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ABSTRACT Partial amino acid sequence has been deter-
mined for the cone, a' subunit of the bovine photoreceptor
cyclic nucleotide phosphodiesterase (PDE) and deduced from
nucleotide sequences of a partial cDNA clone. These sequences
identify the at' subunit as the product of a gene that is distinct
from those encoding the a or .3 subunits of the membrane-
associated rod photoreceptor PDE. Comparisons between the
recently determined cGMP-stimulated-PDE sequence and
those of the a and a' photoreceptor PDE subunits reveal an
unexpected sequence similarity. In addition to the catalytic
domain conserved in eukaryotic PDEs, all three PDEs possess
a second conserved segment of -340 residues that contains two
internally homologous repeats. Limited proteolysis and direct
photolabeling studies indicate that the noncatalytic, cGMP-
binding site(s) in the cGMP-stimulated PDE is located within
this conserved domain, suggesting that it also may serve this
function in the photoreceptor PDEs. Moreover, other PDEs
that do not bind cGMP at noncatalytic sites do not contain this
conserved domain. The function of the conserved segment in
the photoreceptor PDEs is not known, but the homology to
allosteric sites of the cGMP-stimulated PDE suggests a role in
cGMP binding and modulation of enzyme activity.

whereas the cone PDE (5) has two a' subunits (93.5 kDa) and
three small subunits (11, 13, and 15 kDa).
The cGS-PDE is a homodimer of two identical (105 kDa)

subunits and can hydrolyze both cAMP and cGMP with
nearly equal efficiency (7, 8). cGMP is a positive allosteric
regulator of this enzyme, and micromolar concentrations
produce a 10-fold stimulation of cAMP hydrolysis (7-10). A
cGMP-specific, allosteric site has been demonstrated in
several types of cyclic nucleotide binding experiments (7,
9-11).

In this report, we describe the partial amino acid sequence
of the cone a' subunit and nucleotide sequences from a partial
cDNA clone encoding it.§ The protein sequence data con-
firms the identity of the full-length cDNA clone described in
the companion paper by Li et al. (14) and shows that the a,
a', and p subunits of photoreceptor PDEs are distinctive gene
products. The a and a' subunits and the cGS-PDE have
extensive sequence similarity within single segments that are
not part of their conserved, catalytic domains (15, 16). Each
segment displays internal homology and appears to comprise
a regulatory, cGMP-binding domain.

Multiple isozymes of cyclic nucleotide phosphodiesterases
(PDEs) are found in many eukaryotic species; in some cases,
distinct isozymes exist within a single cell type (1, 2). Within
several PDE families, additional diversity is created by
apparent alternative mRNA splicing (3, 4). Tissue and cell-
type-specific expression of the isozymes has been demon-
strated for several of the isozymes and is suspected in others
(1-6). As part of an effort to analyze structure-function
relationships among the PDE isozymes, we are determining
the sequence of the bovine cone photoreceptor PDE (5) and
the cGMP-stimulated (cGS) PDE (7, 8). Both PDEs have
distinct kinetic parameters, substrate preferences, and ap-
parent cellular functions but share the ability to bind cGMP
at high-affinity, noncatalytic sites (5, 9-11).
Cone and rod cGMP-stimulated PDEs hydrolyze cGMP in

a light-dependent manner and have a key role in the cascade
that transduces a light signal into a neural response (for
review, see ref. 12). Rod and cone PDEs differ significantly
in subunit composition, sensitivity to transducin, and cGMP-
binding properties (5, 13). Each enzyme has two noncata-
lytic, cGMP-binding sites; the affinity (5, 13) of the sites on
the cone PDE (Kd = 11 nM) is significantly lower than those
of the rod PDE (Kd < 1 nM). The bovine rod PDE oligomer
is comprised of a (88 kDa) and p (84 kDa) subunits, which
appear to be catalytic, and an inhibitory y subunit (11 kDa),

MATERIALS AND METHODS
Partial Amino Acid Sequence Analysis of the Cone PDE a'

