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The type Il cGMP-dependent protein kinase (cGK)
plays a pivotal role in the regulation of intestinal fluid
balance in man. Furthermore, mice carrying a null mu-
tation for the gene encoding the type Il cGK develop as
dwarfs indicating that this enzyme has other less char-
acterized roles. The present report describes the isola-
tion and characterization of bacterial artificial chromo-
some (BAC)- and Pl-derived artificial chromosome
(PAC)-clones containing the gene encoding the human
type Il cGK. The gene was estimated to cover at least
125 kb and consisted of 19 exons separated by introns
of various lengths. The splice junctions of the type Il
cGK gene corresponded well with the structure of the
gene encoding human type | cGK and with the splice
junctions observed in the Drosophila melanogaster DG2
gene. 5'-rapid amplification of cDNA-ends established
the presence of a non-translated exon. o© 1998 Academic Press

The intracellular level of the second messenger cyclic
guanosine monophosphate (cGMP) is influenced by nitric
oxide (NO) as well as a number of drugs and hormones
(1,2). The increased level of cGMP results in activation
of various receptors like cGMP-regulated ion channels,
cyclic nucleotide dependent phosphodiesterases and
cGMP-dependent protein kinases (cGKSs) (3,4). The role
of cGK is controversial, although the major effects of
cGMP have been attributed to the activation of this en-
zyme (4-6). It has been suggested that some of the cGMP
effects may be mediated by cross-activation of the cyclic
adenosine monophosphate (CAMP) dependent protein ki-
nases (CAKSs) (6), a family of enzymes homologous to the
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cGKs (7). The picture is further complicated by the exis-
tence of two major classes of the cGKs, type | (8-11)
and type Il (12-15), cGK, encoded by separate genes, in
mammalian tissues. Type | cGK is a soluble protein and
vascular smooth muscle cells and blood platelets contain
high concentrations of this enzyme. Functionally, it has
been shown that activation of the type | cGK leads to
relaxation of vascular smooth muscle (3) as well as to
inhibition of blood platelet activation and aggregation
(16). In man, two differentially regulated isoforms of the
type | cGK, type la and type 15, have been described,
but little is known about possible differences in their
physiological roles (10,11,17). In contrast to the type |
cGK, the type Il cGK is membrane-bound (18). This en-
zyme is found in various human tissues, but the physio-
logical role of the type Il ¢cGK is not fully understood,
although it has been shown to be involved in the regula-
tion of intestinal fluid secretion (19,20). Recently, mice
deficient in the type 11 cGK were generated and it was
shown that they were resistant to Escherichia coli STa,
an enterotoxin that stimulates cGMP accumulation and
intestinal fluid secretion (21). Interestingly, the mice also
developed as dwarfs due to a defect in endochondral ossi-
fication at the growth plates.

The type | cGK exists as a dimer (22), and the elucida-
tion of the primary sequence of the type la cGK made it
possible to assign specific functions to various domains of
the protein (23). The amino terminal part of the molecule
includes a dimerization domain followed by two cGMP
binding sites, while the ATP-binding as well as the cata-
lytic domains are located in the carboxyl end of the pro-
tein. Complementary DNA clones for the type Il cGK
have been isolated from several species (12-15) and also
this enzyme can be divided into similar domains as the
type | cGK. Although original studies indicated that the
type Il cGK existed as a monomer, a recent report has
shown that this enzyme is also a dimer (24).

In order to characterize the gene encoding the type
Il cGK, we have determined its exon structure by ana-
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lyzing bacterial artificial chromosomes (BAC) and P1-
derived artificial chromosomes (PAC) clones. The pres-
ent report presents evidence that the gene in question
is at least 125 kb in length and consists of 19 exons.
We have earlier presented the exon structure of the
type | cGK gene (11), and the exon structure of the two
genes is very similar. However, the two genes differ in
their 5’-ends and in contrast to what we have demon-
strated for the gene encoding type | cGK, we have so
far found no indications for the existence of several
isoforms of the type Il cGK.

