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ABSTRACT Cholera toxin (choleragen) and melano-
cyte stimulating hormone alter within hours the mor-
phology of melanoma cells in culture, and they slow the
growth of serum-stimulated cells. After 7-10 days, cells
exposed to choleragen or hormone show increased size and
a fibroblastic growth pattern. Tyrosinase (EC 1.14.18.1;
monophenol monooxygenase) activity increases after 3
days in the presence of 1078 M hormone or 10~ M cholera-
gen. Binding studies with %I-labeled choleragen indicate
that although a melanoma cell can bind a maximum of 10¢
molecules of cholera toxin, only about 4000 binding sites
must be occupied to achieve maximum stimulation of
tyrosinase activity. Melanocyte stimulating hormone and
choleragen probably have different membrane-binding
sites. After exposure to choleragen for 5 min, membrane
adenylate cyclase (EC 4.6.1.1) activity increases dramati-
cally upon further incubation of intact cells for several
hours at 37° and falls slowly to basal values over a period
of more than 10 days. Hormone stimulation of adenylate
cyclase is rapidly reversed by washing the cells, but subse-
quent restimulation of cyclase by the hormone is impaired.
These studies indicate that cAMP mediates the effects of
melanocyte stimulating hormone on growth and mor-
phology as well as on tyrosinase activity. Cholera toxin may
permanently activate the available adenylate cyclase
molecules, and the protracted decay of stimulation that
follows may reflect the biological turnover of adenylate
cyclase molecules in these cells.

Most regulatory functions ascribed to cAMP involve the con-
trol of specific metabolic activities by hormones in target
cells (1). Recent evidence indicates that cAMP and hormones
regulating its levels may determine to a major extent the
growth, size, and shape of cells and the degree of expression
of specific differentiated functions in cultured cells. Dramatic
morphologic alterations are seen in several cell types within
hours of the addition of cAMP (2), and growth is inhibited in
the presence of exogenous cAMP, high levels of endogenous
cAMP, or hormores that stimulate adenylate cyclase (EC
4.6.1.1) (3). Specific differentiated functions may be stimu-
lated in reciprocal fashion (4). Reciprocal relationships be-
tween cAMP and ¢cGMP may control differentiated function
and growth (5).

Melanocyte stimulating hormone (MSH), in addition to
stimulating (6) a cAMP-mediated, specific differentiated
function (tyrosinase and its product, melanin pigment), can
produce early and delayed (6) morphologic changes, inhibition
of growth, and stimulation of adenylate cyclase in melanomas
(7) and cultured melanoma cells. We report here that these
‘events are duplicated by cholera toxin (choleragen), a protein
that specifically stimulates adenylate cyclase (8) as a result

Abbreviation: MSH, melanocyte stimulating hormone.
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of specific interactions with the membrane glycolipid, gan-
glioside GM; (9, 10). The toxin stimulates adenylate cyclase in
various tissues (8, 11); it induces steroidogenesis in an adrenal
cell line (12), inhibits cytolysis by sensitized lymphocytes
(11), inhibits histamine release from lymphocytes by antigen
and IgE (11), and inhibits DNA and RNA synthesis in
human fibroblasts (13) tn vitro. The toxin’s ability to bind
strongly to the plasma membrane of most cells, to stimulate
adenylate cyclase activity at picomolar concentrations for
prolonged periods, to mimic specific cAMP-mediated phys-
iologic effects without need for hormones, and probably to
complex directly with adenylate cyclase suggest the use of
choleragen as a novel tool in the study of differentiation and
of the regulation of adenylate cyclase. The present studies
strengthen the view that cAMP can regulate genetic expres-
sion in eukaryotes.

MATERIALS AND METHODS

Cloudman S-91 melanoma cells (CCL 53, NCTC 3960,
American Type Culture Collection) were maintained in
Ham’s F-10 medium with 10%, fetal-calf serum containing
50 units/ml of penicillin and streptomyecin in an atmosphere
of 5% CO; in humidified air at 37° in monolayers in plastic
tissue-culture flasks and were subcultured by scraping.
Purified a-MSH was a gift from Drs. S. Lande and A. Lerner
of Yale University, and synthetic «-MSH was given by Dr.
W. Rittel of Ciba Ltd., Basel, Switzerland. Purified (14)
cholera toxin (choleragen) was obtained from Dr. R. S.
Northrup, SEATO Cholera Research Program. Tyrosinase
(EC 1.14.18.1; monophenol monooxygenase) was assayed by a
modification of the method of Pomerantz (16) (see Fig. 1).
[a-32P]ATP was synthesized by the method of Symons (15),
adenylate cyclase was assayed essentially by the method of
Pohl et al. (17) (see Fig. 6), and *I-labeled choleragen was
prepared as described (9).

