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c¢DNAs encoding the isoform Ia of the cGMP-dependent protein kinase were isolated from a bovine trachea smooth

muscle cDNA library constructed in Agt10. The deduced protein sequence is identical with the protein sequence obtained

by Edman degradation of the bovine lung enzyme [(1984) Biochemistry 23, 4207-4218]. 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 I8 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 [1]. The native enzyme consists of two
identical 76331 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—8]. 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 (I and I5) 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
¢GMP-kinase mRNA has been cloned from bovine
trachea smooth muscle.

2. MATERIALS AND METHODS

2.1. Construction and screening of cDNA libraries

Poly(A)* RNA was isolated from bovine trachea smooth
muscle according to [11], followed by oligo(dT)-cellulose col-
umn chromatography [12]. Specific and random primed cDNA
libraries were constructed in Agtl0 according to [13]. 2 «g
poly(A)* RNA yielded 5 x 10° 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 T, polynucleotide kinase. Isolated cDNA
fragments were labeled by random priming [14].

2.2. Subcloning and sequencing of cDNA inserts

Positive clones were plaque purified, their ¢cDNA inserts
isolated and subcloned into the EcoRI or Smal site of pUCI18.
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 [a->°S]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 la
The cloning strategy is summarized in fig.1.
Twelve 14-mer oligodeoxynucleotides complemen-
tary to all possible codons for the carboxyterminal
amino acid sequence Trp-Asp-lle-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 10° 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
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(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 AcGpel-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 AcGpel-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
c¢GMP-kinase {2]. Using the 5'-terminal HindIIl
(nt 695)—HindIIl (nt 1316) fragment one clone
AcGrp-5.1 was isolated by screening approx. 1 x
10° independent clones of a random primed cDNA
library. The ¢cDNA insert of this clone (1810 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

functional domains
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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 le; (1I) isoform 18; the dotted part of I& represents that part which is not identical with
Ier. (Inset) Amino acid sequences and derived synthesized nucleotide sequences of primers 1 and 2 and screening probes A and B.
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-6 aaaaacATGAGCGAGCTGGAGGAAGACTTTGCCAAGATTCTCATGCTCAAGGAGGAGAGGATCAAAGAGCTGGAGAAG
M 8 EL E E D F A K I L ML KUETEIZ RTIIKTETLE K 24

73 CGGCTGTCAGAGAAGGAGGAAGAAATCCAGGAGCTGAAGAGGAAACTCCATAAATGCCAGTCAGTGCTGCCCGTGCCC
R L S E K E E E I Q E L KR KU LHIKTCAG QS UV L PV P 50

151 TCGACCCACATCGGCCCCCGGACCACCCGGGCACAGGGCATCTCGGCCGAGCCGCAGACCTACAGGTCCTTCCACGAC
S T H I 6 P R TTRAOQGTISAEU®PIGQTVYUR S F HD 76

229 CTCCGACAGGCATTCCGGAAGTTCACCAAATCCGAAAGGTCCAAGGATCTCATAAAGGAGGCCATCCTTGACAATGAC
L R Q A FRKU FTI K S ER S KDILTIIXEATIULUDND 102

307 TTTATGAAGAACTTGGAGCTGTCACAGATCCAAGAGATTGTGGATTGTATGTACCCAGTGGAGTACGGCAAAGACAGC
F M KNILETILS QI Q EI V DCM Y PV EYGI KD S 128

385 TGCATCATCAAAGAAGGAGATGTGGGGTCACTGGTGTATGTCATGGAAGATGGTAAGGTTGAAGTTACAAAAGAAGGC
cCc I I K E G D V G § L V Y VM ED G K V EV T K E G 154

463 GTGAAGCTGTGCACAATGGGTCCTGGTAAAGTGTTTGGAGAGTTGGCTATCCTTTACAACTGTACCCGGACGGCGACC
vV KL ¢ T M G P G KV F G EL A I L Y NCTI RTA T 180

541 GTCAAAACTCTTGTAAATGTGAAACTCTGGGCCATTGATCGACAATGTTTTCAGACGATAATGATGAGGACAGGACTT
vV KT LV NV KL WATIDURUG QT CTFOQTTIMMMZPBRTG L 206

619 ATCAAGCATACCGAGTATATGGAATTTTTAAAAAGCGTTCCAACATTCCAGAGCCTTCCTGAAGAGATCCTCAGTAAG
I K HTE Y M EF L K SV PTV F QS L P EETIUL S K 232

