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ABSTRACT  Comparison of the recently determined amino
acid sequences of the regulatory subunit of cAMP-dependent pro-
tein kinase (Rp) from bovine cardiac muscle and the Escherichia
coli catabolite gene activator protein (CAP) shows significant ho-
mology. This homology extends over most of the amino-terminal
domain in CAP and is particularly good for the region of the B-roll
structure. The Ry; sequence contains two adjacent and internally
homologous regions, both of which have high resemblance to the
cAMP-binding domain in CAP. This suggests that the protein ki-
nase regulatory subunit contains two cAMP-binding domains in
the carboxyl-terminal region, each having a B-roll structure sim-
ilar to that in CAP. The cAMP molecule is expected to bind to the
Ry; within a pocket formed by residues from the B-roll, as is the
case with CAP. One cAMP molecule would interact with residues
from about 163 to 220, and the other cAMP would interact with
amino acids in the stretch 285-350 of the Ry; protein kinase se-
quence. As the carboxyl-terminal domain of CAP shows ho-
mologies to the DNA-binding domains of other regulatory pro-
teins, the protein appears to be of modular construction: a DNA-
binding domain joined to a cAMP-binding domain.

Takio et al. (1) have recently determined the amino acid se-
quence of the regulatory subunit of cAMP-dependent protein
kinase type II (R;;) from bovine heart muscle. The protein ki-
nase catalyzes the transfer of phosphate from ATP to various
protein substrates (2). It functions in the hormone-mediated
regulation of cellular functions such as glycolysis in eukaryotes
with cCAMP acting as a “second messenger.” The inactive ho-
loenzyme consists of two regulatory and two catalytic subunits.
In the presence of cAMP, the protein dissociates into two active
catalytic subunits and a dimer of two regulatory subunits that
is complexed with four cAMP molecules (3-5). Ry; appears to
consist of three domains (4) and contains a region very sensitive
to proteolytic attack. This protease-sensitive region separates
the smaller amino-terminal domain and the larger carboxyl-ter-
minal domain, contains the “autophosphorylation” site (serine-
95) (6), and probably interacts with the catalytic subunit within
the holoenzyme. The amino-terminal fragment of limited pro-
teolysis still forms a dimer (7) while the carboxyl-terminal frag-
ment, which appears to contain internal sequence homology
between residues 135-256 and 257-400, may bind one cAMP
molecule within each of these regions (1).

McKay and Steitz (8) have solved the crystal structure of the
Escherichia coli catabolite gene activator protein (CAP), oth-
erwise known as the cAMP receptor protein, at 2.9-A resolu-
tion. CAP binds to specific DNA sequences in the presence of
cAMP (9, 10) and regulates transcription of several operons such

as lac (11), gal (12), and ara C (13). In the absence of cAMP,
CAP only binds nonspecifically to DNA. Thus it is also a cAMP-
dependent regulatory protein but it acts at the level of tran-
scription. Crystals of CAP contain one molecule of cAMP per
subunit of protein dimer. The cAMP binding site is located
entirely within the amino-terminal domain and lies in a deep
pocket formed between a B-roll structure and a long a-helix.
Each cAMP molecule is completely buried within the protein
and interacts with amino acid side chains from both subunits
of the dimer (14, 15).

We show here that there are homologous sequences between
CAP and Rj; and suggest that the cAMP-binding domain is a
conserved structure between these two cAMP-dependent pro-
teins. This homology allows us to locate the cAMP-binding sites
in Ry; by analogy with the CAP structure and deduce some of
the amino acids interacting with the cAMP molecule.

METHODS

The amino acid sequence of Ry; (1) was compared with the se-
quence of CAP (16, 17) to search for the cAMP binding sites.
The sequences were compared by using computer programs run
on a VAX 11/750; one written by Peter Brick includes the scor-
ing tables of McLachlan (18) and the other, written by LT.W.,
calculates statistics for the numbers of identical and homologous
amino acids in all possible alignments of the two protein se-
quences (19).

