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Guanosine Cyclic 3/,5’-Phosphate Dependent Protein Kinase, a Chimeric
Protein Homologous with Two Separate Protein Families'

Koji Takio, Roger D. Wade, Stephen B, Smith,! Edwin G. Krebs, Kenneth A, Walsh, and Koiti Titani*

ABSTRACT: The amino acid sequence of bovine lung cGMP-
dependent protein kinase has been determined by degradation
and alignment of two primary overlapping sets of peptides
generated by cleavage at methionyl or arginyl residues. The
protein contains 670 residues in a single N*-acetylated chain
corresponding to a molecular weight of 76 331. The function
of the molecule is considered in six segments of sequence which
may correspond to four folding domains. From the amino
terminus, the first segment is related to the dimerizing property
of the protein. The second and third segments appear to have
evolved from an ancestral tandem internal gene duplication,
generating twin cGMP-binding domains which are homologous
to twin domains in the regulatory subunits of cAMP-dependent
protein kinase and to the cAMP-binding domain of the ca-

Studies of protein kinases in many laboratories have made
it clear that they serve important regulatory roles by activation
or inactivation of key enzymes in various cellular processes
[cf. reviews by Krebs & Beavo (1979) and Flockhart & Corbin
(1982)]. Among the more thoroughly studied protein kinases
are those that phosphorylate serine or threonine residues in
response to either cyclic nucleotides or calcium/calmodulin.
More recently it has been shown that the receptor of the
epidermal growth factor (Ushiro & Cohen, 1980) and certain
retroviral oncogene products phosphorylate specific tyrosyl
residues in acceptor proteins [reviewed by Sefton & Hunter
(1984)].

The various protein kinases respond to different signals and
serve different regulatory roles in cells but share the analogous
function of controlling substrate proteins by transferring the
terminal phosphate of ATP to specific serine, threonine, or
tyrosine residues. Several groups of investigators have spec-
ulated that some of the kinases might share an underlying
structural basis for their analogies in function (e.g., Lincoln
& Corbin, 1977; Gill et al., 1977). The first sequence data
in support of this view showed homology between the catalytic
subunit of cAMP-dependent protein kinase and pp60°, the
protein tyrosine kinase encoded by the src gene of Rous sar-
coma virus (Barker & Dayhoff, 1982). At about the same
time the amino acid sequence of an affinity-labeled fragment
of cGMP-dependent protein kinase (¢cGK)! was shown to be
homologous with a corresponding segment of cAK, the
cAMP-dependent protein kinase (Hashimoto et al., 1982).
Since then, Takio et al. (1983) have reported similarities in
the hinge regions and autophosphorylation sites of these two
enzymes, and Weber et al. (1982) have reported that the
cAMP-binding catabolite gene activator protein of Escherichia
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tabolite gene activator of Escherichia coli. The fourth and
fifth segments may comprise one domain which is homologous
to the catalytic subunits of cAMP-dependent protein kinase,
of calcium-dependent phosphorylase b kinase, and of certain
oncogenic viral protein tyrosine kinases. The regulatory, am-

-ino-terminal half of cGMP-dependent protein kinase appears

to be related to a family of smaller proteins that bind cAMP
for diverse purposes, whereas the catalytic, carboxyl-terminal
half is related to a family of protein kinases of varying spe-
cificity and varying sensitivity to regulators. These data
suggest that ancestral gene splicing events may have been
involved in the fusion of two families of proteins to generate
the allosteric character of this chimeric enzyme.

coli (CAP) is homologous with the regulatory subunit of cAK.
Our laboratory has also presented a preliminary report of
extensive homology between ¢cGK and cAK (Titani et al.,
1983) and a complete report of the homology of cAK with the
~ subunit of phosphorylase b kinase, a calmodulin-controlled
enzyme (Reimann et al., 1984). Accompanying reports de-
scribe the homology of the two isozymes of cAK with each
other (Takio et al., 1984; Titani et al., 1984). Finally, there
is a growing series of reports of homology among a wide variety
of retrovirally encoded transforming proteins including pp60*™
(e.g., Groffen et al., 1983; Privalsky et al., 1984), that in turn
appear to be related to the epidermal growth factor receptor
(Downward et al., 1984) that mediates mitogenic effects [cf.
review by Sefton & Hunter (1984)].

The present report shows that the single polypeptide chain
of ¢cGK can be considered as a series of domains that are
homologous not only with domains within the subunits of cAK
but also with CAP, with pp60%°, and with the v subunit of
phosphorylase kinase. Of particular significance is the finding
that all of the functional domains and homologous regions are
within the single 670-residue chain of ¢GK rather than dis-
tributed among separate subunits as in the cAMP-dependent
protein kinases. The experimental data in this report provide
proof of the sequence of cGK. The derived sequence is then
compared to portions of the structures of the six other proteins
which either bind cAMP or catalyze the phosphorylation of
proteins.

The holoenzyme ¢GK is composed of two identical poly-
peptide chains, each with a molecular weight of about 75 000.
When two molecules of cGMP are bound to each chain
(Corbin & Degskeland, 1983), the enzyme becomes activated
in an allosteric manner (Lincoln et al., 1977; Gill et al., 1977,
Takai et al., 1976). This is in contrast to the activation by

! Abbreviations: ¢GK and cAK, cGMP-dependent and cAMP-de-
pendent protein kinase, respectively; R; (Ry), regulatory subunit of type
I (II) cAMP-dependent protein kinase; PbK<y, the v subunit of rabbit
skeletal muscle phosphorylase b kinase; CAP, catabolite gene activator
protein of E. coli; pp60°™, transforming phosphoprotein of Rous sarcoma
virus; HPLC, high-performance liquid chromatography; CM, S-
carboxymethyl; Tris, tris(hydroxymethyl)aminomethane.
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FIGURE 1: Relative orientiation of 26 of the major fragments of cGK: MI1-M16, products of cleavage of methionyl residues; R1-R 34, selected
larger fragments from cleavage at arginyl residues; hashed bars, sequences published previously from these laboratories. Each peptide is designated
by a bar of a length consistent with the 670-residue number line at the top. Details of the structural analyses of these and other peptides are

illustrated in Figure 2.

cAMP of the two well-studied isozymes of cAK (type I and
IT), which involves in each case dissociation of an inactive
tetrameric holoenzyme into two active catalytic subunits and
a dimer of regulatory subunits [cf, review by Krebs & Beavo
(1979)]. Despite this difference, the two protein kinases re-
semble each other in amino acid composition (Lincoln &
Corbin, 1977), in the tendency of ¢cGK and type II cAK to
autophosphorylate (Erlichman et al., 1974; deJonge & Rosen,
1977), in their substrate specificities [reviewed in Glass &
Krebs (1980)], and, as will now be demonstrated, in their
amino acid sequences.

