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CKI-y2 is a serindthreonine protein kinase of unknown biologicd function. This 

study is the h t  to detect CKI-y2, as mRNA and protein, widely expressed in 

mouse tissues and mammalian cells. In addition, CKIy2 as a protein of 75kDa 

was immunologically detected coprecipitating with Nck, an adaptor protein 

involved in receptor tyrosine kinase (RTK) signaling. CKI72 coprecipitated with 

Nck presents similar enzymatic properties as the recombinant and endogenous 

CKI-y2, demonstrating that the immunoreactive p75 CKI-y2 associated with Nck 

is indeed CKLy2. These results suggest that Nck-mediatecl signaling downstream 

of activated RTKs could involve CKIy2 as an important wmponent. The finding 

that Nck is a subsûate of C U q 2 ,  suggests that the huiction of Nck may be 

regulated by CKI-72. Furthennore, observations that insulin negatively regulates 

p75 CKI-y2 activity provide evidence for a role of the Nck-CKI-y2 complex in 

insulin signaling. Understanding the insulin regdation of CKI-y2 rnay point to 

the biological function of this enzyme. 



CKI-y2 est um s&he/thréonine protbine kinase dont le &le cellulaire nous est 

encore inconnu. Cette étude est la pnmiére B montrer que CKI-y2 est targement 

exprimée dans plusieurs tissus chez la souris et dans plusieurs lignées cellulaires. 

CM-y2 est détectte comme une protCine de 75kDa et nous avons démontré 

qu'elle coirnrnunoprecipite avec la prothe adaptrice Nck. Cette dernière est 

impliquée dans la transmission cellulaire des signaux initiés par l'activation de 

récepteurs membranaires de type tyrosine kinase. C U y 2  associée à Nck, 

presente des propriétés enzymatiques identiques B celles obsewées pour la 

protéine CKLy2 d'origine endogène ou recombinante, confirmant ainsi son 

identitt. Ces résultats nous rkv&lent que CKI-yî est un nouvel blément des 

processus de signalisation initids par l'activation de récepteurs membtanaires. De 

plus, nous avons observt que la pmtbine Nck est phosphorylbe par CKI-y2 et que 

l'insuline induit une inhibition temporaire de l'activitt de cet enzyme. Ces 

résultats suggénnt que les fonctions de Nck peuvent être modulées par cet 

enzyme et que le complexe Nck-CU-y2 peut participer ii la transmission des 

signaux initiés par le récepteur de l'insuline. Une meilleure compréhension des 

mécanismes impliqués dans la rkgulation de l'activité de la protéine CKI-y2 par 

l'insuline nous permettra d'éclaircir son rôle biologique. 
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Introduction 

1.1 Casein Kinases 

Casein Kinases are serine/thteonine (serlthr) protein kinases with a preftrence for 

acidic substrates such as casein and phosvitin. Theu nomenclature is denved 

fiom the substrate used for their purification and characterization, narnely casein. 

The Casein Kinases described here dii'er fiom the marnmary gland membrane- 

bound enzyme, which phosphorylates secreted milk proteins such as casein (1). 

Casein Kinases an ubiquitous enzymes widely expressed within the animal and 

plant kingdom, and in lower eukaryotes (reviewed in 2, 3). Furthemore, Casein 

Kinases are distributeci in several subcellular compartments such as the cytosol, 

membranes, nuclei, ribosomes, and mitochondria Since casein is not present in 

most of the ce11 types where Casein Kinases are expressed, other proteins must 

serve as substrates. h d d ,  Casein Kinases phosphorylate severai components of 

the DNA replication, transcription, and translation machinery, as well as 

metabolic enzymes and regulatory proteins. The wide variety of substrates for 

Casein Kinases suggests the importance of these multipotential protein kinases in 

regulation of cellular fiuictions. 

Unlike many other protein kinases, Casein Kinases are unique in that they exist in 

an already active state under most physiological conditions (3). The activity of 

these enzymes is not sensitive to Ca2+, calmodulin, or phospholipids (2). In 

addition, regulation of theu activitits. such as by hormones. second messmgers, 

or targeting to spccific intracellular sites, cmot be clearly demofl~trated. 

Although Cascin Kinases wnc f h t  identifid many ycars ago, their study has not 

been aggressively pursueci over the years. The lack of dtamatic effect on the 

huiction of proteins phosphorylateâ by Casein Kinases and the absence of known 

regulatory mechanisms for these enzymes have made them very difficult to study. 



1.2 Casein Kinase 1 and II 

Casein Kinases comist of two main activities, designated Casein Kinase 1 (CH) 

and Casein Kinase II (CKII), based on their elution profile h m  chromatography 

purification on diethylaminoethylcellulogc @EAE-cellulose) (4). CKI elutes h t  

at low ionic strength, while C M  elutes at higher salt concentrations. 

Furthemore, CKI and CKII differ by several parameters. From their &O acid 

(aa) sequence, CKI and CKII are two distinct protein kinases, no more related to 

each other than to other protein kinases. CKI are monomenc enzymes with 

molecular weight (Mr) in the range of 30-42kDa (reviewed in 2, 3). In contrast, 

CKII is a tetramer composed of different subunits, a$, or aa'p, (2-7). The a 

subunits have Mr values of 37-44kDa, while the subunit is smaller with Mr 

values of 2426kDa (reviewed in 2, 3). The a subunits possess the catalytic 

activity, whercas the subimit acts as a regulator of the a subunit's catalytic 

activity (8-1 1). 

Both Casein Kinases require Mg", hi the range of 5-15mM. for optimal activity 

(2). However, one of the characteristics for C H  is an absolute specificity for ATP 

as a phosphate donor. The CKI Km values for ATP, range from 7- 20pM (3). In 

contrast, CKII utilizes GTP (Km: 5-100pM) almost as effectively as ATP (Km: 5- 

30pM) for the phosphotransferase reaction (3). 

CKI and CKlI phosphorylate cornmon substrates, but each type of Casein Kinase 

uses diffcrent recognition scquenccs and therefore modifies different sites on the 

sarne protein. The phosphorylation sequcnce requircmcnts for each Casein Kinase 

were determincd using genetic variants of casein as atogaious substrates. CKI 

prefers serine midues with a cluster of acidic amino r i&, such as glutamic acid 

(Glu), on the &O-taminol (N-ttrminal) side of the phosphorylatd serine, while 

CKIl phosphorylatcs serbe or threoaine with a cluster of acidic residues on the 

carboxyl-terminal (C-temiinal) side (2). Phosphorylated serine (Se@)) also 

appears to fiinction as an acidic determinant for both CKI and CKU, since 

dephosphorylated casein lads to significantly lower rates of phosphorylation by 



either enzyme (12-14). 

Efforts to determine the role of Casein Kinases have led to a search for potentiai 

regulators of these enzymes. Activators of CKII are highly charged basic 

compounds such as polyamines, vermine, spermidine, polylysine, histones, and 

protamine (reviewed in 3). Inhibitors of CKII are acidic cornPound; such as 

heparin, 2,3-diphosphoglycetate, and inositol hexasulfate (mtiewed in 2). 

Inhibitors of CKII do not inhibit CKI, with the exception of inositol hexasulfate, 

which at high wncentrations dso inhibits CKI. The isoquinoline sulfonamide 

compound, N-(2-aminoetbyl)-5-~hl010i~0~uinoline-8~sulfonamide (CKI-7), at iow 

concentrations selectively inhibits C H  with a half-maximal inhibition (ICA of 

9.5pM cornpared to 90p.M for CKII (1 5). CKI-7 inhibits C M  competitively with 

respect to ATP and serves as a useful tool to study CKI. To date, no physioiogical 

activators of CECI have been identified. 

1.3 Casein Kinase 1 

13.1 Consensus Phosphorylatioi Motifs 

More sophisticated studies have identified consensus motifs for phosphorylation 

by CKI. From a degrnerate peptide library, it was detamincd that CKI strongly 

selects peptides with a negatively charged residue, such as aspartic acid (Asp), at 

the -3 position to the phosphorylated serine (16). The peptide (Asp),-Xaa-Xaa- 

S a  (where Xaa may be any amino acid) is a specific substrate for CKI and is 

useful in routine assays for this enzyme (17). The importance of a prior 

phosphorylated serine (Ser(P)) in the CKI consensus motif, Ser(P)-Xaa-Xaa- 

SerKhr, was also conlimcd in shidies using synthetic peptides based on the 

sequence of casein (18) and SV40 large T antigen (19). the latter recognized as an 

in MW CKI substratc. 



1.3.2 CKI Substrates 

C M  phosphorylates several proteins implicated in protein translation, most of 

which bind directly to RNA. These substrates include the translational initiation 

factors, eIF-4B and eIF-5 (20). and a 95kDa protein in messenger 

ribonucleoprotein (mRNP) particles (2 1 ). In addition, CU-dependent 

phosphorylation of the 82kDa subunit of eIF-2B seems to be requind for eIF-2B 

guanine nucleotide exchange activity (22). CKI also phosphorylates four 

aminoacyl-tRNA synthetases aitering their binding to tRNA-sepharose and 

inhibithg tRNA amiaoacylation (23). 

Several DNA-binding proteins involved in DNA nplication or transcnp tion are 

phosphorylated by CM, including RNA polymerase-I and -II (RNA Pol-? or -II) 

(24). Although in vitro, the activity of RNA Pol41 is not affected by CKI 

phosphorylation (24, 25), in Novikoff ascites tumor cells, RNA Pol-II activity is 

stimulated 5-7 fold upon its phosphorylation by CKI (26). CKI phosphorylates 

SV40 large T-antigen on physiological sites and inhibits T-antigen mediated 

initiation of viral DNA replication (27,28). The p53 -or-suppressor protein is 

aiso phosphorylated by CKI in vitro and in vivo (29, 30), yet mutation of these 

CKI sites has no effèct on p53 transcription activity (31). Lastly, CKI 

phosphorylates the transcription foctor, CAMP response element modulator 

(CREM), and results in enhanced DNA binding activity (32). 

Several regulatory proteins arc phosphorylated by CKI including the insulin 

receptor (33), p75 Tumor Necrosis Factor (RJF) reccptor (34,35), m3-muscarhic 

receptor (36), and P-Platelet Derivesi growth factor (PDGF) receptor (37). In 

general, CKI phosphorylation of these rsceptors negatively regulatcs thcir activity. 

Intractîlular regulatory proteins such as phosphatase inhibitor-2 (the negative 

regulatory subunit of protein phosphatase-1 (PP1)) (38) and DARPP-32 (the 

dopamine-and CAMP-regulated phosphoprutein inhibitor of PP1) (39, 40) are 

phosphorylated by CM. Phospborylation by CKI pments the nomal 

inactivation of these PP1 ngulatots, maintaining PPl inactivated. 



Substrates of CKI include enzymes involved in metabolism such as acetyl CoA 

carboxylase (41, 42), the enzyme that catalyses the initial step of fatty acid 

synthesis. Although phosphorylation by CKI has no duect effect on acetyl CoA 

carboxylase activity, it is proposed that CKI may play an indirect role in the 

insulinmediateci activation of this enzyme (43). Glycogen synthase (GS), the 

rate-limiting enzyme in glycogen synthesis, is phosphorylated by CU, and this 

resuits in decreased activity of GS (44-48). In addition, when GS is previously 

phosphorylated by the cAMPdependent pmtein kinase (PU), the rate of 

phosphorylation and thereby inactivation by CKI is increased by 3-to 5- fold (49, 

50). 

CKI phosphorylates many proteins that play an important role in maintenance of 

ce11 shape and morphology. For example, CKI found in the cytosol and 

membrane of erythrocytes, phosphorylates red ce11 membrane proteins such as 

spectrin (5 1, 52). a major detenninant of erythrocyte shape and deformability. 

CKI also phosphorylates the sialoglycophorins (51) and fibrinogen (53, 54). 

Lastly, CKI phosphorylates troponin, myosin light chah, myosin light chah 

kinase, tubulin, and microtubule-associatcd protein 2, components of mammalian 

muscles (55.56). 

Evidence in vivo for protein phosphorylation by CKI is very sparse and includes 

glycogen synthase (57), SV40 large T-antigen (27), CREM (32), and pS3 (29). 

Although a variety of protein substrates have been reporteci for CKI, in relatively 

few cases have fùnctiond changes as a result of phosphorylation been noted. 

1.4 Yeast CKI 

In buddhg yeast, kccharomycts cerdiiae, HRR25, YCKI, YCKZ, and YCIC3, 

have ban idaititi4 as CKI proteins with moleculsr weights ranghg h m  55 to 

6 2 k h  (58,59,60,61). 



YCKl and YCK2 (also called CK1 and CK2, respectively) are an essential gene 

pair, whereby deletion of either gene alone has no effcct on growth but deletion of 

both genes results in inviability of yeast cells (59). The two protein kinases share 

an overall77% aa identity to each other, and 94% identity in their b a s e  domains 

alone (60). The predicted pmtein sequences of the YCK genes define for larger 

CKI enzymes of 6042kDa that possess 5045% aa identity with their m k a l i a n  

counterparts (62). The Yck proteins perfoim fiinctions essential for ce11 growth 

and division (60). More specifically, the phenotype of YCK mutant cells suggests 

that the Yck proteins play a rolc in bud morphogenesis, possibly in the conml of 

ce11 growth polarity and cytokinesis. in addition , overexpression of YCKl and 

YCKî confers halotolerance to yeast cells (59). The C-terminal sequences of the 

Yck proteins includes a prenylation motif that anchors them to the cytoplasmic 

side of the plasma membrane and is icquired for their full biological function (60, 

62,63). 

The third CKI in S. cerevisiae, HRRZS, encodes for a 58kDa gme product, whose 

kinase domain shows 86% sirnilari& and 68% aa identity with other mammalian 

CKI enzymes (64). The HRR25 gene was h t  identifiai h m  a yeast mutant ceil 

line sensitive to DNA-damaging agents (58). Phaotypic analysis of HRRZS 

mutants suggestcd that HRR25 encodes a reguiator of DNA double strand-break 

repair. in addition, HRR25 mutant cclls cannot enter mciosis, and during mitosis, 

show defacts in nuclear segregation. HRMS is also involved in transcriptional 

response to DNA damage through its interaction with the phosphorylated 

transcription factor, Swi6 (65). Whereas Yck proteins associate exclusively with 

the plasma membrane, most hn25 protein localizes with the ce11 nucleus and 

contains a putative nuclcar localization signai (58). 

The fourth CKI gcne in budding ycast, is the YCK3 gaie (61). YcW pmtein is 

plasma membrane-~ssociated but most wfhctionatcs with nucleus, likc W S p .  

Genetic studies showed that YCIU and HRR25 collstitutc an essential gene pair, 

although YcWp cm wepkly substitute for YcklpYciQp. YCK1.2, and 3 genes in 



increased dosages can overcome the growth defect of gcsl gene A mutant cells, a 

gene which normally mediates the resumption of ce11 proliferation fiom the 

starved, stationary-phase statc (6 1). 

in fission yeast, Schizosacchîaromyces pombe, there are four CKI-like genes, 

ckil', ciki2'. hhppl', and hhpZ', which encode proteins h m  45 to SOkDa in size 

(66,67,68). 

ckil' and cki2' gene products are most nlated structurally (67969% aa identity in 

the catalytic domain) and enzymatically (complement yckA mutants) to the YCK 

gene products of budding yeast (66). Subcellular fractionation experiments 

demonstrate that ckilp and cki2p are both cytoplasmic proteins. Gene dismption 

experiments show that neither ckil' nor cki2' is essential for ce11 viability. 

Overexpression of cki2p leads to severe growth defects and aberrant morphology, 

suggesting that cki2' regulates ceIl morphology. 

hhpl' and hhp2+ are closely related to each other (75% aa identity in kinase 

domains) and to mammalian CKI-a (>68% aa identity) (68). Furthennote hhp' 

gene products shan %5% aa identity with Hrr25p of S. cerevisiae, 

complementing HRR25A mutants. Single and double mutants in hhp' genes are 

sensitive to DNA-damaging agents that cause DNA double strand breaks, 

suggesting that hhpl' and hhp2+ regulate DNA repair pathways. 

Although the gene structure and classical characterization of CKI activity revealed 

CKI enzymes are most closcly related to serlthr protein kinase, several of the yeast 

CKI (HRR25, ckil*, hhpl', and hhp2') have been identified as dual-specificity 

enzymes (69). The enzymes expresscd in fichenchia coli (E. Colt], were 

rewgnized by anti-phosphotyrosint antibadies and subsequently show by 

phosphoamino acid analysis to phosphorylate serine, thi#,nine, and tyrosine 

residues. nie function of tyrosine phosphorylation by CKI enzymes is not known 

but may point to an important fbction of these enzymes in yeast. Nevertheless, 



in yeast, CKI enzymes seem to function in regdation of DNA repair and ce11 

morphology. 

