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Abstract

The CDC37 gene was isolated from a round-spotted pufferfish genomic library and characterized. This gene is composed of nine exons
spanning 3.5 kb. Exon 1 contains the 5’-untranslated region and exon 2 contains the putative translation initiation site. By 5'-RACE (rapid
amplication of cDNA ends) and sequence analysis, we deduced the promoter region for the CDC37 gene and found that it does not contain
typical TATA or CCAAT box. The 1.8 kb DNA fragment upstream of the putative transcription initiation site contains numerous potential
binding sites for transcription factors including CREB, E2A, Ets-1, GATA, NF-IL6 and PEA3. When this DNA fragment was placed
upstream of the chloramphenicol acetyltransferase (CAT) reporter gene and transfected into a carp CF cell line, it could drive the synthesis
of CAT enzyme four times more efficiently than the promoterless pCAT-Basic did. In addition, the CDC37 gene is linked to the TYK2 gene
in a tail-to-head manner with a small intergenic region of 292 bp. © 2000 Elsevier Science B.V. All rights reserved.
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CDC37 was first identified as an important gene re-
quired for the cell division cycle in budding yeast [1].
Using the yeast two-hybrid system, Cdc37 has been shown
to specifically interact with Cdk4 and Cdk6 [2]. Subse-
quently, Cdc37 and the associated heat-shock protein
Hsp90 have been found to act as protein kinase chaper-
ones to maintain the activity of diverse protein kinases,
such as Cdk4, v-Src and Raf-1 [3-5]. The formation of a
ternary Raf-1-p50°4©3”_Hsp90 complex is crucial for Raf-1
function [6,7]. Moreover, it is interesting to notice that the
chick Cdc37 contains binding motifs for the polysaccha-
ride, hyaluronan and other related glycosaminoglycans [8].

We have previously used the round-spotted pufferfish as
a model organism, which has a compact genome size (380
Mb) and small introns [9,10], for the complete genomic
sequence analysis of all four JA4K kinase genes [11,12].
In the course of subcloning and partial sequencing of re-
gions beyond the TYK2 gene, we found some DNA se-
quences highly homologous to those of human CDC37
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gene [13]. We therefore proceeded to determine the se-
quences of the 5 kb DNA fragment upstream of the
TYK2 gene and the results confirmed the presence of the
pufferfish CDC37 gene. We reported here the genome
organization and characterization of the promoter region
of the pufferfish CDC37 gene, which is arranged in a tail-
to-head fashion with the TYK2 gene with a small inter-
genic region of 292 bp.

Using lambda FIX II as a cloning vector (Stratagene,
La Jolla, CA, USA), a round-spotted pufferfish (Tetraodon
fluviatilis) liver genomic DNA library has been con-
structed and amplified as previously reported [14]. DNA
fragments containing the pufferfish TYK2 sequences in-
cluding one intron [12,15], were used as probes to screen
this library. The probe was labeled using a DIG DNA
Labeling Kit (Boehringer Mannheim, Mannheim, Ger-
many). Hybridization and washing were carried out as
previously described [14,16]. As shown in Fig. 1, the re-
striction map of one representative clone was constructed
by digesting the phage DNA with a panel of restriction
enzymes separately or in various combinations. A total of
15 kb of this clone was completely sequenced by conven-
tional subcloning strategy combined with automated se-
quencing. The resulting sequences indicated that there
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Table 1
Exon-intron organization of the puffer fish CDC37 gene
exon  exon size 3’end of 5’end of intron size 3’end of 5’end of amino acid
number (bp) the exon the intron (bp) the intron the exon interrupted
1 164 AAAATCACAAAAG gtttgggtca 73 cttcetgeag GCATC ATG TCC
2 113 TGG AGA CAT CAG gtaatacacg 243 tgtatgtcag GCA CGG GTC GIn36 (3)
3 282 GGT TTC AGT AAG gtgaaagaaa 273 tcatccttag AGC ATT GIT Lys130(3)
4 106 AAA CAT TIT G gtggggcaca 94 ttttgtgtag GC ATG TTG CAT Glylo6(1)
5 116 GAA GTC GAG GAG gtaaaatcta 122 ttgtttttag AAA CAT GCC Glu204(3)
6 123 GAA AAG ATT AAG gtaacttcct 191 tgtttaccag ACA GCG GAT Lys245(3)
7 183 TCC CTG CCA CCT gtaagttgac 87 tgaattgcag GAG ATG CAG Pro306(3)
8 72 ATG GAT CCA ACT gtaagttcat 407 cgtttgttag GAG GCA AAG Thr330(3)
9 525 GTTCAAATAAAAATGTGCTACATTCAAAAAAAAAAAAAAAA (the end of puffer fish CDC37 gene)

