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The sexual pheromone of Volvox carteri elicits drastic changes in the synthesis of extracellular sulfated glycoproteins.
Synthesis of at least two sulfated glycoproteins is turned on. Induction of this synthetic capacity is as sensitive to the
pheromone (~107"® M) as the overall process of sexual induction. The earliest response, detectable a few minutes after
the application of the pheromone, is the synthesis of a tyrosine sulfate-containing glycoprotein (SG 70). SG 70 is a
short-lived molecule (half-life ~ 20 min) and serves as a precursor for an insoluble extracellular matrix structure. The
pheromone-induced sulfated glycoproteins described are exclusively synthesized by somatic cells, rather than by re-
productive cells, the ultimate recipients of the pheromone’s message. Contrary to earlier reports in the literature, it is
demonstrated that isolated reproductive cells remain responsive to the sexual pheromone and develop to sexual spheroids.
In the light of this finding together with the site of their synthesis the role of these pheromone-induced glycoproteins

is discussed. © 1986 Academic Press, Inc.

INTRODUCTION

The elegantly simple manner in which developmental
phenomena are presented by the multicellular green fla-
gellate Volvox carteri makes this organism well suited
for the study of cellular differentiation. The organism
undergoes embryogenesis and somatic cells become sep-
arated from germ line cells as clearly as in a diagram.
Reproductive cells (gonidia) are set aside at distinet
cleavage stages by unequal divisions of certain cells
(Powers, 1908; Janet, 1923; Kochert, 1968; Starr, 1969,
1971; Green and Kirk, 1981, 1982).

Figure 1 shows a highly schematic cross section of a
Volvox carteri spheroid (for a more detailed analysis,
see Kochert and Olson (1970)). 2000-4000 somatic cells
are embedded as a monolayer in a sheath of extracellular
matrix material (ECM), which forms a hollow sphere.
The ECM sheath shows considerable structural orga-
nization in that it exhibits clearly visible boundaries
toward the interior (I) of the spheroid as well as honey-
comb-like structures around each somatic cell. Sixteen
gonidia are positioned in a highly regular pattern in the
posterior two-thirds of the spheroid (Starr, 1970; Sum-
per, 1979; Gilles and Jaenicke, 1982). The cell-free inner
space (I) of the spheroid is filled with highly viscous
polysaccharide-rich material. By exerting mild mechan-
ical stress, a Volvox spheroid is reproducibly dissociated
into single reproductive cells and somatic cell sheets
containing all the ECM material, while the polysaccha-
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ride-rich material of the I compartment is released into
the medium.

A new individual is formed from each reproductive
cell in a series of cleavages. In the developing asexual
embryo, differentiation into somatic and reproductive
cells is seen at the division from 32 to 64 cells. At this
stage, 16 out of the 32 cells undergo unequal cleavage,
forming a small somatic and a large reproductive initial.
Whereas cell division soon ceases in the reproductive
initials, the remaining cells continue to divide and finally
differentiate into somatic cells.

This developmental program of Volvox can be changed
at will to that of sexual reproduction by addition of a
sexual inducer to the growth medium (Starr, 1969; Starr
and Jaenicke, 1974). In the female strain, the action of
this pheromone is to delay the differentiating cell cleav-
age until the division from 64 to 128 cells. At this stage,
again about half of the embryonic cells undergo unequal
cleavage and form 32 reproductive initials. These repro-
ductive initials differentiate to egg cells. In the male
strain, the differentiating cleavage is delayed even longer
under the influence of the sexual inducer. Differentiation
into sperm-producing cells (androgonidia) and somatic
cells occurs at the final division, which in male embryos
occurs at the 128- or 256-cell stage.

The Volvox carteri pheromone, the “sex inducer”
(Starr and Jaenicke, 1974; Gilles et al., 1981) is a 30,000-
Da glycoprotein, which is synthesized and secreted by
sperm cells. Extremely low concentration of this pher-
omone (~107'¢ M) fully trigger sexual development in
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Fi1G. 1. Schematic drawing of a cross section through a Volvox spher-
oid. S, Somatic cell; G, gonidium; ECM, extracellular matrix; I, cell-
free interior of the spheroid.

both the male and female strains. This fact calls for a
potent signal amplification mechanism.