1.5 CKI Mammalian Isoforms 

Originally considered a single cntity, in ment years it has become apparent that 

casein kinase 1 consists of multiple isofoms that are mon closely relatèd to each 

other (>50% identity) than to any other proteln kinase (5 21% identity) (70). 

Mammalian CM activity stems fiom the existence of 7 ciosely related isoforms, 

designated CKl-a, CKI-P, CKI-y1-3, CKI-6, and CK1-e. Al1 together, 

mammalian CKI isofoms comprise a distinct family of protein kinases. 

1.5.1 CKIa and CKIP 

CKI-a and CH-p full-length cDNAs werc first isolated fiom a bovine brain 

cDNA library (70). The coding sequence of the CKIa cDNA encoded for a 325 

amino acid protein with predicted molecular weight of 37.6kDa, whereas CKI-B 

cDNA predictcd for a 336 amino acid protein of 38.7kDa. By Northem blot 

analysis, the messages for CKIa were 4.1 and 2.2 kb in bovine brain total RNA 

but only the 2.2 kb transcript was found in bovine thymus total RNA. Isolation of 

two complete cDNAs (CKI-a and CU-P), likely representing 2 distinct genes, 

constituted the f h t  findings that CKI activity in mammalian tissues or ce11 

extracts was cornposecl of more than one protein kinase activity. Furthemore, in 

the same study, a partial cDNA of CKI-a that containeci a 84-base pair (bp) in- 

frame shift, was isolated âom the bovine brain cDNA library, and designated 

CKI-aL. This mggestcd the existence of an alternatively spliced f om of the 

CKI-a gene product. In a subsequcnt study, characterization of gaiomic DNA 

flanking the exon unique to CKI-aL conhned that CKI4 and CKI-aL are two 

proteins that arise by alternative splicing of a common pre-mRNA molecule 

transcribad h m  a single gaie (71). The NI-lnigth cDNA encoding the CKI-a 

isoform was also cloned b m  a rabbit skeietal muscle cDNA library (72). The 

recombinant CKI-a cxprts8cd in E. Cdi is an acâive kinase that phosphorylates a- 



casein, phosvitin, and a CKI-specific peptide, DDDDVASLPGLRRR @4). The 

enzyme was inhibited by CKI-7 with an IC, of 70 W. Surprisingly heparin 

inhibited phosphorylation of phosvitin or the D4 peptide, while pol ylysine 

stimulated phosphorylation of the D4 peptide. The fact that CKI-a activity was 

altered by treatment with two known replators of CKII activity, made it clear that 

the individual CKI isoforms have different enzymatic properties and hence could 

have distinct cellular fùnctions. 

Lastly, the human homolog of CKI-a (hCK.1-a) was cloned by PCR using primers 

designed fiom sequence of Xenopus Iaevis CKI cDNA (73). The human CKI-a 

cDNA encoded for a 38.9kDa and 337 amino acid protein, that is identical to the 

bovine CKi-a protein except for an additional 12 amino acids at the C-terminus. 

The human C K I a  gene was mapped to human chromosome 13q13 by fluorescent 

in situ hybridization (FISH). This study fepresentd the first cloning and 

chromosomal localization of a gene c o b g  for a human CKI. 

1.5.2 CKly Subfamily 

In the same shidy by Rowles et af., a paitial cDNA fiom the bovine brain cDNA 

library was isolated and encoded for a third CKI enzyme, designated CKI-y (70). 

Using this bovine partial CKLy cDNA as a probe, a rat testis cDNA library was 

screencd (74). Three full-length cDNAs, designatecl CKI-y 1, CKI-y2, and CKI-y3, 

wen isolated and encoded for proteins of 390, 414, and 448 amino acids, 

respectivcly. Th& respective predictcd rnolecular weights are 43, 45.5, and 

49.7kDa. Al1 three C33-y enzymes contain signature CKI sequences and share 

5 Mg% identity to other mammaiian CKI isofom. Nevertheles, the y-enymes 

share 90.93% identity within their protein b a s e  domallis and 69.78% identity 

over their entire length, and therefore fonn a novel subfamily of CKI. The 

messages for CKI-yl (2 kb), C m 2  (1.5 and 2.4 kb), and C K . 3  (2.8 kb) were 

detected by Northern analysis of poly(A)+ RNA h m  rat testis using isoform 

specific probes basai on 3' nonadhg quences. AU three CK1-y isoforms are 



active enzymes in E. Coli and autophosphorylate in the presence of ATP and 

Mg? Heparin stimulateci the phosphorylation of the D4 peptide by al1 thm 

enzymes. However, CKI phosphorylation of phosvitin and a-casein by al1 îhree y- 

isofoms is inhibited by heparin. CU-7 inhibited al1 thne CKI-YS, although less 

effectively than for other mammalian CKI isofoms. The IC, values for CU-7 

inhibition of CH-y1 and -y2 activity, were 200pM and 60pM, respectively. For 

CH-y3,30% inhibition was achieved with 300pM CKI-7. 

The human homolog of CU-@ (hCKI-y2) was isolated fkorn a human testis 

cDNA library (75). The hCKIy2 cDNA predicted for a 416 amho acid protein 

with 83% homoiogy at the nucleotide level and 94% homology at the aa level 

with the rat CIU-y2. The 3' region of human CKI-yZ cDNA (30% coding 

sequences and 70% 3'UTR) was used as a probe for Northern blot analysis of 

various human tissues poly (A)+ RNA. A CKIy2 mRNA of 2.4 kb was found in 

testis poly (A)+ RNA but a weaker 3 kb transcript was found in al1 tissues. The 

human CKI-y2 rnRNA of 2.4 kb agrees with the length of rat CKI-y2 transcript 

reported by Zhai et a1.(74), and indicates that the expression of CU-y2 in both 

humans and rats, is highest in testis. The human CKI-y2 gene, designated 

CSM(lG2, was mapped to chromosome 19 p13.3 by FISH and PCR analysis of 

humdradent hybnd ce11 panels. 

1.5.3 CK16 rad CKIE 

Rowles et al., a h  isolated a PCR product h m  the bovine brain cDNA library, 

that encoded for partial sequences of yet another CKI enzyme, designated CKI-6 

(70). At the same t h ,  another p u p  independcntly isolated a partial CKI-6 PCR 

product h m  tabbit testis (59). Screening of a rat testis cDNA library with this 

second PCR pmduct yielded the hi11 length CKId cDNA, encoding a protein of 

428 amino acids and molecular weight of 49kDa (76). North- blot analysis of 

rabbit or rat totiû RNA, using a probe gencrated h m  the coding region of C W ,  

meaied 3 hybridizing specits of 3.5-4.1, 2.2, and 1.9kb. The largest transcnpt 



was detected in al1 tissues examincd whereas the 2.2 and 1.9kb messages are only 

found in testis. The enzyme was expressed in E. Coli as an active kinase, with an 

apparent molecular weight of SSkDa, which phosphorylates acasein, phosvitin, 

and the D4 peptide. nie recombinant enzyme was inhibited by heparin when 

phosvitin and a-casein were used as substrates, with half-maximal inhibition at 

11.5pg/ml and 200pg/ml of heparin, respectively. Whcn the D4 peptide was 

used, recombinant CKI-6 was also inhibited by CH-7 with an IC,, of 12pM. In 

contrast, heparin activated CU-â activity towards the D4 peptide by 4- to 5-fold 

and with half-maximal activation at 9Spg/ml. Truncation of 11 1 arnino acids 

fiom the C-terminus of CKI-6, resulted in an enzyme that was no longer activated 

by heparin, suggesting that the C-terminus is requireâ for the effect of heparin. 

This was the first evidence for the existence of a regulatory domain in a CKI 

enzyme. Nevertheless inhibition by CKIJ was nlatively unchangeci with IC, of 

1 OpM and 12pM for the tmncated CKI-6 and full length CKI-6, respectively. 

Based on the sequence of bovine CKIâ, a novel human CKI enzyme, designated 

hCKI-e, was cloned fiom a human placenta1 cDNA library (77). The cDNA for 

IiCKI-E predicts for a 416 amino acid protein with a molecular mass of 

approximately 47.3kDa The hCKI-e catalytic domain (28%) is 53.98% 

identical to the kinase domain of other mammalian CKls but is most closely 

relatecl to CKI-6 isofonn in that it has an extended C-terminal tail (97% identical 

in their Linase domains and 53% identical in C-taminus extensions) (76, 77). 

However, hCKI-E is a distinct gene h m  CKI6 isoform for s e v d  reasons. Most 

notably, hCKI-E and hCKI-6 w m  mappeû by FISH to distinct loci, that is 

chromosome 22q12-13 and chromosome 17925, respectively (77, 78). Northem 

blot analysis of poly (A)+ RNA h m  HeLa cells and of total RNA h m  8 

different human ce11 lines gave one major message of 2.7-2.9kb and a second 

minor message of 1.6-1.77kb, for hCKI-S. hCKI-E expressed in E. Coli is an 

active enzyme able to autophosphorylatt and phosphorylate the D4 peptide, 

phosvitin, end aasein. Phosphorylation of the D4 peptide by the recombinant 



hCKI-c is inhibited by CKI-7, with K,of 18w. 

Despite the identification of numemus CKI isofomis in marnmals, we still do not 

understand what is the cellular fiuiction of CU. 

1.6 Poteatial Roles of CKI 

Information fiom lower eukaryotes such as yeast bas facilitated the study of 

mamrnalian CKI isofomis and allowed the elucidation of possible CKI functions. 

The CKI gene farnily can be divided into three subgroups according to their 

structure and f'unction (67). 

The h t  subgroup including CKI enzymes that cegulate nuclear processes, are 

mostly localized in the nucleus, and appear involved in response to DNA damage, 

espeeially in the repair of DNA double-stcaad breaks. Members of the nuclear 

subfamily include HRR25 which was cloned in a screen for budding yeast 

mutants sensitive to DNA double strand breaks (58, 63, 64), and the S. pombe 

essential gene pair, hhpl' and hhp2' (67,68). The marnmalian homologs of these 

genes are the closely related CKI-6 and CKI-E also implicated in respowe to DNA 

damage. For instance, the human CKI-E gene partially complements S. cerevisiae 

with a deletion of the H m 5  gme (77). 

The second subgroup includes die inncr plasma membmt-associated YCK gcne 

products in budding ycast, which regdate cytoplasmic proccsses such as ce11 

morphology and ce11 growth polarity (62,63,66). Ovacxprcssion of YCK genes 

remlis in halotolerance suggcsting CKI îùnctiom in osmolarity signaüng pathway 

in budding.yeast (79). Other members include theu fission yeast counterparts, 

cikil' and cki2' (66). and the mamrnalian CKI-y isoforms (63). Although CH-y1 

and CKI-y3 are not assaciated with the plasma membrane, they are consideml 

part of this subpup becausc they restorcd celi morphology and growth defecui in 

YCICA mutant ycast ceHs (74). The third y-isoform, CKI-72, was not tested for its 

ability to rcscue YCKA mutant yeast ctb. 



The third subgroup includes CKI-a and -P which are found in the nucleus and 

cytoplasm and may thus perfom multiple functions. Despite their high sequence 

homology to HRR.25 (70% aa identity in kinase domains), these enzymes are 

considend a separate C U  subgroup due to theu different structure and huiction 

(67). Mammalian CKI-a exhibits ce11 cycledependent localization to mitotic 

spindles suggesting its huiction in rnitosis @O), a role supporteci by the 

requirernent of CKI-a for proper ce11 cycle progression h m  interphase to mitosis 

in the fertilized mouse oocyte (81). In addition, a pnparation of CKIa fiom 

human erythrocytes possessed tyrosine kinase activity, and catalyzed the tyrosine 

phosphorylation of a variety of substrates such as angiotensin-II, tyrosine- 

containing peptides, allcylatcd bovine seruxn albumin (BSA), band 3, and ankynn 

(82). Furthemore, partial1 y purifieci preparations of mammalian CK1-a are 

activated by insulin, interleukin-1, and, TNF, suggesting a role of CKI enzymes in 

signal transduction (83,84,85). 

Lastly, cell-sdace receptor activity and signalhg have been shown to be 

regulated by CKI phosphorylation. For instance, phosphorylation of the 

p75 TNF receptor by CKI, negatively regulates TNF-induced apoptosis (34, 35). 

The phospholipase C-coupled m3-rnuscarinic receptor, a G-protein-coupled 

receptor (GPCR), is serine phosphorylated in an agonist-sensitive manner by CIU- 

a (36). Similarly, phosphorylation of SteZp, a yeast GPCR, by C U  enhances 

intemalization and downregulation of Ste2p (86). Finally, in our laboratory we 

have demonstrated that serine phosphorylation of the ligand-activated P-PDGFR 

by Cm-y2 inhibits the reccptor's autophosphorylating activity (37). 

1.7 CKI Structure and Regulitloi 

Studits of yeast and marntnalian CKI isofonns have cnaôled us to lcam more of 

the structure of CKI family m c m h .  Al1 CKI enzymes consist of a highly 

COtlse~d approximately 290 aa N-t& kinase domain followed by a pooriy 

conserved C-tenninal region that is highly variable in length (24->200 aa) and 



arnino acids (63,67, 87,88). With the exception of mammalian C K I s  and CKI- 

p, al1 mammalian CKI isoforms and their yeast counterparts in S. cerevisiae and S. 

pombe, show C-temiinal extensions beyond theu kinase domains. It has become 

apparent that several huictions can be attributed to the C-terminus extensions of 

CKI farnily members. For instance, the C-terminus is important in some isofoms 

for the proper targeting and localization of CKI proteins in the cell. Both Yck 

proteins h m  S. cerevisioe contain C-terminal consensus sequmce motif for 

prenylation which is the principal fcature responsible for targeting Yck proteins to 

the plasma membrane, and in absence of this prenylation motif, Yck proteins do 

not have full biological hct ion as they are inappropriately localized in the cells. 

Secondly, the C-terminal extensions of various CKI isofoms are hplicated in 

autoregulation of CKI catalytic activity. Studies with synthetic substrates and a- 

casein, indicate that autophosphorylation of CKI in its C-terminus, can inhibit its 

kinase activity (89.76). Kinetic charactehtion of the purifieâ catalytic domain 

and other C-terminal deletion mutants of S. pornbe Ckil protein suggests that the 

C-terminal domain regdates the catalytic activity (89). For instance, 

autophosphorylation in the C-tcnninal domain of Ckilp results in a 4-fold 

decrease in a t y  for substrates. In con- C-terminal truncated a l p  

presents a 3-fold activation in cataiytic rate. This activation may arise h m  the 

removal of an inhibitory domain preseat in the intact enzyme. Similarly, for CKI- 

6, its C-terminal domain has also been demonstrateci to regulate the catalytic 

activity. In fact, a tnuicated CKI6 lacking the C-terminal I l  laa, was no longer 

activated by heparin (76). A phosphorylation-dependent inhibitory domain in 

CU-6 was mapped to a 26aa scquence in its C-terminal tail, whereby activation 

by heparin or phosphatases appears to be dependent on the prwmcc of C-temiinal 

domain (87). A similar mcchanism of regulation by the C-ttrmjllus was identified 

for CICI-€ (88). CKIe contains a hypaphoqhorylated C-terminal tail that 

inhibits its activity t o w d  exogenous substrates but may be rclieved by 

phosphatase trestmcnt and intracellular protcolysis in vivo. The existence of  such 

a mechanism of replation in vivo was c o n h e d  with observations that although 

CKI-S and CKI:-E are aôle to autophosphorylate ni v h .  they are actively 



maintained in cells in dephosphorylated, active state by serinedthreonine 

phosphatases (90). This dynamic autophosphorylation/dephosphorylation cycle 

regulated by phosphatases, provides a first clear mechanism for CKI regulation in 

vivo. 

0 t h  rnechanisms of replation are proposai for CKI dthough th& are not 

clearly demonstrated. Bnefly, hormonal stimulation (83, 91, 92) or viral 

transformation (93) may regdate CKI activity as insulin-treated and viraiiy- 

transformai cells have elevated CKI activity (83, 93). Lastly, inhibition of CKI 

activity by phosphatidylinositol 4.5 bisphosphate (PIPZ) was observed (94, 95) 

whereby interaction with a substrate-bearing organelle such as the plasma 

membrane in this case, may provide another means of regulation. 

1.8 CKIy2 and Nck 

In our laboratory, a previous study (96) has nporteâ that in the yeast two-hybrid 

system, the extremity C-texminal of CU-@ intetacteci with a particular signal 

transducing molecule calleci, Nck. 

