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Identification and Initial Characterization of
an Autocrine Pheromone Receptor in
the Protozoan Ciliate Euplotes raikovi

Claudio Ortenzi, Cristina Miceli, Ralph A. Bradshaw,* and Pierangelo Luporini

Department of Cell Biology, University of Camerino, 62032 Camerino, Italy; and * Department of Biological Chemistry,
College of Medicine, University of California, Irvine, California 92717

Abstract. The polypeptide pheromone Er-1, purified
from the ciliate Euplotes raikovi of mating type I and
genotype mat-I/mat-1, was iodinated with '>I-Bolton-
Hunter reagent to a sp act of 0.45-0.73 uCi/ug of pro-
tein. This preparation of >’I-Er-1 bound specifically to
high affinity binding sites on the same cells of mating
type I. Binding of '»I-Er-1 occurred with an apparent
Ksof 463 + 0.12 X 10° M in cells in early station-
ary phase. It was estimated that these cells carry a to-
tal number of ~5 X 107 sites/cell, with a site density
that falls in the range of 1,600-1,700/um? of cell sur-

face. Unlabeled Er-1, other homologous pheromones
such as Er-2 and Er-10, antibodies specific for Er-1,
and human IL-2 were shown to act as effective inhibi-
tors of specific binding of '*I-Er-1 to mating type I
cells. The “autocrine” nature of the identified specific
high affinity binding sites for Er-1 was further sub-
stantiated by cross-linking experiments. These experi-
ments revealed that mating type-I cell membranes con-
tain one protein entity of M, = 28,000 that is capable
of reacting specifically with the homodimeric native
form of Er-1.

some species of ciliated protozoa and distinguish two
or more cell classes (or “mating types”) within a
given species (reference 16 for review). Their presence in
cell filtrates is usually revealed by the formation of (homo-
typic or intraclonal) mating pairs between cells of the same
type suspended with a filtrate recovered from another cell
type. These signals, or mating type factors, in the wake of
their first chemical characterization in Blepharisma japoni-
cum (reference 22, for review), were denominated “gam-
ones” (21), a term derived from the contraction of “ga-
metenhormone” (11), and defined “specific signal substances
for interactions between cells complementary for fertiliza-
tion that lead them to unite” (21). This definition expressed
the view that ciliate mating type interactions, reputed similar
in many respects to interactions between animal gametes in
fertilization, involve phenomena of specific and mutual
cell-cell recognition and activation in function of mating.
This view, widely held since Sonneborn’s discovery of mat-
ing types in Paramecium aurelia (27), was rationalized (12,
14, 23) by a model (known as “gamone-receptor hypothesis™),
which assumes, quoting Kuhlmann and Heckmann (14), that
“cells express receptors only for those gamones they do not
synthesize themselves.” Yet, univocal conceptual support and
direct experimental evidence were never produced to cor-
roborate this assumption.
More recently, mainly on the basis of (a) experimental
data obtained on the mating type interactions and expression

CHEMICAL cell signals are constitutively secreted by
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in Euplotes raikovi (16), (b) a reinterpretation of the studies
of mating control in B. japonicum (16), and (¢) intriguing (al-
though rather neglected) observations that ciliate mating
type factors may also exert mitogenetic effects (30, 31),
whereby these factors are better considered as multifunc-
tional, or pleiotropic, molecules capable of causing a range
of effects rather than only inducing mating, it was proposed
(16) that mating types evolved and basically function in cili-
ates as a purposeful and cell-specific mechanism of self rec-
ognition. The fundamental assumption intrinsic in the con-
cept of self recognition is that, like in the “autocrine”
secretion defined by Sporn and Todaro (28), the primary tar-
get of each mating type factor, renamed “mating phero-
mones” (16) and, hereafter, simply “pheromones,’ is a func-
tional cell surface receptor produced by the same cell that
secretes the pheromone.