MATERIALS AND METHODS

Screening of a human bacterial artificial chromosome (BAC) li-
brary. A BAC library containing human genomic DNA was
screened by polymerase chain reaction (PCR) (Research Genetics
Inc., Huntsville, AL). A sequence tagged site (STS) marker that corre-
sponded to exon 2 of the type Il cGK was designed. DNA pools were
screened in 25-ul reactions containing 10 pmol of primer 1 (5’-ATG-
CTCTGCGGAACAAGG-TGACA-3’, complementary to nucleotides
71t093in the type Il cGK) and 10 pmol of primer 2 (5'-CTCCTTCAA-
ATGGTACTCCC-3’, complementary to nucleotides 159 to 140 in the
type Il ¢cGK), 200 uM concentrations of each dNTP, 50 mM KClI,
10 mM Tris-HCI, pH 8.0, 1.5 mM MgCl,, and 2 units of Tag DNA
polymerase (Perkin Elmer, Foster City, CA). Thirty cycles were per-
formed (94°C for 45 s; 66°C for 45 s; 72°C for 45 s) with a final 10-
min extension period at 72°C. The resulting 89-bp reaction product
was an indication of the presence of the type Il cGK gene.

Screening of human P1-derived artificial chromosome (PAC) li-
brary. The vector pPAC4 (E. Frengen, B. Zhao, D. Weichenhan, E.
Gjernes, J. Jessee, H. Prydz, and P. J. de Jong, unpublished results)
has been used in the construction of a 4-fold redundant human li-
brary, RPCI6. This library was prepared using previously described
methods (25), and the PAC clones have been picked into 384-well
microtiter dishes. High density colony membranes containing this
library were screened using the type Il cGK cDNA. The hybridiza-
tions were carried out according to Church and Gilbert (26). The
clones RPCI6-73B10, -79K18, -124A1, -132L8, and -203G17 were
confirmed as positive by hybridization to colony filters containing
two replicas of the clones from the library screening, and by using
PCR. DNA from the PAC clone was isolated by a modified alkaline
extraction protocol (27).

Preparation and analysis of cloned DNA. Bacteria containing the
BAC or PAC clones were grown in liquid culture overnight and the
DNA was isolated using ion-exchange columns as described by the
manufacturer (Qiagen, Hilden, Germany). The resulting DNA was
digested with EcoRlI, Hincll or Hindl11, separated electrophoretically
and blotted onto nylon membranes. The resulting Southern blots
were then successively hybridized using radioactively labeled oligo-
nucleotides corresponding to the relevant exons of the type Il cGK.
Hybridizing fragments of suitable lengths were subcloned into a pUC
vector and sequenced. The lengths of the BAC and PAC clones were
determined by digesting DNA from the clones with Notl, before the
fragments were separated by pulsed field gel electrophoresis using
Biometra Rotaphor R22 (Biometra Biomedizinische Analytik GmbH,
Gottingen, Germany) and visualized by ethidium bromide staining.

DNA sequencing and analysis of sequences. The subcloned frag-
ments were sequenced by the dideoxy chain termination method (28)
using Sequenase DNA polymerase (Amersham, Buckinghamshire,
UK) and a combination of insert- and vector-specific primers. Some
of the DNA sequencing was performed by Eurogentec (Seraing, Bel-
gium) using the original BAC or PAC clones as templates. Nucleotide
and amino acid sequence data were analyzed using the GCG program
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package (Program Manual for the Wisconsin Package, Version 8,
September 1994, Genetics Computer Group, WI).

Determination of intron lengths. The isolated plasmids or human
genomic DNA were used as templates in PCR reactions to determine
the lengths of the introns of the gene. Oligonucleotides flanking each
intron were synthesized and the introns amplified using the Expand
long template PCR amplification mix as described by the manufac-
turer (Boehringer-Mannheim, Mannheim, Germany). The resulting
PCR products were analyzed by agarose gel electrophoresis and visu-
alized by ethidium bromide staining.

5’ Rapid amplification of cDNA ends (5' RACE). The 5’-end of
the type Il cGK ¢cDNA was amplified from human prostate Mara-
thon RACE-ready cDNA (Clontech, Palo Alto, CA) using the Advan-
tage KlenTaqg Polymerase Mix as described by the manufacturer.
The first amplification was performed using adapter primer 1 and
primer 3 (5"-AATTGTATAAAATGGCAAGCTCCCCAA-3’, comple-
mentary to nucleotides 692-718 of the human type Il cGK). The
primary reaction mixture was initially heated to 94°C for 30 s,
followed by 5 cycles of 60 s at 94°C and 2 min at 72°C, 5 cycles of
45 s at 94°C and 2 min at 70°C, and finally 25 cycles of 45 s at 94°C
and 2 min at 68°C. The resulting product was diluted (1:50) and
used as template for a new amplification as above using adapter
primer 2 and primer 4 (5-AAAGATATGGTTTCCTGG-TTCTCC-
TTG-3’, complementary to nucleotides 592-618 of the human type
11 cGK). The resulting PCR product was cloned into a pCR2.1 vector
using the Invitrogen TA cloning kit as instructed by the manufac-
turer (Invitrogen, San Diego, CA).