Materials and Methods

Bovine lung cGMP-dependent protein kinase was purified
to homogeneity as described by Glass & Krebs (1979).

Carboxypeptidase Y was a generous gift of Dr. M. Ottesen-

(Carlsberg Laboratories, Copenhagen). Pronase was pur-
chased from Calbiochem. All other enzymes were obtained
from the sources listed by Titani et al. (1984).

Citraconylation followed the procedure of Takio et al.
(1984). Reduction and alkylation, fragmentation with CNBr,
amino acid analysis, sequenator analyses, and phenylthio-
hydantoin identifications were performed as described by Takio
et al. (1983). Mass spectrometric analysis followed the outline
of Titani et al. (1984). Peptides were purified by reversed-
phase HPLC with a Varian 5000 liquid chromatograph and,
unless otherwise stated, a SynChropak RP-P column (Syn-
Chrom) with an acetonitrile gradient in aqueous trifluoroacetic
acid (Mahoney & Hermodson, 1980). Gel filtration columns
on Sephadex G-50 superfine or Sephacryl S-200 were moni-
tored with fluorescamine by the method of Nakai et al. (1974).

[**C]CM-cGK (30 mg) was N-citraconylated at pH 8.8 in
the presence of 7 M guanidine hydrochloride, dialyzed for 2
days against 0.1 M NH,HCO, at the same pH, and then
digested at 37 °C with trypsin (0.3 mg) for 1 h. The digestion
mixture was then separated directly on a Sephadex G-50
superfine column at pH 8.8. Pooled fractions of eluate were
lyophilized and decitraconylated in 9% formic acid at 37 °C
for 2 h. Subdigestions of peptides with chymotrypsin, trypsin,
S. aureus protease, endoproteinase Lys-C, and Pronase used
1:30-1:100 weight ratios of enzyme:substrate in 0.1 M
NH,HCO,, pH 8, 37 °C, for 3—4 h, unless otherwise indicated.
Thermolytic digestion was performed in 0.1 M Tris, pH 8, 37
°C, for | h.

Searches for homologous proteins were performed on a
VAX/VMS computer using the SEARCH program and a mu-
tation data matrix that scores both similarities and identities,
as described by Dayhoff et al. (1983). Optimal alignment of
related proteins was established by using the same data matrix,
a penalty for gaps, and the ALIGN program of Dayhoff et al.
(1983). Alignment scores were expressed in units of standard
deviation from a mean of those from randomly generated

sequences of the same composition. Previous applications of
these programs in our laboratory are described in greater detail
by Reimann et al. (1984). An alignment score of greater than
5 is taken as convincing evidence of a homologous relationship,
whereas a score of 2 has a probability of 0.023 that a randomly
generated sequence of the same composition would generate
an equivalent score.

Results

General Strategy of Sequence Analysis. A complete set of
16 fragments was generated by cleavage at methionyl bonds;
these fragments were largely sequenced, overlapped, and
aligned by using peptides derived after cleavage at arginyl
bonds. This general strategy is illustrated in Figure 1, which
displays the relative orientation of many of the peptides.
Figure 1 also indicates the location of the two sequences
previously placed in the “hinge” region (Takio et al., 1983)
and in the ATP-binding site (Hashimoto et al., 1982). More
complete details of the proof of sequence are summarized in
Figure 2.

Cleavage with Cyanogen Bromide. Figure 3A illustrates
the primary separation of the products of cyanogen bromide
cleavage. Pooled fractions 3 and 4 yielded virtually pure
peptides M16 and M10, respectively, and each was finally
purified by HPLC on an ODS-HC/Sil-X-1 column. Pooled
fraction 2 was separated on a SynChropak RP-P column into
a major peptide M2 and minor peptides M9 and M,. The
latter is an uncleaved overlap of M1 and M2, previously de-
scribed by Takio et al. (1983), who referred to M2 as M.
Complex mixtures in pooled fractions 1, 5, and 6 were resolved
into 12 peptides as described in Figures 3B,C and 4. Pooled
fraction 7 was similarly separated on a uBondapak column
into homoserine (M7) and leucythomoserine (M12).

Peptides M1 and M, were completely blocked at the amino
terminus and correspond to the amino terminus of the whole
protein which was shown by Monken & Gill (1980) to be
blocked. M11 was also largely blocked, but it was obtained
in two major forms (Figure 4A) of identical composition, one
of which had an amino-terminal glutamine which must have
cyclized during the acidic cleavage and fractionation proce-
dures to a pyroglutamyl residue in the other.

Amino acid analyses of peptides M1-M16 were reasonably
consistent with the recovery of all 16 fragments of methionyl
cleavage (Table I), and direct sequenator analyses of the
unblocked peptides placed 310 residues in 15 segments of
sequence (Figure 2).

Cleavage at Arginyl Residues. Thirty milligrams of
[“C]CM-cGK was citraconylated, digested with trypsin, and
fractionated on Sephadex G-50 at pH 8.8 (Figure 5). Pooled
fractions were decitraconylated in acid and resolved into 36
different peptides by HPLC. Peptides are numbered R1, R2,
etc., from the amino terminus, except in six cases where un-



CGMP-DEPENDENT PROTEIN KINASE VOL. 23, NO. 18, 1984 4209

10 20 30 40 S0 60 70 -] 90 100

\ | | |
Ac  SELEEDFAKILMLKEERIKELEKRLSEXEEEIQELKRKLHKCQSYLPYPSTHIGPRTTRAQGI SAEPQT YRSFHDLRQAFRKF TKSERSKDLIKEAILON

LKEERIKELEKRLSEXEEE IQELKRKLHKCQSYLPYPSTHI GPRTTRAQGI SAEPQTVRSFDLRQAFRKFTKSERSKDLIKEAI LDN

R1-A [Takio et al. (1983)]
SELEEDFA«mcnnena- SKDLIKEAILDN
R1-E4
DFAKILMLKEER
-E1* -
Ac SELE-
110 120 130 140 150 160 170 180 190 200

