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P26 — calcium binding protein from bovine retinal photoreceptor cells
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The primary structure of bovine retinal calcium binding protein P26 has been determined by parallel analysis of protein and corresponding cDNA.,
This protein is identical to recovering and shares 59% homology with visinin, a cone specific calcium binding protein from chicken retina.
Preliminary data are presented on expression of P26 as a fusion protein in E. coli,

P26: Calcium binding: Primary structure; Nucleotide sequence: Expression

1. INTRODUCTION

Decrease of intracellular calcium concentration is one
of the consequences of photoactivation of vertebrate
photoreceptor rod outer segments (ROS). This occurs
as a result of closure of a cGMP gated cation channel
in the plasma membrane and continuous operation of
Na*,K*,Ca?*-exchanger [1-3]. Data accumulated show
that this decrease of calcium concentration triggers a
negative feedback mechanism of the dark state restora-
tion and light adaptation [4-6]. Electrophysiological
and biochemical experiments clearly demonstrate that
calcium concentration exerts its effect on photoreceptor
guanylate cyclase such that lowered intracellular
calcium levels result in increased synthesis of cGMP
[7-11].

Rod outer segment cGMP-phosphodiesterase is an-
other target sensitive to changes of intracellular calcium
concentrations [12,13]. Recently it has been shown that
calcium, in the physiological range, regulates the light
activation of frog photoreceptor phosphodiesterase
(PDE) [l4]. The high sensitivity of both guanylate
cyclase and phosphodiesterase to calcium is conferred
by 26 kDa soluble proteins found in bovine and frog
retina, respectively.

Detailed information both on protein and DNA
levels is necessary for further structure-functional
studies of this protein. As a first step in this direction
we have isolated and cloned a cDNA encoding a 26 kDa
protein of bovine retinal rod, designated P26. Prelimi-
nary data are presented on the expression of P26 in E.
coli as a fusion protein.
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2. MATERIALS AND METHODS

Rod outer segments (ROS) were isolated from bovine retina accord-
ing to procedure developed by Uhl [15). The fraction of soluble
proteins was obtained by resuspending ROS from 300 retinas in 200
ml of 20 mM HEPES, pH 7.2. containing I mM EDTA and 100 mM
NaCl, followed by centrifugation at 29 000 x g (Ti-19, Beckman In-
struments) for 1.5 h, Preparation of ROS and extraction of soluble
proteins were carried out in the dim red light at 4°C. Supernatant was
concentrated by Amicon YM-10 filtration, dialysed against 1.5 liters
of sample buifer (50 mM Tris-HC], pH 7.4, containing | mM CaCl,
and 100 mM NaCl) and loaded on a Fluoreserb column (0.5 x 10 cm).
(Fluorosorb is available from the Shemyakin Institute of Bioorganic
Chemistry.) Prior to sample application the column. was washed with
15 ml of 0.1% BSA and then equilibrated with the samplc buffer. The
ROS extract was applied onto the column and the column was de-
veloped with the same buffer at a flow rate 20 mbh until the A,y
returned to baseline. Then it was equilibrated in 20 mM Tris-HCl, pH
8.0, 1 mM EDTA. The bound proteins were eluted with 20 mM
Tris-HCl, pH 8.0, 1 mM EDTA. 1% octylglucoside (OG). The final
purification of P26 was carried out on a Mono-Q column (HR 5/5;
Pharmacia Fine Chemicals) equilibrated with 20 mM Tris-i1CL pH
8.0, containing 1 mM EDTA. Linear gradient of KCl (0-200 mM) at
a flow rate 0.5 ml/min was uscd to elute proteins. Aliquots (20 ui) were
analysed by SDS-PAGE.

Purified P26 was cleaved with 100-fold excess of CNBr per mole of
methionine in 50% CF,COOH for 24 h at room temperature. The
peptides were first fractionated on a Bio-Gel P-10(] x 100 cm) column
equilibrated with 20% CH,COOH and further purified by RP-HPL.C
(Zorbax C8. CI18) on Altex model 332 system (Altex, USA). The
column was developed with a linear gradient of acetonitrile (0-80%)
in 0.1% CF,COOH.

