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cDNAs encoding the isoform Ia of the cGMP-dependent protein kinase were isolated from a bovine trachea smooth 
muscle cDNA library constructed in IgtlO. The deduced protein sequence is identical with the protein sequence obtained 
by Edman degradation of the bovine lung enzyme [(1984) Biochemistry 23, 420742181. Alternate cDNA clones were 
isolated which code for a protein slightly different within the aminoterminal part from the known amino acid sequence. 
These alternate cDNAs contain the sequence of a peptide identified in the isoform IB of cGMP-dependent protein kinase. 
Northern blot analysis of poly(A)+ RNA from bovine trachea smooth muscle indicated the presence of two different 

mRNA species of about 6.2 kb. 

Protein kinase, cyclic GMP-dependent; cDNA cloning; Smooth muscle 

1. INTRODUCTION 

Cyclic GMP-dependent protein kinase (cGMP- 
kinase) is one of the main intracellular receptors 
for cGMP [l]. The native enzyme consists of two 
identical 76 33 1 Da subunits [2] and is activated by 
the binding of 4 mol cGMP per mol holoenzyme 
[3,4]. Each subunit of cGMP-kinase contains a 
regulatory part - the aminoterminus including the 
autophosphorylation site and two distinct cGMP 
binding sites - and a catalytic part: the ATP 
binding site and the catalytic center. Sequence 
analysis of various protein kinases and cyclic 
nucleotide binding proteins has led to the 
hypothesis that cGMP-kinase is the product of a 
fusion between two ancestral genes which code for 
a cyclic nucleotide binding protein and a protein 
kinase [2]. 

Cyclic GMP-kinase is present in high concentra- 
tions in smooth muscle [5-81. The active enzyme 
decreases cytosolic levels in tracheal [7] and 
vascular [8] smooth muscle by an unidentified 
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mechanism and thereby induces relaxation. Two 
isoforms (Icu and I,@ which apparently are func- 
tionally identical but may differ in the expression 
of their mRNA have been identified in bovine aor- 
ta [9,10]. To facilitate further studies on the 
physiological role of cGMP-kinase, the cDNA of 
cGMP-kinase mRNA has been cloned from bovine 
trachea smooth muscle. 

2. MATERIALS AND METHODS 

2,l. Construction and screening of cDNA libraries 
Poly(A)+ RNA was isolated from bovine trachea smooth 

muscle according to [1 11, followed by oligo(dT)-cellulose col- 
umn chromatography 1121. Specific and random primed cDNA 
libraries were constructed in hgtl0 according to [13]. 2 pg 
poly(A)+ RNA yielded 5 x lo6 independent recombinant 
phages. 

The libraries were screened without prior amplification by 
synthetic oligonucleotide probe mixtures (fig. 1, inset) and 
isolated cDNA fragments. The 5 ’ ends of the oligonucleotides 
were labeled using Td polynucleotide kinase. Isolated cDNA 
fragments were labeled by random priming [14]. 

2.2. Subcloning and sequencing of eDNA inserts 
Positive clones were plaque purified, their cDNA inserts 

isolated and subcloned into the EcoRI or SmaI site of pUC18. 
Plasmid DNA suitable for sequencing was prepared by the 
alkaline lysis method [15]. Sequence analysis was performed by 
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the dideoxy chain termination method [16] using [cu-3SS]dATP 
and modified T7 DNA-polymerase (USB). Most of the se- 
quence was obtained by sequencing both strands of the cDNA 
independently. 

2.3. Northern blot analysis 
Poly(A)+ RNA was denatured with glyoxal (1 M) and 50% 

dimethylsulfoxide, electrophoresed on 1.5% agarose gels and 
transferred to Biodyne Nylon membranes [17]. Blot hybridiza- 
tion was carried out with cDNA fragments labeled by the ran- 
dom priming method [14]. If not stated otherwise all other 
cloning procedures were carried out according to [17]. 

