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ABSTRACT

MOLECULAR CHARACTERIZATION OF BOVINE AND HUMAN
RETINAL ROD ¢cGMP PHOSPHODIESTERASE AND CHROMOSOMAL
LOCALIZATION OF THE HUMAN GENE

By

Steven Jay Pittler

Retinal rod cGMP phosphodiesterase (cGMP PDE) is a
heterotrimeric enzyme that functions as a signal amplifier in photo-
transduction. This work was initiated to study the molecular biology of
the genes encoding the cGMP PDE subunits.

Characterization of overlapping cDNA clones encoding the a-
subunit of cGMP PDE revealed an open reading frame that encodes a
protein of 859 amino acids. Four differing cDNA clones were also identi-
fied that are highly homologous to the a-subunit sequence. All of the
isolated cDNAs contain an identical segment in their predicted protein
coding regions of ~1.6 kb. The sequence of one of these cDNAs differs
from the a-subunit sequence only at the 5 end encoding a predicted
polypeptide of 500 residues. Two other cDNAs differ in sequence from
the a-subunit only at their C-termini, and the fourth ¢cDNA shows
sequence divergence in the 3’ untranslated region. Predominant retinal
RNAs of 4.6 and 4.0 kb were identified with cDNA probes representative



of the common segment, or with probes specific to the o-subunit
sequence. Using probes specific to the a-subunit-like cDNAs, a number
of lower abundance RNAs were observed. Strong evidence from DNA
blotting experiments suggests that a single bovine gene encodes all of the
identified transcripts. The size of this gene is estimated to be at least
160 kb.

Several cDNA clones, including one full length clone were isolated
encoding the human cGMP PDE oa-subunit. Overall, the predicted
primary structures of the human and bovine a-subunits showed 94%
identity. Transcripts of ~5.9 and 5.4 kb are identified in human retinal
poly (A)+ RNA. Probes specific for the two bovine cDNAs that differ at
their C-termini do detect human retinal RNAs of similar size and
abundance to that found in bovine retinal RNA. The human a-subunit
gene has been mapped to the long arm of chromosome 5 using somatic
cell hybrid DNA panels.

Similarities were found between the predicted a-subunit amino
acid sequence and that of nonretinal cyclic nucleotide phospho-
diesterases (CN PDEs), indicating that the a-subunit gene is a member of
a conserved gene family of CN PDEs spanning diverse species from yeast
to man. The complexity of the bovine cGMP PDE a-subunit gene is
comparable to other PDE genes of higher eukaryotes and may be a
general feature of the members of this gene family.
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ABBREVIATIONS
Abbreviations used without definition were taken from the Proceedings of the National
Academy of Sciences, U.S.A., Information for contributors: Volume 85, p.p. iii-v, 1988.
Additional abbreviations used are as follows:
RPE: retinal pigment epithelium
IPM: interphotoreceptor matrix
ROS: rod outer segment
c¢GMP PDE: bovine rod outer segment 3’,5’-cyclic guanosine
monophosphate phosphodiesterase (EC 3.1.4.17)
CN PDE or PDE: denotes any 3’,5’-cyclic nucleotide phosphodiesterase
that hydrolyzes cAMP or cGMP
TPCK: tosylphenylchloroketone
SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis
MW: molecular weight
PTH: phenylthiohydantoin
DEPC: diethylpyrocarbonate
PEG: polyethylene glycol (molecular weight 8,000)
TMAC: tetramethyl ammonium chloride
DOS: disk operating system
VMS: virtual memory system

pfu: plaque forming unit



Phototransduction in rod cells is initiated by the absorption of
light. Compelling data from a number of laboratories (25) have shown
that three proteins; rhodopsin, transducin, and cGMP PDE, are central
in the pathway of information flow from the light stimulus to a reduction
in intracellular cGMP concentration. Upon absorption of a photon, the
receptor, rhodopsin, activatés a specific G-protein, transducin, which
then stimulates a marked increase in cGMP PDE activity. The ensuing
decrease in cGMP levels produces a hyperpolarization of the plasma
membrane, caused by the closure of cGMP gated ion channels.

In bovine, cGMP PDE is a three subunit enzyme that is disk
membrane associated, with stoichiometric composition a(88 kD), B(84
kD), and v,(10 kD) (26,27). The y-subunit functions as an inhibitor of
cGMP PDE maintaining its activity at a basal level in the dark. Although
the enzyme activity purifies as a heterotrimer, it is not clear that the
enzyme is composed this way in vivo. Hurwitz et al. have shown that
both the a and B subunits have activity that is separately inhibited by
the y-subunit (28). Unfortunately, the inability to separate and isolate
active o and P subunits in amounts amenable for reconstitution
experiments has made it impossible to investigate their potential
independent regulation.

Recently, Ovchinnikov et al. reported on the primary structure of
the a-subunit deduced from overlapping cDNA clones (29). A portion of
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this sequence is homologous to an ~275 amino acid segment found in
many nonretinal cyclic nucleotide PDEs (CN PDEs) in diverse species
(50). This region, which has been termed the "conserved domain", is
thought to form part of the catalytic domain of this enzyme family.

We initiated a molecular dissection of bovine cGMP PDE to study
the interactions of the a and p subunits and the regulation of the enzyme
in the phototransduction cascade. The analysis was extended to the
study of the human a-subunit to probe the potential clinical signifigance
of the enzyme in hereditary retinal dystrophies. In these studies we
confirm the sequence of the bovine cGMP PDE a-subunit by sequence
analysis of several cDNA clones. Additionally, during this analysis we
have surprisingly identified four strikingly similar a-subunit like
variants. These variants, as well as the a-subunit, are encoded by
multiple RNAs from a gene extending over more than 160 kilobases. A
full length human a-subunit ¢cDNA encodes a protein molecule that is
94% identical to the bovine a-subunit. The gene encoding the a-subunit

has been mapped to the long arm of human chromosome 5.



LITERA REVIEW

Retinal Morphology. In the eye, light focused onto the retina is

absorbed and then converted to an electrical impulse; a process called
phototransduction (1). The initial transducing events are mediated by
highly specialized cells termed photoreceptors. Most mammalian retinas
contain two morphologically distinct photoreceptor cell types, cones and
rods. There are typically three types of cone cells characterized by the
wavelength of light absorbed by their receptor molecules. The cone cells
function in bright light and mediate color vision (2). Rod cells, on the
other hand, function at lower levels of illumination (3). Rod cells out-
number cone cells in higher mammals by approximately 15 to 1, and
because of their abundance and ease of isolation, phototransduction in
the rod cells is better understood.

Rod cells are elongated neural cells that can be subdivided into
four distinct regions (Figure 1). Phototransduction occurs in the outer
segment which contains about 2000 membranous discs that are formed
when an invagination of the plasma membrane is pinched off (4). Old
discs are shed at the distal end of the rod cell as new discs are formed.
The shed discs are destroyed by the phagocytic activity of the RPE, a
layer of cells contiguous with the distal part of ROS that extends between

rod and cone cells. The space between rods and cones that is not filled



by the RPE is made up of a filamentous mesh of glycosaminoglycans,
proteins, and glycoproteins termed the IPM (5).

A Model for Phototransduction. The biochemical basis of signal
transduction in the rod cell has been subjected to intensive study (6-9).
Three proteins, rhodopsin, transducin, and cGMP PDE make up greater
than 80% of the total protein found in ROS. It has been proposed that
the interaction of these three proteins, in large part, mediates the trans-
ducing process (10, summarized in Figure 1 and Table 1). In its
activated form, rhodopsin interacts with transducin in an undefined
manner to cause the exchange of GDP for GTP on the a-subunit of the
transducin molecule (18). The GDP-GTP exchange brought about by the
interaction of transducin with rhodopsin causes the transducin o-
subunit to dissociate from a complex of the B and y subunits. The
dissociated a-subunit is then free to interact with and activate the cGMP
PDE. In the dark, cGMP directly interacts with Nat ion conductance
channels to keep them open (76). Impinging light on the retina leads to
the hydrolysis of cytoplasmic cGMP to 5° GMP catalyzed by the cGMP
PDE. This is accompanied by the subsequent closure of many Nat+
channels which produces a transient hyperpolarization in the rod cell.
Thus, a light stimulus has been converted into an electrical signal that
will be transmitted through other retinal layers finally arriving at the
visual centers of the brain.

Rhodopsin. The seminal work by Wald uncovered the important
role of rhodopsin in the signal transduction process (85), and set the
direction for future experiments. It is now known that rhodopsin is an
integral transmembrane protein that has been localized within the disc



Figure 1: The ¢cGMP Cascade of Vision in Retinal Rods., Shown at the
bottom of the figure is a schematic of a rod cell. Rod cells are
differentiated into inner and outer segments that are connected by a
cilium. The inner segment contains the nucleus, most of the cell's
biosynthetic machinery, and are continuous with the synaptic terminals.
The membranous discs in the outer segment that form by an
invagination of the plasma membrane are pinched off to become
autonomous. It is within these discs that the light receptor, rhodopsin,
resides. The primary biochemical events that initiate phototransduction
are shown at the top. A model to explain these events has been proposed
by Stryer (10). Table 1 identifies the symbols used in this model.

1) In the dark, nearly all of the transducin is in the T-GDP form, which
does not activate the cGMP PDE.

2) The chromophore of R, 11-cis retinal absorbs a photon which results
in the activation of R to R*.

3) R* encounters T-GDP and forms an R*-T-GDP complex.

4) GTP exchanges for GDP in the R*-T-GDP complex. In essence, the
role of R* is to activate transducin.

5) The exchange of GTP for GDP markedly diminishes the affinity of R*
for transducin. In addition, the affinity of Ty for Tgy is very much
decreased. These changes in binding affinities are crucial for the
efficient operation of the cycle. The released R* is free to interact with
another T-GDP, enabling R* to act catalytically.

6) To-GTP activates the cGMP-PDE by overcoming an inhibitory
constraint (i) imposed by its y-subunit. Activated cGMP PDE hydrolyzes
cGMP at a very rapid rate. This leads to the closure of many Na+ ion
channels and results in a transient hyperpolarization of the plasma
membrane.

7) The GTPase activity inherent in the a-subunit of tranducin converts
To-GTP to T,-GDP in times of seconds to a minute; this in turn results in
the deactivation of the cGMP PDE. Ty-GDP then rejoins Tgy.

One activated rhodopsin molecule can activate as many as 500
transducins, which in tum activate cGMP PDE molecules that can
hydrolyze as many as 2000 cGMP molecules per second, resulting in an
amplification cascade that yields a 106 gain from a single activated
rhodopsin (1).
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Table 1: Proteins of the cGMP Cascade of Vision. Some of the major
constituent proteins of the ROS are shown. These proteins comprise
greater than 80% of the total protein of the ROS. A model proposed by
Stryer (10) that integrates the biochemical properties of these proteins is
shown in Figure 1. The sizes of the proteins are based on that observed
from SDS-PAGE analysis.
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and plasma membranes of ROS. It consists of a chromophore, 11-cis
retinal, as the prosthetic group, that is covalently attached (lysine 296) to
the apoprotein, opsin (11). The molecule contains seven hydrophobic
regions proposed to loop through the disc membrane with the C-
terminus on the cytoplasmic face and the N-terminus within the lumen
of the disc (12). Several potential sites of phosphorylation are located
near the C-terminus that are thought to be involved in the regulation of
rhodopsin activity (13). The initial event of phototransduction is pro-
duced through the chromophore, 11-cis retinal. Light absorbed by the
chromophore causes it to be isomerized to all trans retinal, a process
called bleaching (16). Spectroscopic studies have shown that at one of
the transition states (metarhodopsin II) in the isomerization process, the
rhodopsin is converted to an activated form (17). The basis for the
structural changes causing the activation are not understood.

The genes for both human and bovine rhodopsin have been cloned
and their nucleotide sequences determined (14,15). There is marked
conservation in both gene structure and nucleotide sequence. The
coding region in both genes is interrupted by four introns. Both proteins
have the same number of amino acid residues and exhibit 94% overall
homology. Most importantly, three loops thought to be on the cyto-
plasmic face of the disc are perfectly conserved. This is consistent with
the suggestion that the three loops are involved in the binding of
transducin, arrestin, and rhodopsin kinase; however, the stoichiometry
has not been established. Additionally, the 11-cis retinal attachment site
and all but one of the phosphorylation sites are identical in the two
proteins. The human rhodopsin gene has been mapped to chromosome

3 (101).
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Transducin. Transducin was so named because of its role as an
intermediate in the transduction process (18). It is composed of three
subunits, a (39 kD), B (36 kD), and y (8 kD), and is found peripherally on
the disc membrane, following illumination. Transducin is a member of
the well-characterized family of G-proteins which have been shown, or
are implicated, to be signal mediators in a variety of transduction pro-
cesses (19). Characteristic of all G-proteins is at least one guanyl
nucleotide binding site and intrinsic GTPase activity. These functions
reside on the a-subunit of transducin (10).

Recently, a transducin a-subunit cGMP PDE y-subunit complex
was identified (98), consistent with the hypothesis that activation of
c¢GMP PDE occurs by removal of the inhibitory constraint imposed by the
v-subunit. A three dimensional model has been proposed for the a-
subunit based on crystallography data from other related proteins (93).
The region of interaction with the cGMP PDE y-subunit is suggested to be
delimited to amino acids 49-175. This region is predicted to be com-
posed of eight antiparallel p strands.

Corresponding cDNA clones have been isolated for the a, f and y
subunits of transducin (78-80). Of the several groups that reported the
sequence of the a-subunit, one group reported a sequence (81) that dif-
fered slightly from the others. Subsequently, it was shown that rod and
cone specific transducin molecules are the basis for this difference (82).
The gene encoding the a-subunit has been mapped to human chromo-
some 3 (94) and mouse chromosome 9 (95). The two genes encoding the
B-subunits that are thought to be common to all G-proteins (99) have

also been mapped. Ggl is on human chromosome 1 (94) and mouse 19
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(94). Gg2 is on human chromosome 7 (94), its mouse location has not
been determined.

¢cGMP PDE. The cGMP PDE also consists of three subunits: o (88
kD), B (84 kD), and v, (11 kD) (20,26,27). In the dark, the enzyme
exhibits a very low catalytic activity (50 moles c¢cGMP
hydrolyzed\second\mol), which is increased markedly (3700 moles
cGMP hydrolyzed\second\mol) by light. The observation that limited
tryptic digestion also greatly enhanced the activity suggested that
activation might occur by removal of an inhibitory constraint.
Subsequent studies showed that this constraint is levied by the fy-
subunit of the cGMP PDE (21). Three observations led to this conclusion
(21). First, it was shown that limited trypsinolysis rapidly degraded the
v-subunit, while a and p and their association remained unaltered.
Second, when purified y-subunit was added back to trypsin activated
PDE, 99% of the activity was inhibited. The dissociation constant for the
binding of y to a-f is 0.13 nM. Third, during purification of the enzyme,
the inhibitory activity copurified with the catalytic activity.

Complementary DNA clones representing bovine and mouse cGMP
PDE y-subunits have been isolated (22,92). Thirteen of the 87 amino
acids of the y-subunit are tryptic cleavage sites. Interestingly, 10 of these
residues are concentrated in a stretch of 22 amino acids that contains no
acidic residues. This is consistent with the observation that trypsinolysis
increases the activity of the cGMP PDE by removing the inhibitory con-
straint imposed by its y-subunit. The y-subunit gene has been localized
to mouse chromosome 11 (97).

