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Abstract—The interaction of seventeen colchicine analogs, vinblastine and podophyllo-
toxin with rat brain microtubule protein has been sudied by measuring their ability to
displace 3H-colchicine. The following analogs competitively displaced 3H-colchicine
from rat brain microtubule protein: cholchiceinamide, N-desacetylthiocolchicine,
demecolcine, N-acetyliodocolchinol, trimethylcolchicinic acid (TMCA) methyl ether,
N-acetylcolchinol, and TMCA ethyl ether. Isocolchicine, isocolchiceinamide, iso-
TMCA methyl ether, colchiceine, TMCA, N-benzoyl TMCA, colchicosamide, colchi-
coside, colchinol and colchinoic acid did not inhibit the binding of *H-colchicine to rat
brain microtubule protein. A good correlation was found between the ability of a
given analog to displace 3H-colchicine from rat brain microtubule protein and its anti-
mitotic or antigout properties. Podophyllotoxin and vinblastine, both potent anti-
mitotic agents, inhibited 3H-colchicine binding competitively and non-competitively
respectively.

It 1s Now widely accepted that the binding of colchicine to microtubule protein of
the mitotic apparatus disrupts the organization of the mitotic spindle and thereby
arrests the mitotic process.! While the precise mechanism of this phenomenon is
unknown, several workers have shown that 3H-colchicine binds to a specific protein
that is believed to be a subunit of the microtubule.?~'° This protein, which may be
referred to as “microtubule protein’, ‘““colchicine binding protein” or “tubulin”, has
been isolated from such diverse tissues as HeLa cells,>'® grasshopper embryos,*
mammalian brain,® neuroblastoma cell cultures,® Chlamydomonas flagella,® chick
embryo brain,” the cilia of Tetrahymena® and sea urchin sperm tails.?''® Microtubule
protein has a molecular weight of approximately 120,000 Daltons®~7 and sediments
with a sedimentation coefficient of 6S.5-2:1° Recent work has shown that microtubule
protein is composed of two non-identical monomeric subunits that have approximately
the same molecular weights.11-12

Colchicine is well known for both its antimitotic and its antigout effects, but untit
recently there was no reasonable hypothesis to link these two pharmacological actions.
However, in a recent review, Malawista!® has proposed a unifying theory which
suggests that the binding of colchicine to microtubule protein is responsible for both
the antigout and the antimitotic activities of the drug.

* Research Associate in the Pharmacology-Toxicology Program, National Institute of General
Medical Sciences, Bethesda, Md. 20014, U.S.A.

1 Present address: Clinical Pathology Department, Clinical Center, National Institutes of Health,
Bethesda, Md. 20014, U.S.A.
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In this report, we have studied the binding of seventeen colchicine analogs, podo-
phyllotoxin and vinblastine (see Table 1) to rat brain microtubule protein by measuring
their ability to inhibit the binding of *H-colchicine. Our results show the importance
of ring A and the configuration of ring C in the binding of colchicine and its analogs
to rat brain microtubule protein. We have also found a good correlation between the
ability of the colchicine analogs, podophyllotoxin and vinblastine to inhibit 3H-
colchicine binding to rat brain microtubule protein and their efficacy as antimitotic
and antigout agents.

MATERIJIALS AND METHODS

Preparation of rat brain microtubule protein. The brains of male Sprague-Dawley
rats (150-200 g) were removed and homogenized in a Teflon-glass tissue grinder with
3 vol. of ice-cold 10 mM sodium phosphate buffer (pH 7-0) containing 240 mM
sucrose, 5 mM MgCl, and 0-1 mM GTP. The homogenate was centrifuged at 150,000 g
for 90 min and the resultant supernatant assayed immediately for 3H-colchicine bind-
ing activity (see below). When refrigerated at 4°, the supernatant lost all ability to bind
3H-colchicine within 4 days. However, the supernatant was quite stable when kept at
—20° so that as much as 90 per cent of the original binding activity survived after
several weeks of storage.