Subunit. The bovine cone photoreceptor PDE was purified
from dark-adapted frozen retinas (Hormel, Austin, MN) by
using procedures described by Gillespie et al. (5, 17). The a'
subunit of the cone PDE was resolved from the smaller
15-kDa, 13-kDa, and 11-kDa subunits using reverse-phase
HPLC chromatography on a narrow-bore Brownlee, BU-300
column (C4, 2.1 x 30 mm) with the linear trifluoroacetic
acid/acetonitrile gradient system described by Gillespie et al.
(17) for the separation of rod PDE subunits.
The purified a' subunits were cleaved at lysyl residues

using Achromobacter protease I as described (18). The
resulting peptides were first separated by size-exclusion
HPLC chromatography on two tandem TSK-3000 PW col-
umns equilibrated in 0.1% trifluoroacetic acid/40% (vol/vol)
acetonitrile. Pooled fractions containing peptides of similar
size were resolved by reverse-phase HPLC chromatography
on Brownlee RP-300 (C8, 2.1 x 100 mm) or RP-18 (C18, 2.1
x 100 mm) using linear gradients of 0.09%o trifluoroacetic
acid/80% acetonitrile at a flow rate of 300 p.l/min. Selected
peptides obtained in good yield were subjected to automated
Edman degradation on an Applied Biosystems model 470A

Abbreviations: PDE, cyclic nucleotide phosphodiesterase; cGS-
PDE, cGMP-stimulated PDE.
tTo whom reprint requests should be addressed.
§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M29465).
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gas-phase sequencer equipped with an on-line HPLC system
(model 120A).

Isolation of a Bovine Retinal cDNA Encoding the Cone a'
Subunit. Degenerate oligonucleotides corresponding to se-
quences from the cone a' subunit (TPPMDHWT and
DEYFTFQK; single-letter code) having minimal sequence
similarity with the rod a subunit were synthesized and 32p
end-labeled. A bovine retinal cDNA library (19) in AgtlO
(provided by Jeremy Nathans, The Johns Hopkins Univer-
sity) was screened by hybridization to both labeled oligonu-
cleotides. Hybridization was done in 6x SSC (lx SSC is 0.15
M sodium chloride/0.015 M sodium citrate, pH 7)/2 x
Denhardt's solution (1x Denhardt's solution is 0.02% poly-
vinylpyrrolidone/0.02% Ficoll/0.02% bovine serum albu-
min)/0.05% sodium pyrophosphate/20 mM sodium phos-
phate buffer, pH 7 at 50'C (100C below the calculated tm of the
oligonucleotides). Two independent positive phage were
plaque purified, and their EcoRI inserts were subcloned into
the Bluescript plasmid vector (Stratagene). A series of nested
deletions were prepared from the EcoRI inserts and sub-
cloned into the Bluescript vector by using Stratagene proce-
dures. Nucleotide sequences were determined with a modi-
fication (20) of the dideoxynucleotide chain-termination pro-
cedure of Sanger et al. (21) by using deoxyadenosine 5-
[a-[35S]thio]triphosphate and Sequenase.

Analysis of Structural Relationships. Structural relation-
ships among PDEs were analyzed by using the ALIGN and
RELATE programs described by Dayhoff et al. (22) and
supplied by the National Biomedical Research Foundation.
The RELATE program and a dot-matrix plotting routine in-
cluded in the GENEPRO software package (Riverside Scien-
tific, Seattle) were used to detect possible homology between
sequences of different lengths.

RESULTS AND DISCUSSION
Partial Amino Acid Sequence Analysis. Lysyl peptides from

the a' subunit of the bovine cone PDE were purified by using
a combination of size-exclusion and reverse-phase HPLC
chromatography. Twenty-one distinct peptides were recov-
ered in good yield and sequenced with the use of automated
gas-phase techniques. A total of 393 residues were assigned
and are listed in Table 1 or designated by underlining in Fig.
1. This partial sequence data shows that the a' subunit of the
cone PDE is similar, but not identical, to the a subunit of the
rod PDE (16). It should be noted that this sequence analysis
provided no evidence for the existence of closely related, yet
different, subunits in the cone PDE preparations. Neither
HPLC chromatography nor SDS/PAGE indicated the pres-
ence of more than one type of subunit (5), and it is reasonable
to conclude that the cone PDE is a homodimer of a' subunits.

