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Abstract The D. melanogaster homolog of mammalian CDKS has been cloned and its chromosomal location determined. The gene for Cdk5 consists 
of 4 exons separated by 3 short introns ranging in size from 61-160 bp. Northern blot analysis revealed a single mRNA of approximately 1.6 kb 
that is expressed at highest levels in the adult fly. The putative amino acid sequence for Drosophila Cdk5 predicts a protein with a mass of 
approximately 32 kDa that is 77% identical to its mammalian counter-parts. Drosophila Cdk5 gene is located in polytene chromosomal region 52BC 
of the right arm of chromosome 2. This study provides the framework for a molecular genetic analysis of CDKS function. 
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1. Introduction 

The coordinated progression of a eukaryotic cell through 
DNA replication and cell division is dependent on the activity 
of a family of protein kinases structurally and functionally 
related to the yeast cell division control kinases, cdc2 and 
CDC28 [l]. This family of proteins is known as the cyclin 
dependent kinases (CDKs), because the active enzyme is a 
heterodimeric protein complex consisting of a catalyic subunit 
and a regulatory subunit called a cyclin. The regulatory subunit 
derives its name from the oscillatory nature of its expression [2]. 
Activation of the catalytic subunit requires association with a 
specific cyclin as well as selective phosphorylation and 
dephosphorylation events. The index members of this enzyme 
complex are ~34~” kinase (CDKl) and cyclin B. Cyclin B 
protein expression increases during S phase, peaks as the cell 
enters mitosis and decreases rapidly as the cell exits mitosis [3]. 
CDKl activation at the G2-M boundary requires association 
with cyclin B, phosphorylation of threonine residue 161 by cdc2 
activating kinase (CAK) [4] and dephosphorylation of tyrosine 
15 and threonine 14 within the putative ATP binding site [5]. 

In yeast, progression from Gl to S phase and G2 to mitotis 
is controlled by the activity of a single kinase, either cdc2 
(Schizosaccharomyces pombe) or CDC28 (Saccharomyces cere- 

visiue) [6]. In contrast, cell division in multicellular organisms 
requires the activity of multiple CDKs. Currently, clones for 
twelve catalytic subunits [7-121 and eight cyclins (A-H) have 
been identified [13-181. Six catalytic subunits are known to 
associate with specific cyclins: CDKl with cyclins A and B, 
CDK2 with A and E, and CDK&6 with the D-type cyclins. In 
addition, CDK1-4 and CDK6 have been shown by either yeast 
complementation assays, dominant-negative mutant transfec- 
tion assays [ 191 or immunoprecipitation studies [20] to be active 
during the cell cycle. In contrast, CDKS, although structurally 
similar to these other kinases, failed to complement budding 
yeast containing temperature sensitive mutants of CDKl [9]. 

*Corresponding author. Fax: (1) (301) 480 2514. 

Previously, we have described the cloning and characteriza- 
tion of CDKS, which was isolated from a rat brain cDNA 
library by low stringency screening with a 32P-labelled mouse 
CDKl cDNA probe [lo]. We originally called this clone ‘neu- 
ronal-cdc2-like kinase’ or nclk because its structure is closely 
related to both CDKl and CDK2, sharing approximately 60% 
amino acid sequence identity. However, unlike CDKl and 
CDK2, CDKS mRNA was shown to be expressed predomi- 
nantly in terminally differentiated (post-mitotic) neurons of the 
central and peripheral nervous system in both E20 rat embryos 
and adults. In contrast to the selective expression pattern ob- 
served in normal tissues, CDKS mRNA is expressed at high 
levels in all cultured cells investigated to date, including both 
primary and immortalized cell-lines. These observations have 
been corroborated and extended by other investigators. Re- 
cently, Tsai et al. [21] have shown that CDKS protein was 
specifically expressed in post-mitotic neurons and that enzy- 
matically active kinase could be immunoprecipitated from 
mouse brain tissue extracts, but not other normal mouse tis- 
sues. Furthermore, they observed that various cultured cell 
lines contained high levels of CDKS protein, but active kinase 
could not be immunoprecipitated from extracts of those cells. 
Similarly, Xiong and co-workers [ 121 have cloned CDKS from 
a human HeLa cell expression library and demonstrated that 
CDKS could be co-immunoprecipitated with anti-D-type cyclin 
antibodies from cell lysates of WI38 human diploid fibroblasts, 
however, the enyzme from these cultured cells was inactive. 
Finally, Lew et al. [22] purified active CDKS from bovine brain 
based on its ability to phosphorylate a synthetic peptide derived 
from the sequence of p60”““. The active kinase in their prepara- 
tion consisted of two proteins, a 33 kDa catalytic subunit 
(CDKS) and a non-cyclin 25 kDa protein. 

