sions by injection of 5,6- or 5,7-dihy-
droxytryptamine [which appear to selec-
tively destroy serotonergic neurons (15)]
also selectively inhibited high-affinity
uptake of serotonin (/6). Although such
studies certainly suggest a more intense
uptake or storage in nerve endings, they
cannot rule out a contribution of high-
affinity glial uptake associated mainly
with subsequent metabolic degradation
by monoamine oxidase, since in some
studies monoamine oxidase inhibitors
were not added and light microscopy
does not clearly distinguish between neu-
ronal and glial processes in the neuro-
pil. It is also uncertain whether the lesion
studies were completely specific for neu-
rons. Thus destruction of serotonergic
neurons may have indirect effects on
astroglia surrounding such nerve end-
ings. Also, prolonged exposure of cul-
tures to §,7-dihydroxytryptamine inhib-
its their high-affinity uptake of [*H]sero-
tonin (17).

In conclusion, our results show high-
affinity uptake of [*H]serotonin by im-
munocytochemically identified astro-
cytes in primary culture. If our results
with normal astrocytes in culture apply
to astrocytes in situ, then uptake by such
cells is likely to be a significant route for
the termination of action of serotonin
and thus a possible site of action for
drugs such as the antidepressants. Up-
take into astroglia presumably occurs in
addition to reuptake by nerve endings.
The relative contributions of neurons
and astroglia to uptake could be assessed
if selective inhibitors of astroglial and
neuronal uptake were found, and screen-
ing for such compounds could conve-
niently be done in astroglial and neuronal
cultures and highly purified synaptosom-
al preparations. It is also possible that
astrocytic uptake plays a role in the
etiology of psychiatric diseases involving
serotonin (18).
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Retinal S Antigen Identified as the 48K Protein
Regulating Light-Dependent Phosphodiesterase in Rods

Abstract. Retinal S antigen chromatographically purified from whole retina,
induces experimental autoimmune uveoretinitis in laboratory animals. The 48K
protein, a soluble protein found in rod outer segments, is purified through its specific
binding to photoexcited rhodopsin and is involved in the quenching of light-induced
guanosine 3',5'-monophosphate-phosphodiesterase activity. Biochemical, immuno-
logical, functional, and pathological tests showed that retinal S antigen and the 48K

protein are identical.

Certain inflammatory diseases of the
retina and uvea are thought to involve
autoimmune mechanisms, either as pri-
mary mechanisms or secondary to a lo-
cal injury (/). Retinal S antigen, a soluble
protein of about 50 kilodaltons (kD)
found in abundance in the photoreceptor
cells of the retina, has a role in the
autoimmune response (I, 2). This protein
has been isolated and purified from the
retinas of different mammals (2, 3). Im-
munization of laboratory animals with a
few micrograms of purified S antigen in
adjuvants induces experimental autoim-
mune uveoretinitis, an ocular inflamma-
tory disease (2, 4, 5).

We report that the S antigen is identi-
cal with the so-called 48K protein char-
acterized in rod outer segments (ROS)
by its light-dependent binding to the disk
membrane (6). The 48K protein binds

specifically to photoexcited and phos-
phorylated rhodopsin (R*-P) (7) and
quenches the activity of the light-depen-
dent guanosine 3’,5'-monophosphate
(cyclic GMP)-phosphodiesterase (8).
This suggests that the 48K protein has a
regulatory role in the light-induced am-
plifying cascade that controls cyclic
GMP hydrolysis in ROS—a major step in
the phototransduction process (9). This
protein is highly soluble in dark-adapted
ROS and represents 2 to 7 percent of the
total protein content of ROS (10).

We applied biochemical, functional,
immunological, and pathological tests to
compare S antigen, prepared from total
retina by a standard procedure (3), with
the 48K protein, purified from ROS by a
procedure based on its binding to illumi-
nated disk membranes (11).

Both proteins migrate in sodium dode-
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cyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) as polypeptides of
about 50 kD (lanes 1 and 2 in Fig. 1). In
the native form, they are eluted from
molecular sieve columns as proteins of
about 50 kD (2, 3, 6, 9) and are therefore

monomeric. Both proteins bind to illumi-
nated disk membranes (lanes 4 to 7 in
Fig. 1) and more specifically to R*-P
(lanes 8 to 11 in Fig. 1).