The importance of autocrine and paracrine messengers in
endocrine systems has been appreciated for some tissues of
advanced vertebrates (3). Many of the tissue polypeptide
growth factors function in this manner where systemic trans-
port, a common element of the more classic endocrine sub-
stances, is replaced by other mechanisms, primarily diffu-
sion (13). Autocrine interactions, in which the cells that
synthesize and release the hormonal agent also bind and re-
spond to it, are clearly widely distributed and may be partic-
ularly important in development. They also seem to charac-
terize many transformed cells and therefore may be a major
manifestation of oncogenesis.
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In this report, we describe the identification of a high
affinity autocrine receptor for the pheromone Er-1' (ab-
breviation of Euplomone r-1; reference 4) of E. raikovi,
whose production in cells of mating type I is controlied by
the allele mat-1 at the mating type (mat) locus (20). In E. rai-
kovi, the mat locus is highly polymorphic, as in many other
species of Euplotes (for example see reference 9), and is rep-
resented by alleles codominantly expressed and inherited in
1:1 association with one pheromone (17). Protein amounts in
the range of 1.4-3.5 mg (active at picomolar concentrations)
can be obtained for each pheromone from 10 liters of cell
filtrates (24). Among the five polypeptide pheromones of E.
raikovi so far purified (4, 24, 26), Er-1 is the best character-
ized. The structure of the mature, secreted form has been de-
termined by amino acid sequence analysis (25) and that of
the precursor by molecular cloning and cDNA sequencing
(20). The secreted form is a single chain polypeptide of 40
residues, with three disulfide bonds; its native structure is
probably a dimer (or a larger aggregate) between identical
units tightly associated in a noncovalent manner (25).

This finding provides direct evidence that the mechanisms
of autocrine secretion and self recognition do not constitute
an exclusive property of pluricellular complex organisms,
but rather have their origins in unicellular eukaryotes.

Materials and Methods

Materials

{PHodine and ['ZIjp-hydroxyphenylpropionic acid, N-hydroxysuccinimide
ester ('*I-Bolton-Hunter reagent) were purchased from Amersham Inter-
national, Amersham, UK; routine analytical grade reagents, sea salts,
aprotinin from bovine lung (bPTI), octyl-3-glucopiranoside, PMSF, EDTA,
and DMSO from Sigma Chemical Co., Poole, UK; Bio-Gel P-10, low mo-
lecular weight standards, Triton X-100, and PAGE reagents from Bio-Rad
Laboratories, Richmond, CA; BSA from Serva Feinbiochemica GMbH &
Co., Heidelberg, FRG; glutaraldehyde (25% in water) from Fluka Biochem-
ica, Bucks, Switzerland; BA 85 nitrocellulose (0.45 um) from Schleicher
& Schuell, Inc., Keene, NH; polyethylene glycol (PEG 6,000) from Merck
& Co., Rahway, NJ; bovine insulin, human choriogonadotropin (hCG), hu-
man epidermal growth factor (hEGF), human interleukin 1-8 (hIL-18), and
human interleukin 2 (hIL-2) from Boehringer Mannheim Biochemicals, In-
dianapolis, IN; disuccinimidy! suberate (DSS), 1-ethyl-3-(3-dimethylami-
nopropyl)-carbodiimide hydrochloride (EDC), n-hydroxysulfosuccinimide
(Sulfo-NHS), and 1,3,4,6-tetrachloro- 3-diphenylglycoril (iodogen) from
Pierce Chemical Ca., Rockford, IL; human gonadotropin releasing hor-
mone (hGNRH) from Calbiochem-Behring Corp., San Diego, CA; chicken
gonadotropin releasing hormone (cGNRH) was kindly provided by Dr. A.
Polzonetti (Camerino, Italy).

Cells and Pheromones

Cells of E. raikovi used were of clone 1aF;13 obtained as sexual offspring
(17) of the wild-type strain 13 (19), deposited (collection number, 1624/19)
at the Culture Collection for Algae and Protozoa (CCAP), The Ambleside
Laboratories, UK. They were supplied with green algae Dunaliella ter-
tiolecta grown in artificial sea water and maintained under controlled condi-
tions, at 24°C, as described elsewhere in detail (17).

Cells of E. rariseta belong to strain Ges; (6), of Paramecium tetraurelia
to strain No. 51 (provided by Dr. T. Harumoto, Camerino), and of
Blepharisma japonicum to strain “Rlog-I" (provided by Dr. A. Miyake,
Camerino).

1. Abbreviations used in this paper: bPTI, aprotinin from bovine lung; c,
chicken; DSS, disuccinimidyl suberate; EDC, 1-ethyl-3-(3-dimethylamino-
propyl)-carboniimide hydrochloride; Er-1, pheromone of Euplotes raikovi
of mat-1/mat-1 genotype and mating type I phenotype; GNRH, gonado-
tropin releasing hormone; h, human; hCG, human choriogonadotropin;
PEG, polyethylene glycol; Sulfo-NHS, n-hydroxysulfosuccinimide.
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Pheromones Er-1, Er-2, and Er-10 were purified according to published
procedures (4).