Colchicine binding assay. The binding of *H-colchicine to rat brain microtubule
protein was measured by a modification of the filter assay developed by Weisenberg
et al.® Each value represents the average of at least three determinations, which did
not differ from each other by more than 5 per cent. A 200-u1 aliquot of rat brain super-
natant, containing 10 to 1-5 mg of protein, was added to 800 ul of a solution con-
taining 10 mM sodium phosphate buffer (pH 7-0), 5 mM MgCl,, 0-1 mM GTP,
240 mM sucrose and >H-colchicine. The reaction was stopped by the addition of 1 ml
of an ice-cold solution containing 1 x 10~* M colchicine. After the addition of 8 ml
of cold buffer containing 10 mM sodium phosphate (pH 7-0), 5 mM MgCl, and
0-1 mM GTP, the solution was filtered under gravity through a DE 81 Whatman
Chromedia filter paper (3-0 cm diameter). The filter was then washed five times with
10-ml aliquots of cold buffer containing 10 mM sodium phosphate (pH 7-0), 5 mM
MgCl, and 0-1 mM GTP. The filters were then transferred to counting vials and 10 ml
of scintillation fluid'# was added and the sample counted in a Packard scintillation
counter.

In those experiments which measured the per cent of inhibition of *H-colchicine
binding (see Table 1), the final concentrations were *H-colchicine, 2:5 X 1076 M,
colchicine analogs, vinblastine and podophyllotoxin (2-5 x 10~ M). The incubation
(37°) was commenced immediately after the addition of the brain supernatant and
was terminated 4 hr later. For the experiments which were performed to determine the
K, values for seven of the colchicine analogs, vinblastine and podophyllotoxin (see
Table 1, Figs. 2 and 3), a single concentration of each drug was chosen (5 X 10~ M
to 2-5 x 10> M for the colchicine analogs, 7-5 x 1075 M for vinblastine and
7-8 X 1073 M for podophyllotoxin) and incubated for 4 hr with an aliquot of rat
brain supernatant and a series of different *H-colchicine concentrations (2 X 10-7 M
to 2 x 103 M). Reciprocal plots, such as those shown in Figs. 2 and 3, were obtained
for all nine drugs and the line was fitted by means of a least squares computer
program.!* The K, values were calculated by standard procedures.
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Protein assay. Protein was determined by the method of Lowry et al.!®

Molecular weight determination of the colchicine complex. The molecular weight of
the colchicine complex was determined by the method of Andrews!” as modified by
Wilson.” A 2-5 X 67 cm column of Sephadex G-100 was equilibrated with 20 mM
sodium phosphate buffer (pH 6-8) containing 100 mM sodium glutamate and cali-
brated with the following protein standards: human y-globulin, molecular weight
160,000; bovine plasma albumin, molecular weight 69,000; and ovalbumin, molecular
weight 42,000. An aliquot of the 150,000 g rat brain supernatant (2-0 ml containing
14-7 mg of protein) was incubated with 2:5 X 10~° M 3H-colchicine for 2-5 hr at 37°,
cooled to 0°, and filtered through the column. Bound 3*H-colchicine appeared as a
single sharp peak corresponding to a molecular weight of 125,000.

Reagents. *H-Colchicine was purchased from New England Nuclear and diluted
with nonradioactive colchicine to a specific activity of 0-1 Ci/m-mole. Colchicine was
purchased from Fisher Scientific, while demecolcine was obtained from Pfaltz &
Bauer. We are greatly indebted to the following for gifts of colchicine analogs (see
Table 1) and other drugs employed in this investigation: Dr. Glenn Ullyot, Smith
Kline & French Laboratories, Philadelphia (trimethylcolchicinic acid (TMCA),
TMCA methyl ether, TMCA ethyl ether, N-acetylcolchinol, colchiceine, colchinol,
colchiceinamide, isocolchicine, iso-TMCA methyl ether, isocolchiceinamide, N-benzoyl
TMCA, colchinoic acid); Dr. Joseph Leiter, National Library of Medicine, Bethesda
(colchiceine, N-acetyliodocolchinol, N-benzoyl TMCA); Dr. Harry B. Wood,
National Cancer Institute, National Institutes of Health, Bethesda (demecolcine,
desacetylthiocolchicine hydrochloride (DTC), TMCA, colchicoside, podophyllotoxin);
Dr. André Courtin, Roussel Corp., New York (desacetylthiocolchicine hydrochloride,
colchiceine, TMCA, colchicoside, colchicosamide). Vinblastine was a gift from the
Eli Lilly Company, Indianapolis, Ind.