The immunological comparison is
based on the use of monoclonal and

polyclonal antibodies specific for S anti-
gen (12). These antibodies specifically
recognize the 48K protein in various
extracts of ROS (13) (Fig. 2a). The im-
munoreactivity of purified 48K protein,

quantified by a liquid phase radioim-

1.2 3 6 6 7 8 9 10 11 Fig. 1. The biochemical and functional identity of S antigen and the

48K protein of ROS, analyzed by SDS-PAGE (17). (Lanes 1 and 2)

92.5K — e —PDE i d Overloaded gels of purified 48K protein (/1) and S antigen (3),

k respectively. The major polypeptide (>95 percent pure) in both

RERR - preparations has an apparent molecular mass of about 50 kD. The
= izt ] ! contaminants are essentially at about 70 kD (and 90 kD) for the 48K

e = « 45K =— - - o protein and at 38 kD (and 32 and 46 kD) for S antigen. Lane 3 shows

AR e e L g an extract from dark-kept bovine ROS, containing the proteins that

- =T, _i -l == are soluble at low ionic strength [S mM Hepes and 1 mM dithiothreitol

- =T et o= - (DTT) pH 7.0]. The major bands are the transducin subunits (T,, Tg,

- ] and T,) and cyclic GMP-phosphodiesterase (PDE), which are directly

31Kk = . & - involved in the enzymatic cascade activated by R*. At more physio-

e Ty e Ll T logical ionic strength (120 mM KCIl, 20 mM Hepes, 1 mM MgCl,, and

ot 1 mM DTT), transducin and PDE are membrane associated and are

J it ] therefore essentially absent from the supernatant (lanes 4 to 7, 10, and

Purified 11). The 48K protein migrates as the upper band of the doublet near 50
8 antigen ROS| *+ + P kD. (Lanes 4 to 11) Light-induced binding of both 48K protein and S
a P disks PERr e antigen to disk membranes, shown by comparing pairs of superna-
ot 2 SRS tants obtained at physiological ionic strength from dark-kept (D) or
ol - illuminated (L) membrane suspensions (6, 11). Compositions of the

= sl suspensions before centrifugation are given below the gels. Lanes 4 to

Light]| D L D B bl L 7 contained ROS (rhodopsin, 6 mg/ml) supplemented with 2 mM

adenosine triphosphate (ATP), and lanes 8 to 11 contained previously
phosphorylated, regenerated, and washed disk membranes [P disks (7), rhodopsin 1 mg/ml] to which soluble proteins of ROS were added (extract
E, containing the soluble proteins from ROS at physiological ionic strength). L-suspensions were illuminated for 3 minutes with strong orange
light at 20°C for ROS (nearly 100 percent bleaching), and for 1 minute with weak orange light for P disks (about 10 percent bleaching). The 48K
protein was present in D-supernatants (see lanes 4 and 10) but essentially absent from L-supernatants (lanes S and 11) since it sediments with the
bleached disk membranes (6, 11). Purified S antigen, added either to ROS (lanes 6 and 7) or to P disks (lanes 8 and 9), migrates with the 48K pro-
tein (the 48K protein band is intensified in lane 6), and binds to illuminated disk membranes exactly as 48K protein does.
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Fig. 2 (left). Immunological characterization of the 48K protein by
antibodies to S antigen. (a) Recognition of the 48K protein trans-
ferred from an SDS gel to nitrocellulose sheet [Western blotting
technique (18)]. The Coomassie blue-stained gel corresponds to the
immunodetection blot. (Lane 1) Purified S antigen. (Lane 2) Soluble
proteins extracted, at physiological ionic strength, from a ROS
suspension after illumination in the presence of 2 mM ATP [light-
extract (Ep) devoid of 48K protein; see lane 5 in Fig. 1]. (Lane 3) o
Soluble proteins extracted from ROS as in lane 2 but without