Preparation of Er-1 Antiserum

Antiserum was prepared by immunizing a New Zealand white rabbit with
purified 1-mg samples of Er-1. For the immunization, Er-1 samples dis-
solved in physiological solution were mixed with equal volumes of Freund’s
incomplete adjuvant and injected subcutaneously into the rabbit. Booster
injections (1-mg each) were given every 2 wk for 2 mo. The rabbit was bled
after every immunization and the antibody titer was assayed by ELISA tests.

Preparation of Radiolabeled Er-1

Radiolabeling of Er-1 was carried out essentially according to the manufac-
turer’s instructions. Briefly, 0.5 mCi of '2I-Bolton-Hunter reagent (2,000
Ci/mMol) were incubated for 20 min, at 4°C, with 10 ug of Er-1 in 10 ul
of 0.1 M NayBOs, pH 88. The reaction was terminated by the addition of
100 ul of 0.2 M glycine, 0.1 M Na;BO;, pH 8.5. After 5 min at 25°C, 300
ul of 6 M guanidine-HCl were added to the incubation mixture. The radiola-
beled Er-1 molecules were separated from unincorporated Boiton-Hunter
reagent by chromatography on a Bio-Gel P-10 column (0.5 x 10 cm)
equilibrated with PBS, pH 7.5. The preparation was then applied to a
Superose-12 column (Pharmacia, Uppsala, Sweden) equilibrated with 0.1
M Tris, 0.15 M KCl, pH 7.5. The biologically active fractions, assayed ac-
cording to standard methods (17) and corresponding to the maximal specific
activity, were pooled, stored at —20°C, and used within 14 d.

Bioassay of Radiolabeled Er-1

The biological activity of >I-Er-l was evaluated according to standard
parameters (17), based on the percentage of tester cells induced to form mat-
ing pairs upon suspension with serially diluted pheromone samples. Tester
cells were taken from clone 1bF;13 of mating type II (17).

Preparation of Cells

Before use in the experiments, cells were washed and resuspended with
fresh medium, i.e., artificial sea water for Euplotes and synthetic medium
(21) for Blepharisma and Paramecium, in order to remove unbound
(secreted) pheromones and catabolites from the extracellular environment.
Cells were fixed with 0.25% glutaraldehyde in the presence of 0.2% BSA.
After 1 h of fixation at 4°C, glutaraldehyde was removed by cell washing
with three volumes of fresh medium containing 0.2% BSA.

Preparation of Cell Cortex Fractions

A 90-nm-thick cell cortex delimits the cell surface of E. raikovi (5); it con-
sists of the plasma membrane plus two continuous alveolar membranes en-
closing protein plates. Fractions of this cortex were prepared from cell cul-
tures (5 liters), washed, resuspended at a density of ~12 X 10° cells/ml
with fresh artificial sea water, and harvested by centrifugation at 600 g for
10 min, at 4°C. Harvesteg cells were suspended for | min with stabilization
buffer (0.1 M NaHCO;, 0.5 mM EDTA, 1 mM PMSF, pH 7.2) containing
0.5% Triton X-100, and then precipitated by centrifugation (1 h, 50,000 g),
at 4°C. To remove Triton X-100 (that under these conditions only causes
solubilization of cytoplasmic membranes, without disrupting cell cortex)
and the pheromone activity from the supernatant, the pellet was resuspend-
ed and centrifuged at least three times with the same buffer without Triton
X-100. The final preparation, suspended in 10 ml of stabilization buffer and
diluted 1:500 before being used in binding experiments, could be stored for
~1 mo at —80°C without any appreciable loss in the pheromone binding
activity.

Extraction of Soluble Binding Sites

Cell cortex preparations, obtained as described above, were suspended with
octyl-S-glucopyranoside (final concentration, 1%) in the presence of 1 mM
PMSEF, and stirred overnight at 4°C with an end-over-end mixer. Insoluble
material was removed by centrifugation (4 h, 50000 g), at 4°C, and the su-
pernatant (solubilized membranes) was recovered. The final protein content
was estimated (2), using BSA as a standard, to be 15-20 mg/ml, with an
average recovery of 3.5 ug protein for 10° cells. The preparation of solubi-
lized membranes was diluted 1:10 in stabilization buffer before to be used
in binding experiments.
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Binding Experiments

In experiments involving cells and cell cortex preparations, samples were
incubated with the radioligand in the presence of 0.2% BSA and applied
to wells of a spotting manifold (Bio-Dot; Bio-Rad Laboratories) assembled
with a BA 85 nitrocellulose membrane. Unbound radioactivity was washed
away under vacuum by addition of 3 vol of either sea water (for cells) or
stabilization buffer (for cortex preparations), both containing 0.2% BSA.
The nitrocellulose membrane was then cut into small pieces, each one cor-
responding to one well, and the radioactivity detected on a gamma counter
(RackGamma II; LKB Instruments, Inc., Gaithersburg, MD).

