nemia in the F, progeny was 22 percent.
In the animals backcrossed to NAR, the
frequency of the mutant trait was around
50 percent, whereas in the backcross to
normal rats, no analbuminemia was
found. These data indicate that analbu-
minemia is inherited as an autosomal re-
cessive trait.

The first case of human analbumi-
nemia was reported by Benhold ez al.
(3); since then, others have studied the
etiology and metabolic aspects of the hu-
man disease ¢-7).

A decrease of albumin accompanied
by an increase of globulins occurs in the
serum of analbuminemic patients, and
high cholesterol level has been reported
(5). The analbuminemic rats should
serve as a model for understanding the
human disease, and may also be suitable
for studying the function of albumin.
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Toxaphene, a Complex Mixture of Polychloroterpenes

and a Major Insecticide, Is Mutagenic

Abstract. Toxaphene, the most widely used chlorinated insecticide, is mutagenic
in the Salmonella test without requiring liver homogenate for activity. This in-
secticide is a complex mixture (more than 177 polychloroterpenes) with carcinogenic
activity in rodents. Some but not all of the mutagenic components are easily sepa-

rated from the insecticidal ingredients.

More than 10° pounds (0.5 x 10° kg) of
the insecticide toxaphene (/) have been
manufactured since 1947. The vyearly
production now totals about 40 x 10¢
pounds (2). The insecticide, which is
used on cotton (86 percent of the total
amount) and food crops (3), is a complex
mixture of at least 177 polychlorinat-
ed compounds (overall composition,
C,0H0Cly) @). It is produced by the ex-
tensive chlorination of technical-grade
camphene obtained by isomerization of
a-pinene, a by-product of turpentine dis-
tillation. Only ten components have been
identified, including the most toxic in-
gredient, and they account for less than
one-fourth of the mass of the mixture (5).
Eighteen or more components are used
in amounts individually exceeding 10°
pounds per year (5, 6).

The carcinogenic and mutagenic po-
tential of toxaphene is of interest be-
cause of its long history of use, contin-
uing importance, and complex composi-
tion. Toxaphene is a carcinogen in
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rodents (7). Toxicological problems have
also been encountered with two related
polychlorocamphene insecticides. Stro-
bane, produced in the United States (2),
causes liver hepatomas in male mice (8).
Another polychlorocamphene insecticide,
produced in the U.S.S.R. and of un-
known composition relative to toxa-
phene, is associated with chromosomal
and other abnormalities in humans at
high occupational concentrations (9). In
pregnant female rats this insecticide is
transported to the fetus, and in male ro-
dents it causes testicular degeneration
and endocrine changes (/0).

We used mutagenesis assays as a first
step in defining the potential carcinogen-
ic components of toxaphene (/). When
tested in histidine-requiring strains of
Salmonella typhimurium (11), toxaphene
was mutagenic in strains TA98 and
TA100, giving 325 revertants per milli-
gram in the latter case (Fig. 1). All fur-
ther discussion in this report is based on
findings with the more sensitive TA100

strain. Mutagenic activity was reduced
by 50 percent in the presence of rat or
mouse liver homogenate [Fig. 1, tox-
aphene (+S9)]; this finding suggests pos-
sible nonspecific interactions with gluta-
thione or macromolecules (for example,
RNA).

Because of the chemical complexity of
toxaphene, we fractionated the mixture
to determine whether the mutagenic and
toxic activities are separable. The direct
mutagenic activity observed did not cor-
respond exactly to the major toxic com-
ponents, as suggested by the following
evidence.

1) The most easily isolated major tox-
ic component, heptachlorobornane-I (5),
did not have mutagenic activity, either
with or without liver S9, in any of
the standard tester strains (TA1535,
TA1537, TA1538, TA98, and TA100)
(Fig. 1).

2) The direct mutagenic activity was
not lost upon treatment of toxaphene
with ethanolic potassium hydroxide un-
der conditions (molar ratios of 1:1 or
1:10, 24 hours, 25°C) that dehydro-
chlorinate the major identified gem-di-
chloro toxic components.

3) The mutagenic activity of a recrys-
tallized toxaphene fraction (from iso-
propanol) was less than that of the more
polar mother liquor fraction (Fig. 1).
Some of the direct mutagenic activity
was in the polar fractions from chroma-
tography of toxaphene on a silicic acid
column rather than the nonpolar frac-
tions most acutely toxic to animals and
usually analyzed by gas chromatography
(GC) ({12) (Fig. 1, methanol and hexane
fractions).

4) A series of toxaphene samples pro-
duced in different years that were similar
in toxicity and retention pattern on open-
tubular-column GC had about a fourfold
range of direct mutagenic activity (/3).

