2 10 ml column of ProBond (Ni*-nitnlotniacetic acid resin. Invitrogen) equilibrated with
Buffer I. The column was washed with the same buffer. eluted with an umdidazole gradient (60-
1000 mM) in Buffer I. and assayed for ‘'H-AMP binding activity (Doskeland and Ogreid 1988)

fractions containing His10-Rlla were pooled. dialvzed against Buffer F contatming 10 ®o glvcerol.
and concentrated by Centricon-10. Concentrated his10 Rlla was further punfied by a second $ ml
fresh ProBond column eluted as described above The punfied protewn (3 ug) was subjectad to
SDS-PAGE stained with silver or Coomassie blue. and idenufied as a singie protein with an
apparent molecular weight of 51 kDa.

3. Expression and purification of MBP-PKla and MBP-PKIS in bactena MBP-PKIs fusion

protein expression vectors were transformed mto E coli . BL2I(DE3ypLssS The bactena
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harboring vectors for MBP-PKla and MBP-PKIB were grown in LB with 02 mM sucrosc.
induced and lyzed as descnibed as (Baude et al..1994). The individual bactenal lysate contairung
MBP-PKla and MBP-PKIB was applied to a Amylose (BioLabs) column (10 mg protein mg
resin). After completely washing the column with Buffer J (20 mM Tns-HCL. 200 mM NaCl. |
mM EDTA, pH 7.4), the column was eluted by 0.2 M maltose in Buffer ] The protetn
concentration of each fraction was assaved by Bradford (1976) The protein fractons were
subjected to 9% SDS-PAGE and stained by Coomassic biue. Proteins were showed as about 43 3
kDa and 45 kDa for MBP-PKla and MBP-PKIP as apparent molecular weight. respectvely At
least 90% homogeneous preparation of MBP-PKIs was used as pseudosubstrate ihibitor for C-

subunit in this study.

E. Methods for Substrate Specificity

1. Steady-state kanenc analysis of C-subunits for the phosphorylarion of histone. svniresic
peptides and unlization of Mg'™ -ATP: 250 *pmol ncorp ‘mun/ml of punfied Cv and Ca were
used to determine steady-state kinetic parameters (Km and Vmax) for substrates and ATP using a
modified protein kinase assay. The reactions at 30 °C were wmnated by the addition of C-subunits
and aliquots (35 ul) were removed to terminate the reacuon after 3. 6. and 9 min For the
determination of apparent Km and Vmax values for Kempude. the substrate concentration set as
follow (uM): 1.9, 2.8.4.2.6.3. 9.4, 14,27, 54, 109, 218. and 435 To determune the apparent Km
and Vmax values for histone. the substrate concentration set as follow ( uM) 037,073 15 29,
59. 11.8. 25.5.47. 94, and 188  For the determination of apparent Km and Vmax values for
ATP. Kempude and histone concentrations were held at 95 uM and 210 pM. respectively The
ATP concentration was set as the following (uM) 26.39 38 87 13,19, 28, 94, 94. 210, and

467. To determinate the Km and Vmax values for svnthetc peptides. the concentration of these
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peptides set as follow (uM): 2.5. 7.5.22.5. 66 7. 200. 500 and 1000 The average alues of cach
tniplicate assay was used in this experiments The data were analyzed by Lineweaver-Burk piot
and Eadie-Hofstee plots.

2.Autoradiography analysis of protein phosphoryiation proriles in the cytosol and nucicar
extracts of Kin8 clones by endogenous and exogenous C-subunits: The cyvtosol and nuclear
extracts from three C-subunit expressing clones (Kin8. Ca2 and C+7) were prepared as descrnibed
above.

To determine phospho-protein profiles in the cvtosol and nuclear extracts by exogenous
homogeneous C-subunit isozymes. the cvtosol and nuclear extracts of Kin8 clone were bailed for 3
mun. at 100 °C to denature endogenous kinases. After centnfugation (3000 rpm« 5 mun). zach
23ug preheat-treated cviosol and nuclear extracts (10 ul) were used as substrates for normal kinase
assay with 10 pl punfied C-subumt 1sozvmes (0 15 u mol Ca and equal amount of Cv) After !
mun incubation at 30 °C. the sample buffer was added to stop reaction

To determine the phospho-protein profile in cytosol and nuclear extracts by endogenous C-
subunits. 25ug proteins (10 ul) of cytosol or nuclear extracts prepared from Ca’Kun8 and Cv Kun3
clones stmulated by Zinc(85 uM)/ 8-CPT <AMP(30uM) for !8 hours were added 1nto
phosphotransferas assay mixture (30 pl) in the absence of substrate to mtate reacuon After 10
min. incubation at 30 °C. 10 pl 4 < SDS sample buffer was added to stop reaction PKIc .1 uM)
was added to somc reactions to inhubit endogenous Ca acuvaty as indicated in the Figure 23 Egual
amounts of protein samples (25 ug ) were loaded for 9% SDS-PAGE Duplicate gels were
performed. One prece gel was dned on filter paper for autoradiography The other prece gel was

stained by Coomassie blue
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F. Methods for Pseudosubstrate Specificity

I .Inhibition of recombinant C-suburit kinase activity bv Rla and Rlla The nhibiton of
purified C-subunits kinase activity by purified recombinant RIe and His..-RIla was carmed out as
described by Baude (1994). Purified recombinant Cv-subunits expressed in SO cells using
baculovirus and Ca-subunits expressed in bactena were derived from homogeneous preparations
described above. The homogenous R-subunits were prepared as descnbed above 73 pmol of
purified Ca and equal amounts of purified Cv based on Kemptide kinase acuvity were used in
these experiments. Various amounts of Rla and His.;-RIla-subumts based on ['H]<AMP
binding activity were preincubated with C-subunits in Tns-HCI (50 mM. pH 7 0 ) contarmung 2°,
BSA and 10mM DTT at 30 °C for 20 min.. After premncubation. the reaction was sitarted by
adding Kemptide. ATP (300 cpm/pmol) and magnesium acetate to a tinal concentration of 45 uM.
200 M and 10 mM. respecuvely The final 85 uM histone was added to substitute for Kempude if
protein substrate was used. After 2 hours incubation. 35 ul reaction muxture was applied 10 p31
paper to termunate the reaction. The control activiies for both punfied C-subumts wers §2
(#M/min /mg) for Ca and 0.22 (uM/min./mg) for Cv using Kempude as substrate

2. Determinanon of PKI IC50 values for C-subunits The whubition of punfied C-subumts by
synthetic PKl... peptide (Penecilla). homogeneous MBP-PKIa and MBP-PKIB were carmed out
as described by (Baude et al.. 1994). The punfied C-subunits were denved from the same
preparation as used for R-subumit inhibinon Bneflv. vanous concentration of windividuai PKI
inhibitor based on determination of protein concentration was incubated with punfied C-subumts
(3 nmol of Ca. and an equal amount of kinase actuvity of Cv) in phosphotransferase assay munture
(Beebe et al.. 1984) without substrate and v-"p-ATP ar 30 °C for 15 mun After premcubaten. the

substrate and 1/-3:P-.-\TP (300 cpm/pmol) was added to start the reaction The 835 uM histore was
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used as protein substrate or 65 pM Kemptide was used as pepude substrate n this expeniment
After another 10 munute incubation. 35 ul reaction mixture was spotted onto p8! paper to
terminate the reaction. The three time points (3. 6. 9 mun.) of C-subunut kinase acuvitn  werc
assaved to examine linear catalyvtic rate with respect to C-subunits concentration over the ume
periods assayed. The [Cs, values are defined as the concentration of inhibitor which inhubits C-
subunit kinase activity by 50%. The control activities for C subunits were Ca (5 2 u mol/mun mg)

and Cv ( 0.22 umol/min./mg) using Kemptide as the substrate.

G. Methods for CRE-Reporter Gene Study

. Transient Transfections: The HEK293 and Kin8 cells in six-well plates (with 65-70 contluent)
were maintained in modified Eagle’'s medium supplemented by 10 °. fatal calf serum and
transiently co-transfected by ditferent expression vectors by calcium phosphate coprec:ptation
(Melloon et al.. 1989).

For CRE-luc reporter gene study. 0 3 pg a-luc-168 (kind gift from Dr McKnmght. Universin
of Washitone ) (Mellon et al.. 1989) was cotransfected with different amount of pMT pCMV Ca
or pMT/pCMV Cv expression vectors as indicated in the Figure 28. pMT C-subunit expression
vectors with mouse methallothionein-1 promoter were constructed by subclomung | 2 kb meouse Cax
and human 1.6 kb Cy cDNA, respectively. into BamH|1 site of pMT vector (Beebe et al 1992 |
Uhler and McKnight 1987). The pCMV C-subunut expressing vectors contained same Ca and C+
cDNA as subcloning into pMT C-subunut expression vectors. In addition to the SV40 promoter-
directed Tn3S-neomycin phosphotransferase gene as a domunant selectable marker n a pUCI3-
based parental plasmud. this pCMV was under the control of the human CMYV promoter (Lhler and

Abou-chebl 1992). The empty pMT/pCMV vector was used to make up a total of 3-10 ug for cach
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transfection. After 4 hours infection, the cells were changed with fresh media and cultured for
another 18 hours.

For Gald-luc and Gal4-CREB reporter gene study. the same procedure as for CRE-luc system
was performed for the transient cotransfection. But. pGal4-luc and pGal4-CREB ( kind gift from
Dr. Qunin, University of Pennsylvania) (Qunin, 1994) expression vectors were used to substtute
CRE-luc reporter gene as reporter gene to similar transient cotransfection with pCMV C-subunrt
expression vectors. Gald-luc /Gal4 CREB reporter gene studyv were designed to determune if the
CRE and dimerization of CREB were essential to show cooperative co-regulation of Cy and Ca for
the regulation of cAMP-mediated reporter gene actuvity.

2. Luciferase assay: After 18-hours post-transfection culture. the transfected cells were washed
twice with cold PBS and were lvzed in 200 ul lvsis buffer K (1% Trnton-x100. 25 mM
glveviglyeine. pH 7.8, 15 mM MgSO. .4 mM EGTA and | mM DTT). The supematant of lysed
cells was prepared by centrifugation by 14000 rpm x 2 mun and used for luciferase activity assay
Luciferase activity was assaved on a Monolight lumunometer by using the enhanced luciferase

assay kit (Promega) according to the supplier’s directions.

H. Methods for Nuclear Characterization

1. Immunoblot analysis of CREB and phospho-CREB: The nuclear extracts were prepared from
Kin8, Ca and Cy clones . These cells were stimulated by 18 hr Zinc (80 pM) for 18 hours. then
treated with 50 uM cAMP for vanous ume. 15 pg nuclear proteins were loaded each lane for 9%
SDS-PAGE analysis. After transfer. the membrane was blocked with 3% powered mulk (wtvol )
in PBS for 2 hr. at 25 °C. The blocked membrane was incubated with CREB (lug/mi) or
phospho-CREB (0.5 ug/ml) antibody overrught at 4 °C. The membrane was washed 3 umes < 15

mun. with solution B. The washed membrane was incubated with peroxidase labeled anu-rabbut
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IgG (1:2000) as second antibody for 1.5 hr at 25 ° C (Amersham). The membrane was washed (> -
25 min.) with solution A. The substrates are added to the membrane and incubated exactiv | mun
The film exposure and development were according to manufacture’s recommendaton
{Amersham).

3.Gel mobility Shift Assay: Nuclear extracts were prepared as described above The CRE-probe
was a double strand 27 bp CRE consensus sequence: 3°AAGGTT(Santa Cruze Biotechnology )
The probe was labeled *“P by T4 kinase (Promega) at 57 °C for 50 min . The “P-labled CRE-
oligonuleiotide was separated from free ["P]JATP by centnfuganon through gel-filtraton spin
column (P-10) (Amasham). The binding reactions were performed i 20 pl reacuon Butfer L
containing 20 mM Tns. I mM MgCl 12 % glveerol. 0 | mM DTT. 10-15ug of nuclear proten. |
ug polv{di-dc] (Pharmacia) as unspecific compeutor. 10 ng unilabelled CRE oligonucivoude as
specific competitor. The specific antiserum for phospho-CREB (2 ng' 10 ug protewns ot nuciear
extracts) was added into the binding reaction mixture at this point and incubated tor cne hour at 4
°C for super-gel shift assay. After 25 mun. incubation at room temperature. O 5-1 ng (20.2C0-
40.000 cpmj *P-labled consensus CRE-oligonucleotide was added to each reacuon and further
incubated for 30 min. at 4 °C. The sample was run on 3% non-denatured polsacrylamide gel in | -
or 0.5 xTBE (Tris-Bonic-EDTA) at constant 25 mA for 2 hr The dned gel was exposed to fiim for

autoradiography.
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CHAPTER I
RESULTS

A. Expression and Purification of Recombinant Proteins for /n Vitro Study

It is hypothesized that different substrate and pseudosubstrate specificity of Cy and Ca account for
their distinct functions in Y1/Kin8 cell phenotype and regulation of cyvclic AMP-mediated gene
expression. Previous studies showed that Cy and Ca had distinct substrate and pseudosubstrate
specificity (Beebe et al.,1992), but the kinetic analysis was not carried out because of the absence
of pure C-subunit preparation. To test this hypothesis and extend the previous results. Cv and Ca
had to be compared more fully in virro. To this end. the presence of abundant homogeneous C-
subunits and relevant proteins such as different isoforms of R-subunit and PKI as pseudosubstrate
for C-subunits are necessary.

Cy-and Ca-subunits have been successfully expressed in the mammalian cells and utilized as an
important intact cell model to compare the funcuons of both C-subumit isozvmes ( Beebe et al.
1992 ). However, recombinant Cy and Ca had not been purified to homogeneity i sufficient
amounts for in vitro kinetic characterizanon. This situation suggested that C-subunits have 10 be
expressed in other heterologous expression systems in such high efficiency that both C-subunts
could be purified to homogeneity in sufficient amount for i1n virro kinetic analysis. In addition, the
different isoforms of PKI and R-subunits, as pseudosubstrate of C-subumits, have to be expressed
and purified to homogeneity to conduct in vitro studies for pseudosubstrate spectficity of C-
subunits.

To express recombinant C-subunts efficiently, the respective Cv and Ca cDNA were expressed
in bacteria using the IPTG-inducible bacteriaphage T4 promoter in the PET (Novogen) bactenal
expression vector and in Sf9 cells using the baculovirus with polshedron (polh) as promoter as

described in Methods. In addition. homogeneous preparation of Rla and his..-Rlla were prepared
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from respective bacteria by chromatography. MBP-PKlIa and MBP-PKIP expression vectors were
transformed into E.coli.. BE21 .DE3 pLySs bactena. The fusion MBP-PKI proteins were prepared
from respective bacteria. and punfied to 95% homogeneity by Amylose affinity column as cutlined
in Methods.

1. Expression of C-suburuts 1n bactena: Bactenal expression systems are very often used and
considered as the most efficient svstem to express recombinant protemns. To obtan sufficient
amounts of recombinant C-subunits for in vitro analvsis. human Cy and mouse Ca ¢cDNAs were
expressed in bacteria using the [PTG-inducible bactenaphage T4 promoter and the pET expression
svstem (see Methods for detail)

Expression of Ca in bactena provided an abundant source of recombinant Ca for
characterization as previously descnbed (Uhler. 1988). Ca was soluble. active. easily puntied and
stable at 4 °C for at least three weeks But four different C+/pET constructs produced wmactive Cv
proteins. The four Cy constructs from the human tesus Cv cDNA differed by inclusion or exclusien
of the first of two in-frame AUG sequences. which were separated by 27 bp (9 amuno acidsi. and
by inclusion or exclusion of 3' untranslated sequences and a polyv-A tail (0 6 kb) n the ongunal C+
cDNA (Beebe et al., 1990). All of the Cv constructs expressed tmmunoreacuse Cv as the major
protein in bactenal extracts (not shown data). but onlv the one with two AUGs and no 3-
untranslated sequence produced significant amounts of soluble proteins (Figure 4) The other three
constructs expressed insoluble Cv in bactenal inclusion bodies The msoluble C+ protewns had hitle
kinase activity indicating that thev were largely inacuve (Table 2 ) No increase in soluble. active
Cv could be induced from any of the constructs by a vanery of approaches Immunoreactuve. but
catalvtically inactive Cv protein levels vaned under different culture and induction conditions as
wndicated in Figure 5. (See Methods for detaul) For example. the best condition for immunorzactve

C+ protein expression in bactena appeared to use LB as media after induction with 0 34 mM IPTG
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as inducer for 4 hours induction at 37 °C.

Table 2 Specific Kinase Activity and PKI Sensitivity of t C-Subunits Expressed in Bactena

C-subunit Kinase activity
(pmol/min/mg)

PKIc: (1 pM)

Ca - 180428
+ 2579
Cy - 222
+ 169

* C-subunits were prepared as described in Methods. Kemptide ( 65 uM ) and Histone-III (85 uM) were

used as substrate for Ca and Cy, respectively

These results suggested that some Eukarvote-specific factors might be necessanv for the
activation of Cy by re-folding and/or posttransiational modificauon. which was absent in
prokaryotic expression system. To express active Cv-subumit. the baculovirus-Sf9 insect cell
expression system was utilized to express both C-subunit isozymes.
2.Expression of C-suburuts in Sf9 insect cells using baculovirus: The baculovirus-Sf9 wsect
system has become a popular vehicle to express recombinant proteins at levels as high 500 mg per
liter in eukaryotic system (O'Reilly et al.. 1992) Many of the pottranslanonal modification
pathways present in mammalian systems are also utilized in baculovirus infected wnsect cells.
allowing the production of recombinant protein which 1s antigerucally, immunogerucally
functionally similar to native protein. The baculovirus expression vector svstem offers sigruficant
advantages over prokaryotic and other cukaryotic systems for the production of many recombtnant

proteins (Summers et al, 1987; Miller et al.. 1992, King et. al. 1991) Because Cv was expressed
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as inactive protein in bactenia. it lead us to express it in eukarvotic expression system. which may
provide some crucial posttranslational modification to activate recombinant Cv-subunit To express
both active C-subunit isozymes sufficiently. the Sf9-baculovirus (ACNPV) svstem was uulized
The same Cy and Ca cDNAs that were used in bacteria were subcloned mto baculovirus
expression vectors (pVL 1393) as described in Methods. The purified recombinant Cv and Ca
baculovirus were used to infect monolayers of Sf9 insect cells for the expression of recombtnant C-
subunits.

To determine whether active Cv was expressed efficiently n this system. Three-day post-
infection crude lysates from mock-infected S cells (Sf9). wildtvpe baculovirus (wt) and S cells
infected by purified recombinant C isolates were compared for histone kinase activities m the
presence or absence of 1 uM PKI infubitor. The result showed that PKI-insensitive histone kinase
acuvities in the lysates from the three-day post-infection Sf9 cells by recombinant C+-baculovirus
were increased 20-50 fold above those from Sf9 cells with mock-infection or wild O e sirus
infection, but PKI-sensitive histone kinase activity was not increased among those tested 1solates as
determined by kinase assay (Figure 6). To eliminate the possibility that other protain kinases
contributed to this elevation of PKl-insensitive histone kinase acuvity in SO cells duc to
baculovirus infection. immunoblot analysis using C-subumt specific anbody was utilized to detzct
immunoreactive C-subunits in those cell lysates as used for kinase assay The result showed that
PKlI-insensitive kinase activity level correlated with the appearance of immunoreactive C-subumit
protein levels (Figure 7). which suggested that elevated PKI-insensitive histone kinase activites in
those Sf9 cells with C-baculovirus infection was derived from the expression of recombnant C-
subunit. The results (Figure 6. and Figure 7) indicated that active Cv has been expressed efficientis

in Sf9 insect cells using baculovirus
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To determine the expression curve of Cv for future efficient punfication. the kineuc profile for
recombinant Cy activity level expressed in Sf9 cells was observed. The resuit showed that opumal
Cv expression for purification from intact cells occurred 3 days post-infecuon. when 83% the
recombinant Cy was isolated from insect cells. Maximal expression occurred 7 davs post-infection
when 85-90% recombinant Cv had been in the cell culture media (Figure 8). The monolavers of
Sf9 cells infected by Cy-baculovirus kept growing until complete Ivsis by baculovirus after seven-
day post-infection. After 48 hr. infection bv recombinant Cv-baculovirus. the infected S5 mnsect
cells were induced to generate long netunte-like structure. which was not observed 1n S cells
infected by wildtype baculovirus (not shown data). The Cv expressed tn Sf9 cell using baculovirus
was resolved as two immunoreactive protein bands with around 40-$1 kDa as apparent molecular
weight on the 9% SDS-PAGE (Figure 7). which was slightlv larger than Cv exprzssed in
mammalian cells.