Purified cGMP PDE has a measured km for cGMP of ~50-70 uM
and 2200 uM for cAMP. Recently, the stoichiometry was determined by
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two groups, using markedly different approaches, to be afy, (27,96).
Although the enzyme purifies as a heterotrimer of the three subunits, it
has not been unambiguously demonstrated that the enzyme is composed
this way in vivo. Based on the results of biochemical and immunological
analysis, Beavo has suggested that minor isozymic forms of cGMP PDE
exist in the rod outer segment (28, 120). In the report of this analysis, it
was shown that the a and B subunits can be separated by HPLC. It was
then discovered that the subunits retain activity independent of their
presumed association and that the activity could be inhibited by addition
of the y-subunit. Moreover, the inhibition could be removed by addition
of activated transducin, leaving open the possibility that an ay and a By
subunit association may exist in vivo representing two distinct enzymes.

Ovchinnikov et al. have also reported on the analysis of cDNA
clones encoding the a-subunit and a portion of the B-subunit (86). A
composite sequence spliced together from overlapping cDNA clones
predicts an a-subunit with a MW of ~99 kD, significantly higher than the
88 kD value predicted from SDS-PAGE analysis (20). The sequence of
two peptides was identified from an a-subunit tryptic hydrolysate, that
are not found in a B-subunit hydrolysate in support of the cDNA
sequence. Additionally, the first 12 amino acids at the N-terminus of the
a-subunit were determined by mass spectrometry. However, only one
cDNA clone was isolated covering a portion of the C-terminus of which no
peptide sequence was presented. Preliminary findings of C-terminal
heterogeneity in retinal cGMP PDE (87) left doubt as to the authenticity
of the reported sequence. It was possible that the overlapping cDNA
clone covering the C-terminus represented a closely related PDE and not
the a-subunit. A portion of the B-subunit sequence was also presented,
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as deduced from cDNA clones. No peptide sequence was provided in
support of the sequence presented leaving open the possibility that a
PDE polypeptide other than the B-subunit had been cloned. The identity
of their postulated B-subunit still remains unclear. The question of the
number of genes encoding the o and B subunits also remains
unanswered. Even if the reported B-subunit sequence is correct, the
differences in sequence between the subunits can be accounted for either
by alternative splicing of transcripts from a single gene, or two separate
genes.

Characterization of Other Retinal PDEs. While the number of
cGMP specific PDE isozymes in the retina has not been firmly estab-
lished, it is clear that multiple forms do exist. A high affinity form
identified only by histological methods has been found in the inner plex-
iform layer (100). A cone outer segment PDE has been characterized that
is similar to rod cGMP PDE, but appears to have only one large subunit
of 94 kD and three small subunits of 11,13, and 15 kD (31) . The 11 kD
subunit has been shown to be very similar if not identical to the rod
cGMP PDE fy-subunit. Other properties of the cone enzyme further
distinguish it from the rod enzyme. The cone enzyme binds 10 fold more
cGMP/mole than the rod enzyme. This binding occurs at a noncatalytic
site with very high affinity (kD=11nM). The dissociation of cGMP from
this site is slow with a halflife of 10-20 minutes at 370C. Rod transducin
will activate the cone enzyme with half maximal activation requiring 50
fold less (15 nM) transducin than that required for the same activation of
rod cGMP PDE.

A PDE in the IPM, termed IPM PDE, has also been characterized
which has subunit sizes of 47 and 45 kD (102). The apparent native MW
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is 350,000 by gel filtration suggesting a multi subunit assembly. The
kinetic properties for this PDE are essentially the same as that observed
for the rod enzyme. The enzyme could be immunoprecipitated with a
monoclonal antibody that blocks activity of the cGMP PDE (28). The
possibility that this PDE is simply a proteolytic product of the rod PDE is
ruled out by the procedure used to isolate the enzyme, which was shown
not to release the cGMP PDE from the disk membrane. The function of
this PDE is unknown, however it may act as a scavenger to mop up
excess cGMP, which has been shown to be toxic in high dosage to the rod
cell (84).

Other Rod Cell Proteins of Importance in Phototransduction.
Several other proteins have been shown or are thought to participate in
the regulation of phototransduction. Rhodopsin kinase has been shown
to phosphorylate rhodopsin on accessible sites near the C-terminus,
thereby decreasing its activity (23). The enzyme has recently been puri-
fied to near homogeneity (88). It exists as a single polypeptide chain of
MW ~70 kD. Similarities were observed in comparison to the -
adrenergic receptor kinase (89), suggesting that the two kinases may be
members of a kinase family that also includes the muscarinic acetyl-
choline receptor kinase.

The decrease in activity of rhodopsin requires another protein
called arrestin (24) or S-antigen which will bind to phosphorylated active
rhodopsin but not to unphosphorylated active rhodopsin, thus inhibiting
the binding of transducin (25). S-antigen is a 48 kD protein that appears
to be cytosolic in the absence of light, and associated with the disk
membrane following illumination (90). A cDNA clone encoding arrestin
has been isolated (91). Comparison of deduced amino acid sequence for
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arrestin and the a-subunit of transducin revealed striking similarities
(83), consistent with the idea that arrestin competes with transducin for
binding sites on activated rhodopsin, thereby inhibiting rhodopsin’s
ability to bind transducin and activate it. It has also been suggested,
based on the results of crosslinking analysis that arrestin binds directly
to cGMP PDE to inhibit its activity (103). Perhaps arrestin is responsible
for the reassociation of the cGMP PDE y-subunits and af), facillitating the
return to the dark state.

Guanylate cyclase catalyzes the conversion of GTP to ¢cGMP, and
therefore is an essential component of the recovery process following a
light stimulus. The instability of the enzyme has made its purification
difficult, and thus its characterization is based on crude or partially
purified preparations (104). It has been shown, based on microdissec-
tion studies of histologically defined retinal regions that much of the
enzyme activity present in the retina is concentrated at the axoneme of
the rod cell. Only in the plexiform layers has a significant amount of
activity been found outside of the photoreceptor cell (105). More
recently, Koch and Stryer (106) have shown that the enzyme activity is
increased markedly (5-20 fold) in response to very small changes
(200nM-50nM) in the intracellular calcium concentration. It was also
suggested that a new type of calcium binding protein mediates this
effect.

Additional proteins important for guanine nucleotide metabolism
have also been identified and partially characterized in ROS. A 5
nucleotidase which converts 5-GMP to guanosine exists in ROS as a
membrane bound enzyme of ~75 kD (107). The kpy for 5-AMP was
measured at 1.3 uM and for 5’-GMP a ky,, value of 2.3 uM was observed.
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A guanylate kinase which produces GDP from 5-GMP and a
nucleoside diphosphate kinase which can convert GDP to GTP has been
characterized in frozen retina and from isolated rods (108,109). The
guanylate kinase has been purified from ROS and it was determined to
have a km of 13 uM for GMP and 430 pM for AMP. It was suggested that
the enzyme exists in one copy per 800 rhodopsins. These results estab-
lish that the enzymes capable of recycling 5-GMP to cGMP, namely,
guanylate kinase, nucleoside diphosphate kinase, and guanylate cyclase
are present in ROS, but it is unclear whether the anabolic or catabolic
pathways for the regeneration of 5’-GMP predominate.

The major phosphoprotein identified in ROS has been termed 33k
(110). This protein is thought to be specific to visual cells (111), and
phosphorylated in a cyclic nucleotide dependent manner (112). Inter-
estingly, phosphorylation levels of the protein are highest in dark
adapted retinas and dephosphorylated upon illumination (113), in direct
contrast to rhodopsin phosphorylation. The recent finding that 33k
exists as a complex with the B and y subunits of transducin (52) suggests
an important role in the regulation of phototransduction, which is yet to
be determined.

Post Translational Modifications. The post translational addition of
palmitate is thought to occur only through a covalent thioester linkage to
cysteine residues. Thioester linked lipidation has been shown to occur
on two cysteines in bovine rhodopsin, but its importance has not been
established (114,115). However, palmitylation at a cysteine in two N-ras
and a closely related yeast YPT1 protein has been shown to be essential
for normal enzyme function (116). Palmitylation has also been observed
in a number of other proteins in which methylation at the C-terminus
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was also identified, including the ras and ras related proteins (117).
Intriguingly, potential palmitylation sites are located near the C-terminus
of the predicted cGMP PDE a-subunit sequences in both bovine and
human (118), and methylation has previously been reported to occur on
the bovine a-subunit (159). Indeed, it has been suggested that
methylation of the a-subunit, and potential palmitylation are coupled
and may serve as a membrane anchor by increasing the hydrophobicity
at the C-terminus (117).

Classification of Eukaryotic Cyclic Nucleotide PDEs. Character-
ization of CN PDE was reported as early as 1961 by Drummond and
Perrot-Yee (119). At that time it was thought that only one form of PDE
existed that hydrolyzed cyclic nucleotides. Currently it is known that
multiple PDEs exist in most, if not all, cell types that are regulated by
very differing mechanisms. It is expected that many more isozymes are
yet to be identified (120).

A pioneer in the study of mammalian PDEs, J. Beavo, has recently
undertaken the effort to classify the numerous isozymes of PDEs that
have been identified (120). This task has proven formidable due to the
large number of recent studies on PDEs, and the problems associated
with studying the biochemistry of the enzymes. Even though many
forms of PDE clearly exist, separation and characterization have proven
difficult because many of the isozymes (even within a single cell type) are
very closely related. Additionally, the problem is compounded by the
relatively low levels of PDE that are present for most isoforms, and par-
tial proteolysis leading to false predictions of heterogeneity.

Nonetheless, certain properties of the various PDEs allow them to
be distinguished and thus separated into separate classes. Shown in
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Table 2 are the six classes of mammalian PDEs adapted from the review
by Beavo (120). The photoreceptor PDEs exhibit a marked preference for
cGMP PDE and therefore are grouped into the cGMP specific class. The
"low k;" PDEs in general are more selective for cAMP as substrate. Ro-
20-1724 is a pharmacological agent that has been shown to selectively
inhibit PDEs in this class. The cCMP and cUMP PDEs are thought to be
very minor species and have not been well characterized.

Several non-mammalian PDEs have also been characterized, most
notably a yeast and a Drosophila cAMP PDE, both of which are most
closely related to the low kmy, class of mammalian PDEs (121,122). Com-
parison of the primary structures of these enzymes deduced from cDNA
clones to mammalian PDEs in classes 1-4 for which sequences were
available has uncovered a significant similarity (50, see also Figure 17).
This establishes the concept that at least some, and perhaps all, mem-
bers of the four classes of mammalian PDEs comprise a conserved
enzyme family that has endured several hundred million years of evo-
lution.

Molecular Genetics of Eukaryotic Cyclic Nucleotide PDEs, The
best studied PDE gene to date is the Drosophila dunce gene, which
encodes a low ky, cAMP PDE. The locus resides at chromomere 3D4 on
the X-chromosome (132). While the complete gene structure is yet to be
determined, it is clear that the locus is unusually complex. The gene
spans more than 100 kb of DNA and encodes at least six related RNAs
ranging in size from 9.5 to 4.5 kb (132,133,134). Surprisingly, all of the
RNAs appear to encode an identical protein. The upstream untranslated
region of the gene is split by multiple introns that are spliced
differentially to account for some of the RNA complexity (133,134). The
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Table 2: Classification of Mammalian Cyclic Nucleotide PDEs, Cyclic
nucleotide PDEs have been grouped according to enzymylogical,

biochemical, and pharmacological properties adapted from Beavo (120).
The tissue source is noted with its appropriate reference in parentheses.
The term "low k" has been designated arbitrarily to signify any PDE
with a kp less than 1 uM. The "low k" forms present in classes 3 and
4 represent distinct isozymes. Subclasses of brain Cat+-calmodulin
activated PDEs have been identified (39,41).
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most unusual feature of the dunce locus is the presence of multiple
seemingly independent transcription units identified in a 79 kb intron in
the upstream region of the gene (134). At least three genes have been
identified within the locus. The significance of this novel organization
has yet to be determined.

Clinical Significance of a Defective cGMP PDE., A great deal of
evidence has been reported that suggests a link between retinal degener-
ation and defects in phototransduction metabolism. Hollyfield and
coworkers (84) demonstrated that elevated levels of cGMP are toxic to
photoreceptor cells in Xenopus laevis eye rudiments, and in the adult
human retina maintained in culture. The specificity of the degeneration
for rod cells is quite remarkable. Several animal retinal degeneration
mutants have been identified which exhibit very high levels of photo-
receptor cGMP (82, 127, 128, 129), prior to the onset of any
morphological disruption. In one of these mutants, the rd mouse (86),
cGMP PDE has been shown to exhibit abnormal subunit assembly (122),
and to display altered kinetic properties (82). The retinas of these mice
undergo complete photoreceptor layer degeneration within 20 days
postnatal (123), however other retinal layers remain essentially intact.

High cGMP levels were also reported in rod photoreceptors of a 17
year old male with autosomal dominant retinitis pigmentosa (ADRP). The
authors suggested a strong correlation between morphological and
biochemical characteristics in this patient’s retina, and those observed in
the rd mouse (124). Indeed, the cGMP PDE gave rise to abnormal kinetic
parameters similar to the rd mouse enzyme. Moreover, the
morphological degeneration observed was shown to be mostly limited to

areas of the photoreceptor layer that are predominantly composed of rod
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cells. ADRP is one of a group of clinically related retinal dystrophies of
which there is presently no effective treatment and the cause is unknown
(125).

The general objectives of the dissertation research presented here
were to carry out a molecular dissection of rod cGMP PDE. The
availability of the molecular probes provided from this work allows the
opportunity to further analyze the enzyme in ways that have not, up to
now, been possible. A detailed description and analysis of the work is
presented in the pages ahead.



Materials

Bovine eyes for retinal nucleic acid isolation were obtained from
Murco, Inc. of Plainwell, MI. D. G. McConnell in the Department of
Biochemistry, Michigan State University graciously provided purified
cGMP PDE prepared according to Kohnken et al (26). Further
purification to near homogeneity was achieved by rechromatography of
the final product on Sephacryl S-200 (Pharmacia). y-[32P] ATP and o-[32P]
dCTP were obtained from New England Nuclear. Oligo dT cellulose type
III was purchased from Collaborative Research, Inc. HPLC grade
acetonitrile, trifluoroacetic acid, ammonium acetate and TMAC were
obtained from Aldrich. Proteinase K, DNA polymerase I and Klenow
fragment were purchased from Boehringer Manheim Biochemicals.
Restriction endonucleases were obtained from New England Biolabs,
International Biotechnologies, Inc., or United States Biochemicals. T4
polynucleotide kinase was purchased from Pharmacia. Sodium dodecyl
sulfate was obtained from Pierce. All other biochemicals were purchased
from Sigmal Chemical Co. Reagents for media preparation were obtained
from Difco, except NZ-amine which was from Sheffield Products.
Bacterial strains used in this study were C600 hfl, JM101, JM103 and
JM109 (51). Cloning vectors used were pUC8, pUC19, M13mp8,
M13mp9, M13mp18, M13mp1l9 (51), pBS (Stratagene) and A EMBL-3
(51).

24
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Methods

Den Pol 1 1 SDS-PAGE analysis was
performed in 15% acrylamide/0.08% bis-acrylamide gels as described
(20). Electrophoresis was carried out at 100 V until tracking dye neared
the bottom of the gel. The protein bands were visualized by staining the
gels with Coomassie brilliant blue (53) or with a more sensitive silver
staining method (74).

Modification of the cGMP PDE. The enzyme was modified by S-
carboxymethylation for sequence analysis as described by Gracy (54).