We attempted to remove the direct
mutagens from toxaphene but were un-
successful. The mutagenic activity was
not reduced when a solution of tox-
aphene in carbon tetrachloride was
washed with water or aqueous methanol
(up to 20 percent). A portion of the activ-
ity survived passage in hexane solution
through a concentrated sulfuric acid col-
umn (/4), as would chlorobornanes and
other chloroalkanes. A potent but minor
(0.3 percent) mutagenic fraction was re-
tained on a Celite column on chromatog-
raphy as a hexane solution but was then
eluted with methanol; however, most cf
the direct mutagenic activity remained
with the bulk of the material that eluted
in the hexane.

Heptachlorobornane-I and possibly
other major toxic components of tox-
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aphene were not detected as mutagens in
the Salmonella test. However, this may
be because heavily chlorinated chem-
icals generally do not appear to be prop-
erly evaluated by this assay system. For
example, such carcinogens as carbon tet-
rachloride, dieldrin, and DDE (a metabo-
lite and dehydrochlorination product of
DDT) (/5) are known to cause chromo-
somal aberrations or to interact with the
DNA of mammalian cells, but they are
not mutagenic in the Salmonella test
(16). The active metabolic forms may be
too short-lived (for example, free radi-
cals) to be detected or the liver homoge-
nate in the in vitro system may not faith-
fully reproduce in vivo metabolism. An-
aerobic systems metabolize carbon
tetrachloride and DDT, giving rise in the
former case to a reactive free radical
(/7). We are attempting to improve the
Salmonella assay in various ways, in-
cluding anaerobic incubations, to deter-
mine whether these chemicals and hep-
tachlorobornane-1 (/4, 18) are then de-
tectable as mutagens.

Little is known about the toxaphene
residues in people or in the environment,
largely because of the difficulties inher-
ent in analyzing for such a complex mix-
ture and its degradation products. Tox-
aphene persists for up to several years in
soils and lake sediments and, as ex-
pected of a fat-soluble chlorinated hy-
drocarbon, it accumulates in fish (/9).
On the other hand, its residues are dis-
sipated more rapidly than those of DDT
and some other chlorinated insecticides
in poultry, rats, and cows (20). Tox-
aphene and its heptachlorobornane-I
component are also extensively metabo-
lized by mice, hamsters, guinea pigs,
rabbits, and monkeys (2/). The composi-
tion of toxaphene undergoes drastic
changes in these systems as a result of
the more rapid loss of some components
than others and the introduction of new
compounds formed metabolically. No
method is available for the complete
analysis of the hundreds or thousands of
compounds in toxaphene-derived resi-
dues -6, 21).

Assessing risks for a substance in-
troduced into the environment is unusu-
ally difficult when it is a complex and
largely unidentified mixture. The poten-
tial for problems is even greater when
the material is from a chemical class,
such as chlorinated hydrocarbons, con-
laining many mutagens and carcinogens
{22). In addition, the general use of
broad-spectrum pesticides has been
questioned (23) as has the effectiveness
of toxaphene (24). Greater emphasis
must be given to the development of se-
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Fig. 1. Mutagenicity of toxaphene and its
components or derivatives in Salmonella
strain TA100. The number of revertants, after
subtracting the spontaneous revertants
(~150), is plotted against the amount of
mutagenic compound or mixture. Where in-
dicated, S9 mix (containing 20 ul of phenobar-
bital-induced mouse liver S9) was incorporat-
ed into the pour plates. (Aroclor 1254-in-
duced rat liver S9 gave similar results.) Stan-
dard toxaphene was also mutagenic with
Salmonella strain TA98 (50 revertants per
milligram).

lective insecticides with acceptable tox-
icological properties and to integrated
pest management programs that mini-
mize pesticide use (23, 25).
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Endogenous Inhibitor of Colchicine-Tubulin Binding in Rat Brain

Abstract. A competitive inhibitor of colchicine binding to tubulin has been found in
rat brain. Most of the inhibitor is associated with microsomes but some inhibitor,
with an apparent molecular weight of approximately 250,000, is found in the cytosol.
Both the microsomal and cytosol inhibitors are heat- and trypsin-sensitive, in-
dicating that a protein moiety is required for activity. The microsomes bind tubulin
directly; the microsomal and cytosol fractions both inhibit microtubule assembly in
vitro. The inhibitor may function in the living cell to bind and sequester non-
polymerized tubulin. Regulation of tubulin attachment to microsomes could then
control the concentration of cytosolic tubulin available for microtubule assembly.

It is generally believed that micro-
tubules in living cells are in a dynamic
equilibrium with their subunit proteins.
The number and distribution of assem-
bled microtubules can change rapidly
during the cell cycle or in response to ex-
ternal stimuli. Perhaps the most dramatic
shift occurs when cells enter mitosis, at
which time cytoplasmic microtubules
disassemble and their protein constitu-
ents reassemble into microtubules of the
mitotic spindle. Since Weisenberg's dis-
covery in 1972 (/) of conditions for as-
sembly of microtubules from brain su-
pernatants, much has been learned about
the factors that participate in or affect
polymerization in vitro. Microtubule-as-
sociated proteins, Mg2*, and guanosine
S’-triphosphate (GTP) stimulate and cal-
cium inhibits tubulin assembiy_ in vitro
(1-7), but it is not known whether these
or other factors regulate microtubule for-
mation and dissolution in cells.