The Sf9 cells were infected with punified recombinant Ca baculovirus 1solates After three-davs
post-infection culture. infected Sf9 cells were compared with two control SO cells with mock
infection and infection by wildtype baculovirus on Kempude kinase activities 1n the presence or the
absence of PKI. Results showed that Ca was expressed as active protein based on only clevated
PKl-sensitive Kempuide kinase activines (Figure 9) and immunoreactuve proteins (Figure 10) in
those S9 cells infected with Ca-baculovirus. PKl-insensitive kinase acuvity was elevated notabls
in one Sf9 cell infected by Ca-baculovirus isolate-4. but no immunoreacuive C-subumt was
detected (Figure 10). which suggested that this elevation of PKI-insensiive kinase activinn was
derived from other kinase. However. in contrast to Cv expression in St9 cells. the progressive
expression of Ca was termuinated shortly after three dayv post-infection (Figure 1) The
monolayers of Sf9 cells infected by recombinant Ca baculovirus stopped growing after 72 hr post-

infection based on cell number. Infection of Ca-baculovirus sull induced the Sf-9 cells to generate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4o
[Py

netunte-like structure after 48 hr post-infection. The total vield of recombinant Ca-subunit was
lower than thosc found from Cv expressed in the same syvstem and much more lower than that
found from Ca expressed in bacteria (Table 7) based on kinase assay

The C-subunits have been expressed in three different systems. but the acuvity and expression
level of each C-subunit vaned remarkably in each system. The reason for this distinction 1s
unclear. It is possible that the host cell somehow affected expression levels and processing of
recombinant proteins. For example. Cy expressed in Sf9 cells using baculovirus differed from those
expressed in mammalian cells and bacteria in apparent molecular size on SDS-PAGE and 1n levels
of active kinase activity. This phenomenon promoted us to ask this quesuon. Do the different
expression systems affect the substrate and pseudosubstrate specificity of these recombuant C-
subunit 1sozymes? The answer to this question was imperative 1n detzrmumng if these recombinant
C-subunit 1sozymes expressed in different expression svstems could be furly unlized for 7 w1770
kinetic comparison on substrate and pseudosubstrate specificity
3.Preliminary characterizanon of recombinant C-suburit isozymes expressed in three d:=erent
systems: C-subunits have been successfully expressed in three expression svstems Figure 12
shows an immunoblot analysis of recombinant Ca-subumts (lanes 1.3. and 5) and Cv-subunuts
(lanes 2.4.and 6) from crude extracts in three expression svstems utihzing a C -subunt-specific
antibody (provided by Dr. Bryan Hemmung. Basal). Ca was expressed in Ca Kin8 clones (lane 1).
in bactena (lane 3) and in Sf9 cells(lane 5) as 4142 kDa protemns In all three eXPression s\ stems,
Cv migrated as two bands The C-subunits in the C ‘Kin8 clone (lane 2) were 39 and 41 kDa. but
the slow-mugration band may be. at least in part. endogenous Ca Two different C+Kun$ ciones
produced essentially identical results (Becbe et al.. 1992) Two Cv bands were expressed in
bactena (lane 4) as 39-40 kDa and in Sf9 cells (lane 6) as 3041 kDa

It was necessary to determuine whether the different expression systems affect the substrate.
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pseudosubstrate specificity and acuvity of these recombinant C-subunit 1sozymes In addition. the
expression of Ca and Cy subunmits in Kin8 clones resulted in the expression of C-subunits with
different sensitivities to the PKA-specific inhibitor proteins (PKla and PKIB) and a pepude. (PKI..
:1) (Beebe et al.. 1992). Although C7 mRNA and immunoreactive Cv-subunut was increased in a
zinc-dependent manner in C+/Kin8 clone (Beebe et al.. 1992). the possibility that Cv acuvated the
PKlI-insensitive activity of another kinase had not been ruled out. Furthermore. since there was
some inhibitor sensiuvity in Kemptide kinase activity from Cv-expressing clones (Beebe ot al
1992). it was not clear if inhibitor-sensitvity was protewn substrate selecuve or if some Ca PKI-
sensitive activity was present in Cv preparanion. this 1s possible because Kempude 1s a better
substrate than histone for Ca. Therefore. it is not only interestng. but also necessary to compare

the recombwant C-subunits from all three expression systems for PKI-sensinvinv and substrate
specificity. To confirn the existence of unique 1sozyme-specificiny for C-subunit 1sonmes.
parually punfied recombiwnant C-subumts were compared for specific kinase acuwiny. substrate

and inhibitor specificity as descnbed in Methods.

Table 3 Specific Kinase Acuvity. Substrate and Inhibitor Specificits of Recombmant C-Subunits

Expressed in Three Expression Systems (nM/mun /mg)

Clones Kemptde (KT) Histone (HT) KTHT
-PKl -PKI -PK1I ~PKI -PKI
Mammalian Ca 113 004 021 0 341
Mammalhian  Cv 042 018 057 030 074
Bactenal Ca 5000 510 116 0 127 430
Bactenal Cv 013 011 022 017 039
Baculovirus Ca 620 012 271 008 340
Baculovirus Cx 240 200 439 390 036
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Table 3 compares recombinant C-suburut acuviues from the wndicated sources for PKI
sensitivity and substrate phosphorvlation by kinase activity assav Charactenzauon of Ca and Cv
expressed in all systems exhibited similar substrate and PKI inhibitor specificity  Results from C+
in S9 cells using baculovirus and Ca from bactena confirmed our onginal observations from the
expression in Kin8 cells that Cv was best defined as a PKI-insensitive histone kinase (HT) and Ca
was best defined as a PKI-sensiuve Kemptude kinase (KT) (Beebe et al . 1992) The KT HT
acuwvity ratios for C7 and Ca were 0.5-0.7 and 4.0-6 0. respectuvely. Unlike Ca. Cv was insensitive
to PKI<:: with both substrates. Although optimal expression of these C-subunit isozvmes 1s czll
syvstem dependent. Ca always extubited PKI-sensitive and Cv alwavs exhubited PKI-insensitive
acuvity. Furthermore. the KTHT acuvity ranos for respecuve C-subumit are sumular in all
expression systems. However. the Cv preparanion from mammalan cell stable transtectants
displayed some inhibition with Kempude as substrate. which was best explained by contamunation
with endogenous Ca. It 1s therefore appropnate to use Cv expressed in S cell using baculovirus
and Ca expressed i bactena for kinetic companson based on presented results (Table 3)
Considenng expression level and kinase activity., Cv and Ca expressed i SO ceils using
baculovirus and bactena. respectively. were chosen to be punfied to homogenein for kinetic
comparison 1n vitro
4 Expression of nanve Crsubunits in monocyte like U937 cells Recombunant C+ has been
expressed in three cell systems and charactenized as a PKI-insensiuve histone kinase regardless of
cell systems (Table 3). It 1s better 1o further confirm these results with natne Cv-subumut C+
subunit was reported to be expressed only in human testes (Beebe et al . 1990}, which indicated
that Cv exhibited a limuted and ussue-specific expression C gene has been cloned and shown to be
intronless gene (Beebe at al.. 1990) Many C+ charactenstucs are consistent with other intronless

gene products For example. many intronless genes extubit low-stability . low expression levels and
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limited distnbution in tissues. The intronless gene products are often associated with development
and/or cell differentiation. which is consistent with the expression of Cv in tesus. where sperm s
differentiating after maturity. We hypothesized that Cv mught be present in other differentiauing
cells. Therefore, U937 cells. a undifferentiated monocyte-like cell which could be differentiated by
agents such as cAMP, was uulized as cell line to determune if Cv was present dunng
differentiation. The U937 cells were induced to differentiate 7 vitro by 50 uM cAMP sumulation
for 72 hours. The C-subunit was detected in undifferenuated and differenuated U937 cells by
kinase assay and immunoblot analvsis using C-subunit specific antibodvy The results showed that
after 72 hours of sumulation with cAMP. a Cv-like protein was present based on scveral cniena.
including the cAMP-dependent PKI-insensiive histone activity (Table 4 ) and immunoreactunve C-
like proteins (Figure 13).

Previous data (L. K. Parvathenani’s unpublished data at Easter Virgima Medical Scheci)
shown that after being treated by 30 uM cAMP. the U937 cells stopped proliferanion. elevated the
percentages of phagocyvtes. and reduced the generation of NBT. which are indicators of ezl
differentiation (Beebe and Corbin. 1986). The Tabic~ showed when the U937 cells were incuced
to differentiate by cAMP-stimulation. the total PKA kinase was decreased about 40%,

Because the type-l kinase level was not changed dunng the differentation of U937 cells. the
decreased total kinase activity level was denved from the loss of tvpe-II holoenzyme The ratios of
tvpe-l / type-1l was changed from 0.33 to 38 Ths result suggested that decreasing of npe-ll A
kinase occurred dunng the differentiation of U937 cell differenuation The previous data reperted
that type-II A-kinase mediated the cell differentiation (Beebe & Corbin. 1986 ). which suggested
that this decreased type-lI kinase actvity mught be involved in the differentiation of U937 Table~
also showed that about 20% PKl-insensitive cAMP-dependent kinase activits was present i the

crude lysates of both kinds of U937 cells  After separaung tvpe [ and tvpe [ PKA holoenames in
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Table 4 Separation And Detection of C7 Activity in Monocyte-Like U937 Cells ™

Portion PKI(1uM) Total Kinase Activity *! %PKI-insen 31 0,c AMP-dependent

Differentiation ! Differentiation Differentiation

Lvsate - 11.110  6.613 18 21
- 2001 1417 36 bR

Elution [ - 972 1860 RA) 17
S X R 33 36

Elution I - 2916 485 48 76
-~ 1399 368 43 66

[1]: 200« 10° U937 cells were used 1n this expenment. The two types of PKA holoenzymes were
separated by two-step elution on 3SDEAE-Sepharose chromatography as descnibed in Methods {2] °e PKI-
insen.: kinase actuvity in the presence of 1 puM PKl<... / kinase acuvity in the absence of PRI « 100
Kemptide (65 uM) was used as substrate for the kinase assay in the presence of 5 uM CAMP (3} %,
cAMP-dependent means that kinase acumity in the presence of 10 uM cAMP:(total kinase activity in the

presence and absence of 10 M cAMP) « 100; [4] - undifferenuated cells. - differenuated cells

the cell crude lysate by DEAE-Sepharose chromatography eluted by two-step elution ( 0 15 M
NaCl for type I and 0.5 NaCl for tvpe II as descrnibed in Methods). most PRI-insensitive kinase
activity was recovered from elunon Il (tvpe-II holoenzyme) But. the PKl-insensitive cAMP-
dependent kinase activity was only found win type-Il holoenzyme of differenuated cells It was
known that most of mammalian (Y1/Kin8 cells) PKI-insensiive cAMP-dependent kinase acuvin

was detected in the type-II holoenzyme. Correspondingly. 39 kDa mammalian-specific C protein
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band could be detected in tyvpe-Il holoenzyme (Beebe et al.. 1992). It was suggested thar the
increased PKI-insensitive cAMP-dependent kinase activity in type-Il holoenzyme of differentiated
U937 cells might be denved from Cv-subunits. To test this. each elution fraction containing type-I
and type-II holoenzymes were subjected to immunoblot analysis using C-subunit specific anubody

The parallel elution fraction from C+/Kin8 cells after Zinc/cAMP sumulation were used as posiuve
control. Figure 10 shows that the 39-kDa Cv-like immuno-reactive protemn band only could be
detected in the elution II portion (tvpe-II) of differenuated U937 cells. which suggested that the
elevation of PKl-insensitive cAMP-dependent kinase activity in type-II of differentiated U937 cells
was probably denved from Cv-subunits. The KT/HT rauo of this PKI-insensitive kinase was 0 73
(not shown data). which suggested that native Cv-subunit seemed to be a PKI-insensitive histone
kinase just like recombinant Cv-subunits expressed in the heterologous system Detection of Cv-
mRNA by northemn-blot and RT-PCR in U937 1s on the way to confirm the pnman results This
cell line may become a model to studv natve Cv-subumnits as positive control

3.Punficanion of recombinant Cyrsudunits expressed in Sf9 ceils using bacuiovirus Bacuiovirus
recombinant C was punfied to homogeneity by sequential chromatography using CM-Scepharose
and Sephacryl-SH300. This was a simular protocol descnhed by Baude (1994) for the punficaton
of bactenial Ca. Figure 14 shows the PKl-tnsensiive histone kinase activity profile in Cv-
baculovirus-infected cell lvsate on CM-Sepharose chromatography eluted by gradient salt (G- 6M
NaCl). In thus profile. two PKl-insensitive histone kinase could be revealed The two PKI-
insensitive kinase activity peaks were eluted by approximate 0 16-0 2M and 0 22 -0 30 M NaCl
respectuvely. It was of interest to idenufy these two PKI-insensiive kinase peaks for therr substrate
specificities and components, which mught show some information about different modified forms

of recombnant Cy due to the presence of two close Cv bands n all three expression sy stems
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The Table 5 showed that the kinase in the first peak was substrate-dependent PKl-sensiuve

kinase. When the Kemptide was used as substrate. this kinasc was completely seasitive to PKI-

Table 5 Substrate and Inhibitor Specificity of Two Kinase Activity Peaks from CM-Sepharose
Chromatography for Cy Purification

PEAK Kemptide(KT) Histone(HT) Ratuo(KTHT) (%6 of total activiny)
-PKI +PKI -PKI ~PXI -PKI
I 7.75 0 584 354 132 36
I 7.76 8.94 31.93 4238 024 64

* The kinase activity unit was nmol **P incorp./min/mg

inhibition. In contrast. around 50-60°% kinase was insensitive to PKI-inhibiion with tustene as
substrate. The kinase in the second peak was completely insensitive to PKI-inhubition regardless of
substrate. The kinase activity ratio (KT/HT) for first and second peak were 132 and 024,
respectively. Each fraction from both peaks were subjected to immunoblot analysis using the C-
subunit-specific anubody. Figure 15 demonstrates that the first peak (fraction 6-20) contamned onc
C-subunit band at approx. 41 kDa. The second peak (fraction 22-38) was resolved as two close
bands. which were 41 kDa and 40 kDa. However. after gel-filtration on Sephacnii S-300. only one
PKI-insensitive hustone kinase peak exusted (Figure 16). which contamned one C-subunit bard with
41kDa (Figure 17). Based known distinctions between Cv and Ca on the substrate specificity
(KT/HT). PKlI-sensiivity and apparent molecular weight, the explananon for these two peaks
denved from the elution profile by CM-Sepharose chromatography was that the first peak

contained endogenous Ca-subunits and lesser amount of active recombinant Cv-subunits or some
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other kinase. which accounted for PKl-insensiuve histone kinase activity The second peak
contained two isoforms of recombinant Cv-subunits.

After a two-step procedure. Cv-subumts could be punfied to homogeneity as judged by silver
staining (Figure 17) and Coomassie blue staining (Figure 18). The final recoveny of punfied
baculovirus recombinant Cv was 21% and punfication was 270-fold (Table 6) The two steps
contributed equal efficiency for the punfication of Cv protemn. Speaific activity of punfied
baculovirus recombinant C was 0.82 units (1umol.**P-incorp/min/mg=lumts) with histene as
substrate, and 0.31 units with Kempude as substrate. which was relatuvely low if compared with
bacterial Ca (3.8-6.96 units) (Baude et al.. 1994) and much less than mammalian Ca-subunts

(33 unuts ) (Olsen & Uhler. 1989)

Table 6 Punfication of Cv-Subunt Expressed n Sf9 Insect Cells Using Baculovirus

Steps Protein Specific Activity Total Activity Punficauon Yield
(mg/ml) (umole/min/mg) (umole/mun) tfold) %0
Lvsate* 4.25 0003 074 | [ G

CM-Sepharose
0.21 0038 0

"]
O
—
o
AV}
’

Sepharvcal-SH300
0.008 0818 013

19
~3
o)

21

The lysate was prepared from 400« 10° Sf9 cells. 85(p M) lustone was used as substrate for the kinase

assay in the presence of 1 uM PKI <.
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Figure 17. Analysis of Recombinant Cy Purification by Silver-Stained-SDS-PAGE

Proteins from three stages of purification were analyzed by silver-stained SDS-PAGE as descnbed
in Methods. 15 pg S cell lysate (lane 1), 10 pg CM-Sepharose fractions ( #26) containg PKI-
insensitive kinase activity (lane 2), 2.5 pg ( lane 3) and 5 pg (lane 4) concentrated Sephacryi S-300
fraction (#115-130) containing PKl-insensitive kinase activity were loaded for 9% SDS-PAGE.
Molecular weight marker (M.M.) (Amersham) were myosin (220 kDa); phosphoryiase b
(97.4kDa); Bovine serum albumin (66kDa); Ovalbumin (46kDa); Carbonic anhydrase (30 kDa).
Trypsin inhibitor(21.5 kDa).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 18. Analysis of Punfied C-Subunits by Commassie Blue Stained-SDS-PAGE
Recombinant Cy expressed in Sf9 cells using baculovirus (recombinant Cr-baculos irus
isolate: 9) and recombinant Ca expressed in bactena were punfied by sequennal
chromatography on CM-Sepharose and Sephacryl S-300 as descnbed 1n Methods  Sug
punfied Cy and Sug punfied Ca were loaded for 9% SDS-PAGE The gel was stained
by Coomassie blue. M.M.: molecular weight marker as descnbed 1n Fig 17
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6 Punfication of recombinant Ca-subunit expressed in bactena

Table 7 Punfication of Recombnant Ca-Subunits Expressed in Bactena®

Protein Specific Activity Total Actuviny Punficaton Yield
(mg/mi) (uMole/m:n/mg) (uMole/mun) i fold) 1%
Lvsate**3 81 0.093 14174 1 100
CM-Sepharose
0.24 1402 8363 13 392

3
Sepharvcal-SH300
0022

n
(9]
()
—
——
O
t9
)
N
()
19

s}
[

*The lysate was prepared from 500 ml bactenal broth. The Kempude (65uM) was used as substrate for
kinase assay ( Beebe et al..1986 ).

As shown in Table 7. the same procedure as descnbed by Baude (1994) for Ca punficaucn
was utlized to punfy recombinant bactenal Ca-subunits After two sequential chromatography
steps (not shown). about 25% of total Ca-subunit was punfied to homogeneity as judged by
Coomassie blue staned-SDS-PAGE (Figure 18) Punfied Ca 235 pg was stuned better with
Coomassie-blue than with shiver staming as (not shown data) Only one major kinase peak was
revealed in PRI-sensiuve kinase actvity profile in CM-Sepharose column ¢luted by gradient salt
(0-0.6 M NaCl) (not shown data) Because the Ca-subunit was expressed as the predomunant
protein wn bactena and was relatively stable at 4 °C. the final punfication of recombinant Ca-
subunit was only 63-fold. The recovery was 23% In contrast 1o Cv punficanen. the CM-

Sepharose chromatography was major-step for the punficauon of bactenal Ca. which can be
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reflected by one major kinase peak in CM-Sepharose elution profile and less peaks wn the elution-
profile of Gel-filtration (not shown data). The specific acuvity of punfied bactenal Ca was 33
umol *P-incorp /min/mg protein. which was 10-fold lower than those found from recombinant
Aplvsia C-subunit (61 units) (Beley et al.. 1992) and native mammahian Ca-subunuts (33 umnts)
( Olson & Uhler 1989 ) However. this specific acuvity was swmular to that for recombinant
bactenal Ca punfied by Baude (3 8 units) (Baude et al.. 1994)

7. Stabilizanon of purified C-suburits: It was imperative to have an efficient way tw keep C-
subunits stable duning and after punficanon for kinetic analysis The first expenment was
conducted to compare the stability of both recombinant C-subumnits n crude lysate stored at 4 °C

The result (Figure 19) showed that C+ lost kinase actuvity faster than Ca. which indicated that C+
was relatively n-stable at 4 °C The lower stabulity of C-subumts may be an result of the preseace
of protease in the preparauon. The stability of partially punified C and C+ after elution from CM-
Sepharose showed that both C-subumit kinase activities decreased around 40° wn the first two
davs. But. the Cv lost almost 93% of its onginal kinase acuvity after 6 davs storage at 4 “C and
the parually purnified Cv only lost 60% of its kinase activity (Figure 20) This result indicated that
punfication stabilized the Cv-subunuts kinase acuvity. which mught be resulted from separaung Cv-
subunits from protease. The same phenomenon was observed in Ca ( not shown data)

To further compare the stability for both C-suburuts. both homogeneous recombinant C-
subunits were compared for heat-stability by pretreatment at 37 °C and then assaved wath histone
and Kemptide as substrate The result (Figure 21) showed that both C-subunuts lost 13-33°, total
actmity after first 6-munutes heat-treatment. but after six to 18 munutes. Cv almost lost 9%, of
total acuvity, but Ca only lost 40°a total activity . As predicted. recombinant Ca could tolerate the
heat-treatment better than recombinant Cv-subunits The result also showed that substrate affected

both C-subunits heat-stability With histone as a substrate. 20% more of total kinase activiny of
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67

both C-subunits sustained. Although exact molecular mechanism for this was unclear. ths
distinction appeared to be due to the difference between protein and peptide substrates rather than
substrate-specific action on enzyvme.