697 CTTGCTGACGTCCTTGAAGAGACCCACTATGAAAATGGGGAATATATCATCAGGCAAGGTGCAAGAGGGGACACCTTC
L A DV L E ETH Y ENGE Y I I R QG AURGUDT F 258

775 TTTATCATCAGTAAAGGAAAGGTTAATGTCACTCGTGAAGACTCGCCCAATGAAGACCCAGTCTTTCTTAGAACCTTA
F I I 8 K G KV NV T RED S PNEUDUPUVF FLRT L 284

853 GGAAAAGGAGATTGGTTTGGAGAGAAAGCCTTGCAGGGGGAAGATGTGAGAACAGCGAATGTAATTGCGGCAGAAGCT
G K G DWF G E K AL QG EDV RTANUVTIA AN ATE A 310

931 GTAACCTGCCTTGTGATCGACAGAGACTCTTTCAAACATTTGATTGGAGGATTAGATGATGTTTCTAATAAAGCATAT
v T ¢ L VI DRD S F KHUL I G G L DDV S N K A Y 336

1009 GAAGATGCAGAAGCTAAGGCAAAATATGAAGCTGAAGCTGCTTTCTTCGCCAACCTGAAGCTGTCTGATTTCAACATC
E DA EAKAI K Y EAUEAATFT FANILIKTLS DT F N I 362

1087 ATTGACACCCTTGGAGTTGGAGGTTTCGGACGCGTAGAACTGGTCCAGTTAAAAAGTGAAGAATCCAAAACCTTTGCA
I D TLGV GG F 66 RV ELUV QDL K S EZESI KT F A 2388

1165 ATGAAGATTCTCAAGAAACGGCACATCGTGGATACAAGACAGCAGGAACACATCCGCTCGGAGAAGCAGATCATGCAG
M K I L K K R H I V D TURQQEHTIU R SEI K- GQTIMOGQ 414

1243 GGGGCCCATTCGGACTTCATAGTGAGATTATACAGAACATTTAAGGACAGCAAATATTTGTATATGTTGATGGAAGCT
G A HSsS DVF I V RL Y RTV F XKD S K VY L Y ML M E A 440

1321 TGCCTAGGTGGAGAGCTCTGGACCATTCTCAGGGATCGGGGGTCATTTGAAGATTCTACAACCAGATTTTATACAGCA
¢C L GG E L WTTIULURUDURTG ST FEUDSTTU RTFUY T A 466

1399 TGTGTGGTAGAAGCTTTTGCCTATCTGCATTCCAAAGGAATCATTTACAGGGACCTCAAGCCTGAAAATCTCATCCTA
C VvV VEAMTPFAYTULHSI KGTITI VYU RUDIULI KU ®PENTITLTIL 492

1477 GATCACCGAGGTTATGCCAAACTGGTTGATTTTGGCTTTGCAAAGAAAATAGGATTTGGAAAGAAAACATGGACTTTT
DHRGY A KLV DV FGTV FAI KIKTIGTFGT KT KTMWTF 518

1555 TGTGGGACTCCAGAATATGTAGCCCCAGAGATCATCCTGAACAAAGGCCATGACATTTCAGCCGACTATTGGTCACTG
C G T P E Y VA P ETITITULNIEKTGUHTDTI S ADTY W S L 544

1633 GGAATCCTCATGTATGAGCTTCTGACTGGCAGCCCACCTTTCTCAGGCCCAGATCCTATGAAAACCTATAACATCATA
G I LM ¥ ELULTG S P PTF S G PDUPMIEKTTVYNTITI 57

1711 TTGAGGGGGATTGACATGATAGAGTTTCCAAAGAAGATTGCCAAAAATGCTGCTAATTTAATTAAAAAACTATGCAGG
L R G I DMTIETFUPI KU KTIA AT KUNAANTILTITZKTEKTLTCTR 59

1789 GATAATCCATCAGAAAGATTAGGGAATTTGAAAAACGGAGTGAAAGACATTCAAAAGCACAAATCGTTTGAGGGCTTT
D N P S ERTULGNTULI KNGV VI EKDTIO QI KU HTE KT MWTEPTETGTF 622