The biochemical mechanism of the pheromone’s action
is almost completely unknown. The ultimate target of
inducer action obviously is the reproductive cell (gonid-
ium) of the asexual spheroid, which responds by cleaving
to produce a sexual rather than an asexual offspring.
However, the first biochemical response detected so far
is a structural alteration within the extracellular matrix.
Only 10 min after application of the pheromone, syn-
thesis of the sulfated extracellular glycoprotein SSG 185
is switched to produce a slightly different SSG 185 vari-
ant (Wenzl et al., 1984). 20 min later, synthesis of a com-
pletely new sulfated extracellular glycoprotein (F-SG)
becomes detectable (Wenzl and Sumper, 1982). In ad-
dition, as reported by others phosphorylation of an ex-
tracellular glycoprotein (pp. 290) is transiently reduced
(Gilles et al., 1983).

In this paper, we describe in detail a new pheromone-
induced glycoprotein which contains tyrosine-linked
sulfate. In addition, we present experimental results
limiting the possible functions of the pheromone-induced
modification of the extracellular matrix.

MATERIALS AND METHODS

Culture conditions. Volvox carteri f. nagariensis, strain
HK 10 (female), was obtained from the Culture Collec-
tion of Algae at the University of Texas at Austin
(R. C. Starr). Synchronous cultures were grown in Volvox
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medium (Provasoli and Pintner, 1959) at 28°C in an 8-
hr dark/16-hr light (8000-10,000 lux) cycle (Starr and
Jaenicke, 1974).

Pulse-chase labeling experiments. Pulse-labeling with
%302~ was performed as described by Wenzl and Sumper
(1981). Briefly, about 750 Volvox colonies at the appro-
priate developmental stage were suspended in 0.5-ml
sulfate-free Volvoxr medium. After addition of 20 uCi
(7.40 X 10° Bq) of radioactive sulfate (specific activity 35
mCi/umol), the suspension was magnetically stirred
under illumination (15,000 lux) at 27°C for times indi-
cated. After the pulse period, the labeled colonies were
washed with sulfate-containing Volvox medium and re-
suspended in the same medium for the subsequent chase
period. The chase, which lasted for 90 min, was per-
formed under conditions otherwise identical to those
used for the pulse.

SDS extraction of intact Volvox spheroids. Aliquots of
pulse- (or pulse-chase-) labeled spheroids were diluted
with 2 vol of SDS-sample buffer (Laemmli, 1970) and
heated for 10 min at 95°C. After centrifugation, 50-ul
aliquots (which corresponds to radioactivity incorpo-
rated by 25 Volvox spheroids) of the supernatant were
applied to a 6% SDS-polyacrylamide gel. SDS-poly-
acrylamide gel electrophoresis was performed as de-
seribed by Laemmli (1970). Fluorography was performed
according to Bonner and Laskey (1974); exposure times
were 6-12 hr at —70°C.

Preparation of Volvox “ghosts”. For hydrogen fluoride
treatment, pulse- (or pulse-chase-) labeled spheroids
were mixed with two volumes of a solution containing
3% SDS and 1 M NaCl, and then heated for 10 min at
95°C. After washing with H,0, the Volvox ghosts con-
taining insoluble extracellular matrix material were ly-
ophilized.

Isolation of *S-labeled SG 70. About 750 Volvox spher-
oids were suspended in 0.5-ml sulfate-free Volvox me-
dium and 30 min after the addition of pheromone (1 pM)
pulse labeled for 30 min as described above. 50 ul of 5
M NaCl was added to the Volvox suspension. After 20
min Volvox spheroids were removed by centrifugation
and the supernatant (containing #*S-labeled SG 70) ap-
plied to a SDS-polyacrylamide gel (6%).SG 70 was lo-
calized by autoradiography and subsequently eluted
from the homogenized gel with water. The eluate was
dialyzed against 1 mM NaCl.

Hydrogen fluoride treatment. Anhydrous hydrogen
fluoride (Merck) was condensed into a polyethylene tube
cooled in liquid nitrogen (Mort and Lamport, 1977; Wie-
land et al., 1983). Immediately after the acid melted, 100-
ul portions were pipetted onto samples of about 750 dried
Volvox ghosts in plastic microreaction vials. The vials
were closed and incubated for 90 min at 0°C. The reac-
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tions were stopped by blowing the hydrogen fluoride into
a fume hood in a gentle stream of nitrogen. The dried
samples were dissolved in SDS-sample buffer, and ap-
plied to an SDS-polyacrylamide gel.

Cyanogen bromide (CNBr) cleavage. Dried samples of
SG 70, and of HF treated Volvox ghosts were dissolved
in 100 ul CNBr solution (1 mg/ml in 70% formic acid)
and kept at 20°C for 24 hr. The reaction was stopped by
lyophilization, and the products were analyzed on a 15%
SDS-polyacrylamide gel.