Nck is a 47kDa protein, localizeâ in the cytoplasm and nucleus (97) of cells. Both 

Nck mRNA and Nck protein are detecteâ in a wide variety of tissues and ce11 

lines, indicating that Nck has a fùndamental role for ce11 activity (98, 99). Nck 

cDNA was first isolatcd from a human melanoma library by cross-hybndizing 

with a monoclonal antibody produccd against the melanoma-associated antigen, 

MUCl8 (100, 101). Howevcr, Nck cDNA encodes for a 377 amho acid protein 

that has no homology with MUC18, and lacks any signal peptide, transmembrane 

region, or catalytic domaia. Instead, Nck consists almost exclusively of Src 

homology (SH) domains (101), which arc collscwed protein modules that mediate 

specific protein-protein interactions in signal transduction cascades downstream of 

activateci ce11 surfiicc rrceptors. Nck amino acid sequence meals three 

consecutive SH3 domains at the N-t&us followcd by one SHZ domain at the 

C-terminus (101). The SH2 domain (mimd in 102, 103) is a sequence of 



approximately 1 OOaa that recognizes specific phosphotyrosine sequences (1 04). 

The shorter SH3 domains are approximately 60aa long (reviewed in 102, 103) and 

recognize short prolim-rich motifs in consensus PXXP sequence (105). Nck is 

part of a special group of non-enzymatic signaihg molecules which includes 

Grb2, Shc, Crk, and p85 subunit of PU-K. They are collectively known as 

adaptors and hc t ion  to lhk signaling molecules within the cells (102, 106). 

Binding of growth fectors (GF) by ieceptor tyrosine kinases induces receptor 

dherization and autophosphorylation of specific tyrosine tesidues within their 

intracellular domains. Nck is believed to act as an adaptor protein that couples 

activated receptor tyrosine kinases (RTK) via its SH2 domain to downstrearn 

proline-rich effector proteins via its SH3 domains. A variety of extracellular 

stimuli, including EGF, PDGF, NGF, insulin, high affinity IgE R (FceRI) 

clustering, as well as activation of T- and B a l 1  antigen receptor al1 lead to 

increased phosphorylation of Nck (107, 108, 98, 109, 99). Meed, Nck via its 

SH2 domain, binds directly to the PDGF receptor (1 1 O), the EphB 1 receptor 

(1 1 l), and indirectly with the EGF nceptor (1 l2), in a ligddqmdent manner. 

in addition, Nck binds via its SH2 domain, to non receptor protein tyrosine 

kinases (NRTK) such as p60m and p56'5k, manbers of the Sn: farnily of protein 

kinases (1 07, 1 13). Nck also binds to the intracellular tyrosine-phosphorylated 

IRS- 1 (1 08), which upon insulin stimulation, associates the insulin receptor, and 

serves as a docking protein for Sm-containing signaling molecules. The 

association of Nck with RTKs, NRTKs, and other intracellular tyrosine- 

phosphorylated proteins suggests that Nck is a common mediator of signal 

transduction. Finally, Nck is oncogenic whenby its ovenxpression leads to 

cellular transfomation of NM 3T3 nbroblasts, colony foxmation in soft agar, and 

tumor formation in nude mice (98, 107). 

The biological nsponses involving Nck or sparsc. Nck has bbcii implicated in 

photoreceptor axoaal guidance in Drusophila (1 14), and domvtntra1 patternhg 

in Xenopus (1 15). Nck is also implicated in mitogenesis as it is required for 



PDGF-induced DNA synthesis in fibroblasts (116). Furthemore, Nck 

overexpression causes continuous proliferation of PC12 (Rat aàrenal 

pheochromocytoma) cells and blocks their NGF- and bFGF-induced 

differentiation (1 1 7). 

Despite these evidences of Nck involvement in specific biological respo&es, little 

is lmown about the mechaaism by which Nck mediates these processes. More 

specificaily, what are the signaling pathways initiateci downstream of Nck 

recmitment? In recent years, identification of effector molecules that interact with 

Nck's SH3 domains has been viewed as a step to understanding more about Nck. 

Nck through its SH3 domains, has been shown to interact with effcctor proteins 

implicated in the regulation of cytoskeleton by small GTPases (Ras, Rho, Rac, 

and Cdc42) (118). For exarnple, Nck interacts with SOS, an activator of Ras 

(1 19). and with the Wiskott Aldrich syndrome protein (WASP), a putative effector 

of Cdc42 (120, 121). In addition, several serine/threonine protein kinases 

including, PRK2 (sirnilar to che Rho effector PKN) (122), N[K (a Ste2O family 

member coupled to activation of MEKK4 and JNK) (123), and PAK (a SteZO 

family member that is activated by Cdc42 and Rac) (124, 125, 126) were shown 

to associate with Nck through its SH3 domains. Lastly, Nck association with Cbl, 

a major RTK substrate that possibly inhibits cellular signaling (1 27- 129). and 

Sam68, an RNA binding protein that is a major substrate of cdrc in mitotic cells 

(97), codïrms its place downstrearn of RTK and NRTK but does not explain the 

biological signi ficance of these interactions. 

Recently, CKI-y2 has been addd to the list of cffector proteins that associate to 

the SH3 domains of Nck. In fact, a pnvious study in our laboratory (96), 

demonstrated that the C-taminol domain of CKI-y2 interactad with the three SH3 

domains of Nck in the ycast two-hybrid system. The pmscncc of a poline-rich 

motif in the C-temiinus of CKI-y2 supports its interaction with the SH3 domains 

of Nck. Furthexmore, a serindthreoninc protein kinase activity with CKI 

enzymatic characteristics was observcd in Nck immunoprecipitates and associated 



with recombinant Nck constructs encoding its SH3 domaias. CU-y2 and Nck 

interaction was shown to be a direct and constitutive association that was 

unaltered by insulin stimulation. In addition, a rabbit polyclonal antibody raised 

against the C-terminal domain of CH-y2 (hm the yeast two-hybrid screen) 

recognizeà a p75 CKI-y2 in the Nck immunopmipitates from HTC-IR (rat 
t 

transformed hepatocytes overexpressing the insulin receptor) cells. Overall, these 

data support the in vitro and in vivo interaction of CH-y2 with the adaptor 

protein, Nck. 

1.9 Rationale and Objectives of Study 

The molecular weight of CKI-y2 predicteà from the cDNA (45.5kDa) is smaller 

than that of CWy2 coprecipitated with Nck (approximately 75kDa). It is 

important then to characterize (his CKLy2-like p75 coprecipitated with Nck in 

order to demonstrate that it is indeed a CKI enzyme. In addition, possible 

explmations for this molecul ar weight di ffferrnce, such as hyperphosphory lation 

or pst-translational modification of the m e ,  will be exploreci. Confirzning 

the association of CKI-y2 with Nck, a meâiator of signal transduction fkom 

activated RTKs, will greatly enhance our knowledge of the dinerent signaihg 

pathways in which Casein Kinases participate. It is thmfore worthwhile to 

detemine if Nck is a substrate of CH-y2, in order to understand the effects of 

casein kinase phosphorylation cvents in cells. Regulation is still an open question 

for the casein kinases, and &fore detcmiining if extracellular stimuli can 

modulate CKLy2 activity associated with Nck is significaut. For instance, since 

Nck is rectuited by IRS-1 to the insulin signaling pathway, it would be 

worthwhile to see if  CKI-y2 activity is modulateû by insuiin. In summary, the 

objectives of this study am to charactetize the p75 CKI-yî constitutively 

associatcd with Nck. Secondly, it wiU be dctctmined if Nck is phosphorylated by 

CKI-y2. in addition, it will be detcrmined whcther insulin is a possible 

extracellular stimuli that madulates CICI-y2 activity and wnsequently Nck 

phosphory lation in vivo. 



Materials and Methods 

2.1 Cloning of the Full-Length Morse CKI-y2 cDNA 

A cDNA hgment coding for the C-terminal region of the mouse CH-y2 cDNA 

(residues 192-4 14), previousl y isolated h m  a yeast two-hybnd screen using the 

three SH3 domah of Nck as a bait (96), was usad to probe a rnouse brain cDNA 

library (Sratagene) (approximately 1.8 x 106 independent recombinants). The 

probe was labeled by randorn priming and hybridized to filters containing 

approximately 1 x 10' recombinants per filter. Prehybndization was performed ai 

63*C, for at least 2h, in a 5 x Denhardt's solution (1 x Denhardt's solution: 0.02% 

(w/v) each of Ficoll, polyvinylpyrmlidone, and BSA), 6 x SSC (1 x SSC: 0.15M 

sodium chloride and lSmM sodium citrate, pH 7.0), 0.01M EDTA pH 7.4, 0.5% 

SDS, and O.lmg/ml of salmon sperm DNA. Hybridization was performed 

ovemight under identical conditions to those used for prehybriduation except for 

addition of the radiolabeled probe 0.5-1 x 106 cpmfml (instead of salmon sperm 

DNA). Nitrocellulose filters were washed twice in 2 x SSC containhg 0.1% SDS 

for 30 min at 63OC. If necessary, a third wash was carried out in 0.2 x SSC 

containing 0.1 % SDS for 30-60 min at 63OC. Following autoradiography of the 

dried filters using intensifjmg screens, 8 positive clones were identified and 

plague-purified. Each cDNA insert was rescued in pBluescript by CO-infection 

with a helper phage accordhg to the manufrichuer's iasüuctions (Sratagene). The 

cDNAs were quenced on both strands using the didooxy method of Sanger et 

ai., (130, 131). 

2.2 Antibodies 

A polyclonal CKI+ antibody (1602) was pduced by immwiiziag rabbits with a 

GST fusion protein comprishg the C-temiinnl portion of CKI-y2 (residues 192- 

414) (96). A second polyclonal CKI-y2 antibody (1986) was pduccd by 

immunizing raôbits with a GST fusion protein comprishg the full-length CWy2 



(residues 1-44). A polycloaal Nck antibody (1698) was previously raised in 

rabbits by immunmg with a GST fusion protein containing the three SH3 

domains of human Nck (residues 1-251) (96). The specificity of each antibody 

was conf'umed by displacement with their respective antigen. A second 

polyclonal Nck antibody rPised against the SH3 domains of human Nck (residues 

1-254) (UBIW-288) was purchased from Upstate ~io techno lo~~  Inc.. 

Recombinant anti-phosphotyrosine antibody coupled to horseradish peroxidase 

(RC20) was purchased h m  Transduction Laboratones. 

2.3 Cell Culture 

Al1 cells were grown in a humidifieci atmosphere of 95% air and 5% CO, at 37°C 

and in the presence of l x  solution of antibiotics-antimycotic (100 x solution: 10 

000U/rnl penicillin G sodium, 10 000pgIml stnptomycin sulfate, 25pg/ml 

amphotcricin B as Funghone @ in 0.85% saline; Life Technologies, Inc.). HTC- 

IR (rat hepatoma transfomicd cells ovmxpressing the human insulin receptor) 

cells were grown in Dulbecco's modified Eagle's medium (DMEM, Life 

Technologies) containing 10% fetal bovine senun (FBS, Life Technologies) and 

maintained in selection medium containing 40pg/ml of Grneticin (G418, Life 

Technologies). Rab2 (rat fibroblasts), 293 (adenovKus Ad5 transfonned hurnan 

embryonal kidney), and Cos-lp (monkey kidney) cells were grown in DMEM 

containing 10% FBS. PC 12 (rat adrenal pheochromocytoma) cells were grown in 

DMEM containing 10% FBS, 5% home senun (Life Technologies) and 

maintained in seldon medium containhg 40pg/ml of 0418. FA0 (rat hepatoma 

transformed cells daivd h m  H35) (132) cells wen  grown in F-12 COON'S 

Modification (Sigma) containing 10% FBS. HeLa @umsn c h  epitheloid 

carchma) cells wcre grown in Minimum Essentiai Mcdium (Life Technologies) 

containing 10% FBS. 3T3-L1 fibroblasts (mouse embryo fibroblasts) wen p m  

in DMEM low giucose (1000mg/ml) contaihg 10% calf semm (Life 

Technologies) and 2 days post-confluency wcn treated with differentiation 

medium comprised of DMEM high glucose (4500mg/ml) containing 10% FBS, 

lpg/ml insuiin, 0.1 pglml dexamethasone, and 112pg/ml 



isobuthyhethylxanthene. Mer  2 days, the differentiation medium is replaced by 

DMEM hi& glucose containing 10% FBS and lpglrnl insulin for 2 more days. 

The medium is cbanged every 2 days for DMEM high glucose containing 10% 

FBS. The 3T3-L1 adipocytes (mouse embryo adipocytes) are used 10-12 days 

after the beginning of the differentiation process. 

2.4 Ce11 Lysis, Immunopmipitation, and Immunoblotting 

Preparation of ce11 lysutes-HTC-LR cells were washed twice with cold phosphate- 

buffered saline (PBS: 0.08M dibasic sodium phosphate, 0.02M monobasic sodium 

phosphate, and 0.1 M sodium chloride; pH 7.5) and then lysed in l%Triton lysis 

buffer (50mM Hepes pH 7.5, 150rnM Sodium Chioride, 10% (vlv) Glycerol, 1% 

(vlv) Triton-X-100, 1 SmM Magnesiurn Chloride, lOmM Sodium Pyrophosphate, 

1 OmM Sodium Fluonde, 1 mM Phenylmethylsulfony 1 Fluoride, 1 Opglml 

Aprotinin, IOpgIml Leupeptin) for 10min at 4OC with gentle agitation. Lysates 

were clarified by centrifugation at 10 000 x g for 10 min at 4OC in JA-17 rotor 

(Beckman). In some experiments, cells were lysed in homogenization buffer 

(5mM Tris-HCl pH 7.4, 1mM Benzamidine, ImM Phenylrnethylsulfonyl 

Fluoride, 2mM Sodium Fluonde, 2m.M Sodium Orthovanadate, 1rnM Magnesium 

Chloride, and 0.2SM Sucrose) and homogenized using a Teflon-glas 

homogenizer. Lysates were clarified by centrifùgation at 10 000 x g for 10 min at 

4OC in JA-17 rotor (Beckman). 

Imunoprecipiiaiion-For ( 3 3 - y 2  immunoprscipitation, clarified ce11 lysates were 

incubated with normal sonim and either protein A- or protein G-sepharose beads 

for l h  at 4OC. The precleaccd lysates wcre then incubated with anti-CKI-y2 

antibodies and either pmtein A- or protein O-sepharose beads for 9ûmin, 4 4  or 

ovemight at 4OC with gentle agitation. For Nck immunoprecipitation, clarified 

ce11 lysates were incubated with normal senim and protein A-sephamse beab for 

1 h at 4OC. The precleared ce11 lysates were subsequently incubatecl with anti-Nck 

antibodies and protein A-sepharose beaâs for 90 min, 4h, or ovemight at 4OC with 

gentle agitation. Immunocomplexes were washui twice with 0.1% Triton lysis 



buffer (2ûmM Hepes pH 7.5, lSOmM NaCl, 0.1% Triton X-100, 10% (vlv) 

Glycerol, 1 m M  Phenylrnethylsulfonyl Fluoride, 1 Opg/ml Aprotinin, 1 0pg/ml 

Leupeptin) and eluted in Laemli  buffer (1 33). 

Immunoblotting-Upon SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 
t 

proteiw were transferred to nitrocellulose or polyvhyIdifluoride (PVDF) 

membrane, and blocked in TBS-T (TBS plus 0.05% (vlv) Tween 20) containing 

5% of dry milk for 30min at room temperature. Incubation with the prllnary 

antibody was carried out for 1 h at room temperature followed by extensive washes 

in TBS (0.02 M Tris base and 0.1 M sodium chloride; pH 7.6) and TBS-T. 

Incubation with the secondary antibody (protein A conjugated to honeradish 

peroxidasc, abbreviated pmtein A-HRP) in TBS-T was carrieci out for lh  at room 

temperature. Mer extensive washes in TBS and TBS-T, the proteins were 

visualized by enhanced chcmiluminescence ('CL, Amershm Corp.). In some 

experiments, incubation with the seconàary antibody (goat anti-rabbit antibodies 

labelcd with IU1, abbreviated lUI-GAR) was c d e d  out in TBS-T containing 5% 

mik for lh at room temperature. Following extensive washes with TBS and 

TBS-T, the membrane was dried and proteins visualizad by autoradiography. 

2.5 Characterization of Anti-CKLy2 Antibodies 

Clarified HTC-IR cell lysates prepared in homogenization buffer were incubated 

with anti-CKIy2 antibody (1602) or normal senun in the presence of Protein A- 

Sepharose beads, for 9ûmin at 4OC. Immunoprecipitated proteins and proteins 

fkom total ce11 lysate (20pg) were nsolved by SDS-PAGE (7.5% acrylamide gel) 

and transferred to nitrocclluiose. CKI-y2 was rcvtPkd by immunoblotting with 

anti-CKI-y2 antiôoây (1602), protein A-HRP and ECL. 

Similarly, clarified HTC-IR ce11 lysates prqared in 1% Triton lysis bufl'er were 

incubated with anti-CKI-y2 antibody (1986) or normal senun in the presence of 

protein A-Sepharose beads, for 4h at 4OC. Immunoprccipitated proteins and 

proteins h m  total ce11 lysate (20pg) w m  resolved by SDS-PAGE (7.5% 



acrylamide gel) and t n u i s f d  to nitrocellulose. CKI-y2 was revealed by 

irnmunoblotting with anti-CKI-y2 antibody (1 986), protein A-HRP, and ECL. 