Radiolabeling of DNA probes and oligonucleotides. Complemen-
tary DNA was labeled with (a-**P)dCTP using a random priming
protocol (29). Oligonucleotides were synthesized by National Biosci-
ences (Plymouth, MN) or Eurogentec and radiolabeled with (y-
32P)ATP using T4 polynucleotide kinase as described by the manufac-
turer (Bethesda Research Laboratories, Bethesda, MD).

RESULTS

Identification of the Exons Encoding the Type Il cGK

Based on the cDNA sequence of the human type Il
cGK (14,15), a pair of PCR primers was designed and
expected to give rise to an 89 bp PCR-fragment when
human genomic DNA was used as the template. A hu-
man BAC library (30,31) was screened with this primer
pair resulting in one positive clone (32011), approxi-
mately 110 kb in length (Fig. 1). Characterization of
this clone revealed the presence of the 10 most 5’ exons
of the type Il cGK gene including 1253 nucleotides of
the 2289-nucleotide coding region (Table 1).

In order to obtain genomic sequence information cor-
responding to the remaining part of the open reading
frame of the cDNA (nucleotides 1254-2289), a human
PAC library was screened using an EcoRI-fragment
from the 3’ end of the human type Il cGK cDNA as a
probe. This resulted in a total of 5 positive clones out
of which a 120-kb clone (RPCI16-132L8) was further
characterized (Fig. 1). This clone was shown to contain
exons 2-18, corresponding to nucleotides (—13) to 2193
in the cDNA sequence, where the start codon ATG is
represented as nucleotides 1-3. However, no BAC or
PAC clone containing the most 3’ exon had been iso-
lated. In order to obtain information about the 3’ splice
junction of exon 18 as well as the 5’ splice junction
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FIG. 1. Schematic representation of the human type Il cGK gene. The open boxes depict the exons, and the lines between the boxes
represent the introns. The scale used for the exons and the introns are different. However, the sizes of the boxes and the lengths of the lines
indicate the relative sizes of the exons and introns, respectively. Clones used to determine the gene structure are indicated below. BAC: bacterial
artificial chromosome, PAC: P1-derived artificial chromosome, PCR-1: PCR-generated clone (see Materials and Methods for details).

of exon 19, oligonucleotides from the two exons were
constructed and a PCR reaction with total human geno-
mic DNA as the template was performed. The resulting
PCR product (Fig. 1) was characterized and gave se-
guence information about exon 19 and the remaining
part of the open reading frame (Table 1).

The previously published human cDNA sequence ex-
tended only 15 nucleotides upstream of the start of trans-
lation (11). However, the murine type Il cGK cDNA (12),
contained 442 nucleotides of the 5’ untranslated region.
This led us to investigate if an additional 5’ untranslated
exon could exist in man. The 5’ untranslated region of