In experiments involving solubilized membranes, the reactions with the
radioligand were carried out in the presence of 0.2 % BSA and 0.5% octyl-3-
glucopyranoside and terminated by the addition of 2 vol of calf serum and
4 vol of 20% PEG 6,000. Samples were centrifuged (10 min, 12,000 g) at
4°C, the supernatants decanted, and pellets resuspended in 8 vol of 12.5%
PEG 6,000 and centrifuged again. The radioactivity of each pellet was even-
tually counted.

Specific binding was determined by measuring the difference between to-
tal bound radioactivity and nonspecific binding determined in parallel se-
ries of replicated samples incubated with the radioligand in the presence of
a 100-fold molar excess of Er-1.

Cross-linking Experiments

Solubilized membranes (25-u1 samples diluted in equal volume of stabiliza-
tion buffer} were mixed with '2I-Er-1 (100 ng), at 0°C, in the presence or
absence of 25-fold or greater molar excess of Er-1. After 25 min, the reac-
tion mixtures were incubated, at 24°C for 40 min, with aliquots of DSS
(freshly prepared dissolving 0.25 mg/ml in DMSO), or with aliquots of
freshly prepared EDC (100 mM in 50 mM PBS, pH 6.5) and enhancer
Sulfo-NHS (50 mM in 50 mM PBS, pH 6.5).

PAGE and Autoradiography

PAGE was carried out under nondenaturing conditions essentially according
to Dewald et al. (7), and under denaturing and reducing conditions accord-
ing to Laemmli (15). Gels were either stained with Coomassie blue R-250,
or dried and exposed to Kodak X-Omat Ar films at —80°C.

Results

Preparation of '*1-Er-1

To identify and characterize Er-1-receptors on mating type-I
cells, we prepared radiolabeled Er-1. Since Er-1 consists of
a single polypeptide chain with four tyrosine residues (20,
25), we first tried a tyrosine-directed method of jodination,
i.e., iodogen (18). This method proved unsuccessful, how-
ever. High specific radioactivity was introduced, but Er-l
bioactivity was completely lost. The »I-Bolton-Hunter re-
agent was therefore chosen to radioiodinate Er-1, as it offered
the advantage of introducing, under mild reaction condi-

92—

- 66—

o 45—
: 31— Figure 1. SD$ and autoradiographic analy-
N sis of "PI-Er-l. "*I-Er-1 (specific radioac-
2 09— tivity, 0.73 uCi/ug) was boiled for 6 min in
sample buffer containing 2% SDS and 5%
14— 2-mercaptoethanol, and applied (1.5 x 10*
c¢pm) to a linear gradient (5-20%) gel.
The migration positions of marker proteins

are indicated.
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Figure 2. Time course of binding of '>I-Er-1 to living cells of mat-
ing type I. A sample of cells in early stationary phase was sus-
pended (cell density, 104/ml) with 300 ng/ml of 'I-Er-1 (1.54 X
10° cpm/ng), at 24 (w) or 0°C (e), and aliquots (250 ul) with-
drawn at progressive times. The data, of one experiment taken as
representative, have been interpolated and represent specific
binding.

tions, the bulky iodine solely at the amino terminus because
of the absence of other amino groups (20, 25).

At the end of the reaction the labeled Er-1 molecules were
completely separated from unincorporated Bolton-Hunter
reagent by chromatography on a Bio-Gel P-10 column, and
then applied to a Superose-12 column operated on a HPLC
system to obtain biologically active fractions with the maxi-
mal specific activity. With this iodination method we were
regularly able to obtain '*I-labeled preparations of Er-1
with specific activities in the range of 0.45-0.73 uCi/ug, that
showed no appreciable loss of biological activity for at least
2 wk when stored at —20°C. As shown in Fig. 1, on analysis
by SDS-PAGE and subsequent autoradiography of the gel,
these preparations typically contained a single molecular
species which migrated as a well defined band of M, =
5,000. In some experiments, a minor component of M, =
9,500-10,000, that is in the area expected for Er-1 homodi-
mers, was also evident (data not shown).