RESULTS

The best alignments of the two homologous domains of Ry; with
the CAP sequence are shown in Fig. 1 with a double entry of
glutamate-265. The homology is most apparent over the region
of CAP, residues 3089, that includes B-strands 3-7, part of 8-
strand 2, and the loop between B-strands 6 and 7. The secondary
structure of one subunit of CAP is shown in Fig. 2. The align-
ment with the first homologous region of Ry, includes two dele-
tions of a single amino acid residue each: one in B-strand 6 and
one in the loop between B-strands 6 and 7. There are 18 iden-
tical and 9 homologous amino acids in this stretch of 60 residues,
giving a total homology of 45% (Table 1). The second homolo-
gous region of Ry contains one deletion in the loop between B-
strands 6 and 7 and an extra seven residues (Ser-Lys-Thr-Lys-
Val-Asn-Lys) in the surface loop between B-strands 4 and 5. This
insertion in a surface loop is consistent with the observation (1)
that trypsin cleaves lysyl bonds in this portion of native Ry;.
There are 23 identical and 5 homologous amino acids or 46.7%
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10 ' 20 ' 3
CAP Thr Ley 6Ly TRe Pue LEu Ser His Cvs His ILe His Lvs Tvr Pro.Ser Lvs Ser Tur LEU [Le His Gun GLy 6Ly
143 150 160 -
RIIa Gusc LEy Ser GuN VaL LEu Asp ALa MeT PHe GLu ARG THR VAL Lys VAL Asp GLu His VAL ILe Asp GLN GLy Asp
26 270 280 -
RIIe GLy Are MeT Lys.[LE VAL AsP VaL ILE GLy GLu Lys VAL TYR Lvs Asp 6Ly GLu ARe [LE ILE THR GLN 6Ly GLu
3 84
- ' w " . 50 ! '
CAP Lvs Aua GLu Tur Leu TvR TvR ILe VAL Lys Guy Ser VAL Aua VAL Leu ILe Lvs Asp 6Ly 6uu 6Ly Lvs 6Lu Mer
180 190
RITa Asp GLy Asp Asn PuE TYR VAL ILE GLu ARg GLY THR TyR Asp ILE Leu VAL THR Lvs Asp AsN GLN THR ARG SER
290 300 307 315 320
RIIB Lys Aia Asp SErR PuE Tyr ILE ILE Gru Ser GLy GLu VAL Ser ILe Leu ILe Lys Asp GLv GLu Asn GLn GLy Vac
85 86
—
80 -* - - L 2 ! - QI L ] - 80 - - *
CAP  ILe LEu Ser TyR Leu AsN GLN GLy Asp Pue ILe GLy Guu Lev 6Ly LEu PHe GLu GLu 6Ly 6w GLu AR Ser ALa
200 210
RITA VAL GLy GLN Ty Asp AsN His GLy Ser PHE 6Ly GLu Leu ALa Leu Mer Tyr Asn TR PrO ARG ALA ALA
330 340
RIIB GLu ILE ALa Are Cvs His Lvs GLy GLN TYR PHe 6Ly GLu LEu ALA LEu VAL THR AsN Lvs Pro ARG ALA ALa
87 68 o
. ' 90 7100 !
CAP  Tre VAL ARG ALa Lys THR ALa Cvs GLu VAL ALa GLu ILe Ser TR Lys Lvs Pre ARG GLn Leu ILE GLw VAL Ash
220 230 240
RIIA TR ILE VAL ALA THR SER 6Lu 6Ly Ser Lev TRp GLy LEu Asp Arc VAL THR PuE AR ARG ILE ILE VAL Lvs AsN
3%0 360 370
RITe Ser ALa Tyr Aua VAL GLy AsP VAL Lvs Cvs LEu VaL MeT Ase VAL GLN ALa PHE GLu ARG LEu LEu GLy Pro Cvs
aC
10" 120 130 134
CAP  Pro Asp ILE Leu MeT ARG LEu SErR Ata Gn HMeT ALa ARe ARG Leu GLN VAL Tun Sea GLu Lys VaL Gy Asn Leu
250 260 265
RIIA Asn ALA Lvs Lys ARG Lys MeT Pxe GLu Ser Pue ILe 6Lu Ser VAL Pro Leu Leu Lys Ser Leu GLu VaL Ser GLu
380 390 395
RIIB MeT AsP ILE MeT Lys ARG Asn [Le Ser His Tyg GLu GLu 6un Leu VAL Lys MeT Pue 6Ly Ser Ser MeT Asp Leu