The protein standards used for the molecular weight determinations were purchased
from Mann Laboratories. All other chemicals were of reagent grade.

RESULTS

When the 150,000 g supernatant, prepared from a rat brain homogenate, was
incubated with 3H-colchicine and then passed through a Sephadex G-100 column, the
colchicine complex appeared as a sharp peak that corresponded to a molecular weight
of 125,000 Daltons. Since this value was close to the molecular weight of microtubule
protein found in other systems,’~7 there seemed little doubt that the 3H-colchicine
was bound to rat brain microtubule protein. The 150,000 g supernatant, either freshly
prepared or stored at —20°, was therefore used in all subsequent studies.

The binding of *H-colchicine to rat brain microtubule protein was dependent upon
both the duration and temperature of incubation. For example, at 37°, in the presence
of 2:5 x 10~ M *H-colchicine, binding increased rapidly during the first hr, reaching
a plateau after about 3 hr of incubation, which remained unchanged for a further 4 hr
(Fig. 1). However, when the incubation was carried out at 25°, not only was the rate
of binding slower than at 37° but the final level of binding was only 68 per cent of that
attained at the higher temperature (Fig. 1). When the incubation temperature was
lowered to 4°, the level of binding observed after 7 hr was only 5 per cent of that seen
at 37° (Fig. 1).
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Fi6. 1. Binding of *H-colchicine to rat brain microtubule protein. (A), 2-5 x 10~¢ M 3H-colchicine
at 37°; (O), 25 x 107% M 3H-colchicine at 25°; (), 2:5 x 10~ M 3H-colchicine at 4°; (4),
2.0 x 10~7 M 3H-colchicine at 37°.

The rate of *H-colchicine binding to microtubule protein was also dependent upon
the initial concentration of the drug. For example, when the 3H-colchicine concentra-
tion was 2 X 10~7 M, 4 hr of incubation at 37° were required before binding reached
a constant level (Fig. 1). In contrast, when the 3H-colchicine concentration was
2 x 1075 M, binding reached a level of 0-31 nmole of drug/mg of protein within 1-5 hr
which did not change during a further 3-5 hr of incubation. A double reciprocal plot
of 3H-colchicine binding to rat brain microtubule protein after 4 hr of incubation
against the initial concentration of 3H-colchicine gave a striaght line relationship
(Figs. 2 and 3). The K,, value for this interaction was calculated to be 1-4 x 10" M
while the maximal level of binding was 0-37 nmole of *H-colchicine/mg of protein.

The inhibition of 3H-colchicine binding to rat brain microtubule protein by vin-
blastine, podophyllotoxin and the colchicine analogs is shown in Table 1. Seven out
of the seventeen colchicine analogs were quite effective in displacing *H-colchicine
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F1G. 2. Binding of 3H-colchicine to rat brain microtubule protein in the presence of (A) and absence
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Fi1G. 3. Binding of 3H-colchicine to rat brain microtubule protein in the presence of (A) and absence
(@) of 75 x 105 M vinblastine.

from microtubule protein while the remainder had little or no influence on the inter-
action. Podophyllotoxin also inhibited *H-colchicine binding to rat brain microtubule
protein while vinblastine was somewhat less effective. However, the following anti-
inflammatory drugs, several of which have been used in the treatment of gout and
inflammatory processes, did not alter 3H-colchicine binding to microtubule protein:
acetylsalicylic acid (2-5 x 103 M), phenylbutazone (2-5 X 10~* M), oxyphenbuta-
zone (2:5 x 10~3 M), indomethacin (2-5 X 10~ M), flufenamic acid (2:5 x 10~5 M),
promethazine (2:5 X 10~ M and tripellenamine (2-5 X 10~% M).

The inhibition of 3H-colchicine binding to rat brain microtubule protein by seven
of the colchicine analogs, vinblastine and podophyllotoxin was studied over a range
of 3H-colchicine concentrations (Figs. 2 and 3, Table 1). While vinblastine inhibited
3H-colchicine binding in a non-competitive manner (Fig. 3), the remaining drugs were
all found to be competitive inhibitors (Table 1, Fig. 2).

