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ABSTRACT 

Protein kinase C (PKC) is a family of ubiquitous serine-threonine kinases that play 

pivotal roles in many cellular processes, including growth, division, and differentiation 

There are three known members ofthe Drosophila melanogmer PKC gene hmïiy, each 

with distinct tissue and developmental stage-spdc expression. One of these genes, 

Pkc53E, encodes at lest four transcripts. The p o w d  genetic and molecdar tools 

availabIe for the study of D. me/anogaster gene fùnction have enabied the systematic 

description of several signal transduction molecules, m a q  of which are highly conserveci 

fiom &osophila to humans. This dissertation describes genetic ami molecula. 

characterizations of the D. melanogmer Pkc53E gene. 

A PCR-based P element screen of more than 1 18,000 fies did not detect any 

mutations at the Pkc53E locus. Several explanations for the inability to isolate a P M E  

mutant, including non-permissive gene structure and dominant mutani lethality, a .  

discussed. 

RNAse protection analysis WA), reverse transcription-polymerase chah reaction 

(RT-PCR), and rapid amplification of cDNA ends (RACE) were used to elucidate Pk53E 

transcript structures. RPA indicated that transcript structure was more cornplex in adult 

heads than adult ovaries or testes. However, the more sensitive RT-PCR and RACE 

techniques suggested that the level of transcxipt compiexity was maintained, at least in 

ovaries. Further, the dineraces in transcript structure occur in the 5' untranslateci regions 

of the transcripts. Evidence is presented supporthg dinerential polyadenylation of Pkc53E 

transcripts and the inclusion of both novel and previousIy desigraated intronic sequences 

within transcripts. Possiile roles for these transcnpts are discussed. The molecular results 

are summarized and predictions about the structure of the Pkc53E transcripts are made. 
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CHAPTER 1 : INTRODUCTION & LITERATURE REVIEW 

L INTRODUCI~ON 

Signa1 transduction, the process by which a ceil transmits ùiforrnation about its 

extenial environment to the nucleus, has been a subject of intense study for severai years. 

The importance of this process is evidenced by the realization that most, ifnot ail, known 

proto-oncogenes represent proteins involved ;Ji signai transduction pathways at aii levels: 

iigands, receptors, adaptors, transducers, and effectors (Hug and Sarrei 1993). In general, 

signa1 transduction involves Ligand binding to its receptor, thereby t r igge~g a cascade of 

events, ofien involving the production of second messengers and the phosphoryiation a d o r  

dephosphorylation of one or more transducer proteins. However, receptors with inherent 

kinase activity have been identi6ed and these receptors do not usually produce second 

messengers, but instead utilize various adaptor proteins to mediate protein-protein 

interactions to initiate the signal transduction cascade (Erpel and Courtneidge, 1995; 

Malarkey et al., 1995). The consequace of most signal transduction events is a change in 

ceiluiar behaviour mediated by changes in gene expression. Of course, signals may aiso be 

transduced kom inside cells to the outside, as. with hormone or neurotransmitter release 

(Fashena and Zinn, 1995; Südhofl 1995). 

The ability of a ceil to coordinate its response to multiple extemal cues involves the 

cross-taür between different signal transduction pathways (Bygrave and Roberts, 1995; 

N i s h .  1995; Szamel and Resch, 1995). Examples of this cross-talk include, but not are 

restricted to, (1) s h a ~ g  1imiti.g components between pathways; (2) activation of multiple 

effectors by a single ligand-receptor interaction; (3) differentiai responses to varying levels 

of second rnessengers; and (4) differentiai responses of transcription factors to 

phosphorylation &or dephosphorylation by multiple kinases a d o r  phosphatases. The 

ligands, receptors, and nuclear effîors (transcription factors) involved in signai 

transduction are relatively weU-characterimi compareci to the molecules involved in the 

transduction of the signal from the ceii swhce to the nucleus. Among these transducers are 

the rnitogen-activated protein kinases (MAPKs, aiso known as extraceilular-si@ regulated 

kinases, or ERKs) and their cognate protein kinase activators (Cobb and Goldsmith, 1995; 



Winston and Hunter, 1996), other serine-threonine bases (Inagaki et al., 1994; Newton, 

1 W6b), receptor and non-receptor tyrosine khses  (Erpel and Courtoeidge, 1995; MaIarkey 

et al., 1995; Taniguchi, 1995), phospholipid-metaboIkg enzymes (Majerus, 1996; 

Nakamura et al., 1993 ; Nishizuka, 1995), receptor and non-receptor phosphatases Fashena 

and Zinn, 1995; Inagaki et al., 1994), and GTP-binding proteins and exchange factors 

(Burgering and Bos, 1995; Coleman and Sprang, 1996; Daum et af-, 1994; Symons, 19%). 

It has become clear that isoenzyme families are common with signal transduction molecules 

(Burgeriog and Bos, 1995; Daum et ai., 1994; Dekker and Parker, 1994; Erpel and 

Courtneidge, 1995; Symons, 1996; Wmston and Hunter, 1996). Arnong these are the fhmily 

of protein kinases C (PKCs), ubiquitous serine-threonine kinases involveci in several cellular 

events, including growth, division, and Werentiation (Buchner, 1995; Newton, 1996b; 

Szamel and Resch, 1995). The foiiowing is a brief overview of the family of mammaiïan 

PKCs and the Lessons we have learned from the study of PKCs in yeast, Cuenorhabditis 

elegm, and DrosophiIa meimogaster* Ne* I give a précis of some of the tools used for 

the research outlined in this thesis. Together as sets the stage for the continuecl study of 

Pkc53E of Drosophiia melanoga~rer. 

II. PROTEIN KINASE C 

A. Mammdian PKC: An E n v e  Famüv 

Attention initidy focussed on PKCs after they were identifid as major ceiluiar 

receptors for tumour promoting phorbol esters such as 12-O-tetradecanoyl phorbol-13- 

acetate (TPA) and phorbol 12-myristate 13-acetate (PMA). The marmaalian PKCs are a 

farnily of at least 11 dinwent isoeuzyrnes encodeci by 10 different genes. These isoenzymes 

can be classified into four groups, based on their structures aad activator requirements. The 

classicai PKCs (cPKCs) include the phosphatidylseiine (PS)-, diacyiglycerol (DG)-, and 

Ca2+-dependent PKCs a, P, Pm and y. The novel PKCs (nPKCs) are also PS- and 

DG-dependent, but ca2+-independent, and inchde PKCs 6, E, q, and 0. The atypical PKCs 

(aPKCs), PKCs C and Ah, are both DG- and Ca2+-independent, but can be advateci by 

some membrane phospholipids (NiShiaika, 1995). PKCp is the prototype of a fourth group 



of PKC isoenzymes with unusuai subceliular distribution and inhibitor sensitivities (Johannes 

et al., 1994; 1995). Some ofthe structural characteristics, regdation, and fbctiom of 

PKCs are discussed below- 

1. PKC Structure 

The diversity within the m d a n  PKC f h d y  arises fiom the transCnption of 

different PKC genes, as well as alternative splicing ofPKCP pre-&A (Coussens et al,, 

1986; 1987; Knopf el al., 1986; Ohno et al., 1987). This aiternative spficing generates 

messages ulat differ in the 3 ' coding and untransiated regions (UTRs) of and @, mRNA. 

These diffèrences result in amino acid sequences that diverge in the final 50 (PJ or 52 (Pd 
amho acids. The 3 ' UTR of PI mRNA is approxhately 333 nucIeotides (nt) longer than 

that of rnRNA (Coussens et ai., 1987). No consensus poiyadenylation signal precedes 

the site of polyadenine (polyA") addition in P, mRNA This may cause a reduaion in 

poiyadenylation efficiency, resulting in reduced processing of the P, pre-mRNA andfor 

reduced transcript stability (Coussens et al., 1986; 1987). The expression of the PKCP 

transcripts is regdatecl at the level of alternative splicing in response to developmental cues 

in haematopoesis (Desdouits et al., 19%) and in response to insulin in BC3H-1 myocytes 

(Lehel et al., 1995a). 

The &xyl terminal 50152 amino acids of PKCs PI and P, &are approximately 

45% sequence similady dong their length (Coussens el aL, 1987). However, these 

domains appear to define domains for isoenzyme-sp&c protein-protein interactions @lobe 

et al., 1996). The carboxyl terminus of PKCB, contains an actin bhding site not found in 

PKCP,. Interaction in vitro between PKCP* and actin significantly increased PKCP, 

autophosphorylation and aitered its substrate specificity. Further, upon PMA-treatment of 

several ceii h e s  (Molt-4 T-lymphoblastoid cells, W 6 2  erytholeukemia cds,  and BJA-B, 

B-lyrnphoblastoid cells) PKC(3, translocated to the microfilament-based cytoskeleton where 

it was protected fiom down-regdation. 

Multiple PKCC-hybrïdiig transcripts have also been identified, Andrea and Walsh 

(2995) identified a transcriptionaliy active PKCC pseudogene (WKCC) th% encodes two 

brain-speciik transcrïpts of 2.5 and 4.7 kb. However, these transcripts lack an initiating 



methionine codon so are translationaiiy inactive. The authentic PKCC transcript in rat brain 

is 3.1 kb with 2.7 and 4.7 kb transcripts in other tissues. The latter two transcripts are 

thought to arise fiom alternative polyadenylation. Recently, a novel 1.75 kb PKCC-related 

transcript has been identified in rat hearts and braius. The authors specdated that the 

WKCC transcrïpts may have an as yet unidentified regulatoxy role (Andrea and WaIsh, 

1995). 

Figure 1.1 depicts a schematic cornpaison of PKCs and their known domain 

structures. Al1 PKCs have an amino t e m i d  regdatory domain and a carboxyl terminai 

cataiytic domain separated by variabie domain 3 (V3). The prototypical cPKCs have four 

conserved domains (C 1 -C4) intersperd among five variable domains (Vl-VS). The Cl 

domain usually contains a pseudo-substrate domain and one or two cysteine-rich domains 

(CRDs; Newton, I996b). Each CRD binds two atoms of zinc and, in DG-dependent PKCs, 

these are the sites of phorbol ester and DG binding (Homme1 et al., 1994; Hubbard et ai-, 

199 1 ; Quest et al., 1994). Studies with PKCcr demonstrated the presence of both high and 

low &nity activator binding sites. The fht CRD binds PKC activators with ai5nïties in the 

order DG > TPA > bryostatin I, with the a 5 i t i e s  reversed for the second CRD. This helps 

exphin why wactivation of PKC with DG and TPA is greater thm either activator alone 

and why bryostatin 1 partiaüy inhibits activation induced by phorbol ester (Slater et al-, 

1996). PKCs y and 6 have a similar non-equivaience between their CRDs (Quest and Beli, 

1994; Szailasi et a[., 1996). Furthenno=, it appeats that phorbol esters increase the aihity 

of PKC for membranes to a much greater extent than DG (Newton, 1996b, data in press). 

Binding of phorbol esters or DG to the CRD of PKCg has not been detected. Sitedirecteci 

mutagenesis of this CRD to match the putative DG-binding motif of cPKCs does not result 

in DG binding, showing that residues outside the recognized motif play role(s) in activator 

binding (Kazanietz et al., 1994). 

CRDs may also play a role in the subcellular localization of PKCe Fragments of 

PKCe &ahhg only the CRDs locaiize to the Golgi apparatus in N W T 3  mouse 

fibroblasts, whereas the CRDs 6orn PKCa or PKCP do not (Lehel et al., 1995a). When 

these PKCE hgments also contain the hinge region or the N-terminal33 amino acids 
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FIGURE 1.1. Schematic representation of mammalian PKC structures and the Drosophila cPKCs, PkcSJE and inaC. The 
amino terminal regulatory region contains the pseudo-substrate domain, the Cl domain and the C2 domain, CI is comprised of 
one or two CRDs, each of which binds two atoms of zinc, and together bind DG and phorbol esters. The C2 domain confers 
Ca2+-specificity for divalent cation binding. This also appears to be the site of PS binding. The hinye region is the site of 
proteolytic degradation d u h g  down-regulation, The catalytic domain contains the ATP-binding lobe (C3) and the substrate- 
binding lobe (C4). Variable regions are shown in black (œ), The variable regions are thought to confer different catalytic 
potential and intraceMar localizations to the different isoenzymes, 

The predicted amino acid sequences of Pkc53L' and haC' classifies them as cPKCs. Drosoyhila PKCs contain a VI' 
domain where there is increased variability between the two CRDs as compared to marnmalian PKCs. 

Not to scale. See text for details. (Figure modified from Newton, 1996b.) 



iacluding the pseudo-substrate domah, the fiagments localize to the plasma membrane 

(Lehel et al., 1995a; b). 

In vitro studies of Golgi secretory ftnction has implicated PKC in the regdation of 

GoIgi vesicle formation (Simon et ai-, 1996b). However, this appears to be independent of 

kinase activity (Simon et al., 19%a). Overexpression of either holo-PKCE or PKCE CRD 

fiagments inhibit Golgi glycosarninoglycan secretion and protein sullàtion (Lehel et ai., 

1995a). PKCp is localized to the Golgi apparatus in HepG2 ceus and when overexpressed 

in COS and HeLa ce1 transfectants (Prestle et al., 1996). Exogenous expression of PKCp 

enhances glycowninoglycan secretion and protein mlfiition (Prestle et al., 1996)- 

implicating PKCs E and p as antagonisbc regdators of secretory processes. 

The C2 domain, which is present in cPKCs, but absent fiom other PKCs, is the site 

of Ca"' binding. The amino terminus of the C2 domain contains residues that confer 

specificity for ~ a " .  When these residues are missing, Mn" and M$ can substitute for Ca"" 

(Luo and Weinstein, 1993). C2 also appears to be the site of PS binding (Newton, 1996b). 

A pseudo-receptor of activated C-kinase (pseudo-RACK1) site, important in PKC 

regulation and subcellular localization, is present in the middle of the C2 region in cPKCs 

and within the regdatory region of other PKCs (Ron er al., 1994; see below). 

The nPKCs contain a C2-Iike (or E2) domain (Sossin and Schwartz, 1993). This 

domain has the conserveci residues that maintain the fold of the domain, but most of the 

coordinating oxygens in the ca2*-binding site are absent (Newton, 1996b). 

AU PKCs have both the C3 domain, which contains the ATP-binding mo@ and the 

C4 dom& which contains îhe rest of the crinserveci catalytic motifs. However, the 

catalytic domain of PKCp more closely resembles the catalytic domains of cAMPdependent 

protein kinases (PKAs) with respect to inhr'bitor sensitivity (Johaanes et al., 1995). PKCp is 

also unique in that it contains an arnino terminal signal peptide that is cleaved fIom the 

mature kinase leaving an amino terminal tratl~mernbrane domain, suggesting that PKCp is 

constitutively associatecl with membranous structures. Furthemore, PKCp also lacks the 

pseudo-substrate domain chacteristic of the other PKC isoenzymes (Johannes et aL, 

1994). 



V3 comprises the hinge region of PKC. Proteolytic cleavage of PKC at this site by 

calpain I or ûypsin results in the reIease of a cofactor/coactivator independent catalytic 

fiagment. It has been suggested that cleavage at this site is the first step in PKC down- 

regdation (Parker et al., 1995; and see below). D e M v e  roles for the other variable 

domains have not yet been reported. It has b e n  suggested that these sequences confer 

substrate-specificity a d o r  isoenzymespecific fûnctions to PKCs. However, chirnerïc 

#TpEm or pnREg/uCIt PKCS possess the isoenzyme-specinc functions of th& respective 

catalytic domains, at least in K562 cells (Walker et al., 1995). This suggests that VI and 

V2 are dispensable for some isoenzyme-spac fiinctions. 

2. PKC Regdation 

Biochernical studies of PKC both in vitro and in situ, using mammaIian cell culture, 

have demonstrated that PKC activity is controlled in at least two wrrys. PKC is rendered 

catalytically competent by both &ans- and autophosphorylation events (Keranen et al., 

1995; Lee, J.Y. et al., 1996). The availability ofCa2+ andfor iipid activators, which have 

been the subject of several recent reviews (Buchner, 1995; Nakamufa et al., 1993; Newton, 

1996b; Nishizuka, 1995; Szamel and Resch, 1999, regulates the -tic activity of 

catalyticaiiy competent PKCs. 

Regdation by p h p ~ r y l m o n :  Newton and her colleagues @util et al., 1994; 

Keranen et al., 1995) have demonstrated that three distinct phosphorylarions of PKCP, are 

necessary before the enzyme can respond to second messengers- Newiy synthesized PKCP, 

is associatecl with a detergent insoIuble cell fiaction. Transphosphorylation by an as yet 

unidentified PKC kinase on TF in the activation loop renders PKCP, catalytically 

competent and promotes autophosphorylation on T~PI'  at the top of the catalytic core. A 

second autophosphorylation on SeP60 releases mature PKCk into the cytosol ready to 

respond to lipid activators. The electmphoretic mobility of PKCh is not affected by ThiJOO 

phosphorylation, but sequentiaiiy decreases with phosphorylation at ThP4' and S e  

(Keranen et al., 1995). 

Dephosphorylation of PKCP, with protein phosphatase 1 (PP 1) removes dl three 

phosphates rendering the enzyme inactivatable. However, protein phosphatase 2A (PPZA) 



action leaves the phosphate on Thî" and this enzyme is M y  activatable @util et al., 1994; 

Keranen et al., 1995). In mature PKCP, TF is ody partially phosphorylated. These data 

imply that phosphorylation on ThP)' relieves the requiremem for Th? phosphorylation. 

TIiP"' autophosphorylation may play a criticai role in anchoring the carboxyl terminus away 

fkom the substrate-binding site (Keranen et al., 1995, unpublished obsemations). 

The regdation of PKC by dephosphorylation i # ~  vivo is suggested by studies of 

ceramide inactivation of PKCa. Lee et al. (1996) demonstrated that in Molt-4 cells 

ceramide inhiiits PKCa by dephosphoryMon, possibly through the activation of the PPZA- 

like ceramideactivated protein phosphatase ( C A P ) .  This ceramide-induced inactivation of 

PKCa is maintainecl through PKCa immunoprecipitation, suggesting that it cannot be 

restored by autophosphorylation. Given the resuits of Newton and her colleagues with 

respect to PPl and PP2A effécts on PKC phosphorylation, this suggests that CAPP, unlike 

the PP2As tested by Newton's group, is able to dephosphoryiate PKCa at the residue 

quivalent to T~TM'; that PP2As are able to dephosphorylate the residue equivdent to T e 1  

in PKCa, but not PKCpn; or that auother phosphatase, possibly PP 1 or PP 1 -ke, is involved 

in ceramide-induced inhibition of PKCa. Further shidies wiU be necessary to differentiate 

between these possibilities. 

PKC isoenzyme specificity may be regulated by cross-talk with tyrosine kinase 

pathways. Tyrosine phosphorylation of PKC6 is rapidly induced in response to the 

activation of the IgE receptor ( F W )  found on mast cells and basophils. This 

phosphorylation ody occurs after PKCâ is translocated to the membrane and tyrosine 

phosphorylation of PKC6 prevents its association with F c M -  Tyrosine phosphorylated 

PKCG showed reduced activity toward FcdU, but increased activity toward myelin basic 

protein peptide and histone Hm (Haiieern-Smith et al., 1995). In 32D cels (a monocytic 

c d  he) tyrosine phosphorylation of PKCG occurred in response to TPA and prolonged 

TPA treatment induced the expression of ce11 surface molecules indicative of monocytic 

Werentiation (Li et al., 1995). This suggests that tyrosine phosphorylation and activation 

of PKCG may play a role in monocyte differentiation 



ReguZmon by calcm iom: A single Ca2+ binding site increases the afhïty of 

cPKCs for negatively charged iipids (reviewed in Newton, 1996b). It has been proposed 

that Ca2+ binding at C2 might clamp together the upper and lower lobes, thereby orienting 

bdcy aromatic and basic amino acids appropriately for membrane lipid interactions. In 

nPKCs, the CZ-like domain may aiready have this closed conformation, thereby c o d e h g  

Ca2'-independence. 

Reguianun by lipds: The regulation of PKCs through the receptor-mediateci 

breakdown of membrane lipids has been intensively studied and is the subject of several 

recent reviews (Buchner, 1995; Nakamura et al., 1993; Nishinika, 1995; Szamel and Resch, 

1995; Figure 1.2). One mechanism of PKC activation is the activation of phospholipase C 

(PLC) by the binding of ligand to a receptor, either directly or through associateci mmeric G 

proteins. PLC mediates the hydrolysis of phosphatidyhositoI-4,5-bisphosphate (PIP3 into 

DG and inos?ol-3,4,5-triphosphate (IP,). P3 diffiises through the cytoplasm where it 

mediates the release of Ca2+ from intemal stores. The increase in Ca2+ concentrations 

increases cPKCs afEnity for PS located at the inner d a c e  of the plasma membrane. DG 

remains in the membrane, where it can activate PKC that translocates to the membrane 

a d o r  is localized to the membrane through protein-protein interactions (see below) or by 

trammembrane domains (PKC p). 

The DG produced through the activation of PLC rapidly disappears due to the 

activity of DG kinase in phosphatidyl inomtol (PI) turnover and therefore can support oniy 

transient PKC activation. The level of DG, however, ofien increases agah with relatively 

slow onset. Andysis of the fàîty acid composition of this DG indicates that it is derived 

from phosphatidyl choline (PC). Phospholipase D (PLD) hydrolyzes PC into phosphatidic 

acid (PA) and choline. PA is rapidy converteci to DG by a phosphornonoesterase. Because 

of the merence in fatty acid composition, the DG derived âom PC is not a good substrate 

for DG kinase and is more slowly degraded by DG lipase. The second DG wave may take 

part in the sus ta id  activation of PKC that is essential for long-tenn cehdar responses such 

as growth and difrentiation (Nishinika, 1995). 



~ustained cellular 
responses 

F'IGURE 1.2. Sebernatic representation of PKC activation. Receptor activation by 

bound ligand activates PLCs and/or PU-kinase. The archetypid PKC activation involves 

PLC-mediated hydroIysis of PIP, into IP, and DG. IP, dffises into the cytosol where it 

effects the release of Ca2+ fiom interna1 stores. DG remains in the membrane where it 

activates membrane translocated DG-dependent PKCs. A second, more sustained DG wave 

is elicited by the PLD-mediated hydrolysis of PC. P L 4  and PI3-kinase produce other lipids 

that cm potentiate the DGdependent PKC responses, or activate the aPICCs. See text for 

W e r  d d s .  (Figure modified from Nishwka, 1995.) 



Work fiom several laboratories has suggested that cPKCs have a positive regulatory 

role in the activation of PLD (Lopez et al,, 1995; Ohguchi et al., 1996; Singer et al., 1996). 

This activation of PLD appears to be independent of PKC kinase activity (Singer et al., 

1 W6), and evidence fiom one group suggests that the presence of ATP is necessary to 

maintain the level of PIP, a necessary cofactor for PU) activity (Ohguchi et al., 1996). It 

was also shown that RhoA-GTP (a small GTP-binding protein) (Ohguchi et al., 1996; 

Singer et al., 1996) and ADP-ribosylation &or (Art Singer et al-, 1996) acted 

synergistïcally with PKC for PLD activation. These data suggest a mechanism for a positive 

regulatory feedback loop during PKC activation. 

Activation of phospholipase 4 ( P L U  results in the hydrolysis of PC into free cis- 

unsaturateci fatty acids (F'FAs) and lysophosphatidylcholine &ysoPC). Both these 

molecules have been shown to potentiate cellular responses elicîted by DG and TPA, most 

likely through PKC. While the mechanisms of PLA, activation have not been clwly 

deterrnined, it has been shown that FFA release is aff'écted by PKC activators and inhibitors 

and the presence of GTP-y-S, suggesting the involvement of both PKC and G proteins 

(NishiPika, 1995). 

The production of DG in response to cellular stimuli can account for the activation 

of DG-responsive PKCs, but the aPKCs have been shown to be DG-unresponsive. Studies 

in rat 3Y 1 fibroblasts, HepG2 ceils, and COS1 celis have provideci insight into the 

mechanism of aPKC activation (Akimoto et al*, 1996). Whereas PKCs a, 6, or E enhance 

TPA-stimulated activation of TPA-responsive element (TREFreporter constructs, PKCs C 
and Â mediate TRE-reporter expression in response to senun, epidermal growth factor 

(EGF), and transforming growth factor-a (TGF-a). EGF causes a transient rise in 

phosphatidyl inositol-3,4,5-trisphosphate (PIP,) levels. PIP, can be produced by the 

phosphorylation of PI& by phosphatidyl inositol3-kinase (PU-kinase). Studies using the 

overexpression of PI3-kinase cataiytic (pl 10a) or regulatov @85a) domains, PU-kinase 

inhibitors, and P-platelet derived growth factor receptors (PPDGRs) deficient in PU-base, 

but not PLCy, activation, dernonstrated that both PKCA- and non-PKCA-rnediated TRE 

activation depended on P13-kinase activity. EGFdependent phosphorylation of PKCA and 



translocation of PKCA kom and within the nucleus also requires PB-kinase activation. This 

suggested that PD-kinase, perhaps through PI& production or through the activation of an 

intermediary protein, can activate PKCA. PU-kinase activation and PIP, production are 

dso implicated in PKCC activation (Nakanishi et al., 1993). 

Another regdatory feedback Ioop of PKC may involve the regulation of PU-kinase. 

PKCs 6 and E CO-îmnunoprecipitated with PI3-kinase when expressed in TF-1 

erythroleukemia cells, but PKCs a, P, p, C, and 8 did not- Granulocyte-macrophage 

colony-stimulating factor (GM-CSF), and to a lesser extent interleukin (IL)-5, but not IL-3, 

increased PKCG-PI3-kinase association, but not that of PKCE and PU-kinase. This 

increased association correlateci well with increased PU-kinase activity (Etbnger er al., 

1996). F c N  cross-linking induced rapid tyrosine phosphorylation of PKCG (Hdeem- 

Smith et al., 1995; discussed above). However, no PI3-kinase was found in 

imrnunoprecipitates of PKCQ fiom FcdU activated RBL-2H3 ceIls, suggesting that PKC& 

PD-kinase association is independent ofthe SH2 domains in PI3-kinase p85a and of PKCG 

tyrosine phosphoryiatioe The role of PKCG-PI3-kinase association is not clear, but may be 

distinct fiom mitogenic Iùnctions, and relateci to merentiation mediated by GM-CSF and 

IL-5, effects distinct fiom those of IL3  (Ettinger et al., 1996). 

Regülafion thrmgh subceliuiir Zocalizaîzon: PKCs are differentidy expressed 

within and among a variety of tissues and ceU types (eg. Goodnight et al., 1995; also see 

Buchner, 1995; Inagaki et ai., 1994; Mochly-Rosen, 1995; Nishinika, 1995, for reviews). 