Tryptic Digestion of Modified Protein. Ten pL of TPCK treated
trypsin (100 ug/ml) was added to the modified protein in an Eppendorf
tube. Digestion was allowed to proceed for 3 hours at 370C on a roller
drum incubator. An additional ten pL of trypsin solution was added and
the incubation continued overnight. After digestion, the solution was
dried in a speed vac concentrator (Savant SVC 100). The protein was
redissolved in 500 pL of water. A 20 pL aliquot was removed for SDS-
PAGE analysis and the remainder was redried and stored at -200C.

High Performance Liquid Chromatography of Trypsin Cleaved
cGMP PDE. Fractionation of the trypsin cleaved protein was performed
on Waters HPLC equipment utilizing reverse phase chromatography.
Initial separation of peptides was achieved by elution from C, or Cs
reverse phase columns using a gradient of H,0/0.075% TFA and
acetonitrile/0.075% TFA as the solvent system. A linear gradient of O-
70% acetonitrile/0.075% TFA was generated over 60 minutes and
approximately one mL fractions were collected manually at timed
intervals throughout the gradient. Most of the collected fractions
containing peptides were purified in two additional chromatography
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steps. First, the peptides were eluted a second time from a reverse phase
column using the same solvent system as previously described, but with
a narrowed gradient range. Second, each sample was dried,
resuspended and rechromatographed using 25 mM ammonium acetate,
pH 6.0 (buffer A), and 50 mM ammonium acetate, pH 6.0/60%
acetonitrile (buffer B). Elution was achieved with a linear gradient of O-
70% buffer B generated over 60 minutes. Samples that appeared to be
homogeneous after the first rechromatographic step were not further
purified.

Determination of Amino Acid Sequence of Peptide Fragments.
Peptide fragments that appeared to be homogeneous after the first
rechromatography step were dried in a speed vac concentrator before
being sequenced. Peptides that were chromatographed in the
ammonium acetate gradients were dried, redissolved in water and dried
again to remove excess buffer before analysis. Sequencing reactions
were carried out on a Beckman System 890 M sequencer, and the
resulting PTH amino acids were determnined by two independent HPLC
chromatographs.  All sequence analysis was carried out in the
Macromolecular Facility in the Department of Biochemistry, Michigan
State University under the direction of Dr. Y. M. Lee.

Molecular Cloning Protocols. Restriction enzyme digestions were
carried out as previously described (55). Standard ligations into m13
replicative form DNA or plasmid DNA were as described (51). Ligations
directly in nusieve agarose (FMC Bioproducts) were performed according
to Dumais and Nochumson (56). Appropriate strains of E. coli were
transformed as described (55).
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RNA Isolation. RNA for sequencing was isolated from bovine
retinas as described by Labarca and Paigen (57) with modification.
Briefly, retinal tissue was homogenized (2-3 mL/gm retina) in ice-cold
buffer (8 M guanidine HCI], 0.01 M EDTA in DEPC treated water). One-
tenth volume of 2 M NaAc in DEPC water and one-half volume of cold
ethanol were added and the solution incubated for 3 hours at -200C.
The solution was centrifuged at 8000 rpm for 20 minutes in an HB-4
rotor to pellet the RNA. The pellet was redissolved in one-half original
volume of homogenization buffer. The solution was then reprecipitated
as above and two more rounds of resuspension and reprecipitation were
performed. RNA was extracted by adding one-twentieth of the original
volume of water and heating to 700C for 10 minutes. The solution was
centrifuged for 10 minutes at 10,000 rpm in the HB-4 rotor, the
supernatant recovered and the RNA content determined
spectrophotometrically. Water extractions were repeated until no RNA
remained in the pellet. Yields were typically 0.6 mg/gm retina (wet
weight). RNA, for northern analysis, was isolated according to Chirgwin
et al. (58).

Isolation of mMRNA. Isolation of poly (A)* retinal RNA was
accomplished by oligo dT cellulose chromatography as described (55),
except that the SDS concentration was reduced to 0.1% and the total
RNA was passed through the column three times. In addition, recovered
polyadenylated RNA was rebound to the column and eluted a second
time, resulting in a higher recovery of poly (A)J* RNA and less
contaminating nonpolyadenylated RNA.

RNA Blot Analysis. Five to ten ug of twice selected poly (A)* retinal
RNA was fractionated on 0.8-1.2% formaldehyde containing agarose gels
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and directly blotted onto nitrocellulose as described (59). Radiolabeled
DNA probes were prepared by nick translation (55) or by random priming
directly from low melting agarose gels (56). Hybridizations with cDNA
probes were performed at 420C in a buffer containing 50% formamide,
0.1 M pipes, 0.8 M NaCl, 5x Denhardts solution (59), 100 pug/ml
denatured salmon sperm DNA and 10% dextran sulfate as described
(59). For oligonucleotide probes, prehybridization was done in 12 mL of
a buffer consisting of 40% formamide, 5x Denhardt's, 5x SSC, 50 mM
sodium phosphate pH 6.8, 0.1% SDS and 250 pg/mL alkali denatured
salmon sperm DNA for 2-4 hours at 420C. Hybridization was performed
in eight mL prehybridization solution, 2 mL 50% dextran sulfate, and
100 ng unpurified end labelled oligomer for 12-16 hours at 420C.
Washes were one hour with three changes in 2x SSC at room
temperature with agitation, 30 minutes in 0.5x SSC at 500C, and five
minutes in 0.1x SSC at 500C.
DNA Isolation.

a) Bacteriophage. Cesium chloride purified and miniprep
bacteriophage DNAs were isolated according to Botstein and Davis (60).

b) Plasmid. Cesium chloride purified plasmid DNA was
isolated according to a scaled up miniprep procedure. Briefly,
transformed cells were grown to saturation, pelleted at 3500 rpm,
washed in 50 mL of 50 mM tris-EDTA pH 8.5. After resuspension by
gentle pipetting the cells were repelleted and resuspended in 18 mL of
solution A (15% sucrose, 50 mM tris pH 8.5, 75 mM EDTA). On ice, 4.5
mL of 5 mg/mL lysozyme in solution A was added, and incubated for 10
minutes with occasional gentle agitation. Thirteen and one half mL of
solution B (Solution A + 0.1% triton x-100) was added and the mixture
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incubated at 370C for 15 minutes with gentle and occasional mixing.
The majority of the very viscous solution that resulted was transferred to
a hard walled SW28 tube and spun at 24,000 rpm for 45 minutes at
40C. The supernatant (cleared lysate) was then purified by two
subsequent cesium chloride equilibrium gradient centrifugations (55) in
vertical rotors. Cesium chloride was removed by dialysis in DSB (10 mM
Tris, 1 mM EDTA, 10 mM NaCl, pH 8.0). Yields were typically 500-1500
ug/500 mL culture. Miniprep isolation of plasmid DNA was essentially
as described (61), except that lysozyme treatment was performed in the
absence of triton X-100, which was added just prior to boiling.
c¢) Genomic. Genomic DNA from a single bovine brain and

from human placenta was isolated according to Hogan et al. (62).

Isolation of Nucleic Acids from Gels. DNA fragments were isolated
from agarose gels by lining, with dialysis tubing, a trough cut in front of
the band in the gel. The trough was then filled with buffer and
electrophoresis was continued until the DNA was immobilized against
the membrane. Then, the current was reversed for 30 seconds and the
DNA was removed with a pasteur pipette. Agarose contaminants were
removed by passing the solution through glass wool, and ethidium
bromide was removed by extraction with n-butanol. The DNA was then
precipitated and redissolved at a concentration of 250 pug/mL. Yields
were from 60-90% and the DNA was suitable for all commonly used
molecular biological techniques. In some experiments DNA was isolated
using geneclean milkbeads (Bio 101) according to the manufacturers
protocol.

is, Purification jolabelling of Oligonucl

Probes. Some oligonucleotides were synthesized on an Applied
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Biosystems 380B DNA synthesizer in the Macromolecular Facility at
Michigan State University under the direcion of Dr. Y. M. Lee.
Additionally, oligonucleotides were made on an Applied Biosystems 381A
synthesizer in the lab. Oligonucleotides were purified for use as
described (63), or by a method of M. Zoller. Briefly, 150ug of oligomer
was fractionated in 14-20% polyacrylamide gels. Products were
identified with short wave UV illumination onto fluorescent TLC plates
behind the gel. Bands were excised, crushed and eluted into a buffer

containing 0.5 M ammonium acetate, 1 mM EDTA, and allowed to diffuse |
overnight at 370C. Gel pieces were removed from the DNA by passage
through millex-HV filters (Waters). Further purification of the oligomer
was achieved by Sep Pak C,g (Waters) chromotography.

Labelling of Nucleic Acids.
Kination. Oligomers were radiolabeled with y-[32P] ATP using

T4 polynucleotide kinase according to the manufacturer’s protocol.
Unincorporated radionucleotide was removed by two rounds of
precipitation using denatured salmon sperm DNA as carrier.

Nick Translation. Labelling was performed as previously
described (59).

Oligolabelling. Random hexamers (pharmacia) were used
with the Klenow fragment of DNA polymerase to incorporate a-[32P] dCTP
essentially as described by Feinberg and Vogelstein (130).

Screening Human and Bovine ¢cDNA Libraries. The human and
bovine retinal cDNA libraries were constructed in the bacteriophage
lambda cloning vector AgtlO (14,15). The human cDNA library was
screened with an oligomer and a cDNA probe. Hybridizations with the
oligomer were performed at 420C in a buffer containing 0.9 M NacCl, 0.09
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M NaCitrate, 50 mM sodium phosphate, pH 6.8, 5x Denhardts solution,
100 pg/mL denatured salmon sperm DNA and 10% dextran sulfate as
described (59). Hybridizations with the cDNA probe were done at 420C
in a buffer containing 50% formamide, 0.1 M pipes (Ultrol), 0.8 M NaCl,
5x Denhardts solution, 100 pg/mL denatured salmon sperm DNA and
10% dextran sulfate as described (59). The bovine library was screened
according to a method developed by E.F. Fritsch, Genetics Institute,
Boston, MA. Briefly, filters containing ~20,000 p.f.u. were prehybridized
at 650C in a buffer consisting of 3.0 M TMAC, 50 mM sodium phosphate
pH 6.8, 1mM EDTA, 0.5% SDS, 5x Denhardt’s solution and 100 pg/mL
alkali denatured salmon sperm DNA. After 1-2 hours filters were washed
with kimwipes (Kimberly-Clark Corp.), and then placed into fresh
prehybridization solution for 12-16 hours at 650C. Hybridization was
carried out in a large volume (10-15 mLs per filter) of prehybridization
solution with 0.1 picomoles of kinased oligomer probe added per mL of
solution. Incubation was done at 35-450C for at least 48 hours, or 72
hours for highly redundant probes. Washes were done in a large volume
of 2x SSC, 0.2% SDS at room temperature for two hours with one change
of solution. Filters were then air dryed and placed at -700C for
autoradigraphy.

Screening and Analysis of a Bovine Genomic DNA Library. A
bovine genomic DNA library constructed with A EMBL-3 was purchased
from Clontech. The library was screened as described for the cDNA
library with cDNA probes. An isolated genomic clone was mapped by
restriction analysis, and according to the labelling and partial digestion
method of Baker and Board (64).



32

Determination of Gene Copy Number. The fraction of DNA that a
6.2 kb fragment represents in 10 pg of genomic DNA was calculated by

assuming a genome size of 3x10° base pairs, and 660 g/mole/base pair.
Amounts of the isolated genomic fragment equivalent to 1-6 copies of the
fragment were loaded into an agarose gel adjacent to 10 pug of genomic
DNA digested with HindIll or EcoRI. Comparison of hybridization
intensities allows an estimate of gene dosage (see Fig. 10).

Nucleic Acid Sequence Analysis.

M13 Single Stranded DNA. M13 single stranded DNA was
isolated as previously described. Nucleotide sequences from inserts

cloned into M13 vectors were determined using the dideoxy chain
termination method as described (65) with the following modifications.
Buffer gradients (66) were employed using 60 cm gels, a-thio-[3S] dCTP
was used in place of a-[32P] dCTP and reactions were performed with a
sequenase kit (U. S. Biochemicals). These modifications allowed up to
500 nucleotides to be determined on a single 60 cm gel.

Double Stranded Plasmid DNA. Plasmid DNAs were
sequenced exactly as described by Zhang et al. (67).

A DNA. Insertsin A EMBL-3 were sequenced according to
Manfioletti and Schneider (68) except that DNA isolated from cesium
chloride purified A phage was used as a template.

mRNA. RNA was sequenced essentially as described by
Geliebter (69) except that all dideoxynucleotides were added from a 0.5
mM stock.

Chromosomal Localization. The initial location was determined

using fourteen human-rodent somatic cell hybrids. Construction,
karyotyping, and DNA blot analysis of these hybrids has been previously
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described (70). Confirmation of the assignment and regional localization
was obtained with a panel of 11 human-hamster hybrids that contain
only subsets of human chromosome 5 (71,131). DNA blotting, hybrid-
izations, and washings at high stringency were as described (59).
Computer Analysis. RNA and DNA sequences were analyzed with
a number of sequence analysis packages run on microcomputers under
DOS, or on a minicomputer under the VMS operating system. Programs
written by R. Staden (72), D. Mount (73), and Bucholtz and Reisner (74),
were used to align and analyze all of the sequence described in this work.
Sequences from autoradiographs were read directly into microcomputers

using a graphbar digitizer (Scientific Accesories Corp.).



Section A Bovine cGMP PDE o-Subunit.

Trypsinolysis and Peptide Sequence Analysis of Bovine cGMP PDE,
One mg of highly purified (see Materials) cGMP PDE was graciously

provided by D.G. McConnell, Department of Biochemistry, Michigan
State University. After SDS-PAGE, cGMP PDE gives rise to three
subunits, o (88 kd), B (84 kd), and vy (11 kd) which does not stain well
(Figure 2A, lane 1). After modification and tryptic digestion, the sample
appeared as a low molecular weight smear (Figure 2A, lane 2), on a 20%
acrylamide gel. One-half (250 pg) of the total modified and digested
sample was fractionated by reverse phase HPLC. The initial sample was
divided into three aliquots, each of which was fractionated separately.
Figure 2B, profile a, illustrates a representative chromatographic profile.
For two of these fractionations, fractions of one ml were collected at
thirty second intervals. Fractions indicated on the figure were pooled for
rechromatography. However, fractionation of one aliquot gave very high
absorbance readings and so all the material from this final fractionation
were combined with the selected pooled fractions from previous
chromatography steps and rechromatographed. The resulting profile is
shown in Figure 2B, profile b. Fractions were collected at thirty second
intervals and regions were selected for rechromatography. Material

34
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Figure 2: Analysis of Tryptic Peptides of Bovine cGMP PDE. One mg of
highly purified protein was modified and digested as stated in Methods.