ELISA titration

48k

Sow PR

10-3 108 10-2

oo o . . 1072 10-4 103 10-4  10°5
illumination [dark-extract (Ep) containing 48K protein; see lane 4 in Antiserum to 48K Antiserum to S antigen
Fig. 1]. Four different monoclonal antibodies to S antigen were (dilution) (dilution)

tested and gave identical results. No protein was recognized in E; . )

The major protein recognized in Ep, corresponds to the 48K protein, with intensity similar to that for S antigen (19). (b) Radioimmunoassay of 48K
protein and S antigen. Different concentrations of either S antigen (O) or 48K protein (@) competed with a constant >’I-labeled S antigen for a
constant amount of rabbit antibody to bovine S antigen. The vertical scale (B/Bo) shows the percentage of '2°I bound to the antibody. Protein de-
termination was carried out by the method of Bradford (20), with bovine gamma globulin used as a standard. Fig. 3 (right). (a) Ocular
pathological response and (b) serum antibody levels in rats immunized with either 48K protein or S antigen. Five Lewis rats received a single
immunization with 30 pg of the protein in both mycobacterial and Bordetella pertussis adjuvants (5). (a) The clinical course of experimental
autoimmune uveitis (EAU) was followed by repeated examination of the eye with a slit lamp. The severity of the ocular inflammation was graded
from 0 to 3 (21). Dots represent the mean value of the EAU grade for ten eyes. Aficr immunization with either 48K or S antigen, all eyes had se-
vere EAU from day 15 to day 18. (b) Enzyme-linked immunosorbent assay (ELISA) titration of a serum antibody to 48K protein or antibody to S
antigen on plates coated with either 48K protein (@), S antigen (O), or bovine serum albumin (V). Coating concentration, 0.5 ug/ml in carbonate
buffer. The vertical scale shows absorbance at 490 nm.
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munoassay (Fig. 2b), is shown by a titra-
tion curve practically identical with the
standard curve for S antigen. Moreover,
purified 48K protein induces the devel-
opment of the characteristic pathology of
experimental autoimmune uveitis with
about the same efficiency as that ob-
served with S antigen (Fig. 3a). The
antibody levels in rats immunized with
either protein are also similar (Fig. 3b).
These quantitative comparisons ex-
clude the possibility that the pathological
effects could be caused by a contaminant
in one or both preparations. Because of
the different purification procedures,
there is little chance of a common con-
taminant, as confirmed in lanes 1 and 2
of Fig. 1. The 48K preparation contained
as the major contaminant a few percent
of a polypeptide of about 70 kD, most
probably rhodopsin kinase [which copur-
ifies with the 48K protein since it also
binds reversibly to bleached disk mem-
branes (6)]. In contrast, the S antigen
preparation contained neither the 70-kD
polypeptide, nor rhodopsin kinase activi-
ty (14). We therefore conclude that, in
both preparations, the 50-kD polypep-
tide is responsible for the immunopatho-
genic properties of S antigen (Figs. 2 and
3). Zigler et al. (15) reported that exten-
sively purified S antigen, containing only
the 50-kD polypeptide, as shown by sil-
ver staining on gels, induces experimen-
tal autoimmune uveitis.
Immunofluorescent labeling of retinal
sections has shown that S antigen is
located exclusively in photoreceptor
cells—not only in the outer segment but
also in the inner segment and the synap-
tic terminal region (2, 12). This diffuse
pattern may be related to intracytoplas-
mic diffusion of this highly soluble pro-
tein from its site of biosynthesis, the
inner segment. Because the protein is
absent from all other cells in the retina,
in brain, and in other tissues (except the
pinealocytes (2), which are phylogeneti-
cally related to photoreceptors (16), it is
likely that its function is essentially re-
stricted to phototransduction.
C. PFISTER
M. CHABRE
Biophysique Moléculaire et Cellulaire,
Département de Recherche Fondamentale,
Centre d’Etudes Nucléaires de Grenoble,
BP 85X, F-38041 Grenoble, France
J. PLOUET, V. V. TUYEN
Y. DE Kozak, J. P. FAURE
Laboratoire d’ Immunopathologie
de I'Oeil, Hotel Dieu,
F-75181 Paris 04, France
H. KUnuN
Institut fiir Neurobiologie der KFA,
D-5170 Jiilich,
Federal Republic of Germany

