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Summαη 

Deve1opmenta1 processes invo1ve mu1tip1e cell-to-cell communication, in which 

protein kinases p1ay crucia1 ro1es. In order to understand further the mechanism(s) 

under1ying the deve1opmenta1 processes, 1 tried to identify a nove1 protein kinase(s) 

whose expression is spatio-temporally regu1ated during Drosophila deve1opment. Here 

1 report the identification and characterization of the two nove1 Drosophilαgenes. One 

is Dpkn (Drosophila protein kinase re1ated to Pl11i), encoding a putative protein 

serine-threonine kinase and the other is Dnrk (.Drosophilαneurospecific receptor 

kinase) , encoding a putative receptor tyrosine kinase (RTK) . 

The deduced amino acid sequence ofthe kinase domain ofDpkn exhibits a high 

degree of simi1arity to recently identified mammalian protein kinase N (PKN). The 

expression ofDpkn is first detected in the new1y formed mesoderma1 cell1ayers and is 

then restricted to the deve10ping somatic musculature, indicating a possib1e ro1e of 

Dpkn in the deve10pment of somatic muscles in the Drosophilα . 

On the other hand, Dnrk is a typica1 type 1 membrane protein, whose cytop1asmic 

tyrosine kinase domain is high1y re1ated to the T:rk-and Ror-families of RTKs. Du:ring 

Drosophilαembryogenesis ， the Dnrk gene is exp:ressed specifically in the deve10ping 

nervous system. The Dnrk protein possesses t~TO conserved cysteine-containing 

domains and a kring1e domain within its extracellu1ar domain, resembling those 

observed in ROIイami1yRTKs (Rorl , Ror2 and a jDrosophila -Ror; Dror). This protein 

contains the cata1ytic tyrosine kinase (TK) domain with two putative ATP binding 

motifs , resembling those observed in another DrosophilαRTK (Dtrk) that mediates 

homophi1ic cell adhesion. The TK domain of Dnrk, expressed in bacteria or 

mammalian cells, exhibits apparent autophosphory1ation activities in vif1・o. TheTK 

domain 1acking the dista1 ATP binding motif a1so exhibits autophosphory1ation 
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activity, yet to a lesser extent. In addition to its TK activity, there are several 

putative tyrosine-containing motifs that upon phosphorγlation may interact with 

SH2 regions of other signaling molecules. Collectively, these results suggest that 

Dnrk may play an important role in neural development during Drosophilα 

em bryogenesis. 
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introduction 

Protein tyrosine kinases (PTKs) and protein serine-thrreonine kinases [P(Str)Ks] 

play critical roles in a wide variety of cellular responses including activation, 

proliferation and differentiation. It has been appreciated that antigens or cytokines 

activate sets ofreceptor type or non-receptor type protein kinases , eventually leading 

to activation, proliferation, or differentiation of irnmuno-hematopoietic cells. 

Proliferation of T lymphocytes is triggered by the interaction of interleukin-2 (IL-2) 

with its specific receptor following T 1戸nphocyte activation. The IL-2 receptor (lL-2R) 

consists of three subunits; the IL-2Rα， IL-2Rß, and IL-2Ry chains. The structures of 

the three distinct subunits ofthe IL-2R are depicted in Fig.1. IL-2R゚ and IL-2Ry, but 

not IL-2Rα， belong to a superfamily of cytokine receptors , characterized by the 

presence of four conserved cysteines and the sequence WSXWS (the WS motif). 

Although none of these IL-2R subunits possess any known catalytic activity, it has 

been shown that both IL-2R゚ and IL-2Ry are required to transmit the IL-2 signal to 

the cell interior (1-4). 

The critical role of IL-2R゚ was demonstrated by cDNA expression studies using the 

murine hematopoietic celllines such as BAF-BO:3, which is IL-2R゚-negative but 

IL-2Rα- and y-positive (1 ,5,6). When the human IL-2R゚ cDNA was expressed in 

these cells , they acquired the ability to proliferate in response to IL-2. The expression 

studies with deletion mutant IL侃ß cDNAs revealed that the membrane-proximal 

cytoplasmic region, the “serine-rich" region (Fig.l), is critical for the transmission of 

the IL-2・inducedproliferative signal (1) . 

Furthermore, the critical role of IL-2Ry in IL-2 signaling was also suggested. It was 

shown that a mutant T cellline that has lost expression of IL-2Ry but retains IL-2Rα 

and IL-2R゚ has also lost the ability to respond to IL-2 (7). The critical role of the 
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Fig. 1. A schematic diagram ofthe IL-2 receptor (IL-2R). 
The high-affinity IL-2R consists of three distinct subunits, IL-2Rα， IL-2 
R゚  and IL-2Ry. The cytoplasmic domain of IL-2R゚ can be tentatively 
divided into subregions as shown in this figure. 

cytoplasmic region of IL-2Ry is also emphasized by the observation that ectopic 

expression of a mutant IL-2Ry lacking most of its: cytoplasmic domain inhibits the 

ability of the intact IL-2R to transmit the IL-2・induced proliferative signals in 

BAF-B03 cells (2). The critical role ofthe cytoplasmic region ofIL-2Ryin addition to 

that of IL-2R゚ led us to speculate that IL-2 signaling may require the functional 

cooperation between the cytoplasmic domains of IL-2R゚ and IL-2Ry. 

Despite the fact that none of IL-2R components possesses any known catalytic 

activity, it has been shown that IL-2 stimulation results in a rapid phosphorylation of 

several cellular proteins, including the receptor it:self, on tyrosine as well as 

serine/threonine residues (8 ,9). Therefore, it is likely that IL-2R゚ and/or IL-2Ry can 

interact with a nonreceptor-type PTK(s) and P(S庁)K(s). A panel ofPTKs and of 

P(8fr)Ks implicated thus far in IL-2 signaling has been reported (see below). It has 

been shown that several P(8fr)Ks, including Raf-.l kinase, mitogen-activated protein 

(MAP) kinase, p70 86 kinase, p34cdk2 and p34cdc2 are activated upon IL-2 stimulation 
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(10-18). 1t has also been demonstrated that pS6lck and p5 g1Yn , (members ofthe 

src-family PTKs), Syk PTK ( a member ofthe Syk/ZAP-70-family PTKs), Jak1 and 

Jak3 (members ofthe Jak-family PTKs) couple:, both physically and functionally, with 

1L-2R (Fig.2)(19-28) (see below in detむls).

引le src-family PTK, p56lck associates with the cytoplasmic “acidic" region of 1L-2R゚  

(see Fig.1), a region dispensable for 1L-2-induced mitotic signaling (19 ,20). On the 

other hand, Syk PTK associates with the cytoplasmic “serine-rich" region of 1L-2R゚ 

(see Fig.1), a region required for 1L-2-induced cel1ular proliferation (22). The 

association of J ak1 and J ak3 with 1L-2R is rather 山首que. J ak 1 and J ak3 are 

structurally related kinases and belong to the same PTK family. Nonetheless, their 

association with the 1L-2R components is selective, i.e. Jak1 associates with 1L-2R゚ 

Vlαits cytoplasmic “serine-rich" region and Jak3 associates with 1L-2Ry viαits 

C国terminalregion (1t was shown that at least 48 C-terminal amino acids of 1L-2Ry are 

necessary for its association with J ak3 and that this region is deleted by nonsense 

mutations in many patients with X-linked severe combined immunodeficiency; 

XSC1D.) (23 ,24). 1n addition to the physical association of1L-2R with these PTKs, it 

was shown that these PTKs are activated follo~ring 1L-2 stimulation (23 ,24,27 ,28). 

Thus, it appears that this physical interaction i:s physiologically signi五cantin 1L-2 

signaling. 

Structure-function analyses of 1L-2R゚ have identi五edcritical regions in the 1L-2R゚ 

required for activating the respective PTKs. Both the “serine-rich" and “acidic" 

regions of 1L-2R゚ are required for activating p5゚ lck upon 1L-2 stimulation, indicating 

that the physical interaction ofp56lck w叩it出h 11比L-2

activating p凶56lck

ぺ(2ωO的). On the other hand, 1L-2-induced activation ofSyk PTK requires 

the "serine-rich" region of1L-2R゚ (22). 1t has been found that 1L-2-induced activation 

of J ak3 also requires the “serine-rich" region ofIL-2R゚ (28). Considering that Jak3 
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associates with IL-2Rybut not with IL-2Rß , activation of Jak3 (and possibly of Jakl) 

may require cooperation ofboth kinases associated with the IL-2R components. It 

has been proposed that activated Jaks phosphorylate the receptors with which they 

are associated, as well as various STAT (signal transducers and activators of 

transcri ption) proteins which function downstream to regulate gene expression 

(29,30). 

Collectively, these findings raise the interesting issue ofhow a given cytokine 

receptor may function to activate many distinct signaling molecules (such as protein 

kinases). At present it is not clear whether there are many distinct subpopulations of 

IL-2R゚ (or IL-2Ry), each of which associates with the respective signaling molecules 

(Fig. 2A), or if the subpopulation of IL-2R゚ (or IL-2Ry) that associates with one 

signaling molecule can simultaneously associates with multiple signaling molecules 

(Fig.2B). In either case, it is likely that the concerted action ofthese signaling 

molecules may be required for full-scale activation of downstream signaling pathways. 

This phenomenon may be common to cytokine receptors , which otherwise lack any 

intrinsic kinase activi ty. Instead, the cytoplasmic domains of cytokine receptors 

have structurally evolved to recruit multiple signaling molecules, including PTKs and 

utilize them to trigger the full-scale activation of multiple downstream signaling 

pathways leading to cellular responses including cellular proliferation and 

differentiation. Furthermore, as shown in Fig. 2, this model can explain why 

IL-2-induced heterodimerization (see Fig.2B) or clustering (see Fig.2A) of IL-2R゚ and 

IL-2Ryis required for triggering multiple downstream signaling events leading to 

cellular proliferation. 
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Fig. 2. Multiple kinase concert model. (A) Each IL-2R゚ (and possibly IL-2Ry) recruits distinct kinases , including protein tyrosine kinases 
(PTKs). Upon IL-2 binding, these PTKs function in concert to activate multiple downstream signaling. (B) The IL-2R゚ chain can 
simultaneously recruit multiple kinases, including PTKs that are activated upon IL-2 binding. Whether IL-2 binding to IL-2R triggers 
clustering has not been experimentally demonstrated. For convenience, the exact association sites for the respective PTKs are ignored. 