These data clearly demonstrate that CDKS expression alone 
is not sufficient for its activity and suggest that CDKS may 
serve some unique function in neurons. Perhaps CDKS is a 
specific regulator of neuronal development and/or differentia- 
tion, two processes which like the cell division cycle require the 
coordinated progression of a series of precisely timed and reg- 
ulated events. One method of addressing this possibility is to 
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develop a model for studing CDKS function in a genetically 
tractable organism like Drosophila melanogaster. Drosophila 

provides the combination of identified cells of known lineage, 
the ability to trace growth cones and axons, and the potential 
for molecular genetic analysis making it an excellent organism 
to ask questions concerning neuronal development and differ- 
entiation. 

This report describes the cloning, structural characterization, 
and chromosome mapping of the D. melanogaster homolog of 
vertebrate CDKS. It represents the initial framework necessary 
to develop this organism into a genetic model for the investiga- 
tion of CDKS function. 

2. Materials and methods 

2.1. Drosophila melanogaster stocks 
Wild-type stain was Oregon R stock. The deficiencies were obtained 

from the stock center at Indiana University, Bloomington, ID. 

2.2. Southern blot analysis 
40 pg of D. melangaster genomic DNA and 10 pg of human genomic 

DNA were cut with either BamHI or EcoRI for 1 h at 37”C, resolved 
on a 0.8% agarose gel, and blotted onto nitrocellulose, as described 
previously [23]. The hybridization probe was a rat CDKS cDNA frag- 
ment (EcoRI fragment), isolated from a low-melting point agarose gel 
using the Wizard PCR Preps DNA purification system (Promega, Mad- 
ison WI) and labelled by nick-translation using the method described 
previously [23]. The blot was hybridized overnight at 37°C in 10% 
dextran sulfate, 40% formamide, 4 x SSC (1 x SSC is 150 mM NaCl, 
15 mM sodium citrate, pH 7.0), 20 mM Tris pH 7.4, 1 x Denhardt’s 
(0.02% Ficoll, 0.02% polyvinlypyrrolidone, 0.02% bovine serum albu- 
min), and 20 &ml herring sperm DNA. Filters were washed twice at 
room temperature for 15 min in 2 x SSC, 0.1% SDS followed by two 
additional 15 min washes at 37°C in 0.1 x SSC, 0.1% SDS. Hybridiza- 
tion was visualized by autoradiography using Kodak XARS film. 

2.3. Library screening 
The D. melanogaster CDKS genomic clone was isolated from a 

lambda GEM11 library (Stratagene, La Jolla CA). Approximately 
5 x 10’ plaques were screened using a ‘ZP-labelled rat CDKS cDNA 
fragment labelled by nick-translation [23]. Filters were hybridized and 
washed as described in section 2.2. After autoradiography for 1 to 2 
days, positive clones were plaque purified, subcloned into pGEM4 
plasmid vector (Promega, Madison WI), and both stands sequenced 
using the f-mol sequencing kit (Promega, Madison WI). 