TABLE 1
Exon/Intron Organization of the Human Type Il cGK Gene

Exon Exon size 5" intron Nuc. Nuc. 3’ intron Intron Intron size
no (bp) sequence no* Exon sequence no? sequence phase (kb)
1 CGECTGTCTG -14 gt aggttcgt ND
2 474 gccttctcag -13 GTCCCTGAGC KAGRCT%CA‘(SB 461 gt aagaaatt 2 0.6
3 167 attataccag 462 TGEGAKGAKG G}F/GC%'GBCAAG 628 gtgggtttca 1 3.0
4 114 tgcttgatag 629 EC{%%TO&\C% T%TG}/GAKAG 742 gt aat aaaag 1 2.4
5 106 ttttgtaaag 743 éTAlI'TAECAx #CC%’CA(RAA(S; 848 gt aagaat aa 2 2.8
6 64 aattttgaag 849 TG\T/AT%CT%G CT'II_'GGEAG\T/G 912 gt aagaaat t 0 12
7 78 at cccaacag 913 GEATXC"I’XTG AAKAG%AAKG 990 gt aact at aa 0 1.8
8 95 cattgtttag 991 G)I'/AAkAG}I'/AA éTCIT'TAll'CA% 1085 gt gaat t cat 2 10
9 69 ttgtttgcag 1086 TGRTGRTG)I'/C 1I'AGIRTC(RSACBE 1154 gt gagt at ac 2 4.5
10 99 atctatttag 1155 AA-IC-:AT"I:'CAEC EACAHTG%GAK 1253 gt aagt ggag 2 1.3
11 154 tcttgtacag 1254 GJ&%T%CMMG AG\T/TGEGC'ITT 1407 gt aagggot t 0 1.8
12 137 tcttacatag 1408 G¥TA§AG¥AA #CA!I'TG)I'/GAK 1544 gt aagt gacc 2 2.8
13 90 gtcttcacag 1545 AT'ITATXTOGRT 'ITAAEGGIOD\OAE 1634 gt aat gaaaa 2 2.5
14 142 ttcttgcaag 1635 AG(C§CA(SBCT'FI'T CC‘II_'TAKAT'II_'G 1776 gt aagacaac 0 ND
15 164 cgccgacaag 1777 G\T/TGIOD\CT"I:'TG 'II_'AA-I(SGG(CBQCAN 1940 gtatgtaccg 2 5.2
16 123 ctctatctag 1941 CCEACETT‘II:'T (%(I:‘II_'TT&IA(RB 2063 gt gagaat ga 2 1.9
17 63 attgttttag 2064 GCSAANTCCP:A KGAKACECAE 2126 gtacat aatt 2 11
18 67 catttctcag 2127 G¥VGGIT'TA§AT e GﬁGAE 2193 gtattgtatt 0 25
19 ggtccttgag 2194 C‘H‘CA&G(IG-AC

Note. Nuc. nos indicate the *first and 2last nucleotides of the exons, which are numbered according to the published type 11 cGK cDNA
sequence (15). The nucleotides 1-3 represent the start codon ATG and the one-letter code for amino acids are indicated above the second

base in each triplet. ND—not determined.
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TTCCTCACTCCTTTCTCCTCTAATTTTTTTTTTTTTGAGGTTGTACAGACTCTGGGATAGCTTCATGAAAAGG TACTTTGTGTACTTTCGCG
ATTTTCCTCCAGTTAGCACAAAAACAAACAGGACTATATTCCTCCTCCTCTGAAACTTAATGGTCTCATTCAACATATTTTACATGGGCCTCATTTTTAATA
TAAGTTTATGTATGTAACAGTGTATACAAATGTTACATGAGCCCCACTGCCACCATGTGGTTTAAAAACCCAAGAGAGTTGGTTGTAACATTCTCTAGATGC
ACAGTGAGGAATAGACCCTCACTATACTTTCCATCTCTCAACACAGAAACTGCCCTTGTCCTCCGTGAATTTGCTGGTGAAATTCCTCTGGGGGCAGAAGGA
AAGGGAAAAAGCCACATGGAGATCTCACAACTCCAGAGCACAGCAAATAATGCGGTGGGGTGTACATATATATTTAGGAAACCATATTGCACCCTTCAGGAA
AAAAAAATGTACTCAAAAGGTGACGAGAGAGCATTATCTTCTTGGGTGATCAAGAAAGCTCCCTTCCCAAAGACCTGCAGATTCGGAAGGTATAATCTCTGT
CCCTCGAAACTCGATTCAACCCCTGCCCCCAGCATCACGTGAACTGGCAAACTAGATGTAAGTTATGGCCCCAGAGTCCGGGAGGGGCGCGTCGACGAGCTG
CTTCGGGGTCACATGTCTTCGTAAAAAGGCATTGGTGTGACAGAGGAGGGCATGTCCAGGGTACGTGCGCCTGTTTGAGCTCTGGGAGGGAAGGCGAAGTGG
AGAGAGCCTGCAGTGAAAACAGACTGGAAGGATGGAGGAAAGGGAGGGGAAGGAAAAAATGAACACCTCCCTGAACTTTCCTCTCCCCTCGTCCCACACACT
TGAAATAGAAATAATAACATGAACAARAATGCTTACAACCAGGATGTTATCGCCGTAC TTAAGTTGCCTCAGTATGGAGGGTATGGGG- GTGCAGAC
TGCGGCTGTGTCGGGAGTAAAGGTTCGGGCTAGTGTGCCTGCGGGCGCGGGTGACCCCACCTTTAGGGAAGCCGGCGCCCAACTATCCAGGCAGTAGCCCCG