Analytical determinations. For determination of sul-
fur-containing amino acids, dried ¥S-labeled SG 70 was
treated with formie acid/H;0, (Hirs, 1967a) for 4 hr at
0°C in the presence of unlabeled cysteine and methio-
nine. The reaction was stopped by lyophilization. Amino
acid analyses were performed after hydrolysis of sam-
ples in constant boiling HCl at 105°C for 24 hr, followed
by dansylation (Seiler 1970). Dansylated amino acids
were chromatographed on polyethylene imine thin layer
sheets (Schleicher & Schiill, Dassel, Federal Republic of
Germany) with 0.3 M (NH,)HCO; as solvent. Spots were
detected by autoradiography and by observation under
UV light.

Carboxymethylation of SG 70 was performed accord-
ing to White (1967) and Hirs (1967b). Briefly, #S-labeled
SG 70 was reduced with a large excess of mercaptoeth-
anol at pH 8.5 in the presence of urea (8 M) as denaturing
agent for 4 hr at 25°C. After reduction, SH groups were
blocked with iodoacetic acid (250 mAM) at pH 8.5 for 30
min at 25°C. The solution was acidified to pH 4.0 and
applied to gel filtration over a column of Sephadex G-
25 equilibrated with 0.1 M acetic acid. The effluent was
collected in fractions. The protein containing fractions
were pooled and lyophilized. Hydrolysis in the presence
of unlabeled carboxymethylcysteine was performed as
described above. Carboxymethylcysteine was identified
by comparison with the internal standard after high-
voltage electrophoresis at 2000 V for 80 min in acetic
acid/water/pyridine = 60/934/6 (pH 3.5) on cellulose
thin layer chromatography plates 20 X 40 em (Polygram,
Macherey-Nagel).

To determine tyrosine-O-sulfate, dried 3*S-labeled SG
70 was dissolved in 0.2 M Ba(OH),, and hydrolyzed at
110°C for 24 hr (Bettelheim, 1954) in the presence of
unlabeled tyrosine-O-sulfate, synthesized as described
(Tallan et al., 1955). The hydrolysate was passed through
a column of Dowex AG 50-X8 (H* form) (0.5 ml bed
volume) to remove Ba?" ions and underivatized amino
acids (Bettelheim, 1954). After neutralization, the eluate
was lyophilized and dissolved in a small volume of water.
After dansylation of an aliquot both samples were ap-
plied to high-voltage thin layer electrophoresis (condi-
tions see above). Tyrosine-O-sulfate and dansyltyrosine-
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O-sulfate were visualized by the ninhydrin reaction and
UV detection, respectively.

Apparent molecular weights on SDS gels were esti-
mated using protein standards purchased from Boeh-
ringer, Mannheim.

Isolation of gonidia. Immediately after release from
mother colonies, young spheroids were disrupted by
forcing them through a 0.4-mm hypodermic needle. The
suspension was filtered through a 40-um-mesh nylon
cloth through which only free gonidia and single somatic
cells pass. Gonidia were separated from somatic cells
on a 10-um-mesh nylon cloth, which retains only gonidia.
Subsequently, the gonidial suspension was allowed to
settle several times and the supernatant, which might
contain somatic cell sheets, was discarded each time.
Single gonidia were then identified under a stereomi-
croscope, and picked up using a drawn plastic pipette.
Somatic cell sheets, collected on a 40-um-mesh nylon
cloth were inspected under a stereomicroscope and only
gonidia-free cell sheets were picked out.

Preparation of solid media. 6.5 g starch (Serva, Hei-
delberg) were dissolved in 100 ml Volvox growth medium
by boiling. After the medium was cooled to 45°C, the
sexual pheromone was added at the appropriate dilution,
and the solution immediately poured into petri dishes.
Solidification occurred in a refrigerator at 4°C.

Preparation of the sexual inducer. Sexual inducer was
prepared according to Starr and Jaenicke (1974). Further
purification was achieved as previously described (Wenzl
et al., 1984).