17 MAY 1985

References and Notes

1. J. P. Faure, Curr. Top. Eye Res. 2, 215 (1980).

2. W. B. Wacker, L. A. Donoso, C. M. Kalsow, J.
A. Yankeelow, Jr., D. T. Organisciak, J. Immu-
nol. 119, 1949 (1977).

3. C. Dorey, J. Cozette, J. P. Faure, Ophthalmic
Res. 14, 249 (1982). Briefly, bovine retinas were
suspended in 10 mM phosphate buffer, pH 7.6.
The extracted soluble proteins were subjected to
(NH,),SO,4 precipitation (50 percent saturation)
and then to chromatography, first on an Ultrogel
AcA 34 molecular sieve column and then on an
HA Ultrogel column. The fractions were tested
at each step for their reaction with antibodies to
S antigen. The active fractions were pooled and
stored lyophilized. The yield was about 250 pg
of S antigen per retina, or about 10 g S antigen
molecules per 100 rhodopsins.

. W. B. Wacker, N. A. Rao, G. E. Marak, Jr.,

Ophthalmic Res. 13, 302 (1981).

. Y. De Kozak, J. Sakai, B. Thillaye, J. P. Faure,

Curr. Eye Res. 1, 327 (1981).

H. Kiihn, Biochemistry 17, 4389 (1978).

. H. Kiihn, S. W. Hall, U. Wilden, FEBS Lezt.

176, 473 (1984).

. U. Wilden and H. Kiihn, in preparation.

. For molecular mechanisms of photoreceptor
transduction, see Current Topics in Membranes
and Transport, F. Bonner and W. H. Miller,
Fsds. (Academic Press, New York, 1981), vol.

10. C. Pfister, H. Kithn, M. Chabre, Eur. J. Bio-
chem. 136, 489 (1983); R. Zuckerman, B. Buz-
dygon, P. Liebman, Biophys. J. 45 (Abstr.), 292
(1984); N. J. Mangini e al., paper presented at
the ARVO Conference at Sarasota, Fla., May
}984) (abstract 2, p. 112, of conference proceed-
ings).

11. H. Kiihn, Methods Enzymol. 81, 556 (1982).
Briefly, extensively washed, dark-kept disk
membranes were combined with an isotonic
extract of dark-kept ROS in a medium consisting
of 120 mM KCl, 20 mM Hepes, 1 mM MgCl,,
and 1 mM dithiothreitol, pH 7.0. The suspension
was illuminated with orange light. The 48K
protein, bound to R*, was sedimented with the
membranes. Unbound proteins, contained in the
supernatants upon repeated washings, were dis-
carded. The 48K—containing membranes were
incubated in buffer for 30 minutes at 25°C in the
dark, reversing the binding of the 48K protein,
which was then recovered in the supernatant.

12. J. P. Faure et al., Curr. Eye Res. 3, 867 (1984).

13. C. Pfister et al., C. R. Acad. Sci. 299, 261
(1984).

14. H. Shichi and R. L. Somers have proposed that
rhodopsin kinase activity is associated with a
ROS protein of 50 to 55 kKD [J. Biol. Chem. 253,
7040 (1978)]. The question arises if it is the S
antigen that carries this kinase activity, as has
been suggested by H. Shichi [Jpn. J. Ophthal-
mol. 25, 306 (1981)], R. B. Nussenblatt ez al.
[Br. J. Ophthalmol. 65, 778 (1981)], and R. L.
Somers and D. C. Klein [Science 226, 182