2.4. Preparation of RNA 
Adult Oregon R flies (approximately 2 ml dry volume) were placed 

into a glass-on-glass Dounce homogenizer and first homogenized in 
5 ml of GIT buffer (4 M guanidine isothiocyanate, 25 mM sodium 
citrate (PH 7.0), 0.7%B-mercaptoethanol), then 0.55 ml of 20% sarcosyl 
was added and the sample was homogenized a second time. GIT/fly 
solution (5 ml) was layered onto a 5 ml cesium chloride cushion (5.8 
M CsCl, 10 mM EDTA) and the RNA pelleted by spinning overnight 
at 32,000 x gin a swinging bucket rotor (Beckman, SW4lTI). The pellet 
was washed with 70% EtOH, dried, and resuspended in 0.5 ml of sterile 
H,O. Poly(A)’ RNA was isolated using a poly (A) Quik Kit (Strat- 
agene, La Jolla CA). The typical yield using this procedure is 10 to 
15 pg of poly(A)+ RNA. 

Two to three thousand embryo or several hundred fly larvae were 
collected on grape-juice agar plates, washed 3 times with 10 mM Tris-Cl 
@H 7.4), 1 mM EDTA, and homogenized (Dounce homogenizer) in 
l-2 ml of 4 M guanidine isothiocyanate, 0.5% sarcosyl, and 25 mM 
sodium citrate (PH 7.0). After homogenization, an equal volume of 
H,O-saturated phenol was added plus 0.14.2 ml of 2 M sodium acetate 
and 0.2-0.4 ml of chloroform. The samples were mixed and incubated 
on ice for 15 min, spun for 20 min (10,000 xg) at 4’C, the upper 
aqueous layer removed, and precipitated at -20°C for 1 h in an equal 
volume of isopropanol. The pellets were resuspended in 1 ml of the 
guanidine isothiocyanate buffer and re-precipitated in an equal volume 
of isopropanol. The pellets were then washed with 70% EtOH, resus- 

pended in DEPC-treated H,O, and precipitated a third time in 3 M LiCl 
for 2 h at -20°C. 

2.5. cDNA cloning:RTIPCR 
D. melanogaster CDKS cDNA was amplified from mRNA by the 

RT/PCR method. Briefly, 1 ,ug poly(A)’ RNA (isolated from 12-24 h 
embryos) was primed with either random hexamers (0.1 pg) or a gene 
specific anti-sense oligo-nucleotide (5’-GCTGGACAAAGTCT- 
CGCATT-3’) (0.1 pg) and reverse transcribed with the Moloney murine 
leukemia virus (MMLV) reverse transcriptase (RT) (200 U) in a reac- 
tion buffer containing the following: 50 mM T&Cl @H 8.3), 75 mM 
KCl, 3 mM MgCl,, 10 mM DTT, 40U RNasin, and 0.5 mM each of 
dGTP, dATP, dCTP, and dTTP. After incubating for 1 h at 37OC, the 
RT was inactivated by heating to 70°C for 5 min. For amplification of 
CDKS, 2~1 of the RT reaction was added to a PCR reaction containing 
the following: 10 mM Tris-Cl @H 8.3), 50 mM KCl, 1.5 mM MgCl,, 
0.001% gelatin, 0.1 pg each of an anti-sense (5’-CGGCTTAA- 
GTCTAATCAAAG-3’) and sense (5’~CCCCGGAGTTTTCCATCT- 
GA-3’) oligo nucleotide primer, 0.5 mM each dNTP, and 5 U Taq DNA 
polymerase. This reaction mixture was heated to 95’C for 5 min, cooled 
to 72°C for 2 min, and cycled 35 times at 94°C for 15 s, 55°C for 15 
s, and 72°C for 30 s. Products of both the hexamer primed and gene 
specific primed RTlPCR reactions were resolved on a low melt agarose 
gel, purified, subcloned into pGEM4 (Promega, Madison, WI), and 
sequenced using the f-mol sequencing kit (Promega, Madison, WI). 