Analysis of a' Subunit cDNA Clones. Two different clones
were isolated from a retinal cDNA library by using oligonu-
cleotide probes based upon a' subunit sequences. Restriction
enzyme analysis and partial nucleotide sequencing showed
that neither clone was full length and that both were struc-
turally related because they were truncated near the same site
at the 3' end. The shorter of the two clones, BCa-1, contains
an insert ["'1300 base pair (bp)] encompassing much of the
coding region of the protein. The complete nucleotide
sequence¶ of an EcoRI fragment derived from the 5' end of
BCa-1 was deduced from the analysis ofboth strands (Fig. 1).
As illustrated in Fig. 1, nine different lysyl peptide sequences
(145 residues) from the a' subunit are absolutely identical to
the amino acid sequence predicted from the nucleotide se-

Table 1. Lysyl peptide sequences from the cone PDE a' subunit

Residue
no. in

No. Cone peptide sequence a subunit*
1 YLEANPQFAK 11-20
2 LQVEVPSGGAQAPASASFPGRTLAEEAALY-

E-L-VLLEAGSVELAA 27-74
3 LLDVTPtSKFEDNLVVPDREAVFPLDVGIVG

WVAHTKK 111-148
4 TFNVPDVK 149-156
5 QTGYVTRNLLATPIVMGKEVLAVFMAVN

KV-A-eF 168-202
6 VFEGLTDVERQFHK 247-260
7 ALYTVRTYLNCERYSIGLLDMTK 261-283
8t TPDGR 306-310
9 STSPLARLHGSSILERHHLEYSK 613-635
10 TLLQdESLNIFQNLSK 636-651
11 METEEEAIK 690-698
12 EITPMLNGLQNNRVEWK 793-809
13 SLADEYDEK 810-818
Peptide sequences are given in single-letter code with lowercase

letters indicating residues that were tentatively assigned and hyphens
denoting unidentified residues.
*Residue numbers indicate the position of corresponding sequences
in the rod a subunit (16).
tThe remaining sequence of peptide 8 and those of several other
peptides are given in Fig. 1.

quence, establishing that BCa-1 encodes part of the a'
subunit of the cone PDE. The polypeptide sequence encoded
by BCa-1 is similar (65% sequence identity) but not identical
to that of the a subunit of the rod PDE, demonstrating that
the a and a' PDE subunits are distinct gene products. Both
the protein sequences and the DNA sequence correspond to
segments encoded by a full-length cDNA clone p21-1, iso-
lated and described by Li et al. (14) in this issue. The
sequence identity demonstrates that the cDNA clone of Li et
al. (14) codes for the a' subunit of the cone PDE. There are
at least three distinct genes coding for the large subunits of
the rod and cone PDEs because Li et al. (14) have shown that
the protein encoded by a full-length a' clone is not identical
to a partial 8 subunit sequence.
Sequence Homology Among the Photoreceptor PDE Large

Subunits and the cGMP-stimulated PDEs. A conserved cata-
lytic domain (of =250 residues) has been identified near the
C terminus of all eukaryotic PDE isozymes, including the a
and ,3 subunits of the rod PDE (16) and the cGS-PDE (11, 15).
Sequences of four peptides of the cone a' subunit (nos. 9, 10,
11, and 12 in Table 1) can be aligned with 57 residues within
the catalytic domain of the a subunit (16). The high degree of
sequence similarity within these segments (72% sequence
identity) clearly establishes that the a' subunit also possesses
the catalytic domain that is conserved among eukaryotic
PDEs. The full-length a' cDNA clone of Li et al. (14)
confirms this finding.
The a and a' subunits of the photoreceptor PDEs (14, 16)