were two genes contained in this clone. Two-third sequen-
ces of this clone have been confirmed to be homologous to
those of human TYK2 gene [17]. The remaining sequences
upstream of the TYK2 gene were found to be homologous
to those of human CDC37 gene [13]. These two genes are
arranged in a tail-to-head fashion. The end of the 3’-un-
translated region (3’-UTR) of CDC37 and the start of the
5'-UTR of the TYK2 gene are separated by 292 bp as
reported previously [12].

To characterize the 5’- and 3’- end of the round-spotted
pufferfish CDC37 mRNA, 5’- and 3’-RACE assays were
performed (data not shown). The coding region of the
CDC37 gene spans 3.5 kb and consists of nine exons
and eight introns. The sequences around the exon/intron
boundaries were determined and are shown in Table 1. All
exon/intron boundaries identified conformed to the GT/
AG splice donor/acceptor rule [18]. All exons of the cod-
ing region are relatively small ranging from 72 to 282 bp.
The sizes of introns are also small, ranging from 73 bp
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Fig. 1. Organization and physical map of the round-spotted pufferfish
CDC37 gene. This gene is orientated in a tail-to-head manner with
TYK2 kinase gene which is partially shown. The structure of the puffer-
fish CDC37 gene is represented with regard to the organization of the
exons and introns. Exons are indicated to scale by boxes numbered 1 to
9. Solid boxes indicate the pufferfish CDC37 coding region whereas
open boxes represent the 5'- and 3'-untranslated region. Introns and the
5’- and 3’-flanking regions are indicated by the solid lines. A restriction

map is indicated to contain several cleavage sites. Restriction endonu-
clease sites are B, BamHI; H, Hindlll; K, Kpnl; P, Pstl; S, Sall; Sc,
Sacl. The representative phage clone, PFJ1, was isolated from a Lamb-
da FIX II round-spotted pufferfish genomic library.

(intron 1) to 407 bp (intron 8), with an average size of 186
bp.

The open reading frame encoded by the eight exons of
the pufferfish CDC37 gene produces a protein of 375 ami-
no acids with a molecular mass of 42375 Da. As shown in
Fig. 2, the overall amino acid sequence identity between
the pufferfish and mouse, human and chicken Cdc37 pro-
tein is 73, 74 and 68%, respectively. The comparison also
reveals the presence of two hyaluronan-binding motifs [19]
(amino acid residues 158-168 and 263-273 in Fig. 2) and
the pRB-binding motif (LVCEE) [20] that are conserved
among vertebrate species. Other motifs, such as one puta-
tive tyrosine phosphorylation site (WDDSQKY) and a
potential serine phosphorylation site (IEVSDD) by casein
kinase II are also found in pufferfish Cdc37 protein. The
change of this residue from serine to alanine reduces
Cdc37 activity as reported previously [21].

In order to identify sequence elements involved in the
control of the pufferfish CDC37 gene expression, a DNA
fragment corresponding to the 5’-upstream region of the
CDC(C37 gene was sequenced. Analysis of these sequences
revealed numerous putative binding sites for transcription
factors. As shown in Fig. 3, no TATA box, which is gen-
erally located at a position about 30 bp upstream of the
RNA start site [22], was identified. Four putative binding
sites for a ubiquitously expressed transcription factor, NF-
IL6 [23] was observed at —36, —127, —1082 and —1450.
Two proto-oncogene product E2A [24] and Ets-1 [25]
binding sites were found at —1774 and —1418, respec-
tively. In addition, the flanking region also contained
DNA motifs for CREB [26] at —28; GATA [27,28] at
—306, —753 and —1110; and PEA3 [29] at —19, —748,
—1079, —1203 and —1448.