Glycerol s often used as a stabilizer to store protein or enzymes in frozen condition In ths
study (Figure 22). 10-30% glycerol greatly stabilized Ca (Figure 22 A) and Cv (Figure 22 B)
stored in -70°C  as determined by kinase assay. Even after five-month storage in 10-30% glvcerol
at -70 °C. 85% onginal kinase actmvity of both purified C-subunits were remained (not shown
data). But. the kinase activity dropped rapidly if restored at 4 °C after thawing from -70°C (Figure
23). In addition. the freeze-thaw cycles destabilized the kinase activity for both enzvmes (Figure
24).

From these stability studies. it was noted that C was relatvelyv unstable when compared to Ca.
which may be considered as another umique feature for Cv-subumt. But. 1t was noted that C~
kinase activity was stable as Ca dunng 2-hour incubauon at 30 C° for kinase assav i the
presence of 2% BSA (not shown data). All results in thus study indicated that punfied C-subunt
preparation were stable when stored mn -70 °C with glycerol immediately after punficaion Once
thawed, the enzyme preparation could not be refrozen.

8 Expression and punficanon of recombinant Rla-subunits from bacteria Regulaton subumt
(R) of cAMP-dependent kinase (PKA) 1s the only protetn which inhibits C-subunit kinase acuvin
by forming holoenzyme. R-subunit can be divided into two tvpes. RI and RII Each of them can
subdivided intc two isoforms. suggesting the presence of four forms of R-subunits in the cell.
including Rla. RIB, Rlla and RIIB. Previous data demonstrated that Cv differed from Ca wn the
interaction with two types of R-subunit in the permanently C+'Ca transfected Y| Kin8 mutant cell
(Beebe et al.. 1997). For example. only Cv transfectants (Cv/Kin8) could restore Cv-Rll

holoenzyme (type II). not free Cv-subumit was present wn the C clone. and higher cAMP

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘Kesse ANANOE 107) 10§ FUSEYJ JO 2UISQE OY) Ul
sopesqns se opndway N g9 pue Lesse Kitanoe 4D 10§ Hspy g WM | Jo aduasasd oy ui suoisiy i gy Butsn Kesse aseury paepuers £q a8eiols nye
SATp SNOLILA JE paInseEall DIaM SOJESA] ISIU) UL SHIIALIE DSEUIY YL, '), b UI PAIOIS DIIA DJESA] (]9 OPIUD Ul SHUNGNS-7) YIOF ‘SPOYIA Ul paquosop

S€ SINOY JNOJ 10} D, LE W DLl WW p'0 AQ paonpur eua)deq Suissaidxa 07) jueuiquosds woyy pasedasd sem 9jesA| ay) W ungns-07) ‘SPOIN
Ut paquOSIp se SAEp 901y} 10§ (6:918|0S1) STIAOINOEQ JUBUIQUIODAI AQ PAIDAJUI S|[9D (S JO JajAriouow atp) woly pasedard sem ajes£| ay) ui yungns-A)
Do ¥ 18 pAI0I§ A){1qRIS U0 21esAT] opru)) ul siungng-o7) pue A jo uosuedwo?) ‘gl 21ndiy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

B8 C-gamma
AN
AN
n_
l

®- @ C-alpha

"

o

o o o o o
N o (o0 (o] < N
A and -

(A1A30e [eniul Jo %)
AyiA3oe aseurny auojsiy/apnduway

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Days



'Do ¥ 12 aTR101s sayu sAep snoura e rs g WY | Jo aduasasd
oy wr Kesse oseury piepuels Aq Ananoe oseury (W ¢g) duolIsIy dAtlIsUasUI-[ Y4 U0 posedwod arom suonesedad-1) Yiog “SPOYIdW Ul PaquIIsIp
st AydesBojeworys asoseydag-WD uo uonnpa (1DeN ¢'0) dais-auo £q muss| aprud awes woyy pasedaad sem A payund Kjeiued sy spoapy ul
Paquosap st SATp 201} 10§ (6:91L[0S1) STUIAOINOEG-A) JUEUIGUIO AG PIAUL S[[99 oJS JO Jakejouow oy woyy pasedard sea ajesA| apiud ur A7) .

AnAndy oseury jlungng-A) uo uonedUNg Jo ST N (7 2By

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71

°
“m
4

~.

R.
2

B 8 Crude lysate C-gamma
\‘\
1
3

® ® CM-Sepharose eluated C-gamma

| "
—
/
- -
o
(@ (@] (@] o o o
N o o0 (e <t N
-— -—

(A1agoe jeniut Jo %)
AJIAnjoe 3aseuly auo}siy aARISUISUI-|Md

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Days



-ojensqns se opudwoy M g9 10 suoisiy W g8 YIM D) 10§ FS Y

JO d0udsqe oy ur pue A) 105 FSHJ AN | Jo aouasaid oy ui aseury Sutuiewas Joj pokesse oA SpUNQNS-7) PaledsI-leay AL '[01994(T o, ¢| put
VS (/8w | Jo 5ouasasd oy ul sawn) SNOLILA 10§ ), L€ e pareqnoul-axd a1om spotlajy ut paquasap st paredaid siunqns-n)) pue L) snosusFowopy
Anpiqeig-1eag| uo siunqng-o)) pue -A) payung jo uosuedwo)) 1z 2ndiy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



® [ | < > o
| / ! P
{ ! i
l / ] Eo
. _FE / 7 P
, - / !
i".":gz':_c' / / ;
X5 . / / / '
=g EE ' : / |
£i5¢ * « >
T T oG / / A
L0000 / / / /
om<» P/ /
T Omd )
<«p /0 u _ » ~on
/ - 4
- /
/ / / /
<// /
[ |
9% /} —0
7 7
/ e
v
lf/ //’ e
!// /// :
_ ;
L ;
' f i ! { i ! | . ‘ “-Q
(@] o o (e
288 8 R 88281 ¢

(Aagoe fenuug yo o)
Aiaoe aseury auolsiysapndway

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Pre-incubation time (min.)



‘sajensqns s apudwoay Y 69 yum HipN g

WY | Jo aouasard oy wt (g owred) 4D 10§ ANANDE dSTULY DANSUISUI-[NJ PUE FS N JO douasqe ay ut (v [aued) 0] 10§ ANANDE ISTULY DANNSUDS
-IMd 10§ pakesse pue O, p 18 ey asam sjonbije ‘aFei0ls Jo sAep snouea ayy "D, (L- I PAIOIS 23am stonbije ai |, ‘paronbije pue ‘JSNG jw/8
01 ‘vmpawnzuaq jw/Bw | L 1d /B | (010K o561 Y pajuowaiddns ajom spoajy ut paquasap st uonesedasd Jiungns-) snoauafowioy
[01224]0) £q AnAnoy oseury] unqng-) Jo uonezipqels gz undiy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TR e

P

] + glycerol

[ - glycerol
7

.

o o o = (@ o o o
@ P~ (o] w0 < ™ N -—

100 -
90

(Aiagoe [eniul jo %)
AiAnoe aseury apndway 09

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- glycerol

|

.

[_ ] + glycerol

o o o o o (en] (e} o o
»N e o] B~ (o) (Vo] <t ™ N L ad
(Ayiagoe egiut jo 9%)

f1Anoe aseury sppdway 49

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Days



"0)) 10) (AM§9) apndwdy Y [Hd Jo 2ouasqe oy ut pue A) 10j aensqns st (N ¢R)

QuOISIY NI TS AT | JO 9ouasaad oy ul ), b 18 oBieIos Jo sKup snoLILA Jayu pakusst 91om sjonbije pomuy) oy UL spUNGNS-?) JO AIANDR ostuly
AL Do P IT POI0IS pue Mu)) 219m sjonbie g D), (L- U1 PaIois pue pajonbie ‘spolapy w paquosap st payund 219a spungns-) snosuaBowog
Do OL- WO} MBI ] DY ) op 18 pAI0IS ANALDY NUNGNG-7) Jo ANpquIs g7 2n8ig

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



® l - ©
g . a -
£ E /
LS ,
- |
;63 /‘ - v
O N
on
N op
O

o o o o (= o
(@) (e o] N~ © 1o <

110
100 -
30
20

(Anagoe fegius jo %)
A1A13oe aseuly auojsiy/apndway

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

78

Days



'00) 10) (Y59) apndwayy yum [ Jo 2uasqe oy ul pue ) 10§ mensqns se (M
¢8) ouoISI| i FTS g T | JO 2oudsoad oy ur AjAnoe aseury 10§ pakesse 210M SAJOAD MEYI-0Z01) JO JHGUINU SNOLIBA JAYE SHuUNgns-) Y| "D, OL-
1€ UIZOLOI Pue D, p 1€ POAEY) d30m sajonbije oy |, 'SPOYIdJA Ul paquIdSIp sE ), ()L~ Ul paiols pue pajonbije ‘pasedosd dsom spungns-) snoauaFowog |

AnAnoy aseury spunqng-2 ANIGEIS Yl U0 2[IK)) ALY | -UdZOI] JO SI9AYYT] M| “H7 dnBiy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



@®-® C-alpha

o o o o (=] o o
(@] o0 B~ © w0 < ™

110 -
100 -
20

(Ragoe feqiul o %)
AiAi3oe aseury auojsiy/apndway

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

B-8 C-gamma
\'
I

30

Number of freeze/thaw cycles



31

concentration was required to dissociate Cy-RI holoenzyme (tvpe [) than Ca-RI holoenzyme mn
vitro. In order to analyze specific interaction between C-subumit and R-subunit more accurately,
the inhibition of phosphotransferase activity of pure C-subunit isoforms by pure R-subunit
isoforms in vitro was designed. The distinct affinity or interaction between the C-subunt and R-
subunit was evaluated based on the IC50 values ( the R-subunit concentration required to inhibit
50% of total C-subunit kinase activity). To this end. the two isoforms of R-subunit. recombinant
Rla and his\s-Rlla were expressed in bacteria and punfied into homogeneity

Recombinant Rla-expressing bacteria were grown. induced and Ivsed as descnbed in Methods
cAMP-bound Rla expressed in bacteria was purified to homogenerty. as Judged by Coomassie blue
stained-SDS-PAGE (Figure 23). by three steps (Table 8) as descnbed in Methods The
precipitation of Rla by (NH.).SO; greatly improved the punity of Ria. but this step caused the loss
of 40% total Rla-subumut. DEAE-Sepharose and Sephedex-Gel-filtration chromatography resulted
in five-fold punfication. The final recovery of punfied recombinant hactenal cAMP-bound Rla
was 18%. The pooled cAMP-bound Rla fraction from elution fractions of DEAE-Sepharose was
denatured by adding solid urea to a concentration of 8 M After gel-filtration to remove ¢cAMP and
instant dialysis to remove urea. only ¥ 4% of total cAMP-bound Rla acuvity ['H-cAMP-binding]
was recovered as cAMP-free Rla. which suggested that some portion of denatured cAMP-bound
Rla might be not renatured to nauve conformation. which resulted 1n lost normal cAMP-tinding
acuvity. This problem caused the IC30 values of cAMP-free Rla-nhibition for both C-subumits
(shown later) to be relanvely high The expression level of Rla-subunits in bactena was only 37,
of his,-Rlla expression in bactena.
9.Expression and purification of recombinant hus.,RIla-subunit from bacreria Recombinant

bactena harboring His,.-RIla fusion protein expression vector was groam. induced and hosed as
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(kDa) MM.Rla Rlla

Figure 25. Analysis of Rla and His10-RIla by Coomassie Blue-stuned SDS-PAGE
Bacteria expressing Recombinant Rla and his10-Rlla-subunit were grown and induced as
described in Methods. Harvested recombinant R-subunit expressing bactena were lvsed by
nitrogen cavitation. Recombinant Rla was punfied by 65% ammonia sulfate precipitation
and two sequential chromatography on DEAE-Sepharose and Sephedex G-50 as descnbed
in Methods. His10-Rlla was punfied by twice of Ni *"chelated Pro-bond affinity column
eluted by gradient imidizole (60-1000 mM) as descnbed in Methods The 5 pug proteins of
each Rl a and RIl a preparation were loaded for 9% SDS-PAGE and stained by
Coomassie blue staining. Molecular weight marker (M.M.) 1s the same as descnbed 1n
Figure 17
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described in Methods. Being a his-tag fusion protewn. his;:-Rlla-subumts could be punfied to
homogeneity by Ni*"-chealated affinity column (Table 9).  After the first-round of affimny column
chromatography. two protein bands were revealed by silver stained-SDS-PAGE (not shown data)
One protein had 62 kDa as apparent molecular weight. the other one appeared to be 51 kDa. which
corresponded to reported apparent molecular weight of Hisc-Rlla fusion proten (Baude et al .
1994). After second-round affinity column chromatography. only the 51 kDa band was revealed as
judged by Coomassie blue stained SDS-PAGE (Figure 23) and silver staining (not shown data)
The recovery of hisi-RIla was near 50%. The cAMP binding ability of hs,s-Rlla fusion protein

was stable for several weeks at 4 °C.

Table 8 Punfication of Recombinant Rla-Subunit Expressed in Bactena®

Steps Protein  Specific Acuvitv*®*  Total Activinv Punficanon  Yield
(mg'ml) (nmol[*H]cAMP bound mg)  (nmol{ H]cAMP bound) fold Ta

Lysate 4.53 1.63 147 1 100
(NH.):SO. 3.20 437 86 27 39
DEAE-Sepharose

06l 169 58 104 40
1) Sephadex-G50

021 845 27 518 18
2)Sephadex-G25
(After 8 M urea treatment )

0.12 236 8 143 54

*The lIysate was prepared from 1000 ml bactenal broth. ** Actvity of R-suburut was determuned by | H]
cAMP bound binding assay (Doskarand & Ogreid. 1988)
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Table 9 Punfication of Recombinant His,;-RIla-Subunits Expressed in Bactena

Protein Specific Acuvity®*  Total Activity Punfication  Yield

(mgmi)  (nmol[’H]cAMP bound mg) (nmol["H]cAMP bound) (fold) (%e)
Lyvsate 4.57 46 6286 l 100
lo
Pro-Bond  0.15 670 4768 135 756
20
Pro-Bond  0.059 1642 3099 36 49 3

* Activity of R-subunit was derived from the [*'H] cAMP binding assay ( Comb & Corbin. 1986)

10.Expression and purificanion of recombinant MBP-PKla and MBP-PKIf from sacteric PKI
is small (80 amino acid residue). heat-stable. and potent PKA-specific wnhibitor PKI has two
major isoforms. PKla and PKIB The PKl:.. and PKI...: are swo PKI pepudes which are
svnthesized based on PKI inhibitory sequence and extubit nearly full inhibitory actviny obser =d
with the full length of PKI proteins. PKI may be important regulator for the function of PKA n the
cell. but its functions have only recenty been elucidated. PKI not only mnhibits C-subunit kinase
activity in the cell. but also down-regulate cAMP-mediates sumulatuon of gene expression by
exporting C-subunit from nucleus. though the exact physiological function of PKI s not clear The
striking difference between Cv-subunit and the other two 1soforms of C-subumit is that C kuase
acuvity is isensitive to the mhibiuon by PKl;.-s and PKI. ... (Beebe et al . 1992) But little was
known about the sensitivity of Cv-subumit kinase actvity to full length PKI protein In addiuon. Ca
and CP1 differ in the sensitivity to different PKI isoforms (Gamm et al .1996) It 1s possibic that

Cv has different sensitivity to full PKI protein from PKI pepude To explore this possibiliny.
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homogeneous Cv and Ca-subunits were compared on the sensitvity for PKla and PKIB In this
experiment. MBP-PKla and MBP-PKIP were utilized as two isoforms of PKI proteins

MBP-PKI fusion protein expression vectors that express MBP-PKla and MBP-PKIf were
transformed into E. coli. BE21 DE-3 pLySs bactena. Recombinant bactena containing respective
fusion expression vectors were grown. induced and lvzed as descnibed in Methods Maltose binding
fusion protein. MBP-PKla and MBP-PKI were punfied to at least 90° homogeneinn by
Amalose-affinity chromatography eluted with 0.1 mM maltose and judged bv Coomassic blue
stained-SDS-PAGE (Figure 26) as descnibed in Methods. The two 1soforms of PKI shared 39%,
amino acid identity (Baude et al.. 1994). but both PKI fusion proteins had very close apparent
molecular weight on the 9% SDS-PAGE. The MBP-PKla appeared as 43 5 kDa protein band.
which was slightly smaller than MBP-PKIf (43kDa protein band) It was reperted that MBP did
not affect the PKI inhibition of C-subunit kinase acuviey (Gamm et al . 1993 ), full length puntied
PKI fusion protemns were used as potential inhibitor of C-suburut activiey

After the above senes of expenments. the two recombnant C-subunit 1sozymes (C+ and Ca)
and four recombinant pseudosubstrate proteins (Rla. Rlla. PKla and PKIB) were successtully
expressed and punfied to homogeneity in sufficient amounts for i vitro kinetic anahvsis for

substrate and pseudosubstrate specificity of both C-subunit 1sozymes

B. Kinetic Analysis of C-Subunits for Substrate Specificity

As a prototype for all phosphortransferases. C-subumit of PKA 1s considered to be an impertant
enzyme for cell function. Recent research denved from Ca knockout muce has provided evidence to
show that C-subunit 1s vital to lfe (Qi et al .1996) The C-subumts regulate cell physiciogical
functions though phosphorvlauon of a wide vanety of protein substrates Some substrates are

regulatory enzyvmes which are important in the regulation of cellular metabolism (Krebs <t al .
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MBP-PKI
@ B M.M. M.W. (kDa)

220

4
43.