The Jak-family ofPTK comprises four members , Jakl , Jak2 , Jak3 , and Tyk2 , in 

mammals(31 ,32). It has been shown that many cytokine receptors , including IL-2R, 

utilize distinct sets of Jak-family PTKs to translnit their signals to the cell 

interior(24,31-38). Accumulating evidence indicates that Jak-family PTKs, associated 

with the respective cytokine receptors , are activated by stimulation with their 

cognate ligands, and thereby trigger the activation of STAT proteins(31-35). 

Furthermore, several observations have demonstrated that Jak-family PTKs play 

the critical roles in cytokine receptor-mediated cellular responses , including 

proliferation and growth inhibition. Genetic selection of cells unable to respond to IFN, 

the cytokine that usually induce growth inhibition, produces cell mutants lacking 

Jakl , Jak2 or Tyk2 , and ectopic expression ofthe missing Jak renders mutant cells 

become responsive to IFN(30,31). Moreover, overexpression ofthe Jak3 mutant, 

lacking its intrinsic kinase activity, in cells responsive to IL-2 results in a drastic 

inhibition ofthe IL-2-induced cell proliferation (39). Deletions or mutations in the 

IL-2Ry that disrupt Jak3 association also inactivate the receptor, producing X-linked 

severe combined immunodeficiency in humans(40). 

Thus far , only one homologue ofmammalian ,Jak-family PTKs has been reported in 

Drosophila(41). This Jak homologue is encoded by the hopscotch (hop) locus, whose 

loss-of-function alleles result in an X-linked larval/pupal zygotic lethality(41 ,42). The 

dead larvae have a normal cuticle pattern, but aJll larval diploid imaginal tissues are 

reduced in size, implying a zygotic role for hop in cell proliferation. In addition, it was 

shown that a gain-of-function hop mutation causes a form of "leukemia" in 

Drosophila , characterized by the formation ofmelanotic tumors and hypertrophy of 

the larvallymph glands, the hematopoietic organs(43 ,44). It should be noted that no 

such oncogenic activity has been reported for mammalian Jak-family PTKs, despite 
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mammalian Jaks paly an important role in cytokine-induced cell proliferation. 

In addition to a zygotic role of hop in cell proliferation described previously, hop is 

also required maternally for the establishment of the normal array of Drosophila 

embryonic segments. In hop embryos , embryos derived 合om females lacking 

germ-line hop activity, although expression of the gap genes appear normal, there are 

defects in the expression patterns ofthe pair-rule genes (even-skipped, runt, fushi 

tαrαzu) as well as the segment-polarity genes (engrαiled and wingless)(41). The effect 

of hop on the expression of these genes is stripe-speci白c. Thus , it becomes clear that 

hop also plays an important role in the development of Drosophila, in particular, 

segmentation ofthe embryos. The findings suggest that a mammalian Jak-family 

PTK(s) may also play an important role(s) in early development of mammals. With 

this respect, it is noteworthy that mice with gene disruption of Jakl or Jak2 exhibit 

embryonic lethality. 

These studies on hop re-emphasize an advantage of Drosophilαas an elegant tool 

for the genetic analysis as well as morphological analysis of a particular functional 

molecule(s) , including protein kinases. Furtherm.ore, the studies suggest a role(s) of 

protein kinases in developmental processes. In rnammals , it is sometimes difficult to 

study the role of a particular protein kinase(s) in vivo because ofthe well-known 

redundancy and/or pleiotropism ofprotein kinases. In fact , it has been shown that 

many protein kinase families (e.g. src-family PT1Ks) comprise many members with 

overlapping functions(45 ,46). With this respect, one can assume that protein kinases 

in Drosophila is likely to be less redundant due to its relatively small genome size and, 

therefore , it is suitable to analyze the function of a particular protein kinase(s) in 

Dγosophila. 

Developmental processes , including body patterning, tissuegenesis , organogenesis , 

involve multiple cell-to-cell communications , in vvhich protein kinases appear to play 
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imporlant roles(47 ,48). To understand further the mechanism(s) underlying these 

developmental processes, 1 tried to identiちTa novel protein kinase(s) involved in the 

development of Drosophilα. By employing the PCR technique 1 have cloned five novel 

Drosophilαprotein kinase(s) (initially designated as DK1-DK5) that exhibit unique 

spatio-temporal expression patterns during the development of Drosophila. Among 

these novel kinases, 1 describe in details the identification and characterization of the 

two protein kinases , renamed as Dpkn (Drosophilαprotein kinase related to PKN) and 

Dnrk (Drosophilαneurospecific receptor kinase). 
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Results 

Cloning of novel protein kinase 

The outline ofthe cloning strategy 1 employed is depicted in fig. 3. The two well 

conserved subdomains within the protein kinase domain were chosen to design the 

degenerated oligonucleotide primes for PCR. By using a PCR method and these 

degenerated primers , 1 amplified Drosophilαgenomic DNA. After subcloning of 

ampli五ed products, most of them were found to encode protein kinases and among 

them three encoded novel protein kinases. 

As shown in fig. 4, amplified products can be classified into about 10 protein 

kinases, and several were turned out to be amplified in a biased manner. Hence, 1 

performed a subtractive hybridization thereafter to eliminate these 仕equently

amplified products. As a result, 1 obtained two additional novel protein kinases. These 

five novel Drosophila protein kinases (DKs) were temporarily designated as DK1-DK5. 

Temporal expression pattern ofDKs during embηTogenesis 

In order to examine whether these DKs are involved in the developmental processes 

of Drosophila ， 日rst 1 analyzed temporal expression pattern ofthese genes during the 

embryonal development. 1 performed Northern blot analysis with RNA samples from 

embryos (0-4hr, 4-10hr, 10-22hr) (fig.5). DK1 is expressed throughout embryonal 

stage, yet its expression level decreased at later stages (日g.5). DK2 and DK5 are 

expressed at high levels in 0-4hr embryos and hardly detectable at later stages (fig.5). 

DK3 is expressed at high levels in 4-22hr embryos(fig.5). DK4 is expressed at high 

levels in 4-10hr embryos (fig.5). Thus, it was expected that these DKs are involved in 

the developmental processes of Drosophila. As described later, spatial expression 

patterns of DK1 and DK3 are restricted in the developing tissues. Thus, it was 

assumed that DK1 and DK3 are concerned in Drosophila tissuegenesis. 
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Polymerase Chain Reaction: 

Drosophila genomic DNA (as a template) 

primer 1: kinase subdomain VIB (H:RDL) 

primer 2: kinase subdomain IX (DVWSYG) 

• 
Subcloning into Blue,script 

• 
1st round Sequencing 

• 
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Fig.3. Strategy for cloning novel protein kinases. For PCR, degenerated 
primers were designed to hybridize to nucleotides coding two well conserved 
kinase subdomains VI B (HRDL) and IX (D¥TWSYG). PCR-amplification with 
these degenerated primers and subsequent subcloning of amplified products 
were performed as described in Experimental Procedures. Mter the 1st round 
sequencing, frequently amplified products w'ere subtracted by colony 
hybridization. 
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Previously cloned genes: 

non-receptor type kinases 

DcdrK 

Dcdk5 

Dsrc 

Dc-src 

D-fps 

Dash 

SHARK 

Hop 

receptor type kinases 

DER (DEGFR) 

DFGFR 

Sevenless 

Newly cloned genes: 

serine/threonine kinase 

serine/threonine kinase 

tyrosine kinase 

tyrosine kinase 

tyrosine kinase 

tyrosine kinase 

tyrosine kinase 

tyrosine kinase 

tyrosine kinase 

tyrosine kinase 

tyrosine kinase 

non-receptor type kinases 

DK1 serine/threonine kinase 

DK2 serine/threonine kinase 

DK5 serine/threonine kinase 

receptor type kinases 

DK3 tyrosine kinase 

DK4 tyrosine kinase 

the closest mammalian 
counterpart 

cdc2 

cdk5 

src 

src 

fps 

abl 

Syk/ZAP-70 

Jaks 

EGFR 

FGFR 

PKN 

つ

つ

Trk/Ror 

Ltk 

Fig.4. Cloned protein kinase genes. The obtained clones are classified into 
serine/threonine or tyrosine kinases on the basis of their amino acid sequence 
homologies with the previously reported consensus sequences for the 
respective protein kinases. Clones DKl-5 have not been described previously 
and represent putative novel protein kllnases. 
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-288 
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288 
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-288 
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Fig.5 Temporal expression pattern of DK1-5 transcripts. Total RNA was 
prepared from Drosophilαembryos (0-4hr, 4-10hr, 10・22hr) ， separated by 1% 
agarose formaldehyde gels, transferred onto nylon membranes, and hybridized 
with radiolabeled probes for the respective transcripts. The filters were stained 
with methylene blue to show total RNA [see panels indicating 188 and 288 
ribosomal RNAs (control) , stained with methylene blue]. 
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Cloning of Dpkn cDNAs 

Using the subcloned region of DK1 as a probe, 1 screened a cDNA library 合om

Drosophilαimaginal discs (see Experimental Procedures). Among cDNA clones 

isolated, the cDNA clone containing the longest insert (-1.6 kb) for Dpkn (Drosophilα 

.e_rotein 主inase related to PKN) was sequenced. 

Dpkn cDNA encoded an amino acid sequence of a typical protein kinase domain, 

including a putative ATP binding motif (Fig.6). In Dpkn, the amino acid residues 

conserved within the serine/threonine protein kinase family are found , indicating that 

Dpkn is a member ofthis family (49,50). Comparative sequence analysis revealed 

that the kinase domain of Dpkn (-300 amino acids) is highly homologous to the 

corresponding domains of the protein kinase C family (Fig. 7 A). The highest homology 

( -80%) was seen between the kinase domain of I)pkn and that of a recently identified 

novel protein kinase, designated PKN，合om Xenopus, rat and human (Fig.7B, 51,52). 