GCTGACCLCCTCCETCCTCCTTCCCTCCTCTCTTCCCTCCCTCCCTGCGTGTCTCCTCTGCACCGEGCCCCLGCCGCGGAGCCAGGCGGCAGCACCGACGCLG

CCGCAGCTCCTGCCCGCATCGCGCTAACCCGCGCCCCCGGCTCACACGTAGCCGGAGCGACTGACCCGGCAGCCCCGGGCCCACGCTGCGCACCGTGTGCAC

v
GCGGGBCTGGCTGAGCTGACCTGCGCTGGGCTCCGGCGCCGCAGGCGGCTGGGGAGGGCGGLGTGGGAGAGGACGCTGAGACGCAGGGGCGGLCGCGCCGA

GGTGACAAGCTGCGCACCTGGAAAGTTACCCGGCTGTCTGgtgaggtteg. gecttctcagGTCCCTGAGCAARA

ATGGGAAATGGTTCAGTGAAACCTAAACATTCTAAGCACCCAGATGGACACTCTGGGAACCTCACCACTGATGCTCTGCGGAACAAGGTGACAGAGCTGGAG
MetGlyAsnGlySerValLysProLysHisSerLysHisProAspGlyHisSerGlyAsnLeuThrThrAspAlaLeuArgAsnLysValThrGluLeuGlu

AGAGAGTTGAGGAGGAAGGATGCTGAGATCCAGGAGCGGGAGTACCATTTGAAGGAGCTGCGGGAGCAGCTGTCGAAGCAGACTGTGGCCATTGCTGAACTC
ArgGluLeuArgArgLysAspAlaGluIleGlnGluArgGluTyrHisLeulysGluLeuArgGluGlnLeuSerLysGlnThrvalAlaIleAlaGluLeu

ACAGAGGAGCTCCAGAACAAGTGCATCCAGCTGAACAAGCTGCAGGATGTGGTGCATATGCAGGGAGGAAGCCCGCTTCAGGCCTCTCCAGATAAAGTGCCT
ThrGluGluLeuGlnAsnLysCysIleGlnLeuAsnLysLeuGlnAspValvValHisMetGlnGlyGlySerProLeuGlnAlaSerProAspLysvValPro

CITGAGGTCCACCGGAAGACCTCTGGATTGGTCTCTCTCCATAGCAGGAGGGGAGCAAAGGCTGGCGTGTCTGCTGAGCCAACAACCCGGACCTATGACCTG
LeuGluValHisArgLysThrSerGlyLeuValSerLeuHisSerArgArgGlyAlaLysAlaGlyvValSerAlaGluProThrThrArgThrTyrAspLeu
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AACAAACCCCCTGAATTTTCCTTTGAGAAAGCAAGAGTCAGAAAAGACTCCAGgtaagaaatttce

AsnLysProProGluPheSerPheGluLysAlaArgValArgLysAspSer

FIG. 2.

Nucleotide sequence of the untranslated exon 1, exon 2 and the 5’ upstream region of the human type Il cGK. Nucleotide “A”

in the translation initiation codon is numbered +1. Lower case letters represent intron sequences, while upper case letters represent the
exons and the 5’ untranslated sequences. Intron 1 is represented with dots. The translation of the exon is shown in the three-letter amino
acid code. A potential CpG island is underlined, Sp-1 binding sites are boxed and potential TATA boxes are encircled. The start of the

longest 5’-RACE clone is indicated with an arrowhead.

the murine type Il cGK cDNA was compared to all se-
guences in GenBank using the Blast search program
(32), and was shown to be similar to a human genomic
sequence with accession no. z58461 (33). This sequence
was derived from DNA isolated using a column binding
methylated DNA intended to identify 5’ ends of genes.
In order to test the hypothesis that the human type 11
cGK gene contained an untranslated exon, an oligonucle-
otide corresponding to nucleotides (—410)—(—391) in the
murine type Il cGK cDNA was used as a probe. This
oligonucleotide was also identical with nucleotides 87-
106 of the genomic sequence z58461 and was shown to
hybridize to BAC clone 32011, demonstrating the exis-
tence of homologous sequences in the human type 11 cGK
gene. This region of the clone was sequenced (Fig. 2) and

the human and murine sequences were shown to be 80
% identical in this region. In comparison, the identity
between the coding regions of the type Il cGK from the
two species was 89 %.