2.6. 3’-RACE (rapid amplification of cDNA ends) 
A reverse transcription assay was performed as described above in 

section 2.5 using 1 pg of poly(A)’ RNA from adult flies (Oregon R) as 
template and an adaptor plus -dTl7 (S-GACTCGAGTCGACATC- 
GATlTTTTlTI’TTTTTTTT-3’) oligo nucleotide as a primer. PCR 
was performed using a 5’ sense gene specific primer (5’-GACGC- 
GACCTGCTGCAAAAG-3’) and a 3’ anti-sense primer containing the 
adaptor sequence as described previously [24]. 

2.7. Northern blot analysis 
Total or poly(A)’ RNA was prepared from embryos, larve, and adult 

flies as described above, resolved by electrophoresis on 1% agarose- 
formaldehyde gels, and blotted to nitrocellulose membranes using 
standard methodology [23]. After baking at 8O”C, membranes were 
hybridized with a “P-1abelled D. melanogaster cDNA fragment, washed 
at high stringency (65°C in 0.1 x SSC, 0.1% SDS, 2 x 15 min), and 
subjected to autoradiography for 1 to 2 days. 

2.8. In situ hybridization to salivary gland chromosomes 
Preparation of slides and hybridization followed standard methods 

[25]. Slides were probed with either digoxigenin labelled cDNA frag- 
ments or DNA fragments generated by PCR from genomic clones 3a 
and 3b. To generate PCR fragments the following primers were used: 
Sense primers, S-GGATGAGCAGGAAGTGATTC-3’, 5’-GCCAT- 
AATGTCCTGCATCGC-3’, and S’CCCCGGAGTTTCCATCTGA- 
3’. Anti-sense mimer. 5’-GCTGGACAAAGTCTCGCATT-3’. DNA 
fragments were’ label& with digoxigenin-1 1-dUTP using the random 
primers method described in the Genius 2 DNA labelling Kit (Boehrin- 
ger Mannheim, Indianapolis, IN). Specific hybridization was visualized 
by immunostaining the slides using an alkaline phosphatase conjugated 
antidigoxigenin antibody (Boehringer Mannheim, Indianapolis, IN). 
Chromosomes were counter-stained in freshly prepared and filtered 5% 
Giemsa, washed with distilled H,O, air dried, and mounted. 

3. Results 

Southern blot analysis was performed to determine whether 
D. melanogaster contained a gene homologous to rat CDKS. 
Fly DNA was digested with either BamHI or EcoRI, hybridized 
with a rat CDKS cDNA probe labelled by nick-translation and 
washed under low-stringency conditions. The rat probe hybrid- 
ized to a single fragment in both the BamHI and EcoRI cut fly 
DNA (Fig. 1). The BamHI fragment is approximately 4.5 kb 
and the EcoRI fragment is about 3.5 kb in size. 

A Drosophila genomic library constructed in lambdaGEM- 
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Fig. 1. Southern blot analysis of D. melanogaster genomic DNA probed 
with a ‘ZP-labelled rat CDKS cDNA probe. A single band is revealed 
in each digest: a 4.5 kb BamHI fragment and 3.5 kb EcoRI fragment. 

11 (Stratagene, La Jolla, CA), was screened using the rat CDKS 
cDNA probe. Three clones were identified in the initial screen 
of 5 x lo5 plaques. Two clones (3a and 3b) were plaque purified 
and subcloned into pGEM4. Each clone contained an SstI 
insert of approximately 9-10 kb. The SstI fragments were di- 
gested further with various restriction endonucleases (Fig. 2A) 
and after Southern blot analysis, the fragments that hybridized 
to a rat CDKS cDNA were subcloned into pGEM4 and se- 
quenced. Digestion of the two clones gave dissimilar banding 
patterns depending on the enzyme used. These differences ap- 
pear to be the result of polymorphism. 

A restriction map of clone 3b is shown diagramatically (Fig. 
2A). The entire coding region of the fly Cdk5 is contained on 
four exons separated by 3 short introns ranging in size from 61 
to 160 base pairs (Fig. 2B). The intromexon splice sites, S-GT 
donor and 3’-AG acceptor sequences of the introns, as well as 
the consensus recognition sequence for poly-adenylation are 
underlined. To verify the intron-exon structure of the genomic 
clone, a cDNA clone was isolated from 12-24 h fly embryo 
mRNA by RTlPCR as described in section 2. By RT/FCR we 
isolated the Cdk.5 coding region that is approximately 900 base 
pairs in length, and verified the location of intron boundaries. 