To verify whether the 5'-flanking region of the round-
spotted pufferfish CDC37 gene exhibits functional pro-
moter activity, the genomic DNA fragment containing
the 5'-upstream region (—1836 to +164) was fused to the
CAT reporter gene in pCAT-Basic (Promega) to create
pCDC37-CAT. Following transfection into carp CF cells
[30], the CAT activity of pCDC37-CAT was about 4 and
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pCdc37 MSRIDYSVWDHIEVSDDEDVSHPNIDTPSLFRWRHQARVERMEDFKKKGDDLNKGLQECRRKLAEAQKKVRELS I SAAG- - - - DAKAELTKTQT 90
mCdc37 MV, .o ET...... Aol Q.Q.EKEE.DR.CR. .K..V..C.R.LK. .EVAESD-- - - - GQV. .ERLRA 87
hCdc37 MV ET...... Ao Q.Q.EKEE.DR.CR. .K..V..C.R.LK. .EVAEG------ G....ERLQA 86
cCdc37 MV ET...... Ao Q.Q.EKEE.D..CR. K..... C...LK..EVAEP.GGSGGGRG. . ERLQA 92
v v
pCdc37  EEKKLKKEERDWARKLEEHNHEEKKMPWNVDTLSKDGFSKS I VNVKADSAED - TEEEKEKKHKTFVERYEKQIKHFGMLHRWDDSQRYLSDNPD 181
mCdc37 LAQQ.R....S.EQ...DMRKK. .N................ M..T.PEK..EDS..AR.Q....... Koo, K..... VH 181
hCdc37 AQ.R....S.EQ... . MRKK..S................ M..T.PEKT.EDS..VR.Q....... Kooooooiii R...... K..... VH 180
cCdc37 .AQQ.RH...N..S.M..LRKK. .N..... Hooooooooo VF....EEK.E-...Q..Q........ Hooooooooo Ro..... Koo H 185
v v
pCdc37  LVCEETANYLVIMCIDLEVEEKHALMEQVAHQTIVMQFILELAKSLKVDPRGCFRQFFEK IKTADQQYQDAFNDELESFKERVRGRAK IRIEKA 275
mCde37 . Covviinnn, Moo Ao To..... H. .MEG.KY...A.......... L..... 2175
hCde37 o G Ao T.o..... R..MEG...... P L..... 274
cCde37 o Qe Ao Tooooiii. MEG...... U A...R. 279
v v

pCdc37  MKEYEEEERQKRLGPGGLDPVEVYESLPPEMQKCFDEKDIQMLQDV I TKMDPTEAKAHMKRCIDSGLWVPNSKMDESDEKEDGSTYEEVK - - - - 365
mCde37 ..., Koo, EL..... Vo.voo.. AS..... D.Y..Qu.eeviinnn SG.AK.G.EAGPGDP- - - - - - 363
hCde37  ......... Koo, EL..... V..V AS..... D.Y..Qu....ooiii AS.AK.G.EAGPGDP- - - - - - 362
cCdc37 Reoooo D........ L..... AV T.SR....... Y Qoo A.AAAEGGGQG. AHGQPGGADSE 373
pCdc37 - --QEQEEPAKKE- - - - - - 375

mCdc37 -LLEAVPKAGNE. DVSA- - - 379 73% identity

hCdc37 -LLEAVPKT.DE.DVSV- - - 378  74% identity

cCdc37  ALYEEIPK.SGEE.GGEGKA 393 68% identity

Fig. 2. Amino acid sequence comparison of the pufferfish, human, mouse and chick Cdc37 proteins. The dashes indicate amino acids identical to the
pufferfish Cdc37 whereas dots indicate gaps introduced to generate an optimal alignment. The sequences of Cdc37 proteins from human [13], mouse
[13] and chick [8,19] are retrieved from the databases. The identity of other Cdc37 proteins to the pufferfish Cdc37 is indicated at the end of each se-
quence. The putative tyrosine phosphorylation site and pRB-binding motif are in bold whereas the two hyaluronan-binding motifs are underlined.
Spliced sites are indicated by down-pointing arrowheads. It is obvious that all spliced sites in the coding region are identical.

0.05 times the promoter activity of pCAT-Basic and
pRSV-CAT [31], respectively (Fig. 4). Therefore, the pro-
moter region of the round-spotted pufferfish CDC37 gene
is functional.

In this study, we have cloned and characterized the
CDC37 gene from the round-spotted pufferfish 7. fluviati-
lis, whose genome size is 3.2 and 8 times smaller than that
of chick and human [32,10], respectively. A different spe-
cies of the pufferfish Fugu rubripes (Fugu) has been used as
a model for vertebrate genome analysis [9]. Fugu belongs
to the order Tetraodontiformes and is widely consumed in
Japan. Its genome is estimated to be approximately 404
Mb, 7.5 times smaller than that of human. We
[11,12,33,34] and others [35] have provided several lines
of evidence that the round-spotted pufferfish Tetraodon
SAuviatilis, can also be used as another model organism

for comparative genomic structure analysis, in addition
to Fugu.