Amplification of the 5’-Ends of the Type Il cGK cDNA

To investigate whether exon 1 was expressed in hu-
man tissues, 5’-RACE was performed using cDNA de-
rived from human prostate using an anchor primer and
an oligonucleotide from exon 2 of the type Il cGK. Sev-
eral products of varying lengths were identified. The
longest RACE-product extended 56 nucleotides up-
stream of the translation initiation site in the type Il
cGK cDNA sequence. Since the 3'-end of exon 1 corre-
sponded to position (—14), the 43-nucleotide overlap
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FIG. 3. Comparison of exon organization of the genes for human type Il cGK (A), human type | cGK (B) and the D. melanogaster cGK;
DG2:T1 (C) and their relation to functional domains of the bovine type la cGK protein (D). The different boxes represent the exons encoding
the respective genes and are given in arabic numerals for the human genes and in roman numerals for the D. melanogaster gene. The
functional domains are illustrated according to that determined by Takio et al. (23). The N-terminal domain corresponds to the dimerization
domain (a), followed by the two cGMP-binding domains (b and c). C-terminal to these binding sites are the catalytic domain (d), the ATP-
binding domain (e) and a carboxyl-terminal domain (f). Arrows indicate the conserved splice sites between the human and D. melanogaster
genes. All sequences were aligned with gaps introduced to obtain maximum homology.

with 100 % identity between the two sequences proved
that exon 1 is indeed expressed in human tissues and
not only in mouse.

The Length of the Gene Encoding Type Il cGK

The lengths of the introns were determined using
PCR with oligonucleotide primer pairs based on the
exons flanking the various introns. This strategy was
successful for all introns except introns 1 and 14. The
shortest intron was intron 2 which was 0.6 kb in length,
whereas the longest characterized intron was the 12-kb
long, intron 6. The 120-kb PAC clone contained exons 2-
18 and introns 2-17, as well as parts of introns 1 and
18. Using PCR, it was determined that intron 18 is 2.5
kb in length. It can therefore be concluded that the
total length of introns 1 and 14 put together, was at
least 53.5 kb (the length of the PAC clone minus the
length of the exons and the length of introns 2-13 and
15-18). The fact that the total length of introns 1 and
14 exceed 50 kb can also explain why we were unable
to determine their lengths using PCR, since it is diffi-
cult to amplify fragments of this size using PCR. The
gene itself must span more than 125 kb as this is the
total length of the PAC clone and exons 1 and 19.

DISCUSSION

This study presents the structure of the gene encod-
ing the human type Il ¢cGK and is the first report on
the structure of this gene from any mammal. The gene
is at least 125 kb in length and is divided into 19 exons.
The cDNA sequence encoding human type Il cGK has
previously been published (14,15) as well as the corre-
sponding cDNA sequences from mouse (12) and rat
(13). When these cDNA sequences are compared, a
striking difference is the fact that the reported murine
cDNA sequence contains 442 nucleotides 5’ of the start
codon while the reported human and rat sequences con-

tain only 14 and 47 nucleotides 5’ of the start codon,
respectively. Using an oligonucleotide corresponding to
the 5’-end of the murine type Il ¢cGK cDNA sequence
as a probe, we have been able to show that an untrans-
lated exon 1 exists in man. This exon is homologous to
the long 5’ untranslated end of the murine type Il cGK.
Interestingly, out of the 47 published nucleotides from
the 5" untranslated region in the rat type 11 cGK cDNA,
the 13 nucleotides located most 3’ corresponded well
with the murine and human sequences, while the most
5’ 34 nucleotides, in contrast, showed no similarity to
the two other species. This discrepancy can be interpre-
ted in several ways. Since the human exon 2 started
at nucleotide (-13), the discrepancy between the two
species can be due to incomplete splicing out of introns
in the published rat sequence. This is conceivable, as
nucleotides (-15)-(-14) in the rat sequence were “AG”,
the consensus splice acceptor sequence (34). However,
it cannot be ruled out that the differences between the
rat sequence and the other sequences represent species
differences. An attractive explanation is that alterna-
tive exons exist for type Il cGK and that the isolated
rat sequence represented one splice variant, and the
murine and human cDNA sequences represented an-
other, alternatively spliced, mRNA. The presence of
alternative, untranslated exons have been shown for
several genes like the human gene encoding the Rla
subunit of the (35). Although we do not have any evi-
dence of alternative splicing of the type 11 cGK, alterna-
tive splicing and/or closely related isoforms have been
found for type | cGK as well as for all the regulatory
and catalytic subunits of the closely related cAKs (36).
It is therefore a likely hypothesis that a multiplicity of
isoforms also exist for the type Il cGK.