Time Course of '*1-Er-1 Binding

We prelimarily assayed binding of #I-Er-1 to living cells of
mating type I as a function of time, maintaining the radio-
ligand concentration constant at the physiological level of
300 ng/ml. Cells used were in early stationary phase, i.e.,
ones that, after 1 d of starvation (during which cell division
continues for one or two generations), start accumulating in
the G, stage of the cell cycle (8).

As shown in Fig. 2, binding proceeded very rapidly and
with a similar trend at either 24 or 0°C, although it was ini-
tially appreciably lower (26-28 %) in cells incubated at 0°C.
Cell-bound radioactivity reached a peak within 5-10 min of
incubation; then, it decreased until a nearly constant level of
about half of the initial maximal amount rerr uned associated
with the cells after about 30 min.

Subsequently, an experiment of time-course binding of
125]-Er-1 to cell cortex preparations was conducted (data not
shown). The radioligand binding was again very rapid; how-
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Figure 3. Concentration dependence and Scatchard analysis of
12I-Er-1 binding to cells of mating type I in early stationary
phase. Cells (2.5 X 10% were incubated for 1 h with increasing
concentrations of 'I-Er-1 in final volumes of 250 ul, at 24°C.
Each value is the mean (£SD) of six to eight determinations ob-
tained from three experiments and represents specific binding.
Nonspecific binding was in the range of 39-58% of total binding.

ever, once a peak was reached, values of bound radioactivity
remained virtually unchanged. This difference in the time-
course patterns of '*I-Er-1 binding, between living cells
and cell cortex preparations, was taken as presumptive evi-
dence that an active, complex regulation of pheromone bind-
ing takes place in living cells. Therefore cells were fixed be-
fore being used intact in the next experiments in order to
avoid interference either by cellular metabolic processes or
by passive radioligand uptake through the cell cytostome.
This fixation was carried out with 0.2% glutaraldehyde, which
also has been successfully used in human cell lines to study
interactions of high affinity receptors with polypeptide hor-
mones, such as EGF (1).

is].Fr-1 Concentration-dependent
Equilibrium Binding

Direct binding experiments were first carried out by incubat-
ing increasing concentrations of '»I-Er-1 with cells of loga-
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Figure 4. Concentration dependence and Scatchard analysis of
125I-Er-1 binding to cells of mating type I in growth phase. Ex-
perimental conditions and values reported as in legend to Fig. 3.
Nonspecific binding was in the range of 45-56% of total binding.
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Figure 5. Concentration dependence and Scatchard analysis of
1Z1-Er-1 binding to cell cortex fractions of mating type I cells.
Cell cortex samples (230 ul) were incubated for 1 h with increasing
concentrations of '’I-Er-1 in final volumes of 250 ul, at 24°C.
Each value is the mean (1+SD) of four determinations obtained from
two experiments and represents specific binding. Nonspecific bind-
ing was in the range of 44-60% of total binding.

rithmically and asynchronously growing cultures, deprived
of food immediately before being used, and cells in early sta-
tionary phase. As shown in Figs. 3 and 4, the plots of specific
counts bound as a function of radioligand concentration (as-
suming binding of the dimeric form of Er-1) indicate that the
binding is a dose-responsive and saturable process in both
cases examined. Scatchard analyses of the data indicated a
single class of high affinity binding sites for Er-1 and an ap-
parent equilibrium dissociation constant (K,) equivalent be-
tween cells in early stationary phase (Ks = 463 + 012
[SD] x 10~ M) and in growth phase (K; = 4.99 + 0.19
[SD] X 10~° M). In the former, however, the average num-
ber of binding sites per cell was nearly twice that in the latter
(50 X 107 vs. 2.9 X 107). On the basis that the estimated
total surface area of E. raikovi, calculated as the surface of
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Figure 6. Concentration dependence and Scatchard analysis of
125]-Er-1 binding to solubilized membrane preparations of mating
type I cells. Membrane samples (5 ul containing ~9 ug of protein)
were incubated for 1 h with increasing concentrations of I-Er-1
in final volumes of 250 ul, at 24°C. Each value is the mean (+SD)
of four determinations obtained from two experiments and repre-
sents specific binding. Nonspecific binding was in the range of 50-
67% of total binding.
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Figure 7. Displacement of '»I-Er-1 by increasing concentrations of
Er1 and two other homologous pheromones. Cells (2.5 X 10 in
early stationary phase were incubated with samples consisting of
saturating amounts of 5.5 X 1072 M of '*I-Er-1 plus serially in-
creasing amounts of Er-1 (a), Er-2 (e), and Er-10 (m) for 1 h, in
final volumes of 250 ul at 24°C. The reported values represent
specific binding and are of one experiment taken as representative.
Nonspecific binding was in the range of 11-42% of total binding.