Colchicine, an alkaloid derived from
Colchicum autumnale, inhibits micro-
tubule assembly both in vitro and in vivo
by binding with high affinity to tubulin
(8-10), the major protein constituent of
microtubules. Because colchicine is not
found in the animal kingdom or in most
plants, so far as is known, it has not been
considered a candidate for regulation of
microtubule assembly. However, it
seemed possible that the colchicine-
binding site on tubulin might have
evolved as an attachment site for an en-
dogenous material, which would be a
natural regulator of tubulin assembly in
living cells. Previous studies of the col-
chicine-tubulin binding reaction prompt-
ed the suggestion that a factor in brain
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cytosol lowered the affinity of tubulin for
colchicine (/0). In this report, evidence
is presented for the existence of a tryp-
sin-sensitive competitive inhibitor of col-
chicine binding in the microsomes and
cytosol of rat brain.

Microtubule protein was prepared
from weanling rat brains by two cycles of
assembly-disassembly, using the method
of Shelanski ef al. (I1). In electrophore-
sis on sodium dodecyl sulfate poly-
acrylamide gels (/2), more than 90 per-
cent of the protein was present in the
tubulin band and the remaining 5 to 10
percent was found in the high-molecular-
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Fig. 1. Effect of brain cytosol inhibitor, par-
tially purified by (NH,),SO, fractionation (@),
and of resuspended microsomal pellet inhib-
itor (A) on colchicine-binding affinity of puri-
fied tubulin. Open circles represent colchicine
binding by tubulin in the absence of inhibitor;
[C];- represents concentration of free colchi-
cine and [CT] the concentration of bound col-
chicine at the end of the incubation.

weight region. At saturation, a typical
preparation of purified microtubule pro-
tein bound 4 pmole of colchicine per mi-
crogram. To prepare brain cytosol, rat
brains were homogenized at 4°C in 10
mM Na,HPO,, pH 7.0, or 50 mM 4-
morpholineethanesulfonate (MES), 1
mM  [ethylenebis(oxyethylenenitrilo)]-
tetraacetic acid (EGTA), and 1 mM
MgCl,, pH 6.6 (1 ml/g), using a Tekmar
tissiie disruptor (model SDT), and centri-
fuged for 90 minutes at 100,000g. Unla-
beled colchicine was obtained from Sig-
ma and [*H]colchicine from Amersham.

Colchicine binding was determined by
the charcoal separation method pre-
viously described (/3). In a typical as-
say, unlabeled colchicine or a putative
inhibitor sample was preincubated with
tubulin (6 ug per 95 ul) for 2 hours at
37°C before adding 20 ul of labeled col-
chicine (final concentration, 0.48 uM),
followed by incubation for an additional
2 hours. In the kinetic study (Fig. 1), var-
ious concentrations of labeled colchicine
were incubated with tubulin at 37°C for 4
hours before charcoal separation.

Native tubulin in brain cytosol has a
lower affinity for colchicine than does
purified tubulin. Addition of purified
tubulin to brain cytosol results in a ho-
mogeneous class of low-affinity colchi-
cine-binding sites (/0). These data sug-
gested that the lower colchicine-binding
affinity of tubulin in brain cytosol was
due to an endogenous factor which inhib-
its colchicine-tubulin binding. However,
in fresh brain cytosol, endogenous tubu-
lin has substantial colchicine-binding ac-
tivity, which makes it difficult to mea-
sure precisely the inhibitory activity of
the preparation. We were able to elimi-
nate this problem because the colchi-
cine-binding activity of tubulin is labile,
whereas inhibitory activity is stable.
Thus, after dialysis of brain cytosol for
48 hours at 4°C (500 volumes of 10 mM
Na,HPO,, pH 7.0, three changes) all col-
chicine-binding activity was lost and in-
hibitory activity persisted. In multiple
experiments, the inhibitor in the dialyzed
brain extract decreased the apparent af-
finity of tubulin for colchicine, but had
no effect on the maximum binding, and
thus behaved as a competitive inhibitor.
Inhibitory activity was precipitated from
undialyzed brain extracts between 30
and 60 percent (NH,),SO,. The 60 per-
cent pellet was resuspended in one-fifth
the volume of the original supernatant
and dialyzed for 48 hours at 4°C. This
preparation also behaved as a com-
petitive inhibitor of colchicine binding by
tubulin (Fig. 1).

The inhibitor is inactivated by heating
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