1867 AATTGGGAAGGCTTAAGAAAAGGCACCTTGACACCTCCTATAATACCAAGTGTTGCATCACCCACAGACACAAGCAAT
N W E GLRIKGTTULTUPUPTITIUP SV ASPTIUDT S N 648

1945 TTTGACAGTTTcCCTGAGGACAATGATGAACCGCCACCTGATGACAACTCAGGATGGGACATAGACTTC:aatgtatt
F DS F P EDNDEUPUPUZPUDUDNDNSTGUWUDTITDF 671

tctcttacctqcttctgccttgctgaagacagctttttctaagacacagctgccagcaaacctgaaggaaagagagaa

2101 qctgagtgcttgqggtcaccatgatgcctttgatcgatgctgctccagtaactacagtggcattaggacttattgctt

agatgacagtaqtgctctttacatgttttctgtttcaacctaautatagcagttgacatggtggtcctgaaqcaaaqc

2257 ctttcnccactaaagagatgttctccactgttgcaatgatcttgctttgctctgattatattgaaagactgtaagaac

cacttcaatctaqtaaaagaqtcagtaccttgctagaattatcaagaagatcaaaaaataatatattggqtacgatag

2413 attactatggtacaaaaactggactcttccttcttcaggtgagqgttgtcggttctgtttctgcaagccagtgtatat

accgtacacaagaggaccacacatctgttggtcacagaggtcatgtcaaaccagtgctagaagtttcatqattttatt

2569 tcccaqcagtgctgatgacqaqtctgaatgttacctttcctttctgacagattttaaaaattggtatgataaaagcac

aactgctatgqattctqctgagaaatttcataqcagqtacataegtgttttcacagaggactgaagaaaaatcaacat

2725 gcatgtatctgttcatttctttttgataaattggeatgacagaat

Fig.2. Nucleotide and deduced amino acid sequences of isoform I of cGMP-kinase. The translational initiation signal ATG and the
termination signal TAA are underlined.
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positive clones including clone AcGpell-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
¢GMP-kinase.

Fig.2 shows the composed nucleotide sequence
and the deduced amino acid sequence of the cDNA
of isoform Ia 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 I8

In addition to AcGpell-7.3 the clone AcGpell-8.1
was isolated from the second primer extension
library (fig.1). The c¢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& mRNA.
From nucleotide 312 to the 3'-end of the clone (nt

879) the nucleotide and the deduced amino acid se-

-163 tg 9 9 g

-105 9 t g

- 45 __mcaucccmccc
G T L 5

16 GAmACAGTANCGCTCCAGGAGMGATCGAGGAGc'rcmccmcaccnmcrc'rcnc
E LR QRDATLTI 25

76 GACGAGCTGGAGchGAG'l'l‘GGATCAGMGGACGMCTGATCCmMGCTGCNGMCGAG

D E L Q Q Q 45
136 CTGGACMGTACCGCTCGG‘K'GA’l‘CCGGCCGGCCACCCAGCAGGCGCMMGCAGAGCGCG
L D K Y RS VIRUPATAGQAQ Q Q 65

156 AGCACC‘I’K‘GCMuu\. “GCACCAAGC: VATCTCCGCTGAGCCCACCGCC
G E P RT KR QATI S AEPTA 85

256 T'I‘TGACATCCAGGATCI‘CAGCCATGTGACCCI‘GCCCH‘CTACCCCMGAGTCCACAQTQQ
Q L § VvV TL PP F Y P K S P Q S 105
AT T T e e s
Q I ¢ E I V D C M Y PV E Y G X D S C I 145
I K E G D V G S L V Y VN EDGI KV E V 165
T K E GV KL CT MG P G KV F G E L A 185
1 L Y NCTRTATV KTLV NV K L W 205
A I DRQCVF QTTIMMZPRTGILTIXHT 225
E Y M E F L K SV PTPF QS L PETE I L 245
S K L A DV LEETUHYZ RERNTGEY I I R 265
Q 6 ARG DT F F I I S K G K V N V T R 285

E D S PN E D P 293

Fig.3. Nucleotide and deduced amino acid sequences of the
aminoterminal part of isoform I8 of c¢cGMP-kinase. The
nucleotide sequence of AcGpell-8.1 which is identical to the
isoform Ia-sequence is underlined (Ser'%® of isoform 18 = Ser®
of isoform la). The initiation codon ATG and the upstream
termination codon TGA are also underlined.
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quence were identical to the corresponding part of
the isoform Io (nt 267 to nt 834). To confirm the
second isoform the sequence nt 312—879 of clone
AcGpell-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 I and 13, respectively.