The biological fiuictions of PKCs likely depend upon not only receptor activation, but also 

on the appropriate CO-expression and CO-localization ofboth PKC isoenzymes and PKC 

substrates. Further, the locaiized production of lipid activators may also affect PKC 

fbcîion within tells. For example, a separate iipid cycle within the nucleus has been 

described and there are reports of differentiai Ca2" level regulation between the cytosol and 

nucleus (Buchner, 1995; Diecha et al., 1993, for reviews). Substrate and some other 

binding proteins are thought to position inactive PKC at subcelluiar locations, with PKC 

activation releasing the kinase. ûther biiding proteins, such as RACKS, may localize the 

activated PKC (Newton, 1996% see below). 



Mochly-Rosen and her cokagues (Ron and Mochiy-Rosen, 1995) identifieci three 

specific PKC binding proteins termed RACKS. Isolation and characterization of RACK1 

revealed a 36 kilocialton (kDa) protein that is a homologue of the P subunits of G proteins 

(Mochly-Rosen et al., 199 1; Ron et al., 1994). Full-length RACK1 is neither a nibstrate 

nor an inhibitor of PKC. However, a RACK1-derived peptide, rVI, blocks PKC-RACK1 

binding and activates PKCP autophosphorylation and histone phosphorylation in the 

absence of PKC activators in vitro, while &Ming PKCP fùnction in vivo (Ron and 

Mochly-Rosen, 1994; Ron et al., 1995). A region simiiar to rVI is found in PKCs. The 

effkcts of this peptide suggest that in the PKC enzyme this sequence bctions as a pseudo- 

RACK1 site, conferring another level of regdation on PKC ellzymes. Ln inactive PKC, the 

pseudo-RACK1 site in the regdatory domain binds to the PKC RACK1-binding site, 

contributhg to the inactive wnformation of PKC previously attrïbuted to pseudo-substrate- 

substrate binding site interaction. Upon activation of PKC, the enryme rmfolds making the 

RACKLbinduig site available for RACK 1 binding. The ability of rVI peptide to activate 

PKCP in v i m  was ascriied to dimuption ofthe folded conformation of PKC by interfiering 

with pseudo-RACK1-RACK1 -binding site interactions (Ron and Mochly-Rosen, 1995). 

Inhibition of PKCP fiindons in vivo was attributed to the mislocalization of PKCP (Ron et 

al-, 1995). PKCs 6 and E also bound to the pseudo-RACK1 peptide, though to a lesser 

extent than PKCB, suggesting that RACK1 may not be entirely isoenzyme specific @on et 

ai., 1994). 

Staudinger et al. (1995) identifid five proteins that interact with C-kiaase (PICKs) 

using the yeast two-hybnd system with the bovine PKCa catalytic domain as bait and a T 

ceIl cumpIernentary DNA (cDNA) library- Characterization of one of these, PICKI, 

identified a 55 kDa perinuclear protein that acted as a PKC substrate and is bound by PKC 

regardless of phosphorylation state in COS 4 s .  Sequence d y s i s  ofPICKl reveaied an 

ATP/GTP bincüng motif and an acidic carboxyl terminus, however the fùnctionality of these 

domains was not evaluated. 

Liao et al. (1994) used a blot overiay assay that identifieci severai proteins that 

bound to the pseudo-substrate and other C domains of PKCa. Many of these proteins also 



bound PS, suggesting that many PKC biding proteins aiso bind PS. Mochly-Rosen and her 

colleagues used the PS-binding annexin proteins to demonstrate that not aii proteins that 

bind PS aiso bind PKC and that the presence of PS may alter the conformation of PKC 

thereby reveaiing sites for protein-protein interaction (Mochly-Rosen et al., 1991). 

in yeast, SteSp acts as a s d o l d  protein, co-IocaliPng the kinases of the pheromone 

response MAPK signal transduction cascade, enabiing their &cient sequential 

phosphoryiation and activation (Herskowitz, 1995). The PKA anchoring proteins (AKAPs 

or A kinase anchoring proteins) seem to fiuiction as d o l d  proteins in mammaüan celis 

(Newton, 1996a). Klauck et al. (1996) demonstrated that AKAP79 binds to PKC, PKA, 

and calcineurin, localizing these proteins at post-syuaptic densities. The authors suggested 

that this localization positions these kinases and phosphatase for rapid substrate reactions 

upon nerve stimulation and possibly for regulatory interactions. Alexandra Newton (1996a) 

reports unpublished observations that calcineunin dephosphorylates PKC at one of the 

carboql t e r d  sites that regulate its function, suggesting that calcineurin might provide a 

rapid "off-switch" for PKC. 

Down-replation of PKC: One consequence of phorbol ester or sustained-DG long- 

term activation of PKCs is their proteolytic degradation (reviewed by Parker et al., 1995). 

The initial step in this degradation, at least for some isoenzymes, is the exposure of the 

hinge (V3) region upon activation. The mechanisms responsible for this dom-regdation 

have not been U y  characterized. Three protease-sensitive sites have been identifiai in 

PKCE by expressing different portions of the PKCE protein in NM3T3 ceiis (Lehel et al., 

1995b). One was the previously identified hinge region. Proteolysis at this site releases a 

catalytic domain fiee Erom activator dependence. Another site was identified between the 

ATP-binding site and the catalytic fold. It was suggested that proteolysis at this site could 

inactivate the catalytic domain, preventing uncontroiied PKC activity. A final site was 

identified between the pseudo-substrate domain and the CRDs. Proteolysis at this site was 

proposeci to disrupt the ability of PKCE to resurne its folded conformation, thereby exposing 

the other protease-sensitive sites. 



Increased vesicle trafFding appears to correIate with the ability of cells to mediate 

the down-regulation of PKC. For example, the expression of a kinase-negative PKCB in 

Sckizosaccharomyces p m b e  did not induce increased vesicular trafic nor induce PKC 

down-regdation. However, w-expression of the kinase-negative PKCB with wiid-type 

PKCS both increased vesidar td i ï c  and restored dom-regulation of both kinases (Goode 

et ai-, 1995). 

When overexpressed in an R6 rat embryo fibroblast ce11 line, PKCQ is resistant to 

TPA-induced down-regdation. Furthermore, in this context, PKCQ protected PKCE fkom 

normal down-regulation, whereas PKCa overexpression did not (Bonier et al., 1995). The 

mechanism by which PKCP down-regulation is prevented is not known, but may be due to 

increased PKCP synthesis, possibly since the PKCQ promoter is TPA responsive (Obeid et 

ai., 1992). The work of Blobe et al. (1 996) shows that PKCP, translocated to the 

cytoskeleton is protected fiom down-regdation, whereas PKCs Q, and P, translocated to 

the membrane are not, These authors suggest that sequestration of PKCQ, protects it fiom 

proteolysis. 

Recently, Lee et al. (1996) demonstrated that PKCa is ubiquinated and degraded by 

the proteasorne following bryostatin 1 stimulation of LLC-MK, epithelial cells. Ubiquination 

foliowed bryostatin 1-induced dep hosphorylation of PKCa . Both dephosphoryiation and 

degradation were prevented by lactacystin, a selective inhibitor of the proteosorne. 

Cross-tufk between signal trQIISdüction cascades: Figure 1.3 illustrates some 

examples of cross-talk between signal transduction cascades. Cross-taik is necessary in 

order for the ceil to coordinate responses to a variety of extracellular signais. The tyrosine 

phosphorylation of PKCG and the synergy between RhoA, ArfJ and PKC in PD-kinase 

activation is discussed above. One pathway to enhance TRE-reporter expression in 

NM3T3 mouse fibroblasts is mediatecl by PKCG. This PKCG-enhanced expression is 

inhibited by dominant negative Ras protein, suggesting that Ras is a downstream mediator 

of PKCB-mediated TPA-induced TRE expression (Hirai et al., 1994). PKC involvement in 

Ras pathways is also indicated by the prevention of p21-mediated activation of nuclear 



Hormone Transmitter Growth Factor 

NF-AT Charnels Jun/Fos Receptors 

FIGURE 1.3. Schematic representation of cross-tak between dmerent signai 

transduction pathways. The coordination of cellular responses to a variety of signals is 

accomplished by interaction, or cross-talk, between signal transduction cascades. This 

complex network aiiows a ceii to fine-tune gene expression and other cellular behaviours. 

(See text for further details. Figure modified from Nishizuka, 1995.) 



fitctor-K. (NF-KB) in Xenopus Iaevis oocytes and NlH3T3 £%roblasts by inhibitors of 

PKCC (Diaz-Meco et al., 1993; Dominguez et al., 1993). 

Cooperation between Ca2?-activated calcineurin and PKC is demonstrated by the 

activation of nuclear fàctor of activated T cells (NF-AT). Functional NF-AT wnsists of a 

cytoplasmic phosphoprotein NF-AT, and a nuclear component, NF-AT, which contains the 

IunlFos transcription factors. Dephosphorylation of NF-AT, by caIcineurin allows 

translocation of NF-AT, to the nucleus where it combines with the newly synthesized NF- 

AT, to produce a ftnctionally active transcription factor. New synthesis of NF-AT, is 

dependent on PKC activation stimulated via T-ceii antigen receptor or by phorbol esters 

(reviewed by Lehel et al-, 199%; Szamel and Resch, 1995). 

3. PKC Function 

Most work attempting to elucidate the fùnction of mammaiian PKCs has used 

phorbol esters to elicit changes in cellular behaviour and then associates these changes with 

PKC activity. Unfortunately, results using phorbol esters have many caveats. (1) Phorbol 

esters are much longer Iasting than some of the DG and other lipid second messengers 

produced by receptor-mediated or channel-rnediated activation. Additionally, as mentioned 

above, phorbol esters do not bind to the same PKC sites, or with the same affinity, as DG. 

This suggests that PKC activation by phorbol esters may not accurately reflect PKC 

activation by endogenous second messengers. (2) Severd non-PKC proteins have CRDs 

that bind phorbol esters, eg unc-13 of C. elegans, n-chimerin, DG kinase, and protein 

kinase D (PD; Ahmed et al., 1991; Kazanietz et al., 1995; Van Luit et al., 1995). This 

suggests that activation of proteins other than PKC rnay be responsible for some phorbol 

ester-induced responses. This is complicated by the recent report that PKD is activated by 

PKCs E and q, but not PKCC, in COS-7 cells (Zugaza et al., 19%). (3) TPA treatment 

does not Sèct all PKC isoenzymes equaliy. Studies of Mandin Darby bovine kidney 

(MDBK) cells showed that TPA treatment caused the activation and translocation of PKCa 

to the plasma membrane. The same treatment caused the translocation of PKCP to the 

nuclear membrane, but did not activate it (Simboli-Campbell et al., 1994). The above 

illustrates the dficulties with interpretation of phorbol ester-induced changes in ceil 



behaviour. Nevertheless, the use of phorbol esters has provided much insight into the 

function of PKCs and in conjunction with other tools for studying PKC action (see examples 

below) yields convincing evidence for PKC hction in ceIl growth and development. 

PKCs-spdc inhibitors, anti-PKCs-specific antibodies, and ATP-binding deficient 

dominant-negative PKC mutants are additional powerfid tools for the elucîdation of PKC 

fùnction. In addition, genetic studies with yeast, Caenorhabditis elegms, and LID. 

melanogmter are rapidly revealing the roles of PKCs in these organisms, and as with severai 

other signal transduction pathways, there is accumuiating evidence that these pathways may 

be conserved in mamrnals. These biochernicai and genetic studies have revealed important 

roles for PKCs in several cellular processes. 

PKC und transcription controk The activation of PKC has be implicated in the 

transcriptional regulation of several genes. One of PKCs earliest charactexized 

transcriptional effects involved the activation of c-Jun, a component of the AP-1 

transcriptional activator. AP-1 binding to the TRE is essential for TPA inducibility. The 

activation of PKC stimulates the dephosphorj4ation of residues in the DNA binding domain 

of c-Jun (Boyle, W.J. et al., 199 1). These residues are phosphorylated by glycogen 

synthase kinase-3 (GSK-3). It appears that the Drosophila Wmgless (Wg; Wnt oncogene 

homologue) gene product acts through a PKC to inactivate GSK-3 (Cook et al., 1996). 

The sirnplest mode1 would involve PKC phosphorylation and inactivation of GSK-3, 

however this has not yet been demonstrated. ûther intemediates may also be invoived. 

NF-& is a transcription fictor that is activateci in response to severai stimuli, 

kcluding TPA treatment (reviewed in Hiii and Treisman, 1995). NF-& is a heterodimer 

lodued to the cytosol when inactive, through bindiug to inhibitor-& (IFS). Upon 

activation, IKB dissociates from NF-KB, allowing its translocation to the nucleus, where it 

serves as a transcriptional activator. Dissociation of IKB fiom NF-- has been correlated 

with phosphoylation of I f l .  Hirano et al. (1995) showed that the overexpression of 

PKCE, but not of PKCs a, 6, or 9, activates transcription fiom a ~lhq.mnsive reporter 

construct. Further, they demonstrated that in response to TPA, neither the PKCE 

regdatory domain nor a kinase-negative PKCE could activate reporter expression, and in 



fact exerted dominant-negative effécts on wiid-type PKCE witb respect to reporter 

expression. These results suggested that PKCE may be involved in NF-KB activation in 

response to TPA 

Others have shown that NF-KB is activated in response to TNF-a, insulin, and 

constitutively active Baciffus cereus PC-PLC and that this activation is correlated with X. 

laevis oocyte maturation (Diaz-Meco et al., 1993; Dorninguez et al., 1993). 

Overexpression of PKCC or the PKCC catalytic domain increases NF-* activation in 

NIH3T3 cefls. Further, activation of NF-KB by TNF-u or B. cereus PC-PLC is iahi'bited by 

the expression of a kinase-negativa PKCC (Diaz-Meco et al., 1993). Using X laevis 

oocytes, Dominguez et al. (1 993) demonstrated that PKCC-specific pseudo-substrate 

inhibitor peptides, but not cPKCs-specïfic pseudo-substrate inhiiitor peptides, block B. 

cereus PC-PLC-, insulin-, and p2lR"-iinduced NF-& activation. Taken together these data 

indicate that PKCs have important roles in TPA-, insulin-, phospholipid-induced, and p21R"- 

mediated NF-KB activation. Studies with 3T3-L1 adipocytes suggested that PKC may 

affect Ras signalling through an inhiiitory effect on GTPase-activating protein (Schuber et 

al., 1996). 

PKCs have also been ïmplicated in the transcriptional regulation of other TPA- 

responsive genes. Li et al. (1996) have shown that dominant-negative PKC8 c m  inhibit 

transformation of NIH3T3 ceIis by the sis proto-oncogene (homologue to PDGF-B). This 

inhibition of transformation appeared to be the result of inhi'bition of TPA-respoasive gene 

expression as indicated by decreased TRE-reporter construct, c-myc, and c-fos expression. 

Isoenzyme-specific functions in TPA responses are also indicated by the work of 

Reifel-Miller et al- (1996). These authors demonstrated that two difFerent TPA-responsive 

promoters, collagenase and urokinase plasminogen activator, exhibit differentiai responses 

to PKC isoenzymes. These studies demonstrate that PKCs play important roles in the 

regulation of gene transcription. However, the precise mechanisms of PKCs auence await 

clarification. 

PKC and cell cycle controI: A role for PKCs in the regulation of the ce1 cycle has 

become increasingiy clear. Early studies of the vitamin D, receptor in MDBK celis 



demonstrated that receptor activation induced the nuclear translocation and activation of 

PKCP, which correlated with increased Ca2+- and phospholipiddependent phosphorylation 

ofnuclear proteins (Simboli-Carnpbell et al., 1994). Work with other ceIl h e s  has shown 

that the relative Ievels of PKCa and PKCP determine whether a ce1 undergoes 

differentiation or proliferation. When expression of PKCa is increased, K562 ceils or R6 rat 

embryo fibroblasts stop dMding and the former begùi megakaryocytic differentiation. 

However, when PKCP is overexpressed, cells continue to dinde and become resistaut to 

signals that n o d y  induce Herentiation (Borner et al., 1995; Murray et al., 1993). In at 

least one case, the proliferative phenotype was associated with the secretion of a growth 

factor, capable of induchg the division of resting cells (Borner et al., 1995). These effects 

appear to be mediateci by the catdytic domain as chimeric a@ enzymes retain the phenotype 

of theis associated catafytic domain (Walker et al., 1995; see above). 

There is increasing evidence that PKCP, innuences ceU cycle progression through 

the phosphorylation of lamin B. In vitro PKCP, phosphotylates lamui B at S e ,  a 

prominent mitotic phosphorylation site. This phosphorylation correlates with PKCh 

translocation corn the cytosol to the nuclear envelope at G2/M transition in silu. 

Furthemore, phosphorylation of lamin B at this site by PKCh leads to lamin B 

solubilization indicative of nuclear envelope breakdown in vibo (Goss et al., 1994). In 

human promyelocytic leukemia (EIL6O) celis, chelerythrine, a PKCP, inhibitor, blocks Seras 

phosphoqdation of lamlli and arrests ceils in G2, without affecthg the activity of severai 

other hases, includuig p34cdc2/~~lin B kinase, PKA, Ca2'/calmodulin-dependent kinase, or 

tyrosine kinases. In addition to Seras phosphorylation, phosphoryiation at other sites on 

lamin B, not diredy dependent on PKCP, phosphorylation, is also blocked. (Hompson and 

Fields, 1996). This suggests that PKCP, rnay regdate other lamin kinases. 

Recent reports by Sauma and Friedman (1996) showed that PKCP-induced 

dediierentiation and proliferation of a dserentiated colon carcinoma cd1 line (ID3 

correlated with constitutive activation of several mernbers ofthe MAPK cascade, including 

ERKl , PST-, and ERIO ( S a m  and Friedman, 1996, and in press data cited therein). It 

remains to be determineci whether the MAPK cascade is responsible for the other lamin B 



phosphorylations. These studies indicate that phosphorylation of lamin B is an important 

part of PKCkmediated proHeration. 

Further support for a role of PKCB in cell proliferation wmes fiom the ment 

evaluation of PKCP knock-out mice. Mice deficieut for PKCQ show reduced numbers of 

B 1 lymphocytes and reduced antigen-receptor mediated B cell proIiferation. Further, some 

aspects of their hurnord immune response were also affëcted. The unaffected in vitro 

proiiferation of splenic T cells h m  PKCP-IQ- mice suggested that distinct PKC isoforms 

mediate B ceil receptor and T ceIl receptor signal transduction (Leitges et al., 1996). 

Murray et al. (1 994) demonstrated the presence of a selective PKCP, activator in 

the nuclear envelope. PreIiminary work indicated that it was Likely a lipid cofactor. Further 

characterization of this activator shodd help define the mode(s) of PKCB, regdation at the 

nucleus. 

PKC and-tic tmnsnrission: Several physiological substrates of PKCs are 

located at the synapses in mammalian brain. These ïnclude myristoylated alanine-rich C- 

kinase substrate (MARCKS) protein, neurogranin, and neuromoduiin. These proteins each 

have a phosphorylation site domain (PSD) for PKC phosphorylation. The PSD is aiso the 

site of interaction with calmodulin and in the case of MARCKS protein, with actin. Bindiig 

of calrnodulin occurs in the presence of Cap for MARCKS and in the absence of Ca2' for 

neurogranin and neuromodulin. The binding of calmodulin to the PSD inhibits PKC 

phosphoryIation (Sheu et ai., 1995). In BALB/MK mouse keratinocytes Ca2+ inhibits PKC- 

mediated phosphorylation of MARCKS by enhancing calmodulin binding to the PSD 

(Chakravarthy et al., 1995). Phosphorylation of any of these proteins at the PSD inhibits 

their interaction with cdmodulin (or actin). 

It has been suggested that a ftnction of neurogranïn is to sequester calmodulin to the 

ce11 membrane. CaZ+ influx upon depolarization would releases calmodulin near its site of 

action. Phosphorylation of neurogranin by PKC could then regulate the reassociation of 

neuromodulin and calmodulin (Gamby et ai., 1996). The inhibition of PKC activation 

abolishes long-tenn potentiation (LTP) in rat hippocampal slices (Ramakers et ai-, 1995). It 

was M e r  shown that the phosphorylation of presynaptic nemmoduIin p r d e d  that of 



post-synaptic neurogranin wïîh the data suggesting that both these processes were part of 

the normal physiological response termed LTP (Ramaken et al., 1995). 

Synaptic transmission involves a cascade of protein-protein interactions (reviewed 

by SüdhoÇ 1995). PKC has been show to phosphorylate at lest  two proteins involved in 

either the fùsion of synaptic vesicles (SNAP-25) or the regdation of synaptic veside fùsion 

(Munc-18), at least in Mao (Fujita et al., 1996; Shimazaki et al., 1996). These findings 

suggest that PKC plays a role in the regdation of synaptic transmission. 

. . B. Sacckmomvces cerev~slcre: PKCl and a MAP Kinase C m  

S. cerevisiae has one idemtifid PKC gene, PKCi, that was first isolated as a ceIl 

cycle defêct and later determined to be necessary for ce1 wdi integrity (Herskowitz, 1995; 

Levin et al., 1990). The predicted amino acid sequence of the PKCl gene product, Pkc 1 p, 

is most siimilar to mammalian cPKCs, however Pkc 1 p has an amino terminai extension 

characteristic of some nPKCs and aPKCs. Pkclp also exhibits an expansion of the V2 

domain relative to known cPKCs (Levin et al., 1990). Early biochemicai studies indicated 

that Pkclp activity was independent of phospholipids, DG, and Ca" (Antonsson et al., 

1994; Watanabe el al., 1994), however this is Iikely due to improper in vitro assay 

conditions (see below). Furthermore, Antonsson et al. (1994) demonstrated that in 

subcellular fiactionations, the Pkcl p is associated with a large protein complex that is 

resistant to dissociation with high salt, a M  buffer, and nonionic detergents. 

Yeast strains harbouring temperature-sensitive alleles of PKCi grow slowly at 

permissive temperatures and undergo rapid cell lysis at non-perrnisske temperatures 

Several genes in this pathway have been isolated by thei. ability to suppress the lethality of 

pkclA disniption mutants or the temperature-sensitive lethality of other PKCl aUe1es (Irie 

et al., 1993; Lee, K.S. and Levin, 1992; Lee, K. S. et al., 1993 b). Epistasis experirnents 

with these genes demonstrated that PKCI regulates a MEKK-MEK-MAPK module 

(Figure 1.4; Herskowitz, 1995). This modde comprises a MAP or ERK kinase kinase 

(MEKK) homologue encoded by BCKI (Lee, K. S. and Levin, 1992), that can be 

phosphorylated in vitro by Pkclp (Levin et al., 1994), two fùnctiondy redundant MAP or 



Plasma Membrane ( 
cofactor(s) 2 3  Pkc l 

w 

L 

FIGURE 1.4. Schematic representation of the PKCI signalling cascade in S cereylsjm. 

Ce11 wall integnty is maintained at elevated temperatures by the PKCI-dependent thermai 

induction of FSK2, an essential component of the ce11 wall synthesis macbinery. The ceii 

lysis and budding defects ofP&l mutants are Iikely the resdt of a defect in ceii waii 

synthesis. (See text for details; Figure adapted h m  Qadota et al., 1996). 



ERK kinase (MEK) homologues encoded by MMYl and UKKZ (Irie et al., 1993), and a 

MAPK homologue encoded by M K P I  (Lee, K.S. et al., 1993b). 

Yeast contai. a number of ME=-MEK-MAPK modules, one of which mediates 

pheromone responses. The pheromone response module contains two h c t i o d y  

redundant MAeK homologues, FUS3 and XrSI (Herskowhz, 1995). It is interesting that 

the X. lumk M phase MAPK can partiaily completnent MPKl defects, but neither the 

pheromone response nor the cell cycle defécts of either FUS3 or KSSI, suggesting partial 

fùnctional conservation between vertebrate and yeast MAPKs (Lee, K-S. et al., 1993 b). 

As mentioned above, early biochemid studies with Pkclp suggested uiat its activity 

was cofactor independent. However, one of the same reports demonstrated that mutation 

of the pseudo-substrate domain rendered Pkclp coiIStitL1tively active both m vivo and in 

vitro, suggesting that Pkclp is subject to pseudo-substrate regulation simiiar to fhat seen 

wah rnost mammalian PKCs. Additionally there appears to be a Pkclp kinase in yeast, 

again wrrelating with the regulation of m a d a n  PKCs (Watanabe et al., 1994). Recent 

genetic and biochemical studies have demonstrated that the s m d  GTPase, Rholp, activates 

Pkcl p (Kamada et ai., 1 996; Nonaka et al., 1 995). The interaction of Rho 1 gGTP with 

Pkcl p makes Pkclp responsive to PS (Kamada et al., 1996). The site of interaction of 

Rholp-GTP has been mapped to a region containing the pseudo-substrate domain and the 

C i (DG-binding) domain of Pkc l p (Nonaka et al., 1999, suggesting that Rho l p-GTP may 

substitute for DG in Pkc 1 p activation (Kamada et al., 1996). Aitematively, Rho 1 p-GTP 

may induce a confiormationai change that exposes PS binding sites. 

Further work tiom David Levin's group (Qadota et al., 1996) has demonstrated an 

essential role for Rholp in the 1,3-P-glucan synthase (GS) cornplex, the enzyme responsible 

for co~l~trtlcthg polymers of 1,3-B-glucan in the cell w d .  They have also reported that 

themial induction of the FSKZ gene, encoding another GS subunit, is regulated by PKCI 

and MPKl (unpublished results cited in Karnada et al., 1996). These resuhs clarify the 

mechanism by which def'ects in the PKCI-rnediated kinase cascade affect ce11 waU integrity 

(Figure 1.4). Several h e s  ofevidence indicate that Rho protein hction(s) in celldar 

morphogenesis may be evolutionarily wnserved between bud formation in yeast and stress 



fibre and focal adhesion formation in mdan c d s  (Bussey, 1996). Whether other 

components of the yeast pathway are also conserved remains to be determined. 

The obsewation that loss ofPKCI fiction results in a cell lysis d e f i  at ai i  

temperatures, while deletion of any of BCKi, MKKIand MKK2, or MPKi results in ceii 

lysis only at high temperahires, suggests that PKCI regulates a bifurcated pathway (Irie et 

al., 1993). Several genes have been identifid that impinge on PKCl fiction (for examples 

see Costigan et al., 1994; Irie er al., 1993; Lee, K.S. et al., 1993b; Levh et aL, 1990). 

These include two fùnctionally redundant PP1-related protein phosphatases, PPZI and 

PPZ2, and a novel protein, BCK2 (Lee, KS. el al., 1993a). Epistasis experiments indicate 

that PPZI, PPZZ, and BCK2 mutations are additive with respect to Pkcl-MAPK pathway 

kinase mutations. This suggests that these genes act in an adjacent pathway regulating 

cellular integrity. However, these same experiments were unable to determine the relative 

order of action within this adjacent pathway. 

Yoshida et al (1 994) screened for nnitants that exhibiteci temperature-sensitive ceii 

lysis and sensitivity to staurosporine, a potent PKC inhibitor, to characterize SST4. SST4 

ceIl lysis defects, but not staurosporine sensitivity, could be suppressed by overexpression of 

PKCI. SST4 was identifieci as a phosphatidyl inositol4-kinase, suggesting that 

phosphoinositol lipid metabolism might help regulate the PKCl pathway (Herskowitz, 

1995). 