as well as the cGS-PDE 11 have "500-600 contiguous residues
located on the N-terminal side of the conserved catalytic
domain (Fig. 3). As suggested previously (15), these se-
quences probably provide the binding site(s) for various
regulatory ligands (e.g., transducin, cyclic nucleotides).
Comparisons of these N-terminal segments from the cGS-
PDE and the a and a' subunits of the photoreceptor PDEs
have revealed an unexpected structural relationship (Table

lThe primary structure of the cGS-PDE from bovine heart has been
deduced in our laboratories by sequence analysis of the protein and
of a cDNA clone. The proof of sequence will be published else-
where.

lAfter obtaining a partial cDNA clone for the a' subunit, we learned
that a full-length clone of Li et al. (14) had been isolated; therefore,
efforts to obtain extensive nucleotide sequence and to isolate a
complete cDNA clone in our laboratory were not continued.

Biochemistry: Charbonneau et al.



290 Biochemistry: Charbonneau et al.

RE !W W .FI A I. a nIDY! nLaGKEEIKVI PTPPNDI T ..I-... nwSGL TYwXw I VNU. I n W .

R E V I F Y K I I D Y I L N G K E E I K V I P T P P N D H W T L I S G L P T Y V

A E N G F I C N N L N A P A D E Y F T F Q K G P V D E T G W V I K N V L S L P I

V N K K E D I V G V A T F Y N R K D G K P F D E Y D E H I A E T L T Q F L G W S

CTCTTAAATACTGACACCTATGAGAAAATGAATAAGCTGGAGAACAGAAAGGACATAGCCCAGG^AATGCTCATGAACCACACCAAGGCTACACCTGATGAGATCAAGTCTATTTTGAA
L L N T D T Y E K M N K L E N R K D I A Q E N L M N H T K A T P D E I K S I L K

TTTAAAGAGAAGTTAAATATAGATGTAATTGAAGACTGTGAAGMAAACAGCTTGTCACAATTTTGAAGGAGGACCTGCCAGACCCACGGACTGCAGACCTGTAT
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FIG. 1. Comparison of cone a' subunit sequences with a partial cDNA clone. The nucleotide sequences from the 5' EcoRl fragment of the
a' subunit cDNA clone, BCa-1, is given on the top line with the predicted sequence (single-letter code) below. The underlined sequences were
also directly determined by amino acid sequencing.

2). All three PDEs have a second conserved segment of -340
residues (Figs. 2 and 3) that is not present in other PDEs. As
discussed below, there is evidence that this second conserved
region is the location for the cGMP-binding sites that exist on
all three enzymes. Although this conserved segment includes
a region of relatively high sequence similarity between the a
and a' subunits, its recognition as a conserved element of
functional importance required comparisons with the more
distantly related cGS-PDE sequence. For ease of discussion,
this second conserved region will be designated herein as the
conserved cGMP-binding domain to distinguish it from the
conserved catalytic domain, although the function of this
segment has not been unequivocally established.
The conserved cGMP-binding domain encompasses resi-

dues 125-468, 124-467, and 261-564 of the a subunit, a'
subunit, and cGS-PDE, respectively. The sequence align-
ments of Fig. 2 illustrate their homology, and alignment scores
(22) of 13.9 and 13.8 establish the significance of the relation-
ship ofcGS-PDE to a and a' subunits, respectively. As might
be expected, the sequence similarity is greatest between
segments from the two photoreceptor isozymes (67% se-
quence identity). The sequence identity between the cGS-PDE
segment and those of the a and a' subunits are 27% and 30o,
respectively. If chemically conservative substitutions are con-
sidered, then 43% and 44% of residues from the cGS-PDE are
similar to those of the a and a' subunits, respectively.
A striking feature ofthe conserved cGMP-binding domain is

the presence of two internally homologous, 120-residue re-
peats. The percent sequence identities between the internal
repeats of cGS-PDE, a subunit, and a' subunit (with corre-