3.3. Northern blot analysis

The 3’-noncoding and the protein coding se-
quence of isoform I 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
AcGpell-8.1 which was not identical to isoform I
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 1@ was
consistently less (approx. 10%) than that of
isoform I« (fig.4) suggesting that each isoform of
¢GMP-kinase is coded by a distinct mRNA species
of approximately identical size.

a b C d

Fig.4. Northern blot analysis of RNA from bovine trachea
smooth muscle. (a,b) 5 and 20 xg of poly(A)* RNA were
hybridized with a probe for isoform la (nt 959—2769). Identical
results were obtained when the sequence nt 695-1316 (la) was
used as a probe (not shown); (c,d) 20 and 5 xg of poly(A)* RNA
were hybridized with a probe specific only for isoform I8
(AcGpell-8.1, nt — 163 to 312). The probes were labeled to the
same specific activity.
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4. DISCUSSION

Two distinct ¢cDNAs for cGMP-kinase were
identified. The derived amino acid sequence for
isoform I« is identical with the known sequence of
bovine lung ¢cGMP-kinase [2]. The second derived
amino acid sequence (If) had an extended
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aminoterminus which differs from that of isoform
Ier. 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 identity of isoform 13
is further supported by (i) the identity of aa 66—75

1 MSELEEDFAKILML -
1I MGTLRDLQYALQEKIEELRQRDALIDETLE
ITT ......27T Q ALLKDSIVQLCTARPERPMAFL -~
Iv e+ 25RPPDLVDFAVDYFTRLREARSRAS -
I KEERIKELEKRLSEKEEEIQELEKREKLHEKDC
II LELDQKDELIQKLQNELDEKYRSVIRPATOQ
III REYFEKLEKEEAKQIOQNLQEKAGSRADSBRE
v TPPAAPPSGSQDFDPGAGLVADAVADS - E
v MTNNISHNGQEK
*

I gsviepvesTHIG-[PR|T|T Rlalolecf/I saEPlOoT Y
1T QAQKQSASBSTLQGE|[PR|-[TKIRQAIBAETPTATF
IIT DEISPPPPNPVVEK|GR|-RIRRGAISAE|VY- -
v SEDEEDLDVPIPS-|GR|FDRR[VSVCIAE|[TYNTP
v ATEKVEAQNNNNI%[E-KRRGAISJE-‘EP---—
1 RSFHDL~-RQAFRKFTEKSERSKDLO93 ....

11 DIQ-DLBHVTLPFYPKSPQSKDL 108 ...

IIT TEEDAASYVREKV-IPKDYKTMAARAI127 ...

v DEEEEDTDP-RVIHPKTDQQRCR 126 ...

\4 - LGDKPATP-LPNIPKTVITOQORS6....

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 lor and I8 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 I (* = autophosphorylated Thr) and Rlle is boxed. (I)

aa 1-93 of isoform Lo of cGMP-kinase; (II) aa 1-108 of isoform 14 of cGMP-kinase; (II1) aa 27—127 of Rla of cAMP-kinase (bovine

skeletal muscle) [26]; (IV) aa 25—-126 of RIla of cAMP-kinase (bovine heart) [27}; (V) aa 1—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 I8 [10], and (ii) the
identification of two distinct mRNA species for
isoforms I and 15. However, the concentration of
the mRNA for isoform I# is about 10% of that of
isoform lo. 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)
[20-22] and RII (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 1-108) of the deduced amino acid se-
quence of isoform IS shows a high degree of
similarity to isoform Ia (71.2%, aa 1-93) and to
the corresponding parts of the regulatory subunits
of cAMP-kinase (Rla from bovine skeletal muscle
[26] 64.5% (aa 27-127); Rlla from bovine heart
[27]1 62.0% (aa 25—126) and R from Dictyostelium
discoideum [28] 63.3% (aa 1-56)) (fig.5). The
highest degree of similarity is found in the so-
called ‘hinge region’ [29] which contains at Thr*®
the autophosphorylation site of cGMP-kinase lo
[2,30). The difference in the aminoterminus of
isoforms I and IS is very interesting since it has
been shown that the aminoterminus of I« is that
part of the enzyme which regulates binding of
¢GMP to and activation of the cGMP-kinase [4].
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