2.6 Reciprocal Coimmunoprecipitation of CKby2 and Nck 

Clarified HTC-IR cell lysates prepared in 1% Triton lysis buffer were precleared 

with the normal serum and protein A-Sepharose beads. Precleared lysates were 

subsequently immunoprecipitated with anti-Nck antibody (UBI#O6-288) and 

protein A-Sepharose beads, for overnight at 4OC. The irnmunoprecipitated 

proteins and proteins fom total ce11 lysate were resolved by SDS-PAGE (7.5% 

acrylamide gel) and ûansfared to nitrocellulose. CKI-y2 was revealed by 

immunoblotting with anti-CKI-y2 antibody (1602), protein A-HRP, and ECL. 

The blot was stripped (3ûmin at 6S°C in a solution containhg 62.5mM Tris-HC1, 

pH 6.7, 1% SDS, and 0.1M P-mercaptoethanol) and probed for Nck by 

immunoblotting with anti-Nck antibody (1698), protein A-HRP, and ECL. 

In the reciprocal experiment, claxified HTC-IR ceil lysates prepared in 1 % Triton 

lysis buffer were precleared with the nomal serum and protein G-Sepharose 

beads. Precleared lysates were subsequently immunoprecipitated with anti-CKI- 

y2 antibody (1602) and protein G-Sepharose beads for ovemight at 4OC. nie  

immunoprecipitated proteins and proteins h m  total ce11 lysate were nsolved by 

SDS-PAGE (7.5% acrylamide gel) and tramfetred to nitrocellulose. Nck was 

revealed by immunoblotting with anti-Nck antibody (1698). Protein A-HRP, and 

ECL. The blot was stripped and probed for CKI-y2 by irnmunoblotting with anti- 

CU-y2 antibody (1602). protein A-HRP, and ECL. 

2.7 Northern Blot Analysb of CKI-yZ and Nck 

Total RNA was p r e p d  h m  m o w  tissues (adipocyte, a d r d s ,  brai& hcari, 

b e y ,  liver, lung, muscle, and tesris) by using guanidim isothiocyanate for the 

cesium chioride purification of RNA b m  tissues, on-y describeci by 



Chirgwin et al., (134). Total RNA was prepared h m  mouse (3T3-LI fibroblasts, 

3T3-L1 adipocytes), rat (HTC-IR, Rat-2, PC12, FAO), and human (HeLa) ce11 

lines by using a single-step guanidiurn thiocyanate-phenolchloroform method for 

isolation of RNA fiom cultured cells, originally described by Chomczynski and 

Sacchi (1 35). 

Equal amounts of total RNA (10pghane) were size hctionated by electrophoresis 

in 1% agamse-0.2.M formaldehyde gel, t r ans fed  ont0 a Hybond-N nylon 

membrane (Amersham Life Technologies) by capillary action in 20 x SSC. The 

nylon membrane was rinsed in 6 x SSC and W cross-linked to covalently 

immobilize the RNA to the membrane. Prehybridization of the nylon membrane 

was petfonned for minimum of lh  at 6S°C in a solution of 10 x Denhardt's 

solution, 10% Dextran sulphate, 50mM Tris-HCl pH 7.5, 1M sodium chloride, 

0.1% sodium pyrophosphate, 1% SDS, and O.lmg/ml of salmon spem DNA. 

Hybridization was performed ovedght at 65OC with the same solution us4 for 

prehybridization except for the addition of the radiolabeled probe -1 x 106 cpmlml 

(instead of salmon spenn DNA). Following hy bridization, the membrane was 

washed three times with 2 x SSC, and 0.1% SDS for 2(hnin at room temperature 

and once for 2ûmin at hybndization temperature of 65OC. The membrane was 

then subjectd to autoradiography at -80°C with intcnsifying screens. 

Double-stranded cDNA probes h m  mouse CWy2 and human Nck coding 

sequences were labeled by random priming with [ U ~ ~ P I ~ C T P  using the T7 Quick 

Prime Kit (Phamiacia Biotechnologies). The probes used were as following: for 

CKI-y2, an approximately 300-bp XnnIIEcoRI m e n t  (nucleotides 927-1242) 

fiom the carboxyl-temiml domain of CKIq2 coding s w n c e  that is mon 

specific to the y2-isofom of CKI; for Nck, an approximately 750-bp 

BarnHVEcoRI fiagrnent (nuclcotides 1-753), h m  the three SH3 domains of Nck 

coding sequence. 



2.8 Western Blot Analysb of CKI-2 and Nck 

Adipocyte, bmh, heart, kidney, Liver, lung, muscle, and testis tissues were 

prepared fiom Balb/c mice. Approximately lg of each mouse tissue was adjusted 

to a final concentration of 15% in homogenization buffer and homogenized with a 

Polytron PT 10-3 5 homogenizer. Homogenates were prepared by centrifugation at 

258 000 x g for 30min at 4OC in a SW40Ti rotor (Beckman). The resulting 

supematants (1Oûpg of protein per tissue) were resuspended in Laemrnli buffer, 

boiled for 2-3min, resolved by SDS-PAGE (7.5% acrylarnide gel), and then 

transfernd to nitrocellulose. CU-y2 or Nck was detected by hmunoblotting 

with anti-CKI-yî antibody (1986) or anti-Nck antibody (1698). respectively, 

followed by '%GAR and autoradiography. 

2.9 Plasmids and Constructs 

For bacterial expression as glutathione S-tramferase (GST) fusion proteins, 

cDNAs encoding for full-length mouse CKIy2, full-length human Nck, and 

isolated SH domains of human Nck were arnplified by polymerase chah reaction 

(PCR) using specific oligonuclaotides with the BamHVEcoRI linkers to facilitate 

subcloning into pGEX4T2 or pGEX2TK plasmids (Phamcia Biotech Inc.). For 

mammalian expression, the full-length coding CKI-y2 cDNA, excised h m  CKI- 

y2 pGEX4T2 by BamHYEcoRI digestion, was suôcloned into pCDNA3.1+ 

(Invitmgen). AU PCR-generated hgments were sequenced by dideoxynucleotide 

method. 

2.10 Preparation of GST-Fusion Proteins 

GST-fusion protein comprising the full-length CKI-y2 (GST-CKIy2, residues 1 - 
414) and various SH domains of Nck (GST-SH3#1, residues 1-65; GST-SH3#2, 

residues 108-165; GST-SH3#3, residues 188-266; GST-3xSH3, nsidues 1-25 1 ; 

GST-SH2, residues 282-377; GST-Nck, fiill-lcngth cading sequence, residues 1- 

377) wcre e x p d  in E. Coli. The proteins wen isolated using glutathione- 

agame beads acmrding to the manufiactwer's insûuctions (Pharmacia) and gave 

essentially single bands on Cwmassie Blue-staincd SDS-polyacrylamide gels. 
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with the exception of GST-CKIy2, GST-Nck and GST-3xSH3 which contained 

degraded smaller hgments. 

In some experiments, GST-CKIy2 imrnobilized on glutathione-agarose beads 

(designated, GST-CKIy2 on beads) was eluted fkom the beads according to the 

supplier's recommendations, concenûated on Centricon-30 (Amicon, Inc.) and 

finally resuspended in buffet A (50mM Tris-HCl pH 7.5, ImM EDTA, 1m.M 

EGTA, 5ûmM dithiothreitol, 1m.M phenylmethylsuifonyl fluoride, 2mM 

benzamidine, 10pg/ml apmtinin and 10lcglml leupeptin) (designate& eluted GST- 

CKIy2). 

2.1 1 GST-CKIy2 I n  Vitro Kinase Auay 

The kinase activity of GST-CKIy2 on beads and of eluted GST-CKIy2 was 

verified by an in vitro kinase assay of the recombinant enzyme alone or in the 

presence of an exogenous substrate, a-casein (15pg, Sigma). The kinase reactions 

were c d  out in 25p1 of the Kinase Buffer (75mM Tris-HCl pH 7.5, 6mM 

Magnesium Acetate, ImM EDTA, 0.4mM EGTA and ImM P-rnercaptoethanol) 

(74). M e r  a prehcubation of Srnin at 30°C, kinase rractions were initiated by the 

adding 2OpM admosine triphosphate (ATP, Sigma) and 10pCi of [$'PI-ATP 

(DuPont NEN). The reactions wae stopped after 20 min at 30°C by the addition 

of Sv1 of 6 x hemmli buffcr followed by boiling for 2-3 min. The samples were 

subjected to SDS-PAGE (1 2% acrylamide gel) and autoradiography . 

The enzymatic characteristics of recombinant CU-y2 kinase activity were 

analyzed by the in vitro phosphorylation of a-casein (Spg) using 30ng of eluted 

GST-CKIy2. In expaiments where ion dependmce was determined, O, 1, 2.5, 5, 

or lOmM magnesiun chioride (MgCl3 or manganese chloride (MX13 was addd 

to the assay contahg ion-&ce Kinase Buffa. In experiments whcre the 

substrate specificity was determinui, 5pg of myeiin basic protcin (MBP, Sigma), 

15pg of a-in, 1Spg of (Sigma), 15pg of phosvitin (Sigma) or 1Spg 



of PolyGluTyr (Sigma) was added to the assay. In experiments where the effect 

of N-(2-aminoethyl)-5-chloroisoquinoline-8-sulfonde (CU-7, Seikagaku 

Corp.) was determined, 0.25.50, or 100pM of CH-7 was added to the assay. 

2.12 CKI-y2 Immunoprecipitation and In Vitro Kinase Assays 

Clarified HTC-IR ce11 lysates prepared in 1% Triton lysis buffer were submitted 

to CU-y2 immunoprecipitation for 4h at 4°C. using anti-CKLy2 antibody (1986) 

and protein A-Sepharose beads. Washes of the immunocomplexes with 0.1 % 

Triton lysis bufler was followed by one wash with Kinase Buffer. The enzymatic 

characteristics of endogenous C U y 2  kinase were dete~nifled by an in vitro 

kinase assay of the CKIy2 hunoprecipitates in the presence of a-casein (Spg). 

In expenments where ion dependence was determined, 0, 1, 2.5, 5, or lOrnM 

MgCl, or MnCl, was added to the assay containing ion-fiee Kinase Buffer. In 

experirnents where the substrate specificity was determined, Spg i g P ,  15pg a- 

casein, 15pg p-casein, l Spg phosvitin, or 15pg PolyGluTyr was added to the 

assay. In experiments where the effect of CU-7 was determined, 0, 25, 50, or 

100pM of CKI-7 was added to the assay. 

2.13 Nck Immunopmipitation and In Mho Kinase Assays 

Clarified HTC-IR ce11 lysates prepared in 1% Triton lysis buffer were subrnitted 

to Nck immunoprecipitation for 90 min at 4OC, using anti-Nck antibody (1698) 

and protein Ansepharose beads. Washes of the Unmunocomplexes with 0.1% 

Triton lysis buffer was followed by one wash with Kinase Buffer (20mM Hepes, 

pH 7.5, ImM dithiothreitol, 5rnM magnesium chloride, lûmM P- 
glycerophosphate). The enzymatic characteristics of the kinase activities 

associated with endogenous Nck were determined by an in vitro kinase assay on 

Nck immunoprecipitates in presence of a-cascin (Spg). In experiments where ion 

dependence was detemllneâ, O, 1,2.5,5, or lûmM MgCl, or MnCl, was added to 

the assay containhg ion-fke Kinase BufFa. In cxpaiments where the substrate 

specificity was detemineci, 5pg MBP, 15pg a-casein, l5pg p-caseh, 1Spg 



phosvitin, or 15pg PolyGluTyr was added to the assay. In experiments where the 

effect of CU-7 was determined, 0, 25, 50, or lOOpM of CU-7 was added to the 

assay. 

2.14 CKI-y2 DuaCSpecUir Kinase M a y  

CKI-y2 was assayed in vitro for dual specific kinase activity, by analyzing the 

autophosphorylating activity of 0.0125, 0.025, 0.05, 0.1, 0.2, or 0 . 5 ~  of eluted 

GST-CKly2. The in vitro kinase assay was carried out as indicated above except 

that it was carried out in the presence of nonradioactive ATP only. M e r  

separation by SDS-PAGE (7.5% acrylamide gel), proteins were transfemd to 

nitrocellulose, and the membrane was blocked in blocking buffer (1% bovine 

serum albumin in 1OmM Tris pH 7.5, lOOmM sodium chloride, and 0.1% Tween 

20) for 20min at 37OC. The autophosphorylation on tyrosine residuw of GST- 

CKIy2 was detected using the anti-phosphotyrosine antibody (RC20) horseradish 

peroxidase conjugated, and ECL. A sample of EGF stimulated A431 (human 

epidermoid carcinoma) ce11 lysates provided with the RC2O antibody was used as 

a positive controi. 

2.15 Phosphatase Treatment of Immuiopreeipitated CKI* 

Clarified HTC-IR ce11 lysates prepared h 1% Triton lysis buffer were 

immunoprecipi tated for CKI-y2 using anti-CM-y2 antibody (1 602) and proiein A- 

sepharose beads for 4h at 4OC. CKIy2 immunopncipitates were washed four 

times with either Potato Acid Phosphatase (PAP) Buffn (40mM PïPES pH 6.1, 

IrnM Dm, 20pglml aprotin.in, and 20pg/ml leupeptin) or Protein Phosphatase 2A 

(PP2A) Buffer (20mM HEPES pH 7.0,lmM DTT, 1m.M MnCl,, 100pg/ml BSA, 

and SOM leupeptin). CKI-y2 immuwprocipitates wae 6naily resuspended in 

100~1 of either PAP buffer or PP2A buffa. The protein procipitates were 

subrnitted to dephosphorylation with PAP (6Ulml) (Boehriager Mannheim) or 

with PPZA catalytic subunit (ZOmU/ml) (Bochringer Mannheim) for 3(hnin at 

37OC. Dephosphorylated CKI-y2 immunopracipitates were washed five times 



with 0.1 % Triton lysis buffer, resuspended in Laemmli buffer, and boiled for 2- 

3min. Samples were resolved by SDS-PAGE (7.5% acrylamide gel), transfened 

to nitrocellulose, and imrnunoblotting was performed using anti-CU-y2 antibody 

(1 6OZ), protein A-HRP, and ECL 

2.16 In Vitro Transcription and Translation of CKI-y2 

In vitro tra~scn'ptiodtrunrlation-The pCDNA3.1+ vector containing the CKI-.(;! 

cDNA was linearized with EcoRI (cutting at thc 3' end of the insert). The 

linearized DNA was purifieci b y p heno1:chloroform extraction, and ethanol 

precipitation. In vitro transcription (fkom the T7 promoter) and translation (in the 

presence of [3%J-methionine/cysteine (Trans 'sSS-label, ICN)) of 1pg of the 

pcDNA3.1+-derived plasmid containing C U y 2  was carried out using the TNT 

T7 coupled rabbit reticulocyte system (Promega) according the manufacturer's 

instructions. In vitro transcription and translation using the TNT T7 coupled 

wheat genn extract system (Promega) was aiso performed. The in vitro 

transcription and üanslation of CH-y2 was c&ed out for 15, 30,60, or 9Omin. 

Samples of in vitro-translation products were resuspended in Laendi buffer, and 

boiled for 2-3min. M e r  separation by SDS-PAGE (7.5% acrylamide gel), the gel 

was prepand for fluomgraphy using EN3HANCE (DuPont) and t h a  exposed for 

autoradiography . 

Immunoprecipitaiion with anti-CKI-y2 antibody-[%] -1abeled in vitro-hanslated 

CKI-y2 was incubated with anti-CKI-y2 antibody (1986) or nomal senun in the 

presence of protein A-Sepharose beads, for 4h at 4OC. The immunoprecipitated 

protellis were washed twice with PBS, resuspended in Laemmli buffer, and boiled 

for 2-3min. After separation by SDS-PAGE (7.5% acrylamide gel), the gel was 

p r e p d  for fluomgraphy using EN3HANCE and then exposed for 

autoradiography. 

In vitro kinase ass~y-[~~~]-labeled in vitro-translated CKI-y2 was 



immunoprecipitated with anti-CKI-y2 antibody (1986), washed twice with cold 

PBS, and once with CKIy Kinase Bufier before being submitted to an in vitro 

kinase assay in the presence or absence of atasein (5pg) as described above. 

2.17 Transient Transfections 

Lipofectamine-mediated transient transfoctions of 293 and Cos-lp cells were 

performed according to the manufacturer's protocol (Li fe Technologies). Briefl y, 

293 and Cos-l p cells (2.5 x 10' cells) were plated in six-well tissue culture plates 

18-24h prior to tramfection. n ie  transfstion start was when 0.5, 1,2,3, and 5pg 

of CKI72 pCDNA3.1+ DNA and 1 0 ~ 1  of LipofectAMINE reagent were added to 

each plate in Iml of serum-fiee medium (OPTI-MEM 1 Reduced S e m  Medium, 

Life Technologies). M e r  16 h lm1 of DMEM containing 20% FBS was added. 