Spatio-temporal expression pattern ofDplm 

To characterize the temporal expression pattern ofthe Dpkn gene, 1 performed 

Northern blot analysis with RNA samples from embryos (0-4hr, 4-10hr, 10-22hr), 

larvae, pupae, and adult flies. The 1.6kb 合agmentofthe Dpkn cDNA was used as a 

probe. Dnrk probe detected a m司jorband of about 7 kb in size (Fig.8A). As shown in 

Fig.8A, Dpkn was expressed throughout Drosophila development, yet its expression 

level decreased at later stages of embryogenesis . 
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1 CDrCロαn::cACITIC氾CAAGGIGATTCIGTCCCAA.TIGαユAAG/..ごAACAAαごAGrAcrAC

1 G R G H F G K V 工 L S Q L R S N N Q Y Y 

60 

20 

6ユ crrATIAAGGCACIGAAGAA.GαユAGA.CAτ'CATIGCLLG<ヌユAαユAAGIGGAGTCCCIGC 120 

21 A 工 K A L K K G D 工工 A R D E V E S L L 40 

121 AGαユAAAAGCσrMτCI'TC'GAGGIGGCCAAα:;CCArmcα丈Aτ℃α:;rrc了r.A(岱TAAC了IG 180 

41 S E K R 工 F E V A N A M R H P F L V N L 60 

181 TATTCGIGC'了IてたAGACIGAGCAACAα:TIMτGCITIGIGAτなユAATA!αX力'GCI'GJCC氾A 240 

61 Y S C F Q T E Q H V C F V M E Y A A G G 80 

241 GATTIGA'IGAτ'GCACAτITA.CAαぉAα1IGTI'CCTA.GAGα刃AGAG文刃ITITCI'A!α:;CC 300 

81 D L M M H 工 H T D V F L E P R A V F Y A 100 

301 

101 A C V V L G L 

361 AAGCICGACAATTIGCTITTGGACAαxユP.;ÞO_ユATMτGIGAAAATIGαヌユAC'ITICGITIG 420 

121 K L D N L L L D T E G Y V K 工 A D F G L 140 

421 τ'GCAAG/..ユAcrrrAτ'G:rC了了IなJIGAτ℃ロCACG:DCACTI'ICI'GI"mrA!α:;ccαユAGrTI 480 

141 C K E G M G F G D R T G T F C G T P E F 160 

481 CI'CGCAαヌ支;AAGIGCICAα?ßAAAC了ICGrACACACGAGCIGIQ;:;ATIG:TIGはおCTIG 540 

161 L A P E V L T E T S Y T R A V D W W G L 180 

541αTIGTGI'IGAτピ了了IGAGAτGTIな:JI'IG3TGAσroCCCATICCCIぼJIGAα:;AτGAGGAG 600 

181 G V L 工 F E M L V G E S P F P G D D E E 200 

601 GAA.GrATTCGATTCAATIGICAAα:;AτGAG/..主GαョσrMτ'CCGωCITCCTGICぽmユAG 660 

201 E V F D S 工 V N D E V R Y P R F L S L E 220 

661 GCCATÞæαヨIGAτGα:TIACD:プ了了了IGαx:AAGAA.τ'CCAGAGAGAα]Iゼ1mユAτ。了TCG 720 

221 A 1 A V M R R L L R K N P E R R L G S S 240 

72ユ GAAαnユATGα辺AG/..ユAτGITAAGAAACAG丈Aτ'I'CTICαTIICAATIGIGIGαユAτGAC 780 

241 E R D A E D V K K 0 A F F R S 工 V W D D 260 

781 CIæICCIGCGAAACG1TAAAαごACCAT了IGTGCαユACAATIAACCAC了ICGAG/..豆旺GIG 840 

261 L L L R K V K P P F V P T 工 N H L E D V 280 

841τ'CAAACT了IGACGAα?rAC克τ'CACGTCぼユAGAA.Q:;cτ'CAGCITA!αヌヌごACαユAAGAGαヌ;c 900 

281 S N F D E E F T S E K A. 0 L T P P K S R 300 

901 GACAC了IGA 909 

301 D T 大 303

Fig.6. Nucleotide sequence and deduced amino acid sequence ofthe 
kinase domain of Dpkn gene product. The putative ATP binding motifs 
[GXGXXG一一(AX)悶 are underlined. 

16 



m
m
m
m
m
m
m
 

GRG翌四ω工L SO~畳む)yy AIKALKKGD工 工沼D鼠足直正J

GKGSF<ヨG品位J AEKKGIDE工Y A工鼠江100:且工 工QIDIス江た工M
GK倒rOKVML AELKSEEくQLY AIK\江民句、工 IHむ即邸主く

GK(杢JFGK\昂征J AESRHI日江C A工K\江.J<KDF工 VEl'む1EAES\lK

qむSFGねあ征J SER!<(克DELY AVK工工広K玖八f 工QIむIIJVIDプ1M

GKG8FGKVFL A町四位N;2FF A工KA工.KKIJ\N IM∞1IJ\lEXゴ1M
GRGHFGK\江.L SEFRP9:豆::LF A工路工お《お工 VARD鼠店SI.M

I�kn 1 一一一一一一一一一-
I�kc 1 一一一一一一一一一一
原C1(S . 戸rn1:e) 1 一一一一一一一一
CaPKC1(C.alb工cans) 1 一一一一一一一一-
hurr日1 H¥C -゚l 1 一一一一一一一一一-
h司ran H¥C e 1 一一一一一一一一一一
hurran 四割 l 一一一一一一一一一一

100 
98 
100 
100 
98 
98 
100 

DJ..M.畳在日I玖f

はMFO工OKAR
Dll征正江∞m
Dil①征江α。甚之

Dll佐E江α'fJG
DI1佐斑邸αf
Dll征1ill韮正式f

SE限IFEV恥J N艇lPFL'iJt征JYヨ:::FCJrEDlW α羽信YAÞm

τ四仮工L泣M N--HPFL':B叫隠問。rPDF在J FFVMEY\止まお
~\lAN RE悶1PFL，札 E五回DrErR工 YFVMDFVSJ} 
沼l<RVFLT泣~ m任問'LI..NL Hα::'FOI官邸 YF\lMEY工皮お
VEKR沼AL民 K--PP.民江'QL 任問。I犯淑L~仮民品。3
VE隠沼SUWV E--HPFI.江町 Eで百DTI但迂.J FF\応侶託収お

CE阪工I.AAvr SAGHPFLVl'在1 Fなヨ'QTPEHV CF"'ìÆ但YSÞill

I�kn 
I�kc 
PKC1 (S .pコrn1:e )
caPKC1 
bur誅 EKC 
bur誅 H¥C 
bur誅 FKN 

-゚I 
0 

ユ49
148 
149 
149 
148 
148 
149 

-F1.EPRAVFY Mα7\江βLOY I正由征G工YRD ロ包n:JLI正.m邸YVKI泊五G

RFEASRAAFY A姐V立A工f;JF I.HlliGVIYRD 工紅.rNIlよLQ 区到C紅ADFG
-FS照RAQFY ME'VCLALKY FHJ::N:j工工YRD LKLI:N[工よSP 以狐瓜店DYG

-FTAKRAKFY AC臥江よほKY F.HIN3IWRD il任庇江工L'IT KGt五KIGIコYG
R担\EPHA.VFY ME工A工GLFF 工ρヨ<G工工YRD IKほ~よ>s mmcrλDFG 
KFDLSRATFY ME工工ù立βF 工.HSKGI\庁BD 工紅.rnr江口く以主召X工広DFG
-FSEPRA工FY SAjω1江ill.QF LHEf丑<IVYRD il迂.rNLIよm EGYVKI為DFG

I�kn 
I�kc 
日くC1(S.p:xn�) 
caPKC1 
hurr町1 H¥C -゚J 
bur誅 H¥C e 
hurran FKN 

199 
198 
199 
199 
198 
198 
199 

工cr区抵;FGD RIG工事mrPE FLAPEV工四r SY'IRAV白骨む I瓜江aF首位M

:r:-o<EGTI畳\G1 LT了時的rPD Y工APE工LKED Fi:lGASVfJÑJ臥工瓜江加盟喰1A

工.CKE団側口J 也A切な克PE FMAPE工江B，2 QY.m瓜刀宙VA FG\江江Yg但L
工.C.:KEr:l蜘畳くS 'ITSIFCGrPE F!>仏PEIVl日く A羽::RSVIJt申ÇJA. FG\江iLF'CJ)征L
K京国工班沼T TTKTFC朗読コ Y工APEI工AYü PYGKS\ltlr骨色FG\江.LYEMI.A
M:KE:l'岳征βDA rn在百'CGTIむ Y工APE江工よWK百丑ISVIlrWVS FG\江.Lm征江
工ζ~GIコRrSr.FCGrPE FlAPEVL江Dr SY'ffiAV臼宙む工瓜江.LYH-征M

I�kn 
I�kc 
PKC1(S . pコロ悦)
caPKC1 
buræn 百C
bur誅 EKC 
bur誅 FKN 

-゚I 
0 

249 
248 
249 
249 
248 
247 
249 

GESPFIæI混血VFIヱSD昂むE\痕YPRFI..SL EA工A~依尽正j RKNPEE夜江主g

OOPPFEAI到E DELEておB征ID 臥江;yp\ル在SR FAVS五KGFL 官側P区〉尽￡まご

∞ISP'限GEDE EE工FDAエ工.s.n: EP;L"Y?TI岳1PR DS\[SI1JJ:2:はJ， 17RDP1ぽR!GS
α)sp町(G∞iE DD工FNA.工日苅D EV1αPTI迂SR αR疋"!VtQA江JTE①PSO:阻βS
ωlAPFEX豆DE D砥PQsn但{ NVAY践くヨ仰く FAVAICKGI.M包む歪む隠Iæ
G:2SPFHCおIDE EELFHSll奇心 NPFY豆同呪Eく E阻むL正刀虹E、 VREPE促延β­

GESPF民主正沼 EE\店mI\止む E\皮YPRFIぶAEA工Gll恨R工正} RRNPEE夜起お

I�kn 
I�kc 
PKC1 (S. p<コ百七定)
caPKC1 
hurr町1 H¥C -゚J 
hurran H¥C e 
hurr日n FKN 

299 
297 
299 
299 
297 
294 
299 

OA回'RS工VWD D江LR瓜疋æp FVPrll丑五ÆD VS阻τEEFrS

E韮抑A阻却原庖E使ITKPP FR.Pí畑任J.PRD舟JNFDAEETK

即時'SJ:'ぼ申vD P百四ぽ~pp y工旦白金お民D 官αFE直営IR
四百四百笹D 以江.NCRIPAP y工相VQSEHD YSj沼DKEFTS
HAFF京Y工印江E KIE悶とE主QPP 百æ.KAα豆在仏 E-NFDRFET.R 
母国'RETIWJE ELíE悶<E主DPP FRPKVKSPFBαlNFlJ悶RN
QE白RrlGt氾 A江A郎LPPP FVP立~V泣否むE針路

SERl)広E臥1KK

'IG-DENE主RK
GPNDAEl京別T

G民①沼田IME

GPEGERD工阻
一一一VRGIコlIRO
SER日夜EIJiJKK

I�kn 
I�kc 
PKC1(S. ぴ)rril:疋)
caPKC1 
hurr日n HくC
hurran H¥C 
hurran FKN 

。

312 
310 
312 
3ユ2
310 
307 
312 

EKAOl1τPPKS RIJI'.. 
Eコ訊江fI'PIGN EiJV.. 
ELPVL'I恢別S 工LT.
EI'PR工江別居r VLT.... 
HPPVLTP回::Q EV工. ..... . 
EKP斑SFACR ALI.... 
EAPI'LSPPRD ARP... 