Table 2. Structural relationship among PDEs and other cyclic
nucleotide binding proteins

Segment comparison
score

Protein Source a Subunit* RII cAK
cGK Bovine -1.6 19.0
cGS-PDE Bovine 11.8* -0.6
a' Subunit Bovine 69.5* -1.6
Dunce PDE Drosophila -0.6* -0.3
PDE 2 Saccharomyes cerevisae 2.5* 0.1

Segment comparison scores were generated for sequences of
different size using the RELATE program (22) with a segment length
of 25. Segment comparison scores > 5 indicate that a statistically
significant structural relationship exists between two sequences.
Sequences for the bovine type II regulatory subunit of the cAMP-
dependent protein kinase (RII cAK) and the bovine cGMP-
dependent protein kinase (cGK) were taken from the Protein Iden-
tification Resource protein data base.
*Only N-terminal segments lying outside of the catalytic domain
were used for these comparisons. Segments examined were as
follows: rod a subunit, residues 1-535 (16); cGS-PDE 1-617 11; dunce
PDE 1-223 (23); and yeast PDE 2, 1-241 (24).

sponding alignment scores in parentheses) are 19% (4.8), 29O
(6.6), and 29o (5.5), respectively. As illustrated in Figs. 2 and
3, the internal repeats are located near the N- and C-termini of
the conserved cGMP-binding domain and are separated by a
central segment that has no significant sequence similarity to
either internal repeat. The intervening segments of the three
proteins are homologous to one another, although that of
cGS-PDE domain requires a gap of 25 residues for optimal
alignment. The presence of internal homology indicates that
this conserved domain evolved by a gene duplication mech-
anism.

Localization of the High-Affminty cGMP-binding Sites from
the cGS-PDE and a' Subunit. The combined photolabeling
and limited proteolysis studies of Stroop et al. (11) have
shown that the cGS-PDE can be separated into two func-
tional domains, one retaining catalytic activity but unregu-
lated and the other an allosteric, cGMP-binding site(s). Two
structurally related limited proteolytic fragments (60 kDa and
57 kDa) are derived from the N-terminal end of the cGS-PDE
molecule and encompass the second conserved segment that
is homologous to corresponding segments of the photorecep-
tor PDEs (11). Direct photolabeling experiments show that
both fragments possess a high affinity, cGMP-specific bind-
ing site(s) with properties matching those expected for the
allosteric sites responsible for the 10-fold activation of the
enzyme by cGMP. As illustrated in Fig. 3, the cGMP-binding
site(s) has been more precisely localized to a 28-kDa fragment
produced by cleaving the photolabeled protein with CNBr.
This fragment spans residue 314 to residue 553 of the cGS-
PDE and is totally encompassed within the N-terminal,
conserved segment' This location strongly implicates the
homologous sequences of the photoreceptor PDEs in the
formation of a noncatalytic cGMP-binding site.

Preliminary limited proteolysis and photolabeling studies
indicate that the cone a' subunit can be separated into two
functional domains in a manner similar to that observed with
the cGS-PDE (P. G. Gillespie, R.K.P., H.C., K.A.W. and
J.A.B., unpublished results). As with the cGS-PDE, this
experiment suggests that fragments containing the N-terminal
conserved domain also have a high-affinity cGMP-binding
site. All PDEs having this conserved domain have the ability
to bind specifically cGMP at noncatalytic sites. It seems likely
that other high molecular weight PDEs that may bind cGMP
at noncatalytic sites, such as the cGMP-bindingPDE ofbovine
lung (25) and possibly the low Km, cGMP-inhibited-PDE (26,
27) will also contain a domain homologous to the one identified
here in the cGS- and photoreceptor PDEs.