After 8h (24h after start of transfection), the medium was replaced with fiesh 

DMEM containing 10% FBS. Cells were harvested 48-72h after the start of 

transfection. The cells were washed two times with PBS, and lysed in boiling 

Laemmli buffer. The ce11 lysates was recuvered, passed several times through a 

needle to shear DNA, and boiled for 2-3min. The proteins in the total ce11 lysates 

were resolveâ by SDS-PAGE (7.5% acrylamide gel) and transferred to 

nitrocellulose. Transient transfections of CWy2 pcDNA 3.1+ were analyzed by 

immunoblotting with anti-CKIy2 antibody (1 %6), '%GAR, and 

autoradiography. 

2.18 In Vitro Phosphorylation of Nck by C n y 2  

In vitro kinase assays were perfomed with 1pg of GST-CHy2 on beads in the 

presence of various exogenous substrates. The exogenous substrates include 2pg 

of GSTSH3#1 , GST-SH3#2, GST-SH3#3, GST-3xSH3, GST-SHZ, GST-Nck, or 

GST alone. Similar in vilro Linase assays were performed with lpg of eluted 

GST-CKIy2. The samples were subjected to SDS-PAGE (7.5% acrylamide gel), 

transfened to nitmcellulosc, and exposed for wtoradiography. Phosphorylated 

GST-3xSH3 was subjected to proteolytic phosphopeptide mapping (see below). 



Proteolytic Peptide Mapping-P hosp hopeptide mapping w as performed acco rding 

to the published method of Van Der Geer et al., (136). Bnefly, on nitrocellulose 

membrane, [" Pl-labeled proteins were localized by autoradiography. The 

corresponding bands were excised and soaked in 0.5% polyvinylpyrrolidone 

(PVP)-360 in 1 OOmM acetic acid for 30mh at 37'C. The pieces of membrane 

were washed five times with water and twice with 50mM ammonium bicarbonate, 

Tryptic digestion was performeci with 10pg TPCK-trypsin (Sigma) in 2 0 0 ~ 1  of 

50mM ammonium bicarbonate. Three consecutive tryptic digestions were 

performed at 37OC (8h incubation, followed by ovemight incubation, and lastly a 

2h incubation). M e r  centrifugation, the membranes were discarded and the 

supematants were lyophilized in a central vacuum concentrator. The âried 

peptides were oxidized with 50p1 of performic acid, diluted in water, and 

lyophilized again. The samples were fmally resuspended in lOp1 electrophoresis 

buffer pH 1.9. Tryptic phosphopeptides were separatecl by two-dimensional 

separation on thin-layet cellulose (TLC) plates. In the first dimension, tryptic 

phosphopeptides were separateci by electrophoresis for 30mi.n at 1 kV with pH 1.9 

buffer (formic acid (88% w/v)-acetic acid-water [SO: 1 56: 1 794, voUvol]). In the 

second dimension, tryptic phosphopeptides were separated by ascending 

c hromatograp hy in p hospho-chromatography buffer (n-butanol-p yridie-acetic 

acid-water [750:500: 150:600, voVvol]). Visualization of tryptic phosphopeptides 

was achieved by autoradiography. 

2.19 I n  Vivo Phosphorylation of Nck 

Subconfluent HTC-IR were senun-stuved in DMEM containhg 0.5% FBS for 

24h prior to the e x p h e n t .  Cells were washed three timcs with phosphate-free 

DMEM wntaining 0.5% didyzed FBS (Life Tecbologies) and then incubateâ for 

4h at 37OC in the same medium containhg 0.2mCürnl of [32 Pl-orthophosphate 

(New England Nuclear). Afta 4h incubation, cells were washed ttme times in 

cold PBS and lysed in 1% Triton lysis buffi.  Lysates were clarifieâ by 

centrifugation. [32 Pl-labeled HTC-IR ce11 lysates were pnclearod with normal 



senun and protein A-Sepharose beads and subsequently immunoprecipitated for 

Nck for 4h at 4°C. Nck imrnunoprecipitates were washed five times with 1% 

Triton lysis buffer, resuspended in Laemmli buffer, and boiled for 2-3min. The 

samples were subjected to SDSPAGE (7.5% acrylamide gel), transferred to 

nitrocellulose, anû aposed for autoradiography. Phosphorylateû Nck was 

subjected to proteolytic phosphopeptide mapping as described above. 

2.20 Insuün Regulation of CKI-yZ Kinase Actîvity 

Cell stimulation und inrmunoprecipit~3tion-Sub~0nfluent HTC-IR cells were 

senun-starved in DMEM containing 0.2% FBS for 24h prior to the experirnent. 

Insulin (porcine insulin, Connaught-Novo Laboratoiies, Willowdale, Canada) was 

added to HTC-IR cells in culture (final concentration 100nM) for O, 2, 5, 10, and 

30min. At the end of stimulation, basal and insulin-stimulated cells were washed 

twice with cold PBS and then lysed in 1% Triton lysis buffer. CU-y2 was 

immunoprecipitated with mti-CU-y2 antibody (1602) and protein G-sepharose 

beads for 4h at 4OC. Nck was immunoprecipitated with aati-Nck antibody (1698) 

and protein A-sepharose beads for 4h at 4OC. The immunoprecipitatcd proteins 

were washed twice with 0.1% Triton lysis buffet., resuspended in Laemmli buffer 

and boiled for 2-3mih The samples were subscquently subjected to in vitro gel 

kinase assays as described below. 

In vitro gel kinase assaysa-Caseh (50pglml) was added to the running 

polyacrylamide gel solution just prior to polymaization. Immunoprecipitated 

CH-y2 and protein kinase@) coimmunoprecipitated with Nck were detected 

directly in the gel, by their ability to phosphorylate the a-casein polymerized in 

the gel (137). Samples wcre subjected to SDS-PAGE (7.5% acrylamide gel), and 

SDS was nmoved by washing the gels with 2o./o (v/v) isopropyl alcohol in 5ûmM 

imidazole. 28mM irninadiacctic a d ,  pH 8.0, twice for 6(hnin at m m  

ternpaahue. The pls were thea washed with 5ûmM imidpzole, 28mM 

iminodiacetic acid, pH 8.0, coutainkg lOmM P-mcrcaptoetbanol for 6Omin at 

room temperature. Proteins in the gels w a t  then dtnaturcd with 8.0M guinidine 



HCl in SOmM imidazole, 25mM iminodicetic acid, pH 8.0, containing 50mM P- 
mercaptoethanol for 90min at room temperature. Protein renaturation was 

achieved by successive washes at 4' C (2 x 9(hnin, 200ml; ovemight, 400ml; 1 x 

6Omin, 200x111) in 2SmM imidazole, 14mM iminodiacetic acid, pH 8.0, containing 

20mM KCl, 10% sucrose, 1 ûmM P-mercaptoethanol, 1% bovine senun albumin, 

and 0.04% Tween 20. The gels were quilibrated in a solution containing lOrnM 

HEPES, pH8.0, lûmM P-mercaptoethanol, and S m .  MgCl, for 6 h i n  at room 

temperature and incubated for an additional 12ûmin following the addition of 

[?Pl-ATP (20pCi/ml). Finally, the gels were extensively washed with 5.0% 

(w/v) trichloroacetic acid containing 1 .O% (wh) sodium pyrophosphate and 1 .O% 

sodium phosphate. After fixing and drymg, the gels were exposed for 

autoradiography . 

2.21 Effect of Insulin on I n  Vivo Nck Phosphorylation 

Cell labeling, stimulation, immunoprecipitaion, and immuno blotting- 

Subconfluent HTC-IR cells were labeled with [32P]-orthophosphate as indicated 

above except that during the last 2, 5, or 30min of labeling, 1OOn.M insulin was 

added. The clarified HTC-IR cell lysates were precleared with nomal senun and 

subsequentl y immunoprecipitated for Nck with anti-Nck antibody (1 698) and 

protein A-sepharose beads for 4h at 4OC. One-tenth (1110) of al1 Nck 

irnmunoprecipitates were subjected to SDS-PAGE (7.5% acrylarnide gel), 

transferred to PVDF membrane, exposed for autoradiography and subjected to 

phosphoamino acid analysis (see below). Identical experiments were performed 

with unlabeled HTC-IR cells and the arnount of Nck protein in each 

immuwprecipitate was verified by immunblotting with anti-Nck antibody (1698), 

protein A-HRP, and ECL. 

Phosphoamino Acid Analysis-Phospboamino acid analysis was performed 

according to the method of Van Der Geer et al., (136). Briefly, on PVDF 

membrane, [32~]-labeled protein was localized by autoradiography. The 

correspondhg band was excised and washed 10 times with water. Acid 



hydmlysis was perfomed for lh at 1 10°C in 6N HCl. The membranes were then 

discarded, and aAer centrifugation, thc supernatants were lyophilized and hally 

resuspended in buffer pH 1.9 containing phosphoserine, phosphothreonine, and 

phosphotyrosine at lmglml as intemal standards. Phosphoarnino acids were 

separateci by two dimensional electrophoresis (bufTer pH 1.9 and 3.9) on TLC 

plates, visualized by autoradiography, and identifiai by comparing to &hydrin- 

stained phosphoamino acid standards. 



3.1 Objective 111: Characterbtion of the immunoreactive p75 CKIy2 

constitutively usociated with Nck. 

3.1.1 Clonimg of the Full-Leiigth Mouse CKIy2 cDNA 

A previous study in our laboratory isolated a kinase-related partial cDNA 

encoding a protein that interacts with the thne SH3 domains of Nck in îhe yeast 

two-hybrid system and whose arnino acid sequence was identicai to the C- 

terminal domain of the rat CKI-y2 (residues 192-414) (96). In order to obtain the 

full-length CKI-y2 cDNA, the CH-y2 C-terminal hgment was used as a probe to 

screen a mouse brain cDNA library. Screening resulted in eight positive signals. 

Al1 eight clones were taken to plaque pUnty and completely sequenced. One 

cDNA, clone #9, was 1336bp long, consisting of 1 l8Sbp of c&g sequence and 

15 lbp of 3'-untranslated sequence (Fig. 1A). Clone# W contained a cDNA of 

1480bp and consisteci of 11 85bp of coding scquence and 295bp of 3'-untranslateci 

sequence (Fig. 1A). The deduced amino acid sequcnce of clone #9 and clone #14 

predicted a protein whose amho acid sequence was 99.5% identicai to the rat 

CKI-yI (74) but which lacked the first 20 amho acids of  the coding sequence. 

Although the coding regions for cloneM and clone#l4 were identical, theû 3'- 

untranslated squenccs divcrgcd immcdiately a f k  the stop codon. nie 3'- 

untranslateci sequencc of clone #9 was identicai to that published for rat CKLy2. 

The 3'-untranslated sequace of clone#l4 was idaitical to that of the CKI-y2 C- 

terminal cDNA higrnent isolated brom the yeast two-hybrid system, and thaefom 

mggtsts that it naturaily exists. 

A third positive clone, clond2, wis 1700bp long and consisted of 78bp of 5'- 

untranslated ssquence and overlapping s q u ~ ~ ~ c e s  in CKI-y2 coding region 

including the fint 20 amino acids missing in clone#9 and #14. However, the 



Figure 1: Cloning of Full-Length Mouse CKI-y2 cDNA 
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Figure 1: Clonbg of the Full-Lcngtb Mouse CKI-yf cDNA 

(A) Schematic diagram showing nucleotide sepuences of related CIU-y2 clones 

isolated h m  a mouse brain cDNA library- Clone #9: 1336bp, Clone#14: 1480bp, 

Clone#2: 17OQbp. (B) Schematic diagram showing nucleotide sequence for full- 

length CU-y2 #9 and CH-y2 #14 cDNAs. Shaded boxes represent CM-y2 

coding sequences. Asterisks(*) r~rcsent  stop codons. The thin solid line 

represents the 3'-untranslated squence of clone #9 and the thin dashed line 

represents the 3'-untranslatecl sequence of clone #14. The thick solid line 

represents the 5'-untranslated sequence fiam clone #2. 



coding sequence of clone#2 was interrupted by several intemal inserts containing 

stop codons (Fig. 1A). Clone#2 is likeiy a chimeric cDNA, resulting from cloning 

artifacts probably introduced during the preparation of the library. A composite 

sequence was built with the 5'-untranslatai sequence and partial codllig sequences 

£hm clone#2 in conjunction with the coding sequence and the 3'-untranslatecl 

sequence h m  clone#9 (designated CKI-y2W in Fig-lB). A similar composite 

sequence was consûucted h m  clone#2 and clone#14 (designatecl CU-y2#14 in 

Fig. 18). 

3.1.2 Characterization of Anti-CKby2 Antibodies 

It has already been reported (96), that a 75kDa serine/threonine protein kinase 

coirnmunoprecipitated with Nck, presents Casein Kinase Elike enzymatic 

properiies and was recognized by a rabbit polyclonal antibody raised against the 

C-terminus of CKI-y2 (1602). Aithough the results support a constitutive 

association between Nck and a p75 CKI-y?, it remains that the pubüshed cDNA 

sequence of CKI-y2 encades for a protein of predicted molecular mass of 45.5kDa 

(74). To investigate the size discrepancy of this immunoreactive p75 CKI-y2 

associated with Nck, a second rabbit polyclonal antibody (1986) was prepared 

against the hill-length CKI-y2 (nsidues 1-414) to analyze the specificity of the 

previous CU-y2 antibody (1602), raised against oniy the C-terminus of CU-y2 

(residues 1 92-4 1 4). Each anti-CUy2 antibody was veri fied b y subjecting HTC- 

IR ce11 lysates to immuuopncipitation and immunoblotting with either 1602 

(Fig.2A) or 1986 (Fig.2B) CKI-y2 antibodies. As cm be seen in Figure 2A and 

2B. both CKI-y2 antibodies, 1602 or 1986, but not the normal senun, specifically 

recognize a protein of approximately 75kDa h m  WC-IR ce11 lysates. In 

addition, recognition of the 75kûa protcin by cithcr CKI-y2 antibody is pmented 

by an cxcess of  antigen (data not shown) and thenforc toanmis that the CU-y2 

antibodies (1602 and 1986), are specific for tecognition of a 75kDa C-2 in 

HTC-IR cells. 



Figure 2: Characterization of Anti-CKI-y2 Antibodies 
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Figure 2: Characterization of AntCCKI-y2 Antibodies 

Clarified HTC-IR ce11 lysates prepared in homogenization buffer (A) or 1% Triton 

lysis buffer (B) wore immunoprecipitated with normal serum, anti-CKI-y2 s e m  

1602 (A), or anti-CU-y2 serurn 1986 (B). Immunoprecipitated proteins and 

pmteins from total ce11 lysate (20pg) were resolved by SDS-PAGE (7.5% 

acrylamide gel) and transferred to nitrocellulose. Immunonaciive CU-y2 was 

revealed by immunoblotting with auti-CKI-y2 antibody 1602 (A) or 1986 (B), 

protein A-HRP and ECL. 



3.1.3 Reciprocal Coimmunopmipitation of CKI-y2 and Nck 

It has been shown that the immunoreactive p75 CKI-y2 coimmunoprecipitated 

with Nck h m  HTC-IR cells (96). However, in this study, the miprocal 

coirnmunoprecipitation (Nck coprecipitated with the p75 CKI-72) was not 

perfomed. To fulfill this gap, the expen'unent was repeated where clarified HTC- 

IR ce11 lysates w m  immunoprecipitated with anti-Nck antibody (UBI#06-288) or 

anti-CKI-y2 antibody (1602) and the appropriate immunoblotting was perfomied. 

P75 CKiy2 was detected in Nck immunoprecipitates by immunoblotting with 

anti-CM-y2 antibody (1602) (Fig.3A) and following immunoblotting with anti- 

Nck antibody, Nck was detected in CKLy2 immunoprecipitates (Fig. 3B). These 

results clearly dernonstrate that the interaction between Nck and p75 CKI-y2 

exists in vivo. 

3.1.4 übiquitous Expression of CKI-y2 and Nck 

To M e r  charactetize the immunoreactive p75 CK[-y2, tissue distribution of 

CKIr;? mRNA was detmined by Northem analysis on total RNA h m  diffcrnit 

mouse tissues (adipocyte, brain, heart, kidney, liver, lung, muscle, and testis). 