RESULTS

Effects of MSH and Choleragen on Growth and Morphology.
MSH induces gross morphologic changes in melanoma cells
after 30 min at 37°, and identical changes develop more slowly
(1.5 hr) with choleragen. Cells become more refractile and
spherical (see refs. 2 and 12) and many cells become detached
from the monolayer. The loss of cells (by detachment) de-
pends on the toxin concentration in the same way as does ty-
rosinase stimulation (see below). For as long as three weeks,
cells exposed to MSH (added every 2-3 days) or to choleragen
(every 5-7 days) show an altered growth pattern, larger cell
size, and increased pigmentation.
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Fic. 1. Stimulation of tyrosinase activity of melanoma cells
by MSH and choleragen. Cells were treated with MSH or
choleragen, harvested after 5 days, counted in a Coulter Counter,
and centrifuged for 10 min at 1000 X g. The pellet was sonicated
for 2 sec, and triplicate 20-ul samples were assayed (15) for con-
version of L-[3,5-*H]tyrosine (purified on AG50W-XS8, lyoph-
ilized just before use) to *H.0O in a mixture of 0.4 mM tyrosine,
0.12 mM 1-8-3,4-dihydroxyphenylalanine, 2 to 4 X 105 cpm
[*H]tyrosine (1 Ci/mmole), and 100 mM sodium phosphate
buffer, pH 6.9, in a volume of 50 ul. The reaction (20 min, 37°)
was terminated with 0.5 ml of 0.17 M acetic acid. The mixture
was chromatographed on a 3 X 0.7-¢m column of Bio-Rad
AG50W-X8, 100-20C mesh (H* form) and eluted with 1.6 ml of
distilled water. MSH was added and the medium was changed
every second day; choleragen was added only on the first day and
in absence of serum. Activity of control cultures is subtracted
from the experimental values. Results expressed as 105 X pmol
of *H,O produced per min/cell. Differences in activity between
experiments reflect varying age and cell density of cultures.
Cell number is used for comparisons of activity, since protein
determination by the Folin—Ciocalteu reagent is altered by
melanin in MSH- or toxin-stimulated cultures (6).

Cells partially synchronized by depleted medium show a
2- to 4-fold increase in the uptake of [*H Jthymidine 24 hr after
the addition of fresh medium containing serum. These
quiescent cells show the same pronounced morphologic
changes after addition of MSH or choleragen as do rapidly
growing cells. Also, MSH and toxin inhibit serum-stimulated
[*H Jthymidine incorporation into DNA in these cells (Table
1).

The tendency of MSH- or toxin-treated cells to round up
and detach from plastic surfaces is reflected by a decrease in
the number of cells in treated monolayers. This can be mis-
takenly interpreted as an effect on cell division in cultures
treated for several days; this apparent decrease in cell counts
is also found after treatment for only several hours. [*H ]Thy-
midine incorporation, autoradiography, or other methods
must be used to document inhibition of growth.

Stimulation of Tyrosinase Activity. Tyrosinase activity,
which closely parallels changes in pigmentation, increases
slightly after 1-3 days and more markedly after 46 days
to levels 5- to 10-fold initial levels with MSH concentrations
up to 5 X 10~* M (100 ng/ml), at which stimulation is maxi-
mal (Figs. 1 and 2). Tyrosinase activity falls when MSH is not
added repeatedly, presumably because of degradation of the
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Fic. 2. Time course of tyrosinase stimulation by MSH and
choleragen. Confluent melanoma cells were treated with 5 X
10-11 M choleragen (W) on day 0 or with 10~8 M MSH (O) on
day 0 and day 3. Medium was changed every other day. Results
are expressed as 10° X pmol of *H;O produced per min/cell.
Control cells are (®).

hormone, but with continued stimulation the activity con-
tinues to rise for at least 9 days (6). Choleragen produces up
to 30-fold increases in enzyme activity at about 3 X 101 M
(20 ng/ml). Since serum and gangliosides present in serum
inhibit the binding of choleragen to cells (9), greater stimula-
tion is obtained if the toxin is added to the cells before serum.