RESULTS

Pheromone-Induced Modifications of the
Extracellular Matrix

In our previous studies, the pheromone-induced
changes in sulfated glycoprotein synthesis have been
analyzed by SDS gel electrophoresis of partially purified
Volvox extracts (“crude membrane fraction,” containing
all sedimentable components of an ultrasonic Volvor ly-
sate). To detect all pheromone-induced effects on the
synthesis of sulfated macromolecules we repeated our
pulse labeling studies with 3S03%-, and extracted the la-
beled Volvox spheroids by boiling in 3% SDS. 10-min
pulses were performed over a period of 3 hr following
the application of the pheromone. For this experiment,
a synchronous Volvox population at the developmental
stage of optimal sensitivity towards the pheromone (8
hr before the onset of gonidial cleavages) was used. The
results of this experiment reveal an even more drastic
response to the pheromone (Fig. 2B) than that observed
earlier. Besides the induced synthesis of F-SG another
synthetic activity is predominant: About 10 min after
the application of the pheromone, synthesis of an as yet
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FiG. 2. Pheromone-induced synthesis of suifated glycoproteins.
Fluorograms of SDS polyacrylamide gels (6% ) loaded with extracts
from Volvox spheroids pulse labeled with ¥S0Z for 10 min. A syn-
chronously growing Volvox population was divided 8 hr before the
onset of embryonic cleavages. One-half served as control (A), the other
half (B) was treated with pheromone (10%-fold dilution of the phero-
mone stock which was fully active in the biological assay up to a 108
fold dilution, i.e., the applied pheromone concentration was about 0.01
pM). After application of pheromone (zero time), aliquots of the Volvox
populations were pulse labeled at the times indicated (Materials and
Methods). The labeled spheroids were boiled for 10 min in SDS sample
buffer and aliquots of the extract (corresponding to 25 spheroids) were
submitted to electrophoresis. Labeled material was visualized by fluo-
rography (10 hr).

unobserved %S-labeled component, with an apparent
molecular weight of 70,000, becomes detectable in the
SDS gel pattern. Subsequently, the rate of synthesis of
this material (denoted in the following as sulfated gly-
coprotein SG 70) increases and reaches a maximum
about 30 min later. After 160 min, synthesis of SG 70 is
no longer detectable. Thus, this response to the phero-
mone is made over a period as short as only 150 min in
the 48-hr life cycle of Volvox. The control experiment
(Fig. 2A), i.e.,, pulse labeling of Volvox spheroids at ex-
actly the same times but in the absence of pheromone,
shows no changes at all in the labeling patterns.

Dose Dependency of Pheromone-Induced
SG 70 Synthesis

As noted earlier, the Volvox induction system exhibits
exquisite sensitivity. The inducer is active at about 107
M (Starr, 1970; Gilles et al., 1984). If SG 70 synthesis is
indeed one of the events causing the reproductive cell
to commence sexual development, then synthesis of this
sulfated glycoprotein should show the same exquisite
sensitivity of response to the pheromone as the overall
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process of sexual induction. To check this point, a serial
dilution experiment was performed. A 108-fold dilution
of our pheromone stock solution was fully active in the
biological assay (i.e., 100% of a Volvox population was
triggered to sexual development). At 10°-fold dilution,
the inducing capacity dropped to less than 80% and fur-
ther dilutions remained inactive (Fiig. 3A). Therefore,
we repeated the 33SO% pulse-labeling experiment de-
scribed in Fig. 2 in the presence of pheromone concen-
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F1G. 3. Pheromone dose dependency of sexual induction (A) and of
sulfated glycoprotein synthesis (B). Synchronously growing Volvox
spheroids 8 hr before onset of embryogenesis were concentrated to 50
spheroids per ml. 2-ml aliquots of the speroid suspension were treated
with pheromone at the dilution indicated. 30 min later, 1-ml aliquots
were pulse labeled with carrier-free %802~ (100 pCi) for 30 min. Spher-
oids were extracted with SDS (Materials and Methods) and the extracts
(corresponding to 25 spheroids) applied to SDS-polyacrylamide gels
(6% ). After luorography SG 70 and F-SG bands were cut out and the
radioactivity incorporated was measured by liquid scintillation count-
ing (B). @, SG 70; A, F-SG. The remaining spheroid suspensions (1 ml
each) were further incubated and the percentage of sexual induction
was determined microscopically after the end of embryogenesis (A).
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trations covering the range around the threshold value.
The quantitative evaluation of the corresponding label-
ing patterns with respect to SG 70 synthesis (as well as
F-SG synthesis) is shown in Fig. 3B. The sensitivity to
the pheromone of SG 70 (and F-SG) synthesis is similar
to that of sexual induction. This result supports involve-
ment of these macromolecules in the process of sexual
induction.