Two tùnctionally redundant high mobiiity group 1-like proteins have been identified 

that fùnction downstream ofMPKI, NHPdA and M P 6 '  as their overexpression rescues 

pkcld and mpklA defects. Nhp6Ap and Nhp6Bp are not in vitro substrates for MPKl 

(Costigan et al., 1994). Analyses of nhp6A mutants suggest a bicating pathway 

regulated by MPKl with both Nhp6pdependent and Nhp6pindependent branches. 

Yeast presents an easily accessïle experimental mode1 with which to study 

regdatory pathways. Much has aiready been l m e d  about the hction of PKCI and the 

M e r  elucidation of this pathway should be quick to foliow. However, uniike more 

complex metazoans, yeast contains a single known PKC gene rather than a multigene family, 

indicating the need for studies on more complex, but stiii genetically manipulable organisms. 



C. Caenorhabdiois dwans PKC: A Mnuene  Fam- 

The PKC homologue p - 1  was identifieci in C. elegans with screens for resistance 

to TPA (Tabuse et al., 1989). MoIecula. analysis of this gene has revealed two transcripts 

ciifferhg in their 5' sequences, @a-lA and tpa-lB, with cognate proteins TPA-IA and TPA- 

IB, as recognized by Northem and Western blotting, respectively (Sano et al., 1995). @a- 

IB lacks 0.4 kb of 5' sequence, encompasshg the first four exons of the *-l gene. Both 

transcripts contain the splice leader, SL1, and are polyadenylated. It is not known whether 

alternative splicuig of a common pre-mRNA or use of a .  alternative promoter is responsible 

for the tnincated 5' structure of rpa-IB. The authors spedated that a promoter in intron 

IV is responsible for pz-IB transcription, suice both CAAT and TATA box structures are 

present (Sano et al., 1995). 

TPA-1A and TPA-1B putative protein sequences each contain a pseudo-substrate 

domain and CRDs, as weU as the PKC kinase domain. However TPA-1 A has an arnino 

terminal extension similar to that found in nPKCs, most similar to mammalian PKCG (Sano 

et al., 1995). 

The work of C. S. Rubin and colieagues (Mas-Trejo ef al., 1997; Land et al., 1994) 

have identined two more PKC stmcturd genes. One of these, kin-13, encodes a single 

polypeptide, PKC IB, most closely related to PKCe among rnammahan PKCs, including 

2 50% similarity in the amino-terminal extension characteristic of nPKCs. PKClB mRNA 

and protein are coordinately regulated during post-embryonic development, however 

embryos express a hi& level of PKC 1B mRNA with ody minimal amounts of PKC 1B 

protein. These results suggest that tbis isoenzyme is subjected to both transcriptional and 

post-transcriptional a d o r  post-translational regulafion. In situ immunohistochernistry 

demonstrates that PKC 1B is exclusively expressed in approhately 75 chemo- and 

mechanosensory neurons and related intemeurons. Protein levds and promoter activity 

persist in addts, albeit at a reduced level, and PKClB protein is found dong the complete 

Iength of severai neurons. These data implicate PKClB as a target of phospholipid second 

messengers at multiple sites within neurons that comprise part of the sensory circuitry of C. 

elegans. 



The identification of TPA-1 A, TPA- IB, and PKC 1B as separate nPKC isoentymes, 

the purification of a Ca2-dependent PKC activity (Sassa and Miwa, 1992), and the receat 

ctoning of a gene encodïng a Ca2+-dependent PKC isoenzymes, PKC2 (Islas-Trejo et al., 

1997), indicate that C. e l e g m  expresses a fiultiplicity of PKC isoforms. Studies with this 

organism should help illuminate some of the multiple roles of PKC in growth and 

development. 

D. Droso~kiia danopaster PKC: A Multigene Fam* 

The D. melmogaster PKC gene f d y  is compriseci of three genes, PkcS3E, inaC, 

and Pkc98E (FlyBase, 1996; Rosenthd et al., 1987; Schaeffer et al., 1989), suggesting a 

Iower level of complexity than that seen in mammals. However, as seen in Table 1.1, two of 

these genes encode several developmentaiiy and spatiaüy regdateci transcripts. It remains to 

be deterrnined wnether these transcripts each encode unique isoenzymes, or ifthe transcript 

ciifferences reflect the presence of different post-transcriptional regdatory elements in the 

RNAs andor the use of alternative transcription start sites fiom different promoters. 

TABLE 1.1. Developmental Expression of Drosophila PKC RN&. 

Embryo 

Larva 

k p a  

Adult 2.4, 4.0,4,3 kb 2.4 kb 5.5 kb 
' Natesan, 1990; Schaeffer et al., 1989; 3not detected 

1. Rotein kinase C 53E, Pkc53E 

The genornic and cDNA sequences of PkcS3E were identifieci using a bovine PKCa 

probe (Rosenthal et al., 1987). The nucleotide sequence of the identifiecl open reading 

fiame (ORF), compiled fiom a pair of overlapping cDNAs, predicts a protein that is most 

similar to the cPKCs with a molecular weight of 75 kDa. Rosenthal et al. (1987) reported 



the presence of three, equally abundant transcnpts in adult heads of about 4.3,4.0 and 

2.4 kilobases (kb) each No transcripts were detected in embqos. Work in our laboratory 

(Natesan, 1990; and data presented here) suggests that the 2.4 kb traaScnpt may be more 

abundant than either the 4.3 or 4.0 kb transcript Transcription of this gene has been shown 

to occur in most neurons of the adult head, including the photoreceptor ceils (Hughes, 

1993; Schaeffer et al., 1989). 

Studies using TPA have demonstrated that Pk53E is trmsaiptionaily induced to 

hi& levels in embryos, peaking after about 6 to 9 hours of treatment, followed by a rapid 

dom-regdation o f  transcription to undetectable levels (Hughes, unpublished results; 

Natesan, 1990). These transcnpts were localized to the deveioping brain and trached 

system (Hughes, 1 993). 

2. inactivation HO ajkqotential C, inaC 

A second PKC geue was cloned fiom a cDNA lifary using bovine PKCs a and 

probes (Schaeffer et al., 1989). 'Iais gene maps about 50 kilobase pairs (kbp) away fiom 

Pkc53E, produces a single mRNA of 2.4 kb, and again is predicted to be most similar to 

cPKCs (Schaeffer et al., 1989). inaC was idenafiecl as the structural gene for eyePKC by 

Smith et al. (1 99 1 ), who demonstrateci that a P element containhg the cornpiete coding 

region for eye-PKC couid completeiy resaie the i d  mutation. To date this is the best 

characterized Drosophila PKC due to the availabiiity of several imC mutant deles. 

RtaC mutants are deféctive in light adaptation, likely due to the exhaution of the 

excitatory response (Hardie et al., 1993). Genetic and biochemical analyses have identifiai 

several genes that appear to play a role in the eye-PKC-rnediated visual transduction 

cascade. These indude no receptorpotential A (VA), the structural gene for a PLC 

(Ranganathan et al., 1995); tr-ent receptor potenn'al (ûp), e n d h g  a novel light- 

dependent, IP,-responsive Ca" chamel (Hardie et al., 1993); and retimrl degenerhn B 

(rdgf?) that encodes a novel integral membrane protein with an ATP-binding site, CaZ+- 

binding acfivity, and PI transfer activity (Smith et al., 1991; reviewed in Ranganathan et al., 

1995). 



Recentiy, analysis using the fly Calliporu, has demonstrateci that InaD is likely a 

substrate of the Caliiphora eye-PKC homologue (Huber et al., 1996). These authors point 

out that many of the visuai transduction studies in Drosophila have been successfbiiy 

complemented by biochemical studies in other fly species (eg. CaZZiphora, Mmca)). Four 

lines of evideace indicate that InaD is a direct substrate for eye-PKC. (1) Anti-InaD 

antiiodies coimmunoprecipitate a complex of InaD, eye-PKC, the norpA PLC, and the np 

Ca2* c h e f  h m  CaZI@horu rhabdomerai membranes. (2) Treatmem of rhabdomeric 

membrane prepamtions with phorbol esters increased InaD phosphorylation; (3) Treatment 

witb the PKC inhibitor, bisindolylmaleimide, reduced InaD phosphorylation. (4) Five 

consensus PKC phosphorylation sites are cotl~enred between CaIIipkorra and Drosophila 

InaD, but the consensus CAMP- and cGMP-dependent phosphorytation sites in Drosophila 

InaD are absent fiom Calliphoru InaD. 

These data, coupled with earlier work (see above), suggest a mode1 for eye-PKC 

activation in visual transduction in Drosophila (Figure 1.5). Light activation of rhodopsin 

red ts  in the G protein-mediated activation of PLC. PLC activates eye-PKC through the 

production of DG and 4-mediated Ca2- release. Activated eye-PKC then phosphorylates 

InaD. The colocalization of PLC, eye-PKC, and InaD at the rhabdomerai membrane 

facilitates rapid signal transduction. 

While R d g .  fùnction is not yet understood, it is clear that RdgB fiuictions in a 

pathway with norpA PLC since several norpA alleles suppress r e W  degeneration in rdgB9 

mutants (FlyBase, 1996). Fwther, the data suggest that light activation of eye-PKC is 

responsible for the iight-dependent retinal degeneraîion of rd@ mutants. It is attractive to 

hypothesize that rdgB fimctions as an antagonist of eye-PKC activation (Ranganathan et al,, 

1995). 

3. hotein kinase C 98E, Pkc98E 

In addition to nMC, Schaeffer et al. (1989) identifieci a third, more highly divergent 

PKC gene, PKc98E (FiyBase, 1996). This gene encodes a major 5.5 kb transcript in adult 

heads and bodies. Pkc98E is the only Drosophfh PKC gene with detectable mRNA 

expression in embryos, where the expression of the 5.5 kb transcript is reduced, but 4.3 and 
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Figure 1.5. Schematic diagram of Dmsophila InaC in phototransduction. (1) Light 

activation of rhodopsin activates GDP-GTP exchange on a trimeric G protein. Ga and GPy 

dissociate. (2) Ga-GTP Samulate PLC (norpA) which grnerates Iipid second messengers. 

DG remains at the membrane, while IP, diflùses into the cytosol and stimulates Ca2- release 

fiom internai stores. (3) DG and Ca" activate PKC (inaC). (4) PKC phosphorylates InaD. 

InaD may act as a sçaffolding protein. The function of this phosphorylation has not been 

reported. (5) Ca7+ fiirther causes a conformational change in the Trp ion channel, opening 

the channel. *This arrow does not indicate dissociation, but rather a confornational change. 

(Figure modified from Ranganathan et ai., 1995). 



4.5 kb transcript expression is increased (Schaeffer et al., 1989). The predicted amino acid 

sequence for this gene suggests that it is Wrely an nPKC, most similar to PKCE (Kruger et 

al., 1991). 

4. Funetions of Drosopkila PKCs 

fies mutant at hcrnip (ZW) exhibit poor leamhg performance (Lindsley and Zimm, 

1992). While early studies were somewhat inconclusive, recent work implicates a role for 

PKC advity in associative leanillig in DrosophiIa @iyBase, 1996). PKC activity appears to 

be influenceci by zw gene f'unction In facf recent work reporting the clonuig ofthe M. 

gene has shown that tur' encodes a Rho-like GTP-binding protein (FlyBase, 1996). Work 

with S. cerevisiae has shown that RH01 is essential for the activation of PKC l in the c d  

wall integrity pathway (see above). This suggests evolutionary coase~vation of PKC 

regulatory mechanisms. 

A ment report using a transgene expressing a PKC inhibitor pseudo-substrate 

peptide (PKCz) suggests that a PKC activïty is required for the generation of type 1 and 

type II processes in developing neuroblasts (Broughton et al., 1996). However, t has not 

been deterrnined whether PKC53E or PKC98E is responsible for this advity. Due to the 

high conservation of PKC pseudo-substrate domains it is likeIy that P K C i  inhibits multiple 

PKC isoenzymes. Clearly, more studies need to be done on these genes in order to 

understand the multiple functions of PKC outside of visual transduction The elucidation of 

signal nansduction cascades in Drosophila has ofien provided major insights into signal 

transduction in mammals and other organisms (Artavanis-Tsakonas et al., 1995; Kandel and 

Abel, 1995; Si@ed and Perrimoq 1994; Yamamoto, 1994). The study of PKC in 

Drosophila has the potential to be a very fruitful avenue of research. 

IIL P-ELEMENT MUTAGENESIS OF DROSOPZIILR 

P elements are transposabie eiements that require both a P element encoded 

transposase and host supplied factors. Autonomous P elements encode a bctionai 

transposase and can effect their own transposition, as weU as the transposition of 

nonautonomous transposase-deficient P elements. P elements have provided Drosophifa 



geneticists with a p o w d  set of tods with which to approach genetic and developmentd 

research (Engels, 1 996, is a ment mmprehensive review). 

P elements are used for the identScation and cIoning of genes and for their 

reintroduction into the genome. Several charactaïsîics of P elements make them 

particdariy suitabIe for these applications. (1) The existence of M strains, Iab stocks 

devoid of endogenous P elements, dows the creation of stocks contahing only selected P 

etements. (2) Transposase can easily be added or removed using appropriate genetic 

crosses. The most commody used transposase source is the P[y'; 62-3(99B)] (Robertson 

el al., 1988). (3) P elernents are highly mobiie and main this mobility even with extensive 

modifications to their intemal sequences. (4) Insertion of P elernecrts into gens usually 

generates nul1 or hypomorphic deIes. insertion has been detected in both coding (egf",  

P O m 7 ,  PkQ,C101Z72) and non-coding regions of genes (eg. N, vg", y) (Chia et ut-, 1986; 

FlyBase, 19%; Keky et al., 1987). (5) Recently, the double-strand DNA breaks created 

by P element excision bave been utiIized to effect gene replacement and targeted gene 

insertion (Engels, 1996). 

Several approaches for P element mutagenesis have been developed, the most 

efficient cf which involves the use of an immobile genomic mpy of the transposase gene, 

P{ry'; A2-3(99B)], with one or more mobile, but nonautonomous, P elements as 

ammunition. A cross berween one parent with the transposase source and the other with the 

muni t ion  elements yields progeny in whose gennline P element mobilization and 

mutagenesis occurs. The mutations are d i l i z ed  in the next generation by segregation £tom 

the transposase source (see Materials and Methods). 

There are two general strategies for s e l d g  ammunition elements (Engels, 1996). 

One involves the use of a chromosome carrying as many highly mobile elements as possiile, 

such as the Birm-2 chromosome which bas 17 s u d  nonautonomous P dements inserted 

dong its length, This maximiEes the likelihood of obtalliing the desired mutation, but 

isolation of the mutation 6om the rest of the P elements is often a very tirne-consurning 

process. The second sbategy involves the use of a smaiier number ofartificially constructeci 

P elements. This usually emaiis a largec screen, but mutations are more easily isolated and 



characterized, especially with ammunition elements carrying a visible Drosophila marker, a 

bacterial origin of replication, and a bacterial seleetable marker to permit cloniog of 

sequences adjacent to the insertion site by plasmid rescue (eg. P@acW], Bier et al., 1989). 

Once a P element insertion has been generated, additional genetic uariability can be 

generated by reintroduction of the transposase alone, which induces i n t e d  or flanking 

deletions, or with exogenous templates to induce site directed mutagenesis via gene 

replacement (Engels, 1996). 

PCR can be used to detect insertions in genes for which sequence, but not 

mutational phenotype, uifomtion is available. These types of screens rely on the absolute 

necessity of conserveci 3 1-bp inverted repeats at the ends of P-elements for traflsposition. 

Transposition of a P-element into the gene of interest can transIocate the conserved 3 1-bp 

sequence cis to gene-specific sequences. PCR using primer pairs consisting of gene-s-c 

sequences and the 3 1-bp repeat sequence enable the detection of a PCR product. Tme 

ampEcation products can be diierentiated fiom spurious products by Southem 

hybridition (see Methods). Table 1.2 shows data fiom sorne reportai scxeens. In the 

screen done by Dalby et al. (1995) mutations at the cytogenetic location nearest 53E, 54D, 

occurred at a frequency of 3/16,1007 giving an indication as to the size of the screen that 

must be undertaken. 

TABLE 1.2. Cornparison of mutation frequencies between difierent P-element 
mutagenesis screens, 

Ammunition No. of Location No. of Flies Screening Method Ref 
Chromosome inserts of insert Screened 

Bh-2"  1 87AB 63 16 Direct screen with GSP + 1 
P-element prima 

B h - 2  O 72E 63 16 Direct screen with GSP + 1 
P-element primers 

B h - 2  3b 1OD1-2 900 Direct screen with GSP t 4 



TABLE 1.2. Corn parison of mutation frequencies between different P-eiement 
mutagenesis screens (conhued). 

Ammunition No- of Location No. of Flies Screening Method Ref 
Chromosome Inserts of Insert Screened 

45D 

90D 

NR 

71F 

NR 

NR 

54D 

64D 

67A 

98A 

NR 

NR 

69D 

NR 

NR' 

NR' 

68E 

32F 

1 OOEF 

Piasmid rescu&verse 
PCR 

Plasmid rescuehverse 
PCR 

Plasmid rescuhverse 
PCR 

Plasmid rescue/Inverse 
PCR 

Plasmid rescuehverse 
PCR 

PIasmid rescue/Inverse 
PCR 

Inverse PCRd 

Inverse PCR* 

Inverse PCRd 

~ n v e r ~ e  PCR~ 

Inverse PCRd 

Inverse PCR~ 

inverse PCRd 

Inverse PCRd 

Inverse PCRd 

Inverse PCRd 

Inverse PCRd 

Inverse PCRd 

Direct screen with GSP + 1,s 



TABLE 1.2. Cornparison of mutation fquencies between daferent P-dement 
mutlgtnesis screcas (continued). 

Ammunition No. of Location No. of Flies Screening Method Ref 
Chromosome Inserts ofInsert Screened 

O NR 15,000 Direct screen with GSP + 1,2 
Peiement primers 

Birm-2 O Mt 15,000 Direct screen with GSP + 1,2 
P-element prime= 

Binn-2 O NR 15,000 Direct screen with GSP + 1,2 
P-element primers 

Notes: ' B h - 2  is the second chromosome fiom the Birmingham P-strain and has 17 non- 

autonomous P-elements on it. 

"This screen was used to detect inserts at ntw in a knom hot spot for P-element insertion. 

The insertion fiequency shown here agrees well with other reports of sn mutagenesis. 

These inserîs were identifiecl by hybridïzation of inverse PCR products derived ffom 

rescued plasmids to an array of  cDNAs. Two hybridized to the same D N 4  but likeIy 

represent independent insemons. 

d ~ h e s e  inserts were identifid by herse PCR of digested and cirdarized genomic DNA 

hybridized against an array of genomic clones of the genes of interest, except as in Note f 

They are not necessarily within the coding region of the gene. 

These represent screens of a subset of the 16,100 fiies used in this paper. 

'~loned cDNAs were used as the targets for hybridization in these two nibsets. 

NR Not reported 

References: 1. Baliinger and Benzer, 1 989; 2. Dalby et al., 1 995; 3. Hamilton el al., 1 99 1 ; 

4. Kaiser and Goodwin, 1990; 5. Pereira et al., 19% 

IV. PR(UEcTG0ALs 

A. M u w n e s i s  of PkcSJE 

As see with yeast and Dtosophikz eye-PKC above, the availabiiity of mutations 

enables the use ofpowerfûi genetic techniques to elucidate gene hctions. Dmsophihila has 



three known PKC genes and therefore provides an ideal complex animal mode1 in which to 

study PKC Iùnction. One goal of this project was to use P eIement mutagenesis to produce 

an insertional mutant of Pkc53E. The generation of such a mutant would enable the 

generation of deletion mutants through remobilisation of the P element and perhaps site- 

directeci mutagenesis using the recently elucidated technique of targeted gene replacement 

(Engels, 1996). While it is predicted that a nd-Pk53E alIeIe would be recessive lethai, the 

use of such a mutation for mosaic analysis would provide information as to the tissue- 

çpecifïc fiinction of Pkç53E in development. This type of aaalysis cm be done using genetic 

crosses with the FLPIFRT (flip recombinase/fiip recombinase target) technique (Simpson, 

1 993). 

As described eariier, severai transcripts that hybrïdize to PkcS3E-specific probes c m  

be detected by Northem hybridization of Drosophila RNA However, the transcript 

sequace differences have not been elucidated nor has it been demonstrated whether 

funciional PKCs are encoded by each of these transcrïpts. The second goal of this thesis 

was to examine transcript structures of adult Pk53E mRNA, using the comrnon molecular 

techniques of ribonuclease (RNAse) protection anaiysis (RPA), rapid amplification of cDNA 

ends (RACE), reverse transcription polymerase chah reaction (RT-KR), and nucleic acid 

sequencing. 

RPA experinents were designeci to idenw regions of transcript variability due to 

altemative splicing. This Sonnation was then used to design PCR and reverse transcription 

primers withui conserveci transcript sequences to try to ampw variant sequences. 

Restriction mapping and nucleic acid sequencing was then done to identifj. novel Pkc53E 

transcript sequences. 



CHAITER 2: MATERIALS AM> METHODS 
1. RIATERILUS: 

A. Bacterial S t i l i i n ~  

Plasmids were propagated in commercidy avaiiabie strains of E. coli. E. coli 

DHI OB, DHSa, DHSaF'IQ and DM1 cells were obtained fiom GIBCO/BRL. E. coli XL-1 

Blue celIs were obtained fiom Stratagene. AU strains except for DM1 are suitable for 

bludwhite se ldon  on X-gai containing medim DMI ceiis are mutated in both 

methylation patbways and are therefore suitable for propagation of plasmid DNA for 

digestion by rnethylation-sensitive restriction endonucleases. 

B. Drosophik ntel~~l~a~rrster Stocks1 

1. Oregon-R (OR) 

IndividuaIs of this stock are believed to contain the wild type aiieles of aii g e n s  

This stock was deriveci f?om wild fies coiiected at Roseburg, Oregon prior to 1925 and has 

been maintained in this laboratory for several years. 

2. C(l)RM, y w 4PtlacW (B-#3697) 

Females of this stock have two X chromosomes attached prolcimaiiy to the same 

centromere. Four copies ofthe P@acWJ P-element are inserted dong the length of the 

ammunition chromosome of C(l)RM, y w 4P[lacw; +/+; +/+. The genes containeci within 

P[lacW] are describecl in Figure 2.1. Digestion ofgenomic DNA for plasmid rescue can be 

done using the enzyme sites show on either side ofthe bacterial sequences, s e p t  for 

Hindm (Bier el al., 1989). 

Two visible recessive mutations are also present on this chromosome. y bellow, 1- 

0.0) causes a loss of melanotic pigment giving a yeiiow cuticle. The w (white, 1-1 -5) 

l Stock descriptions and gene locations were taken fiom Lindsley and Zimm (1992) 

or FlyBase (1 996). Fiy stocks not maintained in this laboratory were obtained f?om the 

Bloornington Stock Centre and have their associateci stock nurnbers foiiowing the stock 

name. 



i 1 kbp 
AmpR 

Hmdm, XbaI, BgAI, Psti, BamHI 

FIGURE 2.1. P@rcW) P element. Four copies of this P-element are found on the 

ammunition chromosome of C(l)RM, y w 4P[lacw; +/+; +/+. The genes containeci within 

this element are pTps-lac2 (an enhancer trap with the E. coli P-galactosidase gene under the 

control of the P-element transposase minimal promoter), mini-white (the w+ marker), hnpR 

(P-lactamase conferring ampicillui resistance to E. coi.. transformai by plasmid rescue), and 

origin (an origin of replication for plasmid propagation in E. coli transfonned by plasmid 

rescue). Digestion of genomic DNA for plasmid rescue can be done using the enzyme sites 

show on either side of the bacterial sequences, except for Hinmzl (From Bier et al., 

1989). 1 used EcoRi and Ba1 for the plasmid rescue and sequencing that 1 did. 



mutation n o d y  causes a white eye phenotype, but this is masked by the presence of the 

P@acW elements7 so the eyes are mi. The autosomes are wild type. 

Males of this strain are XTY and phenotypically wild type. Females are C(I)RM/Y 

and have the yellow mutant phenotype. Maie progeny receive their X chromosomes 

their fathen and their Y chromosomes fiom their mothers. The C(I)RM chromosome is 

passed only through the fendes. Breakdown of the C(1)RM chromosome is detected by the 

appearance ofy d e s .  

3. W.; Df  /TMS, Rm Sbf P[rywf A2-3(99B) ] @-#16 10) 

This stock has the visible recessive mutation w that causes white eyes. The tbird 

chromosome is heterozygous with the visible dominant, recessive lethal mutation Dr (Bop,  

3-99.2), that causes mail eyes, on one homologue md the other a balancer, TMS (Third 

Multiple Singson), with the visible dominant, recessive lethai mutation Sb (Stubble, 

3-58-22), that causes short thick brides. Also on TMS is the recessive mutation ry (rosy, 

3-52.0) that normaily causes a reddish-brown eye colour, but is masked by the presence of a 

fbnctional v+ allele in the linked P-elment. P[rf A2-3(99B)] is a non-transposable 

P element wïth a wiid type ry (w') allele and a transposase gene that constitutively produces 

transposase in ail celis. Liakage is maintainecl by the presence of multiple inversions dong 

TMS that repress recombination. The recessive visible mutation kar ( h o i s i n 7  3-5 1 -7) 

gives a bright-red eye colour, but is not relevant in this project. 

1. C(1)RM; +/+; + m S  

First generation females fiom crossing C[l)RM, y w 4P@acWJ Y1gh females with w; 

Dr/TMS, Sb ry P[ry' A2-3(99B)] males. Selected females had yellow bodies, red eyes, and 

Stubble bristles. The P[lacW] elements in these f d e s  can transpose to other sites in the 

genome due to the presence of the P[@ A2-3(99B)] transposase source. 



2. w f f ;  P[IacW)l+; +/+ 

F i  generation maies fiom crossing C(1)R.M; +/+; +/TMS femaIes with wN-, +/+; 

+/+ males. Selected d e s  iiad non-white beilow, orange, or red) eyes and wild type 

bristles. These fies have one or more P@acW] elements located on either the Y 

chromosome a d o r  one or more autosomes, as indicated by the non-white eye colour. The 

transposeci element is stable as the TMS transposase supply is no longer present. 

Subsequent crosses of wrY, P@acWJI+; +!+ maies with whu; +/+; +/+ fernales 

maintains the P[lacv chromosome for subsequent saeening procedures. 

D. Plasmid andT_wormation Vectorg 

1. pBluesciiptm ï I  

These standard plasmid cloning vectors were purchased h m  Stratagene Inc. and 

contain a multipie cloning site (MCS) withiu the lacZ gene for blueiwhite selection. Both 

bacterial and Ml3 ongins of replication are present for plasmid propagation and single- 

strand phagemid production. Ampicillin resistance is conferred on tdormants  by the P- 
lactamase gene. The GenSank accession numbers of pBluescript LI KS+ and 

pBiuescript II SK- are X52327 and X52330, respectively. 