|
DFMKNLELSQIQET VOCMYPVEYGKDSCIIKEGOVGSLVYVMEDGKVEVTKEGVKLCTMGPGKYFGELAL LYNCTRTATVKTLYNVKLWAIDRQCFQTIN

DFMK
M4 M5 M6
510 YPYEYGKDSCIIKEGDVGS1Y === ey vEV TKEGVKLC. - GPOKYFGELATLYNC TRTATVK TLVNVKLWAIORQCF -- -
DFMKNLELSQIQEIVDCMYPVEYGK~§ =i =m===wnm=memmmmmccacaceanmmmcaccmammnamananne R11/12
R10-T6 R10-T9 TATVKTLVNVKL~AIDRQCFQ- 1M+
EGDVGSLVYVMEDGK LCTMGPGK R11/13-K3
LWAID-QcFQTIM
210 220 230 240 250 260 270 280 290 300

|
MRTGLI KHTLYNEFLKSVP QSLPEEILSKLADVLEETHYENGE YT IRQGARGDTFF 11 SKGKVNYTREDSPNEDPYFLRTLGKGOWFGEKALQGEDYR

M

M9
RTGLIKHTEYME )  SypTFQSLPEEILSKLADVLEETHYENg-yi i+
(R11/12) R15/16

R s GOTFFI1SKGKVNVTREDSPNEDP---~f1y coueceval qgeovR
TGLIKHTEYMEFLKSVPTFQSLPEEILSKLADVLEETHYENGEY IR
MS-E8 M9~E10 M$-E12
YIIRQGARGD DSPNEDPVFLRTLGKGD---~ VR
310 320 330 340 350 360 370 380 390 400

| | | |
TANVIAAEAVTCLVIORDSFKHLIGGELODYSMKAYEDAEAKAK YEAEAAFFANLKL SOFN] IDTLGYGEFGRVELYQLKSEESKTFAMKILKKRHIVDTR

VELVQLKSEESKTFAMKILKKRHIVDTR
R18/19 [Hashimoto et al. (1982)]
TANVIAAEAVTCLVIDRDSFKHLIGGLODVSNKAYEDAEAKAKYEAEAAF-A---occocmcmmamcncnan
(M9-E12) M§-E17
TANVIA-- AAFFANLKLSDFNIIDTLGVGGTG-~~
M9-E18
TLGVGGFGRVE
410 420 430 440 450 460 470 480 490 500

l ! | f | 1
QQEHIRSEKQIMQGAHSDF IVRL YRTFKDSKYLYMLMEACLGGELWTILRORGSFEDSTTRFYTACYVEAFAYLHSKGIT YROLKPENL ILDHRGYAKLY

QQEHIRSEK
M11 EACLGGELWTILRORGSFEDST-RFY-A~ M13-K2
QGAHSDF IVRLYRTFKDSKYL Ym G11YRDLKPENLILDHRGYAK
R23 R268/27 29
R25 A28 R30
SEKQIMQGAHSDFIVR  yrynoy vl YMLMEACLGGEL- -~ --DROSFEDSTTREy TacyveaFayLHsKG11YRO-KPENLILDHRGy Ay v
510 570 0 540 550 560 570 580 590 600
nrsmmmmrcsmvwnanmmsmwsmunvmms»rmrmmslmmmmmmmnmsz
P o
GDlSADYNSlg‘I-- YEL-wroommeoce s KTYNIlLRGIdmlEFP KTAKNAANLTKKLCRONPSE
(R30)
DFGFAKKGFGKKTWTFCGTPEYVAPE 1 1LNKGHDI SAQY 8191 ammmemmmmam e e mm e mmmemes R31/32
B s GIDMIEFPKKIAKNAANLIKKLCR~
YWSLGILMYE| ) 74 SppFSGPDPMKTYNIILR
610 620 6:|50 640 650 660 670
RLGNLKNGYXD I QKHKWFEGFNWEGLRKGTL TPP11PSVASPTDTSNFDSFPEDMDEPPPDONSGHDIDF
(M18)
RLGNLKNGVKD1QKHKNFEGFNNEGLRKGTLT=- 1 1PSVA- e eamcm mmmcmcmmmt e mcm e o
a3 R34
B eV Kememeemeeeeeaaenn KGTLTPPI1PSVASPTDTSNFDSFP-DN- -PP=DD-= - = ===~
R34-C4
R34-ThS DIDS
FDSFPEDNDEPPPDDNSG--
RE4-ThE=Pr2
DNDEPPPDDNSGHD
RE4-C2

DSFPEDNDEPPPDDNsg-d1--

FIGURE 2: Detailed summary of the proof of sequence of cGK. The proven sequences of specific peptides (named in italics) are given in one-letter
code below the summary sequence (bold type). Prefixes M and R denote peptides generated by cleavage of the CM protein at methionyl and
arginyl bonds, respectively. The arginyl peptides are numbered in order from 1 to 34 except where an uncleaved arginyl residue gives an overlap,
e.g., R11/12. Subpeptides are identified in hyphenated suffixes, with the following code indicating the subdigesting agent: A, acid- promoted
N to O shift; C, E, K, Pr, T, or Th, enzymatic cleavage with chymotrypsin, S. aureus protease (at Glu), endoproteinase Lys-C, Pronase, trypsin,
or thermolysin, respectively. Peptide sequences written in upper case letters were proven by Edman degradation (except R1-E1*, where mass
spectrometry was used), those in lower case letters indicate tentative identification, and those underlined are deduced from amino acid compositions.
Those not identified are shown by dashes or by an arrow, which indicates a long unidentified sequence. Ac denotes an acetyl group. The two
sequences in boldface (residues 13-103 and 378-409) refer to those published previously by Takio et al. (1983) or Hashimoto et al. (1982),
respectively.

cleaved arginyl bonds are designated by linked nomenclature previously reported segments of sequence.
such as R11/12 in Figure 2. Sequenator analyses of these QOverlaps of the Primary Peptides. Completion of the in-
peptides placed 431 residues in sequence and either provided dividual peptide sequences and provision of overlaps among

overlaps for cyanogen bromide fragments or linked them to the two primary sets of peptides are discussed below in order
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FIGURE 3: Separation of a cyanogen bromide digest of 26 mg of
[*C]CM-cGK. Horizontal bars indicate pooled fractions. (A)
Primary fractionation on a column (1.5 X 146 cm) of Sephadex G-50
superfine in 9% formic acid at 8.5 mL/h into 1.7-mL fractions.
Symbols M1-M16 identify the location of fragments in pooled
fractions. M, refers to a fragment that overlaps M1 and M2 (Takio
et al., 1983). (B) Further fractionation of pooled fraction 1 (from
A) on a column of Sephacryl S-200 (1.5 X 171 ¢m) in 7 M urea
containing 10 mM HCI at 10.8 mL/h into 1.8-mL fractions. (C)
Separation of pooled fraction 2 [from (B)] by HPLC on an ODS-
HC/Sil-X-1 column at 2 mL/min with an acetonitrile gradient.

from the amino terminus to the carboxyl terminus in those
cases where the proof is not self-evident in Figure 2. As is
usual, the most difficult problems are at the ends of the whole
molecule.