Figure 26 Analysis of Punfied MBP-PKla and MBP-PKI B by Coomassic Bluc-
Stained SDS-PAGE

Bactena expressing recombinant MBP-PKla and MBP-PKIB fusion proteins
were grown in LB with 0.25 mM sucrose at 37 °C to 0 6 as O D value (600nm).
then tnduced by 04 mM IPTG for another 2 hours at same temperature
Harvested cells were lysed as descnbed in Methods MBP-PKI fusion proteins
were individually punfied by Amylose-affinity chromatography cluted by 0!
mM maltose as descnibed in Methods. 15 g of each punfied fusion PKI proteins
was loaded for 9% SDS-PAGE. and gel was stained by Coomassic blue
Molccular weight marker ( M.M.) is the same as descnbed in Figure 17
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1979. Beebe & Corbin. 1986, Levitan et al.. 1994) Other substrates are trans-activaung
transcription factors that regulate cAMP-responsive gene expression (Montmuny et ai. [990)
Three different forms of C-subunits have been identified. but little 1s known about their substrate
specificities. Generally. the various C-subunit isozymes were considered to have common substrate
specificity. Since recombinant C7-subunit expressed in Y 1/Kin8 cells was shown to phosphor late
histone better than Kemptide (Beebe et al.. 1992). which has been considered as the best substrate
for A-kinase (Kemp et al.. 1977). and it suggested that substrate specificity for different C-subunut
isoforms was not same (Uhler et al.. 1986; Showers et al.. 1986) Little 1s known about specific
functions of Cv. However. the unique substrate specificity predicts that Cv has the potenual
play a different role from other C-subunit 1soforms wn the regulation of cell funcuon. and tus 1s
supported by the different phenotypes expressed in permanently Cv.Ca transfected YiKuind
mutants (Table 1). The different phenotyvpes could be due to the ewstence of substrate and or
pseudosubstrate specificity between C+- and Ca-subumts To extend substrate specificity studies
and to define unique catalvtic fearures for Cv. the kinetic compansons of Cv and Ca for substrate
specificity becomes necessary Availabihity of homogeneous recombinant C-subumt isenvmes
makes it possible to compare the knetic parameters for both C-subumts Idenuficanon ot C-
subunit isozvme-specificity for substrate phosphonylaton and recogmtion may provide priman
evidence to demonstrate the contnbution of the C-subunit 150zvmes 1 the diversified funcuon of
PKA in the cAMP signal transduction pathway, or at least provide some information 1o explain
how permanent Cv- and Ca-transfection can induce distinct Y 1. Kin3 cell phenotypes

To make quanttauve and qualitauve compansons of Cv and Ca-suburuts for sudstrate
specificity. two experimental strategies were exploited. First the kunetic constants (Km and Vmax)
were determined for the phosphory lation of histone and synthetic peptides as well as for utilization

of Mg~ -ATP Second. the phosphonilanon of nauve cellular proteins in cytosol and nucicar
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extracts of Kin8 clone by exogenous homogeneous C-subunits and by recombmant C-subumit
expressed in Cv and Ca clones were identified by autoradiography
1 .Kinetic parameters of C-suburuts for the phosphorylanon of Kemputide. histone and utiiizanion
of ATP-Mg"": Initial studies with partiallv purified Cv and Ca expressed in Kin8 cells indicated
that Cv- and Ca-subumits had different substrate specificity based on theirr disunct KT HT
phosphorylation ratio (Beebe et al.. 1992). Further studies with recombwant C-subunit 1sozvmes
expressed in different expression systems confirmed previous results from mammalian cells (Table
4). However. all these in virro comparisons were based on parually punfied enzyme preparanion.
which only provided a brief evaluation of the substrate specificity for both C-subunits Since both
C+ and Ca-subunits have been punfied to homogeneiry (Figure 18 ). substrate specificity of C-
subunit 1sozymes were further compared by kinetic analyvsis Table 10 shows the results generated
from kinetic companson of both C-subunits on Kempude and histone phosphorviaton. and
utilization of ATP-Mg™ as phosphate donor These kinetic parameters in Table 10 were denved
from the Double-reciprocal plot of data as shown in Figure 27

Compared with Ca. the Km values for C were simular or lower for the substrates tested. the
Km value with histone as substrate was nearly 7-fold lower for Cv than for Ca The Km -alue
with Kemptide as substrate for Cv were 4-fold lower than that for Ca Compared with Ca. the Km
values for ATP-Mg™™ was 2.5-fold lower with Cv. regardless of the phospho-acceptor substrate
used. Because crystal structure showed that the ATP-Mg™™ and substrate bind to different regions
of C-subumt, there was no detectable effects of substrate on the Km values for both C-suburnits

A companson of the Vmax values indicated that for the tested substrates. Cv had a lower Vmax
than Ca. regardless of the substrate. but the differences between the two 1sozymes were alwavs

smaller when histone was a substrate. Compared with Ca. the Vmax values for Kempude and
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Table 10 Comparnison of Kinetic Parameters of C-subunits for Kempude and H:stone
Phosphorylation and Utilization of ATP-Mg™"

C-subunit Parameter Kemptide(KT) Histone(HT) ATP-Mg™
KT HT

Ca Km (uM 54.50 1316 2568 2747
Vmax (uM/min/mg) 6.96 373 491 287

Vmax/Km 0.12 003 019 010

Cv Km (uM) 1291 19.22 1212 9 99
Vmax (uM/min/m 031 0385 064 103

Vmax/Km 002 006 003 012

The Km and Vmax were calculated by Double-reciprocal equation based on linear catalvuc rate of zach

reaction.

histone were 22- and 4-fold lower. respectively. with Cv Likewise. the Vmax values with ATP as
substrate were 8- and 2.7-fold lower with Kemptde and histone as phospho-acceptor substrates.
respectively. for Cv compared with Ca.

Using the Vmax/Km ratio. Ca utlized Kempude substrate 7-umes better than Cv. but C+

utilized histone 2-times better than Ca. Similarly. Ca used ATP nearly 4-imes better than C with
Kemptide as the phospho-acceptor, but Cy and Ca utilized ATP sumularly with histone as the
phospho-acceptor.

To extend these studies and obtain a better overview of substrate specificitics for both C-
subunit 1sozymes. seven more synthetic pepudes were utilized as substrate for kinetic anals sis
These seven synthetic pepudes were chosen as substrates because they were commercially
available. and had been unidentified as substrates for other kinases that had similar or different

substrate phosphorylation sequence to Ca.
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2. Kinetic parameters for other synthetic peprides: This scanning expenment was designed to
provide more direct and accurate evidence to demonstrate the existence of disunct substrate
specificity between the Cy-subunit and Ca-subunit by companng their kinetic constants on the
phosphorvlation of following seven synthetic peptide substrates: PKG-1 substrate (Glass & Krebs.
1982 ): PKG-2 substrate (Glass & Kreb. 1979 ). PKC pepude substrate (House et al . 1987). SP6
peptide substrate (Pelech et al.. 1986). CamKIl peptide substrate (Songvang et al. 1994).
p34cdc2/evclin B peptide substrate (Songyang et al.,1994) and Phospho-CREB/GSK: pepude
substrate(Fiol et al.. 1994). Compared with Kemptide. these seven syntheuc pepudes had different
changes and/or shifts of amino acid residues around a pair of argmmnes (P~ and P™) and
phosphoryvlation target Ser (PY). which have been identified as conserved or pnmary substrate
phosphorviation site for PKA (Kemp et al.. 1977. Zettergwist et al.. 1976) P represents the
position (P) of amuno acid residue against phosphorylation target ser/thr

Based on the feature of phosphorvlation sequence. these seven pepudes plus Kempude could be
divided into two categones: One (pepude 1-3) had the RRXSY as phosphorylation sequence just
like A-kinase substrates: X represents any amino acid residue. Y represents the amuno acid residue
with hydrophobic group. The other (peptide 6-8) had the RRXX(X)SY as phosphon iauon
sequences. The kinetic constants and thetr ratios for C¥ and Ca are shown in the Table 11 The
results from Table 11 can be summanzed as following:

1) After the review of all tested peptides. both Cv and Ca could phosphonlated group-
I(peptide 1-3) with RRXSY as common phosphoryvlation sequence. which was sumilar to PRKA
kinase substrate. But. neither C7 and Ca phosphorvlated peptide 6-8 with RRXX(X)SY as
common phosphorylation sequence. even when the concentrations of these peptides were increased

to | mM.
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Table 11Comparison of Ca and Cv-subunits on Kinetic Parameters for Synthetic Pepudes and
Protein Phosphorviation

Peptides Sequence Km(uM) Vmax Vmax Km
P? PT Pt PP P ( 1 mol/min /mg)
1. Kemptide Leu- Arg -Arg- Ala- Ser-Leu-Gly
Ca 3053 491 0098
Cy 125 032 0026
2. PKG-substrate-1
Arg-Lys-Arg-Ser-Arg-Ala-Glu
Ca 2025 160 0016
Cv 333 038 0017
3. PKG-substrate-2
Arg-Lys-Arg-Ser-Arg-Lys-Glu
Ca 500 1 0023 00001
Cv 335 G616 0063

4. S6-substrate
Arg-Arg-Leu-Ser-Ser-Leu-Arg-Ala

Ca 2377 671 DEVRS]
Cv 503 076 2013
3. PKC pepude
Arg-Phe-Ala-4rg-Lys-Glv-Ser-Leu-Arg-Glu-Lys-Asn-Val
Ca 303 6 84 2136
Cv 233 076 0030

6. CamKII pepude
Lys-Arg—Gln-Gln-Ser-Phe-Asp-Leu-Phe
Ca > 1000 not detectable
Cv >1000 not detectable

7. p54cdc/cyciin B pepude
Arg-Arg-Arg-Pro-Met-Ser-Pro-Lys-Lys-Lys-Ala
Ca > 1600 not detectable
C > 1000 not detectable
8. Phospho-CREB/GSK3
Lys-Arg-Arg-Glu-lie-Leu-Ser-Arg-Arg-Pro-Ser(P)-Tyr-Arg

Ca >1000 not detectabie

Cv > 1000 not detectable
9 Histone(III) Ca 100 6 218 2022

Cv 201 0 84 0042

The Km and Vmax were calculated by Eadie-Hofstee plot based on linear phosphon lauon rate

phosphoryvlation.
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2) For the peptides (1-3) which could be phosphorylated by both C-subunits. C always had 4-
10 fold lower Km values and approximately 10 fold lower Vmax values than Ca for the same
substrate.

3) Considering the Vmax/Km values of each peptide for both C-subunits. Ca phsphoriiated
peptide-1 and peptide-5 four-time better than Cv. For pepude-2 and pepude~. C+ and Ca had
same phosphorvlation efficiency. In contrast. Cv phosphorviated pepude-3 fiftv-fold better than
Ca: Based on the Vmax/Km values. histone stll was best substrate for C+ compared to these
peptide substrates.

4) Comparing pepude-1 with pepude-3. Ca could phosphorviate pepude-1 nearly 1000-fold
better than it could phosphorylate pepude-3. This indicated that Ca could not tolerate the substraie
with two basic amino residue at P™* and P~ position. In contrast. C phosphorylated peptide-1 onls
3-fold better than phosphorvlated pepude-3. suggesung Cv could tolerate the substrate with two
basic amino resides at P™* and P™~ position.

This in vitro kinetic compansons for the phosphorviation of svathetc peptudes wndicates a
difference in the substrate specificity between Cv and Ca The results clearly demonstrate that C
had distinct substrate specificity from Ca. Since results from :n vitro companson on kinetic
constants for substrate phosphoryiation showed that Cv had different substrate spec:ficity from
Ca. it is reasonable to predict that Cv and Ca exhubited different substrate specificity i the cell
The following expenments were designed to explore thus possibility:
3.Protein phosphorylanon in cytosol and nucleus by endogenous and exogenous recombincnt (-
subumt 1sozymes: To demonstrate the existence of C-subunut isozyvme-speaificits for substrate
phosphorylation of cellular protemns. two expenments were designed One was to determune the
phosphorylation of heat-treated cellular proteins from cytosol and nuclear extracts of Kin& clone

by exogenous homogencous C-subumuts The other one was to exarmuned the phosphon laticn of
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nauve cellular proteins from same cytosol and nuclear extracts of kin8 clone by recombinant C-
subunits permanently expressed n the Kin8 clone. The phosphorvlated protens were labeled with
*P-ATP and shown by autoradiography as described in Methods. The results were shown mn Fig
28. The results (Figure 28, panel A.) showed that 1) the cellular phosphoprotein profiles in cvtosol
(Lane 1. 3. 5. 8 and 10) were different from those in nuclear extract (Lane 2. 4. 6. 7 and 10)
regardless of cell clones and sources of C-subunits. This result was predicted because of different
populations of proten and kinases in cytosol and nucleus. 2) no parucular 1sozyme-specific
phosphorylated protein bands were shown 1n either cvtosol (lane 1 & 3) or nuclear extracts (lane 2
and 4) when the heat-denatured cellular proteins were used as substrate for excgznous
homogeneous C-subumts. 3) Very few phosphorviated protein bands (about 30-90 kDa rezen)
were revealed in the cytosol and nuclear extract of the Kin8 clone in the presence | uM PKI: .. 2
specific inhibitor for Ca- and CB-subumts of PKA. This result suggests that not much protetn was
phosphorylated by endogenous non-PKA kinases 1n the cyvtosol (lane §) and nuclear extract (lane 6)
of Kin8 cells in this expenment condition: 4) endogenous phosphoprotein profiles of ceilular
proteins 1n nuclear extracts (lane 7) and cyvtosol (lane 8) of C+ clone were notably ditferent from
respective ones (lane 9 and lane 10) in Ca clones For example. two phosphonylated protewn bands
(about 60 and 68 kDa) were detected in the cvtosol of Cy clone ( lane 8). but these bands were not
detected in the Ca clone (lane 10). In contrast. two umque phosphorylated protewn bands (abeout 97
kDa and 30 kDa) were found in the cviosol of Ca clone only (lane 10) In the nuclear extracss.
more proteins (66 kDa to 100 kDa) were phosphorviated in C clone (lane 7) than Ca clone tlane
9) One 33 kDa protein was phosphorylated in C+ clone (lane 7). but not 1n the Ca clone (lane 9)
Because very few proteins were phosphorviated by non-PKA kinase (lane § and Lane 6). the
disuncuvely phosphorylated proteins in nuclear extracts (lane 7. 9) and cvtosol (lane 8 19) of C-

subunit expressing clones (Cv and Ca) mught be resulted from the PKA-specific- phosphon lauon
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Because there were not detectable differences on denatured cellular protein phosphonviaton by
exogenous homogeneous C-subunut isozymes. which suggested that the substrate specificity of C-
subunits mught partially involved in the recognition of protein conformation.

Figure 28 (panel B) showed the Coomassie-blue-stained protein profile of the same SDS-PAGE
gel used for autoradiography (Figure 28 Panel A.). No obvious difference of protein profiles were
detected in respective lane of Kin8. Ca and C clones. though the protein profiles in the nuclear
extracts of Kin8 clone (lane 2. 4. and 6) appeared to be different from that in the cvtosol of same
clone (lane 1. 3, and 5). These results suggested that Cv and Ca phosphorviated different cellular

proteins in the Kin8 clone.

C. Kinetics of C-Subunits for Pseudosubstrate Specificity

The C-subunits act as the major mediators for cAMP/PKA function. and thev have to be precisely
regulated 1n the cell. PKA activity is regulated by two kinds of modulators. One 1s cAMP as an
acuivator, the other i1s pseudosubstrate as inhibitors. such as R-suburut and PKI Pscudosubstrate
interacts with C-subunits directly and cAMP interacts with the R-subunit to indirectls regulate C-
subunit activity. These pseudosubstrates not only inhibit phosphotransferase acuviry of C-subumts.
but also localize C-subunits in the cell. For example. RII subumts can compartmentalize the C-
subunits as holoenzyme by anchoring with specific PKA kinase anchonng protein (Goghlanet al .
1993). which was one kind of cytoskeleton proteins. In additon. R-subunit excludes the free C-
subunits from nucleus in the absence of cAMP. Simularly. PKI inhibits C-subunit kinase activiny in
cyvtosol and nucleus in the presence of cAMP. PKI also exports the C-subunits from nucieus into
cytosol. This terminates C-subunit nuclear function for the activation of cAMP-responsive gene
expression (Wen et al.. 1995). This information suggests that pscudosubstrates are ven important

to determine when and where the C-subunits phosphorylate their substrates Several obsen ations
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suggested that Cy had different specificity in the interaction with R-subunit and PKI from Ca
Previous findings showed 1) that Cv kinase activity was not sensitive to PKI-inhibttion in vitro.
which means that Ca, but not Cv. is modulated by PKI. 2) Cv-tvpe-I holoenzyme (C+-RI:)
prepared from C7/Kin8 clone needed higher cAMP concentration to be dissociated than to
dissociate Ca-type-I holoenzyme (Ca:RI:). This suggests that Cy binds with RI-subunits more
tightly than Ca (Beebe et al.. 1997). 3) Cv-tvpe II holoenzyme (Cv:RII:) was detected 1n permanent
C+/Kin8 transfect. but no Ca-type-II holoenzyme was detected in the permanent Ca transfected
Ca/Kin8 clone (Beebe et al.. 1992: 1997). Ths suggests that Cv-subunit has higher affimity 10
bind with RII-subunits than Ca-subunits in the Kin8 cell. These pseudosubstrates manipulate C-
subunit function by wnhibition and relocalization of C-subumit. The different pseudosubstrate
specificity of Cy and Ca indicate that pseudosubstrate 1s likely to differentiate functions between
C~ and Ca. This may serves as another important wav to diversity the C-subunit function in the
whole PKA/cAMP signal transduction pathwayv

To determune the pseudosubstrate specificity for C» and Ca in detail. the same homogenecus C-
subunit preparations were utilized used for substrate specificity studies. Two R-subunut 1soforms
and two PKI isoforms were expressed in bactenia and punfied to homogenaity as descnbed 1n
Methods. These homogeneous pseudosubstrate and syntheuc PKI«.:, pepude. which contains the
necessary inhubitory amino acid sequence for Ca and CB. were used as inhubitors to utrate the
phosphotransferase activity for both C-subunit 1sozymes using Kemptide and hustone as substrate
The IC50 values of each pseudosubstrate intubition for C-subunut kinase activity wath respective
substrate were measured to evaluate the whibiion potency or binding affimn of each
pseudosubstrate for Cv and Ca
L.Inmibinon of C-subunit phosphotransterase activiny by PKI pseudosubstrate To compare both

C-subunit isozymes on the pseudosubstrate specificity for PKI. 1n this expenment, two 1soforms of
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PKI proteins and cne PKI; . peptide were utilized as inhibitors to titrate both C-subunut 1sozvmes
kinase activities. The IC50 values for each PKl-inhibiion were measured to evaluate disunct
interaction between C-subunit isoforms and PKIs. Two 1soforms of PKI proteins were expressed in
bactena and were purified by affinity chromatography on Amvlose columns to at least 93%
homogeneity (Figure 26) as previously described (Baude et al.. 1994 ) and outlined in the Methods
Since PKI fusion protein containing the maltose binding protein behaved identcallv to the PKI
without the MBP (Baude et al., 1994). the full length MBP-PKla and MBP-PKIB fusion proteins
were directly used as inhibitors in the present experiment. Table 12 showed the IC30 values for Ca

and Cy using Kemptide or histone as substrates with each of three PKls as pseudosubstrates

Table 12 [C« Values (nM) of PKI-Inhibition for C-Subunits Actvity

C-Subunit PRI .. MBP-PKIa MBP-PKIB
KT HT KT HT KT HT
Ca 83 40 094 022 49035 134
Cy >00.000 53.000 34.000 24.290 >90.000 30.000

The data was derived from one representative experiment. The simular results were obtained by three

independent experiments

Result (Tzblc12) showed that Ca was inhibited at nanomolar concentrations of cach of the
inhibitors and the [C50 values for Ca with Kemptide as substrate were in good agreement with the
values reported by others (Baude et al.. 1994, Gamm et al . 1995) The order of potency for the
inhibitors was PKla > PKl¢.; > PKIB with Kemptide and hustone as substrates PKla had IC30

values that were 3-6-fold lower than IC30 values for PKI.:: This was 1n good agreement with the
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results of Baude et al. (1994). For each inhibitor. the IC30 values with Ca were 2-3-fold lower
with histone as substrate than with Kemptide as the substrate.

In contrast to the nanomolar IC50 values with Ca. C was very poorly inhibited by all of the

PKIs tested and IC50 values were in the micromolar range. When determuinations were possible.
the IC50 values for the inhibitors were 600-134.000-fold higher with Cv than with Ca. depending
on the inhibitor and the substrate. Although it may be of little practical consequence. PKla and
PKIB were both better inhubitors than PKls..; forCvy as a kinase mnhibitor Besides PKI. the R-
subunit is the other group of pseudosubstrate inhibitor for C-subunit in the cell.
2. Inhibition of phosphotransferase acnvity by R-subunits as pseudosubstrate Intact cell studies
showed that Cy differed from Ca in the interaction with R-subumts in Cv versus Ca stabl
transfected Kin-8 clones which were deficient 1n the mock-transfected Kin-8 cells (Beebe at al .
1992, Beebe's manuscnpt. 1997). Higher cAMP concentraton was required to dissociate C+RI
holoenzyme than CaRI holoenzyme. C+ could restore tyvpell holoenzyme in the Kin8 clone. but Ca
could not. These observations suggested that Cy had different affinity in the interaction wath Rl and
RII subunits in the Kin8 cells. To further test this hvpothesis. in virro studies were designed to
analyze the R-C interaction quanutatively by titrating C-subunit isozymes with homogeneous RI
and RII and determining IC50 values as descrnibed in Methods

Figure 29 and 30 illustrated the concentration-dependent inhibition of each C-subumt 1sozvme
with the cAMP-bound Rla-and RlIla-subunit using two different substrates Table 13 shows the
IC50 values denived from the curves in the respective figures

The figure (Figure 29) showed that the phosphotransferase acuvity of both C-subumt 1oz mes
with two substrates could be inhibited by nanomolar range of both R-subumit preparation and had

sumular inhibition titration curves. The IC30 values of thuis cAMP-bound Rla-subunit preparation
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Table 13 IC« Values ( nM ) of R-Subunit Inhibition for C-Subunits

C-Subunit cAMP-bound Rla cAMP-free Rla Rila
KT* HT=** KT HT KT HT

Ca 037 029 36 I.4 02 08

Cv 033 025 42 3.1 01 04

.