The exon-intron organization of the pufferfish and
chick CDC37 genes are compared (Fig. 2). The overall
amino acid sequence identity between the pufferfish and
chick Cdc37 is 75%. In addition, all of the splice sites of
both genes are identical except for intron 1, which is only
present in the pufferfish CDC37 gene. Comparison of the
intron sizes of both genes is shown in Table 2. There are
four introns larger than 1 kb for chick CDC37 gene, while
all introns of the pufferfish CDC37 gene are less than
500 bp. Therefore, both pufferfish and chick CDC37 genes
are highly conserved not only at the amino acid sequence
level but also in their genomic structure.

Although pufferfish and chick CDC37 genes do not
have TATA or CCAAT boxes at appropriate positions,
the regulatory elements in the promoter region of both
genes are different. In chick, there are several potential

Table 2 transcription factor binding sites, such as Spl, E2A and
Comparison of intron size (bp) of pufferfish and chick CDC37 genes MZF1 [19]. On the contrary, the putative promoter region
Intron Pufferfish Chick of the pufferfish CDC37 gene not only has E2A, but also
1 73 0 has other potential binding sites for transcription factors
i ;‘g ‘igg including NF-IL6, Ets-1, CREB, GATA and PEA3. In
4 o4 2000 this study, the promoter activity of the 5’-flanking 1.8 kb
5 122 1200 DNA fragment of the pufferfish CDC37 gene assayed by
6 191 110 CAT activity has been tested to be low but significant for
7 87 140 transfection into a carp cell line (Fig. 4). The relevance of
8 407 2000

CAT activity to the presence of potential regulatory ele-
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E2A

-1836 ACTGGTATCTTATATTGACGCAGGTGTTTGAAACATGGGATGTAAGGATGGAAACACGTGACCACCTGAAACAAATGAGGAGGATTCAAATTATTGCTGA
-1736 AGCTTTGAAGACAATAGTGGCAGTGTTTCCATGACTTGGCAGATATTTATGAAGAGCTTATACCATCAGGCAGTATATAATCTCAATAATAATAAAATAT
-1636 GATCTAAGTATGTTACGGTTGGCCTTTGTTTTAACATTTTAGTATTCTTTGAGAGAATTGGTTTTCTATTAGCAAACTATCTGCCAAAATTTATTTTTTA

NF- IL6/PEA3

-1536 GAAAAACTACTTTAAATGTAAAAATTGTTTAGTTACCATTGGTGTGACATAGAATCCTATGAAATGTTGATTAATACATTTAACACTGAGGAAATCACAA

Ets-1

-1436 GGGACAAGGCTGTAAATACAGGATGTTTCTCAAATTTCTTATCGTTGCTTTAAATTATGTTTTATATTATGTATGTTATAATAACATAATATATCAGTG
-1336 AATATATAATCCTGCTTTTAGTTAAACAATAAAGACCAGTCTTTGTGTTGTACTGACACCCAACCACGAGGTGTCGCTGCTTATCTTTTTTGACTTCTTT

PEA3

-1236 GTTGGTGGTCACGTGCTTTTTTCAAGCCAAACAAGGAAGCGACGTTATCGACCAATGTCACTGCAAGACTTTTACCCCTTTAAAAATATACGAACTAACA

GATA

NF-IL6/PEA3

-1136 GTATTTAAAAAGTGAGAGCTATGGTTTGATAACACACAGATCTATTAGTTAGTATTTAGGAAGTTATTGAAATATCTAATTTGTTTCTCTTGCTTTTGTG
-1036 GCAGCTATGCCGCAGAAAGATCCGTGTCAAAAACAAGCATGTGCAATACAGCACTGCTTACAAGGTACATAGAATGAAGATTTAATTAACATTGTACCCT
-936 GAACAGCTATATTGCTAGCTTGTTTTATTTACCTTTCCCTTTTCCACAGCTAACAAATACGTGGAGAGCATGTGTGAAGACGTTATCAGAGAAATGAGGC