I�kn 
I�kc 
PKC1 (S. p<コm::氾)
caPKC1 
bur誅 H¥C 
bur誅 H¥C 
bur誅 FKN 

。

Fig.7. (A) Alignment ofDpkn kinase domain .with other kinase domains 企om members 
of the PKC family. Conserved residues among these kinases are shaded. 
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Fig.7 (B) Alignment ofDpkn kinase domain with the previously reported Xenopus , rat, 
and human PKN s. Conserved residues among these kinases are shaded. 
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288 

188 

Fig. 8. (A) Developmental expression of Dpkn transcripts. Total RNA was 
prepared from Drosophila at various stages of development, separated by 1% 
agarose formaldehyde gels, transferred onto nylon membranes, and 
hybridized with radiolabeled probe for Dpkn as described in Experimental 
Procedures. The filters were stained with methylene blue to show total 
RNA [see panels indicating 188 and 288 ribosomal RNAs (control), stained 
with methylene blue]. Amount of RNA loaded in each lane was also 
normalized by rehybridization with labeled probe for rp49 (data not shown). 

To determine the spatial distribution of Dpkn transcripts during embryogenesis, 1 

performed in situ hybridization on whole-mount embryos (see Experimental 

Procedures). Distinct expression ofDpkn was detected primarily in the mesodermal 

layer (Fig.8B , panel A.). Expression ofDpkn was then restricted to the somatic 

musculature (Fig.8B , panels B. & C.). This expression appe訂edto be sustained in a 

subset of the muscular celllineage throughout the remainder of embηogenesis (data 

not shown). 
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Fig.8. (B) Localization of Dpkn transcripts in embryos detected by whole mount in situ hybridization. A: Lateral view of embryo at 
gastrulation (stage 9). Expression is restricted to mesodermal celllayers. B: Lateral view of developing embryo (stage 14). Expression of 
Dpkn was retained in the developing somatic muscular system throughout embryogenesis. C: Ventral view of developing embrγo (stage 1 
4-15). Anterior to left in all embryos. Dorsal to the top in A and B. ms: mesoderm , pm: pharyngeal musculature, dm: dorsal musculature 
vm:ventral musculature. 



Cloning of Dnrk cDNAs 

Using the subcloned region of DK3 as a probe, 1 screened cDNA libraries from 

Drosophilαimaginal discs (see Experimental Procedures). cDNA clones were isolated 

from the cDNA library and the longest cDNA insert (-3.4 kb) for Dnrk(Drosophilα 

neurospecific receptor kinase) was further characterized. The nucleotide sequence of 

this Dnrk clone contains one long open reading 仕amewith in-仕ame stop codons 

preceding the 五rstATG (Fig.9). In addition, sequences upstream of the the putative 

translation start site (the first ATG) matched the Drosophila consensus for 

translational initiation (53 ,54). The initiating methionine is followed by a hydrophobic 

domain of 25 residues that may serve as a signal peptide (55,56). By analogy with 

other signal peptides, this sequence would be cleaved between residues 25 and 26 at 

the Ala-Asn junction (Fig.9 , 55,56). Accordingly" the mature Dnrk protein would 

contain 689 amino acids (aa) and resembles a typical RTK. Within this protein, the 

amino-terminal 275 aa residues constitute the extracellular domain, the membrane 

spanning domain (26 aa) , and the carboxy-termina1388 aa residues , the cytoplasmic 

domain. 
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1 ATGGTGCTGAAATGGGGGG仁仁AATTTGGCTGT仁仁TGGGG仁TGTG仁GTGTTI仁T仁TTIG仁仁AG仁GCCACGCA仁G仁GAA仁TC仁仁TGAACG仁仁
1 uM_ Vu _ L____K_____W_G_______A_____NI A V I G I C V __f_____L__E__Aベ A T H Ah N S L N A 

91 ATCGAGGAG仁仁仁GT仁A仁仁仁GG仁GACA仁仁A仁仁AG仁GG仁AT仁A仁GAG仁G仁GAG仁GGGAGGAGAACGGCTACTG仁G仁T仁仁GTACAG仁GGCAAG
31 1 E E P V T R R H H Q R H H E R E R E E N G Y 仁 A P Y S G K 

事

181 GTGTG仁AAGGAATA仁仁T仁A仁仁GG仁仁AGGTGTGGTA仁AGT仁TGGAGGAT仁仁仁A仁TGG仁GGGTGGAAGAA仁GAG仁AGGTGA仁仁ACGG仁G仁T仁
61 V 仁 K E Y L T G Q V W Y S L E D P T G G W K N E Q V T T A L 

事

271 TGGGA仁GAG仁TTAT仁T仁仁GAT仁TIA仁GGGT仁TGTGT仁氏GAAGCAGC仁GAGAAAATGCTCTGCGC仁TATG仁GTTTα仁AA仁TGαA仁ATG

91 W D E L 1 S D L T G L 仁 R E A A E K M L 仁 A Y A F P N 仁 H M 
牢 事事

361 GAGGG仁GGT仁GAG仁GGTGAAGGCT仁仁T仁T仁TGCTI仁GAGGATIG仁仁AGG仁仁A仁GCAT仁T仁仁AGTI仁TG仁TA仁AATGA仁TGGGTG仁T仁AT仁
121 E G G R A V K A P L 仁 F E D 仁 Q A T H L Q F 仁 Y N D W V L 1 

牢申 ホ

451 GAGGAGAAGAAGGAG仁GAAATATGTI仁AT仁AAGAGC仁G仁GG仁仁ACTICCGG仁TAC仁仁AA仁TG仁T仁仁TC仁TIG仁仁GTA仁TACAA仁G仁TT仁仁
151 E E K K E R N M F 1 K S R G H F R L P [ N 仁 5I S L P Y Y IN A SI 

事

541 ATG仁GG仁GAC仁仁AA仁TG仁T仁仁TACATCGGT仁TCA仁仁GAA仁TCAAGGAGTC仁GAAC汀GAG仁TA仁 GATIG仁仁G仁AATGGAAA仁GGACGCTI仁
181 M R R P IN 仁 SI Y 1 G L T E L K E S E V S Y D C R N G N G R F 
申事

631 TACATGGG仁A仁AATGAA仁GTGT仁仁AAGT仁 GGG仁ATI仁仁仁TG仁仁AG仁GCTGGGA仁ACT仁AGTA仁仁仁GCACAAG仁A仁TI仁仁AG仁仁A仁仁A仁TG
211 Y M G T M I N V S I K S G 1 P 仁 Q R W D T Q Y P H K H F Q P P L 

ホ

721 GT仁TI仁仁AT仁AG仁T仁仁TGGAGGG仁GAAAA仁TA仁TG仁仁 GGAATG仁TGG仁GGTGAGGAG仁仁G仁ATC仁仁TGGTG仁TA仁A仁TGTGGATGAATCA
241 V F H Q L L E G E N Y 仁 R N A G G E E P H P W 仁 Y T V D E S 

ホホ

811 GTGCG仁TGG仁AGCA仁TG仁GATATAC仁仁ATGTGT仁仁GGATTATGTGGAC仁仁仁AATG仁TGT仁GATTIGAA仁A仁G仁仁仁AT仁AAGATGGAGAAG
271 V R W Q H 仁 D 1 P M 仁 P D Y V D P N A V D L N T P 1 K M E K 

申申

901 TICTI仁A仁G仁仁ATCGATGAT仁TTT仁TCTIGG仁TGGAATAGGTTICGTGG仁仁ATTC汀GA仁仁仁TG仁A仁TTGATGATATIG仁TAGT仁TATAAG
301 F F T P S M 1 F L L A G 1 G F V A 1 V T L H L M 1 L L V Y K 

991 TIGT仁仁AAG仁A仁AAGGATIA仁T仁仁仁AG仁仁TG仁GGGAGCAG仁CA仁TG仁仁GAATG仁AGTGTTIC仁ATGCGTGGAGGAGGAGATTGTGG仁GG仁
到 し S K H K D Y S Q P A G A A T A E 仁 S V S込ム G G G D 仁 G G 

1081 AAT仁TGAA仁A仁仁AGTAGAGAAA仁仁仁T仁GGAGT仁AATGGAAACATGAA仁A仁仁TIGG仁AAAATGGGG仁A仁仁AT仁AGGAG仁A仁GG仁仁A仁AATA
361 N L N T S R E T L G V N G N M N T L A K W G T 1 R S T A T 1 

1171 CA仁AG仁AATTG仁GTGG仁仁仁TIACTACGGTGA仁仁AATGTGTCTGATG仁GAAGGGCA仁GAAA仁CGAATG仁A仁G仁仁TGGAGAAGTIGGAGTAC
391 H S N 仁 V A L T T V T N V S D A K G T K P N A R L E K L E Y 

1261 仁仁A仁G仁GGGGATATAGTGTATGTGAGAT仁ATTGGGTCAAGGAG仁仁TICGGT仁G仁GT仁TI仁仁AGG仁仁AGGGCT仁仁TGGA仁TIGTI仁仁仁GAT
421 P R G D 1 V Y V R S L G o G A F ~ R V F Q A R A P G L V P D 

、+
1351 仁AGGAAGAT仁TA仁TAGT仁G仁TGTTAAGATG仁TAAAGGA仁GACG仁仁AG仁GA仁仁AGATG仁AGATGGATTT仁GAG仁G仁GAGG仁仁TGTITGCTG
451 Q E D L L V A V K M L K D D A S D Q M Q M D F E R E A 仁 L L 

1441 G仁CGAGTT仁 GAT仁AT仁仁仁AATAT仁GTGAGGCTG仁TGGGGGTGTG仁G仁仁TTGGGCt~GACC仁ATGTGC仁TG仁TCTICGAGTA仁ATGG仁T仁仁T
481 A E F D H P N 1 V R L L G V 仁 A L G R P M 仁 L L F E Y M A P 

1531 GG仁GAT仁TAAG仁GAGTI仁TTG仁G仁G仁仁TG仁T仁仁仁仁ATATG仁仁A仁A仁A仁仁AGGCGC仁GA仁ACGGGAT仁 GT仁TG仁AGTIGAACGAG仁TACAT
511 G D L S E F L R A C S P Y A T H Q A P T R D R L Q L N E L H 

1621 仁TGCTG仁AGATGG仁GG仁仁AA仁ATTG仁AG仁GGG仁ATG仁TGTATCTTT仁GGAGAGAAAATI仁GT仁仁A仁仁GGGATTTGG仁仁A仁仁AGGAATIG仁
541 L L Q M A A N 1 A A G M L Y L S E R K F V H R D L A T R N 仁