a half ellipsoid of 40 X 15 X 15 um plus the surface of an
estimated number (2,300) of cirral and membranellar cilia
(each one matching a cylinder of dimensions 0.25 X 15 pym),
is ~30,000 pm?, the maximal Er-1 binding site density on
mating type-I cells is in the range of 1,600-1,700 molecules/
um?,

The effect of increasing concentrations of '*I-Er-1 was
then determined for binding to cell cortex and solubilized
membrane preparations of cells in early stationary phase.
The data (illustrated in Figs. 5 and 6) confirm that the bind-
ing reaction is a saturable process and involves a single class
of sites. In addition, no net change of slope (Ki = 6.76 +
0.29 [SD] X 10 M) was observed in a Scatchard plot of
specific counts bound to solubilized membranes, whereas a
conspicuous change occurred in the plot of binding to cell
cortex preparations (K; = 2.59 1+ 0.97 [SD] x 10¢ M).
This observation, therefore, provides evidence that phero-
mone binding sites were effectively extracted by the deter-
gent and maintained in a functional state.

Binding Site Competition

Samples of early stationary cells were incubated with sets of
mixtures consisting of a saturating amount of '*I-Er-1 plus
serially increasing quantities of Er-1, or of the two other al-
lelic pheromones Er-2 and Er-10. These pheromones were
purified from E. raikovi of genotype mat-2/mat-2 (17, 24)
and mat-10/mat-10 (26), respectively, and show only ~40%
identity with Er-1 (26; Raffioni, S., R. A. Bradshaw, and P.
Luporini, manuscript submitted for publication). However,
they are similar with respect to biological activity, native
molecular weight, pI, and most likely three-dimensional
structure as suggested by the conservation of half-cystine
residues. The results, shown in Fig. 7, indicate that the amount
of 5[-Er-1 bound to the cells was reduced, in a dose-de-
pendent manner, to the amounts of Er-1 and, as well, of the
two other pheromones contained in the mixtures. Therefore,
Er-1 binds reversibly to the cells and both Er-2 and Er-10
prove to be as effective as Er-1 in the competition assay.

Ortenzi et al. Pheromone Receptor in Euplotes

[-Er-1 binding specificity to mating type-I cells was
further examined by including rabbit antiserum to Er1 in the
binding medium and using various unlabeled proteins as
competitors.

The antiserum used at a dilution of 1:100 eliminated 82 %
of I-Er-1 binding, while the binding eliminated by the
preimmune serum (used in parallel and at the same dilution)
reached 40%.

As summarized in Table I, among a panel of human poly-
peptide growth factors tested at increasing molar concentra-
tions, IL-2 was found to function as a very effective competi-
tor: 50-fold molar excess inhibited 90% of '*I-Er-1 binding.
Also EGF and IL-18, although at a markedly less extent than
IL-2, showed an inhibitory effect on the radioligand binding.
On the other hand, the inhibition by insulin was insignifi-
cant, and bPTI, hCG, hGNRH, and ¢cGNRH had no effect
on 'ZI-Er-1 binding.

Binding of >I-Er-1 to Other Ciliates

The capacity of three different species of ciliates, Fuplotes
rariseta, Paramecium aurelia, and Blepharisma japonicum,
to specifically bind “I-Er-1 was examined using the same
experimental procedure as that of the equilibrium binding
experiments carried out on E. raikovi (and illustrated in Figs.
4 and 5). None of the species tested specifically bound any
12]-Er-1.

A B CDTETFG

iy <

Figure 8. Triton X-100 PAGE and autoradiographic analysis of
solubilized membrane preparations of mating type I cells cross-
linked to '>I-Er-1. Reaction mixtures between membrane samples
and 'I-Er-1 were incubated, in the presence or absence of an ex-
cess of Er-1, with DSS (5 mM) and analyzed on a linear gradient
(5-20%) gel containing 0.1% of Triton X-100. Lane A, without
DSS, as a control. Lanes B-D, with 100-, 50-, 25-fold excess of
Er-1, respectively. Lane E, without Er-1. Lanes F and G, '¥I-Er-l,
without membrane fractions, incubated with or without DSS, re-
spectively, as controls. The solid arrowhead indicates the complex
of interest and the open one indicates '>’I-Er-1.
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Table 1. Inhibition of Specific '*I-Er-1 Binding to Mating Type I Cells by Various Purified Proteins