3. RESULTS 

3.1. Isolation of cDNA clones for isoform ICY 
The cloning strategy is summarized in fig.1. 

Twelve 16mer oligodeoxynucleotides complemen- 
tary to all possible codons for the carboxyterminal 
amino acid sequence Trp-Asp-Ile-Asp-Phe (ex- 
cluding the third nucleotide residue of the Phe- 
codon) of cGMP-kinase were synthesized and used 
for construction of a primer extension library. 
About 5 x IO’ recombinant phages were screened 
with two different probes. One probe (A) con- 
tained an equimolar mixture of 64 oligonucleotides 
(21-mer) representing all the possible cDNA se- 
quences corresponding to amino acid 618-624 

(fig.1, amino acid numbers (fig.2) correspond to 
those in [2] + 1 since the sequence of [2] lacks the 
initiation amino acid Met). The second probe (B) 
(42 bp, aa 648-661) was designed according to 
codon usage [18]. The clone hcGpeI-6.2 was 
isolated, subcloned and sequenced. The cDNA se- 
quence (215 bp, nt 1799-2014 of the complete se- 
quence, fig.2) contained the sequence of the primer 
and of both probes. The insert of this clone was 
used to rescreen the same library and to isolate 
clone XcGpeI-8.2. Sequencing of this insert (nt 
601-2010, fig.2) showed that it contained an open 
reading frame coding for an amino acid sequence 
corresponding to residues 200 (Ile) to 670 (Asp) of 
cGMP-kinase [2]. Using the 5’-terminal Hind111 
(nt 695)-Hind111 (nt 1316) fragment one clone 
XcGrp-5.1 was isolated by screening approx. 1 x 
lo6 independent clones of a random primed cDNA 
library. The cDNA insert of this clone (18 10 bp) 
contained the sequence from nucleotide 959 to 
2769 (fig.2). 

A synthetic primer complementary to nt 
828-846 (fig.2) was used to construct a second 
primer extension library (fig.1). One million 
recombinant phages of this library were screened 
using the nt 601-695 fragment as probe. Eleven 
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Fig. 1. Cloning strategy. (Top) Functional domains of the amino acid sequence of cGMP-kinase according to [2]. Crossed bar and solid 
line represent the protein coding and the 5 ‘- and 3’-noncoding region of the nucleotide sequence, respectively. (Bottom) The length 
of the cDNA inserts of individual clones are shown by lines. The open and hatched bars indicate the position of primers 1 and 2 and 
the screening probes, respectively. (I) Isoform ICY; (II) isoform I,8; the dotted part of I/3 represents that part which is not identical with 
Ia. (Inset) Amino acid sequences and derived synthesized nucleotide sequences of primers 1 and 2 and screening probes A and B. 
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aaaaacATOAGCGAGCTGGAGGMGA~GCCMGA~~CATG~CMGGAGGAGAGGATC~GAG~GGAGMG 
MSELEEDFAKILMLKEER1KELE.K 24 

CGGCTGTCAGAGMGGAGGMGAGAAATCCAGGAGCTGAAGAGCCCGTGCCC 
RLSEKEEEIQELKRKLRKCQSVLPVP 50 

TCGACCCACATCGGCCCCCGGACCACCCGGGCACACAGGGCAT~CGGCCGAGCCGCAGAC~A~GGTC~CCACGAC 
STHIGPRTTRAQGISAEPQTYRSFHD 76 

CTCCGACAGGCATTCCGGMGTTCACCACCGAAAGGTC 
LRQAFRKFTKS E R S K D L I K E A I L D N D 102 

TTTATGMGMCTTGGAGCTGTCACAGATCCAAGAGAGA~GTGGA~GTATGTACCCAGTGGAGTAC~~GA~GC 
FM K N L E L S Q I Q E I V DC M Y P V E Y G K D S I28 