KT: 65 uM Kemptide was use as substrate: HT 83 uM histone was used as substrate

for C and Ca. were very close with both substrates However. 2-fold higher concentraucns of
cAMP-free Rla-subunit were required to inhibit C» than that required to inhibit Ca when histone
was the substrate (Table 13) The [C30 values of cAMP-free Rla-subunit inhibiion for C+ and
Ca were 3.0 and 1.4 nM with histone as substrate. respectively  In contrast. the [C30 values of
cAMP-free Rla-inhibition for the two C-subunit isozymes were sumuilar when Kempude was the
substrate. which might suggest that substrates might have little effect on association wnhibiton of
PKA holoenzyme isoforms that differ in therr C-subunut isozyme. Although cAMP-frez Rle and
cAMP-bound Rla were used as inhibitors to invesugate pseudosubstrate specificiey of beth C-
subunut 1sozymes for RI-subunit in this vitro study. there was no detectable differences in therr
IC50 values between Cy and Ca subunit with either substrate

A Hisjo-tag-RIla-subunit was used as mhibitor to determune the pseudosubstrate specificin of
both C-subunit 1sozymes for RII-subunit Figure 30 showed the hus. -Rlla-inhibition utranon cune
for both C-subunits with two substrates The results from these Rlla-inhibition titration cunes
showed that 83-90% transferase acuvities of both C-subunit could be inhibited by 2~ nm Rlla-

subunits depending on different substrates. which suggested that the substrate mught shightly affect
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the Rlla-inhibition as occurred in cAMP-free Rla-inhibition. But. the Rlla-subunut wnhibiuon
curves appeared to be very similar for both C-subunits 1soforms. Consequently. the IC50 values of
Rlla-inhibition for C7 and Ca were very close (Table 13 ). which indicated that inherent sequence
difference between Cv and Ca could not be revealed by this in virro Rlla-subunit inhibiuon
approach.

The inhibition of both C-subunit phosphotransferase activities by these recombwant R-subunits
could be released by 1uM cAMP (Table 14 ). which indicated these recombunant subumits of PKA
had the normal conformation as predicated. and these purified recombinant subumts of PKA could

be used in vitro study to mimic the native R-C interaction in cell.

Table 14 Release of R-Subunit Inhibition for C-Subunit Kinase Actuvity by cAMP*

C-subunit No R-subunit Rla 90°* Rla~cAMP Rlila % Rlla=-_AMP
Ca 401 98 76 411 43 89 ja8
Cv 185 23 87 172 18 90 196

* 6.1 nM purified cAMP-bound Rl or 0.75 nM punified hus., Rlla-subunit were used as intubitor to
inhibit C-subunit kinase activity in the absence or presence of 1 uM of cAMP with Kempude (65 G\ as

substrate. **: % of inhibition

The results (Table 13) did not reveal the pseudosubstrate specificiny of C-subumt 1soforms for
R-subunit as observed in intact cell The explanauon for that was that some known factors.
including cAMP. autophosphonvlauon of RII. and ATP-Mg~ (for RI onlv). affect the C-R

interaction n intact cells. but these factors could not be restored 12 virro exactly as in intact cells
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To sumplify the conditions to compare distinct affinity between the R-C interaction. a series of
syathetic
Rla peptides with different lengths and mutations in pseudosubstrate binding site were used as
inhibitors to further compare Cv and Ca for RI-subunit specificity
3. Effects of lengths and substitutions of amino acids of Rla peptides on the inhibition of C-
subunit transferase actnaty: A major difference between RI-subumit and RII-subunit 1s that RIl-
subunit can be autophosphorviated as substrate by C-subunits. but. RI-subumit can not be
phosphorylated by C-subunits. because the phosphoacceptor (Serine at 97) 1s substtuted by
Alanine. However. both of them can bind C-subunit to form holoenzymes The Rl-subumit binds
with C-subunit as pseudosubstrate. which suggests that the RI-subunit contains specific amino acid
sequence which could be recognized and bound by C-subunits in their pseudosubstrate binding
domains. It is these pseudosubstrate sequence region of Rl-subunuts that C-subumits really
recognize and interact wath. In order to further define specific interaction between the C-R. a senes
of synthetic Rla peptides (kind gift from Dr.Corbin. Vanderbilt Cniversity. Medical school ) with
substitution in this pseudosubstrate binding region and different length were used as inhibitor for
both C-subunit isozyme kinase activiies. By comparing the IC 50 values of each Rla-peptide for
Cv and Ca. pseudosubstrate specificity of both C-suburuts for Rla were evaluated In thus
experiment, three sources of C-subumits were uulized. Recombmant Ca from bactena and
recombinant Cy expressed in Sf9 cells using baculovirus were utilized in these studies and
compared with IC 50 values from nauve Ca prepared from heart muscle

The results showed that the IC30 values of all these Rla-pepudes for mammalian native Ca-

subunit prepared from heart muscle and recombinant Ca-subunt prepared from bactena as
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described in Methods (Table 15) were in relatively close agreement. But. the results did show that
Cv-subunit responded to some amuno acid residual substitutions in Rla-peptides remarkably
differently from both Ca in term of respective [C50 values The results were presented as
following. For comparison. the pepudes were divided into four group according to the length and
relativity of these peptides.

The results (Table 15) from Group I. which were native Rla peptides with differ=nt length.
showed that the IC50 value of wildtype Rla-peptide for Cv was 6-10 fold higher than those for
both Ca. Deletion of Arg-Arg (P~ P™) increased about 43-. 15-. and 33-fold IC30 values of this
mutant Rla-peptide for heart Ca. recombinant Ca and Cv 1sozyvmes. respectuively The deleticn of
residues from the N-terminal amino to the Arg-Arg (P~ P~™) changed IC5C values for all three C-
subunits less than two-fold. These results suggested that 1) Cv had less affininy (6-10 foid) 1n
binding affinity with thus pseudosubstrate region of Rla pepude than Ca. 2) Arg-Arg (P P7) was
cntical amino acid residues in Rla-wnhibition for all C-suburts. especially for C+. 3) In contrast.
N-terminal residues before Arg-Arg (P” P~) appeared to be not important in Rla-inhibition fer all
three C-subunts.

The results from Group [II. which were same length (18 amuno acid residues) of Rla-pepudes
with substitutions of some amino acid residues. showed that the mutation of Arg (P') mnto Ala
increased IC50 values 500-fold for heart Ca ,1000-fold for recombinant Ca and 36-fold for C in
these Rla-peptides inhibition. The mutation of Arg (P~ ) mnto Ala wncreased near 30-fold 1C36
values for both Ca . but only increased 3 3-fold IC50 values for Cv The substutution of lle (P~ )
with Ala increased 2-fold IC50 values of this Rla peptide-inhibition for these C-subumt 1sozymes
These results indicated that 1) Arg (P”) was the most important amino acid residue for the Rla-
inhibition of C-subunit in this pseudosubstrate region. 2) Arg (P ) was the second most important

in the Rla peptide-inhibition for Ca-subunit. but no so important for Cv. 3)The ongmal differsnce
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on the IC50 values of wildtvpe Rla-peptides for Cv and Ca was 6-10 fold. The substituticn  of
either of Arg™ or Arg” with Ala not only dramatically decreased the Rla inhibition-potency for all
these C-subunit isozymes, but also covered the onginal 6-10 fold distincuon n the [C30 values of
Rla-peptide inhibition between Cv- and two Ca-subunit isozymes. These results suggested that
two basic amino acid residues in RI pseudosubstrate site plaved so important role in the RI-
inhibition that the deletion of either one of them eliminated the normal interaction between the
pseudosubstrate region of RIa-peptide and C-subunits. These two basic residues in Rl-peptide are
corresponding to two basic residues (R-R) at P”* and P~ of PKA substrate phosphonvlaton sizz 4)
The lle (P™') was important for all three tested C-subunit isozyvmes i the RIa-pepude inhibiucn

The results from Group [II . which were same length (8 amuno acid residues) Rla-peptides with
substitution of two amino acid residues at P P~ showed that substtution of Arg (P') witk Ala
increased 2-fold [C30 values of thus Rla peptide-nhubition for Ca. but ncreased 6 5 fold 1C3¢
value for C. The substitution of Arg-Arg (P P™) with Ala-Ala increased 10-fold IC30 vaiues of
Ria -inhibition for Ca and 17-fold for Cv These results were consistent wath results from group [
which indicated that two consecutive Arg (P P™) residues were important and had additive eFects
for the Rla-inhibition of C-subunits.

The results from Group IV . which were native Rl-peptides with different termunal amine acid
residues, showed that addition of N-termunal 10 amino acids before Arg (P°) or addiion of C-
terminal 23 amino acids after Ser (P™°) did not affect the IC 30 values for Ca-subunit 180 TES
But addition of C-termumi 23 amuno acids depnved the 6-10 fold differences on IC30 walues
between the Cv and Ca in Rla peptide-intubition. which suggested that C-termunal sequence of
Rla pseudosubstrate was particularly important to inhubit C. but not Ca Thus result imphied that

pnmary sequence of Rla pscudosubstrate was important to both C-subunits. but the seguence
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surrounding this pseudosubstrate sequence may serve as a structure to manitpulate specificity for
R-subunits to interact with different 1sozymes of C-subunit.

These results clearly demonstrated that Cv and Ca-subunits shared some identites in the
interaction with Rla-peptides. especially in the N-termuru to pscudophosphorlation site. but C+
needs extra C-terminal residues for full RIa-inhubition. This result is consistent with the conclusion
made from in vitro substrate specificity study for Cv and Ca. In summary, C-termunal residual
sequence to phospho-acceptor site may serves as the structure that differentiates the substrate and

pseudosubstrate specificity for C+ and Ca.

D. Function And Possible Mechanism For C-subunit-Mediated Regulation of CRE-
Reporter Gene Activity
The previous results showed that Y1.Kin8 mutant cells permanently transfected with C+ and Ca
exhibited different cell phenotypes (Table!l). which suggested that C+ had disunct cell funcuon
from Ca. Among these distinct phenotypes. steroidogenests. which 1s regulated by Ca. but not Cv.
1s directly associated with cAMP-mediated gene expression Thus suggested that Cv mught play a
distinct role from Ca in the regulauon of cAMP-mediated gene expression. It is important to define
the molecular mechanisms underlyving the distinct funcuons of two i1soforms for the regulanon of
cAMP-mediated gene expression. It will help to better define the potenual for functional
diversification of PKA in the cAMP/PKA signal transduction pathway

C-subunit plays roles in the cell through the phosphorvlaton of a vanety of substrates It 1s
hypothesized that the disunct roles of Cy and Ca in the regulation of cAMP-mediated gene
expression and other cell phenotypes in Y1/Kin8 cells were a result of therr different substrate
and’or pseudosubstrate specificities. All previous in witro studies wers designed to search for such

molecular evidence to support thus hypothesis The results geneiated from in vitro kinetic studies
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clearly indicated the substrate and pseudosubstrate specificity differences between Cv and Ca.
which strongly support the hvpothesis in this dissertauon. However. molecular mecharusm for
differences in phenotypes expression requires further studies. Additional strategies were designed
to determine the molecular mechanisms underiving the distinct functions between permanentls
transfected Ca and Ca clones in the regulation of cAMP responsive gene expression

The second messenger. cAMP. regulates some cell physiological functions by a mechamsm
activating the expression of some genes. It is well known that the 3 -flanking region of man:
cAMP responsive genes contains cAMP responsive elements (CRE) as promoter that will be
recognized and bound by trans-acuvating transcnption factors in CREB/ATF famuly  After being
activated by cAMP in the cell. C-subunits can induce these CRE-contaiming gene expression
sufficiently in response to cAMP-stimulaon  (Grove et al.. 1987, Day et al . 1989, Melen et al |
1989. Maure et al. 1989). presumably by acuvaung CREB/ATF transcnpuon factors wia
phosphorvlation in the nucleus. The best known trans-activaing transcnption facter whose
function 1s regulated directly by C-subumt phosphorylation 1s CREB ( cAMP responsive clement
binding-protein) (Gonzalez et al.. 1989. Habener et al. 1990. 1991) The phosphonlaucn of
CREB and other co-transcripion factors by C-subumt is necessany for the transcniptional
activation in the response to elevated intracellular cAMP levels 1n the cell (Figure 2) The :n wuro
and in intact studies showed that Cv differed from Ca in substrate and pseudesubstrate
specificities. which suggests that 1t 1s possible that Cv and Ca phosphon late CREB and or cther
CREB/ATF transcnption factors differently. This may be due to their unique substrate speaificin
and’/or cellular locaton in the cell Different phosphonlation of transcnpuon factors by C+ and
Ca may account for distinct regulation of gene expression by Cv and Ca 1n Y1 'Kin8 cells

In addition. Cv 1s non-sensitive to PKI-inhubition. a potent. heat stable. PKA-specific intubitor

As 1t was mentioned before, PKI not only inhibits C-subumut kinase activity 1n the ovtosel and
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nucleus. but also negauvity regulated the Ca-mediated sumulaton of cAMP-regulated gene
transcription by exporting C-subunits from the nucleus (Wen et al.. 1993) Cv-subunut Ca kinase
acuvity is insensitive to PKI inhubition (Table 12). Because PKI inhibits C-subunit kinase acuvity
as a competitive inhibitor. it is predicated that C7 doesn’t bind PKI because Cv kinase acuwity 1s
insensitive to PKI-inhibition.

Arg'™. which has been defined as an essential basic residue for the complementary interaction
between Ca and PKI. 1s conspicuously substituted by Gln. which served as another evidence to
support the predication that Cv-subunit does not bind PKI (Wen et al.. 1994) PKI-nsensiuvity
may provide another way that may differ Cv from Ca 1n the regulation of CRE-mediated gene
expression. The phosphorviation patterns and cellular physiological effects for C and Ca would
be different in the presence or absence of PKI.

To specifically determune if Cv. like Ca. could regulate gene transcnption through CRE ziement
in cAMP-regulated genes. CRE-reporter gene svstem was utihized as a model The regulation of
CRE-reporter gene expression by C-subunit 1sozyme were evaluated based on the reporter gene
activities 1n transiently transfected HEK 293 and Kiun8 cells with CRE-luc reporter gene. which
was from a-glycoprotein hormone as descnibed in Methods. and two C-subunit 1sozvme expression
vectors : pMT and pCMV. pMT C-subumt expression was inducible by Zinc in a methouune
promoter. The pCMV vectors were constitutive expression vector with CMV as promoter
1.Cy and Ca regulate the CRE-reporter gene acnviny disnnctively and cooperarivels To
determune the function of Cy and Ca n the regulation of cAMP-mediated gene expression. the
CRE-luciferase vector was co-transfected with pMTC~ or pMTCa or their combination :n HEK

2935 cells. The Table 16 showed the results from these expenments
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Table 16 Cv and Ca Had Distinct and Cooperanive Function in the Regulation of CRE-Lucifz

Gene Activity
pMT Ca /Cy *Zinc / 8-CPT-cAMP ALU**

Ca - 4303

Ca - 31830
Cv - 2169
C - 180
Ca-Cv - 2189
Ca+C~ - 633880

*:Treatment by zinc for the expression of pMT C-subunit expression vectors driven by metallothicnern
promoter. Treatment by cAMP for the acuvation of C-suburuts * Luciferase activiny was determuned i a

luminoometer. ALU: arbitrary light umts.

The result ( Table 16) showed that Zinc induction and cAMP treamment of Ca clone induced
luciferase reporter gene activity 10-fold. In contrast. Cv induced the CRE-luciferase acuvin onlv
two-fold. Interestingly. cotransfecuon with Ca and Cv induced luciferase reporter gene actunan 10-
fold more than the sum of transfecton with Ca and Cv alone Ths suggested that Cv
svnergistically enhanced Ca-regulated reporter gene activinn  The same results were obtamned 1n
Kin8 cells (not shown). Cv did not regulate CRE-reporter gene acumviry. but profoundly enhanced
Ca-mediated CRE-reporter gene activity  This result was the first evidence to show that two-
1sozymes of one kinase could have synergetic interaction wn the regulation of gene expression More
nterestingly. this enhancement on the CRE-reporter regulation of gene actuvin by C+ and Ca

turned 1nto attenuation when the amount of both C-subumt expression vectors used for co-
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transfectuon were higher than a certain pownt (Figure 31). The Figure3! showed that if Ca was
cotransfected with low amount of Cv DNA (< 3.0ug). reporter gene activity was enhanced about
S-fold. In contrast. with relatively high amount of Cv (2 3.0 ug) for cotransfection. the reporter
gene activity was attenuated about 3-7 fold. Simularly. the Cv alone could not sumulate reporter
gene activity. This result suggested that Cv alone weakly effected the CRE-reporter gene
expression. but Cy could manipulate the Ca funcuon in the regulation of CRE-reporter gene
acuwity positivelv and negativelv.

It has been proven that C-subunit phosphoryviates CREB in nucleus. The phosphate-group on
the CREB provides a signal for CBP and other co-transcription factors to bind to them. finallv to
activated CRE-mediated gene expression. In order to determine the molecular mechamisms for C+
vs Ca-mediated regulaton of reporter gene expression. the a senes of expenments were designed
to answer the following questions: 1) Are acuve and free C-subunits levels increased 1n the ovtosol
and nucleus of both C-subunit expressing Kin8 clones after Zinc cAMP sumulation” 2) Do Cv like
Ca phosphorylate CREB 1n nucleus ? 5) Do C7 and Ca-subumit induce the increases of CREB
protein levels ? 4) Do the nuclear extracts from C~ and Ca nuclear extracts extubit differences for
CRE-binding clements. and if they do. what are components in these CRE-binding complexes from
respectuve nuclear extracts’
2.Catalytnc Cysuburuts are elevated in Cyclone as Ca-subunits in Ca-clone by Zinc cAMP-
snmuianon: The result showed the Cv alone weakly could actuvate CRE-reporter gene acuvins
(Table 16). One easy explanauon for this is that Cv expression levels were too low m the
permanenty transfected Cv clone to induce CRE-reporter gene expression Cv and Ca expressions
in these C-subunit expressing clones were determuned before But. these cells are at high passage

number It 1s required to detenmune the stability of C-subunit expression in these clones
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To explore this possibility. the specific kinase activity for Cv and Ca were detected in Cv Vs Ca
stably transfected clones and their parent clone (Kin8) with or without sumulation with
zinc/cAMP. The zinc treatment was to sumulate the expression of C-subunit expression vectors
dnven by metallothionein promoter (Glanwville et al.. 1981). The cAMP treatment was to active C-

subunits via dissociating the holoenzymes.

Table 17 Elevation of Cv- and Ca-kinase activity in Cv Venus Ca Transfected Clones

Clones cAMP/Zn™ Increasing (fold)
Kin 8 PKI-Sen. 630 1070 1 76
PKI-insen. 71 77 108
Ca2 PKI-Sen. 1033 2748 263
PKI-nsen. 189 217 113
Cv7 PKI-Sen. 840 1300 179
PKI-insen. 570 1620 284

* Zinc: 80 uM: cAMP: 50 pM. Sumulation for 18 hours. Kemptide(65 uM) was used as substrate for
kinase assay. The data was dernived from one represcatative expenment. The simular results were obtained
by three individual experiments

The results from Table 17 indicate that active kinase levels of both Cv and Ca-subumnts are
elevated by Zinc/cAMP stimulation in respective clones Table 17 showed that C had about 4-fold
higher basal (no Zinc/cAMP treatment) PKl-insensiuve kinase acuwvity if compared with the
average value of same kinase in Kin8 and Ca clones. which probably was a result of leaky
expression in the Cv expression vector. But. the PKI-insensiive kinase actvity was increased

another 2. 8-fold by the sumulaton of Cv clone with Zinc.cAMP The final PKI-insensiive kinase
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activity in the Cy clone was 7 and 20- fold higher if compared with those in Ca2 and Kin8 clones.
respectively. Zinc/cAMP stimulation increased the PKI-sensitive kinase activity in the Cv clone as
much as in Kin8 control clone. Similarly. the Zinc/cAMP sumulation did wincreased about 2 6-fold
PKI-sensitive kinase activity in the Ca clone. but did not affect much PKlI-insensitive kinasce
activity level in Ca and Kin8 clone. These results suggested that catalvtic Cv-subumit was
efficiently expressed in the Cv clone by Zinc/cAMP stimulation as Ca-subunit in the Ca clone
The results from Table 17 are sumilar to a previous report (Beebe et al.. 1992). which indicates that
both C-subunit expressions are still stable in respective Kin8 clones.

