in fair agreement with the value of 2.5
found in equilibrium measurements at
25°C,

The amount of data so far available is
too small to permit great confidence in
the numbers used for the allosteric anal-
ysis, but they do show that an internally
consistent description is possible.

The velocity constant for dissociation
of oxygen from Riftia hemoglobin is
within the range commonly encountered
for many hemoglobins (/5-17), as is the
absolute value of the velocity constant
for combination of Riftia hemoglobin
with oxygen (15).

Riftia normally encounters tempera-
ture fluctuating from 2° to 23°C at the
mouth of the vent. Arp and Childress (6)
report that the oxygen affinity of Riftia
hemoglobin changes less than twofold
over the range 3° to 14°C. The combina-
tion rates change not at all over this
range. The relative insensitivity of the
oxygen equilibrium to temperature in the
face of a drastic increase in the dissocia-
tion rate can be compensated for only by
a large decrease (50-fold) in the value of
L, the conformational equilibrium con-
stant. This effect of temperature on L is
in the same direction as has been report-
ed for trout I hemoglobin (I/8) and for
menhaden hemoglobin (/9) and again
suggests that Riftia hemoglobin is similar
to the few others that have been exam-
ined in this respect.
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Carcinogenicity in Mice of Mutagenic Compounds from a

Tryptophan Pyrolyzate

Abstract. The compounds 3-amino-1,4-dimethyl-5SH-pyrido[4,3-blindole and 3-
amino-1-methyl-5H-pyrido(4,3-blindole, which are potent mutagens in a tryptophan
pyrolyzate, are hepatic carcinogens when given orally to mice at concentrations of
200 parts per million in a pellet diet. Female mice showed higher susceptibilities to

both compounds than male mice.

On the basis of the finding that muta-
gens are formed in the charred parts of
broiled meat and fish (/-4), series of new
heterocyclic amines in pyrolyzate of
amino acids, proteins, and proteinaceous
foods were found to be highly mutagenic
to Salmonella typhimurium TA 98 and
TA 100 (5~10). In fact, some of these
compounds have higher specific muta-
genic activity than aflatoxin B;. Among
these new heterocyclic amines, which
are being subjected to in vitro and in vi-
Vo carcinogenicity tests, 3-amino-1,4-di-

methyl-SH-pyrido[4,3-bjindole (Trp-P-1)
and 3-amino-1-methyl-SH-pyrido{4,3-b]-
indole (Trp-P-2) from tryptophan pyroly-
zates and 2-amino-6-methyldipyrido[1,2-
a:3',2'-dlimidazole (Glu-P-1) from glu-
tamic acid pyrolyzate have been shown
to be carcinogenic in an in vitro transfor-
mation system with embryonal Chinese
hamster cells (/1-13). Moreover, Trp-P-
1 induced fibrosarcomas locally when
injected subcutaneously into hamsters
and rats (/4). We report that Trp-P-1 and
Trp-P-2 are carcinogenic to mice and

Table 1. Incidence of hepatic tumors in mice fed on diets with Trp-P-1 or Trp-P-2 (200 ppm) for

up to 621 days.

Number of mice with hepatic tumors

Treat- *
ment Sex N 7 Hepatocellular tumor Heman- Total pi
Adenoma  Carcinomat gioma
None M 25 0 0 1 1( 48
F 24 0 0 0 [\]
Trp-P-1 M 24 1 4 0 5@ < .179
F 26 2 14 0 16 (62) < .001
Trp-P-2 M 25 1 3 0 4 (16) < .348
F 24 [\] 22 M 0 22 (92) < .001
*Number of mice surviving on day 402, when the first hepatic tumor was found. tMice with both
hepatocellular adenoma and hepatocellular carcinoma are included under hepatocellular carcinoma. iSta-
tistical significance of the difference in incidence of hepatic tumors between control and Trp-P-1 or Trp-P-2
groups by ¥ test. §Numbers in parentheses are percentages. iINumber in parentheses is number of

mice with pulmonary metastases of hepatocellular carcinomas.
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induce hepatocellular carcinomas when
given orally in the diet.

Synthetic Trp-P-1 acetate and Trp-P-2
acetate, obtained from Nard Institute,
Osaka, Japan, and confirmed to be at
least 99.5 percent pure by high-pressure
liquid chromatography, mass fragmen-
tometry, and elementary analysis, were
given to 7-week-old CDF; mice (BALB/
cAnN x DBA/2N, Charles River Japan,
Atsugi, Kanagawa). Forty mice of each
sex were fed concentrations of 200 parts
per million (ppm) Trp-P-1 and Trp-P-2
acetate in pellet diets (CE-2 basal diet;
CLEA Japan, Tokyo) for 621 days. For-
ty control mice of both sexes were given
the basal diet only. The mice had free
access to food and tap water.