Fic. 1. Alignment of two adjacent regions of the Ry; sequence with the CAP sequence. R;A and R;;B are homologous regions of Ry sequence.
Solid underlining indicates amino acids that are identical to one or more residues in the other sequences; dashed underlining indicates closely similar
amino acids. The positions of the a-helices and B-strands of the CAP molecule are indicated. *, Amino acids that are close to cAMP in CAP.

total homology as defined in Table 1. This alignment in Fig. 1
also illustrates the extensive homology between the two regions
of Ry;. Note that all but one of the four deletions and insertions
occur in the region of loops in the CAP structure and thus would
be easily accommodated in the B-roll structure.

The alignment also shows some evidence of homology over
alarger region, from CAP a-helix A through the eight B-strands
to a-helix B. There may also be an alignment of Ry; with helix
C of the CAP, but the level of sequence homology is very low.
The larger region, CAP residues 10-106, has 39.2% homology
with residues 143-237 of R; and 35.1% homology with the Ry
region residues 265-367 in the carboxyl-terminal domain. Note
also that the mean percentage homology for all random align-
ments of CAP and Ry;, without deletions, is 14.2% over 60 res-
idues with a SD of 4.6%, so that the above alignments are very
significant.

There is no significant homology of CAP with the amino-ter-
minal 90 residues of Ry; that are not expected to be involved in

binding cAMP. Similarly, any homology of the carboxyl-ter-
minal domain of CAP with Ry is insignificant; this domain of
CAP is involved in specific binding to DNA.

DISCUSSION

The amino acid sequence of Ry contains two extensive regions
of homology with the sequence of CAP. The amino-terminal
large domain of CAP that includes an eight-stranded B-roll
structure is homologous with the two regions of R;; sequence
that are very similar to each other (1). These Ry; sequences are
located in the carboxyl-terminal two-thirds of the molecule that
is known to bind two molecules of cAMP (4).

The homology between CAP and Ry is greatest over the re-
gion from B-strand 2 to B-strand 7. Also the internal homology
between the two regions of Ry; is greater over this stretch:
46.7% for the CAP range of 30-89, as compared with 38.1%
for the 97 residues that align with CAP 10-106 (from helix A
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F16. 2. Schematic drawing illustrating the secondary structure
and cAMP-binding site of one subunit of CAP. The a-helices are in-
dicated by cylinders and the B-strands are indicated by arrows. (Re-
produced from ref. 15.)

through the B-roll to helix B). The cAMP molecule in the CAP
structure is close to the amino acids on the B-strands marked
in Fig. 1. Amino acid side chains from B-strands 2, 4, 5, 6, and
7 form a pocket around the cAMP molecule as illustrated in
Figs. 2 and 3.

Thus, we expect that the protein kinase regulatory subunit,
Ry;, contains two structural domains in the carboxyl-terminal
250 residues that are extremely similar to the B-roll structure
of CAP. As in the case of CAP, each of the B-rolls of Ry; pre-
sumably contains within it one binding site for cAMP. By com-
paring the sequence of Ry; with the homologous structure of
CAP, it is possible to identify some of the interactions between
cAMP and Rj; that may be expected.
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Table 1. Number of identical and homologous amino acids for
the best alignment of CAP and Ry

Identical Homologous
Sequences amino amino %
aligned acids, no. acids, no. homology*
B-Strand 2 to B-strand 7
CAP 30-89 vs.
Ry 163-220 18 9 45.0
CAP 30-89 vs.
Ry 285-350 23 5 46.7
a-Helix A to a-helix B
CAP 10-106 vs.
Ry 143-237 23 15 39.2
CAP 10-106 vs.
Ry 265-367 26 8 35.1
Ry 163-220 vs.
Ry 285-350 24 4 46.7
Ry 143-237 vs.
Ry 265-367 31 6 38.1

*For both identical and homologous amino acid residues within the
alignment of Fig. 1.

The cAMP molecule in the CAP structure is buried within
a deep pocket formed by residues from the B-roll and two long
a-helices, one from each subunit of the dimer (15). The phos-
phate group of cAMP interacts with the arginine and serine side
chains from B-strand 7, and the adenine ring interacts with the
threonine and serine side chains on a-helix C (Fig. 4).