1711 仁TGAT仁AA仁 GAG仁A仁ATGGCGGTAAAGATCG仁仁GA仁TTIGGG仁TCT仁G仁A仁AAGAT仁TATITG仁AGGA仁TATIA仁AAAGG仁GATGAGAAC
571 L 1 N E H M A V K 1 A D F G L S H K 1 Y L Q D Y Y K G D E N 

1801 GA仁TI仁AT仁仁仁GAT仁仁G仁TGGATGC仁A仁TTGAGAG仁ATA仁TGTA仁AA仁AAGTICTCG仁TGGAGT仁GGATGTGTGGG仁ATA仁GGCAT仁TGT
601 D F 1 P 1 R W M P L E S 1 L Y N K F S L E S D V W A Y G 1 仁

1891 仁TGTGGGAGGT仁TT仁T仁仁TI仁GCCTTG仁AG仁仁仁TA仁TTTGGG仁TAAC仁仁A仁 GAGGAGGTGAT仁AAATA仁AT仁AAGGAGGG仁AA仁GTA仁T仁
631 L W E V F S F A L Q P Y F G L T H E E V 1 K Y 1 K E G N V L 

1981 GG仁TGT仁仁GGA仁AA仁A仁G仁仁GCT仁TC仁GT仁TA仁G仁T仁TGATG仁GT仁G仁TG仁TGGJ\A仁仁G仁AAG仁仁仁AGTGAG仁GA仁仁TGG仁TI仁GCGAGA
661 G 仁 P D N T P L S V Y A L M R R 仁 W N R K P S E R P G F A R 

2071 T仁AA仁仁A仁TG仁AT仁仁AGCA仁AG仁AT仁G仁仁GAGAG仁GAGTG仁AAGG仁AATG仁TITJ\GGGGATIGC仁GGAGAAGTGA
691 S T T A S S T A S P R A S A R Q 仁 F R G L P E K * 

Fig.9. Nucleotide sequence ofDnrk cDNA and deduced amino acid 
sequence of the Dnrk gene product. (To be continued) 
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(Fig9. continued) The depicted nucleotide sequence corresponding to the open 
reading 仕ame was derived from the longest 3.0kb clone (pNB40・・Dnrk). In-
仕ame terminator codons in the 5' untranslated region were found 60, 114, and 1 
53bp upstream of the putative translation initiation start site (data not shown). 
Analysis of the deduced amino acid sequence of the 714 amino acid (aa) 
polypeptide encoded by the Dnrk gene revealed various structural features (see 
Fig.10a &b) that include: a putative signal peptide (aa 1-25; underlined, and a 
putative cleavage site was indicated by an open arrowhead), four consensus N-
linked glycosylation sites (boxed), the putative transmembrane region (aa 301-3 
26; underlined by a solid bar), two putative ATP binding motifs (indicated by 
arrows followed by underlined GlyXGlyXXGly sequences, see Text) and three 
putative tyrosine-containing motifs (indicated by dotted lines) that may interact 
with SH2 regions of signaling molecules upon tyrosine phosphorylation (see 
Text). Cysteine residues within the extracellular domain are indicated by 
asterisks. 

Structural Features of Dnrk 

The putative TK domain ofDnrk is most similar to those ofthe vertebrate Trk-and 

Ror-family RTKs (57-61) as well as to the previously cloned Drosophila RTK, Dror 

(61) (Fig.10a). It reveals about 40-45% identity to the corresponding domains of 

TrkB, Ror1 , Ror2 , and Dror (Fig.10a)(57 ,61 ,62). The TK domain ofDnrk also shares 

somewhat lower levels of similarity with those ofthe Trk-related Drosophila RTK, 

Dtrk, and the muscle-specific RTKs, the Torpedo RTK and the mammalian MuSKs 

(muscle-specific kinases) (62 ,63). Like the previously reported Trk-and Rorイamily

RTKs, Dnrk contains the TyrXXAspTyrTyr sequence motif (aa 590-595 , Fig.9 & 10a), 

corresponding to the autophosphorylation site ofins吐血receptor(s) (60 ,64). 

Interestingly, Dnrk possesses the two putative j~TP binding motifs (Gly354XGlyXX 

Gly359江.Jys380 and Gly432XGlyXXGly437江.Jys459 ， Fig.9) within its TK domains , that 

is a characteristic feature found in the Dtrk protein (65). Furthermore, there are 

several putative tyrosine-containing motifs (Tyr507MetAlaPro510, Tyr642PheGly 

Leu645 , Tyr671AlaLeuMet674; see Fig.9) that rnay interact with Src Homology 2 

(SH2) regions of cellular signaling molecules [SH2 ofVav for P04-Tyr507MetAla 

Pro510 , SH2 ofPTP1C (possibly corkscrew, csw) forP0 4-Tyr642PheGlyLeu645 , and 
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SH2s ofShc & Csk for P04-Tyr671AlaLeuMet674] upon tyrosine phosphorylation 

(66 ,67) , although thus far the Drosophila homologues ofmammalian Vav and Csk 

have not been reporled. 

The extracellular domain ofDnrk exhibits a high degree ofhomology with those of 

Dror and human Rors. Sequence alignment ofthe Dnrk, Dror and human Rors 

extracellular domains is indicated (Fig.10b). The most notable feature is that all16 

cysteines in Dnrk are also found in equivalent positions in Dror, Ror1 and Ror2. The 

Dnrk extracellular domain also contains four potential N-linked glycosylation sites 

(Fig.9). As shown in Fig.10b, the Dnrk extracellular domain contains two cysteine-rich 

domains (cys domain) and a membrane-proximal kringle domain, that are 

characteristic features ofthe Ror-family RTKs (Fig.10b). The kringle domain is a 

highly folded structure, rich in cysteines and is found in certain blood coagulation 

proteins, apolipoprotein, and hepatocyte growth factor (68・71). For receptor-type 

proteins, the kringle motif has been reported for the ROIイamily RTKs, Rors and Dror 

and for the Torpedo RTK (60-62). Although the functional role ofthe kringle domain in 

these RTKs remains unclear, it is believed to be involved in mediating protein-protein 

interactions (61 ,68). However, unlike human Rors , both Dnrk and Dror lack the 

N-terminal immunoglobulin-like (Ig-like) domain. Intriguingly, the extracellular 

domain ofDnrk also displays some degree of similarity with those ofmuscle-specific 

RTKs, the Torpedo RTK and the mammalian MuSKs (data not shown). 
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Dnrk 425 1\庁VRSLGQG AFGRVFQARA PGLVPDQEDL LVA~征JKDD ASDQMQMDFE 474 
T甘く B (mo�e) 537 工VLKRELGEG AFGK.VFLAEC YNLCPEQDK工 LVAVKTLKD- ASDNARKDFH 585 
Rar l (hurran) 473 VRFMEELGEC AFGKIYKGHL YLPGM -DHAQ LVA工KTLKDY NNPQQWMEFQ 521 
Rar 2 (hurran) 473 VRFÏ'侶ELGED RFGKVYKGHL FGPAPGEQTQ AVA工KTLKDK AEGPLREEFR 522 
Dror 410 VEFLEELGEG AFGKVYKGQL LQPNK一一TI'工 TVA工KALK1丑\T ASVKTQQDFK 457 

Dnrk REACLLAEFD HPN工VRLLGV CALGRPMCLL FEYMAPGDLS EFLRACSPY- 523 
T甘く B (moにお e) REAELLτ'NLQ HEH工VKFYGV CVEGDPL工MV FEYMKHGDLN KFLRAHGPD- 634 
Rar 1 (hurran) QEASil仏ELH HPNIVCLLGA VTQEQPVCML FEY工NQGDLH EFLIMRSPHS 571 
Rar 2 (hurran) HEM任JRARLQ HPNVVCLLGV VTKDQPLSM工 FSYCSHGDLH EFLVMRSPHS 572 
Dror RE工EL工SDLK HQN工VC工LGV VLNKEPYCJ:.位J FE~仏NGDLH EFL工SNSPT- 506 

Dnrk 一一 -ATHQAPT RDRLQLNELH LLQMAAN工AA GMLYLSERKF VHRDLATRNC 570 
T甘く B 加oæe) 一一 -AVLMAEG NPPTELTQSQ 阻Æ工AQQ工AA GMVYLASQHF VHRDLAT悶JC 681 
Rar 1 (hurran) DVGCSSDEDG TVKSSLDHGD FLH工A工Q工AA GMEYLSSHFF VHKDLAARN工 621 
Rar 2 (hurran) DVG-STDDDR TVKSALEPPD FVHLVAQ工AA GMEYLSSHHV VHKDLAT悶W 621 
Dror 一一一一一一一EGKSLSQLE FLQIALQ工SE GMQYLSN部Y VHRDLAARNC 545 

Dnrk L工NEID仏VK工 ADFGLSHKIY LQDYYKGDEN DF工P工RWMPL ESILYNKFSL 620 
T甘く B (mo詁) LVGENLLVK工 GDFGJ:侶RDVY STDYYRVGGH 恒任;P工RWMPP ES工MYRKFTT 731 
Rar l (hurran) L工GEQLHVK工 SDLGLSRE工Y SADYYRVQSK SLLP工RWMPP EA工MYGKFSS 671 
Rar 2 (hurran) LVYDKLNVKI SDLGLFREVY AADYYKLLGN SLLPIRWMAP EAIMYGKFS工 671 
Dror LVNEGLVVK工 SDFGLSRD工Y SSDYYRVQSK SLLPVRW14pS ES 工LYGKFTI 595 

Dnrk ESDVWAYG工C LWEVFSFALQ PYFGLTHEEV 工KY工KEGNVL GCPDNTPLSV 670 
τ1:k B (mo詁) ESDVWSLGW LWE工FTYGKQ PWYQLSNNEV 工EmC瓜工mTxQRGQRVLLL QRPRTCPQEV 781 
Raど 1 (hurran) DSD工WSFGVV LWE工FSFGLQ PYYGFSNQ臥f 工 PCSEDCPPRM 721 
Rar 2 (hurran) DSD工WSYGVV L'阻VFSYGLQ PYCGYSNQDV VEì-任問iJRQYL PCPDDCPAWV 721 
Dror ESDVWSFGW LWE工YSYGMQ PYYGFSNQEV 工NL工RSRQLL SAPENCPTAV 645 

Dnrk YA工~CWNR KPSERPGFAR STTASSTASP RASARQCFRG LPEK 714 
T甘く B 加lOæe) YEl必征;GCWQR EPHTRKNIKS 工HTLLQNLAK ASPVYLDILG 821 
Rar 1 (hurran) YS 工MTECWNE IPSRRPRFKD 工工HHVS RR LL RRASWWEGN G L S SE T S S T T P S G GNAT T . . 768 
Raど 2 (hurran) YA工品4工ECWNE FPSRRPRFKD IHSRLRAWGN LSNYNS,SAQT SGASNTT. . . 768 
Dror YSLMIECWHE QSVKRPτ'FTD 工SNRLKτWHE GHFKASNPEM 685 

Fig.l0. (a) Alignment ofDnrk TK domain with other TK domains from members of 
the Trk-lRor-family RTKs. Residues that are highly conserved among the five RTKs 
are shaded. Dashed line indicates gaps inserted for optimal alignment. 