A. Lane 1: SDS-PAGE analysis of 3 pg purified cGMP PDE protein.
Lane 2: 1/25 of the total sample after modification and trypsinolysis. B.
Initial fractionation of 250 ug of modified trypsin digested sample. Profile
a: Tryptic fragments were eluted from a reverse phase HPLC column.
Peaks designated by letters were pooled for subsequent purification.
Profile b: Pooled fractions from initial chromatographs were recombined
and rechromatographed. Peaks corresponding to peptides which yielded
sequence data are indicated. Profile c: Samples remaining from all
previous chromatographs were pooled and rerun as described. Peaks
corresponding to peptides that yielded sequence data are indicated. C.
Purification of pooled samples. Profile a: Peaks E and F (panel B, profile
b) were combined and fractionated under the same conditions as
previously to yield peptide cPDE6. Profile b: A peak (not shown) purified
from peak D (panel B, profile c) was rechromatographed under the same
conditions as previously. Profile c: Peaks A and B (panel C, profile b)
were fractionated wusing a linear gradient of ammonium
acetate/acetonitrile as described in Methods. D. Sequence analysis of
peptides. Seven purified peptides were subjected to automated Edman
degradation and analyzed by reverse phase HPLC. Yields of PTH amino
acids are shown for two peptides, PDE3 and PDES, that proved to be
crucial to this study.
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remaining from the previous fractionations and any material not used
from the experiment shown in profile b was combined and again
chromatographed with the resulting profile shown in Figure 2B, profile c.
Fractions corresponding to regions A-D were pooled separately. Each
combined fraction was rechromatographed to obtain homogeneous
peptide. Figure 2C, profile a shows the result of rechromatographing
peaks E and F (Figure 2B, profile b), from which peptide PDE6 was
obtained. Similarly, peptides AB1 and PDE3 were obtained after further
purification of peak D (Figure 2B, profile c¢). In all, eighteen peptides
were purified in sufficient yleld to obtain amino acid sequence. Eight
peptides were chosen for sequence analysis in the Department of
Biochemistry, Michigan State University macromolecular facility. Amino
acid sequences were obtained for seven of the peptides, but the eighth
could not be analyzed. No trace of PTH derivative was observed for the
eighth sample indicating the absence of protein. Figure 2D shows the
yield of PTH amino acid for peptides PDE3 and PDES.

Synthesis of Oligonucleotide Probes. A unique oligonucleotide

unambiguously reflecting the sequence of each peptide cannot be

fashioned due to the degeneracy of the genetic code. Several alternative
approaches have been used to circumvent this problem. First, unique
oligonucleotides of length greater than 32 bases have been synthesized
using information such as codon preferences and relative instability of
an A:C mismatch compared to a G:T mismatch to create a sequence that
is most likely to correspond to the in vivo sequence (75). Second,
mixtures of oligonucleotides have been synthesized that reflect all
possible sequences of a peptide (77). In this case, peptides containing

serine, leucine or arginine residues which have degeneracies at more
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than one position are avoided. And third, deoxyinosine has been used at
the wobble position (78), since preliminary evidence suggested that the
hypoxanthine base of deoxyinosine acted in an inert fashion, neither
contributing to, nor destabilizing the DNA hybrid (79). Again, peptides
containing amino acids with greater than four degeneracies are not
desirable with this approach. Elements of all three of these approaches
were incorporated into the design of the oligonucleotides described in
this section. A codon usage table was compiled (not shown) from the
deduced amino acid sequences of 12 bovine genes extracted from the
Genbank nucleic acid database (80). From this table, it was found that
leucine residues are encoded by C,T at the first and second positions,
respectively, greater than 75% of the time. Therefore, for the leucines
encountered in the seven peptides, the codon C T I was used. For amino
acids where there were only two possible codons, both were included in
the oligonucleotide mixture, and any amino acid where three or four
codons were possible, a deoxyinosine was incorporated as the wobble
base. Figure 3 presents the amino acid sequence for each peptide and

the corresponding oligonucleotides.

Screening the Bovine Retinal cDNA Library. One hundred and
twenty thousand plaques from a bovine retinal cDNA library (15) were
screened with each oligonucleotide on duplicate filters. A novel method
of plaque hybridization was used, taking advantage of the properties of
TMAC (see Methods). From the initial library screen, 285 hybridizing
clones were identified on both the original and duplicate filters. These
clones were rescreened by scoring, into sixteen sections (Figure 4), an 85
mm petri dish plated with the appropriate bacterial host strain. A drop

of phage suspension was placed in a section and allowed to drip down
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Figure 3: Design of Oligonucleotide Probes. A. Sequence of seven

tryptic peptides from amino to carboxyl terminus. Peptides PDE3 and
AB1 terminate with a tyrosine residue, presumably due to contaminating
chymotryptic activity not quenched by TPCK. Peptide PDE4 is truncated
due to an insufficient amount of sample. No PTH amino acid was
observable for residue 7 in peptide 5. B. Sequence of the
oligonucleotides. = Oligonucleotide mixtures containing deoxyinosine
residues and reflecting some codon degeneracy were synthesized (see
text). I is used as the single letter designation for deoxyinosine. An
oligonucleotide was not synthesized reflecting the sequence of peptide
ABl.
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Figure 4: Screening of the Bovine Retinal cDNA Library., The primary

screening of the bovine cDNA library resulted in the recovery of 285
positively hybridizing recombinant phages. A. In order to rapidly
rescreen the clones obtained, an 85 mm petri dish was scored into
sixteen sections. Undiluted phage representing each clone was allowed
to drip down one scored slot as described in Methods. B. Number of
positively hybridizing phage for each oligonucleotide probe obtained in
the original screen. C. Number of positively hybridizing phage after
rescreening each clone obtained in the original screen with each
oligonucleotide probe. For example, of the thirty-two clones identified
with cPDE]1, four of them hybridized to cPDE3. Three more rounds of
hybridization reduced the number of clones to seventeen, all of which
hybridized to cPDE3 and cPDESG.
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the agarose surface. Six filters were lifted from each plate and hybridized
as described in Methods. In this manner, all of the initially identified
clones could be rescreened with each oligonucleotide probe. More than
200 of the original clones gave a hybridization signal using this
procedure. Therefore, it was necessary to find a means of limiting the
subsequent analysis. The criteria used to limit further analysis were
strength of hybridization signal and hybridization to more than one
oligonucleotide. = Twenty-five clones met these criterla and were
rescreened with the oligonucleotide probes. Of the 25 clones, 20 showed
hybridization with both cPDE3 and cPDES, three hybridized to cPDE2
only, one hybridized to cPDE5, and one showed no apparent
hybridization. Further characterization focused on 17 of the 20 clones
that hybridized to both cPDE3 and cPDE6 oligonucleotide probes. The
remaining three clones were omitted from further analysis because they
failed to hybridize in subsequent rescreens. A summary of the results of
the first two screening procedures is shown in Figure 4.

Characterization of Bovine cDNA Clones. DNA isolated from the

seventeen clones described above was digested with EcoRI, fractionated
on a 0.8% agarose gel, and visualized by staining with ethidium bromide
(not shown). All of the clones share 662 and 144 bp fragments, except
one clone where no insert was apparent. Six of the clones designated 8,
15, Pa-1, Pa-2, Pa-3, and Pa-4 (Figure 5) contain more than two EcoRI
fragments. Subsequent analyses concentrated on these clones since it
was thought that they would represent longer cDNAs. Additionally,
another clone designated 7 (Figure 5) was isolated by rescreening the
library with ¢cDNA probe 3 (Figure 7). A schematic map constructed
based on sequence analysis of the cDNA clones is shown in Figure 5.
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Figure 5: Schematic Map of Bovine cDNA Clones. The approximate
positions of four oligonucleotides (designated 1,3,5 and 6) that were

identified from a cGMP PDE tryptic hydrolysate are shown on the
restriction map at the bottom. Wider rectangles represent protein coding
segments and more condensed rectangles depict upstream or
downstream untranslated regions. A segment that is essentially identical
in all of the clones is shown as an unfilled rectangle. Included in this
region is the "PDE HOMOLOGY" domain that defines a segment
conserved in a number of CN PDEs (see text). Regions of sequence
divergence are represented by different fill patterns. Arrows at the top
mark the positions of serine (Ser) and glycine (Gly) residues that define
the endpoints of the region common to all of the clones. Predicted amino
and carboxy termini are designated NHg and COO- respectively. The
three cDNAs (numbered 8,7, and 15) that overlap to define the cGMP
PDE a-subunit sequence are shown. Shown at the bottom are the
restriction sites that are common to the clones, and other EcoRI sites
that are clone specific are shown below that clone with the corresponding

size of the unique restriction fragment.
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The sequences of specific oligonucleotide primers used to complete all of
the sequence analysis described in this study are shown in Table 3.

Three clones (7,8,15, Figure 5) within one cDNA class overlap to
define the cGMP PDE a-subunit. The composite sequence from these
cDNAs contains a 2577 nucleotide open reading frame that encodes a
sequence of 859 amino acids (Figure 6A). Although the nucleotide
sequence of this cDNA is 99.3% identical to the cDNA sequence of the a-
subunit reported by Ovchinnikov et al. (6), a number of differences were
determined. Discrepancies were identified at fourteen positions of which
three result in amino acid changes (summarized in Table Al).

Four closely related a-subunit like variant cDNAs (designated Pa-1,
Pa-2, Pa-3, and Pa-4) were also identified (Figure 5). Nucleotide
sequences representative of important residue changes in these cDNAs
are shown (Figure 6B,C,D, Figure A4). Pa-1 and Pa-2 are identical in
sequence with the a-subunit from the start of each clone at nucleotide
914 (see Figure 6A,B,C) through to position 2575. Both cDNA clones
predict 29 additional amino acids following this position before an in
frame stop codon is encountered (Figure 6B,C). These 29 residues show
no obvious relationship to each other or any similarity to the 19 residues
at the C-terminus of the a-subunit.

The nucleotide sequence of Pa-3 is identical to the sequence of the
a-subunit from nucleotide 941 to the end of the clone at nucleotide 2958
(see Figure 6A,D). The divergent sequence in Pa-3 converts the
methionine codon at amino acid position 296 (Figure 6A) to a valine
codon and introduces an in frame stop codon at nucleotides -5 to -7
(Figure 6D). The methionine at amino acid position 360 (Figure 2A)
would then define the N-terminus ylelding a protein of molecular weight
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Table 3: Primers Used for Sequence and RNA Blot Analysis, The

sequence of all oligonucleotides useful to this study is shown. Base
positions are according to the designated figures. Figure numbers
preceeded by an A signify the Appendix. Position numbers are ascending
for sense primers and descending for antisense primers. Nucleotides
shown in lower case represent mismatches in primers used for human
cDNA sequencing. For example, for sequencing primer sp-35 the human
cDNA contains the sequence CCACAGAGGCACCAATA (mismatches in
bold letters). Primer sp-7 was synthesized according to a published
sequence of a portion of A gtlO (126). The letter designations of
oligonucleotide probes mapped in Figure 7 is shown next to the primer

name.
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Figure 6: Nucleotide and Deduced Amino Acid Sequences of Bovine

cDNA _Clones. Nucleotide numbering is shown on each side of the
sequence and amino acids are numbered above each tenth residue. The
complement of oligonucleotides synthesized for RNA blotting experiments
(see Table 3) are underlined. In frame stop codons that define the open
reading frame are denoted by asterisks. A. Sequence of the cGMP PDE
a-subunit. Peptide sequences obtained from ¢cGMP PDE (see Figure 3)
are boxed. Internal EcoRI sites and the EcoRI* site are underlined. A
solid box is present above residues at the C-terminus that are potential
sites of palmitylation (see text). B. Sequence of cDNA Pa-1 and C. Pa-2.
Serine 840 corresponds to the a-subunit sequence. Nucleotide sequence
divergent from the a-subunit is shown in capital letters and numbering
is preceeded with a plus sign. D. Sequence of cDNA Pa-3. Nucleotide
sequence of Pa-3 that differs from the a-subunit sequence is shown in
capital letters and numbering is preceeded with a minus sign. The
proposed amino terminal methionine corresponds to amino acid 360 of

the a-subunit sequence.
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58,262. Clone Pa-4 differs from the o-subunit sequence only in its 3’
untranslated region. The sequence divergence begins at residue 1816
(Figure A4). An additional EcoRI fragment of ~1500 bp is also present in
the Pa-4 cDNA clone. An artifactual organization caused by the ligation
of two unrelated cDNAs cannot be ruled out. Thus, cDNA sequence
analysis predicts that three proteins exist in the bovine retina with a
striking similarity to the cGMP PDE a-subunit, and one additional cDNA
clone that may differ only in its 3’ untranslated sequence.

Blot Analysis of Bovine Retinal RNA. In order to understand the
relationships amongst the cDNAs specific oligonucleotides were used as
probes for bovine and human retinal poly (A)j* RNA.  Several
oligonucleotide probes specific to the a-subunit sequence, and a bovine
cDNA probe containing sequence common to all of the clones hybridize
predominantly to two relatively abundant bovine retinal RNAs of 4.6 and
4.0 kb (Figure 8, lanes 1-6). Oligonucleotide probes specific to the C-
termini of Pa-1 and Pa-2 hybridize to bovine RNAs of ~4.3 and 4.8 kb
respectively (Figure 8, lanes 7,8). Additionally, a Pa-3 specific
oligonucleotide hybridizes to low abundance transcripts of ~5.8, 4.4, and
3.7 kb (Figure 8, lane 9).

Using oligonucleotide probes specific for the C-termini of Pa-1 and
Pa-2, transcripts of ~5.3 and 3.5 kb are detected in poly (A)t from
human retina, respectively (Figure 8, Lanes 10,11). A smear of
hybridization to high molecular weight RNAs was observed (not shown)
with cDNA probe 9 (Figure 7) that is specific for the 2048 bp EcoRI
fragment of Pa-4. A similar but nonidentical smear was obtained (not |
shown) using a probe specific to the 1500 bp EcoRI fragment from Pa-4
(Figure 7). It is possible that these probes are hybridizing to a common
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Figure 7: Location of ¢cDNA and Oligonucleotide Probes. The cDNA

clones are shown in schematic form as in Figure 5. The o-subunit
cDNAs have been combined to show their composite organization. Maps
for each cDNA clone (7, 8 and 15) that make up the a-subunit are also
shown. Positions of oligonucleotide probes are designated by small boxes
(labelled A-G) that are sized to roughly represent the length of the
oligomer (see Table 3). Lines labelled with arabic numerals represent
cDNA probes used in RNA and DNA blotting experiments.



y-04a

NI R R R R R R R RN NITR

- L 9Inbtg

e

o~
-Pm
<4

4

ryIVry7

YRIPRR Y

o ]

PRS00

00Si~
.000
Om
'5 \\\\\\\\\\
€-04 [/A90100H 304/
.000 NIz
/ABOIONON 30d

SYNQ@2 3jTUnqns-on ST

saqoxd ¥Nao

ITUNQNS-D AL ARDD

—-he

D‘\m \ £
Om TITTITTTY 3
VP PIVIIIYI
NOI9STH NOWWOD NIZ

198



55

Figure 8: Analysis of Bovine Retinal RNA. Approximately 2 ug poly (A)*
RNA (lanes 1-9, bovine RNA; lanes 10-11, human RNA) was fractionated

on a 1.0% agarose, formaldehyde containing gel and transferred to
nitrocellulose (22). Nitrocellulose strips were hybridized as described in
Methods. The probes used for each blot strip shown are as follows: lane
1, probe 5; lane 2, pos. -35-+6 (Figure 9); lane 3, probe A; lane 4, probe
B; lane 5, probe C; lane 6, probe D; lanes 7 and 10, probe E; lanes 8 and
11, probe F; lane 9; probe G. All probe locations are shown in Figure 7
unless otherwise noted. Exposure times were three hours without an
intensifying screen for lanes 1-6 and 54 hours with two intensifying
screens for all other lanes. Lane 1 blot strip was hybridized once prior
with probe 10 (Figure 7).
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set of RNAs, but the data do not unambiguously support such a
conclusion. However it does appear that at least seven related RNAs are
identified using clone specific probes.