The tyrosinase of crude melanoma-cell sonicates is enzymat-
ically similar to purified melanoma tyrosinase (15). With
0.12 mM L-dopa as cofactor, the K,, for tyrosine is 0.2 mM
and substrate inhibition is seen at 0.8-1.0 mM tyrosine. The
apparent K,, for tyrosine is the same in control, MSH-stimu-
lated, and choleragen-stimulated cells, suggesting that stimu-
lation involves synthesis or activation of new enzyme rather
than a change in affinity for substrate.

Binding of 1%I-Labeled Choleragen to Melanoma Cells. Bind-
ing of cholera toxin to melanoma cells, like binding to fat
cells and liver membranes (9), is complete within 5 min and

TABLE 1. [Inhibitton of DN A synthests in melanoma cells
by MSH and cholera toxin

MSH Cholera toxin

ng/ml Exp. 1 (cpm) Exp.2 (cpm) ng/ml cpm

0 29,250 11,450 0 27,100
+ 4,750* + 1,680 + 5,780

200 11,540 2,290 100 14,800
+ 220 + 330 + 3,570

20 14,500 4,230 1 18,430
+ 2,980 + 1,085 + 3,760

2 26,230 4,840 0.1 27,570
=+ 2,910 =+ 1,370 =+ 3,600

* cpm =+ standard deviation.

Melanoma cells were cultured in 16-mm dishes on Linbro
Multi-Dish Disposo-Trays until confluent. Medium depleted
for at least 4 days was changed 30 min after additions; MSH was
added again after the medium change. One microcurie of [3H]-
thymidine was added 24 hr later, and after 1 hr at 37°, the radio-
activity in trichloroacetic acid-precipitable material was deter-
mined (13).
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Fic. 3. (a) Specific binding of !%I-labeled cholera toxin to
melanoma, cells. 105 cells in 0.2 ml of Hanks’ buffer-0.19, albumin
were incubated (30 min, 24°) with 1%I-labeled choleragen (14
uCi/ug), diluted with 3 ml of cold 0.19% albumin-buffer, and
filtered and washed on EAWP (Millipore) filters (9). Specific
binding was determined (9) by subtracting those counts not dis-
placed by the prior addition of native toxin; 979, of iodotoxin
can be displaced. (b) Competition of binding of 125I-labeled
choleragen to melanoma cells by native toxin. Native toxin was
present for 10 min (24°) before addition of 6 ng of '%I-labeled
choleragen (82,800 cpm).

becomes progressively irreversible with time, while the bind-
ing of peptide hormones to receptors is slower and reversible
(18). Saturation of binding does not occur until the cells bind
an average of about 10° molecules per cell (Fig. 3a) and re-
quires concentration of choleragen of 6 X 10~° M or greater.
The biological effects (morphologic change, tyrosinase stimu-
lation, and adenylate cyclase stimulation) are complete at
one-twentieth this concentration. MSH and choleragen do not
compete for the same binding site, since 5 X 10~ M MSH
(added first) does not decrease the binding of 10~ M 1%]-
labeled choleragen. Half-maximal displacement of %I-
labeled toxin occurs with about 2 X 10=°* M native toxin
(Fig. 3b).

The very strong nature of toxin binding is shown by the fact
that melanoma cells exposed to toxin (10 ng/ml) for 5 min and
then washed twice show stimulation of tyrosinase activity
equal to that of unwashed cells exposed to toxin every second

day (Fig. 4). In contrast, MSH apparently dissociates very

significantly since cells washed after a 30-min exposure show
no stimulation of tyrosinase. Cells treated with MSH every
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F1c. 4. Stimulation of melanoma-cell tyrosinase by brief or
continuous exposure to MSH and choleragen. Cells were treated
with 1078 M o-MSH continuously (®) or for 30 min followed by
removal (washing twice) of the medium (®), or with 107 M
choleragen for 5 min (O) or continuously (O). Serum was added
after the addition and washing procedures. Fresh MSH and
choleragen were added every second day for continuously ex-
posed cultures, and medium was changed every second day.
Control activity has been subtracted for each day of assay.
Activity is 105 X pmol of 3H;O produced per min/cell.

second day (and not washed) are stimulated as effectively as
toxin-treated cells.

Stimulation of Adenylate Cyclase Activity. When cells ex-
posed to choleragen are incubated for several hours, crude
membrane preparations of these cells show increased adenylate
cyclase activity (Fig. 5). After a lag of 20-30 min, enzyme
activity increases progressively during the first day and then
falls slowly over a period of several days (Fig. 6).