The amino terminus is blocked by an acetyl group. This
was shown by mass spectrometry of the permethylated sub-
peptide R1-E1 (Tables II and III) which yielded fragment ions
of (methylated) acetyl-Ser, acetyl-Ser-Glu, acetyl-Ser-Glu-
Leu, and acetyl-Ser-Glu-Leu-Glu. This sequence was con-
firmed and extended by first unblocking peptide R1 by an
N,O-acyl shift (12 N HCL, 22 °C, 15 h) and then performing
sequenator analysis (R1-A in Figure 2). This placed 8 resi-
dues, overlapping R1-E4, which in turn overlapped the 92-
residue segment of Takio et al. (1983) to reach residue 104,
Peptide R10 and its subpeptides (Table II) aligned M4-M6
to Phe-196. The poorly cleaved arginyl bond in the Asp-
Arg-Gln sequence at residue 193 provided the overlap peptide
R11/12 in 24% yield ending in Ile-Met-Met-Arg,g,. Fortu-
nately, only one cyanogen bromide fragment, M8, had an
amino-terminal arginine, and it must follow Met-201. Peptide
R13 clearly overlaps M8 and the largest CNBr fragment M9.

Fragment M9 contained 176 residues. Subdigestion with
S. aureus protease provided several arginine-containing pep-
tides (Figure 6A) that overlapped R13 through R18/19
(Figure 2) ending with the sequence FGRVE, which over-
lapped the peptide isolated from the labeled ATP-binding site
by Hashimoto et al. (1982). The latter overlap was only two
residues, but no other product of cleavage at arginine had an
amino-terminal valine. Complementarity of the two sets of
peptides extended the sequence to Arg-461, where M13 pro-
vided a marginal overlap of R28, leading to Arg-482.

Extension of the sequence required subdigestion of two large
fragments, M13 by endoproteinase Lys-C for 22 h (Figure 6B)
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FIGURE 4: HPLC separations on a uBondapak C18 column (2
mL/min) of peptides in pooled fractions from Figure 3A. (A) Pooled
fraction 5 and (B) pooled fraction 6. Purified peptides are identified
by the prefix M, as in Figure 2.

and R30 by S. aureus protease for 15 h in 50 mM phosphate,
pH 7.8. The isolated subpeptides provided linkages from R28
to Leu-550 in M14. Edman degradation of M14 identified
only three residues, and the stepwise degradation yield de-
creased rapidly as if the peptide was washing out of the cup.
As a consequence, the overlap to R30-ES consists of a single
leucyl residue. This very weak overlap is, however, consistent
with the composition of M14 (Table I).

Peptides M15 and M16 align R30-R34. The carboxyl
terminus was established as follows: of the CNBr peptides,
only M16 lacked homoserine, identifying it as the carboxyl-
terminal peptide. Similarly R34, which overlapped M 16, was
placed by its unique lack of arginine. Sequenator analysis of
R34 extended the sequence to Asp-662, but with some gaps.
These gaps were filled by using a thermolytic subpeptide of
R34 and its cleavage product with Pronase (Table II), which
provided a sequence to Asp-667. Finally, two overlapping
chymotryptic subpeptides of R34 (Table III) yielded evidence
of the terminal sequence Asp-Ile-Asp-Phe. Digestion of 1-2
nmol of M 16, R34, or R34-C2 with 0.6 ug of carboxypeptidase
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FIGURE 6: HPLC separations, as in Figure 4, of (A) a subdigest of
fragment M9 (14 nmol) by the S. aureus protease and (B) fragment
M13 (100 nmol) by endoproteinase Lys-C.

Y for 2-4 h at pH 5.4 yielded 0.8-1.0 equiv of Phe and Ile,
1.4-1.6 equiv of Asp, and less than 0.5 equiv of any other
amino acid. Glycyl residues are resistant to this enzyme, so
the data confirm the placement of (Asp, Ile, Asp, Phe) at the
carboxyl termini of both M16 and R34.
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Search for Homologous Proteins. The ¢GK sequence was
arbitrarily divided into 45-residue segments and compared with
the Jan 12, 1984, edition of the data bank of the National
Biomedical Research Foundation (2511 proteins, supplemented
with locally generated sequences) by using the SEARCH pro-
gram of Dayhoff et al. (1983). A relationship was considered
to be significant when more than two segments of cGK dis-
played high scores for relatedness with a corresponding set of
segments of another protein. The four proteins that scored
highest by this analysis were the regulatory subunits R; and
Ry of bovine cAMP-dependent protein kinase, the corre-
sponding catalytic subunit, and the v subunit of rabbit
phosphorylase b kinase.

Internal Homology. In the course of the sequence analysis
of ¢GK, it became obvious that there was evidence of partial
duplication of sequences, as had been observed previously in
Ry (Takio et al., 1982) and in R (Titani et al., 1984). Op-
timization of the internal alignment in ¢cGK was performed
with the ALIGN program (cf. Materials and Methods). This
procedure was repeated to generate interprotein comparisons
(Table IV). Specific residue alignments are illustrated in
Figure 7. An alignment score of 8.5 established the internal
homology of residues 102-219 with residues 220-340 in ¢cGK.
Furthermore, these regions, denoted as segments B and C in
Table IV, were each homologous with both members of the
previously characterized tandem pairs of segments in Ry and
Ry (Titani et al.,, 1984; Takio et al., 1984) and with the
cAMP-binding segment of the catabolite gene activator protein
(CAP) of E. coli (Weber et al., 1982). The alignment score
for the segments B/C comparison in cGK (8.5) was not as high
as that for the corresponding comparison in R; [11.7 (Titani
et al., 1984)] or in Ry; [12.7 (Takio et al., 1984)], but all of
the internal comparisons had higher scores than those derived
by comparisons of the six segments to the E. coli protein, CAP
(Table IV). These data provide evidence that these seven
segments of four different proteins are all homologous, im-
plying their divergence from a common ancestral prototype.

The data in Table I'V also show that CAP is somewhat more
satisfactorily compared with segment C (scores 6.2-7.8) than
segment B (scores 3.0-6.8), particularly in cGK, implying that
CAP and segment C may have shared a more recent ancestor
than has either with segment B.