Sequence Analysis of Bovine Retinal RNA. The identification of the
a-subunit sequence was based on comparison of the cDNA sequences
described in this study to that reported by Ovchinnikov et al. (29). In
that report the a-subunit sequence was also determined from a number
of overlapping cDNA clones. Further support for the authenticity of the
sequence was provided by the presentation of several peptide sequences
obtained from purified a-subunit. Two of the identified peptides were
found only in the a-subunit hydrolysate and not in the B-subunit
hydrolysate. However, two regions of the reported sequence were not
supported by sufficient overlap of cDNA clones, nor by peptide sequence.
These regions are roughly defined from nucleotide 175-592 and 2512-3’
end (Figure 6A). In order to confirm the sequence in these regions direct
dideoxy sequencing of RNA was performed. The results of this analysis is
shown in Figure 9. Several specific oligonucleotides (see Table 3) were
used to prime specific regions of interest in the RNA. The sequence
obtained shows complete agreement with the reported sequence (29) and
the sequence identified in this study from cDNAs 7,8, and 15 (Figure 6A).
Therefore, the peptide sequences reported for the a-subunit (29), and
those reported here, together with the RNA sequencing data provides
strong support for the entire predicted a-subunit primary structure.

Isolation of a Bovine Genomic Clone. A genomic library was
screened with bovine cDNA probe 4 (Figure 7) resulting in the recovery of
a ~13.5 kb clone. A restriction map of this clone is shown in Figure 10A.
The EcoRI digestion pattern is somewhat tentative because of the small
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Figure 9: Direct Chain Termination Sequencing of Bovine Retinal RNA.
The results of sequence analysis of bovine retinal poly (A)* RNA is

shown. The location of the sequencing primers used are underlined with
the primers name below the sequence. Numbering is according to Figure
6A. Nucleotides shown in bold uppercase letters represent the extent of
the sequence determined with confidence. A 1340 nucleotide portion of
the sequence designated "1340 nt" has been omitted because no RNA

sequence analysis was necessary in this region.
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TTGCTGTGCAGCTCACGCCACACCAACGAGGTTCGCAAACAAGACTCAGAGAAGTCTAGG
CCAGCCTCACCCCCATCTACAGAAATAGGCAGTGCAATTCCCAGCCATGGGCGAGGTGAC
sp-55
GGCAGAGGAAGTAGAGAAGTTTCTGGACTCAAATGTCcaGCTTTGCCAAACAGTACTACAA
Cctgcgctaccgggccaaggtcatctcagacctgctgggacccagggaggeggecgtgga
sp-51
cttcagcaactaccatgcGCTGAACAGCGTGGAAGAGAGTGAAATTATCTTCGACCTCCT

GCGGGACTTTCAGGACAACCTGCAGGCCGAGAAGTGCGTCTTCAATGTCATGAAGAAGTT

GTGCTTCCTGCTGcaggccgaccgcatgagectattcatgtacagggcccggaacggcat
cgcagagctggccacccggctcttcaacgtccacaaggzi;::gtgctcgaggagtgcct
ggtggcgcctgact cggagATCGTGTTCCCCCTGGACATGGGAGTGGTGGGCCATGTTGC
GCTCTCTAAAAAGATCGTCAACGTCCCCAACACAGAGGAGGATGAACATTTCTGTGACTT
TGTGGACACCCTCACAGAGTACCAGACTAAGAACATCTTGGCTTCTCCCataatgaatgg

gaaggatgtggtggccataatcatggttgtgaataaagtggatgggccccacttcaccga
gaatgatgaagagggzgttctcaagtacctcaattttgcaaa!CTAAEChTGAAGG&GE!
CCACCTGAGTTACCTGCACAACTGTGAGACTCGGCGTGGCCAGATACTGTTGTGGTCTGG
GAGCAAAGTCTTTGAAGAGCTTACAGACATTGAGAGGCAGTTCCACAAAGCCCTGTACAC
AGTCCGCGCCTTCCTCAACTGTGACAGATACTCTGTGGGGCTCTTAGACATGACCAAACA
GAAGGAATTTTTTGATGTGTGGCCAGTCCTGATGGGGGAGGCTCCACCctacgctggtcee
caggactccggatggaagggaaatcaactttt <----1340 nt----> agaaacaag
gcggatgaactccgg;:gcttcaggtcggcttcatcgACTTTG&TTGCACCTT!G!CTAC
AAGGAATTCTCCCGTTTCCACGAGGAGATCACTCCCATGCTGGATGGGATTACCAACAAC
CGCAAGGAGTGGAAAGCGCTTGCTGATGAGTATGAGACCAAGATGAAGGGGCTGGAGGAG
GAGAAGCAGAAACAGCAGGCAGCCAACCAAGCAGCCGCAGGAAGTCAACacggcggaaag

caacctgggggcgggcctgcatccaagtcttgetgegtccaatagcagagcgaggaccca
sp-58

Figure 9
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size and large number of inserts. However, the HindIll and BamHI maps
were deternined both by double digestion, and using a method of cos
site labelling (64). This analysis confirms that the 6.2 kb HindIIl
fragment identified in the bovine genome is wholly represented in the
isolated genomic clone (see Figure 10C).

Analysis of the Bovine ¢cGMP PDE a-Subunit Gene. To assess the
number of genes responsible for these RNAs we carried out several DNA
blotting experiments. The intensity of hybridization of a 1.3 kb cDNA
probe (probe 4, Fig 7) to EcoRI and Hindlll fragments of genomic DNA,
compared to EcoRI and HindIll fragments of varying amounts of an
isolated genomic clone representing 0.1 to 4 genome equivalents,
suggests that the gene is present in single copy (Figure 10B, C,
respectively). Additionally, three cDNA probes representative of N-
terminal and C-terminal sequences (probes 1, 3, 6, Figure 7) hybridize to
single genomic DNA fragments in EcoRI, BamHI, or Pstl digested DNA
(only the BamHI digests are shown, Figure 11, lanes 1, 5, 7), consistent
with the gene copy number data. Therefore, a single locus in the bovine
genome encodes all of the identified transcripts.

A minimum size for the gene was obtained by summing the sizes of
BamHI fragments identified with representative cDNA probes (Figure 11).
Fragments that are identified by more than one cDNA probe due to
overlap were only counted once. From such analysis we estimate the
bovine gene to be at least 160 kb and is likely to be much larger. This
estimate is likely a minimum value since any restriction fragments that
contain only intron sequence would not be detected, and the cDNA
clones do not represent the entirety of the RNA molecules identified.
However, we cannot formally rule out the possibility that some of the
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Figure 10: Copy Number of the Bovine a-Subunit Gene. A. A restriction
map of the bovine genomic clone used for the copy number
determination is shown. The Sall restrictions sites are provided from the
cloning vector A EMBL-3. All other sites shown represent sites found in
the isolated genomic clone. The order of the EcoRI restriction fragments
is tentative due to the number of small fragments. B. Genomic DNA
[lanes R (EcoRI) and H (HindIll)] and the A genomic clone (lanes 0.1-4)
were digested with EcoRI and Hindlll, electrophoresed into a 0.8%
agarose gel and transferred to a nylon membrane. Hybridizations were
performed with cDNA probe 4 (Figure 7). Lanes 0.1-4 contain amounts
of the A genomic clone DNA equivalent to 0.1-4 copies, respectively of a
6.2 kb fragment that would be present in the 10 pg of genomic DNA
loaded onto the gel.
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Figure 11: Size of the Bovine a-Subunit Gene. Bovine genomic DNA
isolated from a single brain was digested with BamHI, EcoRI, Pstl or

HindlIIl, electrophoresed into a 0.8% agarose gel and transferred to a
nylon membrane. Blot strips containing the DNAs were hybridized with
oligo labelled cDNAs. The results of hybridization with the BamHI
digested DNAs are shown. The probes used for each blot strip were as
follows: lane 1, probe 3; lane 2, probe 5; lane 3, probe 4; lane 4, probe 8;
lane 5, probe 1; lane 6, probe 2; lane 7, probe 6; lane 8, probe 7; lane 9,
probe 9. All probe designations are according to Figure 7.
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probes are detecting fragments that represent closely related genes.

Section B Human cGMP PDE o-Subunit.

Isolation of Human ¢cGMP PDE a-Subunit cDNAs. A human retinal
cDNA library constructed in A gt10 was screened with a bovine a-subunit

cDNA probe (probe 4, Figure 7 and 12) representing about one half of the
protein coding region. Five cDNA clones designated HPA-2 through HPA-
6, were recovered that contained only partial sequence for the a-subunit
(Figure 12). Additional small EcoRI fragments in clones HPA-5 and HPA-
6, which presumably hybridized to the probe were not analyzed, since it
was clear that these clones were not full length. In order to isolate a full
length ¢cDNA clone, the library was rescreened with an oligonucleotide
representing the first 12 amino acids of the bovine a-subunit sequence
(Figure 6A). Twenty clones were recovered from a screen of 2 x 104
recombinants. The complete sequence was determined for all of the
cDNAs shown in Figure 12. The sequence of specific primers used for
sequence analysis is shown in Table 3. No sequence differences were
observed in any of the overlapping regions of the cDNAs.

Characterization of Human o-Subunit cDNAs. One of the clones,
designated HPA-1 (Figure 12), contains the entire open reading frame of
human cGMP PDE a-subunit. The sequence of this 2,577 nucleotide
open reading frame and the 78 nucleotides of 5’ noncoding sequence and
249 nucleotides of 3' untranslated sequence is shown in Figure 13. A
poly (A) stretch of 17 nucleotides is present at the 3’ end of the clone,
however no consensus poly (A) site was found. The underlined sequence

near the 3’ end of the clone (Figure 13) may serve as a poly (A) site or it is
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Figure 12: Restriction Map of Human cDNA Clones. A schematic map of
the full length human c¢DNA clone is shown at the top. Wider rectangles

represent protein coding segments and more condensed rectangles depict
upstream or downstream untranslated regions. Included within the
protein coding region is the "PDE HOMOLOGY" domain that defines a
segment conserved in a number of CN PDEs (see text). Predicted amino
and carboxy termini are designated NHg and COO- respectively. Bovine
cDNA fragments (probes 4 and 5, Figure 7) that were used as probes to
isolate some of the cDNAs and for chromosomal localization are shown
as thick darkened lines. An EcoRI restriction map (sites designated R) is
shown with the full length clone designated HPA-1. Other partial cDNA

clones are shown as line segments.



67

Z1 @anbr1g

9-VdH |- -
S-VdH | |
b-VdH |- “
€-VdH | {
Z-VdH | i
H

AN SNNNNN SMNNNNNNN N

ADOTOWOH 3ad -
NONONONONONNNNNNNNNNNY

-00D



68

possible that the poly (A) stretch represents an internal sequence. An
identical poly (A) segment is found at the ends of clones HPA-5 and HPA-
6.

The cDNA sequence predicts a polypeptide chain of 859 residues
(MW ~100,000), significantly larger than that predicted from its mobility
on SDS gels (20). Negative charges are in excess and appear to be
uniformly distributed (calculated pI=5.0). No apparent leader peptide was
detected in the predicted amino acid sequence, consistent with the
existence of the PDE alpha subunit as an unsecreted, soluble protein. It
is possible that the N-terminal Met is cleaved in the mature protein, and
Gly (nucleotide 2, Figure 13) is acetylated, as has been shown for the
bovine a-subunit (29).

Blot Analysis of Human Retinal RNA. To evaluate the transcription
pattern of the gene in the adult retina we used a 1.4 kb human cDNA
probe (HPA-3, Figure 12) to hybridize to human poly (A)Jt RNA.
Transcripts of 5.3 and 4.9 kb were identified consistent with the size of
the predicted open reading frame (Figure 14). The size and relative
abundance of these RNAs is similar to the two predominant RNAs seen in
bovine retinal poly (A)+ with a-subunit probes (Figure 8, lanes 1-6). The
basis for the two transcripts and their differences in abundance in either
organism has not been determined.

Chromosomal Localization of the Gene. A 1.5 kb ¢cDNA probe was
hybridized to a panel of human-rodent somatic cell hybrid DNAs digested
with EcoRI to determine the location of the human cGMP PDE a-subunit
gene. A representative blot is shown in figure 15, and the results of all
blot data are summarized in table 4. We observed 100% concordancy

with chromosome 5 and at least three discordancies were found for all
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Figure 13: Nucleotide and Deduced Amino Acid Sequence of Human
¢GMP PDE a-subunit. Nucleotide numbering is shown on the left of the

sequence and amino acids are numbered above each tenth residue. In
frame stop codons that define the open reading frame are denoted by
asterisks. Internal EcoRI sites and a putative nonconsensus
polyadenylation signal are underlined. A solid box is present above
residues at the C-terminus that are potential sites of palmitylation (see
text).
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Figure 14: Analysis of Human Retinal RNA. Approximately 2 pg human
poly (A)t RNA was fractionated on a 1.0% agarose formaldehyde
containing gel and transferred to nitrocellulose. The results of
hybridization with radiolabelled human cDNA clone HPA-3 (Figure 12) is

shown.



Figure

14

72



73

Figure 15: Blot Analysis of Human-Rodent Somatic Cell Hybrid DNA.
Approximately 15 pg of genomic was digested with EcoRlI, fractionated on

a 0.8% agarose gel, and transferred to a nylon membrane. The blot was
hybridized with radiolabelled probe 5 (Figure 7). Lanes designated
human and mouse are from control cell lines that contain only human or
mouse chromosomes respectively. Lanes designated hybrids (see Table
4) contain from left to right the following human-mouse somatic cell
hybrids: MH-74, MH-18, P-12, MH-41. Arrows mark the positions of
human DNA fragments that segregate with the ¢cGMP PDE a-subunit

gene.
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Table 4: Segregation of cGMP PDE a-Subunit Gene in Human-Rodent
Somatic Cell Hybrids. The complement of chromosomes present in each
somatic cell hybrid versus the segregation of the cGMP PDE a-subunit
gene is shown. A plus sign designates the presence of the chromosome
and the minus sign its absence. Abnormal karyotypes identified in some
of the hybrids are explained below the table. The presence of hybridizing
human DNA for each hybrid is denoted by a plus sign in the column
labelled PDE,, and by a minus sign to indicate the absence of
hybridization to human DNA.
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other chromosomes. In order to delimit the assignment further we
probed 11 human-hamster hybrid DNAs (not shown) that contain
various deletions of chromosome 5. Two of these hybrids are deleted for
the majority of 5q. The other nine hybrids contain intact long arms and
various deletions of 5p. Hybridization signals were observed in all of the
hybrid DNAs except the two hybrids deleted for 5q. Therefore the gene
resides on the long arm of chromosome 5 within the region 5q11-qter.
Since this is the first CN PDE gene to be localized, the locus
designation CGPR-A is suggested. This designation takes into account
the classification system of Beavo (120) for CN PDEs and is in agreement
with the recommendations of the committee on cytogenetics
nomenclature (47). The locus name denotes the gene encoding the cGMP

phosphodiesterase a-subunit of the rod photoreceptor cell.

Section C Similarities Between Bovine and Human o-Subunits.

Comparison of Human and Bovine a-Subunits. Shown in Figure

16 is a comparison of the predicted amino acid sequences for the human
and bovine a-subunits. The human and bovine cDNA sequences are
88% identical over their matched lengths, and 93% identity was found at
the protein level. The majority of the nonhomologies appear to be
concentrated in the first ~240 amino acids at the N-terminus, and the
last 43 amino acids at the C-terminus of the proteins. The region
identified as the "conserved domain" (see below) in several eukaryotic CN
PDEs (bracketed in Figure 16) is contained within the region that is the
most highly conserved. Interestingly, two cysteine residues at the C-
terminus (residues 856 and 857) are present in both species, suggesting
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Figure 16: Comparison of Human and Bovine a-Subunit Primary
Structures. Amino acid alignment of the predicted primary structures of

the bovine and human cGMP PDE a-subunits is shown. The bracketed
region (522-780) roughly defines the region that is conserved in many CN
PDEs (see Figure 17). Dicysteine residues (856-857) that are conserved
in the two sequences and are potential sites of palmitylation are boxed.
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that there may be some selective pressure to maintain this sequence (see
Discussion).

