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L-3,4-Dihydroxyphenylalanine (L-dopa) and its structural
analogs are known to be potently cytotoxic to melanoma
cells. We examined the effects of cysteinylcatechols and
related compounds, which were newly synthesized as cys-
teinyl derivatives of L-dopa, on the growth of human mel-
anoma cells i vitro, and their actions were compared with
those of L-dopa. 4-S- and 3-S-Cysteinylcatechols showed
significantly more potent cytotoxicity to melanoma cells
than did t-dopa, and 2-S-cysteinylhydroquinone was next

olyphenolic intermediates in the formation of melanin

from tyrosine are known to be potentially cytotoxic

agents [1-3]. Wick ct al showed that 1-3,4-dihydrox-

yphenylalanine (t-dopa) is selectively toxic to mela-

noma cells in vitro [4] and that its chemical analogs also
exhibit antitumor activity in experimental tumor systems [5-9].
Recently, ITto et al [10] found that 5-S-cysteinyl-3,4-di-
hydroxyphenylalanine (5-S-cysteinyldopa), an intermediate in the
metabolic pathway from L-dopa to phecomelanin, is much more
cytotoxic than t-dopa itself and suggested that the catechols with
the cysteinyl group show a potent antitumor activity. In an at-
tempt to obtain more effective agents, we have newly synthesized
various cysteinyl derivatives as structural analogues of L-dopa and
studied the effects of these drugs on the growth of cultured human
malignant melanoma cells.

MATERIALS AND METHODS

Chemicals The 7 new drugs were synthesized by once of the
authors (S.1.); the details of the chemical synthesis have been
reported elsewhere [11]. The drugs could be classified into 2
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L-dopa: 1-3,4-dihydroxyphenylalanine

1Cs50: 50% growth inhibition concentration

2-5-CH: 2-S-cysteinylhydroquinone

2-S-CR: 2-S-cysteinylresorcinol

3-5-CC: 3-S-cysteinylcatechol

3-S5-C-5-MC: 3-S-cystemyl-5-methylcatechol
4-S-CAP: 4-S-cysteaminylphenol

4-5-CP: 4-S-cysteinylphenol

4-S-CC: 4-S-cysteinylcatechol
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to the catechols in potency. The mechanism of action may
involve interaction with the melanocyte-specific enzyme,
tyrosinase, for which the cysteinylcatechols could become
a better substrate than L-dopa itself. 4-S-Cysteaminyl-
phenol was almost comparable to L-dopa in cytotoxicity,
suggesting that this phenol might be oxidized to the cor-
responding catechol by tyrosinase within the melanoma
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groups on the basis of chemical structures; one was the diphenol
group, which contained 2 hydroxyl groups as side chains. This
group included 4-S-cystcinylcatechol (4-S-CC), 3-S-cysteinyl-
catechol. HCL.H,O (3-S-CC), 3-S-cysteinyl-5-methylcatechol (3-
5-C-5-MC), 2-S-cysteinylhydroquinone (2-S-CH), and 2-S-cys-
teinylresorcinol (2-S-CR). 4-S-Cysteinylcatechol had the chem-
ical structure in which only a sulfur atom was introduced into a
molccule of L-dopa. The other group was phenol, and it included
4-S-cystcaminylphenol (4-S-CAP) and 4-S-cysteinylphenol (4-S-
CP). L-Dopa was purchased from Sigma Chemical Co. (St. Louis,
Missouri). All the drug solutions were freshly prepared in Ham's
F-10 medium (Gibco Laboratories, Grand Island, New York) just
before use at the beginning of cach experiment.

Cells The human malignant melanoma cell line (HMV-I) used
in this study was established from a black-brown malignant mel-
anoma in the vaginal wall of a 65-year-old woman [12]. The
HMV-I cells were maintained in Ham’s F-10 medium supple-
mented with 10% calf scrum (Flow Laboratories Inc., Rockville,
Maryland), penicillin (100 U/ml), and streptomycin (100 pg/ml),
and incubated in a humidified atmosphere of 95% air and 5%
CO, at 37°C.

Effects of the Drugs on Cell Growth Cells (I X 10°) were
plated in 35-mm plastic dishes (tissue culture Petri dish; Falcon).
After 48 h of incubation, the medium was replaced with fresh
culture medium containing the desired concentrations of cach
drug. The range of drug concentrations was from 2 pg/ml to 2.2
mg/ml, although it varied depending on effects of the drugs.
Duplicate cultures were set up at cach of the concentrations. For
cach drug, assays were performed at least 3 times. After 48 h of
drug exposure at 37°C, the medium was removed and the cells
were trypsinized. The number of cells per dish, assessed by trypan
bluce exclusion, was determined microscopically with a hemo-
cytometer. Under the experimental conditions provided, the av-
crage doubling time of control cells was 21.0 h.

The average number of cells in cach treated culture was ex-
pressed as a percentage of the average number of cells in the
control cultures without drugs. The 1Cs, value was defined as the
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dose effective in inhibiting 50% of the cell population growth
after 48 h of exposure to the drug. The 1Cs, value was determined
from a lincar regression with the aid of a computer. The signif-
icance of difference of response to different drugs was based on
Student’s t-test.

RESULTS

Figure 1 shows the dose-response curve of cach drug to HMV-
[ human melanoma cells after 48 h of drug exposure, and the 1Cs
value of cach drug was summarized in Table 1.