Comparisons of segments B and C within each protein
(alignment scores 6.2-8.9) reveal significantly less similarity
than comparisons of segment B among the three proteins
(15.5-20.9) or of segment C (10.3-17.8). These data imply
that internal duplication of some common ancestor of B and
C was followed by divergence to the archetypes of segments
B and C before divergence to contemporary species of R;, Ry,
and ¢cGK had occurred.

Discussion

Proof of the structure of cGMP-dependent protein kinase
involved primarily two sets of peptides generated by cleavage
at either arginyl or methionyl residues. In general the two sets
proved to be quite complementary, although the larger frag-
ments required subdigestion for completion of proof of their
sequences. The proof relied largely on replicate identifications
of phenylthiohydantoins rather than upon the integral numbers
in amino acid compositions, particularly when suboptimal
amounts of peptides were analyzed. Eighty-two percent of the
amino acid residues were identified in more than one peptide,
but the remainder were examined only once (e.g., residues
322-347). In all cases independent identifications were made
in two complementary HPLC systems, adding strength to our
conclusions. The weakest points in the proof of sequence are
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Table II: Source of Subpeptides

acetonitrile in

subpeptide? residues digesting enzyme eluate? (%)
RI1-El 1-5 S. aureus protease 14¢
R1-E4 6-17 S. aureus protease 22¢
R10-T3 95-104  trypsin 18
R10-T4 105-125  trypsin 30
R10-T6 132-146  trypsin 25
R10-T9 156-163  trypsin 13
R11/12-K3 188-202  endoproteinase Lys-C 25¢
R30-E4 540-549  S. aureus protease 29
R30-ES 550-571  S. aureus protease 25
R34-Thé 648-667  thermolysin 21
R34-Th6-Pr2  654-667  Pronase 15
R34-C4 667-670  chymotrypsin 19
R34-C2 649-670  chymotrypsin 26

2The prefix in the name of a subpeptide denotes the source peptide;
the suffix includes the coded name (Figure 2) of the digesting enzyme.
bHPLC with an acetonitrile gradient on a SynChropak RP-P column
except as indicated by footnote ¢. “HPLC on a uBondapak C18 col-
umn.

Table 111. Amino Acid Compositions? of Peptidesb

from Terminal Regions

Peptide R1 R1-El R1-E4 R34 R34-C2 R34-C4
Residues 1-17 1-5 6-17 628-670 649-670  667-670

Asx 1.3 (1) 1.0 (1) 10.4 (11) 9.0 (9) 1.8 (2)
Thr 3.5 (4) 0.8 (0)

Ser 0.9 (1) 1.0 (1) 4.5 (5) 2.5 (2)

Gix 5.0 (5) 3.0 (3) 2.0 (2) 2.4 (2) 2.4 (2)

Pro 7.3 (8) 5.2 (4)

aly 0.4 (0) 2.5 (2) 1.6 (1)

Ala 1.2 {1) 1.0 (1) L7 (1) 0.7 {0)

val 0.9 (1) 1.2 {0)

Met 0.6 (1) 0.8 (1)

Ile 1.0 (1) 0.9 (1) 2.8 (3) 1.2 (1) 0.8 (1)
Leu 3.0 (3) 1.0 (1) 2.0 (2) 1.5(1)

Phe 1.0 (1) 1.0 (1) 3.0 (3)  1.7°(2) 1.0 (1)
Lys 2.3 (2) 1.9 (2) 1.0 (1)

Arg 1.1 (1) 0.9 (1)

Trp N.D.(1)  N.D.{1)

Total 17 5 12 43 22 4
Yield % 29 62 25 37 25 20

25ee footnote 2 in Table I.

bThe source of the peptides is given in Figure 5 or Table II.

adjacent to residues 202, 461, 550 and 667. In these cases
the overlap was two residues or less, and it was necessary to
support the alignments with compositional arguments some-
what lacking in rigor.

The protein contains 670 residues, corresponding to a mo-
lecular weight of 76 331. This is in good agreement with prior
reports of the molecular weight which ranged from 74 000 to
81000 (Gill et al., 1977; Lincoln et al., 1977). The molecular
weight in solution is approximately twice this value, and it is
now clear that the two polypeptide chains in the dimer are
identical.

Limited Proteolysis of cGK. Inoue et al. (1976) were the
first to show that cGK from silkworm pupae was activated by
limited proteolysis with trypsin, which cleaved the 140 000-

Table IV: Internal Homology® in ¢cGK in Relation to Other cAMP
Binding Domains?

cGK, cGK,
segment. B segment C CAP? CAP?
segments (residues (residues (residues  (residues
compared® 102-219) 220-340) 1-130) 131-209)

c¢GK segment B 8.5 (28%) 3.0 (21%)

cGK segment C 8.5 (28%) 6.2 (25%) 0.9 (18%)
cGK segment D 1.1 (25%)
R| segment B 18.7 (37%) 6.2 (31%) 6.8 (20%)

R; segment C
Ry segment B
Ry segment C

8.9 (25%) 13.8 (34%) 7.8 (22%) 0.5 (10%)
155 (31%) 6.9 (26%) 6.4 (18%)
8.5 31%) 10.3 (36%) 7.0 (26%) 0.6 (18%)

2Similarities in sequence are recorded as alignment scores (see Ma-
terials and Methods) and, in parentheses, as percentage identity.
®Comparisons within and between R; and Ry; are separately reported
(Titani et al., 1984; Takio et al.,, 1984). °Segments are defined diag-
ramatically in Figure 8. For R; segments B and C are residues
135-252 and 253-379; for Ry; segments B and C are residues 135-256
and 257-400. ¢CAP denotes the catabolite gene activator protein of E.
coli which binds cAMP in a domain within residues 1-130 (Weber et
al., 1982).

dalton dimer into a 34 000-dalton catalytic fragment and a
36 000-dalton cGMP-binding fragment. In contrast to the
native molecule, the catalytic fragment was not stimulated by
¢GMP, indicating separation of the regulatory and catalytic
functions. Later, Lincoln et al. (1978) reported that limited
treatment of bovine cGK with trypsin reduces the molecular
weight of the monomer from 80000 to 75000 in a fragment
with analogous cGMP-independent activation of the enzyme
and inhibition of its tendency to autophosphorylate. Monken
& Gill (1980) demonstrated that chymotryptic treatment
generated a 16000-dalton disulfide-linked dimer and a
65 000-dalton monomeric species which was catalytically active
and capable of binding cGMP. The smaller fragment was
blocked at its amino terminus and presumed to include the
amino terminus of the protein. Takio et al. (1983) observed
similar fragmentation upon protease treatment but suggested
the disulfide might be an artifact formed during limited
proteolysis. Whatever its origin, our present structural data
place the disulfide bond between Cys residues 42 in neigh-
boring monomers and the chymotryptic cleavage sites at
residues 70 and 80. Furthermore, it appears that the oli-
gomeric interaction sites of cGK must be in the amino-terminal
70 residues of each chain,