Possible Structural Relationship Between the Putative
cGMP-Binding Domain and Other Cyclic Nucleotide-Binding
Proteins. It is of interest to inquire whetherPDE isozymes are
structurally related to other proteins that bind cyclic nucle-
otides since knowledge of the structure and function of other
well-characterized, cyclic nucleotide-binding proteins can be

Proc. Natl. Acad Sci. USA 87 (1990)
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FIG. 2. Alignment of the putative cGMP-binding domains from the cGS-PDE (CGS), rod a subunit (ROS), and cone a' subunit (COS). Boxes
enclose residues that are identical in all three sequences. Gaps (hyphens) have been introduced to optimize alignments. Underlined residues
are encompassed within each of two internally homologous segments. Sequence data for the a subunit (16) and the a' subunits (14) include
residues 125-468 and 124-467, respectively, with residue numbers indicated on the right. Residue numbers for the cGS-PDE are taken from
the complete sequence that is to be published elsewhere.

applied to the PDEs. The regulatory subunits of the cAMP-
dependent protein kinase, the regulatory domains of the
cGMP-dependent protein kinase, and the Escherichia coli
catabolite gene activator protein comprise a family of struc-
turally related cyclic nucleotide-binding proteins (28). How-

28 kDa CB ** 3
r_---- 36 kDa

cGS-PDE I

Rod-PDE ca

Cone-PDE cx' _- -,--
FIG. 3. Diagrammatic illustration of the structural relationship

among the cGS-PDE, the rod a subunit, and cone a' subunit. Black
boxes indicate the location of the conserved catalytic domains,
whereas shaded boxes indicate the two internally homologous sub-
domains located within the putative cGMP-binding domain (Fig. 2).
The boxes with horizontal lines designate intervening segments that
are homologous to corresponding regions of each of the other PDEs
but not to either repeat. The position of key limited proteolytic or
chemical cleavage fragments are indicated above the sequence.
Asterisks (***) designate a fragment bearing noncatalytic sites di-
rectly photolabeled with [32P]cGMP (see text). Note the C-terminal
positions of these fragments are estimated from molecular weights
obtained by SDS/PAGE.

ever, comparisons of the conserved catalytic domain from
four different PDEs (15) with the sequences from this protein
family have failed to demonstrate a statistically significant
homologous relationship. Moreover, no significant extended
relationship can be found between the putative cGMP-
binding domain of the PDEs and members of this cyclic
nucleotide-binding protein family, as exemplified by the
comparisons listed in Table 2. Thus, neither catalytic nor
noncatalytic cyclic nucleotide-binding domains of PDEs
show homology to the catabolite gene activator protein
family of cyclic nucleotide-binding proteins; two separate
evolutionary families appear to be involved.

Nevertheless, several investigators (6, 14, 23) have noted
that short sequences from both conserved PDE domains
resemble segments in the catabolite gene activator protein
family of cyclic nucleotide-binding proteins, and Li et al. (14)
have noted "consensus sequences" derived from other nu-
cleotide-binding proteins. Although such segments are in-
triguing, conclusions regarding possible similarities in the
structure ofPDE nucleotide-binding sites must be made with
caution. It is difficult to establish statistically meaningful
relationships with short sequences (29), and "consensus
sequences" are often found in unrelated proteins (30). More
importantly, many of the short sequences identified are not
among those that are completely conserved within the PDE
family of isozymes and, therefore, are not as likely to be
essential residues within a cyclic nucleotide-binding site.

_ _j
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The function of the conserved segment from the photo-
receptor PDE is not fully understood; however, preliminary
limited proteolysis and photolabeling experiments suggest
that this conserved section may also be the location for
noncatalytic, cGMP-binding sites. The similarity in sequence
and location (within the linear sequence) relative to the
catalytic domain suggests the possibility that the noncata-
lytic, cGMP-binding sites of the photoreceptor PDE may
modulate catalysis in a manner analogous to the correspond-
ing domain of the cGS-PDE. Thus far, no such effects have
been reported. Unlike in the cGS-PDE, action of the photo-
receptor cGMP-binding sites may be much more complex due
to additional modulating effects of transducin and other
associated small subunits. The findings reported here em-
phasize the importance of reexamining the role of cGMP in
the modulation of photoreceptor PDE function.
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