SG 70 is a Short-lived Precursor Molecule

SSG 185 was shown to be a short-lived glycoprotein
which aggregates to form an insoluble extracellular ma-
trix structure (Wenzl et al., 1984). An analogous exper-
imental approach revealed a similar function for SG 70.
(1) A pulse-chase-labeling experiment demonstrates that
SG 70 is a short-lived protein (Fig. 4, lanes 1 and 2). Its
measured half-life is about 20 min. (2) At the end of the
chase period (after complete disappearance of SG 70),
the labeled Volvox spheroids were boiled for 10 min in
3% SDS containing 1 M NaCl. This rigorous procedure

~
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F1G. 4. SG 70 is a short-lived precursor of extracellular matrix ma-
terial. 1, 40 min after application of pheromone, Volvox spheroids were
pulse labeled (30 min) with #¥S0%~. The SDS extract from 25 spheroids
was applied to a 8% SDS-polyacrylamide gel. 2, Volvox spheroids were
pulse labeled as in 1, followed by a chase for a period of 90 min. 3,
Reelectrophoresis of isolated *¥S-labeled SG 70 (Materials and Meth-
ods). 4, Isolated ¥S-labeled SG 70 after treatment with anhydrous
hydrogen fluoride (Materials and Methods). 5, Pulse-chase-labeled
Volvox spheroids were exhaustively extracted with hot 3% SDS (Ma-
terials and Methods) and the remaining Volvox “ghosts” disrupted by
ultrasonic treatment. The ultrasenic lysate was then applied to a SDS-
polyacrylamide gel (8%).6, Lysate prepared as in 5, but subsequently
treated with anhydrous hydrogen fluoride. 7 and 8, The samples from
lanes 4 and 6, after treatment with CNBr (Materials and Methods)
and reelectrophoresis on a 15% polyacrylamide gel. Labeled material
was visualized by fluorography.
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FIG. 5. SG 70 is synthesized by somatic cells. Fluorograms of SDS-
polyacrylamide gels (8% )loaded with extracts from cells pulse labeled
(30 min) with %S0Z" in the absence (1) or presence (2) of pheromone
(0.1 pM). Somatic cell sheets and gonidia were isolated after release
from mother colonies (Materials and Methods). 30 min after the ad-
dition of pheromone the samples were pulse labeled with %¥S0%" and
thereafter they were boiled for 10 min in SDS sample buffer. The
extracts were submitted to electrophoresis. The corresponding fluo-
rography shows the extracts obtained from: (A) intact spheroids, (B)
somatic cell sheets, and (C) isolated gonidia.

solubilizes most intracellular components but leaves in-
tact the insoluble extracellular matrix structure (Kirk
and Kirk, 1983). Thus colorless Volvox “ghosts” are ob-
tained. Treatment of these “ghosts” with anhydrous HF
(0°C, 90 min) and subsequent analysis by SDS-poly-
acrylamide gel electrophoresis yields a single labeled
degradation product which comigrates with the HF
degradation product of SG 70 (Fig. 4, lanes 4 and 6).
Identity of both degradation products was proven after
CNBr cleavage (Gross and Witkop, 1961) followed by
comparison of the resulting peptide patterns by SDS gel
electrophoresis (Fig. 4, lanes 7 and 8). Thus SG 70 is a
precursor protein for the insoluble extracellular matrix.
The monomeric SG 70 appears to be localized extracel-
lularly by itself because it can be extracted quantita-
tively from intact Volvox colonies by extremely mild
conditions (0.3 M NaCl, 20 min at room temperature).
These conditions do not cause any liberation of cyto-
plasmic proteins.

SG 70 is Synthesized by Somatic Cells

Volvox spheroids easily dissociate into somatic cell
sheets and free gonidia upon mild mechanical stress, as
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exerted by forcing them through a drawn pipette. Pu-
rified somatic cell sheets and suspensions of pure gonidia
(see Materials and Methods) were incubated with the
sexual pheromone and 30 min later pulse labeled with
302", SG 70 synthesis took place exclusively within
the somatic cell sheets (Fig. 5B). Pulse labeling of the
gonidial suspensions did not reveal any SG 70 synthesis
by these cells, although a 20-fold amount of gonidia rel-
ative to intact colonies was applied to SDS-polyacryl-
amide gel electrophoresis (Fig. 5C). This lack of SG 70
biosynthesis by gonidia was found at the time of dis-
sociation as well as after several hours of cultivation
(until the initiation of cleavages). Somatic cells, however,
isolated from Volvox spheroids at different developmen-
tal stages, responded in essentially the same manner,
regardless the stage investigated. No qualitative differ-
ence was found between somatic cells from Volvox
spheroids 10 or 2 hr before the onset of gonidial cleav-
ages. Even somatic cells from spheroids containing
cleaving embryos still responded to the pheromone with
the production of SG 70 and F-SG.