2. p0161 

This pIasmid was generously obtained fiom A Rosenthd (Genentech, Inc.) and 

contains part of the published Pk53E cDNA sequence @osenthal et al., 1987) cloned into 

the EcoRI site of pSP64 (Ausubel et ai., 1996). The plasmid map is show in Figure 2.2. 

3. pSB29 

This plasrnid was constructeci by Natesan (1991) and contains a genomic fiagrnent 

of Pkc53E from the EcoRI site at the pubiished -1-1 and a 3' EcoRI site 2-9 kbp away. 

4. pEïR0.6 

This plasmid contains a 0.6 kbp EçoRI-HMrmT genomic fiagrnent of the D. 

m e k g a s t e r  ribosonnul protein 49 (rp49) gene subclond into the pBR322 vector by Wong 

et al. (198 1). This genomic segment spans nucleotides 240 (EcoRI) through 879 (HindlII), 

inclusive, £tom Genbank accession number X00848. The sole intron is located between 



XbaI3129 Bgm3126 

FIGURE 2.2. p0161. This plasmid contains the published 3.2 kbp Pkcj3E cDNA sequence 

(in black; Rosenthal er al., 1987) cloned in the sense orientation with respect to the SP6 

RNA polymerase promoter of the cloning vector pSP64. This plasmid was generously 

provided by A Rosenthai. 



nucleotides 5 13 and 571, inclusive. Probes hybridizing to the rp49 message are often used 

as a control for Ioading on Northem blots, however expression of this message does Vary 

between developmed stages and tissues (Al-Atia et al., 1985). 

E. cDNA Librarieg 

An adult head Agt l O cDNA library with a complexïty of 2-75 x 1 O* was generously 

donated by G. Rubin (Department of Bi~chemistry~ University of California, Berkley). 

An ovary Agt22A cDNA hbrary with a complexity of5 x 10' was generously 

supplied by P. Tolias (Public Health Research Institute, New York). 

F. Composmon O 
. . f Media and Sdutiollg 

The composition of media and solutions used throughout this project are specified in 

Table 2.1 - 

TABLE 2.1. Composition of media and solutioas. 

Name Composition 

6X DNA Loading Dy& 0.25% (w/v) bromophenol blue 
0.25% (w/v) xylene cyan01 FF 
30% (v/v) glycerol 

10 X RNA Loading Dyea 0.25% (w/v) bromophenol blue 
0.25% (w/v) lcylene cyan01 FF 
I mM EDTA 
50% glycerol 

- - - - C . c - - c - - - - - - -  

DIG Hybridization Detection B a e r  Set: 

Hybrkibation B&er 5X SSC 
1 .û% (w/v) blocking reagent (Boerhinger/Manheim) 
O. 1 % (w/v) N-lauroylsarcosine 
0.02% (wlv) SDS 

B s e r  1 

Buffer 2 

150 m M  sodium chloride 
100 mM maieic acid 
pH 7.5 

Baer 1 with 1% (w/v) blocking reagent 



TABLE 2.1. Composition of media and solutions (continueci). 

Name Composition 

Bu£Fer 3 100 mM Tris-HC1 
100 mM sodium chloride 
pH 9.5 ------------------------------ 

Drosophila Ringersd 10 mM Tris-HCI 
(Tübingen and Diisseldorf) 182 mM potassium chloride 

46 mM sodium cbloride 
3 mM calcium chloride 
pH 7.2 ------------------------------- 

Exonuclease IiI Deletion Buffer Set: 

2X Exonuclease DI BuEer 30 mM Tris-HCl, pH 8.0 
1-32 mM magnesiuni chioride 

5X S 1 Nuclease B&er 150 mM sodium acetate, pH4.6 
1.5 M sodium chioride 
5 rnM zinc stxiphate 
25% (v/v) giycerol 

SI Nuclease Stop Buffer 0.8 M Tris-HCI, pH 8.0 
20 mM EDTA, pH 8.0 

S 1 Nuclease Dilution 20 m M  Tris-HCi, pH 7.5 
BufEer O. 1 mM zinc acetate 

50 mM sodium chloride 
5% (viv) glyceroI ------------------------------- 

GTE Buffer' 50 mM glucose 
25 mM Tris-HCl pH 8-0 
10 mM EDTA., pH 8.0 

LB Agaf LB broth with 1.5% (w/v) agar 

1% (w/v) fryptone 
0.5% (w/v) yeast extract 
0.5% (w/v) sodium chloride 
pH 7.0 

10X MOPS BufEeP 200 mM MOPS 
100 mM sodium acetate 
10 mM EDTA 
pH 7.0 



TABLE 2.1. Composition of media and solutions (continued). 

SOC Mediuma 2% (w/v) tryptone 
0.5% (wh) yeast extract 
0.05% (wh) sodium chloride 
2.5 mM potassium chloride 
pH 7.0 
10 mM magnesium chloride (added &er autoclaving) 
20 mM glucose (added f ier  autoclaving) 

20X SSC" 3 M sodium chloride 
0.3 M sodium citrate 
pH 7.0 

5X T4 DNA Ligase 250 mM Tris-HCI, pH 7.6 
BdeP 50 rnM magnesium chloride 

5mMATP 
5 mM DTT 
25% (wlv) PEG-8000 

2 M Tris acetate 
50 mM EDTA, pH 8.0 

0.446 M Tris borate 
10 mM EDTA, pH 8.0 

10 mM Tris-HC1 
1 mM EDTA 
pH as indicated in procedure 

Temfic ~ r o t h ~  12 g txyptone 
24 g yeast extract 
4 ml glycerol 
Dissolved in 900 ml water. 
2.3 g KH$O, 
12.5 g K P O ,  
Dissolvd in 100 ml water, 
Solutions are autoclaved separateIy, cooled to room 

Sambrook et al., 1989; Boehringer Mannheim Product Information; ' Ashbumer, 1989; 

GIBCOBRL Product Idonnation 



G. DNA Primes 

Primers were selected by hand or based on tecornmendations u h g  the cornputer 

program Oligo 4.0-q version 4.06 (Wojciech RychWr 0 1992) and are Iisted in Table 2.2. 

TABLE 2.2. Primers used for PCR or sequencin~ 

Name Sequence (5'-3') TJ°C) Target 

CGCGCTAACGCMGTCGTTCGGA 

AATTGTCCTTTTTGTGGTCTA 

CGGAGGGCAGCGATAACAACG 

GTCGGCGTGTTTTTATTAGGC 

GGGCTTCGGAAAGCMGGATTTC 

CAAGTTTGCTCCTATGZGGTG 

CGAATCGATGCCCTTATCCTTGC 

GCCCGGACAGATGAAGGTGAC 

GCAAACTTGGCACTGAAATCC 

GCCCGCTGCAAGGAGAACGTGCC 

GGAGATCAATGTCAAGGAGAA 

CCAGACAGGATTTAGGCAAGC 

GCGAGTCTTCTTCTTGGATTG 

GTGATCGCATCCGCAAAGGCTGG 

CAGGACGACGACGTCGAGTGCAC 

CCTGGCGCTGGGCGAAAAGCCAC 

GAAGCCAACGAACTCCGACTG 

GTGGGCGTCAAGTCTGTTTTC 

MTCAGGTGTACCGCAGAAAG 

AATGGCATACAACTCCTCGCT 

GATCCTTGTCTTCGGGCTTTA 



TABLE 2.2. Primcn used for PCR or setyuenung (continued). 

Narne Sequence (5'-3') Tm(" c) TaWt 

P CGACGGGACCACCTTATGTTATTTCATCATG 90 P-elment a d  

Ap2 GACTCGAGTCGACTAGTAC 58 Adapter sequence 

d ~ w  GACTCGAGTCGACTAGTAC ( T ) 92 Poly(A) tail 

T3 ATTMCCCTCACTAAAG 46 T3 promoter 

ï'7 AATACGACTCACTATAG 46 T7 promoter 
'Abriged adapter primer; 'Adapter primer, 3001igo(dT),, adapter primer 

Figure 2.3 shows the location of each Pk53E-targeted primer relative to the 

pubhshed cDNA 

H. Swl i er s  of Enzymec and Rgagmls 
Chernicals were supplied by GIBCOBRL, Fisher ScientSc, or VWR, unless 

otherwise indicated. Antibiotics were supplied by Sigma Chemical Company, d e s s  

othenivise indicated. Enzymes and enzyme reaction buBiers were supplied by GIBCO/BRL, 

unless otherwise indicated. 

IL METHODS: 

A. Drusaphiha 

1. Drosopkila culture conditions 

Ali stocks were maintained on standard wrnmeal/yeast/sugar/agar medium (Lewis, 

1960). Experimental and maintenance stocks were maintained at room temperature 

(1 8-22" C) on a 24 hour üght cycle, unless otherwise indicated. 

2. P-element mutagenesis and screening 

For P element mutagenesis, 1 used a modification of the screening procedure of 

Baiiinger and Benzer (1989) that uses PCR to screen for heterozygous insertionai mutants. 



6 Forward primers 4 Reverse primera 

FIGURE 2.3. Location of PkcS3E primers relative to the published cDNA sequence. Primers are labelled with their name and 

the location of their 5' end relative to the published + l  of transcription of Pkc53li: as reported by Rosenthal sr ul. (1987) Each 

primer sequence was compared to the public sequence databases using the Blast search program (Altschul ef al., 1990). Primers 

1,2, 3, and 4 were used for Y element mutagenesis PCR screeniiig, Other primers were used for priming reverse transcription, 

5' RACE, RT-PCR, or 3' RACE procedures. The triangles (4 ,  V) show primer locations with the position of the 5' ends 

indicated immediately below each arrowhead. Primers used for P element mutagenesis screening are shown above the dashed line. 

Primers used for RACE and RT-PCR analyses are shown below the dashed line. 



ïhis sMeen relies on the absolute necessity of the conserved 3 1-bp inverted repeats at the 

ends of P elements for transposition. Transposition of a P element into the gene of interest 

can translocate the conservai 3 1-bp sequence cis to gene-specific sequences. PCR using 

primer pairs consisting of gene-specific sequences and the 3 1-bp repeat sequence enables 

the deteetion of a PCR product (Figure 2.4). True amplification products can be 

differentiated fiom spurious products by Southern hybridization. 

1 modified this screen so that &es with noveI P elements are marked with the w' 

gene in a w background, MobiIization ofP elements fiom an ammunition chromosome, 

using the genetic transposase source P[y+ 62-3(99B)], results in the transposition of the w' 

marker between the P-element ends. Male progeny with a P element were selected on the 

basis of a phenotypic change fiom white eyes to non-white eyes. These progeny were 

cdected, crossed to w Wgin fernales, and screened by PCR Tme-breeding strains may 

then be estabiished fiom positive primary screens tfirough a series of subsequent crosses and 

screening steps (Figure 2.5). 

3. Dissection of adult DrUsophila 

Adult Drosophila, 2-5 days 014 were dissected in cold Drosophila RUigers solution 

under a dissecting microscope. Dissected tissues were immediately put into ice-cold 

Drosophila Ringers and kept on ice. Once enough tissues were collected, the Ringers 

solution was removed and the RNA was immediately extracted following the procedure 

below. 

The isolation of 100 pg of total RNA required approximately 175 female heads, 235 

male heads, 325 pairs of testes, 25 pairs of ovaries, or 10 whole female fies. 



Target 
Gene D D D D 

1. Genetic crosses bring P element, 
target gene and transposase source together. 

1 2. P element inserts into target gene 

w 

3. Primers anneal to denaaireci genomic 
DNA and first extension reaction OCCLUS. 

4. Subject reaction mixture to PCR and see 
exponential increase of specific PCR products. 

FIGURE 2.4. Schematic diagram of PCR screening for P eiement mutagenesis. 

Insertion of a P element into a gene of interest, briags the P element ends cis to a gene- 

specifk primer (GSP). PCR using the P element primer and a GSP results in the appearance 

of a novel PCR product that wiiI hybridize to gene-specific probes. Prùners complernentary 

to the P element 3 1-bp repeat are represented by the black triangles (4 b). GSPs are 

represented by the open mandes (b). 



FIGURE 2.5. Crosses for P ' e n t  mutagenesis C(I)RM, y w 4P[lacWJ; +/+; +/+ is 

the mutator strain with four P[lacW] elements (ammunition) on an attacheci-X chromosome. 

Only male progeny fiom Cross 2 with a P-element transposed onto an autosome or Y 

chromosome are w'. wrY, +/+; DrîTMS, Sb, P[(ry' A2-3)99B] supplies the chromosomai 

source of transposase. Cross 1 brings the chromosomai transposase (P[(ry' 42-3)99B]) and 

the ammunition chromosome into the same germline resulting in mobilization of the 

amaiunition P-elements. Cross 2 allows the cbromosomal transposase to be crossed out of 

the progeny, stabilizing the transposed P elements. Subsequent crosses serve to propagate 

the mutated chromosomes and d o w  screeaing. 



5 1 
Cross 1: 

20?? C( 1 )RM, y w 4P[hcw]; +/+; +/+ X 1088 wrY; +/+; DrITMS, Sb, PLV-A2-3)99~] 
/ 

Cross 2: /' 
599 C(l)RM, y w 4P[lacW]; +/+; fKMS, Sb, ~[r-y+A2-3)99~] X 3 88wiY; +/+; +/+ 

/' 

cross 3: / 
I O c W w ~  P[lacW]/+; +/+ (or) IO&' wlY; -/+; P[hcwJ/+ X ZO?? w; +/+; +/+ 

I 

Transfer at days 5 and 9. 
Pool males fiom 5 botdes. 

Analyze DNA via PCR and 
Southem blot analysis. 

posi t e i  gative 
Collect about 100 male and fernale w; P[lacWY+; +/+ Discard 
progeny fiom each of the 5 original bottles. 
Maintain each set of maIes at 1 TC. 
Analyze each set of female DNA via PCR 

Cross 4: 

Transfer at &YS 3,6, and 9. 
Pool males from 5 botties. 
Analyze their DNA via PCR and 
Southem blot andysis. 

Collect about 4 
progeny fkom each of the 5 original bottles. 
Maintain each set of males at 17°C. 
Analyze each set of femde DNA via PCR 

Cross 5: 

18 w/Y;- P[hcW]/+; +/+ 15?? w; +/+; +/+ 
Transfer at day 5. 
Analyze DNA of first brood via PCR 

negative 
+ Discard 

Make balanced stock by crossing to IV; ~ ( 2 ; 3 ) ~ @ ~ % ~ 5 ,  Cy; TM3, Sb. 
Determine site of insertion by direct sequencing of PCR product andh in situ 
hybridization to polytene chromosomes. 
Determine phenotype of hmozygotes, if possible. 



B. Nucleic Acid Isolation 

1. Plasmid DNA 

Bacteriai cuiîwes: Liquid cultures were grom in LB broth or Terrif~c Broth at 

37°C on a rotary shaker at 200-300 rpru When required, ampicillin was added to a final 

concentration of 100 &mi, streptomycin to a final concentration of 50 pg/mi, a d o r  

tetracycline to a £inal concentration of 12 p g M .  For long tenn storage, 1 ml aliquots of 

stationary liquid cultures were fiozen at -80°C in 10?4 (v/v) glycerol. 

For the growth of single colonies, bacteria were plated onto LB agar and grown at 

3 7" C for 12- 16 hours. When required, antiiiotics were added to the appropnate fimi 

concentrations. For bludwhite colony seleaion, X-gai was added to the medium to a final 

concentration of 5Opg/ml or 40 pI of a 20 m g h i  solution was spread onto the surface of a 

90 mm plate. 

Crude maII-scale plarmcd isokation: For restriction enzyme screening, small-scak 

plasmid isolation was performed usiag the alkaline lysis plasmid nuni-prep (Ausubel et al., 

1996), except that 100 pg/d of deoxyribonuclease ON&)-free RNAse A (Pharrnacia) 

was added to the GTE bufTer. 

Sequencing grade mail-scaie piarmid isolaton: For sequencing of plasmids, 

smali-sale plasrnid isolation was performed fiom 4.5 ml of overnight culture by a rnodified 

alkaline-lysis/PEG precipitation procedure fiom Applied Biosystems, Inc., Tenninator Cycle 

Sequencing Kit. Essentiaiiy, the bacteciai pdet was resuspended in 200 pl of GTE bunèr. 

The bacteria were lysed with 300 pl of 0.2 N NaOWl% (w/v) SDS and inverteci until clear. 

Cellular debris and chromosomal DNA was precipitated with 300 pl of 3 .O M potassium, 

5.0 M acetate (Sambrook et al., 1989), and incubated on ice for 5 minutes. The mixture 

was then centrifiiged for 10 minutes at room temperature and the supernatant uansferred to 

a clan tube. DNAse-fkee RN& A (Pharrnacia) was added to a final concentration of 

20 pghl and incubated at 37°C for 1 hour, 

To remove excess proteins and RN& the supernatant was extracteci Mnce with a 

1 : 1 mixnue of buffer-sahirated phenol (GIBCO/BRL) and 24: 1 (dv) ch1oroform:isoamyl 

alcohol @Co, foiiowed by two extractions with 24: I (vlv) chloroform:isoarnyl alcohol (Ci). 



The aqueous phase was removed to a new tube and precipitated with an equal volume of 

100% ethatol. The DNA pellet was washed with 500 pl of 7û% ethanol and air-dried 

r 10 minutes, 

The DNA pellet was resuspended in 32 PI of water and reprecipitated by first adding 

8 pl of 4 M NaCl and then 40 pl ofautoclaved 13% polyethylene glycol (PEG),, followed 

by thorough m%ng and incubation on ice for 20 mimites. The plasmid DNA was pelleted 

by centrifiigation at 12,000 x g for 15 minutes at 4OC in a fixeci angle rotor. The pellet was 

washed with 500 of  70% ethanol and air dried. The DNA was then resuspended in 45 pl 

of water and stored at 4°C. 

Large-scaie plasmtd zsoIdon: For large-de plasmid isolation, 100 ml to 500 ml 

of an overnight bacterid culture was pelleted and processed as per the sequencing plasmid 

isolation with the omission ofthe reprecipitation with PEG. Volumes were d e d  up 

proportional to the amount of bacterial culNe used. 

2. Genomic DNA isoiation 

lsolat*m for PCR screemilg of nnrtagenizeddflies: DNA was isolated fiom adult 

fies for PCR with the method of Ballinger and Benzer (1989)' with DNAse-fiee WAse A 

added to the extraction bufEer to a final concentration of 100 pg/ml. In addition, the DNA 

solution was extracted once with PCI and once with CI prior to the reprecipitation of the 

DNA. 

Isolaiion for pl&d rescue, long PCR d Smthem blot ana&ses: DNA was 

isolated from 10 adult flies by homogenization in 250 pi of D N A Z O ~ ~  (GIBCOBFC). 

Extracellular debris and RNA was removed by centritùgation at 16,000 x g at room 

temperature for 5 mimites. The DNA was precipitated nom the supernatant with 125 pl of 

100% ethad, mixed by gentie inversion and Uicubated at room temperature for 3 minutes. 

The DNA was pelleted by centrifbgation at 16,000 x g for 5 minutes, washed twice with 

1 mi of 95% ethano1 and air dried briefly. The pellet was resuspended in 8 mM NaOH at 

3 7 O C .  If required, the solution was neutralized with HEPES buffier as per the 

manufacturer's protocol. 



3. isolation of total RNA 

EWA was isolated &om 25 adult fiies, 75 dissecteci heads, 75 pairs of dissected 

ovarïes or 150 pairs of dissected testes with 500 pl of TRIzolm reagent (GIBCO/BRL) 

according to manufacturer's protocols. To remove extrace11ula.r debris prior to phase 

separation, an additionai centnfiigation step (12,000 x g for 10 minutes) was included 

during the isolation process. The RNA pellet was stored at -20°C under 75% ethano1 untii 

resuspension in diethyl pyrocarbonate @EX)-treated water. Afker resuspension and 

quantization of the RNA, aiiquots were made up to 50 pl volumes with DEPC-treated water 

and reprecipitated with 200 mM LiCl and 3 volumes of 100% ethano1 and stored at -20°C 

until use. Immediately prior to use, the RNA was centrifiiged at 12,000 to 16,000 x g  for 

15 minutes at 4°C or room temperature. The RNA pellet was washed with 75% ethanol, air 

dried, and resuspended in DEPC-treated water or hybridization b d e r  at the appropriate 

concentration. 

4. Isolation of polyA" RNA 

PolyA' RNA was isolated £rom 5 to 10 pg of total RNA using prepacked oligo(dT) 

cellulose columns fiom GIBCO/BRL (catalogue number 15939-0 IO), according to the 

protocol provided. The yield of polyA* RNA fiom total whole female RNA was 

approximately 0.8%; the yield fiom total ovary RNA was approximately 1.00/o. 

5. Quantization of nucleic acids 

Nucleic acids were quaatified with UV light on a spectrophotometer according to 

Sambrook et al. (1 989). 

C. M-s of DNA 

1. Resbiction endonuclcrr~e digestion 

Digestion of DNA was performed according to enzyme supplier's protocols. 

2. Agarose gel dcettophoresis 

Agarose gel electrophoresis was used to separate, identifL' and isolate DNA 

fragments. Agarose gel electrophoresis was carrieci out using 0.8 to 1.5% agarose gels with 

0.1 &ml ethidium bromide in 1X TAE b d e r  according to Sambrook et al. (1989). 



3. Cloning of DNA frngments 

Gelp@carion of DNAfiagmems: DNA hgmmts were e-xcised from a 0.8% to 

1 .O% agarose gels, solubilized in 6 M sodium iodide, and puntied with siIica suspension in 

3 M guanidine isothiocyanate, according to the protocol of Boyle and Lew (1995)- 

Vector prepation: 

(1) Removal of restriction enzymes: When b a t  inactivation was not possile, 

restriction m e s  were removed h m  vector preparations by one extraction with PCI, 

foliowed by one extraction with CI. Vector DNA was precipitated from the aqueous phase 

with 160 mM LiCl and 2% volumes of 95% ethanol. 

(2) Dephosphorylation: To prevent self-ligation of vector in non-directioaal cloning 

reactions (single-enzyme vector digestion), the vector was dephosphocylated prior to 

ligation (5' phosphates removed). FoUowing vector digestion and gel pudication, 0.5 pg to 

2 pg of DNA was uicubated in 20 pl volumes with 5-1 O units (U) of calfintestinal akahe 

phosphatase ( C M )  and 1X dephosphorylation bu& (GIBCO/BRL) at 37°C for 22 hours. 

The CIAP was inactivated by heating at 65°C for 10 minutes. Aliquots of 

dephosphorylated vector were added directly to  iigation reactions. 

Blunl-ending of DM fiagmenrs: When hgatîon of incompatible restriction digest 

ends was done, blunt ends were produced using T4 DNA polymerase according to the 

enzyme supplier's protocols (G1BCOfBRL). 

Ligatiotz: Ligations were carried out in 10 to 20 pl volunies with 0.1 to 2 pg DNA 

(a moIar ratio of vector:insert of 1:3 to 1 :6), 1X ligation buffer with or without 

5% (w/v) PEGgMO and 1 U T4 DNA ligase. The ligation mix was incubateci at 15 OC 

r 12 hours. 1 to IO pI of the Iigation mixture was used to t r d o n n  CaC12-competent E. 

coli. For electrotramfbrmation, ligation mixtures were brought up to 50 pl volume witti 

water and extracted once with PCI and once with CI. The DNA was precipitated fiom the 

supernatant with 160 mM LiCl and 2 volumes of 95% ethanol at -20°C for 230 d e s .  

The DNA was peiieted by centrifiigation at 16,000 x g for 15 minutes, washed once with 

70% ethanol, air dried, and resuspended in s t d e  ddHH,O. 



Trmtsformatioion of E. coli: 

(1) Calcium chloride: Competent E. coli were prepared using calcium chloride and 

transfonned as per Sarnbrook et al. (1989). For storage, steriie glycerol was added to 10% 

(v/v) and 200 jL aliquots of cornpetent celis ftozen at -70°C. 

(2) Electrotransformation: LI3 broth with 0.2% glucose was inoculated with 

'Il, volume of a saturateci culture ofE. coli and grown at 37°C with aeration to an & of 

0.75. The culture was chilled on ice for 15 minutes then cdected by centritùgation 

(4000 x g) at 4°C for 10 minutes. The celis were washed by sequential resuspension and 

centnfiigation in 1 volume of ice-cold sterile water, % volume of ice-cold sterile water, 

'1, volume of ice-cold sterile 10% glycerol and M y  in '1, volume of ice-cold sterile 10% 

glycerol. This 500-fold concentrated suspension was used immediately or distributed in 

40 pl aliquots, fiozen on dry ice and stored at -70°C. Frozen ceiis were thawed on ice 

immediately before use. 

For transformation, 1 to 4 y1 of DNA in water was added to a 40 pl aiiquot of cells. 

The mixture was tramfierreci to the bottom of an electroporation mette (10-mm gap) on 

ice. Lmmediately before electroporation aii moisture was removed from the outside of the 

cuvette with a tissue and the cuvette was placed in the s a f i  c h b e r  of the electroporator 

and pulsed. A field strength of 12.5 kVlcm and a puise length of 5 .O ms with 200 &2 

resistance and 25 pF capacitance was used, Immediately following the pulse, 1 mi of SOC 

broth was added and the mixture trderred to a 17 x 100 mm polypropylene tube and 

incubated at 37°C with shaking for 1 hour. 100 to 200 pl of this suspension was plated 

onto LB agar and incubated overnight. if more than 200 pl of this suspension needed to be 

plated, the ceiis were pelleteci by bief centrifiigation (12,000 to 16,000 x g) in a 

microcentrifbge and resuspended in 100 to 200 pl of LI3 broth- 

4. Exonuciease IIt deletion of piasmid DNA 

When convenient restriction endonuclease sites were not available for cloning, 

exonuclease III was used to remove unwanted DNA Exonuclease ILI deletions were 

performed according to the procedures outlined in the double-stranded Nested Deletion Kit 



(Pharmach@-L Biochemicais) with the exonuclease l'.II b s e r  set iisted in Table 2.1 and the 

changes outhed below. 

Prepmaton of pïc~~mzd dDNR Briefly, 10 pg of plasmid DNA was hearized with 

I@nI to give a 3 '-protected overhang followed by digestion with an enzyme leaving a 5 ' 

overhang or blunt end adjacent to the insert DNA (deletion target). The plasmid DNA was 

then extracted once with PCI and once with CI followed by precipitation with 

165 mM NaCl, 5 pg glycogen and 2% volumes of 95% ethan01 at -20°C for 230 minutes. 

Digested DNA was colIected by centrifùgation at 16,000 x g for 10 minutes. The pellet was 

washed once with 70% ethano1 and air dned briefly prior to resuspension at a concentration 

of 0.1 pgllll in 10 mM Tris-HCl, pH 7.W 0 rnM MgCl,. 

ExomcIease [Ill &letion: Pnor to exonuclease III deletion reactions, 100 pl of 1X 

SI nuclease buffer was made up in distilleci water with 50 U S1 nuclease (Pharmacia). 3 pl 

aliquots were pipetted hto each of 21 microfbge tubes labeiled O to 20 and placed on ice. 