25 



Dnrk 
Rar1 (hurran) 
Rar2 (hurran) 
Dror 

Dnrk 
Rar 1 (hurran) 
Rar2 (hurran) 
Dror 

Dnrk 
Rar1 (hurran) 
Rar2 (hurran) 
Dror 

Dnrk 
Rar 1 (h urran) 
Rar 2 (h urran) 
Dror 

Dnrk 
Rar1 (hurran) 
Rar2 (hurran) 
Dror 

Dnrk 
Raど 1 (hurran) 
Rar 2 (h urran) 
Dror 

Dnrk 
Rar1 (hurran) 
Rar2 (hurran) 
Dror 

Dnrk 
Rar1 (hurran) 
Rar2 (hurran) 
Dror 

MVLKWGANLA VLGLCVFLFA SA恒iANS日JA 工EEPγTRRHH QRf丑自REREE

R工RNLD守TDT GYFQCVATNG KEWSS'I:GVL FVKFGPPPTA SPGYSDEYEE 
R工QDLDTTDT GÿYQ叩A叩GMEくT工TA台礼れ尽LGPTHSP NI-到FQDD沼田

. .1'畳\JKYSAFI VC工SLVLLFT 悶くDVGSffi抗1D SR工YGFQ-QS

cys domain 
NGY悶APYSGK "\木都EYLTGQV WYSLEDPτ'GG WKNEQVTTAL -WDEL工SDLT
∞F印PYRG工明郎F工GNRT \ffl但SLHMQG E工ENQ工TAAF TMIGTSSJ江S
DGFJC1QPYRG工碍::tARF工GNRT 工YVDSLQMQG E工ENR工TAAEτM工GTSTI五S

SGI阻f工YNGT n::lRD町LSNAH VFVSPNLτMN DLEERLKAAY GV工KESKDMN

;唱i駐車 ii;;示ii 示品孟ぷii;二:i
一一一一一一一一一一 一一一一一一一一一一 一一一一団任::GGR A VKAP- 一一一一 -I.KJFEOOOAT 
-一一一一一一一一一一一一一一一一-DE'I'SSV PKPRD一一一-- -t総攻:JËIL
一一一一一一一一一一 一一一一一一一一一一 一一一 -DAR.SRA FKPRE- 一一一一 -IURDEt:lEVL 
KSKD工KN工S工 FK阻くST工YED VFSTD工SSlぐY PPTRESill孔K R工阻REElJELL

cys domain 
HLQF阿YNDWV L工EEKKERNM F工KSRGHFRL 時:tSSLPYYN AS!伝R丹羽SY

ENV出QTEY- 一一 -IFARSNP MILMR--UくL P'tt-!EDLP-必必REAAJ')料工R
ESD九Q町一一一T!ARSNP L工LMR--LQL P柏山一回開bAA増保
泣犯噌ç2KEY- 一一一A:凶<WI1? VエGM一一 -V'ωE喝QKLP-<JH K一一一一-d;:JLs

工GLTELKESE VSY 
工G工PMADP工N

kringle domain 
GNG RFYMG'τ別NVS KSGIP仁むRWD TQYP印くHFQP

STG VDYRGTVSVT KSGRQJ::t2PWN SQYPHTHTFT 
GSG MDYR~~l\~T'I' KSGH@PLiA 工i2H)?fj:S商工JS
DG STYRGV.ANVS ASGKP口LRWS WLMKE一一一一一

0
6
0
7
 

5
6
7
3
 

寸
ム
寸
ム

ヨ

6
0
7

C
J
1
4

勺
L
Q
U

ハ
ノ
ム
門
ノ
山

8
5
9
7
 

寸
ょ
っ
J

コ
J
コ
J

ぺ
土
勺
L

「
L
q
i
-

8
5
0
7
 

コ
J
R
J

「
L
Q
U

1
ム
勺
ノ
山
コ
J
寸
ム

188 
298 
302 
224 

238 
348 
351 
267 

287 
396 
399 
313 

ー
ム
に
J

に
J

に
J

吋
ノ
山
つ
ム
門
ノ
ム
ミJ

コ
J
A
-
4
4

コ
J

Fig.l0. (b) Alignment ofDnrk extracellular do:mains with the previously reported 
ROIイamilyRTKs [Rorl , 2 (Human), Dror (Dros:ophilα)]. The shared cysteine-cont 
aining domain (cys domain) , kringle domain, and amino-terminal portion of the 
transmembrane domむn are marked by bracke1ts. Conserved cysteine residues 
are boxed. Residues that are highly conserved among the four RTKs are shaded. 
Dashes indicate gaps inserted for optimal alignment. 
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Chromosomal Mapping and Expression of Dnrk 

To determine the cytological location of Dnrk gene, a eDNA probe was hybridized to 

polytene chromosomes (see Experimental Procedures). Chromosome in situ 

hybridization showed that Dnrk maps to the 49f region on the right arm of the second 

chrosome (Fig.11a, 72). 

To characterize the temporal expression pattern of the Dnrk gene, I performed 

Northern blot analysis with RNA samples from embryos (0-4hr, 4-10hr, 10-22hr), 

larva, pupa, and adult flies. Radiolabeled eDNA, covering the entire open reading 

frame, was used as a probe. Dnrk probe detected a major band about 3.5-kb in size 

(Fig.11b). Dnrk is expressed at high levels in 4-22hr embryos, larva, pupa, with 

maximal expression in pupa where the restructuring of the nervous system occurs 

(Fig.11b). It is noteworthy that during embryogenesis the level ofDnrk expression 

accumulated maximum during 4-10hr and gradually declined thereafter (see Fig.11b). 

A decreased level of expression was observed in adult flies. 

I next performed in situ hybridization experiments to whole-mount embryos to 

determine the tissue specificity of Dnrk transcripts during embryogenesis (see 

Experimental Procedures). Distinct expression ofDnrk was not detected at stages 

preceding germ band elongation. Weak expression was observed at stages 10 in the 

ventral area of the germ band corresponding to the neurogenic ectoderm (data not 

shown). This expression became stronger and clearer at stage 11 and was restricted 

to the layer of neural progenitor cells between the epidermal and mesodermal cell 

layers (Fig.12A). This expression appeared to be sustained in the neural cell lineage 

throughout the remainder of embryogenesis resulting in expression in the brain and 

ventral nerve cord (Fig.12B). The distribution of transcripts after germ band 

shortening (stage 13, Fig.12C) matched the profile of developing commisures and 
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connectives. Expression of Dnrk was also observed in the peripheral nervous system 

at stage 17 when larval sensoηcells have differentiated CFig.12D). No mutations 

having defects in neural development are known to be located at the 49f chromosomal 

region where Dnrk mapped to. 
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Figure 11. (a) Cytological position ofDnrk determined by in situ hybridization to 
salivary gland chromosomes. A signal is detected at the 49f band on the right 
arm of the second chromosome close to a prominent puff at 50d. 
(b) Developmental expression of Dnrk transcripts. Total RNA was prepared 
from Drosophila at various stages of development, separated by 1% agarose 
formaldehyde gels, transferred onto nylon ]~embranes ， and hybridized with 
radiolabeled probe for Dnrk as described in Experimental Procedures. The filters 
were stained with methylene blue to show total RNA [see panels indicating 188 
and 288 ribosomal RNAs (control), stained with methylene blue]. Amount of 
RNA loaded in each lane was also normalized by rehybridization with labeled 
probe for rp49 , although a relatively small amount of transcripts detected by 
rp49 probe was observed for RNA from pupa (data not shown). 

29 



む3
o 

Fig.12. Localization ofDnrk transcripts in embryos detected by whole mount in situ hybridization. A: Lateral view of elongated germ 
band embryo (stage 11). Expression is restricted to neurogenic celllayer and not mesodermal (arrow heads) nor epidermal (arrows) cell 
layers. B: Lateral view of fully developed embryo (stage 17). Expression of Dnrk was retained in the developing central nervous system 
throughout embryogenesis. C: Ventro-lateral view of embryo after germ band shortening (stage 13). Expression ofDnrk transcripts 
matches the distribution of the commisures and connectives in the ventral nerve cord. D: Ventral view of fully developed embryo (stage 1 
7). Dnrk transcripts are detected in larval senso巧T organs (Examples indicated by arro 
the tωop in A and B. br: brain, vnc: ventral nerve cord. 



Protein Kinase Activity of Dnrk 

To test the catalytic activity of the putative Tl( domain of Dnrk, 1 constructed 

expression vectors encoding the HA-tagged cytoplasmic kinase domains of Dnrk (see 

Experimental Procedues). Since the TK domain of Dnrk possesses two putative ATP 

binding motifs (distal to the following kinase subdomains, proximal to the following 

kinase subdomains), the two different HA-tagged kinase domains ofDnrk, HA-DnrkS 

(aa 404-714 ofDnrk) and HA-DnrkL (aa 337-714 ofDnrk) were expressed transiently 

in COS cells (see Experimental Procedures). The HA-DnrkL protein possesses the 

two ATP binding motifs, while the HA-DnrkS protein lacks the region (aa 337-403) 

containing the distal ATP binding motif(Fig.13a). 

Expression of HA心nrkS and HA-DnrkL was first assessed by anti-HA 

immunoblotting ofwhole celllysates 仕om COS cells transfected with expression 

vectors encoding either HA-DnrkS or HA-DnrkL. As shown in Fig.13b, anti-HA 

antibody clearly detected HA-DnrkS and HA-DnrkL with expected molecular masses 

(38kDa and 45kDa, respectively). Expression ofHA-DnrkS was constantly higher 

(-1.5-fold) than that ofHA-DnrkL. As expected, when anti-HA immunoprecipitates of 

whole celllysates from COS cells, expressing the respective HA-tagged proteins, were 

subjected to anti-HA immunoblotting, relatively high expression (-1.5-fold) of 

HA-DnrkS was also observed when compared to HA-DnrkL (data not shown). 