The results (Table 17) showed that the catalvtic Cv-subunit level was increased specifically in
the Cv clone. PKI-sensitive Ca-subunit level was specifically elevated in the Ca clone after
Zinc/cAMP stimulation. These results suggested that different kinase activity level in Cv- and Ca-
clones was not a reason to account for the disunction tn the induction of CRE-reporter gene
expression by both C-subunit 1soforms. The next anticipation was to determune 1t the Cv-subunit
was translocated into the nucleus like Ca after its dissociation from R-subunits by cAMP
3.Cy translocates into nucleus like Ca Table 17 showed that both Cv and Ca actviny were
increased in both Cv /Ca clones after Zinc/cAMP sumulation, but CRE-reporter gene activin
only was activated by Ca. but not Cv (Table 16). This suggested that something must happen
after the expression and activation of C-subunits in the cell. Previous data (Wen et al . 1993)
showed that Ca translocated into the nucleus acuvated CRE-contamning gene expression by
CREB phosphorylation. To determine if Cy activity appeared in the nucleus. the kinase acuvin
assay and immunoblot analysis were applied to detect both C-subunit in the nuclear extracts of

permanently Cv vs Ca transfected clones after zinc/cAMP sumulation
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Table 18 Elevation of Specific Kempude Kinase Activity of C-Subunits in the Nuclear Extracts of
Three Kin8 Clones by Zinc/cAMP Stimulation*

Clone Zinc/cAMP Elevaton
- - (fold)
Kin8 PKI-Sen. 3520 1260 24
PKI-insen 422 35 13
Ca2 PKI-Sen. 810 2606 32
PKI-insen. 184 262 14
C7 PKI-Sen. 480 1640 34
PKI-insen. 760 2400 32

* Zinc: 80 uM: cAMP: 50 uM. Sumulation for 18 hours. Kempude(65 uM) was used as substrate
for kinase assay. The data was denved from one representauve expenment. The simular results were
obtained by three individual experiments

The results from Table 18 indicated that PKl-insensiive kinase activaty was onls incraased
specifically 1n the nucleus of Cv clone. PKI-sensitive kinase activities were increased n all three
clones. but the specific kinase activity in the nucleus of Ca was higher than that of the other two
clones. Tablel8 showed that the stimulation of C7 clone with Zinc/cAMP increased 3 2-fold
specific Cy PKl-insensitive kinase activities in nucleus. In contrast. no notable changes wn PKI-
insensitive kinase were detected in the nuclear extracts of Ca and Kin8 clones. which suggested the
elevation of PKl-insensitive kinase activity was Cv-clone specific after Zine/cAMP sumulation
The Zinc/cAMP treatment not only clevated 3 2-fold PKI-sensiuve kinase acuvin 1 nuclear
extracts of the Ca clone. but also increased 2 4 and 3 4 PKl-sensitive kinase activities 1n the

nuclear extracts of Kin8 and Cv clones. respectivels This suggested that Zinc:cAMP-treazment
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caused the free Ca-subunits to translocate into nucler in the Kin8 and C+ clones However. the
absolute value of PKl-sensitive specific kinase activity in the Ca clone was sull 1 6-2 fold higher
than those in the Kin8 and Cy clones. This result suggests that C translocates into nucleus after
Zinc/cAMP treatment..

The kinase activity assav quantitatively demonstrated the active Cs-subunit was not enly
elevated as Ca. but also translocated into nucleus in the Cv clone. The same result was confirmed
by immunoblot analysis using C-subunit specific antibody. Figure 32 showed thar 39kDa
mammalian Cy specific band (Beebe et al.. 1992) which differed from 41 kDa Ca band 1n the Kin8
clone. was much intensified in the nuclear extract of the C clone after Zinc’cAMP treatment than
no-treatment. but no 39 kDa Cy band could be detected 1n the nuclear extracts of the Ca and Kin8
clones regardless of Zinc/cAMP treatment (not shown data) This further supports the denuty of
39 kDa band as Cv subunit. Results from kinase assav and immunoblot analvsis clearls
demonstrated that the nuclear translocation of C-subunits is not an reason accounting for distinct
regulation of CRE-reporter gene expression by different C-subunit 1sozymes
+4.Cy phosphorylats CREB as Ca n nucleus: CREB 1s major mediator for PKA to regulate
cAMP-responsive gene expression. CREB has to be phosphorylated by Ca-subunit to acuvate
CRE-containing gene expression cooperatively with other co-transcnption factors To invesugate if
Cv-subunit can phosphorviate CREB in the nucleus. the phospho-CREB were detected 1n the
nuclear extracts of Caand Cv clones after Zinc/cAMP treatment by immunoblot analysis using
phospho-CREB (Serl33) antibody as described in Methods

Results showed that both Cy and Ca expression by Zinc/cAMP sumulaton elesated the level
of immuno-reactive phospho-CREB protein as shown by immunoblot analysis using phospho-

CREB specific antbody (Figure 33). which suggested that C~ could phosphonlate CREB as Ca
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It was noted the elevated phospho-CREB level by C-subumt phosphoryvlauon after cAMP-
stimulation was attenuated to basal level rapidly by phosphatase-2-mediated dephosphorylaton in
the cell (Wadzinski et al.. 1993). which suggested transcniptional induction of CRE-containing
gene by CREB was transient and precisely regulated by the phospho-CREB level at the parucuiar
time after cAMP-stimulation. It was anticipated that kinetic profile of phospho-CREB level may be
different in Cy and Ca clones because of their different substrate specificity. different cellular
location and unique kinetic features. To explore this possibility. the kinetic profiles of phospho-
CREB were examined in the nuclear extracts of Cv. Ca and control kin8 clones after vaned-ume
cAMP exposure.

The results (Figure 33. Panel A) showed that phospho-CREB levet in Kin8 control clone was
not changed much along the 50 mun ume course of cAMP sumulation The kineucs of CREB
phosphonviation differs between Cv- and Ca clones. The phospho-CREB level in Ca clone started
to clevate by 3 min. or earlier. and was attenuated to basal level after 23 mun The duratien of
elevated phospho-CREB was about 20 mun. after ¢cAMP sumulation I[n contrast. the phosghe-
CREB level in C clone started to elevate at 10 mun and was attenuated to basal level after 20 mun
The relativeiv high level of phospho-CREB in Cv was lasted about 10 mun after cAMP
stimulation. This result indicated that 1) Ca rapidly and sustanly phosphonvlated CREB. I[n
contrast, Cv appeared to phosphorvlate CREB slowly and transiently. 2) Basal level of phospho-
CREB in Kin8 clone did not change along the course of cAMP-treatment

Although this result suggested the exustence of different kineucs of CREB-phosphony laticn 1n
the Cv clone and the Ca clone. 1t was possible that cAMP sumulation itself mught induce a ume-
dependent expression of CREB differently 1in the Cv and Ca clones In other words. different
kinetic profiles of phospho-CREB level in Cv and Ca clone mught be a result of distnct induction

of CREB level upon the ime of cAMP sumulation rather than different CREB phosphon lat:on by
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C-subunit isozymes in these three tested clones. To demonstrate if CREB level was change dunng
the ime course of cAMP-stimulation. the total CREB level was detected by immunoblot anaiv sis
using normal CREB antibody along the time of cAMP sumulation in these three clones The results
(Figure 33, Panel B ) showed that the total CREB level was not changed in anv thres clones
during 50 min cAMP stimulation. Similarly. the result from Coomassie blue stained-same SDS-
PAGE gel showed that cAMP stmulation did not remarkably induce the ume-dependent
production of new nuclear proteins in these three clones (Figure 33. Panel C-1 and C-2) Thus also
demonstrated that protein samples for these immunoblot gels were loaded equally  All these data
indicated that Cy can phosphoryvlate CREB in Ser'” like Ca. which was venfied by specific
phospho (Ser'*)-CREB antibody. but both C-subunits had different kineucs for CREB
phosphorylation. It is unclear vet how to correlate this result with distinct regulation of CRE-
reporter gene expression by Cv and Ca.

[n some cell types. 1t has been suggested that Ca-subumit regulates CREB gene expression. but
thus is not universally present. The CREB gene promoter extubits 3 CRE clements as well as other
cis elements (Walker et al. 1993). so it 1s possible for C-suburut to regulate= CREB 2ene
expression. Therefore. an experiment was designed to determine whether C+. like Ca. affects the
expression of CREB. This is another possible mechanism to account for the obsened disunct
regulation of CRE-reporter gene expression by C vs Ca.
5.Cy and Ca snmulate the elevanion of immunoreacnve CREB protein level To explors the
possibulity that Cy and Ca differently regulate total CREB proten levels i the nucleus Cv- and
Ca~lones were cultured in the presence or absence of Zinc/cAMP The total CREB levels were
detected by CREB specific anubody. The results (Figure 34) showed the immuno-reactive total

CREB protein levels were remarkably increased in the nuclear extracts of both clones after
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Zinc/cAMP which are activated by C-subunit- sumulation. In parallel. immunoreactive both C-
subunits were increased after Zinc/cAMP stimulation (Figure 32) However. immuno-reactive
CREB protein level was not increased in Kin8 nucleus after Zinc/cAMP sumulation ( not shown
data). This result suggested that the expression of both C-subunits by Zinc/cAMP sumulation
specifically resulted in the elevation of immuno-reactive CREB protein level. Therefore. different
effects of Cy and Ca on CREB protein level is not likely to account for observed distinction in the
regulation of CRE-reporter gene expression by C-subunit isozymes.

There are some other transcription factors which belong to ATF/CREB family Cv and Ca mav
have different actions to activate them. To explore this possibility. the gel-mobility shift assav was
utilized to detect possible different transcniption complex 1n the nuclear extracts of Cv and Ca
clone using consensus CRE sequence as probe as descnbed in Methods
6. Similar CRE-mobility shifts were found in the nuclear extracts of Cy Ca and K:n< clones
Stumulation of CRE-containing gene expression by phospho-CREB 1s modulated by adjacent-
associated proteins and many of them are substrates for C-subunuts (Miller et al . 1993) Because
Cv and Ca have different substrate specificity. it is possible that Cv and Ca differentls manipulate
the interactions between phospho-CREB and co-transcription factors by disunct activauon. which
mediates the observed distinction. Transcniption factors in CREB/ATF famuly. which are acthated
by C-subunit-mediated phosphoryvlauon. can bind CRE-DNA element as a promoter in cAMP-
responsive genes directly or indirectly. To explore the possibility that C and Ca differenually
manipulate the interaction between phospho-CREB and its co-factors. Gel mobilin shift assavs
were applied to detect the predicted umque complex in the nuclear extracts of Cv and Ca clones
after Zinc/cAMP-sumulation. Different  CRE-mobiliny  shuft patterns on  non-denarunng

polyacrymide gels after they bind **P-labled CRE-probe would suggest that different clements of
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Figure 35. Gel Mobility Shift Analysis of CRE-Binding Transcnpuon Factors in

the Nuclear Extracts of Kin8. Ca. and Cy Clones after Zinc/cAMP Stmulation

Nuclear extracts were prepared from Kin8. Ca and Cy clones that were sumulated with
Zinc(85 uM) plus cAMP(50 uM) for 18 hours as descnibed in Methods Equal amount
of nuclear extracts (15 ug proteins ) as indicated in figure were incubated with 0 5-1 0 ng
3*P-labeled CRE-consensus oligonucicotide as probe and analyzed by gel mobility shuft
assay as descnbed in Methods. 5-fold and 10-fold molar excess of unlabeled CRE probe
as specific competitor were added to demonstrate CRE-specific binding
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CRE-binding complex exist. There are several vanations surrounding consensus CRE sequence
that affect specificity for transcription factors binding. In this expenment. *~P-labled-consensus
CRE (27 bp) sequence(Santa Cruz) was used as a probe to screen CRE-binding factors in the
nuclear extracts of Kin8. Ca and Cv clones as described in Methods. Gel mobuility shuft expeniment
(Figure 35) showed that transcription factors in Cv (lane 3) and Ca clones (lane 2) bound to the
CRE-probe resulting in a similar gel shift patten. This shifited CRE-band was attenuated
competitively by unlabeled CRE probe ( 4-9 lane). This indicated that thus band-shuft was CRE-
specific.

It has been shown that elevated phospho-CREB levels induced by cAMP-sumulation wouid be
attenuated into basal level in Cv and Ca clones. In the basal level. there was not a detectable
difference on the phospho-CREB level (Figure 33 Panel A) There 1s the correlation between the
activation of transcniption factors and co-factors by C-subunit-mediated phosphor laticn and their
CRE-binding affinity (Lundblad et al .1993). Because the nuclear extracts used for gel-shift assay
(Figure 35) were prepared from the cells which were sumulated by Zinc:cAMP for I8 hr. it was
possible all differentially activated transcnption factors by Cv and Ca phosphorvlation were
returned to basal dephosphoryvlated form by phosphoprotein phosphatase 1n the cell Therefore. we
analyzed ime-dependent effects of CRE-binding transcniption factors in the nuclear extracts of all
three clones after cAMP sumulation.

Figure 36 showed that the kinetic profiles of CRE-binding complex levels in the nuclear
extracts of three clones after cAMP-sumulation The formaton of CRE-binding complen levei
appeared to change with the time of cAMP stimulation in the C and Ca. but not 1n the Kun8 clone
The CRE-binding complex level in the Kin8 clone was not changed along 30 mun cAMP treatment
(lane 1.4 7,10, 13, and 16 ). But. the CRE-binding complex level from nuclear extracts of the

Ca clone started to increase at 5 mun ( lane 2). and reached to peak at 10 mun (lane §) After 3¢
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min. the CRE-binding complex started to be attenuated ( lane 17) In contrast. CRE-binding
complex in Cv nuclear extract appeared by 10 min. (lane 3). reached peak levels at 15 mun (lane
9). then retumned to basal levels after 20 min (lane 15). The kinetic profiles of CRE-binding
complex levels (Figure 36) for Cv and Ca were very similar to the kinetic profile found from
CREB-phosphorylation (Figure 33). This suggested that phospho-CREB mught be a major
component in this CRE-binding complexes.

To explore if phospho-CREB was one component in the CRE-shift band from C and Ca clone.
phospho-CREB (Ser'*’) antibody was utilized to detect the presence of phospho-CREB 1n the
CRE-complex by super gel mobility shift assay as descnibed in Mcthods The phospho-CREB
anubody specifically binds to phospho-CREB in the nuclear extracts. Phospho-CREB bound with
anti-phospho-CREB becomes bigger in molecular weight than free phospho-CREB. which results
in further retardation (super-shuft) of CRE-probe on non-denatured polvacnmude gel The 2el
(Figure 37) showed that anti-phospho-CREB resulted 1n sumular super CRE-band shuft tn the
nuclear extracts of same three clones. This suggested that phospho-CREB was at least one
component of these CRE-binding complexes Results from gel mobiiity shuft assay did not show
notable difference. which suggested this approach may be not sensiuve enough to idenuft the
differences occurred on the transcription factors in these three clones. because the results from
CRE-reporter gene studies (Table 16) and intact cell studies in Y1 Kin8 cells (Tabie 1)
demonstrated the existence of such differences This distinct role of C+ and Ca in the regulation of
CRE-reporter gene activity has been observed in two CRE-reporter gene sy stem (not shown data)
One CRE-element was from the promoter of a-glycoprotein gene (a-luc-168) The other CRE was
from the promoter of enkinphreon gene. This suggested that CRE was not so specific and rught
be not necessary to conduct distinct role on the regulation of CRE-reporter gene expression by C-

subunit 1sozymes
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[n additon. increasing number of 1soforms of transcnipuion (co)factors tn CREB/ATF famuly
and cross-reaction among them have been reported. which make 1t harder to wnspect them one by
one onlv by CRE-gel mobility approach. This situation promoted us to find a efficient way to pownt
toward our target. or at least to rule out some possibilities. Gal4 reporter gene system was utilized
to determune if CRE and dimerizanon of CREB are required for or involved in the disunct and
cooperative regulation of CRE-gene
actvity for this purpose.
7.CRE sequence and dimerizanon of CREB are not necessary !0 show the distinctiorn and
cooperanve interaction berween the Cyand Ca 1n the reguiarion of CRE-reporter gene acmary

[n the Gal4 reporter gene expenment. two Gald expression vectors were utithized Gal-4 protein
binding DNA sequence 1s used to replace the CRE sequence as a promoter 1n a luciferase reporter
gene vector to form Gal-? luc (kind gift from Dr Quinn. Unuversity of Pennsvlvama) The DNA
sequence for Gal4 DNA binding domain 1s fused with the DNA sequence encoding for CREB
activation domain (CREB:.:—) to form Gal4-CREB fusion protemn expression wvector ( kind gt
from Dr. Quinn). It was shown that CRE sequence itself and dimenzation of CREB wers not
necessary for Ca to regulate the reporter gene acuvity. as long as phospho-CREB(1-277) binds to
the upstream of cAMP-responsive gene (Figure38) (Quuan 1993, 1994 ) Thus prompted us 0
determune if CRE and dimenzation of phospho-CREB are necessary to show the distinct function
between Cv and Ca in the regulauon of CRE-reporter gene acuvity  If Gal-d reporter gene and
CRE-reporter gene acuvity were regulated by Cv and Ca sumularty. 1t wall help us to rule out some
possibiliies which are associated with vaned CRE-clements and complicated cross-unteraction
among transcription factors

To conduct this expenment. Gal-4 luc and Gal-4 CREB were transiently cotranstected into

HEK 293 cells with pCMV Cv or pCMV Ca and therr combination as descnbed in Methods The
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results (Figure 35) showed that 1) Ca could sumulate 3-20 fold of Gal-$ luciferase reporter gene
actuwvity in concentranon-dependent way . 2) Cv alone could not sumulate Gal- luciferase gene
actuvity (less than coatrol). 3) cotransfected with low amounts of Ca (=0 3ug) and low amount
Cv (0.3 pg) Gal-4 luciferase reporter gene activities were enhanced 5-9 fold greater than the sum of
the efficiency of Cv and Ca. This result was similar to the result from cotransfection experiment
with a-luc CRE-luciferase reporter gene svstem ( Fig 30). The Gal-4 results (Figure 39) indicated
that CRE and dimenzation of CREB were not necessarv for the presence of disuncucn and
interacticn between Cv and Ca in the regulation of CRE—ontaining gene expression. This result
also predicts that the distinction and cooperative interaction between Cv and Ca in the regulauon
of CRE-reporter gene actvity is mediated by a intra-CREB-molecular(1-277) mecharusm or 1 the
domain of CBP or other co-transcripion factors. which complementany nteracts with irans-

acuvauon domain of phospho-CREB.
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CHAPTER IV

DISCUSSION
A. Expression and Purification of Recombinant Proteins for In Vitro Study
Cy was expressed as inactive and insoluble proteins in bactena after intensive attempts to acuve it.
This result suggested that Cy needed to be modified or re-folded by some eukaryotic cherpone used
for maturation or activation after translation. This function was absent in the bactena. Considening
the facts that Ca and CB were successfully expressed as active proteins in bactena (Gamn et al.,
1996), it is suggested that Cy expression differs from other two isoforms of C-subumt and 1s
eukarvote-specific or modulated in different way. Interestingly. two isoforms of C-subumts from
Aplysia were expressed as insoluble and less-active proteins in bactena under a vanety of growth
conditions and attempts to naturalize these proteins failed to yvield fully active kinase (Chelev et al .
1992). The results suggested that C appeared to be closer to the C-subunit from an insect cell than
other mammalian C-subunit isoforms in terms of the requirement for eukanyouc factors for
activation. These results also suggested that some Cv-specific requirements for the expression of
active enzymes in bacteria are not well understood. and some specific requirements for the
activation of C-subunits expressed in bacteria varnied with different C-subunut 1sozymes.