For exonuclease III deletions 20 pl of 2X sconuclease III b e e r  and 20 pl of 

digested plasmid DNA were mixeci together. The mixnire was equilibriated at 30°C for 

1 minute and a 2 pl aliquot ( the4  control) was removed, mixed in the appropriate tube of 

SI nuclease/buffer, and kept on ice. Then 1 pl of 65 U/pl exonuclease III (GIBCOBRL) 

was added to the DNA/exomiclease III buffér reaction mixture, gentiy mixed, and 

incubation at 30°C continued. Every 1 minute, 2 pl aliquots were removed, mked in the 

appropriate tube of S 1 nuclease/bufKer, and kept on ice. M e r  ail of the timed aliquots had 

been removed and mixed with the S 1 nuclease/buffer, the samples were incubated at room 

temperature for 30 minutes. 1 pl of S1 stop b&er was added to each sample and all were 

incubated at 65 OC for 10 minutes to stop the reaction 

Agarose gel electrophoresis of 3 pl of each reaction was used to daerniine the 

correct sized deletions for m e r  adysis, the selected deletions were ligated in a total 

volume of 10 pl in 1X DNA ligation b s e r  with 1.25 U ofT4 DNA ligase ovemight at 

15 OC. After ligation, the entire ligation mixture was used to traasform 200 pl 

CaC1,-competent E. coli DH1 OB. After colony growth, 10 to 15 colonies were picked at 



. random, gown in 5 ml ovemi@ cultures, and analyzed by restriction digestion and agarose 

gel electrophoresis to choose the appropriaîe sized plasmid for sequencing. 

S. DNA sequencing 

Sepencing reactiom: Plasmid DNA was sequenced using the T7 DNA Sequencing 

Kit (PtiannaciaRXB) with 2 pg plasmid DNA The plasnid template was denatured with 

NaOH, accordiag to Procedure C ofthe supplier's protocol. Sequencing reactions were 

analyzed by urea-polyacrylamide gel electrophoresis (PAGE). 

PCR m a t s  were directly sequenced by primer walking using dideoxy- 

fluorescent nucleotide protocols on an ABU73 sequencer at the University of Calgary Core 

DNA Services Laboratory. 

UreaPAGE: Urea-PAGE was performed using 7M urea and 5% or 6% 

polyacqlamide in 1X TBE b s e r  (Ausubel el al., 1996). Sequencing and RN& 

protection gels were electrophoresed using a GIBCO/BRL SA32, SA66 or S2 apparatus 

accordhg to manufacturer's instructions. Mini-gels were electrophoresed in a Biorad 

Protean-II apparatus at 175 V untii the xylene cyan01 FF dye was % to % distance into the 

gel. 

For drymg, gels were lifted off of the gel plate using Whatman 3MM 

chromatography paper and dried on a Biorad 583 gel cher at 80°C under vacuum for 2 to 

3 hours. Dried gels were exposed 48 to 72 hours at room temperame with Kodak 

X-OMAT AR film in an X-ray cassette. 

Sepence mdysis: Exposeci films fiom sequencing gels were read manuaüy and 

sequence was entered into the DNAsis program for contig assembiy. For cornparison to 

known sequences, either the Blast program (Altschul et al., 1990) was used to compare 

determined sequences with the non-redundant database or the FASTA program of the 

Genetics Cornputer Group (KG) was used to align sequences dong their length. 

6. Construction of plasmid vectors 

The steps for the construction of the probe vectors used for RNA probe synthesis 

are described in Table 2.3. 



For sequencing of intron 1, pSB29 was digested with S M  and XZZaI, foiiowed by gel 

puriincation of the 4.3 kbp vector piece, blunt ending of the DNA with T4 DNA polymerase, 

and recircuiarization with T4 DNA iigase to produce pSBS9ESt- PSB29ESt was digested 

with EcoRI and A p a l  foliowed by gel purification of the 3 -7 kbp vector piece, blunt ending 

of the DNA with T4 DNA polymerase, and recircularization with T4 DNA ligase to produce 

pSB29ASt. This plasmid was sequenced by the University of Calgary Core Sequencing 

Facility using standard sequencing prïmers for pBluescn'be M13+- 

7. Plasmid rescue 

Plasmid rescue was carrieci out accordhg to the protocd outlined by Hamilton et al. 

(199 1). Briefiy, = 5 pg of Drosophiia genomic DNA was digested to compIetion with either 

EcoRI or f i1.  The restriction enzymes were then heat inactivatecl and the DNA 

circularimi in a 250 pl volume with 2 to 5 U of T4 DNA ligase 2 12 hours at 15 " C. 

Foüowulg PCI exmctïon and ethano1 precipitation, the dned DNA peliet was remspended 

in 5 pl of steriie ddH,O and used to electrotrdorm E. coli DHlOB ceus, A schematic 

representation of plasmid rescue is given in Figure 2.6. 

8. &NA library screcning 

A phage cDNA libraries were screened by plaque filter hybdization (Ausubei et al., 

1996). An antisense Pkcl "P-labelled RNA probe, spamiing nucleotides 1467 to 3072 

(NcoI to XbczI) was used. The number of plaques screened was approximately two times 

the complexity of the library. 



TABLE 23. Construction of probe vectors for RNAse protection assays. 

Vector Name Steps for Construction 

pPkcl(KS) 1. Digested p0161 with EcoRI and PwI; gel p d e d  the 3.2 kbp Pkcl 
cDNA-Pkc 1 
2. Cloneci Pkcl into pBluescript 11 KS+ IineanZed with EcoRI and 
dephosphoryhed with CIAP; checked orientation with BamM digestion 
(released a 0.9 kbp fhpent)-pPkcl(KS) 

pPkcl(SK) 1. Digested p0161 with EcoRI and PwI; gel purifiecl the 3.2 kbp Pkcl 
cDNA-Pkc 1 
2. Cloned Pkcl into pBluescript II SK- linearized with EcoRI and 
dephosphorylated with CIAP; checked orientation with BamHI digestion 
(released a 0.9 kbp fragment)-pPkcl(SK) 

pPkcIH696 1. Subjected pPRcl(K3) to exonuclease ï I I  deletion. Isolated pIasmid 
&om tiiree independent trdormants from deletions of the approximate 
appropriate sire and sequenced 3' end of the Pkcl insert-pPkclE696 
2. Digested selected plasmid with HindIII and EcoRI; purifid 3.2 kbp 
vector piece; blunted DNA ends with T4 DNA polymerase; recirdarïzed 
with T4 DNA ligase-pPkclH696 

pPkciBC 1. Cut pPkcl(KS) with BmHI; purined 5 -3 kbp vector piece; 
cirdarized with T4 DNA @se-pPkcl BE 
2. Cut pPkclBE with CM; pudïed 3.2 kbp vector piece; circui&& 
with T4 DNA iigase-pfkclBC 

pPkciCN 1. Cut pPkcl(SK) with NcoI and Pd; pudied 4.4 kbp vector piece; 
blunted DNA ends with T4 DNA polymerase; circularized with T4 DNA 
Iigase=-pPklEN 
2. Cut pPkclEN wiîh ClirI; purified 3 -2 kbp vector piece; circdarized 
with T4 DNA Iigase4pPkclCN 

pPkciNS 1. Cut pPkl(SK) with NcoI and fioRV; purifieci 4.7 kbp vector piece; 
blunted DNA ends with T4 DNA polymerase; circularized with T4 DNA 
iigase-.pPkclNE 
2. Cut pPkciM2 with XbaI and B o I ;  purified 1 -6 kbp piece-Xh-NE-X 
m e n t  
3. Cut Xh-NE-X fhgment with ScaI; purified 298 bp piece-(Xh)NS 
hgment 
4. Cloned W)NS fiagment into pBluescript II KS+ lineanZed with 2 0 1  
and EcoRV ushg T4 DNA ligase-pPkclNS 
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T ~ L E  23. Construction of probe vectors for RNAse protection assays (continued). 
- - - - - -  - 

Vector Name Steps for Construction 

1. Cut pPkclBE with ScaI; purifiecl 704 bp fhpent-SS &grnent 
2. Cloned SS fiagment into pBluescript II KS+ l i n h e d  with EcoRV 
and dephosphorylated with CIAP; checked orientation of Eiagment by 
digestion with BmH and BgN (correct orientation indicated by the 
reIease of a 19 1 bp m e n t ,  not a 5 13 bp fhgmt)-pPkclSS(T7a) 
3. Cut pPRclSS(T7a) with BamHI and Bcli; purified 3 -2 kbp vector 
piece; cirdarized with T4 DNA ligase-pPPRclSBc 

1. Cut pPkcINE with Bgm and BmH; p d e d  3.8 kbp vector piece; 
circulmized with T4 DNA ligase-pPkclNBg 
2. Cut pPkclNBg with BclI and EçoRV; ppurified 3.2 kbp vector piece; 
blunted DNA ends with T4 DNA polymerase; circuiarized with T4 DNA 
ligase-pPklBcBg 

1. Cut pPkc A E  with StuI and EcoRV; ppuried 4.6 kbp vector piece; 
cirailarized with T4 DNA ligase-pPkIBSt 
2. Cut pPkclBSt with BmnHI and BgQ purifieci 3.2 kbp vector piece; 
cudarized with T4 DNA ligase-pPkilBgSt 

1. Cut pPkcl(KS) with Su& purifieci 2.6 kbp piece; cut this piece with 
EcoRV; purifieci 771 bp piece=4E fhgment 
2. Cloned SE fiagment into pBluescript II KS+ linearïzed with E o R V  
and dephosphorylated with CIAP-pPkclSE 
3. Cut pPkclSE with CM; purified 3.2 kbp vector piece; circularized 
with T4 DNA ligase-pPkcl SC 

1. Subjected pPkcl(KS) to exonuclease XII deletion. Isolated plasmicl 
fiom three independent transfonnants from deletions of the approxïmate 
appropriate size and sequenced 3' end of Pkcl insert-pPkclW023 
2. Digested selected plasmid with CZaI and EcoIu; purifieci 3 -3 kbp 
vector piece; blunted DNA ends with T4 DNA polymerase; recirdarized 
with T4 DNA iigase (this reconstïtutes the &ON site)-pPkclC3023 

1. Cut pHR0.6 with &oRI and H m ;  purifiai 640 bp piece- rp19 
fragment 
2. Cloned rp49 fiagrnent into pBluescript II KS+ iinearïzed with Ec0R.t 
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digest or SacII complete digest 

1 Ef ecbotransform E. cdi  

Filter lift and Plasmid DNA miniprep 

FIGURE 2.6. Schematic diagram of plasmid rescue using P[laeWJ. Digestion of 

genomic DNA with the appropriate enzyme, &da-tioq and electrotransformation bto 

E. coli results in the cloning of Drosophiia DNA sequences adjacent to P element ends. 

Transformeci colonies can then be used for either plasmid purification or filter hybridization 

procedures. 



D, Poiymerase Chain Reactions for P demgnt Screens 

PCR for screenùig P element insertions were carrieci out using standard protocols in 

20 pL, reaction voIumes (Table 2.4). 

:ABLE 2.4. PCR screening for P eiement insertions. 