Remarkably, this is also true for intact Volvox spher-
oids. Even at the developmental stage of gonidial cleav-
ages, by which time the pheromone is completely inef-
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fectual in eliciting sexual development, the inducibility
of SG 70 synthesis remains unaffected.

SG 70 is a Tyrosine Sulfate-Containing Glycoprotein

%3 radioactivity incorporated into SSG 185 or F-SG
during a pulse-labeling experiment lasting less than 30
min is quantitatively recovered as inorganic sulfate after
mild acid hydrolysis, indicating the presence exclusively
of O-sulfate ester linkages (identified as sugar sulfates).
Reductive assimilation of sulfate and, as a consequence,
labeling of sulfur-containing amino acids seems there-
fore of minor importance within this time scale. Ac-
cordingly, only very few radioactive bands become de-
tectable in SDS-polyacrylamide gel patterns obtained
from pulse-labeled Volvox lysates. It was therefore
highly unexpected that this did not hold for SG 70 syn-
thesis as well. In SG 70 only 20% of the total incorporated
880%™ radioactivity was recovered as sulfate upon mild
acid hydrolysis.

To characterize the chemical nature of ¥S radioactiv-
ity incorporated, SG 70 after peroxidation was hydro-
lyzed by 6 N HCI for 17 hr at 105°C (Hirs, 1967a). The
resulting radioactive products were separated by thin
layer chromatography (Fig. 6A). About 50% of incor-
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F1G. 6. Fluorograms of thin layer chromatograms of ®*S-labeled SG 70 hydrolysates. (A) ¥8-labeled SG 70 was peroxidized with HCOOH/
H;0;, hydrolyzed, and dansylated as described under Materials and Methods. Labeled products were separated by thin layer chromatography
on polyethylene imine cellulose with 0.8 M NH,HCO; as solvent. The positions of the internal standards are indicated. (B) *S-labeled SG 70
was carboxymethylated and hydrolyzed as described under Materials and Methods. The radioactive products were separated by high-voltage
thin-layer electrophoresis. The position of the internal standard is indicated, detected by ninhydrin staining. (C) ®*S-labeled SG 70 was hydrolyzed
with 0.2 M Ba(OH); as described under Materials and Methods. Labeled products were analyzed by high-voltage thin-layer electrophoresis
before, (lane 1) and after dansylation (lane 2). Dashed lines indicate the positions of tyrosine-O-sulfate and dansyltyrosine-O-sulfate standards.
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porated radioactivity comigrated with authentic cysteic
acid, a further 20% were recovered as inorganic sulfate,
and about 20% as a yet unidentified compound. Less than
5% of radioactivity were found to be incorporated into
methionine. The presence of radioactive eysteine in SG
70 was also demonstrated by carboxymethylation of SG
70 (White, 1967; Hirs, 1967b) followed by hydrolysis and
product analysis by high-voltage thin-layer electropho-
resis (Fig. 6B). Again, about 50% of the total radioac-
tivity incorporated comigrated with authentic S-car-
boxymethylcysteine. Thus, cysteine residues of the SG
70 polypeptide become labeled, although the distinct
pulse-labeling patterns (Fig. 2) indicate that *S labeling
of intracellular proteins is of minor importance during
that time. This unexpected finding could easily be ex-
plained in terms of different rates of polypeptide syn-
thesis, i.e., SG 70 production greatly exceeding that of
other proteins. Indeed preliminary [1*Clarginine pulse-
labeling experiments support this interpretation.

Since tyrosine sulfate was recently detected in a Vol-
vox protein from sperm cells (Huttner, Wenzl, and Sum-
per, unpublished data), SG 70 was also checked for the
occurrence of this modification. ¥S-Labeled SG 70 was
hydrolyzed with Ba(OH), (Bettelheim, 1954; Lee and
Huttner, 1983) and the resulting products were freed of
underivatized amino acids by passage through a column
of Dowex 50 in the H* form. The eluting radioactive
substance was shown to be identical with synthetic ty-
rosine-O-sulfate by high-voltage thin-layer electropho-
resis as well as by derivatization with dansyl chloride
and subsequent high-voltage electrophoresis (Fig. 6C).

Tyrosine sulfate accounts for 10% of the total radio-
activity incorporated into SG 70. Treatment of ®S-la-
beled SG 70 with anhydrous HF (Mort and Lamport
(1977), a procedure which selectively splits O-glycosidic
bonds) results in the lowering of its apparent molecular
weight to a value of about 60 kDa (Fig. 4, lanes 3 and
4). This observation indicates the presence of protein-
bound saccharides in SG 70. This conclusion is supported
by preliminary *CO, incorporation experiments, in
which mainly [**Clmannose could be detected in SG 70
by radio gas chromatography (Holst and Sumper, un-
published results). Therefore, the remaining 10% of ra-
dioactivity incorporated as O-sulfate esters is most
probably bound as sugar sulfate, as is the case with the
SSG 185 and F-SG molecules.