To examine the catalytic activities ofHA-DnrkS and HA-DnrkL, anti-HA 

immunoprecipitates from cells, expressing the respective proteins, were incubated in 

the presence of [y_32pJ ATP. Specific phosphorylation ofDnrkL with an expected 

molecular mass was observed (Fig.13c). DnrkS lacking the distal ATP binding motif 

was also specifically phosphorylated in vitro , yet to a lesser extent (about 1/3 
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compared to DnrkL) (Fig.13c). Since the amount ofthe HA-DnrkS 

immunoprecipitated with anti-HA antibody is higher (-1.5-fold) than that ofDnrkL, 

our result suggests that D町'kL e泣libits a higher specific activity (4-5 fold) when 

compared to DnrkS. Phosphoamino acid analys:is revealed that phosphorylations of 

D町kL and DnrkS occurred on tyrosine as well as serine residues (data not shown). 

The extents oftyrosine versus serine phosphorylation on DnrkL (containing 24 serine 

and 14 tyrosine residues) and DnrkS (containing 18 serine and 13 tyrosine residues) 

were comparable (data not shown). It is likely that phosphoηlation ofDnrkL and 

DnrkS on serine residues was due to a contaminating serine kinase, however, 1 cannot 

entirely rule out the possibility that phosphorylation of DnrkL and DnrkS on tyrosine 

residues is mediated by a contaminating tyrosine kinase. In this respect, it should be 

noted that bacterially expressed fusion proteins, DnrkS and DnrkL respectively fused 

to glutathione S-transferase (GST), were phosphorylated on tyrosine residues (data 

not shown). Since DnrkS exhibited autophosphorylation activity, yet to a lesser 

extent compared to DnrkL, it was indicated that the proximal ATP binding motif alone 

is sufficient for the kinase activity ofDnrk. Furthermore, our results suggest that the 

distal ATP binding motifmay be required for the full-scale kinase activity ofDnrk, 

although further study is required to elucidate the exact role ofthe distal ATP binding 

motif. 
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Fig.13. (a) A schematic diagram ofthe HA-tagged TK domains ofDnrk, HA-
DnrkS and HA-DnrkL. (b) Expression of H゙.l-DnrkS and HA-DnrkL. Celllysates 
(equivalent cell numbers) were prepared fronl COS cells; COS cells transfected 
with control vector (pEF) , HA-DnrkS (aa404-714 ofDnrk) (pEF-HA-DnrkS) , HAｭ
DnrkL (aa337-714 ofDnrk) (pEF-HA-DnrkL). The whole celllysates (equivalent 
cell numbers) were analyzed by anti-HA immunoblotting as described in 
Experimental Procedures. Expression ofHA-DnrkS detected by immunoblotting 
was constantly higher (1.5-2-fold) than that ofHA-Dnrk (see Text). (c) In vitro 
kinase activities ofHA-DnrkS and HA-DnrkL. Celllysates (equivalent cell 
numbers , see Fig.13b) 仕om COS cells transfected with pEF, pEF-HA-DnrkS , and 
pEF-HA-DnrkL, respectively, were immunoprecipitated with anti-HA antibody 
followed by anti-HA immunoblotting (see Experimental Procedures). In vitro 
kinase assay was performed as described in Experimental Procedures. About 3-
fold higher autophosphorylation ofHA-DnrkJL was observed when compared to 
HA-DnrkS , although amounts ofHA-DnrkL immunoprecipitated with anti-HA 
antibody was lower (about 2/3) than that of IIA-DnrkS (data not shown, see Fig.l 
3b) ・ 33



Discussion 

Dpkn 

The protein kinase C (PKC) family of serine-threonine protein kinases are 

activated by calcium, diacylglycerol, and phorbol esters, and play important roles in 

regulating a variety of cellular functions , including developmental processes (73-75). 

Members of the PKC family have diverse expression profiles in vertebrates; some are 

widely expressed in different tissues, while others have more restricted expression 

patterns (75-78). Thus far, three PKC genes in the 仕uitfly Drosophila melanogaster 

have been identified (79-81). They include DPKC53E, a homologue ofthe mammalian 

PKCα (80) ， DPKC98E, a homologue ofthe mammalian PKC8 (81) , and eye-PKC , a 

mammalian PKCa homologue expressed exclusively in photoreceptor cells of the 

visual system (81). A gene encoding a novel serine-threonine protein kinase, PKN, 

whose kinase domain is related to those ofmembers ofthe PKC family , has recently 

been cloned 仕om Xenopus , rat and human (51 ,52). 

I identi白ed a novel Drosophilαgene， Dpkn (Drosophilαprotein kinase related to 

PKN), encoding a putative protein serine/threonine kinase. Although the cDNA 

obtained was incomplete at its 5'-terminal region, the deduced amino acid sequence of 

its kinase domain exhibits a high degree of similarity to protein kinase N (PKN). 

It has been shown that PKN is a target ofRho:, a Ras-like small guanosine 

triphosphatase (GTPase), implicated in cytoskeletal responses to extracellular signals 

(82,83), and is activated by the binding ofthe active GTP-bound form ofRho (82). The 

Rho-七bind必lng s釘it悦elおslocalized within the N-t白er口.τml註inal portion of PKN, that has been 

assumed to be a regulatory domain of PKN (82). Thus, the entire sequence of Dpkn is 

required to elucidate whether Dpkn is indeed a D'rosophilαhomologue of mammalian 

PKNs. 
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The expression of Dpkn is restricted to mesodermal celllayers in early embryo and 

retained in the developing somatic muscular sy:stem throughout embryogenesis. 

In this regard, it is important to note that mrunmalian PKNs identified thus far are 

expressed rather ubiq山tously， although a higher degree of expression is detected in 

heart and skeletal muscle (52). These results indicated that Dpkn may play a role in 

the development and function of somatic muscles in Drosophila. Considerring the fact 

that apparent expression ofDpkn is observed in mesodermal celllayers during early 

embryogenesis, Dpkn may also play a role in the movement ofmesodermal cells. A 

functional characterization of Dpkn awaits isolation of mutations in the Dpkn gene. 

The existence of such mutants will unravel the possible roles of Dpkn in the 

development and function of somatic muscles in Drosophila. 

Dnrk 

Using a PCR七ased approach, 1 have cloned a cDNA encoding a novel Drosophila 

RTK, Dnrk, that is expressed exclusively in the nervous system during 

embryogenesis. Dnrk possesses unique structural features that have been reported 

for the Trk-and Ror-family RTKs, in particular for Ror-family RTKs. The 

cytoplasmic tyrosine kinase (TK) domain of Dnrk exhibits a high degree of homology 

with those ofthe Trk-and Ror-family RTKs (57・・61) (Fig.10a). Interestingly, like Dtrk, 

the Trk-related Drosophila RTK (60), the cytoplasmic TK domain ofDnrk contains 

two tandemly repeated putative ATP binding motifs at the membrane proximal 

portion (Fig.9). Within the extracellular domain ofDnrk, there are two cysteine-rich 

domains and a membrane-proximal kringle domain, unique domain(s) shared with the 

Ror-family RTKs (mammalian Rors , Drosophila Dror) and muscle-specific RTKs 

(mammalian MuSKs, Torpedo RTK) (60-63) (Fig.10b, data not shown). Considering 

the fact that both Dnrk and Dror display structural similarities with human Ror1 and 
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Ror2 , and that expression ofthese RTKs (Dnrk, Dror, Rorl , and Ror2) was restricted 

to the developing nervous system , it is possible that Dnrk as well as Dror are 

Drosophila homologues ofmammalian Rors (Rorl and Ror2) (see below). Thus far, 

ligands for these neuronal RTKs as well as muscle-specific RTKs have not been 

reported. Since these RTKs, including Dnrk, share particular similarity within their 

extracellular domains , it is likely that their cognate ligands are also structurally 

related. At present, it is unclear whether their ligands are soluble, like neurotrophins, 

or cell surface molecules. 

Similar to Dror, distinct expression ofDnrk was not detected before the extended 

germ-band stage (Fig.12). In addition, like Dror, Dnrk is exclusively expressed in the 

nervous system. With this respect, it is important to note that Dtrk, another 

Drosophila RTK related to the Trk-family RTKs , is expressed in the nervous system 

as well as outside the nervous system (62). The determination and differentiation of 

neuroprecursor cells in both the CNS and PNS loegin at stages preceding those that 

the expression of Dnrk was first seen in these tissues. Thus, the role of Dnrk would be 

expected to be one involving the subsequent differentiation or organization of the cells 

ofthe CNS and PNS. 

In addition to structural features ofDnrk, our in vitro kinase analysis ofDnrk 

revealed that Dnrk indeed possesses tyrosine kinase activity (Fig.13c). As described, 

Dnrk contains two putative ATP binding motifs within its TK domain. Therefore, it 

was interesting to examine the possible roles of the respective ATP binding motifs in 

TK activity of Dnrk. Since antibody against the Dnrk protein is not currently 

available, 1 constructed and expressed the HA-tagged cytoplasmic TK domains of 

Dnrk in COS cells. The HA-DnrkS, lacking the distal ATP binding motif, still exhibits 

autophosphorylation activity in vitro , albeit to a lesser extent when compared to the 

HA-DnrkL that possesses both ATP binding motifs (Fig.13c). Thus , it became evident 
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that the proximal ATP binding motifitselfis sufficient for the catalytic activity of 

Dnrk. Our results also suggest that the distal ATP binding motifmay be required for 

the fu11-scale activity ofDnrk, although further :studies wi11 be required to clariか this

issue. To date, among previously reported RTK:S, only Dnrk and Dtrk possess two 

putative ATP binding motifs within their TK domains. However, it remains unclear 

whether or not this unique feature reflects the phylogenical relationship of Dnrk and 

Dtrk. 

Previous studies demonstrate that activation of RTK:s result in auto-

phosphorylation of RTK:s, thereby creating binding sites for SH2 region containing 

cytosolic proteins, including phosphoinositide 3-kinase, phospholipase Cy, Grb2 , and 

Shc (66 ,67). This molecular interaction triggers subsequent signaling cascades , that 

eventua11y reach the nucleus. Recently, the use of degenerate phosphopeptide 

libraries have revealed the substrate specificities of SH2 domains and the 

phosphotyrosine-containing motifs within RTKs as we11 as cytosolic tyrosine kinases 

(reviewed in 67). On the basis of the previously reporled prediction, 1 found several 

tyrosine-containing motifs (Tyr507MetAlaProSl0 , Tyr642PheGlyLeu645 , 

Tyr671AlaLeuMet674) within the catalytic TK domain of Dnrk, that are candidate 

sites for interaction with SH2 region-containing cytoplasmic signaling molecules. 