During the initial, accelerating period of toxin stimulation,
MSH and fluoride become progressively less effective stimula-
tors of adenylate cyclase activity in membranes of toxin-
treated cells (Fig. 5). Toxin treatment for 5 hr or more
results in the loss of sensitivity to MSH, and the ratio of
MSH-stimulated to basal activity becomes 1. Stimulation by
fluoride is also not observed in the toxin-treated membranes,
and this compound, instead, inhibits enzyme activity; the
ratio of fluoride-stimulated to basal activity becomes less than
1. Stimulation by toxin added in the presence of serum is less
effective (compare Figs. 6 and 7); this may be attributable
to the presence in serum of gangliosides (9).

While adenylate cyclase activity falls very significantly
after the first day (Fig. 6), it is still about four times greater
than the unstimulated values after 4 days. Attempts to re-
stimulate the falling cyclase activities by further incubation
of intact cells with toxin for 4 hr were unsuccessful as late as
7 days after initial toxin exposure (Fig. 7). Thirteen days later,
however, basal activity had fallen to control values, fluoride-
stimulation was comparable to that in control cells, and expo-
sure to choleragen for 4 hr stimulated activity as in cells newly
exposed to choleragen.

MSH, which results in the same morphological changes and
tyrosinase stimulation described for cholera toxin, does not
cause persistent elevations of adenylate cyclase activity unless
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F1e. 5. Time course of stimulation of melanoma-cell adeny-
late cyclase by cholera toxin. Cells were harvested and chilled at
various times after addition of 107 M toxin. The pellet was
suspended in 10 ml of 5 mM Tris-HCl (pH 8.0) with 0.2 mM
CaCl; and 0.2 mM MgCl.; at 4°, homogenized for 45 sec (Poly-
tron), centrifuged (30 min, 40,000 X g), and resuspended in 50
mM Tris-HCI (pH 8.0). The incubation mixture contained 0.25
mM GTP, 0.5 mM ATP, 5 mM MgCl,, 10 mM aminophylline,
50 ug per ml of pyruvate kinase, 5 mM phosphoenolpyruvate, 100
cpm/pmol of [«-**P]ATP, and 20 ul of membrane suspension in a
total volume of 100 ul. 5 X 10~¢ M MSH or 10 mM NaF were
added at 4° and the mixture was incubated for 12 min at 33°,
heated to 100° for 1 min, and diluted with 1 ml of 25 mM Tris-
HCI and 2 X 104 cpm of [3H]cAMP. [3?P]cAMP was eluted with
2 ml of 25 mM Tris-HCI from 1 g of neutral alumina. Ratio of
activities of toxin-treated to control cells (®); ratio of NaF (O)
and MSH-stimulated (M) activities to basal activity of toxin-
treated cells for each time of incubation with toxin.

the hormone is present continuously in the medium. When
cells are washed, harvested, and assayed within 1 hr of a 4-hr
period of incubation with MSH, basal enzyme activity is
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Fic. 6. Adenylate cyclase and tyrosinase activities of cholera
toxin-stimulated melanoma cells. Confluent monolayers were
exposed to 10~1° M choleragen on day 0 only and harvested after
6 hr and on each successive day for 4 days. Serum was added 15
min after addition of toxin. Adenylate cyclase activity is expressed
as toxin-treated/control (®). Tyrosinase activity is expressed as
toxin-treated/control (O), or as 10° X pmol of *H:0/min per
cell (O).
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Fig. 7. Relationship of basal adenylate cyclase activity to
MSH- and fluoride-stimulated activities after exposure to 107 M
toxin (in 109, fetal-calf serum). Left ordinate: ratio of basal
activity of toxin-treated to control cells (®). Similar ratio for
cells re-exposed to toxin on days 7 and 13 [(O) with arrows].
Right ordinate: ratio of MSH stimulation of toxin-treated cells to
MSH stimulation of control cells (®); similar ratio for fluoride-
stimulated activity (O). MSH was 5 X 10~¢ M ; NaF was 10 mM.

only minimally elevated. Furthermore, direct addition of
fresh MSH to such membranes results in impaired stimula-
tion (Fig. 8). Half-maximal stimulation by MSH is still seen
at 2 ug/ml, suggesting that the impaired MSH response is not
the result of altered affinity for MSH. Thus, continuous ex-
posure of cells to MSH is accompanied by a change (‘“resis-
tance”’) in the responsiveness of the adenylate cyclase of these
cells to MSH. These studies also show that MSH binding is
rapid and reversible. Choleragen (10 ng/ml) added directly
to membranes in the assay does not stimulate or affect MSH
stimulation of cyclase activity, supporting the point that
MSH and choleragen have different binding sites.