Reaction Components Cyciing Profile 
~~~~~ - 

lx PCR butlier (GIBCO/BRL) 
1.5 mM MgCl, 
200 p M  each diWP (dATP, dCTP, dGTP, dTTP) 
0.4 pM each oligodeoxynucleotide 

(Primers 1,2,3,4, and P or Primers 2 and 
2Rb) 

0.5 pg genomic DNA 
0.5 U Taq DNA poIyrnerase (GIBCO/BlU) 

94 "C for 5 minutes 

94 O C  for 1 minute 
55°C for 1.5 minutes 40 cycles 
72°C for 3 minutes 
- 
72°C for 1 0 minutes 

The entire reaction mixture was then subjected to geI electrophoresis. For the 

second screen, each gel was Southeru blot hybndized ushg DIG-labelled Pkcl cDNA as a 

probe ifccording to procedures outiined below. 

E. DNA Probe S- 

Digoxigenin @IG)-labeiled probes were synthesized and quantitated using the 

materials and methods of the DIG Hybridization and Detection Kit (BoerhingerMannheh) 

according to manufacturer's instructions. Hybndization was p d o d  with 10 ng of DIG- 

labeled probe per 1 mi of hybridization fluid. 

F, Southern Tm- . . 
' n 

Prior to transfer, gels were treated according to the membrane manufâcturer's 

instructions. DNA was transf'med to Hybond N+ nylon membrane (Amers- by 

downward transfer using 10X SSC and a Turboblot apparatus ( S S )  for 3 to 5 hours. 

DNA was fixeci to the membrane by laying the membrane, DNA-side up, on a piece of filter 

paper saturateci with 0.4 M NaOH for 20 to 30 minutes. Membranes were neutralized by 

washing briefly with 5X SSC and then air dned. 



Pnor to hybfidization with DIG-labeled probes, membranes were prehybridized in 

DIG hybridization b&er without probe for 1 to 3 hours at 65°C. Hybridization b e e r  with 

probe was boiled for 10 e u t e s  to denature probe, then cooled in an ice-water bath 

immediately prior to addition to the hybridization bag. Membranes were hybridized at 65 OC 

12 to 16 hours. Foîlowing hybriâization, membranes were washed twice in 

2X SSC/O. 1% SDS at room temperature for 5 minutes, then twice in 0.1X SSC/O. 1% SDS 

at 65°C for 15 minutes. 

DIG probe detedon was perfomed according to supplier's protocol 

(Boehringer/MSlIljleim). 

G. M a n i e n s  of RNA 

1. Agarose gel ektrophoresïs 

Agarose gel electrophoresis was used to separate and idenfis. fuil-length RNA. 

Denaturing agarose gel electrophoresis was carriecl out using 1.4% agarose gels with 

0.66 M fonnaldehyde and 1 X MOPS b s e r  according to Sambrook et ai. (1989). 

2. RNA probe spiithesis and purüication 

RNA probe synthesis: DNA templates were linearized and purified according to 

Ausubel et al. (1996). Probes were synthesized in a 20 pl volume fiom 1 gg DNA template 

in lx transcription bder (GIBCO/BRL), 10 mM dithiothreitol @TT) (GIBCO/BRL), 

20 to 25 U RNAguard (Pharmacia), 0.5 mM ATP, 0.5 m M  GTP, 0.5 mM UTP, 

12.5 MM CTP, 5.0 pl CL-9-CTP (10 pCÿCrl400 rnCdmmo1) and 25 U T3 or T7 RNA 

polymerase (GIBCO/BRL). The synthesis reaction was incubated at 37°C for 1 hour 

followed by digestion with 1 pl Amplification Grade DNAse I (GIBCO/BRL) for 

15 minutes. The reaction mixture was made up to 50 pl volume with DEPC-treated water 

and 10 pg yeast tRNk Unincorporated nucieotides were removed by PCI extracton 

foilowed by two consecutive precipitahons with '/i volume of 7.5 M ammonium mate and 

3 volumes 1OP? ethanol or by gel puriilcation. 



G e i p ~ n P ~ o n  of RNA probes: When nezesary* RNA probes were gel p d e d  

d e r  the first ethanol precipitation by urea-PAGE according to the method of Ausubel et al. 

(1 996). 

Sjmîhesis of radioli3beiied RNA h&kr: Radiolabelleci RNA ladders were 

synthesized from 1 pg of an equimolar mixture of pBluesaipt II SK+ plasmid digesteci with 

one of %oI, BmEQ BsFtm, or PwII ushg T7 RNA polymerase and rr-%T~, as 

describeci above for RNA probe synthesis. This produceci a four-marker ladder with RNAs 

25 nt, 76 nt, 149 nt, and 334 nt long. 2 pl of the synthesis reactim was mixeci with 2 PI of 

loading dye (95% (vfv) fomamide/O.25% (w/v) bromophenol blue/0.25% (w/v) xylene 

cyan01 FF) pnor to urea-PAGE (Ausubel et al., 1996). 

Prior to trader, gels were soaked for 20 minutes in sterile dd&O to remove excess 

formaldehyde. RNA was trdecfed to Hybond N or Hybond N+ nylon membrane 

(Arnersham) by downward transfer using 10X SSC and a Turboblot apparatus (S&S) for 3 

hours. RNA was fixed to the membrane by exposure to short-wave UV Iight for 3 to 5 

minut es. 

Membranes were prehybridized in RapidHyb BufEer (Amersham) for 15 minutes to 1 

hour. 3?P-labe11ed RNA probes were denatured at 80°C for 10 minutes and then 5 r los to 

1 x 1 O6 cpm per r d  of hybridization buffer were directîy added. Hybribtion was W e d  

out at 70° C for 1 to 2 hours. Membranes were washed twice in 2X SSC/O. 1% SDS for 5 

minutes at room temperature* then twice in 0.2X SSC/O. 1% SDS at 45 OC for 15 minutes. 

Washed membranes were rinsed briefIy in 0.2X SSC, bloned to remove excess SSC, 

and then sded  in hybridhation bags. Autoradiography was pedorrned at -70°C for 1 to 7 

days with Kodak X-OMAT AR nIm and intensifjing screens. 



1, RNAse g- 

1. Hybridïzation 

Aliquots of 10 or 15 pg of total Drosophila RNA were pelleteci as d e s c n i  above. 

The peilet was thoroughly air dried and then resuspended in 30 pl of hybridkation b&er 

(80% formamide, 400 mM NaCI, 40 m M  Pipes, pH 6.4, 1 mM EDTA) with 

1 to 5 x IO5 cpm probe. The RNkprobe mixture was heated to 80°C for 10 minutes, 

transferred immediately to 4YC, and hybridized 12 to 16 hours. 

2. lZNAse digesa'on and analysis 

Mer hybridization, 0.35 ml of digestion solution (10 mM Tris-HCi, pH 7.6, 

5 mM EDTA, 300 mM NaCl, 40 &ml RNAse A) was added to the hybridization mixture 

and incubated at room temperature for 1 hour. The RNA was then purifie& pelleted, and 

analyzed by urea-PAGE as in Ausubel et al. (1996). 

J. Isolation of Pk53E cDNAs 

1. &NA synthesis 

For 3'-RACE, cDNA was primed with 50 pmol of oligo(dT),,-adapter primer 

(dTAP), For RT-PCR CDNA was primeci with 50 pmol oligo(dT),,,,. cDNA was 

synthesized fiom 5 pg of total RNA using the GIBCOIBRL Superscript Preamptification 

System for First Strand cDNA Synthesis according to manufacturer's protocoi, udess 

otherwise indiateci. 

2. 3'-RACE PCR 

For amplification of 3 '-RACE products, 2 pl of the f h t  sirand cDNA reaction was 

used for amplification in a 100 gl PCR with Taq DNA polymerase d e r  the conditions 

specifïed in Table 2.5 or in a 50 gl PCR with ELONGASE~' under the conditions specified 

in Table 2.6. 



lx PCR b d e r  (GIBCO/BRL) 
1 .S mM MgClz 
200 pM each cNTP (dATP, dCTP, dGTP, dTTP) 
10 pmol Primer 4 or 4b 
1 O pmol Adapter Primer (AP) 
2 pl Fust strand cDNA synîhesis reation or 

1 pl Fria 3'-RACE reacîîon 
2.5 U Taq DNA polymerase (GIBCOBRL) 

kBLE 2.5.3'-RACE P a  conditions with Primers 4 or 4b. 

.ABLE 2.6.3'-RACE PCR conditions with Primers 

Reaction Componwts 

Reacbon Components 

1X ELONGASE~ reaction bufEer (GIBCOBRL) 
1 -8 mM MgCl, 
200 PM each dNTP (dATP, dCTP, dGTP, dTTP) 
10 pmol Primer 3 or 3 b 
10 pmol Adapter %mer (Al?) 
2 pl Fust strand cDNA synthesis reaction or 

I fil Fnst 3'-RACE reaction 
2 U ELONGASE~ IGIBCO/BRLI 

Cychg Profile 

94" C for 3 minutes 

94°C for 45 seconds 
60" C for 30 seconds 3 5 cycles 
72°C for 1.5 minutes 

72 "C for 10 minutes 

I or 3b. 

Cycling Profile 

94" C for 3 minutes 
- - -  

94°C for 45 seconds 
56S°C for 30 seconds 35 cycles 
68°C for 3.5 minutes 

> 

For best results, two rounds of amp~cation were done. Primers 4 and Al?, or 3 and 

AP, were used for the Frst round and primer 4b and AP, or 3b and AP, for the second 

round. 5% to 1û% of the second 3'-RACE reaction was electrophoresed and Southm 

blotted and hybridized using Pkcl cDNA DIG-labelled probe. 

3. RT-PCR 

RT-PCR for Smthern hybridization: For RT-PCR, 2 pl of the first sîrand cDNA 

reaction was used for ampl.cation in a 50 pl PCR reaction with ELONGASE~ under the 

conditions outlined in Table 2.7. 



TABLE 2-7- RT-PCR conditions. 

1X ELONGASE~' reaction buffer (GIBCO/BRL) 
1 -8 mM MgCL, 
200 pM each dNTP (dATP, dCTP, dGTf, dTTP) 
10 pmoi Primer 3 
1 O pmol Primer 4R 
2 pl Fust strand cDNA synthesis or 

2 pl Frist RT-PCR reaction 
2 U ELONGASE~ (GIBCO/BRL) 

temperature was 

Cyciing Profile 

94°C for 30 seconds 

94°C for 30 seconds 
64°C for 30 seconds1 30-35 cycles 
68 OC for 3 minute8 

optimized for each primer pair as follows: 
lb+3Rb or lb+4Rb, T,=53A0C; le4Rb,  lçt4R4 or 1*4Re, Tp57.3 O C ;  2b+4Rc or 
2b+4Rd, TA=%.8 OC; 3b+4Rd, TA=55 OC; 4- TA=58 OC. 'Extension times were 
calculated based on n+l minutes, where n=kbp to be amplified, to ensure that longer than 
predicted PCR products would not be excluded. 

When necessary, two rounds of amplification were done. The same primer5 were 

used for each round. The fist RT-PCR reaction was PCI extracted then precipitated with 

160 mM LiCi, 20 pg glycogen and 2 '/i volumes of 100% ethanol at -20 OC for 230 minutes. 

The cDNA was pelleted by centrifùgation at 16,000 x g for 15 minutes, washed once with 

70% ethanoi, air dned, and resuspended in 50 pl ofsterile d a @  before subsequent PCR 

reactions. 1% to 10% of the RT-PCR was electrophoresed, Southem blotted, and 

hybridized using Pkc 1 cDNA DIG-iabeiied probe. 

When sequencing was to be done, the RT-PCR used for electrophoretic analysis was 

PCI extracted and ethanoi precipitated as above. The entire mixture was then resuspended 

in 20 pl steriie TE bufk ,  pH 7.5, and subjected to gel electrophoresis. The correct sîzed 

band(s) was then excised nom the gel and purifieci with 20 pl of silica suspension as 

outlined above. 

RT-PCR for sepencing or restriction anaiysis: For PCR product sequencing, 1 pl 

of the gel purifieci RT-PCR product was amplifiecl as per the conditions in Table 2.7. 

Extension h e s  were d d a t e d  as 1 minute per kbp to be ampîified. 

For gel purification, DNA was precipitated with 160 mM LiCl., 20 pg giycogen and 

2 1/2 volumes of 100% ethanol. The DNA was peleted by centrifugation at 16,000 x g for 
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15 minutes. The pellet was washed once with 100 pl 70% ethanoi, air die& and 

resuspended in TE buffer, pH 8.0. DNA loading dye was added to 1X finai concentration 

and the entire mixture was subjected to agarose gel electrophoresis. The correct sized 

bands were excised and purifiai with 50 pl siIica suspension, as outiined above. 

4. S'-RACE 

cDNA for S'-RACE was synthesized fkom 1 yg of polyA' RNA ushg primer 4Rc, 

3Rb, or 2Rc to prime reverse transcription AU reactions were carrieci out ushg the 5'- 

RACE System for rapid ampfication of cDNA ends, Version 2.0, eom GIBCOBRL, 

according to the supplied protocoI. Reverse transcription reactions were incubateci at 42°C 

as per the standard protocol or at 50 "C according to the alternate protoc01 for reducing 

RNA secondary structure. Primer 4Rd, 3Rc, or 2R4 respectively, was used in conjunctirin 

with the supplied abridged anchor primer (AAP) for ampIification in a 50 pl volume 

according to the profile outlined in Table 2-8. 

TABLE 2.8. S'-RACE amplification conditions, 

I R e d o n  Components 

1X ELONGASJ? reaction b s e r  (GIBCO/BRL) 
1.8 mM MgCl, 
200 pM each d N T P  (dATP, dCTP, dGTP, dTTP) 
10 pmol AAP 
10 pmol Primer 4Rd 
5 pl (dC),-tailed cDNA 
2 U ELONGASE~ (GIBCO/BRL) 

94°C for 30 seconds 

94°C for 30 seconds 
62°C for 30 seconds' 30-3 5 cycIes 
68 O C  for 3.5 minutes2 s 'The TA used for S'RACE was optimized for each primer as follows: 3Rc+UP, 

T,=59.6" C; 2Rd+AAP, TA=62"C. *ension times were calculated based on n+l minutes, 
where n=kbp predicted to be ampfied, to ensure that longer than predicted PCR products 
would not be excluded. 

Afier amplification, 5 to 10 pl of each amplification reaction was analyseci by 

agarose gel electrophoresis and Southern blot hybridization with Pkcl cDNA DIG-labelied 

probe. 



CHAPTER 3: P ELEMENT MUTAGENESIS 
I. REsULTS 

I did my fist P element mutagenesis screen prior to having a W-hgth probe for 

Southern hybridization detection of PCR products. This screen therefore relied on 

visuaikation of PCR products on ethidium bromide-stained agarose gels. From 

approximately 400 vials of Cross 2,936 w' male progeny were screened by PCR and the 

results are summarized in Table 3.1. The w' phenotype confhs P element movement and 

represents a smali pertinent subset of the total number of progeny screened. Of these, nine 

independent hes were established that gave unique PCR products f5om either primer 3 or 

primer 4 in conjunction with the P element primer (Table 2.2; Figure 3.1). 

TABLE 3.1. Number of male progeny fmm Cnws 2 screened foliowing P element 
mutagenesis. 

Screen Number of w" da" Total number of Total number of Percent w' 
PCR screened w+ a"d screened a"d screened 

Second 8.673 16.990 102,634 16.5 % 

Plasmid rescue and sequencing of Drosophila genomic DNA adjacent to the 

P element ends showed that these P elements were not within sequenced regions of PkcJ3E. 

Figure 3.2A shows a cornparison of the sequences obtained fiom plasmid rescue to each 

other. Sequences from strains 5E4a24-EcoRI and 5B4a3-EcoRI and SF4a7-EcoRI and 

5E4a7-&RI represent two pairs of rescued plasmids with overlapping sequence identity. 

These most Uely represent insertions originating in siblings, as opposed to independent 

insertion events. .Each of the other rescued sequences was unique. 

To determine whether these insertions were located within hown genes, the 

plasmid-rescue sequences were six-way translated and compared against protein databanks, 

most recentiy on Febniary 15, 1997. Searches revealed only short stretches of weak 

similady to some known sequences. These bits were nof very Iong, nor particularly strong, 

often with one or more stop codons within the matched reading frame. This indicates that 



FICURE 3.1. An example of P element insedonal mutagenesis screeniog by PCR and 

agarose gel dectropboresis. A. The appearance of a unique PCR band, 542, upon 

amplification with the screening primers fiom DNA sample 3.2a suggested that the P 

element was located near a Pkc53E primer- For each DNA sample, a paraiiel control PCR 

was done. B. PCR of DNA sample 3.2a ushg single experimental primer pairs indicates 

that the amplification product, 5A2, has sequences complementary to Pk53E primer 3 and 

the P element primer. Lanes with controI PCR sarnpIes are labelid C and those with 

screening (experimentd) PCR samples are labelid E. Eacb expwimental PCR was 

performed in duplicate with 500 ng or 40 ng of sample DNA (E,, or E,, respectively). The 

appearance of a unique band with both PCRs was recorded as a positive result and isolation 

of the mutant chromosome in a balanced stock was done. 



4 Insert SA2 
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FIGURE 3.2. Database scrvch resuits for plasmid rescue stquenccs. A. A cornparison 

among plasmid-rescue genomic sequences. Sequences are named for the main designation 

fiom which they were isolateci and the enzyme used for rescue. Regions of identity are 

indicated by the overlapping h e s  on the right hand side. The other rescued sequences were 

unique and are listeci on the lea. B. The alignment shown represents the best match of any 

of the plasmid rescue sequences and the only hit without stop codons within the matching 

region- 5E4a7-EcoRI shows ody 24.7% similarity to the D. melanogaster cysteine-string 

protein 32 (csp32) mRNA over 73 amino acids. C. Three plasmid rescue sequences match 

with cornmon repetitive sequences found in GenBank and EMBL databases. 



SA2a 12-EcoRI - no overlap 
5B2a7-XbaI - no overlap 
SA2a 12-XbaI - no overlap 
5B2a7-EcoW - no overiap 
SC4a l -EcoR1- no overlap 
5C4a l -Xbd - no overlap 
5E4a 1 -EcoR1- no overlap 
5E4a I - B a 1  - no overlap 
5E4a53-EcolU - no overlap 

277 247 217 18 7 157 127 9 7 6 7 
FFLAEQIIQICDICCFIPRRAHCCCCCSRVLAFCFARPFASPTHSQRER--ERARKAKTMEKRAAESGVGNQPKLKYNCRYCHY 

1 :: :: 1 1 1 :  I I I I I  I I  :: 1 ; I  : ::: : 1 I : 1 :  I : I  
GEENVNAYFVVTSPAVKAVVICCAVITGCCCCCCCCCCCNFCCGK-FKPPVNESHDQYSHLNRPDGNREGNDMPTHLGQPPRLEDVDLDDVN 

100 110 12 0 130 140 150 160 170 180 

Drosophila Cysteine String Protein (csp32 mRNA) 

5B2a7-XbaI matched ro ratrn55rp,seq, MMSQR2, DINUC-AGSEQ 
5E4a7-&URI matched to ratrn55rep,seq, DINUC-AGSEQ 
SF4a7-EcoRI malched 10 ratrntjSrep.seq, DINUC-AGSEQ 



the bits are random and do not represent real homology or putative fiinctional similarity. 

The aügmnent show in Figure 3.2B represents the or@ hit without stop codons withm the 

matching region. It is important to note however, that this same sequence (5E4a7-EcoRI) 

matches repetitive nucleotide sequaices found during a search for common repetitive 

sequences. As shown in Figure 3.2C, two of the overlapphg plasmid-resnie sequences aiso 

matched with common repetitive sequences found in the GenBank and EMBL databases. 

The second P elexnent mutagenesis screen was carrieci out using the same primers 

and crosses7 however PCR products were nin out on agarose gels, Southem blotted, and 

hybridized with a probe synthesued fiom the 3.2 kbp Pkcl cDNA (Roseutha1 et al., 1987). 

For each PCR a parallel positive control reaction, with primers 2 and 2Rb, was nui to 

check DNA quaiity and hybndization efnciency. The positive control band hybridized on aii 

24 Southem blots for each control PCR reaction (eg Figure 3 -3). Of 8,673 male progeny, 

fiom about 1500 viak of Cross 2, subjected to PCR screening no inserts at PRc53E were 

detected (Table 3.1). Taken together, a total of 118,195 males were screened for the w' 

phenotype and 9,609 mutagenized flies were t'urther screened by PCR 

II. DISCUSSION 

Table 1.2 shows data fkom other repurted screens. In the screen done by Dalby et 

al. (1995) mutations at the cytogenetic location nearest 53E7 54D, occurred at a fiequency 

of 3ll6,lOO (or 115,367)- The mutation fiequency for ail loci in this screen ranged fiom O to 

4/16> 100 (or 1/4,025). These data indicate that 1 screened a reasonable number of 

insertions. 

in the screen performed by Pereira et al. (1992) a mutation i?equency of SIl5,OOO 

(or 113,000) was reporteci for a gene at IOOEF, but no mutations were detected at three 

other loci screened in the same set of crosses. These five mutations were all located wnhin 

200 bp of each other, with four locaîed within five base pairs of each other, and aII were 

within the promoter region of the gene. Severai other reports suggest that P elements ofien 

insert w i t b  the 5' ends of genes upstream of the transcription unit or in the untranslated 

region of the transcription unit. Of 41 independent insertions at four ciifferent loci Cyellaw, 
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FIGURE 3.3. Typical result for P element insertional mutagenesis screening by PCR and Southern blot hybridization. 

Each pair of DNA samples represented 45 to 55 male flies. Al1 DNA samples were suitable for amplification as show by the 

a p p e m c e  of a strongly hybridizing Pkc53E control band using pimers 2 and 2Rb (lanes C). No insertions at Pkcc3E were 

detected, as revealed by the absence of hybridization when the screening (experimental) primers were used (lanes E). 



mdnnentary, RNA poZymerase iT-215 D a  subrmit, and Notch), 36 were located in the 5' 

gene region (Chia et al., 1986; Keiiey et al., 1987; Searies et al., 1986; Tsubota et al., 

1985). 

There are severai possible expianations for the failtue to isolate insertionai mutants 

at Pkc53E. Fust, the chromatin structure at PkcS3E may be such that there is a much 

reduced transposition rate at thk locus or P eIements may not insert at an. Ift6is is the 

case, other approaches to the genetic study of PRc53E wiii be necessary- Some suggestions 

for alternative approaches are discussed below. 

Secondly, it may be that insertions at Pkc53E couid not be detected with the primers 

used in this screen. The location of the prirners provided that ody approximately 8 kbp 

(assuming the reiiable amplification of up to 2 kbp in a PCR) is covered in the screen, The 

codùig region of Pkc53E extends over approxhmtely 20 kbp, therefore less than haif of the 

gene was screened. Further, aü primers wére oriented such that only transcn'bed regions 

were screened. Since other reports suggest that promoter and 5' non-coding regions may be 

likely sites of insertion, these primers may not have been the most appropriate for detecting 

Pkc53E insertional mutants. Screems which indude prornoter regions mi@ improve the 

chances of detecting insertions at Pkc53E. 

Third, insertions that did occur at Pk53E resulted in a truncated PKC53E product 

that acted as a dominant negative lethai (antimorph) and so were not detected. A truncated 

PKC protein would contain part or aii of the regdatory domain. This protein may bind up 

ail of the available coactivators, cofàctors, anchor proteins d o s  binding proteins so that 

the native PKC may have been non-hctionaI or mislocaIized, or PKC substrates may have 

been sequestered by the mutant protein, thereby kiiiing the mutant fly. This possiiility could 

be testeci by production of a transgenic line with a truncated PKC53E protein under the 

control of an inducible promoter. 

Li et al. (1995) report that a mutated PKC6 with a norûunctioml A T P - b i g  site 

partidy suppresses the phosphorylation of a PKC substrate peptide by wiid type PKCâ in 

vitro. However, coexpression of mutant and wild type PKC8 in ceii culture does not 

suppress PKCG-mediateci cell-specific hctions, possibly due to incornplete suppression of 



dd-type activity. Several other reports, discmsed in Chapter 1, have indicated that kinase- 

negative PKCs can act as dommant negative regdators ofPKC funciion, at least in ceIl 

dture @iaz-Meco et aL, 1993; Hirai et al., 1994; Hirano et al-, 1995; Li et al., 1996). 

These data suggest tbat point mutations affecting PKC activity might also functïon 

as dominant-ne+e letbals. In this case, suppressor andior enhancer screens of genes that 

act within the PKC53E pathway(s) may not lead to the isolation of PKC mutants, thereby 

missing a component of the si@ transduction pathway behg studied. It seems then, that 

the most successfd getietic approach to the study of Pk53E should îry to eliminate protein 

expression fkom the affected Pkc53E allele. This could be accomplished by a P element 

insertion, possibly foilowed by P element-induced deletions, in the PRc53E promoter. 

Mosaic analysis could then be used to elucidate the hciion of Pk53E gene products. 

lUtemtivelyy antisense P M 3 E  RNA could be used to reduce or e b t e  PKC53E protein 

expression (discussed in detail below). 

Provided that insertion does omuy an improved screening protocol may result in the 

detection of a P element insertion at Pkc53E. These improvements include screening a 

greater portion of the gene and using Iocalized hopping. It has been shown that some 

mobillzed P elements are more kely to reinsert at or near their location of origin (Engels, 

1996). It is ofien poss~ile to improve mutation fiequency using local hopping protocois 

where the ammunition P eleamt is located near the target gene. Furthemore, mutations 

are more likely to be detected ifmore of the gene is screened during the screening process. 

WhiIe the size of the PkcSSE gene and the size of the ull~equenced introns make it difFicult 

to cover the entire gene using PCR-based screens, a screen based on plasmid-rescue 

techniques might be su- used in the future. After mutagenesis crosses in such a 

screen, DNA is extracteci fiom the males collecteci for screening (Cross 3, Figure 2.5) and 

subjected to plasmid rescue (Figure 2.6). Afier transformation of E. coli, filter wlony Ms 

are done and these filters are hybridized to genomic Pkc53E DNA probes covering the 

entire length of the gene, including promoter regions. Insertions at Pk53E are identified by 

hybriditing colonies. True-breeding straibs of insertional mutants can then be established 



ushg the same series of crosses shown in Figure 2.5, Crosses 4 and 5 with plasmid-rescue 

based screens- 

IïL FUTURE DIRECI~ONS 

DrosophiIu is such a vduabIe research tooi because of the powerfiil genetic 

techniques avaüable for the study ofgene and protein interactions. As suc4 Ï t  is highly 

desirable to have a mutant to access this avenue of study. An alternative to mutagenesis at 

the PkcS3E locus muid involve the application of antisense RNA techn010gy. This wouid 

entail the clonuig of Pk53E cDNA(s) antiseiise to an inducible promoter. This transgeae 

could then be inserted into the genome by P element transformation The use of an 

indunile promoter would ensure the s&ai of the transgenic fly, since Pkc53E is iikely an 

essential gene. The Drosophila hp70 and a yeast GALAupstream activathg sequence 

(UAS) construct are coamionly used for these types of experiments (FlyBase, 1996; 

Mc- and Lindquist, 1985). The advantage of the GALA-UAS is that severai transgenic 

luies of Drosophila have been established that express the GALA transcriptional activator in 

tissue- andior developmemal stage-spdc pattern. Straightfto~ward crosses can be used to 

determine when and where Pk53E gene producîs are necessary in D. melimogaster- 

Similar approaches using dominant negative forms of PKC, or the exploitation of 

PKCi peptide expression, under the controi of general induciile or tissue-specific 

promoters, muid aiso prove usef'ui. However, ththese approaches are less Wrely to be 

Pk53E-speCinc9 since cofâctors and pseudo-substrate inhibitor peptide specificities are 

often s h e d  by more than one PKC isoemyme. 



L RESULTS 

A. Northern BIot A a m  

Northem blot andysis of total RNA isolated from addt heads and gonads shows that 

the 4.3,4.0, and 2.4 kb tram-pts ofPkc53E are expressed in aduit heads and in aduit 

gonads (Figure 4.1). This analysis shows the 2.4 kb aariscnpt is more abundant than the 

4.0 kb or 4.3 kb transcript. 

Hybribtion of the same blot with an rp49 probe (Wong et al., 1981) demonstrates 

that the RNA is intact. The relative Ievels of rp49 expression are consistent with the report 

of Al-Atia et al. (1985). 

B. cDNA Librarv Sc=- 

The PM3E cDNA sequence reported by Rosenthal et ai. (1987) was obtained by 

aiigning two different overlapping cDNA clones isolated in a screen of Drosophila 

embryonic, early pupai, and duit cDNA hifaries. The developmental stage from which 

each clone was isolated was not reported. Further, the size of this overlapping &NA, 

3.2 kbp, does not correlate welî with the sizes of transcripts identitied in adult flies. 

It is hown that in mammals, distinct PKC isoenzymes have discrete developmemal 

f'unctiom. Thus, it seerned possiale that PRc53E codd encode multiple PKC isoenzymes. 

The identification of each of the Pk53E transcript sequences should reveai whether each 

transcript can encode a hctional kinase and may reveai coactivator and isoenzyme 

properties based on the putative protein sequences. FlUtber* this information could dow 

the design of appropriate molecular, biochemid, and genetic approaches for the study of 

Pkc53E function, 

Screenirig of  the adult head Agt 10 cDNA libw yielded three positive clones out of 

6 x IO* plaques. The ovary Agt22A cDNA liirary yielded a nagle pontive clone out of 

1 x 1 O6 plaques. The largest insert was ody 0.8 kbp (data not shown), much smailer than a 

full-length cDNA wodd be. GNen these resuits, I decided to approach the quest for 



FIGURE 4.1. Tissuespecific expression of PkcSE transcripts in total RNA from adult 

heads and gonnds. RNA was extracted fiom the tissues of 75 aduIt femaies and 75 adult 

males. The complete RNA samples were electrophoresed on a 1.2% agarose-formaldehyde 

gel and Northern blotted according to the methods describeci. A, Hybridization to an 

antisense PkcI 3*-labelled riboprobe corresponding to NcoI to XbaI of pPkci(SK). 

B. Hybridization to 3%oligolabelled rp49 probe (Wong et al., 1981). 



sequence hfôrmation using reverse transcription-PCR (RT-PCR) and rapid amphfication of 

cDNA ends (RACE) techniques. 

C. RNAse Protection &I&& 

Examination of the gene structure of Pkc53E reveais the presence of five introm for 

which complete sequence information is unavailable. Two of these, introns 2 and 5, are 

quite large, approximately 4.1 kbp and 8 kbp, respectiveIy. In order to optiniize the 

probabiiity of amp-g sequences fiom each message, 1 fkst examineci the structure of 

Pkc53E RNAs using RNAse protection analysis @PA). 

1. RPA Probes 

In order to synthesize antisense Pkc53E RNA probes, the Pkcl sequence from 

plasmid p0 161 had to be subcloned into a vector antisense to a RNA poiymerase promoter. 

The p~luescrïpt~ vectors are ideally suited for this purpose. The two plasmids, pPkcl (KS)  

and pPkcl(SK), represent probe vectors from which fllll-length antiseme Pkcl probes can 

be synthesized fiom the T3 RNA polyrnerase promoter (Figures 4.2 and 4.3). 

It was desirable to have the Pkcl sequence in both orientations with respect to the 

MCS for subsequent subcloning purposes. Normally, nondirectional cloning resdts in the 

insertion of tbe cloned sequence into the vector in both orientations. With the Pkcl 

sequences, di subclones (53 for the p~luescript~ II KS+ and 18 for the pBluescriptm II 

SK-) had the Pkc 1 sequences inserted antisense to the lacZ transcription unit. This 

necessitated the use of two different plasmid cloning vectors. 

Figure 4.4 is a map of prpl9, the plasrnid used to synthesize antisense rp49 RNA 

probes (Wong et al., 198 1). Hybridization with antisense rp49 probes was usai to ver@ 

RNA inte& (Al-Atia et al., 1985). 

For the synthesis of shorter Pkcl probes, hgments of the Pkcl sequence were 

removed by restriction digestion or exonuclease III deletions (see Table 2.3). Figure 4.5 

shows the abridged plasmid maps for the nine Pkcl probes used for RPA probe synthesis. 

T7 and T3 primers were used to sequence both strands of each insert to w d m  the Pkcl 



FIGURE 4.2. pPkcl(KS). The complete 3.2 kbp Pkcl W e n t  was subcloned into the 

EcoRI site of p~luescriptnl II KS+. The Pkcl fiagrnent is cloned in the opposite 

orientation with respect to the MCS and MI3 ongin of replication (fl(+) IG) as compared 

to pPkcl(SK) (Figure 4.3). Several restriction sites are indicated. When purifjing the 3.2 

kbp Pkcl fiagment, it is necessary to cleave the vector fiagment first with PwI in order to 

separate the vector and insert fragments. 



FIGURE 4.3. pPkcl(SK). The complete 3 -2 kbp Pkcl fiagrnent was subcloned into the 

EcoRI site of p~luescript~' II SK-. The Pkcl fbgnent is cloned in the opposite orientation 

with respect to the MCS and Ml 3 ongin of repiication (fl(-) IG) as compared to 

pPkcl(KS) (Figure 4.2). Several restriction sites are indicated. When purifling the 3.2 kbp 

Pkcl fragment, it is necessary to cleave the vector first with hl in order to separate the 

vector and insert fragments. 