There are several differences between eukarvotic and prokarvotic systems in the expression of
recombinant proteins. However, posttranslational modifications are the most tmportant ones At
least two posttranslational modifications have been charactenized for C-subumts. which are
myristylation and phosphorylation

Myistylated proteins can be separated into two categones, those that are soluble and those that
associate with membrane (Towler et al, 1988) In the protein associated with membrane,
myristylation is believed to provide a hydrophobic anchor for the protein to asscciate with

membrane (Chow et al, 1987) The structure of the mammahian C-subunits senved as the first
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example of how a myTistyl group can contnbute to the stability of a soluble protewn. It 1s less likely
for Cv expressed in bactena to be myristylated. because bactena do not have this metabolic
enzymes for the myrnitylation. In additon. if Cv was transcnipted from the second AUG corden. C
does not exhibit N-termunal free glvcine, which is required for the acylation with mynistic acid for
recombinant Ca (Carr et. Al 1982).

Recombinant Cv-subunits expressed in eukarvotic svstems have the potential to be mynistyated.
but it is still not clear about the mynstylation of recombinant C+ One thing 1s clear that
mymistyvlation only stabilizes Ca in cukarvotic cells. but does not affect the substrate specificity or
kinetic behaviors for C-subunits. For example. when C-subunits were first expressed in £ coi: . ut
was not mytistvlated because E. coli.. lacks V-mynstv] transferase (NMT). But the unmvnst lated
C-subunit was kinetically indistinguishable from the mynistyvlated form in mammalian cells though
the myTistylated C-subunits was more labile to heat denaturalization in the monomenc state and 1in
the holoenzyme complex (Slice et al. 1989. Yonemoto et al. 1993) It 1s unlikeiv that
myTistylation of the 1sozymes will alter the substrate-specificity for these recombinant C-subumits

Compared with recombinant Ca-subunit. the recombinant Cv-subunut was less stable i witro
and in intact cell. Mymistylation stablized C-subumts. which suggested that recombinant C-suburut
mught not be mynistylated. Recombinant Cv always exhibits lower stability than Ca regardiess of
cell svstem, which suggested that decreased stability was another unuque feature for C

C+ has an intronless gene structure (Beebe at al . 1990) The proteins with intronless genes have
been shown to conserve some identities. including low-stability. limuted tssue-specific-distnbution
and low expression levels. All the previous data in this laboratory indicated that C+ shared these
common features for intronless protens The function of intronless proteins has been asscciated
with the cell differentiation. which wmplies that C+ may be transientds expressed and can

phosphorylate the substrates which are associated with cell differentiation This 1s consistent with
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fact that Cy exists in human testis. There are undifferenuated cells in human tesus The low level
expression and less-stability of Cv may correlate its transient specific function The results from
U937 cell studies supported this hypothesis that Cv is present in undifferentiated cells and involved
in the cell differentiation of U937 cells. When U937 cells were induced to differentiate by cAMP-
stimulation, two types of PKA holoenzymes were separated by chromatography Results showed
that the type II holoenzyme was decreased. but the type-I did not changed much This suggested
that tvpe-II holoenzyvme was associated with physiological change of U937 cells from proliferation
to differentiation. It was reported before that the type-II holoenzyme mediated some cell
differentiation (Beebe and Corbin. 1986). Interestingly. Cv-like PKI-insensitive kinase activity was
increased and located in type-II holoenzyne of differenuated U937 cells (Table 4) Cv-like PKI-
insensitive kinase activity were further identified as cAMP-dependent histone kinase with 3¢ kDa
mammalian Cv-specific immunoreacuve bands (Figure 10. Table 4) All these features are
consistent with known cniteria for Cv-subunits. Result from U937 studies suggested that Cv-like

. -~
/

protein expression was specifically associated with the differentation of U937 cells Of course.
more expenments are needed to further confirm this hyvpothesis. For example. 1t will be important
to demonstrate the presence of Cv-specific mRNA onlv n differentiated U937 cells. but not in
undifferentiated cells.

Autophosphorvlation. which s required for full activity of Ca (Toner-Webb et al . 1992), s the
other posttranslational modification that could affect either kinase. or mobihiny shift of recombunant
C-subunit bands on SDS-PAGE. but not C-subunit substrate specificitn  The autophosphon lation
of C-subunits is believed to be a cnucal step in the final maturaton of C-subunit 1n cukanouc
cells. (Steinberg et al.. 1993) Cv has been expressed in three cell systems and resolved as two

close immunoreactive protein bands There are several possible explanatons for the presence of

more than two Cv bands in the immunoblot analysis Alternative uses of two in-frame ALG stan
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cordon (Beebe et al.. 1990) in the transcripuion of Cv-cDNA was thought as a possible reason.
which resulted in two active Cv bands with mine amuno acid difference. But. it becomes less likely
because Cv expression vector containing only one AUG start cordon was also expressed as more
than two Cy immuno-reactive proteins in bactena.

As it was mentioned above, autophosphorviation of Ca caused the up-shift of Ca-band on
SDS-PAGE (Steinberg et al.. 1993). Therefore. an other possible explanation 1s that Cv may
become a substrate for Ca or other kinase. This autophosphorylation of Cv may be necessan for
activation of recombinant Cv. Consequently. the autophosphorviation of C+ mught cause the two
close immunoreactive Cy protein bands. The lower band was unphosphorvlated Cv and less acuse.
the higher band was active phosphorviated Cv. There are two pieces of evidence to suppor: this
hyvpothesis: 1) recombinant Cv expressed wn bactena was wacuve and had relatvely smailer
apparent molecular weight compared with those active Cv expressed in eukanvouc celis due 1o
absence of posttranslational autophosphoryvlation. 2) when recombinant Cv expressed in S10-
baculovirus syvstem was punfied by CM-Sepharose chromatography. two kinase peaks were
revealed in eluton profiles. The peak-II contamned only PKl-insensiive kinase activany. and
exhibited two immunoreactive C-subunit bands. but the final homogenous actve C+ contained
only higher Cy band. Therefore. it 1s possible that autophosphoryvlation of Cv 1sofom mugnt be
important to activate Cv and account for the presence of two immunoreactive Cv-bands in all three
cell systems. but it requires further studies to prove it.

The reason for the large differences in expression levels between Cv and Ca in SO cell using
baculovirus 1s not clear. Morphological observation showed that Ca-baculovirus infected St% celis
stopped growing after two day post-infecuon (not shown data) In contrast. recombinant Cv-
baculovirus infected Sf9 cells kept growing in seven day post-infection These results suggested

that the expression of both C-subumt isozyvmes differennallv induced the inhuibition of cell
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proliferation. In Kin8 cells. transfection of Cv or Ca caused the mhibition of cell proliferation
(Table 1). This result suggested that eukarvotic cells have lumuted ability to tolerate recombnant
C-subunits.

The viral lysis curves of infected Sf9 cells with both recombinant C-subunits in baculovirus
appeared to be similar based on the observation that both recombwmant C-subunits started to be
released from infected SO cells at similar ume (Figure 10 and Figure 12) Although e2xact
mechanism underlyving this distinction of both C-subumts on the mhubition of infected Sf9 cell's
proliferation is unknown. a possible explanation 1s that both C-subunits expressed in Sf9 cells are
active, but the differences in the modification for activatuon after expression and substrate
specificity of both recombinant C-subunits in Sf9 cells cause the disunct inhibition of infected cell
growth. For example. Ca probably induced the early inhibition of cell proliferation due to lack of
a requirement for the modificaton to wnduce 1ts acuvauon after transiation and or specinic
phosphorvlation of some regulatory substrates i host cells. which muated the signal to stop czil
proliferation. In contrast. Cv might need some ume to be modified for full actvation after its
translation and/or it could not phosphoryvlate such regulatory substrates in host cells as to mnate
signal for the inhubition of infected SS9 cell growth. In other words. 1t 1s predicted that thus delay
for Cv-activation and/or the deficiency of Ca-mediated specific phosphorviation of regulatony
substrate in host cells resulted in the distinct effects on infected cell proliferation The relativels
low expression level of Cl-subunuts from wnsect cells (Apiysia) in same system has been reperted
to be due to slowed Sf9 cell growth after infection by Cl-baculovirus (Cheley et al . 1992)
[nterestingly. although Cv and Ca-suburuts had differences in the expression level and in the
effects of infected cell’s proliferation, Sf9 cells were induced to extend long netunte-iike ta:l only
by both recombinant C-subunit baculovirus infection. but not wildtype baculovirus infection ( not

shown data). The same long netunte-like structure was obsened in the St9 cells infected by
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Aplysia Cl-recombinant baculovirus (Cheley et al.. 1992). which has been identified as a result
from host p-10 protein phosphorylation by recombinant Apivsia Cl-subunits. The protenn p-i7 15
a 10 kDa polypeptide which is heavily phosphorvlated at the same ume when C-subumt
baculovirus infected Sf9 insect cells by extended netunite-like structures (Cheley et al . 1992) The
fact that the same long neturite-like structure in the infected Sf9 cells was induced by both C-
subunit isozyvmes suggested that Cv and Ca could phosphorylate p-10 protemn.

In this project. the recombinant C and Ca have been punified to homogenety with 0 83 (1 mol
3*p-incorp./min./mg with histone as substrate) and 6.96 (umol **P-incorp /mun /mg with Kempude
as substrate) as specific kinase activities respectively. Thus is the first ume for the recombmant C
to be purified to homogeneity. The specific kinase acuwvity of Ca 1s close to that denved from
bactenial recombinant Ca prepared by Baude (1994) It was predicted that the specific kinase
acuvity of both recombinant C-subumits could be improved if denatured C-subunits can be
removed by affinity chromatography

Compared with Ca. C appeared to have relauvely low specific kinase acuvin  One pessible
reason is that there are some denatured Cv-subunuts which were not able to be removed Because
recombinant Cv has lower stabilitv than recombinant Ca. this may become a major reasen for
reduced specific activity. Lower tumnover number of Cv for substrate phosphorslation (Table 10.
11) may serve as another reason for low specific kinase acuvity of Cv In addition. the hustene [11
used as a substrate for Cv kinase acuvity assay may be not as good a substrate as Kempude for
Ca. For example. Cy phosphorvlated PKG-substrate-2 (pepude-3) 20-fold better than Ca Thus
implies that specific kinase activity for Cy-subunit 1sozyme 1s vaned with different substrates

Present expression study indicated that recombinant Cv expression differed from recombunant
Ca 1n expression level and . posttranslational modification Cv-subunuts always were expressed as

two close immunoreactive bands 1n all three systems regardless their activity and expression levels

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In contrast. Ca was expressed as one active C-subumut band in all three cell systems Acuve Cv-
subunit expression was eukaryotic ceil specific. Ca was expressed as acuve protein 1o prokan uc
and eukarvotic expression system. but C could be efficiently expressed only mn eucaryouc cells
All these distinctions between C- and Ca-expression suggested that cell systems were not the only
reason to account for these differences. Some inherent differences between Cv and Ca were
observed in distinctive expression levels. kinase activities and protein modifications This research
also shows that optimal expression of each recombinant C-subunit 1sozymes may depend on cell
svstems. but expression system did not effect the substrate and pseudosubstrate specificity for
either of recombinant C-subunits. All the recombinant C-subumts used for this research extubut
similar substrate and pseudosubstrate specificities no marter what expression systems was used.
their expression levels and their specific activities Therefore. 1t 1s no problem to use the

homogeneous C-subunits expressed in different cell systems for kinetic companson

B. Kinetic Analysis of C-Subunits for Substrate Specificity
The results from kinetic companison for both C-suburmuts on substrate phosphen lanon
(Table 10) indicated that Cv and Ca had different substrate specificity  The substrate specificity of
C-subunit was predicted based on different cell phenotypes in permanently CCa transfected
Kin8 clones (Beebe et al.. 1992). To confirmed thus prediction. recombunant C-subunits expressed
in different systems were first compared for their substrate and pseudosubstrate specificiny with
crude cell lvsate (Table 3) and further extended by the kinetic analysis for substrate
phosphoryvlation with homogeneous C-subunts

Compared with Ca. Cv always had lower Km values for substrate and Mg~ -ATP binding. but
turned over those bound-substrates much more slowly This kinetic companson provides melecular

explanauon for previously observed substrate specificiry for both C-subumit isozymes Results
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(Table 11) generated from kinetic companson of both C-subunuts on the phosphorylation of seven
other synthetic pepudes provide more detailed evidence to demonstrate the existence of substrate
specificity between Cv and Ca. All these results from kinetic compansons provide some important
information about unique catalvtic feature of Cv for the first ume. These are summanzed as
follows:
1. Cy and Ca shared the primary PKA hknase substrate specificin The mual winvesuganons
explonng the nature of C-subumit’s substrate phosphoryvlation site were focused on the target
phosphorvlation site from hepatic pyruvate kinase. Kempude was synthesized pepude based oa the
phosphorvlation site of pyruvate kinase. and now was treated as efficacious a substratz as its
parent protein. pyruvate kinase (Pikis et al. 1980) Those studies demonstrated that the
importance of the pair of arginine residues on the amino-termunal side (P~ and P ) of the pheschor-
accetator. senne. with apparenty poor tolerance for deviauon from this stnct mour Shitung the
pair of arginine either closer to. or further from. the target senne residue or their conser.atve
substitution by lvsine. markedly compromused the pepude as substrate for the C-subumt (Kemp et
al.. 1975; 1977). This umique phosphorvlation site sequence (RRXSY) has been considersd as
primary substrate specificity for PKA kinase Present results (Tablell) showed that beth C-
subunits could phosphorviate pepuides(1-3) with RRXSY phosphonvlauon sequence. but not
phosphorylate pepude (6-8) with RRXX(x)SY as phosphonvlaton sequence This result indicates
that Cv and Ca shared primarv substrate specificity for PKA kinase Therefore. Kemptide may be
the best substrate for C-subunits. and can be used to differenuate PKA kinases from other kinases
Bewng insensiuve to PRI-mnhubiuon. C+ can be differentated from other C-subunuts (Ca and CB )
for substrate phosphorylation by PKI

The results from this kinetic analvsis also indicated closely related protein kinases (such as A-.

C-. and G-kinases) have their parucular substrates in terms of its ow Km and high Vmax values
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The convergent evolution forces them to phosphoryviate muluple substrate with overlapping
specificity with other kinase (Walsh et al.. 1994) For example. both C-subumts could
phosphorvlate PKC-peptide as well as Kemptude in term of Vmax/Km values The same
phenomenon may apply to Cy- and Ca-subunit i1sozymes. The amino acid residue sequence of Ca-
subunit isozyme shared a high degree of sirmulanty (83% identity) with those from Cv-subunit
isozvme. Therefore. both C-subunit isozymes shared the pnmary substrate specificity as obsered
in this research. But. the inherent sequence difference (17%) between the both 1sozymes provides
the structural basis for them to sense substrate structure differently.

2. Cwsubunits had umique catalytic feature for substrate phosphorviation C+ shared some
substrate specificitv with Ca. especially for pnmarv phosphorviation site of substrate 10 PKA
kinase. But. inherent differences in structure between C+ and Ca determined that C+ had unique
substrate specificity and catalvuc features. The results from these kinetic compansons(Tabic 10
and 11) suggested that Cv generally extubits as good or better a Km value. but a lower Vman »alue
for substrate phosphorylation if compared with Ca It is envisioned that enzymatic reacuens take
place 1n cell micro-environments and these kinetic differences may be significant in cells. especialls
if there 1s a temporal effect of the phosphorvlation reaction on cz2ll funcuon The Vmax Km ratios
differ between Cv and Ca. which suggests that one or more steps n transfernng phosphate group
from ATP to pepude/protewn substrate differs. C appeared to bind substrate with higher athiun
than Ca . but tum-over rate was much slower These kinetic features of Cv predicate that C+ can
act as an inhibitor for some Ca-mediated functions by occupving the substrate faster than Ca.
especially at some region where the available substrates become a limited factor These kinetic
differences may provide a mechanism to fine-tune cAMP signaling and under some conditicns mas

determune the presence or absence of phosphon lation
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3. C-terminal amino residues to phospho-acceptor site (Ser The) might serve as the structure to
differentiate substrate specificity berween Cy and Ca. This kinetic companson of both C-
subunits for substrate specificity not only showed the unique catalytic feature for Cv. but also
provide evidence to define the structure which differenniates substrate speaificity for Cv- and Ca-
subunit. Results (Table 11) showed that the onlv difference in sequence between the PKG-
substrate-1 and PKG-substrate-2 was that the Ala at P i PKG-substrate-l which was
substituted by basic Lys in PKG-substrate-2. One more basic amuno acid at P~ position elumunated
the ability for Ca to phosphoryviate PKG-substrate-2 (1000-fold decreasing in Vmax'Kin value).
but Cv stll could phosphoryvlate this pepude (3-fold decreasing in VmaxKm value) Ths result
indicated that the structure for C+ and Ca to sense substrates differently was located at the C-
termunal to phospho-acceptor Senne.

4.C7and Ca phosphorvlate nanve cellular proteins dirferently The results denved from cellular
protein phosphorylation in Kin8 clone by recombinant C-subunits (Figure 27) suggested that both
C-subunt isozymes mught phosphorviate natural proteins differently  Several explanations could be
made to account for this observed distinct phospho-proten profile in Cv and Ca clones 1)
Zinc/cAMP sumulation induced the production of new protewns n respective cells The isozyme-
specific phospho-protein bands was resulted from distinct protein composition of both C-subunt
clones rather than C-subunit 1sozyme-mediated specific protein phosphorylation In other words.
C7 and Ca indirectly caused different protein phosphorvlation 2) The protein composition tn C-
subumit expressing clones were simular, disunct phospho-proteins wn respective  C-suburut
expressing clones were resulted from C-subumit isozyme-specific phosphonlanon  The total
protewn profile in the cyvtosol and nuclear extracts of these clones were detected by Coomassie-
stained-SDS-PAGE The result (Figure25: Panel b) showed that towal protein profiles i cach

respective lane were simular These results suggested that different phosphonlation profiles n C+
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and Ca clone were most likely a result of distinct substrate specificity for both C-subunit
1sozymes.

The results also suggested that such substrate specificity exhibited by Cv and Ca paruallyv
depended on the presence of native conformation of the proteins substrates. because homogeneous
Cy and Ca phosphorylated the heat-denatured proteins in cytosol and nuclear extracts sumularly
(Figure 28). It is still not known which kind of proteins were phosphorylated disuncuvelv by Cv
and Ca in the cell. How much do these distinct substrate phosphoryvlation account for the exhibited
distinct phenotype in respective C-subunit expressing clones (Table 1) But. the data presented
here provides additional evidence to support the onginal hyvpothesis that substrate specificity of the
C-subumt isozyme accounts for the observed disunct Y1/Kin8 cell phenonvpe which are

permanently transfected with C7 and Ca.