Digestion of P26 with clostripain (arginine specific protease) at an
enzyme-to-substrate ratio of 1:50 was carried out in 100 mM
NHHCO,, pH 7.7, | mM DTT, 16 h at room temperaturc. The
resulting peptides were purified by RP-HPLC as indicated above.

Bovine retinal cDNA library in bacteriophage AZAP was the gift
of Dr. M. Applebury (Department of Ophthalmology, University
Chicago). DNA manipulations were carried out by using standard
methods (16]. Nucleotide sequences were determined by Maxam and
Gilbert method in a solid phase modification. Construction of plasmid
encoding 4 fusion protein and cxpression of this protein in E. coli will
be given in details in the accompanying paper.
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3. RESULTS AND DISCUSSION

At least four different methods of P26 purification are
now available. P26 was originally purified using an af-
finity chromatography column based on detergent so-
lubilised ROS membranes coupled to concanavalin A-
Sepharose [17]. Some methods are based on selective
calcium-dependent binding of this protein to hydro-
phobic carriers (phenyl-Sepharose) or to ROS disk
membranes [14,18]. Others take advantage of tempera-
ture-dependent aggregation and precipitation of the
majority of ROS soluble proteins leaving P26 in the
supernatant [19]. What is common for all these pro-
cedures is the use of ion-exchange chromatography as
a final step of purification.

The procedure we have developed is based on the
observation that Fluorosorb (a teflon-coated silica gel)
selectively adsorbs P26 tcgether with three proteins with
molecular masses higher than that of P26. Our attempts
to elute P26 from the column with EDTA or high ionic
strength were unsuccessful. However, it can easily be
eluted with lauryldimethylaminooxide (L>AO) or OG
and finally purified by ion-exchange chromatography
or gel-filtration. Purified protein migrates on SDS-
PAGE as a single band with the molecular mass 26 kDa
and gives a positive signal on calcium blots (Fig. 1).

Attempts to sequence intact protein were unsuccess-
ful because of a blocked amino-terminus; the nature of
this modification remains unknown. Cleavage at me-
thionine with CNBr and digestion with clostripain were
used for P26 fragmentation. CNBr peptides were first
fractionated on Bio-Gel P-10 in acetic acid and finally
purified using RP-HPLC in acetonitrile gradient. Pep-
tides of the clostripain digest were directly applied to a
Zorbax C8 or C18 column and eluted with acetonitrile
gradient in 0.1% trifluoroacetic acid. The complete or
partial amino acid sequences of 8 peptides comprising
60% of the polypeptide chain were determined [20]; all
of them are underlined in Fig. 2.

Oligodeoxyribonucleotides of the following se-
quences

5'-AACACCAAGTTCACCGAGGAGGAGCT-3 (1)
5’-CACCTCCCCGAGGACGAGAACACCCC-3' (2)
corresponding to peptides

Asn-Thr-Lys-Phe-Thr-Glu-Glu-Glu-Leu @)
His-Leu-Pro-Glu-Asp-Glu-Asn-Thr-Pro (2
respectively, were synthesised taking into account the
codon usage of several known ROS protcins and used
as hybridization probes to screen retinal cDNA library

in bacteriophage AZAP. Five hybridization-positive
clones were isolated from 1 x 10° transformants. Three
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of them: pSKP26-2 (-), pSKP26-4 (-) and pSKP26-5
(-) were used for sequence analysis of cloned inserts
(Fig. 2).

The results of the sequence analysis demonstrated
that none of these clones contains a full-size cDNA of
P26. Several base pairs of the 5’-coding sequence were
missing in the first two inserts, but they contained the
rest of the coding sequence with 3" untranslated region
including polyadenylation signal (AATAAA) as well as
polyA sequence, 17 base pairs downstream of this
signal. In the third clone, on the contrary, 90 base pairs
were missing from the 3’-coding sequence but it con-
tained 61 base pairs upstream of the initiation codon.