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FIGURE 4.4. prp49. The EcoRI-HindLII genomic rp49 fiagrnent fiom pHRO.6 (Wong et 

al., 198 1)  was subcloned into pBluescriptn' II KS+. Severai restriction sites are indicated. 

For the synthesis of antisense rp49 nioprobes for RPA, StyI was used to L i n d e  the 

plasmid for nin-off transcription using T3 RNA polymerase. 



FIGURE 4.5. Phsrnid maps of Pkcl fragment subdones used for RPA probe synthesis. 

These plasmids were used to synthesize antisense Pkcl nboprobes for RPAs. Arrowheads 

indicate the sense direction of transcription The restriction enzyme sites remaining in the 

pBluescriptm MCS are indicated in boxes. Bol&ce type denotes the enzyme used for 

linearization of the plasmid prior to antisense riboprobe synthesis using run-off transcription 

with either T3 or T7 RNA polymerase. The pIasmid name and the siue of each insert, in 

base pairs, are indicated above each insert. 
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sequence identïty (data not show). The positions of each probe within the reported cDNA 

are shown in Figure 4.6. 

2. RPAs 

The Pkcl probes were desiped to span reported intron-exon boundaries, with 

intron positions asymmetricaily located so that exon firagments could be differentiated, when 

necessary. Figure 4.7 is a schematic diagram of each RPA probe used. The location of each 

intron-exon boundary is indicated, as are the sues of each exon fiagrnent withiu the probe. 

Hybrihtion of a probe to a PRc53E tniascript that has an altered exon composition would 

result in one or more of the exon ftagments being unprotected. As a r d t  smaller bands 

wodd be detected by ma-PAGE. 

An example of an RPA gel is shown in Figure 4.8. The cumplete rp49 probe was 

protected in each RNA sample. The intensity of the rp49 signal varies cuasiderably between 

samples, king most intense with ovary RNA and weakest wÏth testis RNA This is 

expected given the work of Al-Atia et al. (1 985). These authors demonstrateci that rp49 

RNA was most abundant in addt ovaries, with much less in other adult tissues. Whüe this 

signal c a ~ o t  be used to determine the relative quantity of total RNA, t does indicate the 

that RNA is suitabie for hybndilritioa, ie. it is intact. 

W~th the PkclBC probe, three protected fragments are seen with each of the addt 

head RNAs and with ovary RNA These hgments are 277 nt, 172 nt, and 105 nt, 

corresponding to the fiill-1ength protected probe, exon 2 sequences, and aron 3 plus exon 4 

sequences, respectiveiy. A fourth protected fiagment of 33 nt, cofcesponding to exon 3, is 

seen only in f d e  head RNA When RN& digestion tirne is extended, the fàint 33 nt 

band s e n  with ovary RNA (denoted by double asterisks, **) disappears. The band denoted 

by a single asterisk (*) represents incompletely digesteci probe. This band also disappears 

when digestion time is extended fiom 30 minutes to 45 minutes. 

The resuits of the RPAs are sunmiarized in Figure 4.9. The protected hgments 

seen for each probe were identical with both male and female head except for the 

33 nt fiagrnent protected by the PRclBC probe. This m e n t  is denoted by the symbol O 

in Figure 4.9A Severai probes gave multiple protected firagments, except for probe 



n R u  
V I 887-976 
CI 1001-1 176 
Pseudosubsiraie 977- 1000 
CRD 1060-1 171 
V I '  L 177-1246 
CI' 1247- 1396 
CRD 1 256- 1366 
V2 1397- 1435 
C2 1436-1777 
V3 1778- 1903 
C3 1904-2068 
ATP-binding 1928- 1996 
V4 20M-2080 
C4 208 1 -2737 
V5 27.78-2804 

FIGURE 4.6. Schematic diagram of Pkc53E cDNA and RPA probe locations. The cDNA, as reported by Rosenthal et al. 
(1987), is shown by the open box. The putative domain locations are indicated within the box and their locations with respect to the 
published +l of transcription are Iisted. Intron locations are designated by the closed arrowheads (V), Their locations with respect 
to the published +1 of transcription and their sizes are listed, The locations of the Pkc 1 probes used for RPAs are indicated by the 
solid lines. 00 

\O 



FIGURE 4.7. Scbematic diagram of the Pkcl probes uscd for RPAs. Each probe is 

represented by a sotid line. The Iocations of the intron-exon boudaries are indicated by the 

closed arrowheads (W. The size of each exon kgment, in nucIeotides (nt), is indicated 

imrnediately above each probe. Each probe end is labelled with the enzyme used, and it's 

cut site location relative to the published +l of transcription, for subcloning the probe. 
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FIGURE 4.8. A representative autoradiograph of an RPA gel with probes rp49 and 

PkclBC. The hues contain the foilowing samples: 
- 

Lane Target RNA RNAse A 

+ve Yeast tRNA 40Pdd  

FH Female head RNA 40pghl 

MH Male head RNA 40pg/mi 

Ts Testis RNA 40P(mt 

~ - 

Lane Target RNA RNAse A 

-ve Yeast RNA none 

FH Female head RNA 40pgM 

MH Male head RNA 40pg$ml 

Ts Testis RNA 4 O ~ d d  

RP49 corresponds to hybridization with the rp49 probe spanning the 3 ' SvI-HiindIII 

fragment of genomic rp49 DNA PkclBC shows the results obtained with the PkclBC 

probe. MW denotes the molecuIar weight markers that were synthesized using T7 RNA 

polymerase fiom 1 pg of an equimoIar mixture of pBIuescriptTM II SK+ digested with &II 

(334 nt), BssHII (149 nt), BamHI (76 nt), or XbaI (25 nt)- In panel PkclBC, both the 

bands rnarked with an asterisk (*), tfiat is undigesteci probe, and the 33 nt band, in lane Ov 

marked with two asterisks (**), disappear when RNAse digestion time is extendeci fiom 30 

to 45 minutes. 



Probe: RP49 
Exposure: 1 h 



FIGURE 4.9. Summary of RPA results. The reported RNA sequence is represented by the 

open box with the putative domains delimiteci within the box. lntroa locations are indicated 

by the closed arrowheads (V). Fuü length probes are shown imrnediately below the box- 

Protected fragments are shown below the doubIe horizontal line. A. Summary ofRPA 

results using probes complementary to the putative 5' UIR and regdatory domain, 9 

denotes a 33 nt protected fiagrnent present oniy when female head RNA is used fiom RPAs. 

B. Surnmary of RPA results using probes compIementary to the putative catalytic domain 

and 3' U R  Brackets uidicate the presence of protected fragments that do not correspond 

to the size of known exons fiom within the probe. 
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. PkclSBc that spans the ATP-binding dornain and PkclNS that spans the C2 domain 

(Figure 4.9). 

W& testis RNA none of the predicted protected fiagments were observed. It is 

possible thai the levels of Pkc53E transcrïpt(s) is too Iow for detection by the RPA probes. 

However, this does not precIude the presence of alternatively processed testis Pkc53E 

RNAs that do not contain known Pkc53E sequences and thedore do not show protection 

products wÏth the probes used. 

With ovary RNA, probes 6om either end of the published cDNA sequence 

(5':  PkcIH696; 3 ': PkclSC and PkcIC3023) were not protected. These probes correspond 

to sequaes within the 5' and 3 ' UTRs and the carboqd terminus of the catalytîc domain 

(see Figure 4.6). 

A 15 nt fiagment fiom PkclBcBg is protected in al1 RNA samples. This does not 

correspond to the size of any of the exon m e n t s  h m  this probe. It is possible that it 

represents a short span of sequence identity with another transcript. There is more 

variabiiity among protected fragments with head RNA than with ovary RNA, and more 

variability observed when using probes fiom the putative regdatory dornain than fiom the 

putative catalytic domain. 

Generally? the intensity of the fùii-length protected fiagments was greater than that 

of the srnailer fiagments, but this may reflect the reduced amount of Iabel in the shorter 

probe fkgments. The exceptions are the 33 nt fhgmeot derived fiom probe PkçlBC and 

the 15 nt fiagrnent derived fiom probe PkclBcBg. 

PI -AmbidBu 
Given that PkclSBc both spans the ATP-binding dornain, a domain that is essential 

for an active kinase, and in RPAs revds a singIe fiill-length protected fiagment, 1 thought 

that primers wmplementary to this region would be likely to d o w  the amplification of the 

PM3E transcript sequences. 3 ' RACE allows the amplification of polyA* mRNA using 

gene-spdc 5 ' primers and oligo(dT)-based sequences as non-genespecific 3 ' primers. 



Hence, sequence information fiom ody one part of the gene is n e w w q  to a m p l e  the 

3 ' ends of transcripts. 

1, 3'RACE 

The resuits of 3' RACE readom wîth two rounds of amplification ushg the nested 

gene-specific primers (GSPs) 4 and then 4b, are s h o w  in Figure 4.10. On ethidium 

bromide-stained agarose gels, a major amplification product(s), approxhately 1 -2 kbp in 

sue, is seen using cDNA from female ancl male head total RNA and testis total RNA. A 

doublet, ninniag at approximately 1.2 kbp in size, is seen with cDNA fkom ovary total RNA 

and with cDNA nom whole f e d e  polyA' RNA and ovary polyA+ RNA Southern blot 

hybridkation with a DIG-IabeUed Pkcl cDNA probe confhed that bands in the 1.2 kbp 

size range contained Pkc53E sequences, with the notable exception of the band from testis 

cDNA. It was not ciear whether both bands of the doublet fiom ovary dlNA hybridized. 

To confirm that the hybridizing bands represent the amplification of Pk53E 

sequences corresponding ?O the pubiished sequence7 each band was gel purifid and 

subjected to restriction digestion analysis (Figure 4.1 1 A and B). This revealed that each of 

the hybridizing bands gave rise to the predicîed restriction fhgments. As expected by the 

absence ofhybridization signal, the band from testis cDNA was not cut by these enzymes. 

As seen in Figure 4.12, the Iarger (upper = 1.2 kbp) fragment of the doublet seen 

with 3 ' RACE of whole fernale po1yA' RNA is not ait with CZaI. Furîher, digestion with 

ScaI cut the upper = 1.2 kbp ftagment twice, instead of once as predicted by Pki53E 

sequence infonnatioh The resulting smaller bands did not reproduce very well, however 

they can be readily o b s e d  on overexposed pictures of the gel (data not shown). The 

upper = 1.2 kbp fragment, isolateci nom the lower fiagrnent upon Ch1 digestion, does not 

hybridize to a DIG-IabeIIed Pkcl cDNA probe (&ta not shown). This clearly demonstrates 

that oniy the smaller (lower = 1 -2 kbp) fiagrnent of the doublet is a m e  PRc53E 3 ' RACE 

product. The same results are seen with the doublet fragment from ovary cDNA (data not 

shown). 

RPAs suggested that there was some variabiliity within the putative cataytic domain 

of PkcZ3E RNAs, however no cliffierences were revealed with 3' RACE using GSPs 4 and 



FIGURE 4.10. 3' RACE using primers 4b and AP. A. Ethidiurn bromide-stained 1.2% 

agarose gel analysis of 3 ' RACE products reveals the presence of a 1.2 kbp fiagrnent d e r  

two rounds of amplification. A doublet is present in lanes where ovary cDNA was present 

as the amplification template. B. Southem blot hybridization of 3' RACE products. The 

1.2 kbp fiagrnent hybridued to DIG-IabeUed Pkc l probes in ail lanes except with testis 

cDNA. The first round of amplification used primers 4 and AP, the second used primers 4b 

and AP. The source ofRNA used for reverse transcription is indicated above each lane. 

Abbreviations are M=fernale head; MK=male head; WQVUY; Ts=testis. MW is the DIG- 

labelleci molecular weight marker VU (BoerhingedManheim). 
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FIGURE 4.1 1. Restriction digest of 3' RACE pmducts from primers 4b and AP. 

A. Gel-purified 3 ' RACE products were digested with CiaI, ScaI, SiyI, or mal. The 

restriction fragments isolated fiom the amplification of head and ovary cDNA are of the 

predicted size. The amplifled testis cDNA fiagrnent is not cut with these enzymes. The 

source of RNA used for reverse transcription is indicated above each lane. Abbreviations 

are W e m a l e  head; MH-male head; -vary; Ts=testis. MW is the 123 bp ladder 

(GIBCO/BRL). B. Schematic representation of the 3' RACE product predicted fiom the 

published Pkc53E sequence (RosenW et al., 1987). *The predicted size of the 3 ' RACE 

product does not include pobA tail sequences. 
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FIGW 4.12. Restriction digest of 3' RACE doublet. The ethidium bromide-stained 

agarose gel shows the lower band of the doublet digested by CIaI and Scal, as predicted 

(Figure 4.1 1 B) and shown by the fragment sues at the right of the figure. The upper band 

of the 3' RACE doublet is not digested by Clai, but it is digested by ScaI, though into more 

fiagrnents that are much s d e r  than predicted for Pkc53E sequences. PolyA' RNA 

isolated fkom whole female total RNA was used as the template for reverse transcription. 

Identical results are seen with ovary polyA' RNA (data not shown). MW is the 1 kb ladder 

molecular weight marker (GIBCOlBRL). 



4b. Probe PkclNS was aIso M y  protected in W h y  so 1 attempted 3' RACE with GSPs 3 

and 3 b from this region to ûy to characterize potentiai variability withui the putative 

catalytic domain of Pk53E RNAs- Figure 4.13 shows the amplification of a single Pkc53E 

hybridizing band of 1.8 kbp with cDNA fkom addt heads and ovaries, but absent with 

cDNA fiom adult testes. Restriction analysis revealed that the structures of the hybridizing 

3 ' RACE products were as predicted (Figure 4.14). niese resuits are Summarized in 

Figure 4.1 5. 

2. RT-PCR 

RT-PCR uses two GSPs for the amplification of cDNA sequences. In m e r  

atternpts to characterize ditfierences arnong P M 3 E  RNAs, L used pairs ofGSPs fkom each 

of the putative conserveci domaim. 

Amplification using primers 4b and 4R revealed the presence of a Pkcl-hybridizing 

80 1 bp band in all lanes Figure 4. KA). This band was ampIified using cDNA samples from 

3 ' RACE experirnents, c o n f i d g  that the absence of a hybriduing band with 3' RACE of 

testis cDNA was not due to poor RNA q d t y Y  inefficient reverse transcription, nor the 

absence of primer 4b wmplementaty binding sites. Restriction auaiysis confirmeci that the 

structure of this 80 1 bp fiagment correspondeci to the published Pkc53E sequence. Gd 

purified 801 bp fhgments were subjected to restriction digestion with CZaI and S .  Each 

80 1 bp fiagrnent was cut once and yielded the expected fiagments (Figure 4.MB and C). 

Southem blot hybrihtion of this gel confirmai that each of the resulting fhgnents 

hybridized to DIG-labeiied Pkc53E cDNA probe (data not shown). 

RT-PCR results for each of the primer pairs used are sumrnarlled in Figure 4.17. 

Primers located 3 ' of intron 1 alI yielded the predicted size fiagments (Figure 4.17A). The 

identity of each fiagrnent was c o n h d  by Southem hybribtion to a DIG-labeiied Pkcl 

cDNA probe andor restriction analysis (data not shown). 

Amplincation of cDNAs using primers 3 and 4R yielded the expected 1.5 kbp 

fiagrnent (Figure 4.18). Further, each sample also gave rise to a 0.8 kbp fiegrnent and 

ovary cDNA reveded a 1.4 kbp m e n t .  Each of these amplifieci fragments hybridized to 

DIG-labeiled Pkcl probes. Complete direct cycle sequencing of the L -4 kbp and 0.8 kbp 



FIGURE 4.13. 3' RACE using primers 3b and AP. A. Ethidium bromide-stained 1.2% 

agarose gel analysis of 3 ' RACE products reveals the presence of the predicted 1.8 kb 

fragment afker two rounds of amplification, the first with primers 3 and AP and the second 

with primers 3b and AP. B. Southem Mot hybridiion of 3' RACE products. The 1.8 kb 

fragment hybridizes to Pkc53E sequences. The source of RNA used for reverse 

transcription is indicated above each Iane. Abbreviations are FEHemaIe head; MH=maIe 

head; Ov=ovary; Ts=testis. MW is the DIG-labelled molecular weight marker VII 

(Boerhingerhfanheim). 
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F r ~ m  4.14. Restriction digest of  3' RACE products from pnmers 3b and AP. 

A. 3 ' RACE products were digested with BclI, Clai, or ScaI. The restriction fragments 

isolated fiom the ampIification of head and ovary cDNA are of the predicted size. The 

source of RNA used for reverse transcription is indicated above each lane. Abbreviations 

are FH=female head; MH=rnaie head; ûv=ovary, Ts=testis. MW is the 123 bp ladder 

(GIBCOIBRL). B. Schematic representation of the 3 ' RACE product predicted fiom the 

published Pkc53E sequence (Rosenthai et al., 1987). *The predicted size of the 3' RACE 

product does not include polyA tail sequences. 
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FIGURE 4.16. Results of RT-PCR usiag primers 4b and 4R A. Southern blot analysis 

of RT-PCR fragments fiom cDNA synthesized fiom adult head and gonad total RNA MW 

is the DIG-labeUed molecular weight marker VI1 (BoerhingerManheim). The larger band 

seen with head cDNA disappears when only 30 cycles of PCR are used (data not shown) 

and is likely artifacnial. B. Gel-purined 3 ' RACE products were digested with CZaI or 

M. The restriction kagtnents are of the predicted site. MW is the 123 bp ladder 

(GIBCOIBRL). C. Schematic representation of the RT-PCR product predicted f?om the 

published Pk53E sequence (Rosenthal et al., 1987). The source of RNA used for reverse 

transcription is indiçated above each lane. Abbreviations are FH=female head; MH=male 

head; Ov==vaty; Ts=testis. 



FIGURE 4.17. Schematic repmentation of RT-PCR data. The sequences denved fkom 

published cDNAs are represented by the open boxes in which the putative domains are 

labeiled (Rosenthal et uL, 1987). Immediately below, represented by the solid iines (m) are 

the schematic representation of the RT-PCR products, A. RT-PCR yielded only the 

predicted bands for primer pairs with their 5' primer 3 ' to intron 1. B. RT-PCR using 

primers lb and 3Rb or 1 b and 4Rb yielded the predicted products as weii as a larger product 

that contained intron 1. Brackets indicate that when the oligo(dT),,,, primer annealhg 

temperature for cDNA synthesis was raised to 50°C amplification products fiom testis 

cDNA are no longer observeci. 
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FIGURE 4.18. Southern blot of RT-PCR using primers 3 and 4R Southem bIot analysis 

of RT-PCR fragments shows both the predicted 1.5 kbp W e n t  and a novel0.8 kbp 

fragment. in addition, a novel 1.4 kbp fiagment is found with arnplitication of ovary cDNA 

Reverse transcription was primed with dTAP and the cDNA ampl5ed with primers 3 and 

4R The source of RNA used for reverse transcription is indicated above each lane. 

Abbreviations are W e m a l e  head; MH=male head; Ov=ovary; Ts-restis. MW is the DIG- 

labelIed rnolecular weight marker VLI (BoerhingerManheim)- 



fragments showed that they are truncated Pk53E sequences (data not shown), however it is 

not cIear fiom where they arose suice sequencing using p h e r s  3 or 3b was not successfùl. 

Amplification of each cDNA smple with primer 3 or primer 4R alone did not give rise to 

any amplification products (data not shown). These shorter fhgments are now thought to 

be artitàctual for two reasons. F i  RT-PCR using the nested primers 3b and 4% yields a 

single product of the predicted length (Figure 4- 17A). Second, two rounds of amplication 

were necessary to see any of these bands, suggesting that primers 3 and 4R are very 

inefficient for RT-PCR, possbly due to promiscuity of primer hybridization. 

RT-PCR with primers 1 b and 3Rb or lb and 4Rb each yielded two Pkc53E- 

hybridizing amplification products, one of the predicted sue and one approximately 600 bp 

longer (Figures 4.17B and 4.19A). Restriction analysis showed that these fragments were 

collinear with published PkcS3E sequences 3 ' of the SfuI site (data not shown) and located 

the insertion between the A p I  site at nt 6 1 1 and the SfuI site at nt 637 (Figure 4.19B and 

4.19C). These sites surround the location of intron 1, a previously incompletely sequenced 

intron of approximately 600 bp. 

In order to determine ifthe insertion was intron 1, primer 1Ra was used for direct 

cycle sequencing of the 3 ' end of the insert. The sequence of intron 1 was derived by cycle 

sequencing of both strands of pSB29ASt, an ApaI-StuI genomic fiagment of Pkc53E 

containing al1 of intron 1 (Figure 4.20A). Sequence cornparison using BLAST (see 

Methods) showed that the 600 bp insert in the 1.96 kbp lb+3Rb fhgment was intron 1. 

The identicai size increase, insert location, and restriction map of the 3.19 kbp 1 b+4Rb 

fhgnent identifid it as containing intron 1 as weil. The BLAST search engine was used to 

compare intron 1 nucleotide sequences, and aü six translation fiames, with the public 

databases on April 13, 1997. No signifiant similarities to any sequences were found using 

the de fd t  search parameters. 

When the intron sequence is inserted into its proper relative position within the 

published cDNA (iediately aller nt 625), an ORF of 125 amino acids, with its ATG start 

codon found in exon 1 at nt 576, is generated (ORFA; Figure 4.20B). The sequence 

surrounding this ATG, G C A T m  does not agree with the consensus Drmophila 



FIGURE 4.19. RT-PCR using primers l b  and 3Rb or l b  and 4Rb. A. Southern blot 

analysis of RT-PCR using primers lb and 3Rb or primers lb and 3R.b. Each reaction 

yieIded the predicted sized product, 1.36 and 2.59 kbp respdvely, as weii as an additional 

product about 600 bp longer than predicted, 1.96 and 3.19 kbp respectively. B. Gel- 

purifîed RT-PCR products were digested with ApaI or SfuI. The 3 ' A@ fiagments, 

marked. with single asterisks (*), fiom the larger (1 -96 and 3 - 19 kbp) bands conatined aii of 

the insert DNA, as inàicated by the size increase compared to those fiom the srnalier (1.36 

and 2.59 kbp) bands. The 5' StuI fkgments, marked with double asterisks (**), £tom the 

larger bands contained aii of the insert DNA, as indicated by the size increase compated to 

those fiom the srnalier bands. This locaiized the insert between ApaI and SfirI restriction 

sites. C. Schematic diagram of the locations of the Apui and SîziI cut sites relative to intron 

1 (not to scale). Intron 1 was reported to be approlsimately 500 bp (Rosenthal et al-, 1987), 

very near the size increase seen with the larger fiagments. This suggested, but did not 

prove, that the size increase was due to the inclusion of part or all of intron 1 in sorne 

Pkc53E transcripts. The source of RNA used for reverse transcription is indicated above 

each lane. Abbreviations are FH=female head; MH--male head; -vary; Ts=testis. MW 

is the DIG-labeiied molecular weight marker VI1 (BoerhingerIManheim; panel A) or the 1 

kb ladder (GIBCO/BRL; panel B). 
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F~GURE 4.20, Akc53E intron 1 sequcnce and lodïzatioa within transcnpt sequences. 

A. Both strands of intron 1 (as d&ed by Rosenthal et al., 1987) were sequenced fiom 

pSB29ASt. The boldface type represénts sequences îrom exon 1 and exon 2 that are also 

found in pSB29ASt fidcing intron 1 sequences. The arrows (U) indicate the end of intron 

sequences previously reportecl by Rosenthai et al. (1987). The single-underiined sequences 

represent intron 1 sequences that were idemifieci by direct cycle sequencing of the larger 

RT-PCR product amplifieci with primers lb and 3Rb, and sequenced with primer 1Ra. 

B. Representation of ORFA- An open reading fiame, designateci ORFq is generated when 

intron 1 is inserted in the appropriate location relative to the pubtished +1 of transcription 

(Rosenthal et al., 1987). The junction occurs at nt 623 relative to the pubiished +1 and is 

underlined. ORFA begins within exon 1 and extends for 126 amino acids before 

terminating. It is unliiely that this ORF is actually translateci (see text for details). 



CCXGCACAGG TGAGAGCAGT GGCCAGCAAG AACGTGTCTG TTAGCGAAGC 
GGACGTGTCC ACTCTCGTCA CCGGTCGTTC TTGCACAGAC MTCGCTTCG 

II 
ACACAAAAAT TGGCGTTGCA AATATTTCM TAAAGCTGAA AAACAAAAGC 
TGTGTTTTTA ACCGCAACGT TTATAAAGTT ATTTCGACTT TTTGTTTTCG 

AAAACATTGA AATAAAAATT ATTTCGTTTG CACATCGCTT TTTTATTTGC 
TTTTGTMCT TTATTTTTAA TAAAGCAAAC GTGTAGCGAA AAAATMACG 

ACGCGCGCTC MTCTTCGTC ACATTTTTTT CGCTTTTTCA TTTTTTCTGC 
TGCGCGCGAG TTAGAAGCAG TGTAAAAAAA GCGAMMGT A U G A C G  

GCCTCTCATT C M C M G C T G  GGAAAAATTA TATTATTTGC CAGTTATTAT 
CGGAGAGTM GTTGTTCGAC CCTTTTTAAT ATAATAAACG GTCAATAATA 

TTGGCCCATG TTCCGCCGAA MGGTGCCCC GTCCACCCM CCACCCAAAA 

CCCCTTCGGA MTTCTTTTA TATATTTMC CGTTGAGGCA TTAAMTTAA 
GGGGMGCCT m G A A A A T  m T T G  -CTCCGT &!LTTTTAATT 

TGCTAATTAT GAGCTTGTTT GTCGCCAGTG ACATGTGCTT GAGTTTTTGT 
ACGATT- CTCGAACAAA CAGCGGTCAÇ TGTACACGAq 

TTAATTGCTG CACTTGTTAT GAGAAAAATC AATTGAAATC GATGCGTCGG 
AATTAACGAC GTGMCAATA CTCTTTTTAG TTAACTTTAG CTACGCAGCC 

II 
ACGCGAGTGA AAAATAATTA AGCAAACGGC GAACGTGCGG CCAGTGATTA 
TGCGCTCACT TTTTATTMT TCGTTTGCCG CTTGCACGCC GGTCACTAAT 

ATAAAATTAT GCAAATCGCC TTTTGGGCAA ATTAAAGCGA MTTCTCAAG 
TATTTT- CGTTTAGCGÇ CCCGTT m C G C T  TTAAGAGTTC 

TCCAGTTTGG TTTTATTATT TTCGCTCTCT CTATCTCTCT CTCTCTCGCC 
AGGTCAAACC =TM= UGCGAGAW GATAGAGAGA GAGAGAGCGG 



GAATTCTAATAATACCCCTCGGGATAATAATMCGAAAAAGCAGTCATAGCCA 

TTATGGCCATTAAGCACAAAAAAGTGACATGAAMCGTGAAGGGMATGT 

GTTCCACAAATGGAGMGAAAAAAAAAACGCGCTAACGCAAGTCGTTCGG 

AAATGATAGTAACTGTTGCATTTCGCTCACAAAGACTATGATAGTTTTGC 

TGTACTTACTGCTGATTAGATAATTAAATGTACATCTTGGATAGATGAAA 

GGACTAAATTGACTAAGGATTTATTTATTTTAMATTCTCAGAGTGTTAT 

CATTTTATAGCTGMTTAAATCAAATTATTTGAGTGTTTG 

TTGTCAGCCACATAGCAGACTGCATATGTTTACAGGGTATGGCACCATCG 
M F T G Y G T I V -  

TATCCCMGTGGGCCCACCTCCBÇAGGTGAGAGCAGTGGCCAGCAAGAAC 
S Q V G P P A q V R A V A S K N  

GTGTCTGTTAGCGMGCACACAAMATTGGCGTTGCAAATATTTCAATM 
V S V S E A H K N W R C K Y F N K -  

AGCTGAAAAACAAAAGCAAAACATTGAAATAAAAATTATTTCGmGCAC 
A E K Q K Q N I E I K S I S F A H -  

ATCGCTTTTTTATTTGCACGCGCGCTCAATCTTCGTCACATTTTTTTCGC 
R F F I C T R A Q S S S H F F R  

TTTTTCATTTTTTCTGCGCCTCTCATTCAACMGCTGGGAAAAATTATAT 
F F I F S A P L I Q Q A G K N Y I -  

TATTTGCCAGTTATTATTTGGCCCATGTTCCGCCGAAAAGGTGCCCCGTC 
I C Q L L F G P C S A E K V P R P -  

CACCCAACCACCCAAAACCCCTTCGGAAATTCTTTTATATATTTMCCGT 
P N H P K P L R K F F Y I F N R  

TGA * 



translation initiation sequence of (C/A)AA(A/C)ATG (Cavener, 1987). Examination of the 

wntext ofthe other ATG sequences within intron 1 did not reveal any consensus translation 

start sequences. In contrast, the sequence surrounding the ATG of the putative Pkc53E 

kinase ORF, AACAATGJ agrees much better with the DrosophiIu consensus (Rosenthal et 

al., 1987). Furthemore, cornparison ofthis amino acid sequence predicted fiom ORFA 

with the public databases using the default BLAST peptide search protocol (Apd 13, 1997) 

revealed no simi1arities with known sequences. Nor are there any similaritïes to known 

protein motitS (eg. PKC pseudosubstrate domain, C2 Ca2+-binding domin, etc.). 

Therefore, it is unlikeiy that ORFA encodes a translateci protein. 

3. 5' RACE 

Natesan (1990) used an antisense primer complementary to nt 210 to 230 of the 

pubfished cDNA to define four trmsaïption start sites around the published +1. RPA 

indicated that additiod transcription start sites may be present within some of the 

incompletely sequenced introns. For example, an RPA probe spanning intron 1 gave rise to 

an incornpletely protected fiagrnent with head RNA (Figure 4.9). To analyse the 5' ends of 

P M 3 E  transcripts, 1 used 5' RACE in conjunction with tluee pairs of nested GSPs: 4Rc 

and 4Rd; 3Rb and 3Rc; and 2Rc and 2Rd. 

Etially, 5' RACE was pdormed with primer 4Rc for priming cDNA synthesis fkom 

1 ,ug of polyA' RNA and primers 4Rd and AAP for amplification Southern blot 

hybridization of the 5' RACE reactions with whole fernale RNA showed a ~kcl-hybridizing 

band of about 1.55 kbp (Figure 4.21A). Two major bands, approximately 1.55 and 1.1  kbp, 

are seen upon amplification of ovary cDNA (Figure 4.21A). Ail ofthese bands are smaller 

than that predicted by the published sequence (1 -97 kbp). The fiimness of the observed 

bands may be due to premature temination of the reverse W p t i o n  reaction, multiple 

transcription start sites, or to unequal addition of the oligo(dC) to the cDNAs. 

5' RACE with primer 3Rb to prime cDNA synthesis and 3Rc and AAP for PCR, or 

primer 2Rc to prime cDNA synthesis and 2Rd and AAP for PCR each yielded one 

predominant Ph53E-hybridin'ng band (Figure 4.21B). When aligned with the published 

cDNA based on size, these bands appeared to terminate at the same 5' site as the 1.55 kbp 



FrGURE 4.21. 5' RACE analysis of  polyA+ RNA. A. Southem blot hybridization shows 

the presence of a 1.55 kbp band amplified fiom both whoIe female and ovary cDNA and an 

additiond 1 . 1  kbp band h m  ovary &NA, using primer 4Rc for cDNA synthesis and 

primer 4Rd for PCR Both bands hybridii to DIG-labeUed Pkc 1 probes. B. Southem 

bIot hybridiition shows the presence of a 1.15 kbp band amplifieci fiom ovary cDNA with 

primer 3Rb for cDNA synthesis and primer 3Rc for PCR A 0.7 kbp band is amplifid fiom 

ovary cDNA with primer 2Rc for cDNA synthesis and primer 2Rd for PCR The source of 

polyA+ RNA is indicated above each lane. MW indiates the DIG-labeiled molecular weight 

marker VU (BoehringedManheim). 



fiagrnent amplitied with primers 4Rd and AAP. This suggested a site of very stable 

secondary structure, a transcription start site 3' fiom the published i l ,  or a novel 

transcription start site 5' to the published +1 and spiiced to exon 2. These bands were 

present even when the cDNA synthesis reaction was increased to 50°C, arguing against 

premature reverse transcription termination due to the presence of secondary structure 

(Figure 4-21 B and data not show@- 

To differentiate between these possiiiiiities, resûiction mappïng of the 5' RACE 

products was done (Figure 4.22). Restriction enzyme digestion showed that the 1.1 kbp 

5' RACE product terminated near the BmHI site at nt 9 13 of the published cDNA Direct 

cycle sequencing of this product using primer 2Rc showed that this m e n t  is a tnincated 

cDNA, ending at nt 952 of the pubiished cDNA (data not shown). This region may contain 

stable seconday structure or primary sequences that lead to the attenuation of the reverse 

transcription reaction. Since this 1.1 kbp product is still seen when reverse transcription is 

pertormed at SO°C, the latter possibility seems more likely. 

Restriction analysis of the other 5' RACE products revealed them to be collinear 

with the published cDNA 3 ' of the SZUI site at nt 637. However, the A p I  site at nt 61 1 of 

the published cDNA was absent fiom these fragments. This suggested that these transcripts 

originated either within intron 1 or upstream of the published +1, with at least both exon 1 

and intron 1 being spiiced out of the mature transcript. ApaI activity was çonfirmed in 

parailel restriction digests of pSB29, which contains a 2.9 kbp EéoRI m e n t  of P k 5 E  

fiom the published +1 to an EcoRI site within intron 2. This fiagrnent includes the ApaI site 