TGCATCATCAAAGMGGAGATGTG~GTGTATGC 
C I I KEG DV G S LV Y VME DG KVEVT K E G 154 

GTGMGCTGTGCACAATGGGTCCTGGTAAAGTGTTTGGAGC 
V K LCTMG P G KV F G E LA I L Y N CT RT AT 180 

GTCAAAACTCTTGTAAATGTGAAACTCTGGGGC~~GATCGA~TG~CAGACGATMTGATGAGGACAGGA~ 
V KT LV N V K LWA I D RQ C F Q T I MMRT G L206 

ATCAAGCATACCGAGTATATGGAATTTTTAAAAAGCGTTC 
I KtiT E Y ME F LKS V PT FQ S LPE E I LS K232 

CTTGCTGACGTCCTTGMGAGACCCACTATG~TGGGC 
LA DV LE ET H Y E N G E Y I I RQ GARG D T F 258 

TTTATCATCAGTkAAGGAGTTMTGTGAAG 
F I I S KG KV N VT R E D S P N E D PV F LRT L284 

GGAAAAGGAGATI%GTTTGGAGAGAAAGCCTTGCAGGGGG 
G KG DW F G E K A LQ G E D V RT A N V I A A E A 310 

GTMCCTGCCTTGTGATCGACAGAGACTCTTTCAAACATT 
VT C LV I D R D S F KH L I GG L D DVS N KAY 336 

GMGATGCAGMGCTAAGGCAAAATATGAAGCTGMG~GMG~G~~CGC~C~G~G~GT~GA~~~TC 
E DA E A KA K Y E A E AA F FA N LK LS D F N 1362 

ATTGACACCCTTGGAGTTGGAGGTTTCGGACGGAAC 
I DT LGVG G F GRV E LVQ LKS E E S KT F A 388 

ATGAAGATTCTCAAGkAACGGCACATCGTGGATACAAGAC 
MK I LKKRH IV DT RQQEH I RS EKQ I MQ414 

GGGGCCCATTCGGACTTCATAGTGAGATTATACAGAACATA~GMCA~MGGA~GC~TA~GTATATG~GATGGMG~ 
GAH S D F IV RLY RT F KDS KY LYMLMEA440 

TGCCTAGGTGGAGAGCTCTGGAC~~~~G~ATCGGGGGTCA~GMGA~~ACMCCAGA~ATA~G~ 
C LG G E LW T I LRD RG S FE D S TT R F Y T A 466 

TGTGTGGTAGMG~GCCTATCTGCATTCCAkAGGA 
CV V EA'F A Y LH S KG I I Y R D LKPEN L I I1492 

GATCACCGAGGTTATGCCAAACTGGTTGATTTTGGCTTTG 
DH RG Y A K LV D F G F A K K I G FG K KTW T F 518 

TGTGGGACTCCAGMTATGTAGCCCCAGAGAT~TC~G~C~GGCCA~ACA~CAGCCGA~A~GGTCA~G 
C G T P E Y V A P E I I LN KGH D I SAD YW S L 544 

GGAATCCTCATGTATGAGCTTCTGACTCGCAGCAGCCCAC~~CAGGCCCAGATC~ATG~C~ATMCATCATA 
G I LM Y E LLT G S P P F S G P D PMKT Y N I 1570 

TTGAGGGGGATTGACATGATAGAGTTTCCAAAGMGATTGC CAAAAATGCTGCTMTTTMTT AAAAAACTATGCAGG 
LRG I DM I E F P KK I A KN A AN L I KK LC R 596 

GATMTCCATCAGAAAGATTAGGGMTTTGAAAMCGGAGTGAAAGACATTC~GCACAAATGGTTTGAGGGCTTT 
DN P S E R LG N LKN G V K D I Q KH KW F E G F 622 