The autophospHorylation site in ¢cGK is in the amino-ter-
minal region near the site of limited proteolysis, as it is in the
regulatory subunit of type II cAK (Takio et al., 1983). The
present data place this site on Thr-58 in ¢GK, as compared
to Ser-95 in cAK. In each protein, limited proteolysis severs
the autophosphorylated site from the molecule in a small
amino-terminal fragment (~6000-10000 daltons), indicating
that the sites of phosphorylation, of limited proteolysis, and
of oligomeric association are in comparable amino-terminal
regions of the two molecules. Several studies have indicated
that additional sites are phosphorylated in the presence of
cAMP (e.g., Foster et al., 1981; Hofmann & Flockerzi, 1983),
but identification of these sites has not yet been reported.

ATP-Binding Site of cGK. The present sequence data in-
dicate that it is Lys-389 that was labeled by Hashimoto et al.
(1982) with an ATP analogue. A homologous sequence is seen
both in the catalytic subunit of cAK (Zoller & Taylor, 1979;
Shoji et al., 1983) and in the v subunit of phosphorylase b
kinase (Reimann et al., 1984), but in these proteins the cor-
responding lysine residues are found only 72 and 48 residues,
respectively, from the amino termini of their catalytic subunits.
These data imply that the ATP-binding site of ¢cGK is dis-
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FIGURE 7: Alignment of segments B and C of ¢cGK with the corresponding segments of Ry, Ry;, and CAP. The residue numbers at the left
are within the segments defined in Figure 8; dashes indicate gaps; the alignment scores and percentage identities are listed in Table IV. Although
the various segments B and C are homologous, CAP is aligned only with the segment C. Boxes enclose residues that are identical with cGK
in at least one other protein. If three proteins other than cGK have identical residues, they are also boxed. Alignments near the ends of segments
were not always unambiguous and are omitted. The sequences of Ry, Ry;, and CAP are from Titani et al. (1984), Takio et al. (1984), and

Weber et al. (1982), respectively.

placed more than 300 residues toward the carboxyl terminus
as compared to the other kinases.

Homology of cGK with Other Proteins. It has been sug-
gested on the basis of amino acid compositions, binding
characteristics, and molecular asymmetry that ¢cGK and cAK
might be homologous proteins even though they are of very
different size (Gill, 1977; Lincoln & Corbin, 1977). As
mentioned above, the small segments of sequence determined
by Hashimoto et al. (1982) and by Takio et al. (1983) around
the ATP binding and autophosphorylation sites of ¢cGK are
similar to corresponding segments of cAK. Our present data
provide complete substantiation of the idea and extend the
evidence of homology to several other proteins, some of which
appear to have only a remote functional relationship to cGK.
We will develop the hypothesis that the amino-terminal half
of the cGK molecule contains two domains that bind cGMP
and that the carboxyl-terminal half serves as the catalytic
domain. Other proteins (or subunits) which exercise only one
of these two functions will be shown to be homologous with
the appropriate half of the cGK molecule, raising questions
of recombination and splicing events in the ancestral DNA
that may have been involved in the primordial genesis of this
complex 670-residue allosteric molecule. To illustrate the
relationship of ¢cGK to the other proteins, it is useful to consider
first the molecule as if it were a composite of six somewhat
arbitrarily divided tandem segments, denoted A—F in Figure
8, so that the functions and homologous relationships of each
segment can be defined and in several regions related to
possible substructural domains. We will then return to broader

0 100 200 300 400 500 600 700
. 1 il i ]
CAP 6.2 1.1
] 0.5 15.5 10.2 Proteins that
T bind cAMP
8 0.4 18.7 13.8
I
cGMP-dep. [ A T B I c 1 O I E T E1
Protein Kinase  Dimerization ? tGMP binding , cGMP binding f ATP binding ' cataiytic '
esicueNo.imeGks T ey M oy T e Y R L
pPE0SrS 0 4.8 s 77 "%5‘
v subunit of 4.7 14.2 0.5
Protein kinases phosphorylase kinase
{catalytic subunit)
18.% 25.5 12.0

cAK-CAT

FIGURE 8: Six somewhat arbitrarily chosen segments (A-F) of ¢cGK
(central, segmented bar) are aligned and compared with corresponding
segments of homologous proteins, Each protein is indicated as a
segmented line, above each segment of which is its alignment score
with the vertically aligned segment of cGK. Residues included in
the boxed segments of cGK are indicated in parentheses below them.
In the other proteins, successive segments from the amino terminus
end at the following residues number: CAP, 130, 219; pp60°©, 236,
377, 488, 526; v subunit of phosphorylase b kinase, 140, 276, 386;
Ry, 134, 256, 400; Ry, 134, 252, 379; catalytic subunit of cAMP-
dependent protein kinase (cAK-CAT), 157, 278, 350. Functions
associated with each segment of ¢cGK are discussed in the text and
indicated below that segment. Segments B and C may correspond
to folding domains in each protein; segments D and E probably
correspond to a single (catalytic) domain in each protein and are
arbitrarily divided into two to facilitate comparisons.

questions of the relationships of the whole molecules to each
other and of mechanisms that may have generated this pattern
of interrelated proteins encompassing of 6-fold range of mo-
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Table V: Homology? of Segments of cGK to Segments of Other Protein Kinases®

¢GK, segment D cGK, segment E ¢GK, segment F

cGK, segment A (residues (residues (residues
segments compared® residues (residues 1-101) 330-474) 475-599) 600~-670)
Ry, segment A 1-134 0.4 27%)
Ry;, segment A 1-134 0.5 (10%)
PbKY, segment D 1-140 4.7 (18%)
PbKY, segment E 141-276 14.2 (39%)
PbK«y, segment F 279386 0.5 (17%)
cAK, segment D 1-157 18.5 (40%)
cAK, segment E 158-279 25.5 (47%)
cAK, segment F 280-350 12.0 (39%)
pp60*©, segment D 237-311 4.8 (21%)
pp60*®, segment E 378-507 7.7 (29%)
pp60°*, segment F 489-526 0.6 (16%)

9Same as footnote a in Table IV. ®Comparisons of PbK~y with cAK and with pp60™™ are reported separately (Reimann et al., 1984). °PbKy
refers to the v subunit of rabbit muscle phosphorylase b kinase and pp60°*© to the transforming phosphoprotein of Rous sarcoma virus (Barker &

Dayhoff, 1982).

lecular weights from 12000 to 76 000.