Northern blot analysis was performed using a hexamer 
primed 32P-labelled fly Cdk.5 cDNA fragment as a probe. In 
1-12 h embryos, larvae, and adult 5ies a single band approxi- 
mately 1.6 kb in size hybridized with the probe (Fig. 4). Al- 
though 12-24 h embryos appear to contain very low levels of 
Cdk5 message, we were able to clone Cdk5 cDNA from this 
RNA preparation by RTIPCR. In situ hybridization of whole 
mount embryos revealed uniform, specific staining at the blas- 
toderm stage, suggesting that Cdk5 message at this stage is of 
maternal origin (data not shown). All other embryonic stages 
showed no detectable Cdk5 message over background. 

To identify the remaining 500-600 base pairs predicted from 
the message size observed on Northern blots, a 3’-RACE 
(Rapid &mplification of GDNA Ends) reaction was performed. 
Southern blot analysis of the ?-RACE reaction revealed 3 
predominant products, ranging in size from 0.2 to 0.6 kb. These 
three fragments were subcloned into pGEM4 and sequenced. 
Sequence analysis showed that the three fragments overlapped, 
and contained genomic sequences contiguous to the 3’ end of 
the coding region without additional interruptions by introns. 
Isolation of these RACE products allowed us to account for 

the entire size of the mRNA observed by Northern blot. The 
identification of three fragments of different size appears to be 
the result of mis-priming of the dT17 oligo during the reverse 
transcription reaction, since the 3’UT domain contains numer- 
ous A-rich sequence motifs. 

Comparison of putative amino acid sequence of D. melan- 
ogaster Cdk5 to the known vertebrate CDKS clones is shown 
in Fig. 3. D. melanogaster Cdk5 is approximately 77% identical 
to human, rat, and bovine sequences. By comparison the verte- 
brate sequences share greater than 99% identity to each other. 

To initiate a genetic study of Cdk5 function we mapped the 
chromosomal location of the Cdk5 gene. To do this we per- 
formed in situ hybridization on polytene chromosomes from 
3rd instar larval salivary glands (Fig. 5A,B). The cytological 
location of the Cdk5 gene was first determined in wild-type 
(Oregon R) flies (Fig. 5B). The Cdk5 gene maps to the right arm 
of chromosome two in region 52. To confirm and more pre- 
cisely define this location, overlapping deletions in this region 
were analyzed by in situ hybridization. These deficient chromo- 
somes are maintained in the heterozygous state, i.e. one normal 
copy of the gene(s) in the deleted region. Therefore if the gene 

A 
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Fig. 3. Comparison of the putative amino acid sequence of D. melan- 
ogaster Cdk5 to the known mammalian CDKS gene products. The fly 
sequence has an overall identity of 77% with the human (Accession No. 
X66364), rat (Accession No. 102121) and bovine (Accession No. 
104798) proteins. 

of interest maps to the region covered by the deletion only 
one-half the width of the polytene chromosome will hybridize 
with the probe. To facilitate analysis, we also used heterozy- 
gous chromosomal inversions to asynapse this region of the 
chromosome. By comparing the hybridization of these chromo- 
somes to the wild-type, we determined that the Cdk5 gene is 
located between 52 Al4 and C9. 

4. Discussion 

This paper describes the identification, primary structure, 
and gene localization of the D. melanogaster homolog of 
CDKS. CDK5 is a serinelthreonine protein kinase that is struc- 
turally related to the family of cyclin-dependent protein kinases 
(CDKs) that play a pivitol role in controlling cell cycle progres- 
sion. However, unlike other members of this family of kinases, 
mammalian CDK5 is selectively expressed as an active enzyme 
only in terminally differentiated (post-mitotic) neurons. This 
observation suggests that CDKS may have a function that is 
unique to neurons and not related to the regulation of cell 
division. 