U pon tyrosine phosphorγlation ， for example, Tyr507MetAlaPro510 , 

Tyr642PheGlyLeu645, Tyr671AlaLeuMet674 are assumed to be able to interact with 

SH2 regions ofmammalian proteins, Vav, PTPIC , Shc & Csk, respectively. Thus far , 

csw and dShc, the Drosophila homologues ofPTPlC and Shc, have been reported 

(84,85). Such putative tyrosine-containing motifs were not found in the corresponding 

domain ofDror. At the present time 1 do not know whether some ifnot a11 ofthe 

tyrosine residues within these putative motifs are phosphorylated upon activation of 

Dnrk. N onetheless, these preliminary observations raise an interesting possibility to 
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be tested that Dnrk may interact with cytoplaslnic signaling molecules by utilizing 

such motifs. 

Like Dror, expression ofDnrk is restricted to the nervous system during 

embryogenesis (Fig.12). Furthermore, the peak expression ofDnrk as well as Dror 

occurs when early processes ofneuronal differentiation, including axonogenesis, occur. 

Recently, to perform the genetic and developmental analysis, 1 have also cloned 

mouse homologues of Dnrk and Dror, mouse Rorl and Ror2 , that expressed in the 

head of developing embryos (data not shown). In addition, it has been reporled that 

Rors are also expressed relatively early during development and that their expression 

declines drastically at a later stage in rat embryo(60). Thus , these Ror-family RTKs 

(Dnrk, Dror, and mammalian Rors) may play an important role in early neuronal 

development. 

Like human Rors , mouse Ror proteins possess an Ig-like domain, two conserved 

cysteine-containing domains and a kringle domain within their extracellular domain 

(Fig14). Unlike Dnrk, the cytoplasmic regions ()f mouse Rors lack a putative 

tyrosine-containing motif that may interact with SH2-containing signaling molecules , 

instead they possess proline-rich sequences that may interact with SH3 and/or WW  

domains in addition to their catalytic tyrosine kinase domain(86,87). 

Recently, it has been reported that the muscle-specific RTK, MuSK, related to 

Ror-family RTKs, is specifically expressed in early myotomes and developing muscle, 

and becomes selectively localized to the postsynaptic muscle surface at 

neuromuscular junctions upon muscular maturation (63). Moreover, it has been 

shown that a targeted disruption ofthe MuSK gene results in a failure in the 

formation of neuromuscular synapses (88 ,89). 'These results demonstrate a critical 

role(s) of MuSK in synapse formation at neurornuscular junctions. Considering 

related features (i.e. structure and expression pattern) of the Ror-family RTKs (Dnrk, 
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human Rors mouse Rors DnrkIDror Torpedo RTK MuSK 

Fig.14. Structual features ofRor and MuSK family RTKs. 

Dror, and mammalian Rors) with MuSK, it is possible that these Ror-family RTKs 

may play an important role(s) in synapse formation in developing nervous system. 

Furlher studies are required to address this imporlant issue. 
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Experimentα1 Procedures 

Cells and Antibodies 

COS cells were maintained continuously in Iscove's modi白edDulbecco's medium 

(IMDM) supplemented with 10% (v/v) FCS. The transient cDNA transfections into 

COS cells were performed as described previously (22). Mouse monoclonal antibody 

12CA5 (Boehringer Mannheim) recognizes the peptide sequence (YFYDVPDYA) 

derived 企omthe human inf1uenza hemagglutinin (HA) protein (90). 

DNA Amplification and Sequencing 

For PCR, degenerated primers were designed to hybridize to nucleotides coding 

two well conserved kinase subdomains VI B (HIì~DL) and 区 (DVWSYG). The primer 

sequences were 5'-CCGCGAATTCATCCAC(AlC)G(AlC/G庁)GA(C庁)(C庁)T -3' and 5' 

-CCGCAAGCTTGCC(AlG)(A月、)A(AlG)(C/G )AC CA( C/G )AC(AlG )TC-3' (restriction 

sites for EcoRI and HindIII are underlined). 100ng of genomic DNA was used as a 

template in 100ml PCR. The first 10 PCR cycles were 1.5min at 940 C, 2min at 550C 

to 500C (decreased 0.50C per cycle), and 2.25min at 730C. In the subsequent 20 

cycles, samples were denatured 1.5min at 940 C, annealed 2min at 500C and incubated 

2.25min at 730C. Amplified DNA fragments with expected size (about 200bp) were 

digested with EcoRI and HindIII, purified on 2% agarose gel and cloned into the 

EcoRI/HindIII sites of the Bluescript vector (pBS , Stratagene). 

Isolation of cDNA clones 

An imaginal disc cDNA library (91) was screened using probes (0.2kb EcoRIｭ

HindIII 企agment 企ompBS-Dpkn or pBS-Dnrk) radiolabeled by random priming. 

Probes (3x106 cpm/ml) were hybridized to the plasmid DNA immobilized on 
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nitrocellulose membrane filters (Schleicher & Schuell) for 12hr at 650C in 1x 

hybridization buffer (1M NaCl, 50mM Tris-HCl [pH8.0], 10mM EDTA, 0.1 % [v/v] 

SDS), 1x Denhardt's reagent, and 100 mg/ml denatured salmon sperm DNA, and 

washed twice for 30 min at 650C in 0.1x SSC , 0.1% [v/v] SDS. Clones were isolated 

and the longest 3.0kb clone (pNB40・Dnrk) or l.゚kb clone (pNB40-Dnrk) was 

subjected for further analyses. 

DNA Sequencing and Analysis 

Sequencing was performed by the dideoxynucleotide chain termination method 

using the Thermo Sequenase core sequencing kit (Amersham) and a SQ5500 DNA 

sequencer (HITACHI). The final sequence was confirmed 合omboth strands. 

Sequence analyses , comparison, and subsequent sequence alignment were performed 

using Genbank and EMBL databases through the BLASTN programs as well as the 

DNASIS program (Hitachi Software Engineering Co・， Ltd.). 

N orthern Blot Analysis 

Total RNA from embryo, larva, pupa and adult flies were prepared by using 

ISOGEN (WAKO). For RNA blot analysis , 5μg oftotal RNA was electrophoresed on 

1 % agarose formaldehyde gels, and transferred onto nylon membranes. The probe 

DNAs were prepared from pBS-DKs by digestion with EcoRI and HindIII, and labeled 

with [α_32p]dCTP (Amersham , 3000Cilmmol) using the Multiprime labeling kit 

(Amersham) and hybridized as described previously (16). Specific activity was -1x106 

cpm/ng for all the probe DNAs. 

In situ Chromosomal Mapping ofthe Dnrk Gene 

Iπ situ hybridization on squashes ofpolytene chromosome was performed as 
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described previously (92). The digoxigenin-labeled DNA probe was prepared using the 

DIG DNA Labeling kit following the manufacturer's recommended protocol 

(Boehringer Mannheim). Developmental stages were determined as described 

previously (93). 

In situ Hybridization ofWhole Mount Embryos 

In situ hybridization to Whole Mount Embryos using digoxigenin-labeled RNA 

probes was performed as described (94) with minor modifications (95). Single strand 

antisense or sense RNA probes were synthesized in vitro using T7 or T3 RNA 

polymerases, DIG RNA Labeling Mix (Boehringer Mannheim入 andthe pBS -Dpkn or 

pBS -Dnrk as a template following the manufacturer's recommended protocol. 

Expression of HA-tagged cytoplasmic kinase domains of Dnrk 

Expression vectors encoding the HA-tagged eytoplasmic kinase domains of Dnrk 

[pEF-HA-DnrkS (aa 404-714 ofDnrk) , and pEF-HA-DnrkL (aa 337-714 ofDnrk)] 

were constructed. The constructs were made to add two tandemly repeated HA 

epitopes at the N terminus ofthe respective cytoplasmic kinase domains (DnrkS and 

DnrkL). The cDNA 仕agments corresponding to :OnrkS and DnrkL were obtained by 

PCR using a combination of specific primers that create EcoRI sites at the end of the 

cDNA fragments. EcoRI-digested PCR products were cloned into the Bluescript at 

EcoRI site, and the sequence of the respective PCR products was confirmed. 

Subsequently, the cDNA 仕agments for DnrkS and DnrkL with EcoRI sites were 

ligated to the EcoRI-cleaved backbone fragment ofthe pEF expression vector (96), 

with an additional nucleotide sequence that encodes the two tandemly repeated HA 

epitopes, at the 5' end ofthe EcoRI-cleaved vector. 
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In vitro Kinase Assay 

The transient cDNA transfection into COS cells was performed using the calcium 

phosphate method as described previously (22). COS cells were solubilized with lysis 

buffer (50 mM  Tris-HCl[pH7.4], 0.5%[v/v] Nonidet P-40 [NP-40],150mM NaCl, 5mM 

EDTA, 50mM NaF, 1mM Na3V04, 1mM phenylmethyl sulphonyl fluoride [PMSF], 

10mg/mlleupeptin, 10mg/ml aprotinin) for 30min at 40C. The lysates were 

centrifuged to remove insoluble materials and resultant supernatants were precleared 

for 1hr at 40C with protein A-Sepharose. The precleared supernatants were then 

immunoprecipitated with the anti-HA antibody and proteinA-Sepharose for 3hr at 40C. 

Immunoprecipitates were washed once with kinase buffer (25mM Tris-HCl [pH7.4], 

0.1 % [v/v] NP-40 , 10mM MgC12, 3mM MnC12, 30mM Na3V04) and resuspend in 30 ml 

ofthe kinase buffer. Reactions were initiated by the addition of [y_32p]ATP (10mCi of 

[y-32P]ATP/sample, 5000 Cilmmol; Amersham) ~md incubated for 20min at 370C. The 

reactions were terminated by the addition of an equal volume of 2xLeammli buffer. 

Subsequently, samples were separated by SDS-.PAGE (13%) under reducing 

conditions and the gel was subjected to autoradiography. Band intensities were 

quantitated using a F可iximaging analyzer (BAS2000). 

Immunoblotting Analysis 

For immunoblotting analysis , whole celllysa tes or anti回HAimmunoprecipitates 

from the transfected COS cells were subjected to SDS-PAGE (13%), and 

electrophoretically transferred onto PVDF membrane filters. After blocking with 

TBST-milk (10mM Tris-HCl [pH 8.0] , 150mM 1、~aCl ， 0.5% [v/v] Tween 20, 5% nonfat 

dηT milk), membrane filters were incubated with anti-HA antibody in TBST for 1hr at 

room temperature. Then 白lterswere washed with TBST and incubated with 
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HRP-conjugated goat anti-mouse IgG antibodies (Bio Rad) for lhr at room 

temperature. Mter the washes , the immunoreactive proteins were visualized by 

using a chemiluminescence reagent (Renaissance, NEN). 
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