Several independent amplifications of the 5’ end of
the human type Il cGK cDNA were performed in order
to determine the start of transcription of the human
type Il ¢cGK using 5-RACE. The ends of the cDNA
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clones produced were located in the interval (—56) to
(—3) relative to the start of translation. However, based
upon the extensive size of the 5’ non-translated region
of the murine type 11 cGK cDNA and our present data,
it seems unlikely that the start of transcription is lo-
cated as close to the start of initiation as the 5 RACE
products suggest. Furthermore, it must be emphasized
that our results only demonstrate that exon 1 is tran-
scribed in human prostate and offer no information
about other human tissues. Studies of other genes have
shown that the expression of untranslated exons can
vary in a tissue-specific manner (37,38). This may also
be the case for type Il cGK. As indicated earlier, there
is also a possibility that more than one untranslated
exon exist.

The gene encoding the human type I cGK has been
characterized and shown to consist of 19 exons encom-
passing at least 220 kb. The type | cGK gene is alterna-
tively spliced and two isoforms, designated type la and
type 15 cGK, exist. The type | and type Il cGK have
the same functional domains and their primary struc-
tures are similar (Fig. 3). At the cDNA level, the se-
guences have a 63 % identity when the most 5’ regions,
encoding the dimerization domain, have been excluded
from the comparison. In the genomic regions corre-
sponding to these parts of the cDNAs, both genes are
divided into 17 exons and all splice junctions coincide
between the two genes. However, in the remainder 5’-
end of the cDNA sequences, the sequences representing
the two isoforms differ substantially. The genomic re-
gion corresponding to this part of the cDNA consists of
two exons that are both expressed in the type 1l cGK.
In the type | cGK, the corresponding region is repre-
sented by two alternatively spliced exons giving rise to
two different type | cGK cDNAs. In all instances, this
variable part of the proteins confer the same property,
namely enabling them to exist as dimers in vivo. In
addition, as shown in Table 1, most of the introns are
in phase 1 or 2, meaning that they do interrupt the
coding triplets. This indicates that the gene probably
has not arisen by shuffling of mini genes each encoding
proteins with distinct properties.

The 5’ region of the gene contains three putative
TATA-boxes (Fig. 2). In addition, it contains G/C-rich
sequences and several copies of the hexanucleotide G/
C-rich motif (GC-box) that binds the mammalian tran-
scription factor SP-1. Both the TATA-boxes and SP-1
sites are located in the interval (—60) to (—360) relative
to the start of translation (ATG). An SP-1 site and a
site for TFIID are located within the potential CpG
island and it is a typical feature for CpG islands to
contain both the promoter and one or several exons
within the region (33). Two putative TATA-boxes have
been identified more than 1400 nucleotides upstream
of ATG. It is not possible to say if these putative TATA-
boxes are real, as we do not know the entire length of
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exon 1. It is also possible that the gene for the human
type Il cGK contains more than one promoter.

Jarchau and co-workers (1994) have earlier pub-
lished a phylogenetic tree based on the cDNA se-
guences of mammalian cGK types | and Il and D. mela-
nogaster cGK (DG1 and DGZ2), and they concluded that
the mammalian type Il cGK and Drosophila DG1 genes
diverged at an earlier time in evolution compared to
the mammalian type |1 cGK and the Drosophila DG2.
Based on the correlation of the splice sites of the human
types | and Il cGK and the D. melanogaster DG2 genes
(Fig. 3), we conclude that these three genes are more
closely related to each other than to the DG1 gene of
the D. melanogaster. In addition, the genomic structure
of the mammalian cGKs resemble each other more than
any of the D. melanogaster cGKs. This suggests that
the two human cGKs are the results of a gene duplica-
tion that occurred later in evolution than the separa-
tion of vertebrates from insects.

The isolation of the gene for the human type Il cGK
allows studies directed towards the understanding of
the regulation of expression of this gene and opens the
possibility to study, in detail, the regulatory mecha-
nisms involved in tissue-specific expression.
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