DISCUSSION

The demonstration that choleragen imitates precisely the
effects of MSH on growth, morphology, and differentiated
function in melanoma cells strongly suggests that all observed
effects of MSH are basically mediated by cAMP. Tyrosinase
activity returns to normal values in the absence of a continu-
ous stimulus of adenylate cyclase (Fig. 2). The equal stimula-
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Fi1c. 8. Effect of incubating melanoma cells with MSH on the
activity of adenylate cyclase of membrane preparations. Cells
were incubated (4 hr, 37°) with (®) or without (@) 1078 M o-
MSH. MSH was added 15 min (4°) before assay. Results are
expressed as 10° X pmol of cyclic AMP produced/min per cell.
Medium had been depleted for 6 days.
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tion of tyrosinase seen after continuous exposure to MSH or a
single exposure to toxin suggests that moderate adenylate
cyclase stimulation present several days after toxin stimula-
tion is sufficient for maximal tyrosinase stimulation.

Tyrosinase stimulation is complete when less than 19, of
the available toxin-binding sites are occupied. On the basis of
binding, melanoma cells appear to have a relatively large
amount of GM, ganglioside in the membrane; this glycolipid
is the presumed receptor for choleragen (9). All these binding
sites, however, cannot be strictly categorized as superfluous
(or “in excess’’) for the biological effects of the toxin. The
primary biological activity of the toxin (stimulation of adenyl-
ate cyclase) may depend principally on the number of ganglio-
side and cyclase molecules in the membrane, while the more
‘“distant” effects (e.g., tyrosinase stimulation) may in addi-
tion depend on the sensitivity of the intervening events to
the protracted and continuously elevated levels of cAMP.
Similar general considerations may apply to MSH, and may
in part explain why the MSH concentrations required for
tyrosinase stimulation (Fig. 1) are so much lower than those
required for adenylate cyclase stimulation (Fig. 8). As implied
earlier, maximal stimulation of tyrosinase may occur by the
continuous stimulation of only a small proportion of the total
adenylate cyclase molecules.

Cholera toxin becomes irreversibly incorporated into the
cell membrane (9), where it possibly binds to or otherwise
perturbs all available adenylate cyclase molecules and thus
effects a fixed stimulation of an enzymatic activity which is
usually responsive to modification by hormones (ref. 9; and
V. Bennett and P. Cuatrecasas, in preparation). Activation
increases over a period of hours while hormonal and fluoride
stimulation is lost; fluoride becomes an inhibitor of adenylate
cyclase. After 1 day, there is a progressive fall in basal activity
over more than 10 days.

Possible explanations for the fall in adenylate cyclase
activity after choleragen stimulation (Fig. 6) are the develop-
ment of a specific inhibitor, inactivation or loss of the toxin or
of toxin-cyclase complexes, or altered affinity of the enzyme
for GTP, ATP, or Mg?* in a progressive fashion. The fall
may reflect in part the normal turnover of adenylate cyclase
molecules; newly synthesized cyclase molecules may thus
escape the action of the toxin. However, toxin may persist
within the membrane, or other yet unrecognized adjustments
may operate, since subsequent restimulation does not reach
control values as long as 7 days after initial exposure to toxin
(Fig. 7). The possibility that certain adjustments may occur
upon protracted stimulation of the enzyme, and which are
independent of the nature of the stimulus, is suggested by the
altered response of the enzyme to MSH after incubation of
the intact cells with MSH (Fig. 8). Clearly, however, the cell
is eventually able to recover from its encounter with chol-
eragen; it may be possible, therefore, to determine the biolog-
ical half-life of adenylate cyclase in this system. The role of
cell division in the recovery process is probably minimal, since
stimulated cells divide very infrequently and become mark-
edly hypertrophied.

Unlike toxin stimulation of adenylate cyclase, MSH stimu-
lation in intact cells returns promptly to basal values upon
removal of MSH from the medium. The relative resistance of
membranes of MSH-treated cells to further stimulation by
MSH (Fig. 8) may be pertinent to the desensitization of
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cAMP accumulation in cultured fibroblasts upon hormonal
stimulation (19), or to the relative refractoriness of hormon-
ally stimulated fat cells (20). It will be important to deter-
mine the mechanism of this altered sensitivity of adenylate
cyclase.
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