Homologies to Nonretinal Cyclic Nucleotide PDEs. Beavo and
collaborators (50) have identified a significant region of similarity that is

present in several CN PDEs from diverse species. This region has been
termed the "conserved domain" and is thought to represent at least part
of the catalytic region of the enzymes. This work establishes that a
number of CN PDEs with very differing properties are likely to have
arisen from a common primordial ancestor. The ¢cGMP PDE a-subunit
also contains the conserved domain, and therefore is included as a
member of the CN PDE gene family. A comparison of amino acid
sequences of the identified CN PDEs is shown in Figure 17. While the
average percentage identity is only about 35% between enzymes
ofdifferent classes, there are a number of amino acids that have been
maintained through several hundred million years of evolution.
Additionally, there is a high degree of conservative substitutions.
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Figure 17: Similarities Amongst cGMP PDE o-Subunit and Nonretinal
CN PDEs. Manually optimized alignments for many of the eukaryotic

cyclic nucleotide phosphodiesterase primary structures reported to date
showing only the region of homology and some flanking sequence. Some
of the sequnces have not been determined in their entirety within this
region. Asterisks denote stop codons that define the C-termini in some
of the sequences. Bov Ret a and Human Ret a represent conceptualized
amino acid sequence from the bovine and human ¢cGMP PDE a-subunits
determined in this study, respectively. Bov cG-S, Bov CaM, Yst cA and
Dro cA sequences are from Charbonneau et al. (120). Bov cG-S is from a
cGMP stimulated PDE identified in bovine brain. Bov CaM is from a
Cat+/calmodulin dependent PDE isolated from bovine heart. Rat dnc
sequence is from a homologue of the Drosophila dunce PDE (Dro cA)
deduced from cDNA (R. L. Davis, Y. Takayasu, M. Eberwine, and J.
Myres, unpublished results). Yst cA is from a yeast cAMP PDE deduced
from cDNA. Mouse and Human partial sequences were deduced from
genomic clones iSolated by virtue of homology to the dunce locus (Y. Qiu
and R. L. Davis, unpublished results). Numbering is according to the
bovine a-subunit sequence (Figure 6A). Gaps denoted by "-" have been
introduced to optimize alignments.
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DI ION

Sequence of Tryptic Peptides. Seventeen peptide sequences were
obtained from a tryptic hydrolysate of intact purified cGMP PDE. Since

the a and B subunits of the cGMP PDE comprise 94% of the total mass of
the protein, most, if not all, of the peptides were likely to represent
sequences from these subunits. In fact, none of the peptide sequences
could be found in the reported amino acid sequence of the y-subunit (22),
indicating that the sequence of the tryptic peptides originates from either
the a or B subunit. The entire protein, rather than isolated subunits,
was cleaved with trypsin because it was not possible to isolate sufficient
quantities of well separated o and B subunits. Of the seven peptide
sequences obtained (Figure 3A), only three were found (PDE1, PDES3,
PDE6) that showed identity to sequences present in the a-subunit
(Figure 6A).

Peptide PDE5 sequence is found in the a-subunit sequence,
however residues 2 and 3 are juxtaposed. It is possible that this
anomaly represents a true strain variation reflecting the difference in the
source of cattle used to isolate the protein (26), and the source of cattle
used to isolate the RNA for cDNA library construction (14), but technical
error is also a possible explanation. This is supported by the fact that
the sequence presented in this study predicted from the cDNA is
identical to that published for the a-subunit (29). Additionally, the same
sequence is found in the predicted human a-subunit sequence (Figure

83
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13). The sequence difference explains the failure to isolate cDNA clones
(Figure 4C) with the corresponding oligomer (cPDE5, Figure 7B).

No amino acid determination could be made for residue 7 in this
peptide, however residues 8 and 9 yielded amounts of PTH derivatives
comparable to that obtained for residue 6. The determination of amino
acid sequence depends on the consistency of expected elution profiles for
each amino acid in an HPLC chromatograph. Each PTH derivative is
mixed with a standard amino acid solution. The residue determination is
made essentially by comparison of the HPLC profile of the mixture to a
profile of standards only. For a homogeneous peptide the
chromatograph should show only one difference, corresponding to the
elution time of the determined residue. The failure to identify residue 7
in peptide PDES5 suggests that it is modified in some manner, which
affected the normal elution profile for a histidine residue. This may be of
significance to enzyme function. The participation of specific active site
histidines in catalysis is well documented (135,136). Moreover, post-
translational modification of a specific histidine involved in catalysis has
been shown to occur (137).

Peptides PDE2 and PDE4 sequences also are closely related to
sequences found in the a-subunit, differing only at residues 3 and 4,
respectively (see Figures 3A, 6A). No closely related sequence of peptide
AB1, however, could be found in the a-subunit sequence. It is possible
that these peptides represent sequence corresponding to the B-subunit.

Design of Oligonucleotide Probes. Six oligonucleotides were
synthesized reflecting the amino acid sequence of the tryptic peptides
(Figure 3B). There are several possible codons for many of the amino

acids in the peptide sequence. Therefore, in order to reduce the number
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of oligonucleotides necessary to reflect all possible combinations of codon
sequences, deoxyinosine was incorporated into the third position of every
codon with three or four degeneracies. Initial reports suggested that
deoxyinosine behaved inertly as a base analog (79), and reports emerged
that used oligonucleotide probes containing deoxyinosine at the "wobble"
position of each codon in the oligonucleotide (78,138). The melting
temperature of the hybrid formed with these probes was empirically
determined to be equal to the melting temperature of a sequence without
the deoxyinosine. However, recent thermodynamic studies using model
oligomers, conducted after the oligonucleotides reported here were
synthesized, unambiguously demonstrated that deoxyinosine does not
behave in an inert fashion, and that surrounding sequence greatly
contributes to the overall stability of a deoxyinosine base pair (157,158).
This suggests that the melting temperature cannot be predicted for an
oligonucleotide probe containing deoxyinosine even in the presence of
TMAC as the hybridizing salt. Therefore, when screening the cDNA
library with oligonucleotides containing dI, it had to be assumed that the
deoxyinosines would behave in a relatively inert fashion and would not
reduce the stability of the hybrid by more than 50C. The low number of
clones identified with oligonucleotide probe cPDE4 (Figure 4C) may have
resulted if the hybrid formed was unstable, or more likely it was due to
the difference in amino acid sequence observed for the corresponding
peptide compared to that deduced from a-subunit cDNAs. While this
study provides additional evidence that oligonucleotide probes containing
deoxyinosine residues can be used successfully to obtain clones of
interest from A libraries, their use should be restricted until continuing
studies on their stability (157) are completed.
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Oligonucleo reening and Se is of B
cDNAs. Radiolabelled oligonucleotides, described above, were used in
conjunction with the TMAC hybridization method to screen a bovine
retinal cDNA library. Two of the oligonucleotides, cPDE3 and cPDES,
were successful in isolating cDNAs that encode PDEs. Seventeen clones
were isolated that show hybridization to both oligonucleotide probes (not
shown). All but one of these clones contains 662 and 144 bp EcoRI
fragments.  Additionally, six of these clones contain other EcoRI
fragments. This result can be explained in several ways. A number of
cDNA fragments that derive from the same transcript may have been
isolated. Alternatively, the similar DNA fragments may be the result of
alternative processing events (142,143) from a single gene. It is also
possible that a number of transcripts derived from a family of related
genes may be represented. Several experiments were conducted to
distinguish these possibilities.

Sequence Analysis of cDNA Clones. Subsequent restriction
analysis of the six cDNAs demonstrated heterogeneity, suggesting that
sequence analysis would be necessary to uncover the basis of the
heterogeneity. To facilitate rapid sequence analysis the use of specific
oligonucleotide primers was employed using primers that were evenly
spaced (~300 bp) on both strands of the cDNA (Table 3). Additional -
primers were synthesized as needed to sequence through troublesome |
areas. The use of sequence specific primers proved to be a very elegant
and expeditious method to generate nucleotide sequence. Over 20 kb of
DNA sequence was determined manually in less than nine months.
Another major advantage of this strategy is that primers can be used, not
only for closely related bovine cDNAs produced by a single gene, as
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demonstrated here, but also to analyze genes from other mammals. The
primers were successfully used to sequence the human counterpart of
the bovine ¢cGMP PDE a-subunit (Figure 13). Surprisingly, 17 base
oligomers with as many as three mismatches were used successfully
(Table 3, sp33, and sp34).

Identification of cGMP PDE o-subunit ¢cDNAs, The sequence
analysis of the bovine cDNA clones predicts the existence of five distinct
classes depicted in Figure 5. The long stretch of identity in the isolated
cDNAs (~1.6 kb), coupled with the fact that the CN PDE conserved
domain (see Figure 17) is contained within this sequence establishes that
all of the isolated cDNAs do represent PDEs. Comparison of cDNA
sequences with a published sequence for the a-subunit (29) suggested
that one of the classes represented the cGMP PDE a-subunit.

However, the results reported did not provide sufficient evidence to
support that the identified overlapping clones did indeed represent the
entire molecule. Only one cDNA clone was found that contained the C-
terminal coding region of the predicted polypeptide. Based on the results
presented here it was possible that the predicted C-terminal region
represented an a-subunit like RNA. Several experiments were conducted
to verify the sequence of the a-subunit. Results obtained by direct
dideoxy sequencing of bovine retinal RNA (Figure 9) were in complete
agreement with the composite sequence determined from clones 7, 8,
and 15 (Figure 6A), and the reported sequence of the a-subunit (29).
Oligonucleotide probes representing the C-terminus and the 3’
untranslated region of the a-subunit (probes C, D, Figure 7) hybridize to
RNAs that appear to be of identical size and abundance (Figure 8, lanes
5, 6). The same RNAs are detected using long cDNA probes or other
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oligonucleotides near the N-terminus (Figure 8, lanes 1-3). Further
verification of the a-subunit sequence is provided from comparison to an
isolated full length human cDNA clone (HPA-1, Figure 12). There is a
marked degree of homology that extends into both the 3’ and &'
untranslated regions. These results firmly establish the authenticity of
the a-subunit sequence presented here (Figure 6A), and that reported
(29).

Identification of a-Subunit Variants, Four closely related a-

subunit like variants are also predicted to exist based on sequence
analysis (Figure 5). Only one cDNA was isolated representing each of the
variants suggesting they are present in low copy number in the bovine
retina. However, since the cDNA analysis concentrated on only those
clones that hybridized to two oligonucleotide probes, it was possible that
many shorter cDNAs representing the variants went undetected.
Oligonucleotide probes representing clones Pa-1, Pa-2, Pa-3 detect RNAs
that are present at much lower abundance. As shown in Figure 8, lanes
1-6 represent a three hour exposure without any signal intensification,
and lanes 7-9 show RNAs detected with Pa-1, -2, -3 specific probes,
respectively, after a 54 hour exposure with two intensifying screens. A 5-
10 fold increase in signal per time results from the use of intensifying
screens. Therefore, the predicted variants do appear to represent lower
abundance RNAs.

The hybridization patterns observed with oligonucleotide probes
(Figure 8, lanes 2-11) are thought to represent specific hybridization.
Spurious hybridization to non RNA material is extremely unlikely. Even
in lane 11, in which the hybridization appears less convincing, there is a
streak through the hybridizing band where no probe has hybridized.
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Each lane shown in Figure 8 represents a nitrocellulose strip cut after
blotting. The membrane containing blotted human RNAs was
mismeasured such that each strip contains a portion of two adjacent
lanes of RNA. The lack of hybridization represents the space between
lanes where no RNA is present. On a shorter exposure of the results
shown in lane 10 this streak is also apparent (not shown).

The absence of spurious hybridization does not rule out
nonspecific hybridization to related sequences. This is unlikely, since
even with a 27 base oligomer with a melting temperature significantly
lower than that of the 50 base oligomers, the hybridization pattern is the
same (compare lane 4 with lanes 2, 3, 5, and 6 or with a cDNA probe,
lane 1). Therefore it is concluded that as many as seven RNAs are
identified using clone specific probes for bovine retinal RNA, and that
analagous RNAs exist in the human retina, representing at least Pa-1
and Pa-2.

The ability to detect transcripts in the bovine retinal RNA
population with clone specific oligonucleotides does not provide sufficient
support for the existence of the predicted RNAs. A number of steps were
involved in the construction of the bovine cDNA library (144, 145),
leading to the possibility of isolating artifactually contrived cDNAs. The
most common types of cloning artifacts found are 5’ end rearrangements
(146, 147), or the joining of unrelated cDNAs during the ligation of cDNA
to vector DNA (148). We cannot rule out the possibility that the 1.5 kb
EcoRI fragment in clone Pa-4 (Figure 5) does result from the joining of
unrelated cDNAs. These types of artifacts, however, cannot account for
the organization of Pa-1, Pa-2, and Pa-4 since the 3' most EcoRI

fragments, where the divergence is found, also contains sequence
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common to the a-subunit. Likewise for the 5 EcoRI fragment containing
the start point of divergence in Pa-3, a-subunit sequence .is present.
Nonetheless, it is still important to demonstrate that the clones do
represent intact retinal RNAs, and not novel exceedingly rare types of
cloning artifacts.

Several lines of evidence support the authenticity of the cDNAs.
The cDNA library was made from polysomal RNA (14). The isolation
method separates very dense polyribosomes from other less dense
cellular material. Only mRNAs that are actively being translated should
be isolated by this procedure. This does not rule out the possibility of
obtaining artifactual cDNAs, but does essentially eliminate the chance of
cloning nuclear unprocessed or partially processed RNAs.

Pa-1 and Pa-2 diverge at the same nucleotide (compare in Figure
6A, B, C,) and 29 amino acids are encoded past this point in both cDNAs
before a stop codon is encountered. It is extremely unlikely that two
clones would be truncated at their 3' ends at the same nucleotide, and
that both of these clones would pick up unrelated cDNAs presumably by
blunt end ligation. The chances become astronomical that ligation of the
two unrelated cDNAs would create organizations that fortuitously lead to
coding potential for 29 C-terminal amino acids past the point of
divergence. Moreover, oligomers 50 nucleotides in length, that are
specific for Pa-1 and Pa-2 detect transcripts in bovine and human retinal
RNA (Figure 8, lanes 7, 10, and 8, 11, respectively). The Pa-1 transcripts
appear to be of very similar size and abundance. Thus, it is expected
that Pa-1 and Pa-2 cDNAs do represent true bovine retinal ‘RNAs. that

can be incorporated into a stable polyribosome complex.
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Pa-3 specific oligonucleotide probes also detect transcripts in
bovine retinal RNA, however no transcript was detected in human retinal
RNA (not shown). This result may be due to the very low abundance of
the RNAs, which is compounded with the technical problem of high
background unexpectedly occurring during the analysis (Figure 8, lanes
10, 11). The best evidence in support of the predicted organization of Pa-
3 is from DNA blotting analysis. A cDNA probe representative of the 5
end EcoRI fragment (probe 8, Figure 7) hybridizes to fragments of ~2.8
kb and 6.0 kb in HindIIll and BamHI digested genomic DNA, respectively
(BamHI digest is shown, Figure 11, lane 4). Identical size fragments are
observed (autoradiographs are superimposable) using the adjacent EcoRI
fragment in Pa-3 as a probe (not shown). Fragments of identical size are
identified in BamHI digested DNA with probes 4 and 5 (Figure 11, lanes
2 and 3) consistent with the overlap of the probes (Figure 7). The
isolation of two random cDNAs that hybridize to bands of identical size in
genomic DNA from two separate digests is extremely unlikely. This
results then suggests that the two fragments are linked and therefore
supports the organization of Pa-3.