The average intakes of food and car-
cinogens per day per mouse, respective-
ly, were as follows: males on a diet with
Trp-P-1, 2.7 g and 0.53 mg; females on a
diet with Trp-P-1, 2.2 g and 0.45 mg;
males on a diet with Trp-P-2, 2.8 g and
0.56 mg; and females on a diet with Trp-
P-2, 2.9 g and 0.57 mg. The average food
intake per day per control mouse was 3.3
g for males and 2.9 g for females. Unlike
male control mice, males on diets with
Trp-P-1 or Trp-P-2 did not gain weight.
Female mice on Trp-P-2 diet showed
nearly the same increase in body weight
as control mice, but females on the Trp-
P-1 diet showed only a small increase in
body weight. Until about day 480, the
survival rates of male mice on the Trp-P-
1, Trp-P-2, and basal diets were similar:
48, 48, and 50 percent, respectively.
Thereafter male mice fed diets with Trp-
P-1 and Trp-P-2 developed liver tumors
and showed lower survival rates than
controls. Until about day 400, the surviv-
al rates of female mice fed on Trp-P-1,
Trp-P-2, and basal diets were similar: 65,
63, and 60 percent, respectively; then
survival of those on the test diets de-
creased, because the animals developed
liver tumors.

The incidences of tumors in the ex-
perimental and control groups are sum-
marized in Tables 1 and 2. The first
tumor was found in a male mouse on a
Trp-P-2 diet on day 180 and was identi-
fied as a thymoma. The first hepatic
tumor was found in a female mouse on a
Trp-P-2 diet on day 402. From then until
the end of the experiment on day 621,
hepatic tumors were found in 5 of 24 (21
percent) male mice and 16 of 26 (62
percent) female mice on Trp-P-1 diets
and in 4 of 25 (16 percent) male mice and
22 of 24 (92 percent) female mice on Trp-
P-2 diets. In control mice, a hepatic
tumor was found in only 1 of 25 (4
percent) male mice and none in female
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Table 2. Incidence of nonhepatic tumors in mice fed on diets with Trp-P-1 or Trp-P-2.

Pulmonary tumor

Treat- Sex deno Thy- Lympha.tlc Other
ment Adenoma A moma leukemia
carcinoma

None M 1 3 0 0 Q

F 1 3 0 4 2%
Trp-P-1 M 0 3 0 1 0

F 0 1 1 0 0
Trp-P-2 M 3 8 1 1 21

F 1 3 1 3 5%
*One pheochromocytoma of the adrenal gland and one mammary adenoma. tOne signet-ring cell
carcinoma of the small intestine and one histiocytoma of the colon and the mesenteric lymph node. iTwo

leiomyomas of the uterus, orie reticulum cell sarcoma of the spleen, one mammary adenocarcinoma, and one
histiocytic sarcoma infiltrating into the stomach, pancreas, liver, and intestine,

mice. Female mice showed higher sus-
ceptibilities to Trp-P-1 and Trp-P-2 than
male mice. Thegeg results are in contrast
with those on miany other hepatocarcino-
gens such as dimethylnitrosamine and
aflatoxin B, which induced more hepat-
ic tumors in male than in female mice
(15-17). The Trp-P-2 diet showed higher
carcinogenicity than the Trp-P-1 diet in
female mice.

Macroscopically, multiple yellowish-
white, protruding, solid tumors were
found in the liver lobes. Histologically,
many hepatic tumors were hepatocellu-
lar carcinomas. Most had a trabecular
structure, but a few were anaplastic.
Metastases of hepatoceliular carcinomas
to the lung were found in two female
mice given Trp-P-2. In the control group,
a hemangioma was found in one male
mouse, but there were no hepatocellular
adenomas or carcinomas.

Tumors were also found in the lung,
thymus, hematopoietic organs, breast,
and a few other organs in mice treated
with Trp-P-1 or Trp-P-2 and also in con-
trol mice (Table 2). The incidence of
pulmonary tumors in male mice fed Trp-
P-2 was slightly higher than that in con-
trol male mice (P < .038 by ¥ test). No
statistically significant difference was
found in the incidences of other nonhe-
patic tumors in the three groups.

The cumulative carcinogen intakes per
mouse until the time of the first appear-
ance of liver tumors were as follows: 279
mg of Trp-P-1 for males and 197 mg for
females; 304 mg of Trp-P-2 for males and
205 mg for females. Although Trp-P-2 is
more mutagenic than aflatoxin B, its
carcinogenicity is similar to that of 2-
acetylaminofluorene.

Both Trp-P-1 and Trp-P-2 are present
in broiled sardines cooked in the usual
way (I8), although the sardines also
contain other mutagens such as 2-amino-
3-methylimidazo[4,5-flquinoline and 2-
amino-3,4-dimethylimidazo[4,5-flquino -
line (9, 18). Thus, we report evidence of
the carcinogenicity on oral administra-

tion of mutagenic compounds produced
by cooking. Many mutagenic com-
pounds have been identified in pyrolysis
products of glutamic acid (6), phenyiala-
nine (5), lysine (7), soybean globulin (8),
and broiled sardine (9).
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