Since al1 mammalian CKI isoforms have highly consewed N-temiinal kinase 

domains (%O% amino acid identity) and the three y-isofonns of CKI share 

considerable arnino acid identity (69.78%) over their entire length (74), the 

nucleotide sequmces of CKI-y 1, -y2, and -y3 wcre carefblly analyzed to design a 

cDNA probe mon specific for CKI-72. It was d e t d e d  that the XninVEcoRI 

hgmmt  consisting of CKI-y2 C-tenninal coding sequence (nucleotides 927- 

1242) could be used as a cDNA probe for the y2-isoform since the sequence of the 

thne enzymes varies in this area. Using this CKI-$2 cDNA probe, only a 

single trianscript of 2.4kb. the publirhed size of CKI-y2 mRNA (74), was detected 

in al1 mouse tissues tested (Fig.4A) and thercfore suggcsts that the probe was 

specific for CKI-y2. Similarly, a 2.4kb CKI-y2 ûanscript was found in total RNA 

preparcd fkom mouse embryo fibroblasts and adipocytes (3T3-LI pre-adipocytes 

and 3T3-L1 adipocytes), rat fibroblasts (Rat-2), and rat trpnsfomed hepatocytes 





Figure 3: Reciprocal Coimmrnopmipitation of CM-y2 and Nck 
(A) Clarified HTC-IR cell lysates prepared in 1% Triton lysis buffer were 

immunoprecipitated with anti-Nck antibody (UBI#06-288). The 

immunoprecipitated proteins and proteins form total ce11 lysate were re~olved by 

SDS-PAGE (7.5% acrylamide gel) and transferred to nitmcellulose. CKI-y2 was 

revealed b y immunoblotting with anti-CKI-y2 antibody (1 6O2), protein A-HRP, 

and ECL (top panel). The blot was stripped and Nck was revealed by 

immunoblotting with anti-Nck antibody (1698). protein A-HRP, and ECL 

(bottom panel). 

(B) In the reciprocal experiment, HTC-IR ce11 lysates were immunoprecipitated 

with anti-CKI-y2 antibody (1602). The immunoprecipitated proteins and proteins 

h m  total ce11 lysate were resolved by SDS-PAGE (7.5% acrylamide gel) and 

bans ferred to nitrocellulose. Nck was revealed by immunoblo tting wi th anti-Nck 

antibody (1698), protein A-HRP, and ECL (top panel). The blot was stnpped 

and C W y 2  was revealed by immunoblotting with anti-CKI-y2 antibody (1602) 

(bottom panel). 





Figure 4: Northern Blot Analysb of CKI-y2 and Nck 

Total RNA was prepared fkom the indicated mouse tissues and fkom the indicated 

mouse, rat, and human ce11 lines according to procedures descnbed in "Materials 

and Methods". Equal amounts of total RNA (IOpgAane) were size fractionated by 

electrophoresis, transfemd ont0 a nylon membane, and hybridized with cDNA 

probes specific for CKI-y2 (top panels of A and B) or Nck (top panel of C). 

After detection by autoradiography, the membrane was sûipped and reprobed 

with a GAPDH cDNA probe as control (bottom panels of A, B, and C). 



(HTC-IR and FAO) (Fig 4B). No CU-y2 transcript was detected in the rat 

adrenal pheochromocytoma (PC 12) and in the human cerw< epitheloid carcinoma 

(HeLa) ce11 lines. In these ce11 lines, the level of CU-y2 mRNA banscript may be 

below the ievel of detection, if not completely absent, or perhaps the mouse CH- 

y2 cDNA probe does not recognize the human CKI-y2 mRNA transcript. 

To examine the expression of Nck mRNA in the different mouse tissues, Northem 

analysis was perfoxmed with a human Nck cDNA probe encompassing its three 

SH3 domains. A Nck transcript of 2.4kb was ubiquitously expressed in al1 mouse 

tissues tested (Fig. 4C) as previously published (98). The faster migrating band in 

the lung rnay be the result of alternative splicing of a mRNA encoding a yet 

unidentified protein that is highly homologous to Nck. In accordance with the 

findings that Nck and the p75 CKl-y2 coimrnunoprecipitate in rat transformed 

hepatocytes overexpressing îhe insulin receptor (HTC-IR cells), it is of interest to 

find that CKI-y2 and Nck mRNA are both ubiquitously expressed and therefore 

found in the same tissues. In addition, mouse testis, lung, and adipocyie tissues, 

which express the highest levels of CKI-y2 mRNA, also express the highest levels 

of Nck rnRNA. 

Tissue distribution of the immunoreactive p75 CKI-y2 protein in a variety of 

mouse tissues was examinecl by immunoblotting with the anti-CK[-y2 antibody 

(1986) (Fig. SA). Results of Western Blot anaiysis show that CKI-y2 is widely 

expnssed only as a 75kDa protein, and with hi& levels of expression in the 

kiâney, liver, heart, and testis tissues. With longer cxposure, p75 CKI-y2 is also 

detected in the luag (&ta not shown). However, a CKI-72 of 45.5kDq the 

pdicted size of CKI-y2, was not detected in any of the moue tissues tested. 

Tissue distribution of Nck protein was aiso ucamined in the same mouse tissues 

by using the anti-Nck antibody (1698) Fige 5B). Nck i s  a 47kDa protein 

ubiquitously expressecl in dl mouse tissues tested, and with high levels of 

expression in testis, brain, lung, and adipocyte. Interestingly, both Nck and the 



Figure 5: Western Blot Anaiysis of CKI-y2 and Nck 
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Figure 5: Western Blot Anaysis of CKI-y2 and Nck 

Homogenates of the hdicated mouse tissues were prepared according to 

procedures described in "Materials and Methods". Equal amounts of protein 

( 1  00pg per tissue) were resolved by SDS-PAGE, and transferred to nitrokellulose. 

CU-y2 or Nck was detected by immunoblotting with anti-CKI-y2 antibody (1986) 

(A) or anti-Nck antibody (1698) (BI, respectively, followed by ' 2 S ~ - ~ ~  and 

autoradiograp hy . 



p75 CKI-y2 are highly expressed in testis tissues. The ubiquitous immunological 

detection of only one band of 751d)a for CU-y2 in al1 murine tissues tested, 

strongly supports its existence as a 75kDa protein. 

3.1.5 Expression and Kinase Activity of Recombinant CKIr2 

An initial step in the characterization of the immunoreactive p75 CKI-y2 activity 

was to produce the recombinant enzyme by cloning CKI-y2 coding sequence into 

pGEX4T2. A culture of E. C'Co listrain XLI-Blue M .  transformed with the CU92  

pGEX4T2 plasmid was induced and the cells lysed as described under "Materials 

and Methods". GST-CUy2 was immobilized on glutathione-agarose beads 

(designated, GST-CKIy2 on beads) 8ccording to the manuf8cturer's instructions 

(Pharmacia) and detennined to be a 75LDa protein in Cwmassie Blue-stained gels 

(Fig. 6A). A sample of BSA (67kDa) migrates just below the 75kDa GST-CKIy2 

in SDS-PAGE. GST-CKIy2 is expressad as an active enzyme as evidenced by the 

autophosphorylation of the recombinant protein in the presence of ATP and Mg" 

(Fig. 6B). GST-CKIy2 sctivity was also connmied by phosphorylation of the 

exogenous subsüate, a-casein, a pnferred substrate of CKI family rnembers (2,3) 

(Fig. 6C). In addition, GST-CKIy2 was eluted fiom glutathione-agarose beads 

(designated, eluted GST-CKIy2) according to the manufacturer's 

recommendations (Pharmacia) and its activity was confïnned by an in vitro kinase 

assay of the recombinant enzyme alone or in the presence of a-casein (Fig. 6D). 

The rcsuits demonsûate that the recombinant GST-CKIr;! behaves as an active 

kinase that can be useâ for studying the enzyme. 

3.1.6 Cornparison of Recombinant CKIy2, Endogenous CKby2, and the 

CKI-liùe Protein Assaciated witb Nck Reveald Simiiir Enymadc 

Characteristics 

GST-CKIy2 expressed in bacteria, has an apparent molecular mass of d S k f ) a ,  of 

which, 27k.a  accounts for the GST portion and the mainder, a 48kDa, is in 

agreement with the estimated size of CKI-y2 (74). However, the immunoreactive 
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Figure 6: Expression and Kinase Activity of Recombinant Cm-y2 

CKLy2 cDNA was subcloned into a pGEX4T2 vector and the protein expressed 

in E. Coli. nie hsion protein, GST-CKly2, was prepared and irnmobilized on 

glutathione-agarose beads (designated, GST-CKly2 on beads) according to the 

manufacturer's recommendations (Pharmacia). (A) GST-CKIy2 on beads and 

Bovine S e m  Albumin @SA) were resolved by SDS-PAGE (7.5% acrylamide 

gel) and staind with Coomassie bluc. (B) GST or GST-CKIyZ on beads were 

subjected to in vitro kinase assays as indicated in "Materials and Methods". The 

samples were subjected to SDS-PAGE (12% acrylamide gel) and 

autoradiography. (C) Similarly, GST or GST-CKIy2 on beads were subjected to in 

viîro kinase assays but in the presence of an exogemus substrate, a-casein (Spg). 

(D) GST-CKIy2 was eluted fiom beads (designated, eluted GST-CKIy2) 

according to the manufactunr's recommendations (Pharmacia) and subjected to in 

vitro kinase assays alone or in the presence of a-casein (5pg). The arrow head 

indicates GST-CKIy2 and the arrow represents atasein. 



CU-y2 coimmunoprecipitated with Nck exhibits the aizymatic charactenstics of 

a CKI-like kinase activity (96) and is 75- To confirm that the CU-like kinase 

activity coimmunoprecipitated with Nck is indeeâ CKI-y2, its enzymatic 

charactenstics were compared to those of recombinant CKI-y2 and endogenous 

imrnunoprecipitated CH-y2. 

The first enzymatic characteristic acccssed was the ionic requirements of each 

source of CU-y2 protein (Fig. 7A). In  vitro kinase assays were perfonned on 

GST-CKIy2, CKI-y2 immunoprecipitates, or Nck immunoprecipitates in the 

presence of increasing concentrations of magnesium chlonde (MgCl3 or 

manganese chloride (MnC13. Al1 thm sources of CWy2 protein showed optimal 

kinase activity toward a-casein with 5 - L M  of MgCl,. AIthough some kinase 

activity is observed with hi@ conccntrations of MnCl,, a mixture of magnesium 

( I o  and manganese (SmM) inhibits the kinase activity of al1 three sources of 

CKI-y2 protein (data not shown). nie results agree with previous nports that 

CKI-y2 is a magnesiumdependent kinase (74). Secondly , the substrate speci fici ty 

of each source of kinase activity was tested on a variety of exogenous substrates 

(Fig. 7B). In al1 three sources of CKI-y2 protein, acasein and phosvitin, two 

preferred substrates of members of the CKI family (2, 3), as well as myelin basic 

protein (MBP) were phosphotylated in Mtro. P-Casein and PolyGluTyr, a 

substrate of tyrosine kinases, wae not efficient substrates. Lastly, the dose- 

dependent effect of the specific CKI inhibitor, N-(2-aminoethy1)-5- 

chlomi~0~uinoLine-8-suIfonamide (CKI-7) (15). is shown in figure 7C. CKI-7 

inhibitcd the in vitro phosphorylation of acasein by recombinant CKI-y2, 

endogenous CKI-y2, and the CKI-lke protein associated with Nck. GST-CKIy2 

activity was inhibited by CKI-7 with an IC, of 60.3w, and is identicai to the 

publisheâ IC, value for CKI-7 inhibition of another recombinant CKI-y2 (74). 

The IC, values for CKI-7 inhibition of kinase activity associated with CKI-y2 

Unmunoprecipitates and Nck Unmunoprecipitatcs, 2 1w and 20pM respectively, 

are in the range of concentrations for the inhibitory effkct of CKI-7 on purined 
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Figure 7: Cornparison of Recombinant CKIy2, Endogenous CKI-72, and the 

CKI-Iike Proteln Associated with Nck Reveded Similar Enzymatic 

Characteristics 

The enzymatic characteristics of recombinant CKLy2 (GST-CU-y2 activity), 

endogenous CKI-y2 (CKI-y2 activity on CKI-y2 IPs), and the CU-like protein 

associated with endogenous Nck (CKI activity coprecipitated in Nck IPs) were 

adyzed by in vitro kinase assays in the presence of a-casein (5pg) as described 

in "Materials and Methods". (A) Ion dependence was determined by the addition 

of O, 1, 2.5, 5, or 1ûm.M MgC12 or h C 1 2  to the assay containhg ion-free Kinase 

Buffer. (B) Substmte specificity was determineci by the addition of 5pg of myelin 

basic protein (MBP), 1Spg of a-casein, 1 Spg of fi-casein, 15pg of phosvitin, or 

1 5 pg of PolyGluTyr. (C) The effect of CKI-7 was determined by the addition of 

0, 25, 50, or 100pM of Ca-7.  Al1 kinase assays were analyzed by SDS-PAGE 

and autoradiography . 



(1 5) or recombinant C U  activity (74.76). 

3.1.7 Murine CICI-y2 Ls mot i DuaISpeciBc Kinase 

It has been reported that some of the yeast homologs of ClCi possess dual-specific 

kinase activity and autophosphorylate on serine, threonine, and tyrosine residues 

(69). CUy2 was therefore accessed for dual-specific kinase activity, by 

analyzing the in vitro autophosphorylation of increasing amounts of eluted GST- 

CKIy2 (negative data not shown). The reasoning is that if CM-y2 is a dual- 

speci fic kinase capable of tram ferring phosphate to senne, threonine, and tyrosine 

residues, then it should be autophosphorylated on tyrosine residues and detected 

by immunoblotting with anti-phosphotymsine antibody. The results show that 

GST-CKIy2 is not recognized by anti-phosphotyrosine antibody (RC20) and 

therefore suggest that marnmaiian CU-y2 is not a dual-specific kinase. The 

results are consistent with previous findings that PolyGluTyr was not 

phosphorylated by any of the three sources of CKI-y2 (see Fig.7B). 

3.1.8 PhosphatPse Treatment of Immunoprecipitated CIGy2 from HTC-IR 

Cells 

Since a 75kDa CM-y2 has never been rcported, an explanation for the size 

discrepancy of CKI-y2 was investigated. One possibility is that the p75 CKI-y2 is 

the result of a pst-translational modification of the kinase in cells. One cornmon 

pst-translationai modification of signaling molecules is phosphorylation. To 

determine if p75 CU-@ is a hypexphosphorylated fonn of the kinase, CH-y2 

immunoprecipitaîcs h m  HTC-IR cclls wmc subjected to phosphatase treatmeat 

to sec if a dephosphorylatcd 45kDa CKI-yZ wuld be obsmed (Fig. 8). The two 

phosphatases utilized wcre Potato Acid Phosphatase (PAP), a general phosphatase 

of phosphoserine, phosphothrconint, and phosphotyrosint raidues, and Protein 

Phosphatase 2A (PPZA), a more specific phosphatase of phosphoserine and 

phosp hothreonine residues. Phosphatase-treated or untreated CKI-y2 

immunoprecipitates were immunoblotteâ with anti-CKI-y2 antibody and the 
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Figure 8: Phosphatase Treatment of Immunoprecipitated CKIy2 fkom HTC- 

IR Cells 

Clarified HTC-IR cell lysates prepared in 1% Triton lysis buffer were 

immunoprecipitated with anti-CKI-y2 antibody (1602). Washed CKI-y2 

immunoprecipitates were dephosphorylated with potato acid phosphatase (PAP) 

(6U/ml) or with protein phosphatase 2A catalytic subunit (PPZA) (20mUlml) for 

3ûmi.n at 37OC. Phosphatase-treated and untreated CU-y2 immunoprecipitates 

were resolved b y SDS-P AGE, û a n s f d  to nitrocellulose, and immunoblotted 

with anti-CUy2 antibody (1602), protein A-HRP, and ECL. 



results show that, in g e n d ,  no decrra~e in signal associated with the 

Vnmunoreactive p75 CKLy2 nor any lower molecular weight species that could 

correspond to a dephosphorylated CKI-y2 was obsened. The lower 

approximately SSkDa band obsaved in some samples is also obsewed in control 

samples that were not treated with any phosphatase, and therefore do not 

correspond to a dephosphorylated CKI-y2 . 

3.1.9 In Viiro Transcribe~ranslated CKI-y2 is an Active Kinase of 45kDa 

Recognized by CH-y2 Antibody 

To see if a post-translational modification other than phosphorylation of CKI-y2 

can be observcd in an in vitro systan, CKI-$2 cDNA was ûanscribed and 

translated, in vitro, in both rabbit nticulocyte and wheat genn extract systems 

(Fig. 9A). [Js~]-methionine labeled CKLy2 was detected as an approximately 

45kDa translation product in both systems. In  vitro transcription/translation of the 

lucifenise DNA (62kDa protein) was used as a positive control. The 45kDa in 

vitro transcribed/translated CU-y2 product was specifically immunopncipitated 

by anti-CH-y2 antibody (1986) (Fig. 9B), and is an active kinase capable of 

autophosphorylation and phosphorylation of a-casein, in vitro (Fig. 9C). To 

determine if a post-translational modification of CKI-y2 could be a transient 

phenornena, a time-course of in vitro transcribedftranslated CKI-y2 was pedormed 

with the rabbit reticulocyte system (Fig. 9D). The nsults show that as early as 15 

minutes afta the initiation of the reaction, the 45kDa CKI-y2 protein is ûanslated 

and does not undergo any fiirthcr modification that alters its molecdar weight, 

despite a longer time of naction. Using in vitro rabbit reticulocyte Md wheat 

extract systems, CKJ-y2 is produced as 45.5kDa protein in agreement with its 

published predicted molecular mas. 