The sequence of Pa-4 predicts the possibility of alternative splicing
in the 3’ untranslated region. While alternative splicing is well
documented (reviewed in 142,143), there are a paucity of reports that
describe its occurrence in this region (149,150). This may be because
most studies of cDNA analysis have concentrated on the determination of
the open reading frame and such events have therefore gone unnoticed.
Or, it may be that these events occur in relatively few transcripts of
specific genes, and may represent an important mode of regulation. It is
recognized that the 3’ untranslated region contains a signal that specifies
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polyadenylation (156), and it has been suggested that alternative splicing
permits differential use of multiple poly (A) sites (143). Furthermore,
splicing of upstream exons may in part be regulated by downstream
splicing events in genes that exhibit tissue specific expression (143). The
recent finding of a gene that produces a transcript apparently devoid of 3’
noncoding sequence (151) increases the necessity to better understand
the importance of this region. Further analysis of Pa-4 may yleld
important information in this regard.

Possible Functions of Predicted Isozymes. There are several
potential functions for the predicted isozymes. It is possible that all of
the predicted polypeptides are expressed only in the rod cell as has been
suggested for the a-subunit (30). If this is so, it is possible that some of
the isozymes subserve more housekeeping type functions and may be
localized in other rod cell compartments. The relative abundance of the
predicted isoforms is more consistent with that observed for other CN
PDEs (120). The identification of a cGMP hydrolyzing PDE in the IPM
consisting of smaller subunits (102) is intriguing. Perhaps the Pa-3
protein product represents this PDE. Another possibility is that one of
the cDNAs represents the B-subunit. While a portion of a putative B-
subunit sequence has been reported (29), confirmation of the sequnce
has not been obtained.

The possibility that the isozymes are expressed in other retinal cell
types or even in tissues outside the retina cannot be ruled out. Other
retinal PDEs that hydrolyze cGMP have been identified. A high affinity
form in the inner plexiform layer (24) and a cone outer segment PDE
have shown to exist (31,100). Both of these forms are present in greatly
reduced amounts in comparison to the a-subunit. It is interesting to
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speculate that the a-subunit gene may be responsible for producing both
highly specialized and housekeeping proteins, a phenomenon that has
not, to my knowledge, been observed.

Analysis of the Bovine a-Subunit Gene. In order to understand the
origin of the multiple transcripts, experiments were conducted to identify
the number of genes that encode them. Both genome reconstruction
(Figure 10) and DNA blot analysis (Figure 11) are consistent with a single
bovine gene. The ability to detect segregation of only one chromosome in
somatic cell hybrids (see Table 4) is consistent with a single human gene
as well. Alternative splicing and at least two promoters are likely to be
operative at the loci to explain the observed transcript heterogeneity.

The determination of a single locus allowed an estimation of the
size of the gene by simply adding up the sizes of hybridizing restriction
fragments identified with cDNA probes (Figure 11). During the analysis
there was one unexpected observation. Probe 1 (Figure 7) does not
hybridize to any fragments identified with adjacent probes 2, 4, or 6.
This is only possible if intron junctions are present near each end of the
region represented by probe 1. Such an arrangement is supported by
the failure to detect any common hybridization pattern in HindlIII or Pstl
digested DNA also (not shown). Further characterization of the gene is
required to unambiguously verify this hypothesis.

Analysis of the Human ¢cGMP PDE a-subunit, The implications
that a defective cGMP PDE could be the primary cause of certain forms of
hereditary retinal degenerations in mammals (see Literature Review),
makes the gene a good target for the candidate gene approach. In this
approach one studies a gene in which a defect is implicated as a

causative factor of a disease. The first step then would be to isolate and
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characterize the gene or a representative cDNA. Once isolated the cDNA
or gene fragment can be used to identify the chromosomal location for
comparison to disease loci already known (139). The second step is to
analyze large kindreds with well established pedigrees for linkage to the
disease of interest. A very high lod score (140) is expected (lod >> 3) with
a recombination fraction close to zero if a defect in the gene is
responsible for the disease. This method of study is particula.rly
amenable to the study of diseases that occur in well studied, highly
specialized tissue such as the retina. This approach complements the
more conventional linkage studies in which random probes are used in
an attempt to narrow down the location of the disease gene. The
candidate gene approach has the advantage of allowing relatively fast
assessment of the involvement of a defect in a specific gene to hereditary
disease. Additionally, it guarantees that important information will be
obtained at the very least from analysis of the cDNA or gene, which is not
true for conventional linkage analysis.

The completion of the first step for our candidate, the cGMP PDE
a-subunit is presented here. We have isolated a full length cDNA (Figure
12), and we have localized the gene to the long arm of chromosome 5 (5q;
Table 4). Completion of the second step is presently underway in
collaboration with investigators at the Berman Gund and Howe
Laboratories of Ophthalmology at Harvard Medical School. While we
were unable to find any retina specific disorders that have been mapped
to 5q, two disease genes have recently been localized in the region.
Familial polyposis coli (FPC) is a disease that predisposes affected
individuals to the formation of multiple adenomatous colonic polyps
(152). Interestingly, Gardner Syndrome which is clinically very difficult
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to distinguish from FPC, has been associated with congenital
hypertrophy of the RPE (153). Additionally, a susceptibility locus for
schizophrenia has been mapped to 5q (154). It is difficult at present to
envision a causal relationship between these disorders and defects in the
cGMP PDE a-subunit gene. It is more prudent to consider the possibility
that the a-subunit gene may be more closely linked than the presently
available markers and thus be of importance in the study of these
disorders.

Comparison of CN PDEs. The high degree of homology observed in

comparison of the bovine and human a-subunits is consistent with
homologies that have been shown for other phototransduction proteins
(15,141). It was somewhat unexpected, however, that the a-subunits
share a region of homology with a number of nonretinal CN PDEs (155).
This homology found in PDEs representing many different classes (120)
suggests that the majority of CN PDEs and perhaps all mammalian PDEs
may make up a conserved PDE gene family.

The molecular genetics of PDE genes has only recently begun to be
unravelled. The best studied gene is the Drosophila dunce gene which
encodes a CAMP PDE. Over the past ten years a wealth of information
has been disseminated about this extraordinarily complex locus (132-
134). The complexity has made studies of the gene structure a very
arduous task and therefore incomplete. The partial characterization of
the bovine ¢cGMP PDE a-subunit gene presented here exhibits a
strikingly similar complexity. That is, a single large gene appears to
encode multiple RNAs, that are likely to arise via the use of alternative
splicing and multiple promoters. Further studies of PDE genes may
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indeed show that such complexity is a feature common to all PDEs
within this gene family.
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Figure Al: Complete Sequence of cDNA clone Pa-1. The sequence of

cDNA clone Pa-1 is shown. Postion 1 in this sequence corresponds to
position 914 of the a-subunit sequence (Figure 6A). Internal EcoRI sites

are underlined so that relative positions can be oriented according to

Figure 7.
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Figure A2: Partial Sequence Determined for cDNA Clone Pqg-2. The
partial sequence of cDNA clone Pa-2 is shown. The ~1.5 kb EcoRI

fragment at the 3’ end (Figure 5) was not completely sequenced in the
determined 3’ untranslated region. Postion 1 in this sequence
corresponds to position 914 of the a-subunit sequence (Figure GA).
Internal EcoRI sites are underlined so that relative positions can be
oriented according to Figure 7.
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ZY 2anbryg

°°°VVVVL DVVLLIODOV VOLIIVVIVL LLLVVVILLD VOVILVIOVV DLLLVOLYLL LLIJVOLVVOL VVLILLIOLOL VIOVOLLLVV 1081
VVVLIIOLLL) VOVOOVILLD DVOVVLIOLLL JLOVOILLLLL VLIVVLIVIVLV JLLIOJOVILID VIOVIVOLID VOOVIVLVOV VODDDIVOLI IIVVVIIIOV VIOVIOIOVIL DIVIILVVVY 1891
VOOLLIVIOV JLLLIIVIDL JVVIIVIIID IVIOVVIIVV DIIVIOIVID VIVVVIVIODV VOIVIOIVOOVI OLIDDDIVVD LVOVVIOVOV OLVIOVOLYD LIOLLIOIOV YVIOLOVIOV 1961
VIIJIVVIVV DOVLLVIDIL VOOLIOLVID DJ1IVILVIVD DVIIVIDLLL DJJILILLVV IDIVVOVIILY LLILJIVIOLL 1DLLLIOVOOL VOLLIDDJLD OVOILLIOVVL JJDLIVVILY (991
J03I03VVIVV VOVIVIOILYD LVIIILLVID ILVVOVOVVD DLIIDLIIIVD DJIVIOLIIV ILIIVVIVVI DIOLILLVVIL IDLOOLLIOL DILILIOILI IYVIOVOVID 1OOVIIOLLD 1Zel
JOVVIIVILV IJ3IVOLILIL VILOLIIDID VOILVILVOLY DIJ0LVILIOL LVVVIOVVIOD IJVIVIVILVD IJLIJILVOLVD VIOVIIOVID LIOVIOVIOVI LIVOVIOVIV IVIVVLIILOV 10Z1
JLVIILIILV IDVVVVIOLLY LVIIVIOVVV VOVVIOLLLVL D1JDI01130 VOVIOVIOOLL VILVIJOLLV JIVIILVILVD VIILVVIOILV JIVILVIOVI DOVIOILVVI LIOIDVVIVIILL 1801
JILVIVVVLD DOVOVILVOV OVILIOLIVI VVVVIDOLLL DVIIOLLIVID VOVOVVVIOOL LIOLVIJILDIJL DDDLVIILID VVIIIILIVI JIVVIVIIIL VVVILVIVID VIDIILVVIV 196
VIDVIOOVIV DVIOIVILLVD VOIIVIIDLOL 122933000V ILIOILVIIID LLIIIDIVIOIL IDIVIVOVILL JVIVIIOVYD LIIOVVVIIDD VILOOLIOLL JJD1II.LOLVD DVIVIOIIOL 198
OOVVILLIDD DVIIIIIILI VVIVIIVLIID VILVIOVIID IVIIIDOVVL IVOLIDOLLY LILVOLLIDD DLDDLI3D9D VOOVILOILL VOVOLLLVVV L1VODLIOLOV YVILIOVOLV 1ZL
JIVIOLVIVD LLVVOOLOLV VVOLIOLOOV 3D10VVOODV 9133339139 VOIOVIIILOV DIOLLVVVLIVV LLVVVOLVLV VVOIVOVIOLV DVOODLIOVI VIOVVIOLID 1VIVIIIDIOL 109
JVVIVYIVYD OVIIOLVVIID ILDDJIVIOV VIOOILV.IOLD IVIVOVIIVV VVILLILVVD VOVIILVVVD VVILVVOVOL DIOVVILIOV JIVIVVVOLD DLVIVIVYID LILLVLIVIOV 18Y
VOOVIVVVVI LLIVVVOVVO LVOLLIOVOLV LLIVIVOLDD 1VVVLILILOL J199129931 JJ1LIVIIIV OJLLLOLOVID LVILIDIVIV DLVIILVVVD IVOILLLOODY VVIOOLVOVV (9¢
VOOOLVVOVL LLLIOJVID99 19992LLIOLL VVVIOVIOVV OVVOVVOLOL LVVIOJOLVLID ILLIDLOLVV VVVLLVOLVD DLVOOLDLOV JOLVIOLOLD] IVOVVVOVID LLVIODLLLLL 1%
JOVOOVIVIL 1399394VVD LVOLVOVVID LLLIVOLIJDD 1IVVVVOIOOL LOLVLLIVID J2LO19DJ3DV JLOVILLIDD J1IVIIVIVDI I1IDLIILVV DIDILIVILIV VVILVIVOVY (21
SVYVVIOOLVD S1IJLVIVLID VOLLVILOOV VIVLLLLOVV OLVVVIOOVV D9LVOIJILD VIIVIOILID 1D3IVLIDIV II1IJDVIDID IILVILIILI VIIIILOLOL VOLLLLLIVY 1

:Z-94 29071)
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Figure A3: Complete Sequence of cDNA Clone Pa-3. The sequence of

cDNA clone Pa-3 is shown. Postion 932 in this sequence corresponds to
position 941 of the a-subunit sequence (Figure 6A). Internal EcoRI sites