Taken together these data characterize SG 70 as a
sulfated glycoprotein which in addition contains sulfate
bound to tyrosine residues.

The Pheromone Itself Triggers the Gonidium

The biochemical mechanism of sexual induction in
Volvox remains essentially an unsolved problem. The
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first physical interaction between Volvox spheroids and
the pheromone has to occur at the surface of the colony,
which is entirely surrounded by extracellular matrix
material. Subsequently, the pheromone’s message has
to reach the target cell—the gonidium—which is well
shielded from the environment (Fig. 1). This could be
effected either by direct transport of the pheromone it-
self to the cell membrane of the gonidium, or by a signal
transforming system within the extracellular matrix
that translates the pheromone’s message by production
of a second messenger molecule. In this respect, it is of
considerable interest whether isolated gonidia still re-
spond to the sexual pheromone and develop sexual in-
dividuals. It has repeatedly been stated in the literature
(Gilles et al., 1984; Jaenicke, 1979) that this is not the
case, without, however, any presentation of experimental
conditions, We therefore reinvestigated the pheromone’s
action on gonidia in isolation under a number of different
experimental conditions. Nearly 100% of the gonidial
population responded to the pheromone and developed
to sexual individuals (Fig. 7) when cultivated on solid
media (preferably starch or agarose gels with a low con-
tent of sulfated polysaccharides, which might bind the
positively charged pheromone). A lower percentage of
the gonidial population (about 50-60% )responded to the
pheromone if cultivation was performed in suspension
using culture petri dishes. No or a very low response
was observed if cultivation was performed in test tubes
filled to two-thirds with medium, standard conditions
for propagation of intact Volvox spheroids. Thus, effi-
cient aeration of isolated gonidia appears to be essential
for successful induction of isolated gonidia. Preparations
of isolated gonidia (see Materials and Methods) are
completely free of sulfated glycoproteins such as SSG

F1G. 7. Sexual inducibility of isolated free gonidia. Synchronously
growing Volvox spheroids (female strain HK 10) were dissociated into
somatic cell sheets and free gonidia 12 hr before the initiation of em-
bryonic cleavages. Purified gonidia (Materials and Methods) were
plated on 6.5% starch gels containing Volvox medium. (A) Control
(asexual development in the absence of pheromone); (B) development
of gonidia in the presence of sexual pheromone (1 pM). All free gonidia
developed into egg-bearing spheroids. Photographs were taken 10 hr
after the end of embryogenesis. Bar, 1.0 mm.
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185 or SSG 140, which are located in the extracellular
matrix and synthesized exclusively by somatic cells
(Kirk and Kirk, 1983; Wenzl et al, 1984). Since these
glycoproteins can easily be radiolabeled even with car-
rier-free 380%™, their detection can be used as a sensitive
probe for extracellular matrix material. Nonetheless, to
exclude the possibility that traces of matrix material
remain attached to isolated gonidia that could play a
functional role (e.g., signal transduction) in the process
of sexual induction, we repeated the induction experi-
ments with gonidia under much more stringent condi-
tions. After their isolation, gonidia were treated either
with pronase (100 ug/ml) or with subtilisin (100 pg/ml)
for 60 min at 30°C. This treatment should degrade any
remaining extracellular matrix material. After this
treatment, gonidia were washed to remove the protease
and then incubated in the presence of sexual pheromone.
Even after this harsh treatment more than 30% of the
gonidial population still responded to the sexual pher-
omone. From this result, we must conclude, that it is
the pheromone itself that triggers the gonidium, rather
than a second messenger molecule produced within the
extracellular matrix.

A serial pheromone dilution experiment was per-
formed to compare the sensitivity of intact Volvox
spheroids and isolated free gonidia to the pheromone.
The results of these experiments are summarized in Fig.

100 A— ‘——-—A—A-—A

- \°\. \A

% INDUCTION

A

104 108 108 10'0
DILUTION OF PHEROMONE

FI1G. 8. Dose dependency of sexual induction by the pheromone. Intact
Volvox spheroids (A) or isolated free gonidia (@) were plated on 6.5%
starch gels containing pheromone (Materials and Methods). For each
dilution of pheromone, at least 100 gonidia were plated out. The per-
centage of sexual induction was determined 12 hr after the end of
embryogenesis by stereomicroscopic examination.
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8. Isolated gonidia respond with a reduced sensitivity,
the response being elicited by a pheromone concentration
1-2 orders of magnitude higher than that required to
trigger sexual development of intact Volvox spheroids.
This reduced sensitivity of isolated gonidia suggests that
an amplification mechanism operates within the intact
Volvox spheroid, raising the effective pheromone con-
centration 50- to 100-fold at the surface of the gonidium.