Fig. 3 shows the 606 nucleotide sequence of P26
cDNA. All the complete and partial amino acid se-
quences determined by peptide analysis were found to
be encoded by the cDNA sequence in the same reading
frame. Triplet ATG (62--64) is the initiation codon since
it is the first ATG codon that appears downstream of
a nonsense codon (32-34) found in the frame. The
codon 202 specifying leucine is followed by the termina-
tion codon. Thus, the P26 amino acid sequence deduced
from the corresponding ¢cDNA nucleotide sequence
consists of 202 residues with the molecular mass 23.3
kDa.

The amino acid sequence of bovine retinal calcium
binding protein, designated recoverin, has been recently
determined mainly at the protein level [21]. The results
of this study are in complete agreement with our data
on P26. However, no information was given as to the
nucleotide sequence of the corresponding full-length
cDNA of recoverin, which is important for further

Fig. 1. Purification of bovine retinal P26. Soluble fraction of ROS
proteins in 50 mM Tris-HCl, pH 7.4, | mM CacCl,, 100 mM NaCl was
applied to a Fluorosorb column. An aliquot of soluble fraction was
separated on SDS-PAGE (lanc 1). Proteins which dia not bind to the
column (lane 2), Bound proteins which could be ciuted with octylglu-
coside (lane 3). The cluted proteins shown in lane 3 were further
purified using ion exchange chromatography on Mono-Q (lanec 4).
Calcium blot of the purified P26 (lanc 5). Molecular weight standards:
bovine serum albumin (67 kDa), ovalbumin (43 kDa),chymotrypsino-
gen (27 kDa).
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Fig. 2. Location of inserts of isolated clones in the restriction map of P26 cDNA and sequence strategy. The solid boxes indicate the coding regions.
The arrows under the cDNA fragments indicate the extent and direction of sequence determination. B = Bgill; E = EcoRI; H = HindIIl; K = Kpnl,;
N = Ncol. T and IT indicate nucleotide probes used for screening of cDNA library.

structure-functional studies using recombinant DNA
technique.

At the early stage of this investigation we found that
several peptide sequences of P26 show a high homology
to troponin C, chicken vitamin D-dependent calcium

1 gasecoattge ticcalocaccedgeagtga Lo s CE-e S gEE S i A ¢ bid oy
67 ATGGGGAACAGCAAGAGTGGGGCCCTGTCCAAGGAGATCCTGGAGGALCTGCAGCTGAAC
TW &G NS K S G A LS K ETITILETETLUWGTL N

127 ACCAAGTTCACGGAGGAGGAGCTGAGCTCCTCGTACCAGTCCTTCLTCAAGGAGTGCCCC
T K PF TETE'ETLS S WY QS F LKET CHTP
187 AGTGGCCCGATCACCCGGCAGGAGTTCCAGACCATCTACTCCAAGTTCTTCCCCGAGGCC
448 6 R I TRQETFQTTIYSG KTFFUPEAR
247 GACCCCAAGGCCTATGCCCAGCACGTGTTCCGAAGCTTTGATGCCAACAGCGATGGCACC
61D P K A'Y A QH UV F RSP FDANSDGTT
307 TTGGACTTCAAGGAGTATCTCATCGCCCTACACATGACCAGCGCOGGCAAGACCAACCAG
BILDFKETYVTIALHDMNTS ACKTNGQEQ
367 AAGC’TGGAGTGGGCCT’TCTCCCTCTATGATGTGGATGGCMTGGGACCATCACCMGMC
101K L E W A F S L YDVDGNGTTISHKH
422 CACGTGCTGGAGATTCTCACGECTATCTTCAAAATGATCAGCCCTGAGGACACAAAGCAT
1ME VY L E I V T A I"F KMISTFETDTHKH
482  CTCCCAGAAGACGAGAACACTCCGGAAAAGCCAGCAGAGAAGATCTCGCGATTCTTIGGE
14L P EDENTPEUXKRAEUKTIWEGTPTP FG
542 AAGAAGGATGATGATAAACTTAGAGAGAAAGAATTCATCGAAGCGACCCTCGCCAATAAG
169K K D D DK LTETZKTETFTIETCTTLANEK