Segment A includes both the oligomeric interaction site and
the autophosphorylation site in cGK. The latter site (Thr-58)
is near one accessible to chymotrypsin (Tyr-70), and it has
been suggested that an interdomain hinge region exists within
segment A (Takio et al., 1983). Similar observations in the
amino-terminal segments of R; and Ry (Titani et al., 1984;
Takio et al., 1984) led to analogous conclusions of possible
domain substructure. Although these segments of Ryand Ry,
appear to be homologous with each other (Takio et al., 1984),
an objective search for homology of each with segment A of
cGK yields little evidence that these alignments have statistical
signifcance (Figure 8).

In contrast, segments B and C of ¢GK are not only ho-
mologous with each other, but also with the corresponding
segments of Ry and Ry (Table IV). This is illustrated diag-
ramatically in Figure 8, and the specific residue alignments
are detailed in Figure 7. Weber et al. (1982) have shown that
the cAMP-binding protein, CAP, is also homologous to seg-
ments B and C of Ry;, and the present analysis extends this
homology to ¢cGK and R; (Table IV). Significance is added
to this observation by knowledge of the three-dimensional
structure of the cAMP-binding domain of CAP (McKay &
Steitz, 1981) and by observations that ¢cGK, R;, and Ry; each
bind two molecules of cyclic nucleotide (Corbin & Daskeland,
1983; Weber & Hilz, 1979; Corbin et al., 1978). It is thus
reasonable to propose that each of the three kinase proteins
contains two such domains, each of which is folded much like
the corresponding domain of CAP to provide a cyclic nu-
cleotide binding site. In cAK these domains would comprise
the bulk of each regulatory subunit, whereas in the longer
chain ¢GK they would comprise regulatory domains within
the allosteric chain. It will be interesting to see if the hy-
pothesis of three-dimensional similarity of domains, first
proposed for Ry; by Weber et al. (1982), extends to yet other
proteins which bind cyclic nucleotides. As discussed previously
(Takio et al., 1984), the analogous regulatory subunit of
cAMP-dependent protein kinase in Dictyostelium discoideum
appears to be 10000 daltons smaller than Ry, binds only one
¢AMP, and is capable of interaction with the bovine catalytic
subunit (Majerfeld et al., 1984). It is possible that that reg-
ulatory subunit contains a single folding domain homologous
with segments B and C, implying that a protein in 2 common
ancestor of slime mold, cows, and E. coli had a single binding
site for cAMP.

Segments D-F constitute three somewhat arbitrarily divided
regions of the catalytic domain of cGK. The ATP-binding
site has been identified at Lys-389 within segment D. The
catalytic subunit of cAMP-dependent protein kinase is ho-

mologous through all three segments (Table V; Figure 8), as
shown in detail in Figure 9. Recently other proteins have been
reported to be homologous with cAK, the vy subunit of
phosphorylase b kinase (Reimann et al., 1984), the epidermal
growth factor receptor (Downward et al., 1984), and certain
members of a family of transforming retroviral, tyrosine-
specific protein kinases, typified by pp60*° [e.g., Barker &
Dayhoff, 1982; Groffen et al., 1983; Privalsky et al., 1984;
reviewed in Sefton & Hunter (1984)]. Each of these proteins
contains segments of sequence that correspond to cGK seg-
ments D and E although the alignment scores indicate less
similarity than between cGK and cAK (Table V; Figure 8).
As mentioned previously by Reimann et al. (1984), the car-
boxyl-terminal 110-residue segment of the v subunit of PbK
lacks homology with the catalytic subunit of cAK, although
portions corresponding to segments D and E have high
alignment scores. Analogous dichotomies appear here in the
comparison of cGK with PbK+y and with pp60*°, Although
segments D and E of cGK are clearly homologous with both
proteins, segment F shows no significant similarity to the
corresponding region of either (Table V), thus providing a
rationale for speculation that segment F might form a separate
folding domain of undetermined function (Figure 8). There
is no corresponding rationale to distinguish segment D from
E. They are considered separately in Figure 8 and Table V
simply to divide the protein in roughly equal segments. They
could well form a single folding domain in each protein.
The retroviral products vary in length, depending upon the
particular member of the family examined. In the case of
pp60°™c, alignment with segments D and E of cGK leaves a
large amino-terminal segment (Figure 8) which shows no
detectable similarity to segment C (or any other segment) of
¢GK. Thus, it appears that this protein contains in its interior
about 250 residues of sequence homologous with cGK, cAK,
and PbK«, and an equal number of residues surrounding that
region which are unrelated to segments C and F of the kinase
sequences. This is consistent with the view that retroviral
nucleic acids contain segments of “captured” eukaryotic genetic
information within the viral message (Bishop, 1983).
Chimeric Nature of ¢cGK. To understand the genesis of
relationships among the seven proteins in Figure 8, it is nec-
essary to consider not only the occurrence of gene duplication
and divergent evolution but also the probability that whole
segments of genes have been: excised, shuffled, and spliced.
How else can one explain that segment D is totally different
in CAP (where it binds DNA) as compared to the kinases,
that the carboxyl-terminal segments of pp60*© and PbK+~ are
totally unrelated to cAK and ¢GK, and, most importantly, that
the sequence of cGK comprises elements of sequences which
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cAK (187 - 224) RYK--GRITWTIL oo - Y[LIAPETILISIK]-==--- Y NKAVD[W[W[AJL
¥ (170 - 215) SCQLDPGJE[KJLREV —_—r NDNHP vexzvolnus?
src (407 - 448)  L|ARL[IJE--DNEVY[TJARQGAKFPIKWTAPEAALYG-=---- RFT[1)k s|pjv|w sl
6K (544 - 590) S@PDEKTYNIILRGIDHIEFPK--KIAKNAAi'_L_I
cAK (225 - 269) FADQ'_PJIQIEKIVSG--KVRFPS--HFSSDLKDLL
Y (216 - 264) WHRKQMLMLRM|IMS/GNYQFGSPEWDDYSDTVKDL|Y
src (449 - 495) PEMVNREVLDQVERG/YRMPCPPPIE--CPES-LHDL|M
Segment F

cGk (591 - 640) K K[LIC[R]D N[P|S[ERIL[GN L KIN[GVIKD TjQ kKXW FIEGFNWEGLRKGTLTP[FI[TP|sVA
cAX (270 - 319) HLoanTKRFGNanNDIKNHHFATTD@IAHQHVEArlxi»xrx
v (265 -276) SRFELVVQPQKR|Y/
src (496 - 507) cocu@xusnp/
cGK (641 - 670) S[P|T[DTSNFD|SFPEDNDEPPPDDNS[GWDI-D
cAK (320 - 350) GGDTSNFDDYE@EEIRVSINEKCKEFSEg