Homologs of CDKl, mitotic cyclins, and other cell cycle 
related proteins such as cdc25 protein phosphatase (string) 
have been cloned in Drosophila. These proteins have been 
shown to share similar functions with regard to cell cycle pro- 
gression within the fly [26]. We hypothesize that Drosophila 

Cdk.5 will also share a similar function with its mammalian 
counterpart. Presently, very little is known about the biological 
role of mammalian CDKS. In vitro phosphorylation experi- 
ments using CDK5 purified from bovine brain have demon- 
strated that it will phosphorylate the lysine-serine-proline re- 
peats contained within the tail domain of the high and middle 
molecular weight neurofilament proteins [l 11. Phosphorylation 

of this class of intermediated filaments is thought to be impor- 
tant to axon stabilization and possibly axonal-transport. Others 
have identified the neuronal microtubule-associated protein tau 

as a possible CDK5 substrate [27]. Hyper-phosphorylated tau 

is the main component of the pathological paired helical fila- 
ments observed in post-mortem biopsies of Alzheimer patients. 
Homologs of these substrates have not been identified in Droso- 

phila. However, other members of the intermediate filament 
family may serve as substrates for Cdk.5 mediated phosphoryl- 
ation. 

Development of both the vertebrate and invertebrate nerv- 
ous systems can be divided into a series of overlapping stages 
[28]: (i) induction and patterning of the neurogenic regions; (ii) 
birth and migration of neurons and glia; (iii) generation of 
specific cell fates; (iv) guidance of neuronal growth cones; (v) 
formation of synaptic connections; (vi) role of trophic factors 
in regulating cell death; (vii) competitive rearrangement of 
functional synapses, and (viii) continued synaptic plasticity 
throughout the life of the organism. Drosophila has been an 
important model for the elucidation of the molecular mecha- 
nisms regulating the progression of these stages. Particularly 
with regard to the early stages of neurogenesis and growth cone 
guidance, Drosophila and vertebrates use related molecules and 
mechanisms to construct the basic framework of the nervous 
system. 

The identification, characterization, and mapping of D. 

melangaster Cdk5 represent the foundation on which a more 

28s 

18s 

c 

c 
1. ,6kb 

Fig. 4. The developmental expression of D. melanogaster CDKS 
mRNA as revealed by Northern blot analysis. Autoradiography reveals 
a single band of hybridization of approximate 1.6 kb, in l-12 h embryos 
(El-12) larvae, and adult flies. 12-24 h embryos (E12-24) appear to 
express very little CDKS message as detected by this method. Equal 
loading of RNA/lane was confirmed by ethidium bromide staining. The 
size of the hybridizing band was determined by comparison of its 
mobility to the mobility of the 28s (5 kb) and 18s (I .9 kb) ribosomal 
RNAs. 
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Fig. 5. (A) Diagram showing results of in situ hybridizations and the 
location of deficiences (Dt) used to map the chromosomal location of 
D. melanogaster Cdk5 gene. Df(2R)XTElIICyO;ywlDp(l;Y)y[+]Y, 
Df(2R).IpWCyO;w[a]fa[g], and Df(2R)WMG/ln(2LROGla) showed hy- 
bridization of a digoxigenin labelled Cdk5 genomic DNA probe to only 
one-half the polytene chromosome indicating that Cdk5 gene is located 
within the region covered by the deficiency. In contrast, Df(2R)Jp6/ 
Cyo;w[a]fa[g] showed a single band of hybridization across the entire 
width of the polytene chromosome. The Cdk5 gene was localized to 
region 52 between bands Al4 and C9 on the right arm of chromosome 
2. (B) In situ hybridization of the salivary gland polytene chromosomes 
from an Ore-R (wild-type) fly probed with a Digoxygenin labelled 
genomic DNA fragment. 

comprehensive genetic investigation into the biological func- 
tion of CDK5 can be built and its possible role in neuronal 
development or differentiation determined. 
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