3.1.10 C m y 2  Overexpressed in 293 and Cos-1P Celk is a 45kDa Protein 

The fact that the in vitro transcription/translation systems produced only a 45kDa 

CH-@ may not exclude thaî in cells, this protein could bc pst-translationally 
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Figure 9: In Vitro TranscribedîTranslated CKI-y2 is an Active 
Kinase of 45 kDa Recognized by CKI-y2 Antibody 
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Figure 9: In Vitro Transcribed/Translated CKI-y2 is an Active Kinase of 

45kDa Recognized by CH-y2 Antibody. (A) In vitro transcription (from the T7 

promoter) and translation (in the presence of [35~]-methionine/cysteine) of 1 pg of  

CU-y2 pcDNA3.1+ was carried out using the TNT T7 coupled Rabbit 

Reticulocyte (RR) and Wheat Gem (WG) extract systems according the 

manufacturer's instmctions (Promcga). (B) [3s~]-labeled M vitro-trailslatd CKI- 

y2 was immunoprccipitated with normal senun or anti-CIU-y2 antibody (1986). 

(C) [3s~]-labeled in vitro-translateci CKI-y2 was immuwprecipitated with anti- 

CU-y2 antiboây (1986), and submitted to an in vitro kinase assay in the presence 

or absence of a-casein (Svg). @) In vitro transcription and translation of CKI-y2 

was carried out for 15, 30, 60, or 90mi11, using the TNT T7 coupled Rabbit 

Reticulocyte (RR) system. For al1 samples, following resolution by SDS-PAGE, 

the gels were prepared for fluorography using EN'HANCE, and then exposed for 

autoradiograp h y. 



modified leading to a protein of higher molecular weight. To d e t e d e  if a post- 

translational modification of CKI-y2 can be observed in an in vivo system, 

transient transfections of the coding CKI-y2 cDNA subcloned into pcDNA3.1+ 

was perfomied in 293 cells (Fig. IO), and analymi by immunoblotting with an& 

CU-y2 antibody (1 986). A 45kDa C U y 2  was expressed in cells that had been 

transfected with CU-y2 pcDNA 3.1 + as compared to the conüol cells transfected 

with the empty vector only. However, an immunoreactive 75kDa CU-y2 was 

detected in al1 transfected cells includhg control cells. This p75 CKI-y2 is the 

endogenous enzyme that is recognized by anti-CKI-y2 antibody as observed in 

previous immunoblot analysis (see Fig. 2, 3, and 5). Similar results were 

observed in tmsfccted Cos-1p ctlls (data not shown). As is often obsewed, a 

high quantity of DNA is toxic to cells and therefore less p45 CKI-y2 is observed 

in Figure 10 with incnasing amounts of transfected DNA. 

3.2 Objective #2: To determine UNck is phospborylateâ by CKLy2. 

3.2.1 I n  Vitro Phosphorylation of Nck by CKI-y2 

The interaction of CKI-y2, a se~e/üueonine kinase, with the adaptor protein, 

Nck, in cells led to the examination of whether Nck is, in vitro, an effective 

substrate for phosphorylation by recombinant GST-CKIy2. Various domains of 

Nck expressed as GST-hision proteins w m  used to evaluate whetha Nck wuld 

be phosphorylated by CKI-72. We have observeci that the thne SH3 domains of 

Nck wae in vitro phosphorylated by CICI72 (Fig. 1 1A). In contrast, GST and the 

SH2 domain of Nck wcn not phosphorylated. In thie approach, we have not been 

able to dctemiine whether the hill-length Nck was cfficiently phosphorylated 

because GST-Nck and GST-CUy2 comigrate at the same position, and the 

autophosphorylated GST-CKIy2 masks any signal associated with the 

phosphorylation of GST-Nck. To determine which region of the the SH3 

domains of Nck is efficiently phosphorylated by CKI-y2, each individual SH3 

domains were submitted to an in vitro kinase assay in the presence of GST-CKIyZ 
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Figure 10: Transient Transfection of CKI-y2 in 293 Cells 

Lipofectamine-mediated transient transfection of CKI-y2 pCDNA3.1+ DNA in 

293 cells was perfomed according to the manufacturer's protocol (Life 

Technologies). Transfections were carried out with 0.5, 1, 2, 3, and Spg of CKI- 

y2 pCDNA3.1+ (CU-y2 pCDNM.l+) and 2pg pcDNA3.1+ alone (vector alone). 

The cells were harvested 48-72 h Dfter the start of transfection, resolved by SDS- 

PAGE, and hansferred to nitrocellulose. Transient transfections of CKI-y2 

pcDNA 3.1+ were analyzed by immunoblotting with anti-CKI-y2 antibody 

(1 986). ' U ~ - ~ ~ R ,  and autoradiogmphy. 
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Figure 11: I n  Vitro Phosphorylation of Nck by CKI-y2 

(A) In vitro kinase assays were perfonned with 1pg of GST-CKly2 on beads in 

the presence of various exogenous substrates. The exogenous substrates include 

2pg of GST-SH3#1, GST-SH3#2, GST-SH3#3, GST-3xSH3, GST-SH2, GST- 

Nck, or GST alone. The samples were subjected to SDS-PAGE, transferred to 

nitrocellulose, and exposed for autoradiography. (B) In vitro kinase assays were 

performed with 1pg of eluted GST-CQ2 as indicated for A. (C) Phosphorylated 

GST-3xSH3 was subjected to pmtedytic phosphopeptide rnapping by two- 

dimensional separation on thin-layer cellulose W C )  plates as described in 

"Matenals an Methods". 



(Fig. 11B). Among the three individual SH3 domains of Nck, only the second 

SH3 was found phosphorylated, although to a lesser degne than the three SH3 

domains together. Similar results were obtained whether a GST-CKly2 was 

irnrnobilized on glutathione-agarose beads (designated GST-CKIy2 on beads, Fig. 

1 1A) or eluted (designated eluted GST-CKIy2, Fig. 1 1B). In vitro phosphorylated 

GST-3xSH3 was localized on nitrocellulose membrane by autoradiography and 

the correspondhg band excised and subjecteâ to tryptic phosphopeptide mapping 

(Fig. 11C). The in vitro phosphoqdation of Nck's S W  domaias by CKI-y2, 

shared some of the phosphopeptides (b. d, and c in Fig. 11C) obtained kom ih 

vivo ["Pl-labelcd Nck isolated h m  murine NIH 3T3 cells (3,6, and 7 in ref. 1 09). 

3.2.2 In Vivo Phosphorylation of Nck 

To investigate if Nck is phosphorylated by CKLy2 in celis, HTC-IR cells were 

metabolically labeled for 4h with ["Pl-orthophosphate (Fig. 12A). Nck 

imrnunoprecipitates fbm ["PI-labeled cells are s h o w  in figure 12A. The results 

show that Nck is a highly phosphorylated protein in metabolically labeled HTC- 

IR cells. [32P]-labeled Nck was localized on nitrocellulose by autoradiography 

and subjected to tryptic phosphopeptide mapping (Fig. 12B). The phosphopeptide 

map of in vivo [J2P]-labeled Nck h m  HTC-IR cells is similar to that of Nck h m  

NïH 3T3 cells (109) and is thenfore numbereà according to the published map. 

Furthemore, phosphopeptides 3 and 7 h m  the in vivo phosphorylation of Nck in 

HTC-IR cells (Fig. 128) are superimposable to phosphopeptides b and e h m  the 

in vitro phosphorylation of GST-3xSH3 of Nck by CKI-yZ (Figure 11C). The 

results suggest that Nck is not only a substrate of CKI-y2 in vitro but that it may 

also be phosphorylated by CKI-y2 in vivo. 
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Figure 12: In Vivo Phosphorylation of Nck 

(A) Subconfluent HTC-IR were metabolically labeled with [32~]-orthophosphate 

as described in "Matenals and Methods". After 4h of ce11 labeling, [32~]-labeled 

HTC-IR ce11 lysates wen prepared and immunoprecipitated with - anti-Nck 

antibody (1698). Immunoprecipitated proteins were subjected to SDS-PAGE, 

transfemd to nitmcellulose, and exposed for autoradiography. (B) 

Phosphorylated Nck samples were subjected to proteolytic phosphopeptide 

mapping as described in "Matenals and Methods". 



3.3 Objective #3: To d e t e d e  whether insuiin modulates CKI-y2 activity 

and consequently, Nck phosphorylation in viw. 

3.3.1 Insulin Regulation of CKI-y2 Kinase Activity 

Members of the CKI protein kinase family are poorly understood because of their 

lack of any detectable replation by growth factors or hormones in cells. In the 

insulin signaling network, Nck was reported to associate with IRS-1 in insulin- 

stimulateci cells, suggesting that Nck may participate in mediating insulin actions. 

The identification of the constiîutive association of CKI-y2 with Nck suggests that 

CKI-y2 could k associated to the signaling pathways initiated by the insulin 

nceptor. To investigate whether CKI-yZ activity is mdulateâ by insulin, lysates 

nom HTC-IR cells ûeatcd or not with insulin, were subrnitted to CKX-y2 

immunoprecipitation. The immunoprecipitated proteins were subjected to an in 

vitro gel kinase assay, a procedure which allows detection of protein kinase in gel 

by their ability to phosphorylate the exogenous substrate, acasein, embedded 

throughout the gel. Upon 5min of insulin stimulation, the phosphorylation of a- 

casein by CKLy2 is reduced by 43.2% as compared to CKI-y2 h m  unstimulated 

HTC-IR ceils (Fig. 13A and 13B). Different amounts of immunoprecipitated 

CKI-y2 could not account for the dcmeased activity (Fig. 13A bottom panel). The 

resuits thenfore suggest that insulin ncgatively regulates CICI-@ kinase activity. 

In our pmious study (96), insuiin stimulation did not seem to affbct Nck- 

associated kinase activity towards a-cascin including p75 CKI-72. However, the 

in vitro gel kinase assay on CKI-y2 imrnmprecipitates is a more sensitive 

method to detect kinase activity as compand to in vitro phosphorylation of a- 

casein on Nck immunopmipitates. 

To distinguish bctwecn total CKIq2 and the fraction of CKI-y2 associated with 

Nck in cells, Nck was immunoprrcipitated h m  HTC-IR cells treated with or 

without insulin for various timcs. The Nck immunoprecipitates were 

subscquently submitted to in vitro gel kinase assays. The kinase activity detected 
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Figure 13: Insulin Regulatioa of CKI-y2 Kinase Aetivity 

(A) Senun-starved HTC-IR cells were treated or not with insulin (100nM) for 

Smin. At the end of stimulation, basal and insulin-stimulated ce11 lysates were 

prepared in 1% Triton lysis buffer. Samples were immunoprecipitated with an& 

CU-y2 antibody (1602) and subsequently subjected to in vitro gel kinase assays 

as described in "Materials and Methods"(top panel). CKI-y2 irnmunoprecipitates 

were immunoblotted with anti-CKI-y2 antiboây (1602) as control for the amount 

of CU-y2 protein immunoprecipitateâ (bottom panel). (B) Analysis of results in 

A by densitomeûy. The results presented are fiom three separate experiments 

(mean î standard error). *: Data are significant with p< 0.005. (C) Similarly, 

serum-starved HTC-IR cells were stimulated with insulin (100nM) for 0,2, 5, 10, 

and 30min. Basal and insulin-stimulated ce11 lysates were immunoprecipitated 

with anti-Nck antibody (1698) and then subjected to in vitro gel kinase assays. 

@) Analysis of results in C by densitometry (mean f standard error). 



for the p75 CKI-y2 coimmunopncipitated with Nck is reduceû with insulin 

stimulation (Fig. 13C). The regdation of C u 7 2  activity by insulin is a transient 

phenornena whereby maximal inhibition of CU-y2 activity is observed at Zmin of 

stimulation and returns to nearly basal levels by 30min of stimulation. 

3.3.2 Effect of InsuUn on In Vivo Nck Phosphorylation 

Since apparently Nck is phosphorylated in vitro and in vivo by CM-y2 and that 

CU-y2 activity is negatively regulated by bulin,  the effet of insuiin on Nck 

phosphorylation was examined in viw. HTC-IR cells were labeled with [32P]- 

orthophosphate and stllnulated with insulin during the last 2, 5, or 3ûmin of 

labeling. Nck, immuwprecipitated h m  [32P]-1abeled HTC-IR cells, showed a 

constant level of Nck phosphorylation in vivo, regardless of insulin stimulation 

(Fig. 14A top panel). Immunoblotting with anti-Nck antibody (1698) showed that 

an equal amount of Nck protein was found in al1 Nck immunoprecipitates (Fig. 

14A bottom panel). Phosphoamino acid analysis revealed that Nck 

phosphorylation fioxn basal or insulin-stimulated cells was solely on serine 

residues (Fig. 14B). Ail together, the results suggest that despite decreased kinase 

activity of Cmy2 by insulin, the total phosphylation level of Nck remains 

unaltered in cells despite it being a substrate for CKI-72. It should be noted that 

although the level of Nck phosphoryiation is unchangeci, the negative regulation 

of CKI-yZ by insuiin may have an effcct on cither the phosphorylation or 

association of othcr proteins found in Nck immunoprecipitates. This is suggested 

by the concomitant inhibition of the labeling of some proteins in Nck 

imrnunoprecipitates upon insulin stimulation (Fig. 14A asterisks and Fig. 13C). 



D Figure 14: Effect of Insulin on In Vivo Nck Phosphorylation 

A Nck IPs from 32P-labeled HTC-IR cells 
Insulin 

(lOOnM): O 2 5 30 min 
* ma 175- - * 

83- 

62- 

47.5- 
+ Nck 

Western Biot: 
a-Nck 

B Nck Phosphoamino Acid Analysis 

Insulin 
(1 OOnM): O 2 5 30 min 



Figure 14: Effect of Insulin on In Vivo Nck Phosphorylation 

(A) Subconfluent HTC-IR cells were labeled with [32~]srthophosphate as 

indicated in figure 13 except that d u ~ g  the last 2 ,5 ,  or 30min of labeling, lOOnM 

insulin was added. The clarifieci HTC-IR ce11 lysates were immunopr&itated 

with anti-Nck antibody (1698). Nck immunoptecipitates were subjected to SDS- 

PAGE, ttansferred to PVDF membrane, and exposed for autoradiography (top 

panel). The arnount of Nck protein in each Nck immunoprezipitate was aoalyzed 

by immunoblotting with anti-Nck antibody (1698). protein A-HRP, and ECL 

(bottom panel). (B) Phosphorylated Nck samples were subjected to 

phosphoamino acid analysis as described in "Materials and Methods". S: 

phosphoserine, T: phosphothreonine, and Y: phosphotyrosine. 



Cbaater Four 

Discussion 

Little is known about the CKI family of proteins despite the fact that they are 

among the first protein kinases discovered. With the exception of W-8 and 

CKI-E, possible regdation of their activity by hormones, second messengers, or 

molecular interactions has not been clearly identified. Physiological substrates of 

CKI are few in number despite the fact that numaous proteins have been 

identified as substrates in Mtro. This is a group of enzymes which are 

ubiquitously expressed in al1 species but whose biological function is 

undetermind. This study airncd to leam more about the biological importance of 

this family of protein kinases by focusing on one of its members, the y2-isoform 

(CM-y2). 