The ICs, value of 3-S-CC was 12.6 ug/ml and that of 4-S-CC,
15.7 pg/ml; the 2 cysteinylcatechols showed the most potent
growth-inhibitory effect of the drugs examined in this study. The
IC5 value of L-dopa examined for the purpose of comparison
was 22.5 pg/ml, and 3-S-CC and 4-S-CC had a significantly
potent effect on HMV-I cells compared with L-dopa (p < 0.05
for each drug).

2-S-Cysteinylhydroquinone had an ICsy value of 25.4 pug/ml.
This was next to the 2 cysteinylcatechols in potency and was
comparable to L-dopa (p > 0.05). However, the 1Cs, value of 3-
S-C-5-MC was 29.4 pg/ml, about 2 times larger than that of 3-
S-CC (p < 0.05), and this indicated that the introduction of a
methyl group in the C-5 position of 3-S-CC resulted in a decrease
of the effectiveness. 2-S-Cysteinylresorcinol had an 1Cs, value of
244.3 pg/ml and was the least effective of the diphenols.

With respect to the phenols, the 1Csy value of 4-S-CAP was
24.1 pg/ml, and this phenol showed a growth-inhibitory effect
comparable to L-dopa, a catecholic compound (p > 0.05). How-
ever, 4-S-CP had an ICs value of 952.2 pg/ml and was the least
effective.

DISCUSSION

3-S-Cysteinylcatechol and 4-5-CC showed the most potent growth-

inhibitory effect of the drugs examined in this study and were

significantly more effective than L-dopa, another catechol. In gen-
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Table I.  Fifty Percent Growth Inhibition Concentration
(ICs0) of the Drugs to HMV-I Human Melanoma Cells
ICso ICs Ratio Significance

Drug (g/ml)” (L-dopa/drug) (p value)®
3-S-CC 12.6 1.79 < 0.05
4-S-CC 15.7 1.43 < 0.05
L-Dopa 22.5 1.00 —_—
4-S-CAP 24.1 0.93 > 0.05
2-S-CH 25.4 0.89 > 0.05
3-S-C-5-MC 29.4 0.77 < 0.05
2-S-CR 244.3 0.09 < 0.01
4-S-CP 952.2 0.02 < 0.01

“Each 1Cs value is an average of values from 3-5 separate experiments.
"T'he significance was calculated between L-dopa and other drugs as described in
Materials and Methods.

cral, 2 mechanisms have been postulated concerning the cyto-
toxicity of catechols [6,7,13]; onc is that catechols are converted
to the corresponding benzoquinones, and the quinones produce
damage to the cells through inactivation of sulthydryl enzymes,
such as DNA polymerase a, which play a central role in the cell
growth. The other mechanism is that the catechols are auto-
oxidized to produce cytotoxic hydrogen peroxide, superoxide,
and hydroxyl radicals. It is well known that, in melanoma cells,
the conversion of L-dopa and its analogs to quinones can be me-
diated by the specific enzyme tyrosinase [14], and the quinones
have been demonstrated to have a marked affinity for the sulfhy-
dryl enzymes [2] and form covalent binding with the sulfhydryl
groups [15].

The reason why the cysteinylcatechols are more cytotoxic to
melanoma cells than t-dopa is yet to be studied. However, it
could be ascribed to the presence of a sulfur atom in their mol-
ccule. The sulfur atom can increase lipophilic properties and pro-
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Figure 1. Effects of the drugs on the growth of HMV-I human melanoma cells. The cells were exposed to the different drug concentrations in the
conditions described in Materials and Methods. The results were expressed as the percentage of control cell growth after 48 h of drug exposure. Values
represent mean * SE of 3-5 determinations. Open triangles, 3-S-CC; closed circles, 4-S-CC; open circles, 1-dopa; closed squares, 4-S-CAP; open squares,
2-S-CH; closed triangles, 3-S-C-5-MC; six-sided stars, 2-S-CR; five-sided stars, 4-S-CP.
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mote cfficient uptake into the cells [11]. In addition, our ongoing
study indicated that the cysteinylcatechols could become a better
substrate for tyrosinase prepared from mushroom and mam-
malian melanoma cells than r-dopa. This may be due to the
clectron-donating resonance effect of the sulfur atom, which can
increase the affinity for tyrosinase [16].

2-S-Cysteinylhydroquinone was second to the catechols in cy-
totoxicity. Hydroquinone itself has been known to have selective
toxicity against melanocytes in vivo and is used clinically as a
depigmenting agent [17,18]. Chavin et al [19] showed that hy-
droquinone significantly prolongs the survival of melanoma-bearing
mice. Recently, Penney et al [20] suggested that the cytotoxicity
of hydroquinone to melanoma cells may be via its oxidation by
tyrosinase. Therefore, it is possible that the cytotoxicity of 2-S-
CH to melanoma cells, comparable to L-dopa in potency, is also
due to its tyrosinase-mediated oxidation. 2-S-Cysteinylresorcinol
was the least effective among the diphenols, and this may be due
to the fact that resorcinol is chemically unable to undergo oxi-
dation to a quinone [21].

Our results demonstrate that 4-S-CAP, a phenol, is much more
cytotoxic to melanoma cells than is 4-S-CP, another phenol, and
4-S-CAP is almost comparable to L-dopa, a catechol, in potency.
The reason for this is not clear at present. However, removal of
the carboxyl group from 4-S-CP can increase the lipophilic prop-
erties, and there may be efficient uptake into the cells [11]. It is
possible that 4-S-CAP incorporated into melanoma cells is oxi-
dized by tyrosinase to produce the corresponding catechol, which
in turn exerts a potent cytotoxic effect comparable to L-dopa.
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