MTTGGGMGGCTTMGACACCTTGACACCTCCTATMTACCAAGTGTTGCATCACCCACAGACACUGCMT 
NW E G LR KG T LT P P I I P S VA S PT DT S N 648 

TTTGACAGTTTCCen;AGGACAAn;ATGAACCGCCACCTGMCCGC~C~GATGA~~~GGA~A~TAGA~~tgtatt 
FDSFPEDNDEPPPDDNSGWDIDF 

tctcttacctgcttctgccttgctgaagacagctttttctaagacacagctgccagcaaacctgaaggaaagagagaa 
671 

gctgagtgcttggggtcaccatgatgcctttgatcgatgctgctccagtaactacagtggcattaggacttattgctt 
agatgacagtagtgctctttacatgttttctgtttcaacctaaatatagcagttgacatggtggtcctgaagcaaagc 
ctttcaccactaaagagatgttctccactgttgcaatgatcttgctttgctctgattatattgaaagact~aagaac 
cacttcaatctagtaaaagagtcagtaccttgctagaattatcaagaagatcaaaaaataatatattgggtacgatag 
attactatggtacaaaaactggactcttccttcttcaggtgagggttgtcggttctgtttctgcaagccagtgtatat 
accgtacacaagaggaccacacatctgttggtcacagaggtcatgtcaaaccagtgctagaagtttcatgattttatt 
tcccagcagtgctgatgacgagtctgaatgttacctttcctttctgacagattttaaaaattggtatgataaaagcac 
aactgctatggattctgctgagaaatttcatagcaggtacatacgtgttttcacagaggactgaagaaaaatcaacat 
gcatgtatctgttcatttctttttgataaattggcatgacagaat 

Fig.2. Nucleotide and deduced amino acid sequences of isoform Ia of cGMP-kinase. The translational initiation signal ATG and the 
termination signal TAA are underlined. 
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positive clones including clone AcGpeII-7.3 were 
isolated. This clone contained the cDNA sequence 
from nucleotide - 6 to 827 (numeration starts with 
+ 1 at the A of the initiation codon ATG) of 
cGMP-kinase. 

Fig.2 shows the composed nucleotide sequence 
and the deduced amino acid sequence of the cDNA 
of isoform ICX of the cGMP-kinase from bovine 
trachea smooth muscle. The composed nucleotide 
sequence consisted of 2775 bp and contained an 
open reading frame of 2013 bp coding for a pro- 
tein with a calculated molecular mass of 76418 Da 
and also part of the 5 ’ - and 3 ’ -noncoding se- 
quence. The deduced amino acid sequence is iden- 
tical to the sequence of the bovine enzyme [2] with 
the addition of the initiation Met. 

3.2. Isolation of cDNA clones for isoform Ij3 
In addition to hcGpeII-7.3 the clone hcGpeII-8.1 

was isolated from the second primer extension 
library (fig.1). The cDNA insert of this clone 
(1042 nt, fig.3) contained an open reading frame 
of 879 bp including the initiation codon ATG (A = 
+ 1 in the numeration) and 163 bp of the 
5 ’ -noncoding region of the isoform I,6 mRNA. 
From nucleotide 312 to the 3 ‘-end of the clone (nt 
879) the nucleotide and the deduced amino acid 

Fig.3. Nucleotide and deduced amino acid sequences of the 
aminoterminal part of isoform I,3 of cGMP-kinase. The 
nucleotide sequence of hcGpeII-8.1 which is identical to the 
isoform Ia-sequence is underlined (Seruu of isoform I,& = Se?“ 
of isoform ILY). The initiation codon ATG and the upstream 

termination codon TGA are also underlined. same specific activity. 

a b C d 

Fig.4. Northern blot analysis of RNA from bovine trachea 
smooth muscle. (a,b) 5 and 2Opg of poly(A)+ RNA were 
hybridized with a probe for isoform IO (nt 959-2769). Identical 
results were obtained when the sequence nt 695-1316 (Icu) was 
used as a probe (not shown); (c,d) 20 and 5 fig of poly(A)+ RNA 
were hybridized with a probe specific only for isoform W 
&cGpeII-8.1, nt - 163 to 312). The probes were labeled to the 

quence were identical to the corresponding part of 
the isoform Ia (nt 267 to nt 834). To confirm the 
second isoform the sequence nt 312-879 of clone 
XcGpeII-8.1, which is present in both isoforms, 
was used to rescreen the same library. Ten clones 
were isolated and sequenced. Seven and 3 clones 
coded for isoform b and I,&, respectively. 