GATA/PEA3

-836 GATGCTGTGAGACACATAGCACAAAATCAGTCTGTTGTTCTGGTTTCAATGATCCCAAATCCGAGAAGCAAACTAACAGCAAAAGATAAGGAAAACAGGA
-736 CAAACAGGCATGTACACTGTGTACTTTTTAAAAAATTATTAATTATTTTTAAATGAGTTGACACAGCTTCAGAATATAGATTGTTTCTGTTAAAAGTACA
-636 TTAAAGCCAGTCGGAGAAGACAAAATATATTGACATAGTATTATTATGTACTTTCTCGGGATTGTTTTCTGGTACTTTTAATAATGTCCTTGCCCACGGT
-536 TAAACTTAATGGGGGATATTTGCATGTGTAATAATGCATGOGTGCATAAGAATGTTCATAATAGTCAAAATCAGATGTGATGTTCTGGATTCCACGGGGA
-436 CCTTGACCTTGGATCTTCAAAATAACACATATTAAATATATTTATACATATATAAAACAATAAAACTCATATTGATGCACGAGTTGCAAGACTGCTGGTA

GATA

-336 TCAGCATAGTTCTTTAACTGCAACAGACTTTGATAGCCAAAATCCTTTAGATTGTTTTAAATTGCATTAACTAAAATAAAATAATAATACTCCACAATAA
-236 TACTATTATAATTATATTTGCCTTTACATTTTTACAGCGTCAATACGATGGAAATTTTATTCAAGTTAACTTTACACATTACTGAATTATTGGAAGGAAC

NF-1L6

-136 CGTCTGCGTTTTIGTAATGTAGAAAAGTAATAAAGAAAATAAAGTAGCAGAGACGAACGCGACAAGCTACGTTCTTTTCTACTCATCACGCACGGGGCTG

NF-IL6  CREB  PEA3 +1

-36 TGGCGTAATGACGTCAAAGGAAATGAGAAGCGCAAAATCTTTCTAGAATGTAGCTTGGCTTCCTACGGCTGGTTGGTCTTTTCTACTATTTTCTTGGCTA

+65 AAAGTCTTCCATCCAGTTCATCAAACACCACTTGCGTCTCCCTTAGTAGGAGCGGCGTCTCTCTCGTTTGTGCATCTGGAGTAGTTAAAAATCACAAAAG
Fig. 3. Nucleotide sequence of the 5'-flanking region of the round-spotted pufferfish CDC37 gene. Bases are numbered with respect to the presumptive
transcription start site (designated as +1), which was determined by 5’-RACE. Potential binding sites for a variety of transcription factors are also
marked and underlined. Nucleotide +238 in this figure is the same as the last nucleotide of the first exon which contains only the 5’-UTR.

ments such as enhancer or suppressor in the 5’-flanking
region of the pufferfish CDC37 gene needs further deletion
analysis. So far, this is the first report to demonstrate the
promoter activity of the CDC37 gene. In chick, although
its genome structure has been described first, there is no

Rlative
CAT Activity 1 77 4

Fig. 4. Analysis of the promoter activity of the 5'-flanking region of the
round-spotted pufferfish CDC37 gene fused to the CAT reporter gene.
Each chimeric gene was cotransfected with pSV-B-galactosidase DNA
into CF cells and assayed for CAT and B-galactosidase activities as pre-
viously described [14]. CAT activity in an individual experiment was
corrected for variation in transfection efficiency by normalizing the value
to the B-galactosidase activity in the same extract. The data represented
the mean of triplicate transfection experiments for each plasmid. The
acetylated products of the CAT assay were separated by thin layer chro-
matography developed with chloroform:methanol (95:5, v/v), visualized
by autoradiography and quantitated by using the Phospholmager (Bio-
Imaging Analyzer BAS 2000, Fuji, Japan).

data about the 2 kb promoter region of the chick CDC37
gene [19].

The interesting result in this study and the previous
report [12] is that the pufferfish CDC37 gene is linked
on the same chromosome to the TYK2 gene, separated
only by a 292 bp intergenic sequence. These two genes
are transcribed in the same direction by their own pro-
moter. Similar tail-to-head linkage has been described
for genes encoding human interleukin-4 and interleukin-
13 with an intergenic region of 12 kb [36]. Their gene
expression has been suggested to be coregulated. As for
Cdc37 protein and TYK2 kinase, their function may be
related because Cdc37 has been shown to specifically in-
teract with Cdk4, Cdk6 [2] and Raf-1 [7]. Thus, Cdc37
may be able to interact with TYK2 or other JAK kinases
and this issue remains to be studied.
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