are underlined so that relative positions can be oriented according to

Figure 7.
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€Y 2anbr1 g

OLLVVOVOVL OVVVVOVIOLL VOLVVOOLVLI VVVOVOVLIOV LIVLILLIVOLL LOVIVLIIOLL S1OLLLIDOLV VOVIOOVLLD 1882
JLIIVOLIVD VOIOLIVLLY IVVVILOVIV DVILLIOOVI LLLVIVVIOV VOVOLVVOLL VILLLIOVVD VOLOLOOVOL LILIDLIJOV VOLLIDOOL) VIDOLLIOLV OVLLLOVILL 19(2
VVOVOVVVOL OVVVVOLLLD DOOLOLLOVD VILOVVOVID 109130VO2D IVIVIOVVVI 9DLIVIOOIV DIIVIOVIVI IVIIIVILLI IIVIIIIDNII IIIVIIINID VIIIVIOVID 1%92
OVIVOOVLIVV D01DD001090L 1JL1IVVIOLV J31D29392D DIIDLIIVVI IVVVIIOD9D VOVVOLIVVI OVIOIIIVID VVIOIVVIOOV IDIVIOVIVV VIVIOVYIVO IVIIVIILID 1ZST
90JVYOLVOV VOOVOVOLVL DVOLVILIOL 1D9DDVVVID LOV3IOVVIOD DVVIVVIOVL LVOOOLVOIL O9LVIOILOV JLVOVIOVID VIOLLLODID LOLLYVOOVY IVIOLOLLL) 10%2
JQVIOLLLOLL LJOVOOLVOLL 9990199VOL 1JOVVLIOOOL OVVOLVIIDD SYVIVVVIVD VIOLVOLVID DLLIVIOOLVV IVIVVIOLID 19DIVIOIIV IILIIVOLOD VVOVVIOIILD 1822
LLVVILIOI1D D.LLIDLIOLY 1DDDLIDVVI DIVOVIILIOV IDDLIIDOVV DIVILVIOOV IIDIOLVIOLD 1DD9JDVOLV OLVILVIOOD LVOLOLLYVY DOVVIOOVOV OVILVIOLID 1912
IVILVIVIOV JDIVIILIVI IVIIVILOVI VOIVLIVIVOV VIODLOVILVD DLODLVOVVV VIOLLOLVID VOIOVVVVOVV OJLLLVLOLLD J9LLOJOVOVD VLIDOLLVILY 52DLLVIVID 1%07
IVILVIVIDL VVIILVIOYD LVIIVIOIVD DILVVILIOV VOVILLLOLV LVVVIOOOVD VOLVOVOVIL 1OLIVOVVVV I1ODLL1OVID 1LOVIOVIVD VVVOOLLOLY JJ1J01D931L 1761
VI2120VVID DILIVIIIVV IVIIILVVYD 1LVOVOIVIOL DLVVIVVIOV DIOVOVOVID VILLVIVIIV JD0101132D 3I92IVOLOD 1VIIIOLLID DIVIOLIIVO VOIVIILIVLIV 1081
3J0VVILIOIV VVOIIIVOLD ILIILLIILI LIOLVIOVIV IDIDI0LIOIVV ILLIDIIVII DIIDLIVVIV IIVIIIVILV DIIVIOIIVLD IDIVVIOVOIL DIJLIVIILV ILLIDIILID 1891
132230VIOIV JIIILIVIVD LLILVVVLIVID 19D0LOVVVIL DIVOLVLOVLI DIVOVOLLVV DJ131VVVIL DJLOIVIILD VVDIIVILID DJIIJLIIVIID VILIOVIILL VVVLIVYLLVV 1961
VOLVLIVVVOV DVIODLVIVID DLIIVIVIOV VOIOLIILVIV OLIJDLIOVVD VVIVVOIOVID OLVVIOOLID IIVIIVVIODD LVLOLOIVIV IVIOVVVVIL LOLVVIVIVD IJILVVVOVVIL 19%1
VVOVOLOLOV VOLOJVIIVLI VVVILIOLVD VOVVIOLLLL VLVOOVVOOV JVVVVOLLOV VVOVVILVIL 1OVOLVLLIOV JVOLIJLVVV LIDLOLIOLOD 1D92JLJJI1 DVIIIVOLLL 1Z¢el
JLOVIOLYIL JJIVIVILYD ILVVVOILVOL LILDJJOVVVID JLVOVVVIID IVVOVLLILD JIVIJIIOLIODD ILLOLLVVVD ODVOOVVIOVYD VVOLOLLVVD DDLVIIOLLLD JLOLVVVVVLI 1071
IVOLVIOLVD J1D4.0VILVI DLOIDJDVIV VVOVIOLLVD ODILLLLLIIVD JVOVILLIJID JOLVVILVIL VOVVIOLLLV DLJ2DJLVVV VIOJOLIOLY LLOVOJDIL) 1ID3DVILOV 1801
LLID99913V JIVIVIOLID 1IJLVVOIIDD 1VOLOVVYIL VOVOVVIVVV DID1VIOLID LVOVIOVILL VILOOVVOVL LLLOVVILVV VIDOVVIOLV 3DD221IVIOV JI2109133D0 196
V1J320V2210 D9VIIID9LI VVOVVIOLVD VVOLOVIOVD IJVVIVLIVOVLI VILOOOLOLD VIOJLVIOLO 1DIVVVIIIL 1D0JDVVILOL ODVOLIOVIVLI JLLLVIVVLD DLLVIDOOLOL 1v8
1919019VVO JSLLOLOLLVV IJLJIDLLVID J1JLVOLVLILI LOLLIJJOLLIID JVILLIILOL IOVIIVILOL JDOVVIOLIV LOVVIOVIIL DOVOOLLLIL LLIJVIVOLY VVIDVIVIOVV (2!
VVYVIDOVLIVD VVVVIOVVVV VIOLOVVVVV JJ1LVOVVVOV VLLVOVIOOL OLOVIOLLILL JJVOLJOVIL LIOVILOLOL DLLVIVLLVLI JVVLLIOOJDOL DVVILLVOOL 1LLJJVVVOLD 109
LVI0JLV.IV) LVOVIOIIOV VIOLOOLILD J1VOOVIILD JLVVYIVIVD DDOLLLILOV IVVILILIOL DLLYIDIVVV VVOLOOVIOL LILLOOVLIDD LLLLLIOVVD DLLLOVOLVL 18Y%
VOIVVVIOLL JJVVOVLIOLL JJ1IVIOOVL ILLOLLILIOL LLLIOLLLIOO VOVOLLLOVD LIVVVOOLOVV 1VD3233999 VOLOLLLVOL D9LLLOLDO9D OJ13J0LLOLJL LLLVOLLOLD 19¢
VVVOIOLIOD 1DLLIOVOLY 99910LVILD VIVVVIVOLL VOVLIVVVYVVV VOLOVLVOLV JYJDOVLLLD 1DJ0JJVVVVL DLOLVVIVLY VIOVLILVOLV VIDODLVIOD OLVILLLVVV (%2
VLIVIOVLLL VIOLVIOVVV L1VIVOVOVID 19LVIOVOVLI J9VOIVVIOD 130299LVIL OVILOVOVIL VIVOVILOLV VVIOVIIOOL JOVLLLVILD VVVVVIOLOV IDVYVIDJILLV 171
OL99VVVOLV OJLLLIVIOLY J9VOVOVLLL LVOLLLOLYD LOVOVOLLVD DJJ1J0VOLOV J0321VOVOL IOLLLLLOVV LVIVLIOLVVV VIVOVIVODD VIOLIIJLD) 1OLIOLLLIVV 1

:g-04 2001)
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Figure A4: Partial Sequence Determined for cDNA Clone Pa-4. The
partial sequence of cDNA clone Pa-4 is shown. The ~1.5 kb EcoRI

fragment at the 3’ end (Figure 5) was not completely sequenced. Postion
1 in this sequence corresponds to position 914 of the a-subunit sequence
(Figure 6A). The sequences are identical up to position 1816 where the
divergence begins. Internal EcoRI sites are underlined so that relative

positions can be oriented according to Figure 7.
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°°°VVOIVOVV 1D1OLV1JII 196¢
J01309V1ID) JVVIOVOLLL DJLIVVIOOV OVVVIOVIDD OLVIOVILVLI IOLLVIOOLL VVIOLLLIOLD VIOVOLIVLLID JJVOVVOOLD LVVVVVLIVV JVIOLOIVID IVILILODLL 198¢
JIVOLIDLID ILOLIDIVVL DLILLLOLLY 1OVOVVLILOL LLVLIVIOLID 99LVIVOLLL JVOLOOLLOV IOVVVILLL) VVOLVVIOLD 19VOLOOLLL IJLLLIJOOVI IVOVVIID9) [ZLE
IVVOVOLOLL JVIDOIVVVD JVIIOOVIOL LVVILVVVVD OVVILVVILD J01V102209 VVOVOLOOVD D9VILOVIIV LLIDLIVODD IVIIILOVID 1I31099LOL IILILVILID 109¢
IDDVVIOLVD VIVIOIOVIDL DLLILVIODD VIILIILIID OLVIIOLLID OLVVONLIVL VVOVVIOOVD DIOLLVVOOL VIOLOIDLID IIDLVIOOIV 1LIOLIVIOLOL DJIVOLOLLL 18%€
JLOVOLILOL VOLOVOLLYD LODLVILVVD JLIDNOLVIOL) 1J9VIOOLLD 1OILIOLOVVL LIOLIODLIVD JLVVVOILOVL VOOLOLVVOV LVIVOJLLID LLIOJVOLOLD VOVIOLVIOL 19¢¢
LLLLOVINID VVLOVIVOLY DLIJLVIIOV JIVILOVOVY VOOLLLLVOD VLIVOLVIOOL VOVIVLVOLD LOLOVOLLIOV VVIDLLVOOV LILIVVVILL LLOVOJLOVD IVOLIOLVLID TYZ€
JOLVII VIOV LIDIVIVILD LVIIVVIVYV LOVIOIVLIVV JLLLVOLO9D JJOLVVLIVLID SLLLLDIVID IVVIOOLLVD LLOLIVILID IIVIOLVLLL LVIDOVVVOL IVOLOVOLLD [Z1€
IIVILOVIID DJIVIIILOLV JLOLLOVIVLI OLDIVIOLLD IOLIOLIOJL VIOLOVIOOV JDLLLVYOVLI OLLOLVIOLL LLLOVOVYVOV VVVOIOLVYID IOVOLIIVYV VIIIVIIILI 100€
LLVIOLOLVD VLLLIVOLVV DDIVVIVOVL VOLLOVIOVY LIVVOVIVIOD VOLOLVVVYVD OVIVIVIOOIL VLVIVVVOVD DIVVVYIOVD VOVOLOLVLIV DIVIVOVOLL LIVLLLIOLOD 188C
LLVIJILIIV DLIIIVVLID IVVLILIVID VIIIIIVVID OLIOVOIVIOL LVIOVIVVID OLVIVOOVLL IVOVVVILLL J1I91JLLID IVIOVILVOV IILLOVIVOL OLLLLIDLVV 19(Z
VIJJLVILLL LVVVIDOVVD LOOVVILVIV LOOVVILVVL IOLVIOVIOLV JLVVVIVVID OVIVIVVOIOL VILVIVIOVV VIOOOVOVIL L1ODVOVILOV VILOOLIVIL LOVIDOLIOVD 1992
VOOVVVLLLL 31312074901 JVVIOVVLIL LIDLOLVIVY LLVVOLOLLY J1D19LOLOV 9OVIVVLIVOV LLVVOLOOVY VVLIOLVLLL JIJVIOLOLL LIJLLIDDOD LOLVOLOVID 1T6Z
IVOLLVLIOL LLLDJDLIOVVV JVLLLIJOOL VVVLIIOOVIL DJLVIOLVID LOVVVIOVID D2DVOVVIVL JLVOVVIOOY IVOVVIVVID OL1DD10209 VIIIILVVOL VOSLLLOLLL 10%7
VI1J009VVLD LLOVVIOLL) JVLLLIVVVIL JJDVILIVOV DVIVILIDOD VOVILOLODD OLIVIOLIVOD VVVVVOVYVY OVV.LVLIVOV VOLLDOLOVD LIVIVVIOLL VOLLIDOVVVL 1827
JLIDILIVIV IVVLILIVIL ID1IIDIVVD 1DLDLIDIVLI VIIIOVIOIVI VIIIIIIVID VIVIVIVVVLI VVIOVOLOOL JOLLIOVIIVLI DLLOLOVVOL VOLLOJLOLL JLLLIDOLLIL 1912
LLLVOLLLDD LVOLOVIOLD DOVOVOVVOL VOVILIOVVV IDLLLIOLVY 1OVOLLOIOL JIDLVOLOLV VOVVOILIOLD VIVOOLOLID 1013321991 S1J2LOLOLOV LLIODLOLIDD 1Y0Z

4I9LTIVIOL DIVOLIDIOV JILVVIIVIV DIVOVOVOLL IDVILVVIVOL LLVOLOVIOL DLIOVVOVLV DDOVVVOVIL IJVVOOVOLVD IOIDLVVVLL JLVVIOLVID LVOVIOVIOL 1Z61
VVIIILJLVLL JVVOVVIVID VIOLOVLIVVV JVIVVIOVLD VOIVILOLIV DLOVIOOLID IVIVOVVOVD IDDIVVILVD LLVDODI9OLD LL1DJDVIID DLILLVILOV VIVOILIILD 1081
JVIIIIVLIVI IVVVIIILOV JDIIVIIIVD IVOVIIVIID VILLIDIIVID ID23IDIVII IIJIVIIIVI IVIIIVOVID VIVVIILIDD LDOLLOLIVV JDLVIILIID 303293231D 1891
JVVIIVVVID DIDIVOVVIL DVVIOVIIID IVIIVVIOVV DDIVIIOIVII VIVVVIVIOV VIVIIVIOVD IDLIIDIIVVI LVIVVIOVIV DLVIOVILVD 1IDLIDDIIIV VVIILOVIOV 19¢1
VID2IVVIVV DIVLLVIOOL VIOLIOLVID DIIVILVOVD OVOIVIOLLL 932D1DLLVV DOVVIVIOLD LILJJVIOLL LOLLLOVIOL VILLIIDJOLD OVOLLOOVVLI JJ3DLIVVILV 19v1
990D0VVOVY VOVIVIILYVD LVODILLVID JLVVIVIVVD O1I91DI9IVD 92IVOOLIIV ILIDVVIVVI DIOLILLVVIL IDLIDLLOOL IJLILIDILI IVVIOVOVID LOIVIIOLLD 1Z€l
J9VVIOVILY JI7¥IHLILIIL VOLOLIDDID VOLVIOLVOLV DJDDLVIIOL LVVVIOVVID IVIVIVILVI DLDILVILVI VIOVIOIVID LIVIOVIOVI LIVIVIIVLV IVOVVIILOV 10Z1
O1VIJ1901V OVVVVIOLLO LVIOVOOVVV VOVVILLIVLI OLLIJOLLID VOVIVIOOLL VOLVIOOLLV JVOILVOLVD VDIILVVIOLV IDVILVIIVD DIVIDOLVVI LIDVVOVOLL 1801
LOLVIVVVLD JDVOVOLVOV OVOLIOLOVD VVVVLIOOLLL OVOOLLOVOD VOVOVVVIOL 1JL1VODLIJDL 9901VIILID VVIIOILIVI DIVVIVIOIL VVVILVIVID VIILILVVOV 196

VIOVI39VIV JVIIVOLLYD VIIVIOOLOL 193933903V ILIILVIIOD LIJDJIVIOL DIVOVIVOLL IDVIVOIOOVYD 1IDOVVVIOIDD VOLODLIDLL DILILIDLYD IVOVIIIIOL 1v8

9IVVILLIND IVIHIIONILI VVIVIIVLIID VOILVIOVIOD OVIDITOVYL HVOLOOILLV IOLVOLLIDD I199133099 VOIVOLIILL VIVOLLIVVV 1VODLIILOV VVILIOVILV 17!

LOVIOLVIVD LLVVOOLOLV VVOLOOLOOV D91OVVIOIV 9132239119 VIIIOVOLLIV IDJLLVVVLIVV LLVVVOLVLV YVIVIVIOLV IVIIILOOVD VIIVVIILID LYIVILODIL 109

OVVIVVIVVD 9VIDILVVID S193D9VIIV VIIOLVIOLO IVOVOVIOVV VVOLLOLVVD VIVIOLVVVD VVOLVVIVOL D1OVVOLIODV JIVIVVVILD OIVOVOVVID LLLLIVIVIOV (8Y

VIOVOVVVVD LLOVVVOVVI LVOLLOVOLV LIJOVIVOLOD IVVVLIOLOL J199139991 JJLLOVIDIV OLLLIIOVOD LVILIJOVOV JLVIDLVVVD LVOLLLIIJDDV VVIDOLVIVV 19¢

VI90LVVOVL 1LLODVD2DD 19999LL9LL VVVOIVIOVV IVVOVVOLOL LIVVIOOLVID LLIDJIJLVV VVVLIVOLVO OLVODLOLOV DLVIILILI) IVOVVVIVID LIVODLLLLL 1%Z

LIVIIVIVIL IDI9DDLVVI LIVILVIVVID LLIVOLOIDD 1IVVVVIOOIOL IO9IVILOVID JJ21DL990IV OSLIOVLILLIIOD DLIVIIVIVI DLDJLIDLVV IIIILVILOV VVILVOVIVV 171

OVVVIOOLVD 9LIDLVIVLID VOLLVILOOV VOVLLLIOVV JLVVVIOIVV 991VIIIOLD VIOVIOIL99 1D9IVLIODIV I31093VIDD I9OLVILIILD VIIIILOLOL VOLLLLLLIVV 1

ty-od duo)
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Table Al: Nucleotide Differences Observed in cDNA Clones. The top half
of the table shows changes in comparison of the composite sequence of
the a-subunit (Figure 6A) to a published sequence (29). Only one
deletion was found, which is in the 3’ untranslated region. Shown at the
bottom are the differences observed during sequence analysis of the
cDNAs. All of the differences are noted relative to that shown in Figure
6A. The amino acid changes found in the published a-subunit sequence
were at the following positions: 194, valine to alanine, 424, threonine to
alanine, and 675, phenylalanine to cysteine.
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