C. Kinetic Analysis of C-Subunits for Pseudosubstrate Specificity

PKI is a small (80 amino acids). potent. heat-stable and specific inhubitor for the C-suburut (Glass
et al..1986 ). PKI competitively binds to substrate-binding site of C-subumit as pseudosubstrate
with tremendously high affinity. especially in the presence of cAMP when the C-subumt 1s
dissociated from the holoenzyme as free subunit (Walsh et al . 1971) Present results demonstrated
that Cv was totally insensitive to all three tested forms of PKI The crystal structure of C-subunit
bound with PKlIs: peptide (Kmghton et al.. 1991) and model pepude studies of PKIaF 10 (Glass et
al.. 1989a: 1992b) suggested that the hyvdrophobic pocket of C-subunit was important for C-PKI
interactions. The presence of Tyr— " and Phe™ in this hvdrophobic pocket are needed for full
inhibitory efficiency of PKIs. Interesungly. Cv-isozzyme has a sumular conserved hyvdrophobic
sequence (Beebe et al.. 1992). Simularly, PKC is a PKI insensitive kinase. but PKC consenves this

hvdrophobic pocket sequence. This phenomenon may umply that hydrophobic pocket 1s important
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for PKI-inhibition. but the kinases with hydrophobic pocket structure do not imply that thev have
to be inhibited by PKI. Why do these PKl-insensitive kinases still conserve thus hydrophobic
sequence ? This phenomenon may suggest that some other residues modulate this C-PKI
interaction. Wen (1954) demonstrated that mutation of Arg’’ (bevond hyvdrophobic pocket) mnto
Ala in Ca selectively abolished PKI high-affinity binding to Ca. In Cv. Arg’*’ 1s conspicuously
replaced by Gln. It was predicted that this single amino acid difference would abolish the ability of
Cy to bind to PKI. which accounts for the inability of Cv to be inhibited by PKI. As mentioned
before, PKI inhibits C-subumt kinase activity as a competiuve inhibitor [t 1s most likelv that C
does not bind to PKI. though there is rot direct evidence to prove 1t (Wen et al 1994) [n thus
experiment (Tablel2). it was also shown that substrates affect the PRi-inhubiuon for Ca. which
may be due to the competiive-binding of PKI and substrate to the C-subunits

In spite of intensive biochermucal studies. the physiological roles of PKI remain unclear [t was
proposed that PKI provided a mechanism to dampen the kinase response by nactivaung low levels
of enzyme (Walsh et al.. 1990). PKI expression level was correlated with cell division evele When
the cell entered division cycles. the PKI expression was elevated. Thus result suggested that the
function of PKI might be associated with the regulation of cell proliferauon The association of
testicular PKI with microtubules (Tash et al.. 1980) and the isolation of several PKI isoforms
(Olsen et al.. 1991 Van Parten et al.. 1991. Scarpetta et al.. 1993) that exhubited ussue- and
development-specific expression. suggested additional roles for PKI in the cell (Van Patten et al |
1992). Recent studies demonstrated that PKI entered the nucleus following its wjection wnto the
cytoplasm (Fantozzi et al.. 1994) and exported the C-subunits from the nucleus into cvtoplasm.
which suggested a specific role for PKI in the regulation of cAMP-mediated gene expression by
reducing nuclear staying ume of the C-subunits (Wen et al.. 1993) It was shown that catalvuc Cv-

subunits were ¢levated in the nucleus by cAMP (Figure 29, Table 18). which suggested that C+ .
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like Ca. might translocate into the nucleus. PKI-insensitive C has the potential to avoud the PKI-
mediated down-regulation of gene expression in nucleus. PKI 1s a potent inhibitor for Ca and CP.
but the inhibitory-potency vanes with different isoforms of PKI and different 1soforms of C-
subunit (Gamm & Uhler, 1996). which suggests that different C-subunit 1soforms can extubit
different sensitivity to PKl-inhibition. It is possible that Cv evolved to be a PKl-insensiive
enzvmes from this differentiation of PKI-sensitivity.

The PKl-insensitivity of Cy and the PKl-sensiuvity of Ca are the most stnking difference
between the two isozymes. though the role(s) for this inhibitor in cell function is not vet clearly
defined . Nevertheless, in the presence of the inhibitor. the effects of Ca. but not Cv. would be
blocked and a different pattern of protein phosphorylation would likely occur This was supported
by the observation that different phosphorvlation profiles in the cvtosol and nuclear extracts of Cv
and Ca clones were present (Figure 28) It 1s predicted that the physiological function of PXI 1s
parually correlated with the function of Cv in the cell.

The results from these 17 vitro studies indicated that the interactions of these punfied C-subunit
1sozymes with punified recombinant R-subunits are indisunguishable. or the difference was subtle
The absence of distinction in Rla- and Rlla-inhibition for Cv and Ca based on IC30 values of R-
inhibition seems to be a discrepancy to the observation in intact cell. In the wntact cell. Cv. but not
Ca. restored type-II PKA holoenzymes. This result suggested that Cv bind to RII wath hugher
affinity than Ca (Beebe et al.. 1997). However, intact cell phenomena were not obsenved in vitro
Thus discrepancy between the 171 virro results and the observation 1n intact cell may suggest that
determination of IC50 values 1s not sensitive enough to detect the existence of different afinin
between Cv and Ca for the R-subunut. It has been known that the affimity between R-C in the cells
was manipulated by following several factors 1) The substrate affects the R-C interaction by

inducing conformational changes of C-suburuts (Rannels et al., 1980, Granot et al. 1930). 2)
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cAMP binds to two specific sites of R-subunit and induces the reorgamization of C-subunit binding
domain (Granot et al., 1984). 3) Mg* -ATP interferes the R-C affimity by reducing cAMP-binding
affinity of RI-holoenzymes (Ringheim and Tavlor. 1990). 4) RII can be phosphrylated by C-
subunits. Phosphorylated RIT differed from unphosphorylated RII in C-subunit-binding affininy
(Bechtel et al.. 1975; Ringheim et al., 1990): 5) that Y1 adrenal mutant cell. kin8 cell (Rae et al _
1979), contains RI mutant (Olson et al.. 1991) and is defective in cAMP-mediated response. which
may make 1t difficult to correlate the observation in intact cell data with results from 71 w3tro
Therefore. the C-R interaction is very complicated process (Tavlor. 1989) The condition set up for
thus in vitro experiments did not mimic the condition in intact cells. In other words. the approach
with more sensitivity has to be applied to determine the binding affinity between C-R. For example.
R-C specific interaction is better evaluated by determuning distinct appearent activation constant
(Ka) of holoenzymes by ["H]JcAMP. The different C-R-specific binding affimity 1s correlated with
their Ka values. The Ka values can be preciscly measured by spectrophotometer (Herberg et ai .
1996). Recently. more sensitive physical approach. surface plasmon resonance (SPR) has been
applied to determine the C-R-specific affinity. Different affimity between C-subunits and R-
subunits can evaluated by a BLAcore instrument (Pharmacia/Biosensor) SPR was used to detect
changes in mass in real time on a sensor chip surface which was prepared by direct coupling of the
C-subunit or the R-subunit by primary amines to the CM dextran (Herberg et al | 1994)

The results from Rl-peptides study indicated that Cv-subumit interacted with Rl-pepude
differently from Ca-subunits. The C-terminal residues of pseudosubstrate are required for Cv
nhubition by Rla. As mentioned before. two R subunit classes exist. which distinguishes the tvpe |
from type II PKA holoenzyme. Based on relevant functions. R-subumut can be divided nto five
distinct domains, including dimerization. localization (RII only). cAMP-binding. C-subunit-binding

and hinge which connects the cAMP-binding and C-subunit-binding domains The major domain
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structures of R subunit isoforms are sumilar All the R subunits have the C-subunit-binding
domains. The stniking difference between the RI- and RIl-subunit 1s that the C-subunmt-binding
domain in RII acts as substrate. but RI acts as a pseudosubstrate (RI) (Beavo et al.. 1975) The
pseudosubstrate region of RI has been well defined (Tavlor et al. 1990 ) and some mutant Rla-
peptides in this region have been synthesized. To further define C-subunit-isozyme-specific
interaction with R-subunit. these mutant svnthetic RIa-peptides were used as wnhibitors to utrate
homogeneous C-subunit activity. Theoreticallv, the designed experiments will provide a more
efficient way to define structural determinants which are involved in interaction between R-subunit
and C-subunit. and can elimunate some factors which interfere the interaction between the tull
length of R-subunits and C-subunits. As it was anticipated that Cv responded very differenty to
some substitution of amino acids in Rla peptides from both Ca-subunits Only major diference in
conserved phosphorylation sequences between peptide substrates and Rla pseudosubstrates :s the
subsuitution of senne in substrate with alamne in RI-pseudosubstrate The results of kineuc
analysis showed that Cv exhibited simular structural requirement for substrate phosphon latior and
pseudosubstrate inhibition. This leads to the conclusion that both C-subunits shared N-termunal
sequence specificity. which were that both C-subunits needed two basic arginine residue at N-
terminu of phosphoacceptor for substrate phosphorvlation and pseudosubstrate inhibiion
However, Cy differed from Ca 1in the interaction with C-termunal amuno residues of
phosphorvlation site.

In witro. disunct C-subunit residues are nvolved wn the recognution and mhibition of kinase
acuvity by the R-subunits versus the PKI peptide. This result suggested that Cv had more netable
differences in the domain which recognized the PKI than in those which interact with R-subunits

Differences in substrate and pseudosubstrate of Cv and Ca mayv account for obsernved intac: cell
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functional differences (Table 1). but 1t 1s likelv that other undefined factors in intact cells are also
responsible. at least in part. for phenotype differences in Cv and Ca-expressing cells

All these kinetic comparnisons provide strong evidence to demonstrate the existence of distnct
spectficity for Cy and Ca in substrate and pseudosubstrate. which differentiate C» and Ca funcuon
in terms of activation and localization in the cell. All these results prompted us to scarch for the
anticipated distinct roles of C7 and Ca in the cell function. Primary data has shown that Cv could
not turm on cAMP-mediated gene expression for steroidogenesis in Kin8 cell. but Ca could
(Table 1). This implies that C7 and Ca play distinct role in the regulation of cAMP-mediated gene
expression. In addition. Ca-subunits have been definutely proved as only one well-defined mediator
for cAMP-responsive gene expression. It is logical to explore the possibility whether C+ and Ca

regulate cAMP-mediated gene expression differently.

D. Function and Possible Molecular Mechanism For C-Subunit-Mediated
Regulation of CRE-Reporter Gene Activity
It is of great interest to determune how two isozymes of A kinase can play distinct and cooperatve
role in the regulation of cAMP-mediated gene expression. The results of this research may provide
important evidence to show a novel mechanism for PKA to diversify cAMP funcuon in the cell
Ca and C7 are efficiently expressed as active kinase. translocate into the nucleus to
phosphorylate CREB and induce the elevanon of CREB protein level in Kin8 cells The Cv acuvin
in the nucleus is reported here for the first tme These results senve as evidence to indicate that Cr
participate in the regulation of gene expression and may help to define the in vivo function for Cv
in future studies.
Table 18 showed that Zinc'cAMP treatment not only turns on exogenous C-subunit vector to

express recombinant C-subunits, but also causes endogenous Ca to move into nucler 1n the Kin8
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and Cy clones. However. no CRE-reporter gene activity or steroidogenesis were detected in Kin8
clone and Cy clone after zinc/cAMP sumulation. This sugges®s that some additional things must
happen to mediate the interaction between acuve C-suburuts and transcription factors In other
words. elevated C-subunit kinase activity by Zinc/cAMP sumulation does not necessanly activate
cAMP-regulated gene expression in Y1/Kin8 cells. The changes in PKI-sensiive kinase acuwvits
(fold-increase) were similar in C and Ca clones. However. absolute specific PKI-sensitive kinase
activity in Ca clone was still 1.6-2 fold higher than Kin8 and Cv clones This suggests that PKI-
sensitive kinase activity has to be elevated bevond a certain level so that the C RE-contarung gene
could be turned on.

The results suggested that both C» and Ca could phosphorylate CREB ( Figure 30). but kinetic
profiles of phospho-CREB level were different in C7 and Ca clones Although 1t 1s unclear kow @0
correlate this phenomenon with their distinct function in the regulatuon of CRE-reporter zene
acuvities. 1t must be associated with unique catalvuc feature of Cv n substrate phosphory fatien
(low Km and low Vmax) or in the rate of nuclear translocation of C-subunits (Hagrwara et al .
1993) or cellular location by distinct interaction with PKI and or/RII subunits in the cells

Results from gel-mobility shift assayv suggest that transcription factors acuvated by Cv. just hke
those activated by Ca. could bind to CRE-probe and phospho-CREB 1s a major component of
these CRE-binding complexes. Gel-mobility shift assay with consensus C RE-sequence as a probe
showed that transcription factors in C7 and Ca clones caused a stmular CRE-stuft and super-shift
by addition of anti-phospho-CREB antibody. It is possible that ths approach was not sensitive
enough to detect the difference between Cv and Ca Actually. the results from Gal- reporter gene
system showed that the presence of CRE was not necessary for the obsenved C-subunit-mediated

cooperative regulation of CRE-reporter gene actinvity. which suggests that Gel-mobiliny shuft assas
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could not reveal the different components in these transcription factors which are different in the
nuclear extracts of Cv and Ca clones

Increasing number of isoforms for each member in CREB/ATF famulv and different forms of
CRE. and complicated interaction among these transcription factors or co-factors have been
recently reported. For example. at least five isoforms of CREB (Foulkes et al . 1991) and several
isoforms of CREM (Foulkes et al.. 1991) have been identified. CRE-clement can be divided mio
four domains. Each of CRE-clement from different CRE-contaiing gene differ in these four
regions, which account for distinct specificity and binding affinity to respecuve trans-actsating
transcription factors (Liu et al.. 1991); Consequently. cells evolved to respond to cAMP
stumulation differently depending on unique structure of CRE and surrounding sequences This
situation encouraged us (o design new strategies to answer the presented question [t has been
reported that CRE and dimerization of CREB is not necessany for Ca to sumulate C RE-recorter
gene activity by Gal-4 luciferase reporter gene and Gal-4 CREB system (Quuinn. 1993) Ths
finding encourages us to determmne whether CRE sequence and dimenzauon of CREB ar:
necessary for the cooperative co-regulation of Cv and Ca-subumts in reporter gene expression
Gald luc is reporter gene expression vector. which was constructed by fusing Yeast Gal-$ protemn
binding DNA sequence (as promoter) with luciferase gene. Gal4-CREB 1s CREB (1-277) and Gal+4
fusion protein expression vector. which was constructed by connecting Gald protein DNA
sequence with 1-277 CREB peptide DNA sequence. CREB-Gal-4 fusion protein only ceontamns
CREB-trans-activating domain (1-277) and Gai-# DNA binding domatn The dimenzation domain
of CREB was deleted. If the Gal-4 study showed that CRE and dimenzation s necessany for C-
subunit isozyme-mediated cooperative co-regulation of reporter gene actuvaty. 1t would suggest that
the observed distinction and cooperation between Cv and Ca in the regulation of CRE-reporter

gene activity must be involved in specific CRE-elements or specific dimenzation of CREB with
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other transcription factors. But, If the results show the CRE sequence and dimenzation of CREB
are not necessary for the cooperative co-regulation of Cy- and Ca-subunits in the reporter gene
expression, many possibilities can be ruled out. Something must happen in the activation domain of
CREB (1-277 amino acids) or the domain of co-transcription factor which interact with CREB
activation domain. CBP is a co-transcription factor which specifically binds to the trans-activation
domain of phospho-CREB. This suggests that CBP is altemative target for Cy and Ca to activate
differently.

The results (Figure 39) clearly demonstrated that CRE and dimenzation of CREB was not
necessary for the presence of cooperative co-regulation of Cy and Ca-subunits in reporter gene
expression. This indicated that Cy and Ca distinctively and cooperatvely regulate CRE-reporter
gene activity by intra-CREB-molecular mechanism or by complementary interaction between
CREB activation domain and CBP or other co-factors. More experiments have been designed to
define exact molecular events about how Cy and Ca modify CREB-trans-activation doman
(1-277) or/and the region of CBP which differentially interact with phospho-CREB acuvation

domain.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



167

CHAPTER V
SUMMARY AND CONCLUSIONS
This research was designed for the following specific aims: 1) To provide pure recombmnant C-
subunit isozymes for in vitro characterization for substrate and pscudosubstrate specificity: 2) To
characterize native recombinant C-subunit isozymes for substrate and pseudosubstrate specificity.
3) To search for molecular mechanisms which underlay the cooperative co-regulation of CRE-
reporter gene expression by Cy and Ca. The results from this dissertation research achieved the
above the specific research aims. This dissertation research is the first study to fully compare for
Cy with Ca in vitro for substrate and pseudosubstrate specificity and in intact cell for the function

in the regulation of cAMP-mediated gene expression.

A. Summary

1. For in vitro study, optimal expression of Cy and Ca occurred in the Sf9 cell and bacter:a.
respectively: Both C-subunit isozymes were expressed in three expression systems Stable-
transfected C-subunit clones in the Kin8 clone provided a first valuable model to compare the
functions of Cv and Ca in the intact cells,. However, the limited expression level of recombunant
proteins in mammalian cell restricts its application to provide a sufficient amount of homogeneous
C-subunit preparation. In this research. the bacteria and Sf9 insect cells using baculovirus systems
have been successfully utilized to express both C-subunit isozymes. Opumal expression of C and
Ca occurs in the S cell using baculovirus and bacteria, respectively High efficiency expression
of both C-subunits in these respective systems generates abundant recombinant active enzymes
This allows purification to homogeneity in sufficient amount for in vitro kinetic analysis by two-

step sequential chromatography.
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2. Substrate and pseudosubstrate specificity of recombinant C-subunits are not changed by
expression level and expression system: Although Cy and Ca used in this study were prepared
from different expression systems, all tested features of these C-suburut isozymes on (pseudo)
substrate specificity. kinetic properties and stability were similar to those charactenzed from
respective C-subunit isozymes from Cv- and Ca mammalian Kin8 clones. In addition. a senes of
reports clearly indicated that posttranslational modification hke mynstylaton and
autophosphrylation (Steinberg et al.. 1993) of recombinant C-subunts did not effect the substrate
/pseudosubstrate specificities, kinetic characters or the regulation of gene expression of
recombinant C-subunits. Mynstvlauon of C-subumts did umprove the heat-stabihiey for
recombinant C-subunits (Tavlor, 1989: Yonemoto et al., 1993; Clegg et al. 1993) The
autophosphorylation of C-subunit was also necessary for full activation of naive recombuwnant C-
subunits as well as caused the C-subunits mobility shift on SDS-PAGE (Steinberg et al., 1993)
Therefore, expression level and system do not change the substrate and pseudosubstrate specificity
and kinetic characters for C-subunit 1sozymes.

5. Cy has disanct specificity for substrate and pseudosubstrate. The parually punfied Cv and Ca
from respective Kin8 clones have been shown to have substrate and pseudosubstrate specificity
(Beebe et al., 1992). but kinetic companson of biochemucal properties for Cv and Ca s not
available. This research performed a detailed kinetic companson of substrate and pseudosubstrate
specificity for Cv and Ca. The results clearly demonstrated that Cv and Ca had distinct substrate
and pseudosubstrate specificity, which confirmed and extended previous data Kinetic analvsis
also define specific kinetic features for Cv. including 1) identical requirement of pnman consened
phosphorviation sequence for PKA (RRXS/TY). 2) lower Km and Vmax values compared with

Ca; 3) the sequence specificity in the C-termunu of phosphoacceptor site/pseudophosphon laton
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site for substrate phosphorvlation and pseudosubstrate inhibition: and 4) wnsensitinvaty of Cv to all
kinds of PKI-inhibition when compared with Ca. Distinct native cellular phosphorviated proteins
patterns were exhibited in respective cvtosol and nuclear extracts of Cy and Ca clone after
Zinc/cAMP stumulation. This provides the evidence to demonstratc the exustence of substrate
specificity of both C-subunit isozymes in intact cells.

4. Cy and Ca distinctively and cooperatively regulated CRE-reporter gene expression in an
intra-CREB-molecular dependent way or by interfering the complementary interaction berween
the CREB activation domain and CBP: It is hypothesized that distinct substrate and
pseudosubstrate specificities of C-subunit isozymes in vitro mught umply that Cv and Ca plaved
the different roles in the cell functions via their differential activation and localizauon. The results
in this research indicated that Cv alone weakly affects the regulation of cAMP-reporter gene
activity. However. Cv could manipulate the function of Ca n the regulaton of cAMP-reporter
gene activity positively and negatively in dose-dependent way. After examiming the nuclear
activities of C-subunits, which are associated with the regulation of CRE-reporter gene activiry, Cv
and Ca exhibit similar behaviors in the 1) expression of immuno-reactive proteins levels. 2) a
nuclear translocation. 3) the phosphorvlation of CREB, 4) the induction of elevation of CREB level
in the nucleus, and 5) the CRE-mobility shifting, though Cv differed from Ca in kinetic
phosphorylation of CREB proteins. However, Gal4-luc/Gal4-CREB expenments indicated that Cv
and Ca distinctly and cooperatively regulate CRE-reporter gene actumvity in an wntra-CREB-
molecular dependent way or by interfening the complementann interaction between CREB

activation domain (1-277) and CBP.
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B. General Conclusion

All these data leads us to make the conclusion that Cy may diversify cAMP/PKA function bs
distinct cellular location, which was mediated by distinct interactions with R-subunit and PKI as

pseudosubstrate, and/or activation, which was mediated by distinct substrate specificity
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