Excess molar

concentration bPTI hCG hGNRH c¢GNRH Insulin hEGF hIL-18 hiL-2
% of inhibition

Equimolar <5 <5 <5 <5 <5 <5 <5 <5

10-fold <5 <5 <5 <5 <5 10 9 44

25-fold <5 <5 <5 <5 11 24 15 61

50-fold <5 <5 <5 <5 18 47 34 90

100-fold <5 ND <5 <5 26 ND ND 90

BLEr-1 (5.5 X 1072 M) was incubated at 24°C with mating type I cells (2.5 X 10% in 250 pl) in the presence or absence of increasing concentrations of each
protein. After 1 h of incubation, specifically bound '*I-Er-1 was quantified. Values represent the mean of four determinations obtained from two experiments.

Cross-linking of '?I-Er-1 to Membrane Proteins

To identify the Er-l1 binding sites on mating type I cells,
affinity cross-linking experiments, using either the bifunc-
tional reagent DSS, or the heterofunctional EDC in associa-
tion with the enhancer Sulfo-NHC, were carried out. Solubi-
lized membrane fractions were incubated with »[-Er-1, in
the presence or absence of an excess of Er-1 to delineate the
specificity of binding, and the resulting complexes were ex-
posed, under mild cross-linking conditions, to relatively low
concentrations of DSS (5 mM) or EDC (20 mM) for 40 min.
As shown in Figs. 8 and 9, the autoradiographic analysis of
the labeled proteins after electrophoresis on different poly-
acrylamide gel systems revealed only one principal species,
which was cross-linked and migrated as a sharp band of M,
= 38,000 under denaturing and reducing conditions (Fig. 9).
Interestingly, this band was not evident when the DSS-cross-
linked complexes were run under denaturing conditions
(data not shown). This is probably due to single amino
groups in Er-1 subunits, the site of reactivity for DSS. Varia-
tions in reaction conditions, such as doubling the incubation
time and/or the cross-linker concentrations, did not result in
the appearance of additional bands, nor of substantial
amounts of high molecular mass material at the top of the
separating gel.

Discussion

By using the pheromone Er-1 purified from E. raikovi cells
of mating type I and radiolabeled to high specific activity
with 2], we provided the first direct evidence of the
specific interaction of a ciliate pheromone with the cell sur-
face. This interaction was shown to entail pheromone bind-
ing, rapid and of high affinity, to specific sites exposed on
the same cells that produce the pheromone. These binding
sites were saturable and showed K, values of the order of
10 M, and not of 10-2 M as earlier calculated and prelim-
inarily reported in abstracts (Ortenzi, C., C. Miceli, P. Lu-
porini. J. Protozool. 1989. 36:3A-23A). The binding of the
radiolabeled pheromone was inhibited by the same native
pheromone, as well as by other homologous and structurally
related pheromones. If, as we believe, the identified binding
sites represent the Er-1 receptor, it may be suggested that:
(a) as with other polypeptide hormones, the first step in the
action of ciliate pheromones involves interaction with a spe-
cific cell surface receptor; and (b) as this receptor is expressed
by the same cells that produce the pheromone to which it
specifically binds, it represents a functional unit of an auto-
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crine secretion system. The latter conclusion strongly sub-
stantiates that ciliate mating types constitute a mechanism
for a self recognition process and, at the same time, chal-
lenges the “gamone-receptor hypothesis” based on the assump-
tion that the mating type expression involves suppression of
the receptor for the pheromone (gamone, sex substance) that
the cell produces (12, 14). Furthermore, this conclusion well
accounts for the results of Mendelian genetic analyses of
mating type inheritance so far carried out in many different
species of Fuplotes (e.g., reference 9). All these results in
fact suggest that both the molecules relevant to the mating
type expression of the cell (i.e., the pheromone and its recep-
tor), are both controlled by genes lying in the same locus
mat. The molecular basis of this control is currently under
investigation.