\O oo ~No w S

(1984)]. We find, in contrast, that purified S
antigen is totally devoid of rhodopsin kinase
activity but retains the properties of the 48K
protein; that is, it binds to phosphorylated R*
and quenches phosphodiesterase activity. In
routine purification of S antigen (3), some rho-
dopsin kinase activity is found in the 50-kD peak
eluted from the molecular sieve column; howev-
er, the hydroxyapatite column then completely
separates S antigen (eluted at 100 mM phos-
phate) from rhodopsin kinase (eluted at 500 mM
phosphate). Moreover, rhodopsin kinase activi-
ty is separated from S antigen activity (assayed
immunologically) by gel filtration of soluble pro-
teins extracted from ROS with Sephadex G-100;
the kinase activity peak is eluted at about 65 kD,
and the S antigen peak at 50-kD (data not
shown). Finally, one of us (H.K.) has shown
[Neurochem. Int. 1, 269 (1980)] that ATP has
opposite effects on the light-induced binding of
the two proteins to disk membranes, strengthen-
ing the binding of 48K protein but weakening the
binding of rhodopsin kinase. We therefore con-
clude that rhodopsin kinase and S antigen are
two different proteins.

15. J. S. Zigler, Jr., et al., Invest. Ophthalmol.
Visual Sci. 22, 977 (1984).

16. J. P. Collin and A. Oksche, in The Pineal Gland,
R. J. Reiter, Ed. (CRC Press, Boca Raton, Fla.,
1981), vol. 1, pp. 27-67.

17. The gel system of Laemmli [Nature (London)
227, 680 (1970)] with 10 percent acrylamide was
gised. Gels were stained with Coomassie brilliant

ue.

18. A 10 percent acrylamide-SDS Laemmli gel was
run as in Fig. 1. The proteins were transferred to
a nitrocellulose sheet by contact during 5 days at
4°C. Corresponding lanes on the same gel were
subjected to Coomassie blue staining. The blot
was saturated with bovine serum albumin, then
incubated successively with the monoclonal
antibody (overnight at 20°C) and finally with
goat antibody to mouse immunoglobulin G cou-
pled to peroxidase. The peroxidase activity was
detected by aminobenzidine in the presence of
Ni?* and Co?* salts [A. L. de Blas and H. M.
Cherwincki, Anal. Biochem. 133, 214 (1983)].

19. A very faint band appears at lower molecular
weight, which could be due to a degradation
product of the 48K protein.

20. M. M. Bradford, Anal. Biochem. 72, 248 (1976).

21. 59;;13?) Kozak et al., Jpn. J. Ophthalmol. 27, 598

22. Fruitful discussions with E. Vadot and collabo-
ration with J. Bigay, C. Boucheix, P. Deterre,
C. Dorey, S. W. Hall, and M. Mirshahi are
gratefully acknowledged. Supported by grant U.
86 from Institut National de la Sante et de la
Recherche Médicale, grants U.A. 520 and 619
from Centre National de la Recherche Scientifi-
que, by Universities of Paris VI and Grenoble I,
and by grant SFB 160 from Deutsche Fors-
chungsgemeinschaft.

25 January 1985; accepted 27 March 1985

Cassette of Eight Exons Shared by
Genes for LDL Receptor and EGF Precursor

Abstract. The amino acid sequences of the human low-density lipoprotein (LDL)
receptor and the human precursor for epidermal growth factor (EGF) show 33
percent identity over a stretch of 400 residues. This region of homology is encoded by
eight contiguous exons in each respective gene. Of the nine introns that separate
these exons, five are located in identical positions in the two protein sequences. This
finding suggests that the homologous region may have resulted from a duplication of
an ancestral gene and that the two genes evolved further by recruitment of exons
from other genes, which provided the specific functional domains of the LDL

receptor and the EGF precursor.

The low-density lipoprotein (LDL) re-
ceptor is a protein that carries a nutrient
molecule, cholesterol, into cells by re-
ceptor-mediated endocytosis in clathrin-
coated pits (7). Epidermal growth factor
(EGF) is a 53-amino-acid peptide hor-
mone that stimulates cells to divide (2); it
is synthesized as a precursor of 1217

amino acids from which it is liberated by
proteolysis (3, 4). Like the LDL recep-
tor, the EGF precursor may exist as a
membrane-bound molecule (5-7). The
nucleotide sequences of cloned comple-
mentary DNA’s (cDNA) for the EGF
precursor and the LDL receptor re-
vealed that the amino acid sequence of a
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