Some of the interactions between Ry; and the ribose phos-
phate moiety of cAMP can be identified because the portion of
the cAMP binding site in CAP that interacts with that part of
cAMP is clearly homologous to Ry;. Arginines-213 and -343 of
Ry; are homologous to and presumably play the same role as
arginine-82 of CAP, whose side chain binds the cyclic phos-
phate. The hydroxyl of serine-83 in CAP also interacts with this
phosphate, but the corresponding residues in Ry; are both ala-
nine. The other residues on B-strands 4, 5, 6, and 7, indicated
in Fig. 1 as interacting with cAMP, primarily bind the ribose
phosphate. Consistent with this identification of the cAMP-
binding site is the observation that the reaction of one cysteine
residue with dinitrothiobenzoic acid is blocked by bound cAMP
(20). This is probably cysteine-326, which lies in a region ho-
mologous to B-strand 5 of CAP and forms part of the cAMP-
binding pocket. Neither predicted cAMP-binding site in Ry is
close to the single tryptophan residue (no. 226), which agrees
with fluorescence experiments (21).

Most of the specific interactions between CAP and the ad-

Fic. 3. Stereo view of the a-carbon backbone of the CAP dimer and the two bound molecules of cAMP. (Reproduced from ref. 15.)
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F16. 4. Schematic drawing of the probable interactions of cAMP in one CAP binding site. The shaded helix is in the opposite subunit of the
CAP dimer. The cAMP-binding sites in Ry; are expected to be similar to those in CAP, except in the region of the CAP helices. Underlined numbers
indicate amino acid residues of CAP that are similar to Ry; residues for the alignment in Fig. 1; solid underlining indicates amino acids that are
identical in CAP, RyA, and RB while dashed underlining indicates similar amino acids. (Modified from ref. 15.)

enine of cAMP are interactions with the two C a-helices of the
dimer. Unfortunately, unambiguous identification of the re-
gions in R;; that are homologous to a-helix C is not obvious from
the sequence comparison. Detailed model building will be re-
quired (at least). Evidence that R;; may contain a region anal-
ogous to a-helix C of CAP is provided by the fact that 8-azido-
adenosine 3',5'-cyclic monophosphate can be crosslinked
through the C-8 position to tyrosine-381 (22). This residue is
in the region of Ry; that we would expect to be homologous to
a-helix C of CAP. In CAP, the C-8 position of the adenine is
indeed near to the C a-helices.

The homology between CAP and Ry; that is described here
is sufficiently high that it should be possible to construct a model
of the cAMP-binding domains of R; assuming that the identical
and similar residues have the same structure in the two proteins
and that many of the other residues will have closely similar
structures. It should then be possible to account for the binding
of various analogs of cAMP to Ry;.

EVOLUTION OF cAMP SENSITIVITY

In both prokaryotes and eukaryotes, changes in the levels of
cAMP act as a second messenger to signal changes in glucose
concentration. When glucose levels drop, adenylate cyclase is
stimulated and cAMP levels rise. In bacteria, a drop in glucose
levels results in switching on of the appropriate catabolic
genes—e.g., the arabinose, lactose or galactose operons—de-
pending on what sugars are in the medium. In contrast, a drop
in sugar levels in higher eukaryotes results in a breakdown of
glycogen. These different responses to the same problem are
required in the two cases because bacteria do not rely on gly-
cogen and cows are not swimming in solutions of arabinose.

It appears that a common ancestral precursor protein capable
of binding cAMP has evolved into the appropriate receptor or
transducer of cAMP levels in both bacteria and mammals. In

prokaryotes, the cAMP-binding domain is attached to a DNA-
binding domain that shares structural and sequence homologies
with the DNA-binding portion of bacterial and viral repressors
(14, 19, 23). In mammals, the cAMP-binding domain is part of
a subunit that regulates, in a cAMP-dependent manner, the
activity of protein kinase, the first enzyme in a cascade that re-
sults in activation of the phosphorylase-catalyzed breakdown of
glycogen. Thus, the modular “design” of proteins allows ho-
mologous cAMP-binding domains to switch on transcription of
catabolic genes in bacteria and activate protein kinase in cows
when glucose levels fall and cAMP levels rise.
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