602 GAAATTCTGCGACTGATTCAATTCGAGCCTCAAAAAGTGAAGGAGAAACTGAAGGAANAG
1ML I L RLIQPFTETPAG QUHKVYHKEUHKTLIEKEHK

€662 AAACTCTGA tgteanctgrtcaggtctoetecateeccacecctetearataaac
200 K L Ter
T17T  acacttgtgeacgcatgtgoaigeacicaancacacacCgCCCCCBREECCEEZARARCT
777  tecascesacagnacattiusaceotes 1gcacaceteccigecaaacgrangtgtngita
B37 ag:tattcaccaagtcccgeccactatactgoccgectecccticccccageccgecage
RY7  coageee leoglantaattcenggatingglcacaggagonc tanntataggtcactaga
ant  peactasatatececgeccocatgtangotos ttigtgrattgt tgagtoageaggtice
1T aalasitgrangaggagscggidcuaaanaasananaaanaal 1058
Fig. 3. Nucleotide and deduced amino acid sequence of bovine retinal
protein P26, Sequences determined by peptide analyses as well as
polyadenylation signal arc underlined. Arrows indicate EF-hand nto-
tifs. Ter. = translation termination signal.

binding protein and calmodulin. When the sequences
analysed later were compared with the NBRF Protein
Identification Resource, the highest homology scores
observed were with visinin, a chicken retinal cone and
pineal gland specific calcium binding protein [22). Tak-
ing into account light-dependent increase of visinin ex-
pression in pineal gland and cultured pineal bodies it
was suggested that this protein is involved in the photo-
transduction mechanism of cone and pineal cells. The
amino acid sequences of visinin (192 residues) and P26
share 59% homology; the lowest variability is observed
in the central parts (extending from amino acid residue
65-125) of respective polypeptide chains.

Both visinin and P26 contain three consensus calcium
binding sites of the EF-hand motif (Fig. 3, dashed lines).
In accordance with the known criteria [23], each EF-
hand comprises 29 amino acid residues and is made of
two ¢a-helices with the intermediate sequences contain-
ing calcium coordinating amino acid side chains, The
only deviation is the insertion of cysteine residue at
position 39 in the first EF-hand. Whether this cysteine
residue is inserted to diminish the calcium binding
potential of the first EF-hand so as to provide a fine
regulation of some unknown function remains to be
seen. In any case, this cysteine might be a good can-
didate for site directed mutagenesis.

Recoverin or P26 was shown to activate ROS gua-
nylate cyclase when the frec calcium concentration is
lowered from 450 to 40 nM [21]. This accords with the
previous observations that the decrease in calcium con-
centration ¢nhances guanylate cyclase activity during
the restoration phase [17].

Retinal calcium binding protein may also exercise
other functions. In this context two recent observations
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deserve attention. First, a calcium binding protein of the
molecular mass 26 kDa homologous to chicken visinin
was purified from frog ROS. It was shown that in the
presence of | uM calcium this protein, designated S-
modulin [14], increases the efficiency of PDE activation
by 50% without affecting the maximum activity. With-
out S-incdulin, PDE activation was not markedly in-
fluenced by either low (30 nM) or high (1 #M) calcium
concentrations. It would be interesting to know if S-
modulin and P26 are switched to phosphodiesterase and
guanylate cyclase, respectively, or each of these proteins
has a regulatory effect on both enzymes. Second, the
sera from patients with cancer-associated retinopathy
(CAR) label a 26 kDa protein from human retina [18].
Comparison of amino acid sequences demonstrates that
CAR antigen is the same protein as P26.

Taken together, it is difficult to overestimate the im-
portance of the role P26 plays both in our understand-
ing of basic problems of vision and disorders in retina.
Now that the cDNA of P26 is available, wide perspec-
tives are open for detailed structure—functional studies
of this protein using recombinant DNA technique. As
a first step in this direction we have expressed P26 in E.
coli as a fusion protein (S!. aureus protein A fragment—
P26) [24]. The advantage of this expression system is
that it provides the secretion of a fusion protein. facile
purification using the affinity chromatography on IgG-
Sepharose and cleavage at enteropeptidase specific site
located between the protein A fragment and P26.
Finally, the yield of a fusion protein is high enough to
carry out extensive structural and functional studies of
P26.
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