Preliminary structural characterization of the Er-l/recep-
tor complex suggests a molecular mass of the complex of
~38 kD. If it is assumed that the biologically active form of
Er-1 is a dimer of ~10 kD and that it participates in a 1:1
ratio in the formation of these complexes, then the membrane
protein would be ~28 kD. The number of Er-1 receptors per
cell was calculated from Scatchard plots to reach a maximum
of 5 X 107 in early stationary phase cells, uniformly ac-
cumilated in the G, stage of the cell cycle, whereas it was
about half in cells in asynchronous multiplication. Although
this seems to be a high number of receptors for a single cell,
the density of these receptors, estimated to be 1,600-1,700/
pm? of cell surface, is quite comparable to that calculated
for receptors of polypeptide hormones in numerous types of
mammalian cells, where the plasma membrane is much less
extended than in an E. raikovi cell. In agreement with these
calculations, we have observed (unpublished data), using Er-1
conjugated to fluorescent dyes, that pheromone binding sites
are distributed over the entire cell surface, and seem to be
particularly dense in the cytostomal area and in the surround-
ing compound ciliary organelles.

In addition to Er-1, other pheromones, such as Er-2 and
Er10, displaced '*I-Er-1 binding to mating type I cells,
consistently with predicted similarities of three-dimensional
structure based on sequence analyses (20, 25; Raffioni, S.,
R. A. Bradshaw, and P. Luporini, manuscript submitted for
publication) and the commonality of immunological epitopes
(10) among these homologous polypeptides. The relative in-
hibitory capacities of Er-2 and Er-10 were quantitatively cor-
related to, and apparently effective as native Er-1, as argued
from a comparison (illustrated in Fig. 7) of the patterns of
135]-Er-1 binding inhibition. This observation provides direct
evidence that the same cell and, presumably, the same recep-
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Figure 9 SDS-PAGE and autoradiographic analysis of solubilized
membrane preparations of mating type I cells cross-linked to '¥I-
Er-1. Reaction mixtures between membrane samples and 'I-Er-1
were incubated, with or without an excess of Er-1, with different
concentrations of EDC and 5 mM of enhancer Sulfo-NHS. Before
being loaded on a linear gradient (5-20%) gel, the mixtures were
suspended in sample buffer containing 2% SDS and 5% 2-mercap-
toethanol, and boiled for 6 min. Lanes A-C, 25-, 50-, and 100-fold
excess of Er-1, respectively, and 25 mM EDC plus Sulfo-NHS.
Lanes E-G, 10, 20, and 25 mM EDC, respectively, plus Sulfo-NHS.
Lane D, #I-Er-1, without membrane fractions, incubated with
25 mM EDC plus Suifo-NHS, as control. The solid arrowhead in-
dicates the cross-linked complex of interest and the open one indi-
cates the monomeric form of 'I-Er-1 (which migrates faster in
lanes F and G, probably as a consequence of an increased concentra-
tion of urea generated by the EDC reaction.) The migration positions
of marker proteins are indicated.

tor can bind with comparable affinities qualitatively different
(i.e., “self” and foreign or “nonself”) pheromones. The study
of how this differential receptor binding (i.e., “autocrine”
and “paracrine”) may actually be capable of promoting two
separate cellular responses, one addressed to maintain the
cell vegetative growth and the other to interrupt this growth
and prepare the cell to mate, is crucial for a better under-
standing of ciliate mating type mechanism. Regardless of the
functional responses elicited, the presence of autocrine re-
ceptors on such ancient, single-celled organisms indicates
that “self-induction” in hormone-like systems is a mechanism
that developed very early in evolution.

Among the molecules tested for this capability to inhibit
5I-Er-1 binding, hIL-2 unexpectedly was a very effective
competitor. A comparison of the amino acid sequences of
Er-1 (20, 25) and hIL-2 (29) reveals some similarity in two
segments, each one surrounding a half-cystine residue. One
segment consists of five amino acid residues: Ile®-GIn-Cys-
Val-Glu in Er-1 and Leu*-GIn-Cys-Leu-Glu in hIL-2; the
other contains seven residues: Thr?-Gly-Cys-Tyr-Met-Tyr-
Ile in Er-l and Thr'®2-Phe-Met-Cys-Glu-Tyr-Ala in hIL-2.
Only two of seven residues are actually conserved in this lat-
ter comparison but there is a concentration of sulfur-contain-
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ing and aromatic amino acids that may increase the signifi-
cance. In addition, it has been found (Eardley, D., and C.
Miceli, unpublished results), that Er-1 monoclonal antibod-
ies raised against Er-1, and produced by clone mabEr-l/g
(10), block the proliferation of mouse T cell lines that are to-
tally IL-2 dependent.

These results suggest a structural relatedness between E.
raikovi pheromones and mammalian lymphokines. Whether
this relatedness results from a genuine evolutionary diver-
gence cannot be ascertained without further information,
such as the three-dimensional structure of both molecules.
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