In this study, Northem blot anaiysis of total RNA prepared nom several mouse 

tissues and ce11 lines h m  diverse species, revealed a single ubiquitously 

expresseâ CKI-y2 RNA transcript of 2.4kb. The size of the CKI-72 RNA 

transcript detected here, agrees with the one already reported by other groups (74, 

75) and its specificity is supported by the fact that no other transcript nlated to 

CKI-y1 (2.0kb) or C-3 (2.8kb) (74) was detectd. However, ubiquitous 

expression of the CKI-y2 RNA transcnpt was not previously observeci by other 

groups who detected its expression only in poly(A)+ RNA prepared h m  rat 

testis. This discrepancy betwecn ubiquitous versus d c t e d  expression of CKI- 

y2 RNA transcript may be cxplained by the use of difllmnt probes in ail these 

studies. In fact, h m  our cloning data, we have found two diffaent species of 

CKI-y2 cDNA containhg identicai coding regions but dimgmt 3'UTR sequences 

immcdiately after the stop d o n  (CKI-y2 #9 and CKI-y2 #14), suggcstiag that 

two different CKI-y2 RNA transcripts oould exist Analysis of both 3'UTR 

sequenccs in EST databases nvealed that the 3'UTR of clone #14 and not the one 

of clone #9, WPS expresscd in a wide varicty of tissues h m  different spics.  For 



Northern blot analysis, we bave uscd a cDNA probe derived h m  the coding 

region more specific to CKLy2 and the other groups used probes derived fiom the 

3 'UTR sequence comsponding to clone #9. In these conditions, we believe that 

we have detected the total population of CKI-y2 RNA transcripts and in contrast, 

the other groups may have detected only a subpopulation of transcnpts, similar in 

size but less abundant. This hypothesis is supported by preliminary results 

obtained h m  Northern blot analysis on total RNA prepared nom Rat2 fibroblasts 

where only probes h m  the CKI-P coding region and the 3'UTR of clone #14 

have detected a single 2.4kb RNA transctipt (data not show). No signal was 

found when the 3'UTR sequence of clone #9 was used, suggesting that this 

species of CKI-y2 RNA transcript is less abundant, at least in this ce11 line. It is 

interesting to note that a similar situation was obsewed for CKI-6. Cloning of 

CKI-6 cDNA has resulted in the isolation of two clones containing identical 

coding regions but diverging 3 'UTR. Northem blot analysis performed with 

probes specific for each 3'UTR, deterrnined that only one of them represents the 

predominant fom of CKI-8 RNA transcript (76). 

CKI-y2 antibodies used in imrnunological detection by Western blot of proteins 

prepand h m  diffcmit murine tissues, mealed that CKI-y2, is a protein 

ubiquitously expressed as it was suggested by our Northem blot analysis. Two 

diffcreat polyclonal antihdies, one raiscd against the C-terminal region of CKI-y2 

and the other raised against the totai pmtein, spifically rccognized a single 

protein of 7SkDa as CU-72, and the specificity of these antibodies has been 

confirmed by theu complete displacement by theu respective antigen. According 

to its cDNA, the predicted size for CKI-y2 is 45.5kDa, however, no protein of this 

size was detectd in any tissues tested, not even in testis where according to our 

Northem blot analysis and those reportai by other groups, the C U y 2  RNA 

transcript was the most highly expresseci. This study is the 6rst and the oniy one, 

to dctcct =-y2 as a protein expressuî in mammalian tismes and celi lines. For 

this reason, it is impossible to compare the sizc that we found for CKI-y2 with the 



findings of other groups. However, when C-2 is expressed as a recombinant 

protein in bacteria, or in vitro transcribed/translated, the size of the protein 

produced is in agreement with the one predicted by its cDNA. Tnterestingly, these 

protein products were all recognized by both of our polyclonal CU-y2 antibodies 

indicating that if a CU-y2 of 45kDa would have existed in murine tissues, our 

polyclonal CU-y2 antibodies would have picked it up. Moreover, transient 

transfection of the CKI-y2 cDNA into mammalian cells have shown that in 

addition to the endogenous p75 CKI-y2, now the immunological detection of CKI- 

y2 reveals a proteln of 45kDa with no apparent detatable change in the amount of 

the immunoreactive p75 CKI-72. Although these nsults do not support that the 

hnmunoreactive p75 CU-y2 is a nsult of a post-translational modification of the 

p45 CKi72, we cannot exclude that such process if it exists, could be rate limited 

or aiready saturated. Altematively, another explanation for the size discrepancy of 

CKI-y2 is that the cDNA published for CKLy2 is incomplete. However, analysis 

of the published sequence for rat Cm-y2 cDNA (74) revealed an upstream stop 

codon (nucleotide 55) present prior to the stsn codon (nucleotide 193) in the sarne 

reading h e .  This confirmed the comct assignment of the initiation codon in 

CK?-yî cDNA with a predicted Mr of 45.5kDa for the protein. 

Discnpancies in the size of a protein obsmed in SDS-PAGE versus the deduced 

sue h m  the cDNA have been obsewed for other gene products. For exarnple, 

the WASP gene product has an o b s d  13- dif fmce h m  its theoretical 

size. This anomalous migration in SDS-PAGE is ascribed to its high proline 

content (18% of total amino acids) (120). Neveitheless. for CKI-y2 its proline 

content is only 6% and c m o t  explah the 3OkDa size difference observeci. A size 

discrepancy was also obsmcd for IRS-1 whose predicted rnolecular mass is 

13 lkDa but migrates as a 165-1 80kDa protein and this diffemce was attributed to 

its hyperphosphozytated state (138). Similarly, CKI-6 and CKI-E, show 

appmximateiy 20kDa dürerences in sizc due also to theu phosphorylation (90). 

However, hyperphosphocylation of CKI-y2 does not sccm to contribute to its 



unexpected molecular weight since in vitro treatment of immunoprecipitated CKI- 

y2 @75) with phosphatases does not result in lower molecular weight species of 

CKI-y2. Although phosphorylation cannot be excluded completely, it is likely 

that some other post-translational modification of CU-y2 might be responsible for 

the observed 75kDa molecular weight of the immunoreactive CU-y2. For 

example, RanGAPl runs as a higher molecular weight protein in SDS-PAGE 

because it is post-translational modified by the covalent iinkage of a ubiquitin-like 

protein called, SUMO- 1 (1 39, 140). Such unidentifid pst-translational 

modification of Cm-@ nceds to be investigated. 

In this study, wc have demonstrated that a molecular cornplex composed of p75 

CM-y2 and Nck exists in HTC-IR cells. Intenstingly, as mRNA and protein, 

CKIy2 and Nck are expressed in the sarne murine tissues with especially high 

levels for botb in testis. Strong evidence that the p75 immunoreactive CKI-y2 

coimmunoprecipitated with Nck is indeed CIU-y2 was revealed by the fact that 

the p75 immunoreactive CKl72 associated with Nck exhibits similar enymatic 

characteristics as the recombinant and endogenous imrnunopncipitated p75 CU- 

y2. For instance, d l  t h  sources of CU-y2 demonstrated magnesiumdepmdent 

activity as previously reporteci for ncombinant CKI-y2 (74). Furthennon, CKI-7 

inbibits al1 three sources of CKI-y2 activity in a range of concentrations where it 

specifically inhibits CKI enzymes (1 5,74). These nsults provide strong evidence 

that the thrte sources of proteins are the sarnc enzyme. Interestingly, CKIy2 is 

the only y-isofonn that contains in its C-terminal domain, PXXP 

&OwDmQEPHR, , , )  consensus motifs for SH3-mediated interaction, 

supporting its constitutive association with Nck. Although this remains to be 

proven, it is of interest to h d  that one of these motifs, Pro-Ser-Glu-Pro, is 

conserved in human CKI-y2 as well(75). It is however, important to obtain in 

hiture studies, the direct pmtein sequcnce of p75 CICI-y2 wprecipitated with Nck, 

in order to coafirm its idcatity and to elucidak the pst-translational modification 

responsible for its highcr thsn expecteâ mokecular weight. This study provides 



strong evidence that immunoreactive p75 CKI-y2 associated with Nck is indeed 

CKI-y2 and fuithemore, these findings suggest that CU-y2 may participate in 

signal transduction downstream of RTKs through Nck. 

Nck appears to be a substrate of variety of protein tyrosine kinases linked to ce11 

surface receptors and sedthr kinases activated by growth factors (EGF and 

PDGF), phorbol esters, and CAMP (99). The fact that Nck is constitutively 

associated with the sdthr kinase, CKI-72, la i  us to determine if Nck could be 

phosphorylated by this enzyme. The iesults showed that indeeâ, Nck was an 

efficient substraîe for ClGy2 phosphorylation, in vino. On Nck, the sites of CKI- 

y2 phosphorylation seem to be localized w i t b  Nck's SH3 domains as the three 

SH3 domains and not the SEI2 domain of Nck was phosphorylated. More 

specifically, CKLy2 phosphorylation sites appear to be located in the 2nd SH3 

domain of Nck as it was the only domain phosphorylated among the three 

individual SH3 domallis. In fact, two out of three potential CU-y2 consensus 

phosphorylation sites in Nck are found in its 2nd SH3 domain. Similarly, Pakl, a 

65kDa serlthr kinase associateâ to Nck via its second SH3 domain, also 

phosphorylates Nck in vitro (125, 126). In contrast, Pakl phosphorylates sites in 

Nck's SH3#1, SH3#2, SH3#3 and also its SH2 domain (125). The in vitro 

phosphorylation of Nck's SH3 domains by CKI-y2, shared some of the 

phosphopeptides obtained h m  in vivo [32P]-labeld Nck isolatecl fiom rat HTC- 

IR and murine MH 3T3 ceb (109). Al1 together these data support the in vitro 

and in vivo phosphorylation of Nck by CKI-72. Nck mediated signaling 

downstream of activated RTKs seems to involve its phosphory lation and 

association with s d t h r  kinase such as Pakl and CKI-y2. However, in both 

situations, the significance of thest phosphorylations on Nck hinction has not yet 

been addressed. Perfiaps CKI-y2 phosphorylation of Nck may create new binding 

sites for Nck or change its afnnity for other Nck-interacting proteinS. 

Nck is found asaciptcd with IRS-1 upon insuiin stimulation suggesting that 



specific effector molecules bound to Nck could be involved in propagating insulin 

action. We have investigated whether CKI-y2 could be regulated by insulin and if 

so, how CKI-y2 regulation affects the phosphorylation of Nck. The results show 

that insulin negatively regulates CU-y2 kinase activity in HTC-IR cells. In 

particular, the fiaction of CKI-y2 associated with Nck, is also negatively regulated 

by insulin stimulation. Moreover, a time course of insulin stimulation suggests 

that CKI-y2 regulation by insulin, is a tightly regulateâ, transient phenornena. 

Regulation of CKI activity by the homone, insulin, rnay represent a common 

mechanism of regulation for the poarly understood family of protein kinases. Our 

results contract with those h m  carlier studies, which suggest that, the mammalian 

CKI is activatcd by insulin (83). However, in these early studies, C U  was 

considered a single entity and the different isoforms of CKI enzymes were not 

known. It has become apparent that the different CKI isoforms have particular 

enzymatic properties and v q h g  C-terminal extensions, a domain implicated in 

regulation of the N-teminal catdytic domain. This suggests that different CKI 

isoforms may have different rnechanisms of regulation depending on the length 

and specificity of theu C-terminal domairi. 

Since Nck was found to be a substratt of CKLy2, a kinase likely regulated by 

insulin, the effect of insulin on Nck phosphorylation was examineci. Despite 

decreased activity of CICI-$! by insulin, total phosphorylation level of Nck in 

HTC-IR cells remains unaltered and solely on serine nsiduts, regardles of tirne 

of insulin stimulation. The results agne with previous studies that showed that 

Nck phosphorylation is solely on serine nsidues since no tyrosine 

phosphorylation was observecl aftcr insulin stimulation (108). Similarly, p85 and 

Grb2, which bind IRS- 1 and participate in insulin signnliag, also fail to undergo 

tyrosine phosphorylation d e r  insulin stimulation (Ml, 142). Thus IR doesn't 

seem to regdate the fimction of these adaptor molecules by tyrosine 

phosphoryiation. It is Wrely that Nck binding to IRS-1 alone may modulate 

activity of CKI-y2, andogous to the regdation of pl 10 PU-kinase by its p85 

regdatory subunit. Altmiatively, biadhg of Nck to IRS-1 may simply sewe to 



relocalize CKI-y2 within ce11 to site where it can be in close pmximity to its 

physiological substrates. For example, Grb2 binding to IRS-1 functions to 

position SOS adjacent to Ras in the plasma membrane (108). Xnterestingly, in our 

previous study, insulin stimulation did not seem to affect Nck-associated kinase 

activity towards a-casein but when lwked at the overall in vitro phosphorylation 

of proteins coimmunoprccipitated with Nck, some proteins appeared less 

phosphorylated after 15-30min of insulin stimulation (96). Similarly, in this 

study, we find that some proteins wimmuwprecipitated with Nck fiom in vivo 

[3fp]-labeled HTC-IR cells are less phosphorylated d e r  2min of insulin 

stimulation. This suggests that insului regdation of CKI-y2 may not modulate 

phosphorylation of Nck itself but rnay change the phosphorylation an& 

association of other Nck-associated proteins. 

hterestingly, upon insulin stimulation, CKI phosphorylates and inhibits tyrosine 

kinase activity of the P-subunit of the R, suggesting that this type of activity may 

participate in Nniing off the activity of the IR following its activation (33). 

Similarly, a ment study in our laboratory has demonstrated that serine 

phosphorylation of the ligand-activated p-PDGFR by CKl-y2 inhibits the 

receptor's autophosphorylating activity (37). ûne mode1 that may be proposed is 

that initiai binding of insulin to its nceptor results in a transient and t h e -  

dependent assembly of a scaffold of proteins to the insulin receptor. Inhibition of 

CKI-72, via a serlthr phosphatase in this protein cornplex, would allow the 

transduction of insulin receptor-mediated signals. Eventuaily, CKI-72 is 

recovered and could shut dom these insulin-mediateci events by phosphorylating 

and inhibiting the receptor activity. Alternatively, IRS-1 could be a target of CKI- 

y2 since several conseasus motifs for phosphorylation by CKI are present in the 

amino acid sequcncc of IRS-1 . Intaestingly, d t h r  phosphoryiation of IRS-1, 

such as trtatmat of celb with olcadric acid (mltht phosphatase inhibitor), 

prcvents inmlin-stimulated glucose transport and is thereforc liakcd to dccrease in 

insulin rrsponsivcncss (143). The trcatmcnt of okadaic acid in insulin-stimulatted 

cells, increases sctlthr phosphorylation of IRS-1, suggcsting a mechanism of 



negative feedback on insulin signaiing, resultiag h m  sedthr phospho~lation of 

IRS-1 (144) perhaps by CKI-y2. Further studies are required to demonstrate 

whcther this is a biological function of CKI-y2 in insulin signaling. 



Conclusion 

This study aimed to learn more about the biological importance of CKI-y2, a 

member of the poorly undemtood Casein Kinase 1 family of protein kinases. It is 

the f h t  and only study to report that CKI-y2 mRNA and protein are ubiquitously 

mpressed in mammalian tissues and ce11 lines. in addition, we have demonstrated 

that Cm-y2 as a protein of 75kDa is complexed with the SHUSH3-containhg 

adaptor protein, Nck, in vivo. CKI-y2 coprecipitated with Nck presents similar 

enzymatic properties as ~iccombinant and endogenous CKI-y2, demonstrating that 

three sources of protein deal with the same enzyme. In future studia, unidentified 

post-translational modifications of CH-y2 that can explain its higher than 

expected molecular weight should be investigated. Nevertheless, this study 

presents strong evidence that that immunoreactive p75 CKLy2 associated with 

Nck is indeed CKI-y2. Furthemore, our results suggest that Nck-mediated signal 

transduction pathways dowllstream of activated receptor tyrosine kinases could 

implicate Cm-y2 as an important component. The association of C-2 with 

Nck, gceatly enhances our knowledgc of the difkent signaling pathways in which 

the Casein Kinase 1 may participate. 

Identification of CU-y2 substrates in hihue studies will support the d e  of CM- 

y2 in Nck-rnediated signaling downstream of the activateù insulin receptor. Of 

interest, Nck itself is an efficient substrate of CKI-72, in vitro. Furthennore, this 

study provides preliminary evidence that Nck is phosphorylated by CU-y2 in 

vivo. The finding that Nck is a substrate of CKI-72, suggests that Nck function 

may be regulated by CKly2 serlthr phosphorylation. 

Observations thaî insulin decreases p75 CKI-y2 activity provide evidence for 

negative regulaîion of CK1-P by this hormone. Whcthcr, modulation by insuün 

is a cornmon mechanimi of regdation for other CKI family manbers remains to 



be determined. Nevertheless, these findings suggest that the complex of CKI-y2 

and Nck could have an important function in insulin-mediated signal transduction. 

One mode1 is that following insulin binding to its receptor, CU-y2 and Nck 

complex is recruited to CRS-1 via Nck's SH2 domain. This initial binding of 

insulin to its receptor induces signal transduction and concomitantly results in a 

transient and tirnedependent inhibition of CKI-y2 activity. Evenhially, CKI-y2 

activity is recovered and could now participate in the hun off of insulin-mediated 

events by phosphorylating and inhibithg the ceceptor. This is supported by 

observations that CKI and CKI-y2 in particular, can phosphorylate and inhibit a 

number of receptors including the IR ((33), (34), (39,  (36). (37), (86)). 

Alternatively, IRS-1, which contains several consensus motifs for CKI 

phosphorylation, could be a target of CU-y2. Serfthr phosphorylation of iRS-1, 

perhaps by CKI-y2, has been shown to decrease insulin responsiveness ((143), 

(144)). Therefore, CU-y2, through ser/thr phosphorylation of IRS-1 or the IR 

itself, rnay be implicated in a mechanism of negative feedback on insulin 

signaling. Further studies are rquired to demonstrate whether this is the role of 

CU@ in insulin signaling. 
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