at nt 6 1 1 of the pubiished genomic and cDNA sequences (data not shown). The 1.55 kbp 

fragment was sequenced using primer 2Rc (to confirm coliiiearity with the published 

cDN& data not shown) and primer 1Ra to identifj. the sequence at the 5' end (Figure 4.23 

and summarized in Figure 4.24). The 5 ' ends of these RAm products contain novel 

sequences spliced ont0 exon 2 of the published Pk53E cDNA Cornparison of this 

sequence with the public database sequences using the default settings of the BLAST search 

engine (April13, 1997), revealed no similarities with other sequences. These sequences 

were also compareci with those of Natesan (1990) and Hecker (1996), sequences of 



FzGURE 4.22. Restriction digest anaiysis of 5' RACE product.. A & B. Restriction 

analysis of the 5' RACE products. The enzymes uscd for digestion are marked on above 

each lane, UBmdigested. 5' RACE products are indicated by the size of the d g e s t e d  

amplification product on agarose gels (see Figure 4.21). C. Schematic representation of 

the restriction digest sites within the published cDNk Restriction digestion sites are shown 

above the bar and ampiikation primer Iocations below. Cornparison of the actual digest 

with the predicted digest resuits shows that the ApaI site (*) is absent fiom the 5' RACE 

products. The HpdI &es are also different fiom those predicted with an extra doublet 

showing up when fragments 1.55, 1- 15, and 0.7 are digested. The source o f  these doublets 

is not known. They may represent fragments for two adjacent transcription start sites, as is 

indicated by the noisy signai produced fiom sequencing the 5 ' RACE products. 



ApaI HpaII HpaII 
611 IO36 1172 * 4 

2Rd 



1 AGAACGcATT TGTGTgTTGA GCGAAGCACA CtTaCCTGTG GACAgCGAAA 
'3 

51 CacATTCTTT CTTCCAGTCa TTCGCGACCG CGAAgAGCTA GAGATAcACT 

101 ACCCTCACtT AGTCCAGcCA cTACtACTAC TACTCATGcA 
t t a  

FIGURE 4.23. Sequence of the 5' end of the 1.55 kbp 5' RACE produet. Boldfâced, 

double-underhed sequences represent the 5' end of exon 2 of the published cDNA Srnail 

Ietters represent sites of ambiguity within the chrornatograph fiom the AB1373 sequencer. 

The 5 ' end shown here represents the sequence ending at the fht string of oligo(dC), 

representing a site of oiigo(dC) addition during cDNA taihg. Some weak, noisy signal 

continued past this point for approximately another 40 nt, ending in another string of 

oligo(dC). This indicates that there may be multiple tranScnption start sites for this exon. 

This would be consistent with multiple transcription start sites being part of Pk53E 

regulation as shown with multiple transcription start sites around the published +1 of exon 1 

mat esan, 1 990). 



FIGURE 4.24. Scbematic representation of the 5' RACE products, The sequences 

derived fiom pubiished cDNAs are represented by the open boxes in which the putative 

domains are Iabeiied (Rosenthal et ai-, 1987). Immediately below, represented by the soiid 

ihe is the schematic representation of the restriction digest sites found in that region of the 

published cDNA and below this, represented by the soiid and striped bars, are the 5 ' RACE 

produas. Each 5' RACE product is labded with the primers used for amplification above 

and the source of RNA fiom which it was amplifieci below. The solid bar represents 

sequences that are collinear with the published sequence. The striped bar represents the 

novel sequences spliced onto exon 2 in these transcripts. *The ApaI site is not present in 

5' RACE products. 





5' RACE products and of 5' genomic sequences of Pkc53E, respectively. Fasta (KG)  

revealed no regions of similarity or identity. Thus these squences represent a novel exon(s) 

originating at least 1.2 kbp upstream of the published +1 site of transcription (Rosenthai et 

ai., 1987). 

ZI, D~scuss~o~ 

A. Northem Biot Andvsis 

Northern analysis of total RNA showed the 2.4 kb transcript was more abumlaut 

than either the 4.0 or 4.3 kb transcript (Figure 4.1). These results m e r  fkom those of 

Rosenthai et al. (1 987) that showed approxhately equal expression of the three traascripts. 

A possible explmation for this merence is that Rosenthal et al. (1987) used polyA' RNA 

for their Northern analysis, as opposed to total RNA used here. This may indicate that 

some Pkc53E RNA(@ is not polyadenylated (see below). 

B. cDNA Librarv Screenw 

Natesan (1990) reported the isolation of three cDNA clones with inserts of 4.0,3 -8, 

and 2.5 kbp each f?om the adult head Àgt IO cDNA iiirary used here. Unfortunately these 

clones were lost. In an attempt to reisolate and M e r  analyse these clones, I resaeened 

this head library. Screening 6 x IO* plaques (about twice the complexity ofthe l i r a y )  

resulted in the isolation of three Pkcl hybridizing clones, the largest of which contained only 

a 0.8 kbp insert. Screening of about two tirnes the wmplexïty of an ovary cDNA library 

yielded a single positive clone. Agaui the size ofthe insert was l e s  than 1 kbp. Suice both 

liïraries were synthesized using oligo(dT) primers, the insert sequences likely represented 

sequences adjacent to the polyA tail. Given that much of the variability of the mammaiian 

PKCs occurs in the regdatory domain, we were primarily interesteci in isolating fùN-Iength 

cDNAs. Further, the isolation of M-length clones fiom a single developmentai stage 

avoids the potential problem of overlapping cDNAs fkom Mérent transcripts. The clones 

isolated were much less than tiill-length. Given these results, alternative approaches were 

employed. 



C. RNAse Protectian Anahseg 

1. RPA Probes 

The absence of PkcI riagrnent insertions in the sense orientation with respect to 

lac2 transcription in pBluesaiptfM is uausual for non-directionai cloning procedures. This 

suggests that Pkcl-encoded products in tbis context are lethal to E coli. Insertion of the 

Pkcl hgment in both directions with respect to hcZ was possible for pTZ18U vectors 

(New EngIand BioIabs; data not shown), suggesting that the observed lethality is due to the 

partidar lacZ-Pkcl hsion, rather than inherent to sense Pkcl transcripts in E. coli. 

2, RPAs 

The resuits of the RPAs showed that the variability among head RNAs is pater 

than that among ovary RNAs (Figure 4.9). This correlates well with Northern bIot analyses 

which reveal the presence of a prominent Pk53E hybridizing band in ovaries, with three 

transcripts idenaed in addt heads. A 2.4 kb t r d p t  is also present in total testis RNA 

However, RPA probes were not protected with testis RNA It is possible that the level of 

Pkc53E transcRpt(s) is too low for detectioa by the RPA probes. It is also possible that the 

testis 2.4 kb transcript detected with Northem anaiysis contains as yet unidentiiïed Pkc53E 

exons that are not sdliciently sixniiar to give rise to protected RPA fragments. 

Alternatively, an endogenous message cumplementary to Pkc53E messages may be present 

and might compete with the RPA probes for Pkc53E transcript(s) b d m g .  

The variabifity observed among protected fragments fiom the putative regdatory 

domain was p a t e r  than among those fiom the putative catalytic do& This suggests 

that, like m d a n  PKCs, PKc53E-encoded PKCs may dBer from each other most in the 

regdatory domain. These differences can result in PKC kmzymes with altered 

cofactorkoactivator requirernents as is seen in other systems (see Figure 1.1; Newton, 

19965). DBerences within the catalytic domain suggest the possbility that an altered 

catdytic site may be present, which may reveal substrate specificity diierences when 

isolated and tested, as seen with the PKCP isoenzymes (Blobe et al., 1996). 



D. PCR A n a i s  o f  RNA 

1. 3' RACE 

As mentioned above, 3 ' RACE takes advantage of the poIyA' tail on mRNA to 

aiiow the amplification of mRNA using oligo(dT)-based primers for cDNA synthesis and 

amplification. As such, limiteci gene-specific sequence information can be used to ampliS. 3 ' 

squences. RPAs demonstrateci a singie, f3.i-length protected fiagment using PkciSBc, a 

probe spanning the ATP-binding domain, a domain essential for active kinases. Given this, 1 

reasoned that ampEcaîion using primers s p d c  for this region would likely enable the 

amplification of the 3' RNA sequences of Pkc53E-encoded kinases. 

3 ' RACE using C2 or C3 domain-specific primers yielded the predicted products for 

each cDNA sample, except for testis cDNA (Figures 4.10 to 4.14 and summarized in Figwe 

4.15). The amplification of a Pkc53E sequence with primers 4b and 4R, but not with 

3 ' RACE, using testis cDNA suggests thaî while there are Pkc53E transcripts within the 

testes, these transcripts are not polyadenylated, This is M e r  supported by the obsemation 

that increasing the oligofdT),,,, primer annealhg temperature and reverse transcription 

reation temperature to 50°C eijminates Pkc53E sequence amplifkation fiom testis cDNA 

This explains why the Northem andyses reported by Rosenthal et al. (1987) ushg polyA' 

RNA B e r s  fiom those reported here using total RNA. With some of the 2.4 kb transcript 

not polyadenylated, the relative abundance of the 2.4 kb transcript on Northerns with total 

RNA compared to the equality of Pkc53E transcripts on polyA' Northem is explained. 

The sharpness of the hybridizing 3 ' RACE bands suggests that only one, or perhaps 

multiple very proximate, polyadenylation sites are used with Pk53E transcripts that contain 

C2 a d o r  C3 domain sequences (primers 4 and 4b and primers 3 and 3b, Figure 2.3). 

Natesan (1990) did RPA with a probe spanning the polyadenylation signal at 3 159-3 164 of 

the published transcript. He observed the presence of two protected fiagments, one 

corresponding to transcript polyadenylation using the signai at 3 159-3 164 of the published 

sequence and another extendhg beyond this point. These two fiagments were present 

throughout deveiopment. He did not dinerentiate between tissues or sexes in these 

experiments. These differences may be reconciled ifS rather than the use of altemative 



polyadenylation sites, some transcnpts are not truncated by polyadenyiation This explains 

the observed protection of a probe that extended past the pubiished polyadenyIation signal 

at 3 159-3 164 (Natesan, 1990). 

The doublet seen with ovary cDNA (and therefore present in cDNA fiom whole 

fernales) with 3' RACE using prirners 4 and 4b has oniy a single PM3E hybrirfizing band 

(Figure 4.12). The origin of  the non-Pk53E band is not known It is possiile that it 

originates fiom the same tnuiscnpt as the non-hybrickbg band seen with testis cDNA 

(Figure 4.1 O), representing a gonad-specific ûanscript with limiteci sequence similarity to 

Pkc53E. 

The arnpEcation of only the 3 ' RACE products predicted fiom the published cDNA 

(Summarized in Figure 4.15) is somewhat unexpected given the RPA r e d s .  Each RPA 

probe from the catalytic domain was fiilly protected with head RNA (Figure 4.9). This 

suggested, but did not conîïrm, the presence of a transcript corresponding to the pubiished 

cDNA Howwer with probes, PRclBgSt, PklSBc,  and PRclC3023, shorter protected 

fragments were also seen This bdicated that some alternative processing withui the 

putative catalytic domain might occur. The fàilure of 3' RACE to detect such transcn0pts 

mi@ mean that primer binding sites for 4, 4b, 3, a d o r  3b are absent fiom these 

tramxipts. This may in tum mean that there are PAc53E tnuiscnpts that iack pari or all of 

the C3 domain andor C2 do&. Aitematively, these protected probe fkgments rnay have 

&sen fiom hybribtion to incompleteiy processed RNAs, pseudogene tmmaipts, or non- 

polyadenylated RNAs. 

While there are sequence polymorphisms within these regions between the Oregon* 

cDNA and Canton4 genomic sequences (Rosenthal et al., 1987), Oregon-R was the source 

of both the cDNA sequences for probe symhesis aad the total RNA targets. Thus, there is 

no evidence for setpence polymorphism as the source of the srnaller protected probe 

fragments in RPA 

In addition, it was somewhat surprising to see amplification of the predicted 

3 ' RACE products with ovary &NA (Figures 4.10 and 4.13). Of the aiMytic domain 

probes, only probe PklSBc was protected by ovary RNA (Figure 4.9B). This suggested 



that this caîaiytic domain transcript was not present. However 3 ' RACE, reIying as it does 

on the exponential amplification of DNA, is much more sensitive than RPA The firll-length 

transcripts may be very rare in ovaries and thedore not detected during RPA. This 

increased sensiîïvity likely also accounts for the amplification of a PKc53E product fiom 

testis RNA using p h e r s  4b and 4R (Figure 4.16) when no protected hgments were seen 

using testis RNA in RPA (Figure 4.9). 

2. RT-PCR 

RT-PCR k g  primer pairs s p d g  each of the putative conserved domains of 

Pk53E RNA d e d  in the ampl&ation of only the fragments predicted fkom the 

published cDNA (summarized in Figure 4.17A). These results suggest that each of the 

Pkc53E RN& detected &y Northern hybrïdization contains the ORF encodulg a DG-, PS-, 

and Ca2--dependent PKC. This result correlates well with the hdhg that a single protein 

band is detected by anti-PKC antiiodies made against a glutathione-S-transferase (GST)- 

Pkc53E Vllpseudosubstrate fision protein (A Piekny, unpublished data). 

RT-PCR with primer 1 b, 6om the PkcS3E 5' UTR, and either primer 3% or 

primer 4Rb resulted in the amplification of the Iiagments predicted fiom the published 

cDNA, as well as fbgments that were about 600 bp larger (summarized in Figure 4.17B). 

Restriction analyses localized the insertion and sequencing c o e e d  that the insertion was 

intron 1 (Figures 4.19 and 4.20A). Analysis of the PkcS3E sequence generated by this 

insertion shows that whüe t h s  does not extend the previously ptedicted Pkc53E ORF, a 

short ORF, designateci ORFA, of 126 amino acids can be predicted (Figure 4.20B). This 

peptide sequence does not resemble any peptide sequences m the public databases as 

determineci with the BLAST search engine (searched April 13, 1997). Furthemore, the 

sequence surroundhg the start site of ORFA dinets fiom the start site of the predicted 

Pkc53E ORF, AAC-T, the latter of which is in good agreement with the camonical 

Drosophila translation start site (Rosenthal et al., 1987). Thus, it is unlikely that ORFA 

actually resuits in protein synthesis. 

This begs the questions, why is intron 1 present in some PRc53E transcripts? The 

UTRs of severai Drosophila RNAs have been shown to be important in pst-transcriptional 
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regdation of translation (eg. bicoid, raanos; FlyBase, 19%). While BLAST anaiysis (done 

April13, 1997) of the Pk53E intron 1 sequence does not reveal any similarity to knom 

transcripîs, this sequence may play a role in post-transcriptiod regdation of the Pkc53E 

messages in which it is present. For example, it has been shown that bicistronic rnRNAs in 

DrosophiIa show digerential translation of the two ORFs when translation is initiateci in a 

CAP-dependent mauner, with the 3 ' ORF transiated much less dciently than the 5' ORF 

(eg LINE retrotransposons, Bouhidel et al., 1994). ORFA, iftramlated, wuld hction to 

reduce expression of the Pkc53E kinase ORE Altematively, htron 1 may regulate 

translation by secondary structure interactions with other regions of the tramcript, such as 

seen with alcohol dehydrogenase transcipts in D r q t n l a  (Parsch et al., 1997). Further 

experiments would be necessary to determiLle the &ect of intron 1 on Pkc53E expression. 

3. 5'RACE 

5' RACE analysis was used to try to extend the transcript structure information 

upstream fiom the squences isolated by 3' RACE and RT-PCR 5' RACE revealed that 

there are novei 5' sequences spiiced onto exon 2 of the pubiished Pkc53E RNA 

(summarized in Figure 4.24). These sequences did not match any known sequences using 

the BLAST search engine (search pfbrmed April13, 1997) nor any Pkc53E sequences 

previously identifieci in this tgboratory (Hecker, 19%; Natesan, 1990). Furthemore, these 

sequences do not origiaate fiom intron 1. Tbis suggests the presence of an as yet 

unidentitied exon 5' of the pubiished +l. 

Several other bmds are revded upon Southm hybridization of the ovary cDNA 

5' RACE reaction ushg primers 4Rd and AAP for arnplificatio~ Some of tbis may be 

accounted for by the di&rences in length ofthe oligo(dC) tail added durhg the 5' RACE 

procedure. Some may also represent d e r ,  less uaiform premature terminations of the 

reverse transcription. F S y ,  these other bands may represent less prevaient transaipt start 

sites. Natesan (1990) used primer extension analysis to ide* four transcription start sites 

within an approximately 270 nt region surroundhg the pubfished +1 site of transcription 

f?om -224 to +43. These may be the d t  of altemative splicing within the 5' UTR of 

Pkc53E transcnpts Wor the use of dineremt transcriptional star& sites within the prornoter 



of PKcS3E. These start sites were identifid using a primer complementary to nt 2 10 to 230 

of the published PRc53E cDNA and represent transcript sequences muinear with exon 1, It 

would therefore not be surpnsing to see multiple transCnption start sites used at another 

Pkc53E promoter. 

EL CONCLUSIONS 

Figure 4.25 is a schematic diagram of putative Pkc53E transcripts, derived fiom the 

available data The published cDNA sequence is represented by the open box with putative 

domain structures indicated within. These domains were derived fiom cornputer translation 

of the cloned and published cDNA nucleotide sequence and cornparisons with hown PKC 

protein domaias (Schaeffer et al., 1989). Knowu intron locations are indicated by the closed 

arrowheads. The two solid overlapping lines immediately beneath the cDNA schematic 

represent two cDNA clones fiom which the published cDNA was compiied (Roseutha1 et 

al., 1987). The 3 ' Iiagment encompasseci the cornpiete known 3 'UTR, putative cataiytic 

domain and part of the regdatory domain, texminating at the boundary of intron 5, an 

approximately 8 kbp unsequenced intron. The 5' hgment extends fkom near the carôoxyI 

terminus of the C2 domain 5' to the published transcription start site. The putative 

transcripts are shown below and are labelled with roman numerals I, II, ïiï, and N. 

Transcript 1 (Figure 4.25A) represents a polyadenylated, 2.7 kb transcript present in 

adult heads and ovaries. This transcript corresponds to the smaiiest of the Pk53E 

transcripts detected on Northem blots and previously estimated to be 2.4 kb. The 3 ' RACE 

and RT-PCR data suggest that polyadenylated transcripts with C3 domain sequences 

@rimers 4 and 4b binding sites), are contiguous with the second CRD (primers 3 and 3b 

binding sites) and the V5 dotnain @rimers 4R and 4Rb binding sites). These data carrelate 

well with the observed 3 ' cDNA clone isolated by Rosenthal et al. (1987). These 

transcnpts are present in adult heads and ovaries, but polyA' transcnpts are absent fkom 

testes (Figures 4.10 and 4.13; summaru!ed in Figures 4.15 and 4.17). Further RT-PCR data 

suggests that sequences 3 ' of intron 1 are cobear with the published Pk53E cDNA and 

that these sequences are present in adult heads, ovaries, and testes. 



FIGURE 4.25. Schematic d i a m  of hypotbeticai Pkc53E-encodcd hriiscripts. The 

sequences derived from published cDNAs are represented by the open boxes in which the 

putative domains are labeiied. Immediately below, represented by the solid iines (i) are the 

cDNA clones used to compile the cDNA sequence (Rosenthal et al., 1987). The 

hypotheticai transcripts are labellecl with roman numerals, I, II, III, and IV, respectively. 

Novel sequences are indicated by the striped boxes. Lies comecting exon boxes are 

indicative of splicing events. Arrowheads at the 5 ' ends oftranscripts suggest transcription 

fiom multiple transcription start sites, redting in variable 5 ' terminal sequences. A. 

Transcript I is a polyadenylated 2.7 kb RNA species found in addt heads and ovaries. B. 

Transcript II is a non-polyadenylated 2.7 kb species found in addt testes and possibiy also in 

addt heads and ovaries. CD Transcript III is polyadenylated and found in addt heads and at 

very low levels in o v e .  Lt contains intron 1 in the mature tr&pt. This transcript may 

be present in a non-polyadenyiated form in testes. D. Trauscript IV encodes a protein very 

similar to that predicted by Rosenthal et al. (1987). This is a 3 -4 kb polyadenylated 

transcrîpt expressed in larval and early pupai stages of development. See text for M e r  

details. 
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Northern Analysis: a 3.4 kb transcript is expressed in late larvül and early pupal stages 

cDNA library clonestwo overliipping clones isolated from enrly pupul and/or adult head libraries give a 3.2 kb transcript that 
coniains an open reading frtiine predicted io encode a cPKC 

3.2 kb correlutes well with the Iürvat trunscript detected on Nortlicrns 

Primer extension: Natesan (1991) sliowed the presence of inultiple transcription start sites up io about 250 nt 5' of the published i l  

This represents a polyadenylated 3.4 kb transcript expressed in iate larval and early pupal stages. 



RPA suggests that in adult heads and ovaries, there is a transcript that tnincates at 

the ùitron l/exon 2 boundary (probe PkiH696, Figure 4.9A). 5 'RACE revealed the 

presence of a transcript with about 150 bp ofnovel sequences spiiced onto exon 2 

(Summafized in Figure 4.24). These 5' RACE reactions were done wÏth polyA' RNA 

isolateci fkom ovaries and whole fernales, but given the presence of RT-PCR products in aü 

tissues tested, are likely present in male heads as weil. 

Hence, Transcript 1 (Figure 4.25A) is a polyadenylated 2.7 kb message kund in 

adult ovaries and headq with exon 1 absent and replaced by novel sequences spliced directly 

to exon 2. 

Transcript II (Figure 4.293) is a non-polyadenylated 2.7 kb transçript kund in ad& 

testes, ovaries, and heads- The presence of a non-polyadenylated message is suggested by 

different relative ùitensities of Pkc53E transcripts when cornparhg polyA' and totd RNA by 

Northern blot hybridization (Rosenthal et al., 1987; Figure 4.1). Furthmore, RT-PCR 

with testis cDNA demonsîrated the presence of Pkc53E transcripts spanning the published 

sequences (summarized in Figure 4.17). However, these transcripts are likeiy not 

polyadenylated since 3 ' RACE amphkation of Pkc53E sequences was not successfùl using 

testis cDNA (Figure 4.10 and 4.13). 

The regulation of polyadenylation may m e  as a pst-transcriptional tissue-spdc 

regulator of PKC53E protein expression. The abundance of the previously i d d e d  2.4 kb 

mmcript on total RNA Northern blots suggests that polyadenylation of this transcript may 

be very inefficient. Further, anb-PKC53E Vl/pseudosubstrate antiiodies do not recognke 

protein fiom testes with Westm blotting or imrminofluoresceuce, suggesting that these 

epitopes (VI and pseudo-substrate domains) are not present (A. Piekny, unpublished data). 

Therefore, Transcript II (Figure 4.25A) is a non-polyadenylated 2.7 kb transcript 

found at lem in ovaries and testes, and posslibly heads as weli. Further, this transaipt is 

transiationally inactive in testes. 

Transcript III (Figure 4.25C) is proposed to encode the 4.0 and/or 4.3 kb 

polyadenylated transcripts found p r b d y  in adult heads, as demonstrated by Northern 

analysis (Figure 4.1). The 4.0 and 4.3 kb transcripts are larger than the cDNA sequence 



reported by Roseathal et al., (1987) and suggested the presence of as yet unidentineci exon 

sequences. RT-FCR using primer l b  fiom the published 5' UTR of P M 3 E  cDNA and 3 ' 

primers 3Rb or 4Rb reveaied that larger PM3E transcnpts retain W o n  1 (Figures 4.19 and 

4.20). The size of the cDNA (without the polyA+ taiI) as reporteci here is 3.8 kbp. The use 

of altemate transCnption start sites, as defined by Natesan (1990) accounts for the detection 

of two closely sized bands on Northern blots. PoIyadenylation of these transcripts results in 

the detection of transcripts estimated at 4.0 and 4.3 kb on Northem Mots. 

Intron 1 sequences do not resemble any sequaces w i t b  the public databases. The 

function of this alternative exon is not known, but may invoIve post-transcriptional 

regdation of PRc53E. In C. elegrms, it has been shown that levels of PKClB protein are 

regdated pst-transcriptioQally and/or pst-trsuislationaiiy (Land et al., 1994). Further, the 

alternative spiiciag of m a d a n  PKCP mRNA regulates isoenyme expression (Blobe et 

al., 1993; Chalfànt et al., 1995). Therefore it would not be surprising ifsome or aii PKc53E 

transcripts are post-transCripfional.iy regulaîed. 

Thus, Transcript III (Figure 4.25C) represents the 4.0 d o r  4.3 kb message found 

in adult heads, ovaries, and testes. It is likely not polyadenylated in testes, as indicated by 

the 3 ' RACE results (see discussion of Transcript II). 

Transcript LV enwdes the open reading h e  reported by Rosentbal et al. (1987; 

Figure 4.251)). Furthermore, on Northern andysis of larval and po1yA" RNq a 3.4 kb 

Pkc53E tranSMipt bas beea identifid (Natesan, 1990). The size of the sequenced cDNA is 

3 -2 kbp. The addition of a polyA" ta3 accounts for the Iarger estimated sue on Northem 

blots. ïhese data aiiow me to state that Transcript IV riepresmts a polyadeuylated 3 -4 kb 

transcript expressed in late iarvai and eady pupal stages o f ~ o p h i Z a  development. 

IV. FUTURE DIRECTIONS 

Novel5' PRc53E exon sequences have been identifieci with 5 ' RACE. Cloning of 

this exon firom genomic DNA would help complete P M E  gene structure. The promoter 

and transcriptional regdatory signals controIling Pkc53G expression remain to be 

elucidated. These experiments could involve the use of DNA cloned fkom the 5' region of 



Pkc53E linked to reporter gezies. These types ofexperinients wouid ide* the sequences 

important in reguiating Pk53E expression in response to both developmental and 

environmental cues. Once identifie& these promoterfenhancer sequences could be used to 

idente the transcription fkcrors that regdate Pkc53E expression and biochemicai and 

hctional analyses of these factors may lead to the idemincation of the normal signal 

transduction events that activate Pk53E expression. 

Instead of encoding difterent iswazymes, the différent PKcS3E &pts ciiffier 

within thei. UTRs, possibly representing ciifferences in pst-transcriptionai or translational 

regulation. Experiments ushg chllneric (Pk53E-5' UTRHreporter-ORF) RNAs may help 

elucidate 5' UTR fùnctiou, ifpromoter and protein expression analyses suggest that these 

experiments are w m t e d .  

The types of expaiments d e s c n i  above are of a primarily descriptive nature. 

While they wouid be usefui in definhg the cellular circwllstances that activate Pk53E 

expression, they wouid not likely reved the bc t ion  of PKC53E protein in Drosophiia. 

Description of the h c t i o n  of PKC53E protein wili require a "brute force" biochemicai 

approach coupled with genetic analyses. While this thesis descni  one attempt at 

producing a P element insertionai mutant at PAcJ3E, better screen design (ie. prima 

location, arnrndon P elemem seledon, andor screening approach) a d o r  alternative 

mutagenesis approaches wili W y  be necessary for the production o fa  M 3 E  mutant. 

The myriad of P element lethals being produced by the Drosophih genome sequencing 

project may fortuitously yield a PW3E mutant. Wth this, the elegant experimentai options 

and genetic prwfb available to Drosophile geneticists becorne avaiiable. 



This project began with a goal towards using the tools avaiiable with Drosophila to 

examine the genetics of Pkc53E. Due to the importance ofPKCs in several cellular 

processes, this necessitatecl the use of a screen that enabIed the screening of heterozygous 

mutants without a known phenotype. The type of P elernent mutagenesis screen ikst 

described by Ballinger and Benzer (1989), and used by many others (Dalby et al., 1995; 

Hamilton et al., 1991; Kaiser and Goodwin, 1990; Pereira et al., 1992), is ideally suited to 

this purpose. Unfortunately, 1 was unable to isolate a mutant at Pkc53E, possibly due to a 

non-permissive gene structure and/or to dominant-negative lethality of truncated PKCS3E 

proteins encoded by insertional mutant deles. This forced the contemplation of other 

approaches to elucidate Pkc53E gene function. One such approach could include the use of 

antisense-Pkc53E RNA transgenes. 

Several reports have shown that when antisense transcrïpts are present withlli a ceil, 

they prevent translation of the cognate sense transcript, thereby decreasing or obliterating 

protein leveis (es Jongens et al., 1992). When multipIe transcripts fiom a gene ciiffer in 

their 5' sequences, it may be possiile to target single transcripts, and therefore single 

protein products, fiom a gene. This could d o w  the differeatiation of the hction(s) of 

individual gene products. This approach appears promishg for a gene Iike Pkc53E that is 

known to encode multipIe transcripts- 

The first step toward such an approach is the elucidation ofthe transcript-specific 

sequences so that the appropriate antisense transgenes can be designed. With this in mind, 1 

decided to examine the transcript structure of Pkc53E-enwded RNAs toward the 

determination of complete transcript sequences. The approaches of RPA, 3 ' and 5' RACE, 

and RT-PCR generated data that dowed predictions as to Pkc53E transcript structures 

(Figure 4.25). 

Four types of transcripts are predicted. The 2.7 kb Transcript 1 (formerly estimated 

to be 2.4 kb) contains the pubiished ORF with a tnincated 5' UTR. The extreme 5' end of 

this transcript originates fiom a novel exon, Likely 5' of the pubiished exon 1. Transcript II 

is a non-polyadenylated 2.7 kb transcript with the Pk53E encoded sequences found in 



Transcript 1. These two transcripts may be transcribed from multiple, closely located 

transcription start sites. Transcript UI conbias the published intron 1 and has banable 

transcript start sites surroundhg the pubiished +1. This transcript is polyadenylated in aii 

tissues tested, except testes. Transcript IV is a larval- and pupal-specific transcript 

corresoncihg to the published CD% with muitipIe transcription start sites. 

This molecuiar data indicates that in spite of multiple PkcS3E-encoded transcripts, 

only a single PKC53E isoenzyme exists. This correlates weil with hunohistochemicai and 

Western blot analyses (A Piekny, unpubfished data). In order to elucidate Pkc53E hction 

both biochemical and genetic anaIyses must be employed. 
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