3.3. Northern blot analysis 
The 3 ‘-noncoding and the protein coding se- 

quence of isoform 1~ were used for Northern blot 
analysis of poly(A)+ RNA from bovine trachea 
smooth muscle (fig.4). These probes hybridized to 
a mRNA species of approx. 6.2 kb suggesting that 
the mRNA for cGMP-kinase contains approx. 
4.2 kb noncoding sequences. The 5 ‘-noncoding 
and that part of the coding sequence of 
hcGpeII-8.1 which was not identical to isoform ILY 
also hybridized to a 6.2 kb mRNA species (fig.4). 
In agreement with the isolation frequency of the 
cDNA clones the message for the isoform Ip was 
consistently less (approx. 10%) than that of 
isoform ICY (fig.4) suggesting that each isoform of 
cGMP-kinase is coded by a distinct mRNA species 
of approximately identical size. 

28s - 

18s- 
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4. DISCUSSION 

Two distinct cDNAs for cGMP-kinase were 
identified. The derived amino acid sequence for 
isoform Ia is identical with the known sequence of 
bovine lung cGMP-kinase 121. The second derived 

acid sequence (l,f3) had an extended is further supported by (i) the ideniity of aa 66-ii 

MSELEEDFAKILML- 

aminoterminus which differs from that of isoform 
Ia. No evidence was obtained for any differences 
between the two isoforms in the remaining part of 
the coding region which contains the two cGMP- 
and the ATP-binding sites and the catalytic center. 
The in vivo occurrence and identitv of isoform LB 
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Fig.5 Comparison of the aminoterminal sequences of cGMP-kinases and regulatory subunits of CAMP-kinase. Amino acid sequence 
alignment of part of the regulatory domains of isoforms la and b9 of cGMP-kinase and of part of the regulatory subunits of different 
types of the CAMP-kinase. The sequences were aligned by eye. Gaps are marked with a dash. Identical amino acids are shown in bold. 
The hinge region containing the autophosphorylation sites of cGMP-kinase Icu (* = autophosphorylated Thr) and Rlla is boxed. (I) 
aa l-93 of isoform 1~ of cGMP-kinase; (II) aa l-108 of isoform I@ of cGMP-kinase; (III) aa 27-127 of Rla of CAMP-kinase (bovine 
skeletal muscle) 1261; (IV) aa 25-126 of Rlla of CAMP-kinase (bovine heart) [27]; (V) aa l-56 of R of CAMP-kinase (Dictyostelium 

discoideum) [28]. 
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of the derived amino acid sequence with a peptide 
sequence published for isozyme I,& [lo], and (ii) the 
identification of two distinct mRNA species for 
isoforms Ia and I,&. However, the concentration of 
the mRNA for isoform I@ is about 10% of that of 
isoform Ia. The mRNA for both isoforms exceeds 
the coding region about 2-fold. This is not unusual 
since similar large mRNA species were described 
for the regulatory subunits RI (2.4-4.3 kb) 
[20-221 and RI1 (6.0 kb) [23,24] of CAMP-kinase. 

The two isoforms from bovine trachea smooth 
muscle are very similar. Using the Dayhoff 
MDM-78 comparison matrix [25], the aminoter- 
minus (aa l-108) of the deduced amino acid se- 
quence of isoform Ip shows a high degree of 
similarity to isoform Ia (71.2%, aa l-93) and to 
the corresponding parts of the regulatory subunits 
of CAMP-kinase (RIa from bovine skeletal muscle 
[26] 64.5% (aa 27-127); RIIcv from bovine heart 
[27] 62.0% (aa 25-126) and R from Dictyostelium 
discoideum [28] 63.3% (aa l-56)) (fig.5). The 
highest degree of similarity is found in the so- 
called ‘hinge region’ [29] which contains at Thr59 
the autophosphorylation site of cGMP-kinase Ia 
[2,30]. The difference in the aminoterminus of 
isoforms Icu and I@ is very interesting since it has 
been shown that the aminoterminus of Icu is that 
part of the enzyme which regulates binding of 
cGMP to and activation of the cGMP-kinase [4]. 
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