FIGURE 9: Alignment of segments D, E, and F of cGK (Figure 8) with the corresponding segments of cAK, pp60*° (src), and the v subunit
of phosphorylase b kinase (). Boxes enclose identities as in Figure 7. The terminal portions of segments are not necessarily included. The
sequence of pp60°° is taken from Schwartz et al. (1983), that of v from Reimann et al. (1984), and that of cAK from Shoji et al. (1983).

are homologous with two distinct and separate families of
proteins, those binding cyclic nucleotides and those acting as
kinases?

One could suggest that proteolytic processing has led to the
two subunits of cAK from a longer precursor protein. How-
ever, the length of the cDNA of R; (Lee et al., 1983) is in
accord with our amino acid sequence, ruling out this possibility.
Alternatively either an ancestral gene of cAK coded for both
cAMP-binding and catalytic functions of a large protein (like
¢GK) and evolution separated these functions on separate
genes, or separate genes were spliced to produce an ancestor
of contemporary cGK.

First, let us consider the idea of a large ancestral gene
acquiring both functions and evolving into separate genes.
Presumably the genesis of the master gene included an internal
gene duplication event giving rise to the tandem segments B
and C. A fragment of CAP would have diverged at an early
stage from primordial segment C and become fused to a

DNA-binding segment, and the D/E segments found in the
retroviral family would have resulted from capture and in-
sertion into other coding sequences. Even this scenario requires
several gene fusion events, but its overall direction is from a
multifunctional protein to several simpler proteins. It seems
improbable that a complex allosteric protein would have
evolved before its simpler counterparts.

Alternatively one could imagine the separate evolution of
a catalytic entity in a primordial protein kinase that, by gene
duplication and divergent evolution, gave rise to the progenitors
of the catalytic subunits of cAK, PbK~, and the cellular
versions of the retrovirally coded proteins. Separately, a family
of proteins that bound cyclic nucleotides, for whatever purpose,
could have evolved and undergone internal duplication. Ob-
vious regulatory advantage would accrue to an organism from
association of these two proteins either as heterologous oli-
gomers (as in the isozymes of cAK) or by gene fusion (as in
¢GK). Meanwhile various versions of the catalytic entity could
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associate with calcium/calmodulin-regulated proteins (e.g.,
in PbK«), evolve tyrosyl specificity (e.g., in pp60°® or its
cellular counterpart), or appear in yet unrecognized forms.

A precedent for such rearrangements of segments of ge-
nomes has been reported in recent years, although the un-
derlying mechanisms are by no means understood [cf. review
by Doolittle (1981)]. Gilbert (1978) has suggested a role for
introns in the fusion events. Spliced species of haptoglobin
(Dixon, 1966), Lepore hemoglobin (Baglioni, 1962), and
~-globulin (Tonegawa, 1983) are well-known but may speak
more to mechanisms of internal gene duplication than to fusion
of dissimilar segments. Single-chain, multienzyme conjugates
represent better analogies, and many have now been reported
(Kirshner & Bisswanger, 1976). Gaertner (1978) and Welch
& De Moss (1978) have discussed the functional advantages
of multienzyme clusters, whether associated as noncovalent
complexes or fused in polypeptide conjugates. Recently ar-
tifically generated chimeric proteins have been produced in
the laboratory by splicing coding regions (e.g., Bedouelle et
al., 1980). Perhaps the most notable examples of chimeric
enzymes are found in the family of fatty acid synthases from
various organisms [cf. reviews by Wakil et al. (1983) and
McCarthy & Hardie (1984)], where multienzyme conjugates
of seven different proteins are found to be fused in either one
or two chains in sequential arrangements which differ from
one organism to another.

Another general example which demands analogous un-
derlying splicing mechanisms is found among the zymogens
of the serine proteases (Neurath, 1984), which vary in length
from the 229 residues of trypsinogen (Titani et al., 1975) to
the 790 residues of plasminogen (Sottrup-Jensen et al., 1978)
and occur in both one-chain and two-chain versions (Katayama
et al., 1979), with and without so-called “kringle” domains or
domains rich in y-carboxyglutamyl residues. This family of
proteins is characterized by their homologous active site do-
mains, but one can only speculate about the splicing mecha-
nisms that must have led to the variations in their content of
other domains. A recent report concerning this family suggests
that tissue plasminogen activator may contain elements of
sequences of both serine proteases and fibronectin (Banyai et
al., 1983). In a similar vein, one can cite the occurrence of
collagen-like sequences within complement factor Clq (Reid
& Porter, 1976).

Finally, several recent reports indicate that segments re-
sembling domains of immunoglobulins are substructural ele-
ments within the polypeptide chains of the major histocom-
patability antigen complexes, T-lymphocyte antigen receptors
[cf. review by Williams (1984)], and receptors for transcellular
transport of polymeric immunoglobulins into external se-
cretions (Mostov et al., 1984). In each case, sequence data
suggest that immunoglobulin-like domains have been spliced
into chimeric chains serving complex functions which probably
rely in part on the recognition capability dictated by the im-
munoglobulin-like domains.

Returning to the protein kinase family (Figure 8), the sim-
plest explanation of this interrelated series of proteins involves
both specific gene fusion and gene duplication events in the
distant history of their development. The divergence of their
sequences during evolution has been so extensive that it is
difficult to deduce a probable order of events but has not been
enough to disguise the segments of homology which underlie
the present speculation about the source of these relationships.
Natural extensions of the homologies shown in Figure 8 lead
to predictions that other protein kinases, whatever their mode
of regulation, may share a variant of the active site domain
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and that other proteins which interact with cyclic nucleotides
may represent spliced or mutated variants of the regulatory
domains of ¢cGK. In a more general sense, the patterned
relationships among these proteins suggest that other unrelated
proteins may also be assembled by analogous splicing of yet
other domains to generate complex proteins with interactive
catalytic, binding, and/or regulatory functions.
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