DISCUSSION

All early biochemical responses to the pheromone de-
tected so far are localized within the extracellular ma-
trix. The extracellular sulfated glycoproteins described
in this paper are synthesized by the somatic cells rather
than by the gonidia, the ultimate recipients of the pher-
omone’s message. This synthetic capacity of the somatic
cell responds to the pheromone with the same extreme
sensitivity as does the process of induction of sexual
development. The somatic cells respond even in the ab-
sence of reproductive cells. These facts make a role for
the somatic cell and its surrounding extracellular matrix
likely in the process of sexual induction.

What could be the function of the pheromone-induced
sulfated glycoproteins? Three alternatives should be
considered:

(1) The sulfated glycoproteins are members of a sig-
nal-transducing system that translates (and amplifies)
the pheromone’s message. If so, a second messenger
produced by the somatic cell would trigger the gonidium
rather than the pheromone by itself.

(2) The sulfated glycoproteins are part of an ampli-
fication and (or) transport system, which collects and
(or) transports the positively charged pheromone
through the extracellular matrix to the gonidial cell
surface.

(3) The sulfated glycoproteins are not involved in the
mechanism of induction at all, but are synthesized as a
consequence of sexual induction, preparing the extra-
cellular matrix for the mating process (e.g., production
of a sperm-binding receptor in female strains).

The third possibility is highly unlikely because the
newly synthesized sulfated glycoproteins are localized
within the extracellular matrix of the mother spheroid
rather than within the developing embryo. Since, how-
ever, it is only the extracellular matrix of the following
generation that is involved in the mating process (e.g.,
has to bind sperm cells), the modification of the mother’s
matrix for that purpose would make no sense.

A mechanism for induction corresponding to possi-
bility 1 was proposed recently (Gilles et al., 1984; Gilles
et al,, 1985). These authors demonstrated that binding
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sites for the pheromone exist in the extracellular matrix
allowing a significant accumulation of pheromone within
Volvox spheroids. Bound pheromone was then proposed
to activate a cascade-like signal transforming system,
which ultimately results in a lowering of extracellular
levels of cyclic nucleotides. These extracellular second
messengers should then trigger the gonidium for sexual
development. This model predicts that isolated free
gonidia will not respond to the pheromone because they
lack the essential signal transducing system provided
by the extracellular matrix. It has repeatedly been re-
ported in the literature (e.g., Gilles et al,, 1984) that go-
nidia in isolation indeed will not respond to the phero-
mone, even though they remain healthy and capable of
normal asexual development. In our hands, however, up
to 100% of a population of isolated gonidia reproducibly
initiated sexual development in the presence of phero-
mone. Thus, it appears more likely that the pheromone
by itself triggers the gonidium, rather than a second
messenger produced within the extracellular matrix.
However, the sensitivity of isolated gonidia to the pher-
omone turned out to be lowered by nearly two orders of
magnitude. We therefore suggest that the role of pher-
omone-induced glycoproteins is to collect the positively
charged pheromone molecules and to direct the phero-
mone’s transport through the highly negatively charged
extracellular matrix to the gonidia’s cell membrane.
Since SG 70 was characterized as a precursor molecule
for an insoluble structural element of the extracellular
matrix one could think of the possibility that this struc-
ture is part of a pore-like pheromone transport system.
We are currently engaged in raising monoclonal anti-
bodies against SG 70 in order to localize this protein by
immunofluorescence microscopy. If SG 70 antibodies able
to interfere with the process of sexual induction become
available, the suggested role of this sulfated glycoprotein
as a pheromone “carrier” could effectively be tested: this
suggestion being correct, such an antibody should only
inhibit sexual induction in intact Volvox spheroids but
should leave unaffected sexual indu :tion of isolated go-
nidia.

Pheromone-induced synthesis of SG 70 and F-SG does
also occur in Volvox spheroids at developmental stages
at which the pheromone is wholly ineffectual in eliciting
sexual development (e.g., at the time of early gonidial
cleavages). This fact further strengthens the hypothesis
that the observed changes within the extracellular ma-
trix do not constitute the central part of the trigger
mechanism.
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