DISCUSSION

The binding of *H-colchicine to rat brain microtubule protein was both time and
temperature dependent. Similar results have been reported by Wilson” for the binding
of 3H-colchicine to chick embryo brain microtubule protein. Wilson’ has suggested
that the binding of colchicine to microtubule protein is followed by a conformational
change in the protein which results in the formation of a highly stable drug-protein
complex.

The seventeen colchicine analogs can be devided into two structural categories,
namely those which can be considered as derivatives of TMCA (Table 1, structures I
and II) and those which are related to colchinol (Table 1, structure III). Although
colchiceine could exist in either the colchicine or the isocolchicine configuration,
infrared and optical rotation measurements have led Horowitz and Ullyot?® to suggest
that this analog exists in the iso form. Since there are no physical data available for
TMCA and N-benzoyl TMCA, these compounds have been arbitrarily assigned the
iso configuration (Table 1, structure II).
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The TMCA derivatives that had the iso-configuration in ring C did not dipalace
3H-colchicine from rat brain microtubule protein (Table 1). Colchiceine was also a
poor inhibitor of *H-colchicine binding which supports the idea that this compound
exists as the iso form in solution. Demecolcine, DTC, colchicetnamide and the TMCA
methyl and ethyl ethers were all good inhibitors of *H-colchicine binding (Table ).
Since inhibition was competitive (Table 1), it can be assumed that these analogs occupy
the same binding site on microtubule protein as does colchicine. Although both col-
chicoside and colchicosamide have the same configuration as colchicine in ring C,
neither of these analogs displaced *H-colchicine. Perhaps ring A of colchicine is
involved in hydrophobic interactions with the microtubule protein binding site that
are destroyed by the introduction of a hydrophilic sugar moiety. Alternatively, the
sugar group may act as a sterile hindrance to prevent ring A from making a close
contact with the binding site.

The N-acetyl group of colchicine does not seem to be necessary for binding, since
demecolcine, DTC and the TMCA methyl and ethyl ethers all lack this moiety and yet
are capable of competing with 3H-colchicine for rat brain microtubule binding sites
(Table 1). Nevertheless, when present, the acetyl group does appear to enhance
binding (cf. colchicine and TMCA methyl ether, Table 1). The N-acetyl group appeared
to be necessary for activity in the colchinol series (Table 1).

Podophyllotoxin, a potent antimitotic agent, competitively inhibited 3H-colchicine
binding to rat brain microtubule protein (Table 1). Wilson’ has shown that when
podophyllotoxin was preincubated with chick embryo brain microtubule protein the
drug would inhibit the binding of *H-colchicine. However, when the same preparation
was preincubated with 3H-colchicine, the subsequent addition of podophyllotoxin did
not alter the binding of 3H-colchicine. In our experiments, both podophyllotoxin and
3H-colchicine were present during the entire incubation, and under these conditions,
competitive inhibition was observed. These results suggest that podophyllotoxin and
3H-colchicine occupy the same binding site on rat brain microtubule protein.

Vinblastine, an antimitotic agent that disrupts a number of microtuble systems,26-28
inhibited 3H-colchicine binding to rat brain microtubule protein in a non-competitive
manner (Table 1, Fig. 3). Wilson” has reported that vinblastine increased *H-colchicine
binding to chick embryo brain microtubule protein by stabilizing the colchicine—
protein complex. Our failure to observe this phenomenon may have been due to the
presence of GTP in the incubation, since Wilson’ has found that this nucleotide also
stabilizes colchicine binding to microtubule protein. The non-competitive nature of
the inhibition suggests that vinblastine and colchicine occupy different sites on rat
brain microtubule protein. This conclusion is in agreement with previously reported
data on microtubule protein from neuroblastoma cell cultures® and porcine brain.?®

Since colchicine exerts its antimitotic effect by disrupting spindle microtubules,!
it is of interest to compare the ability of the colchicine analogs to displace *H-colchicine
from rat brain microtubule protein with their antimitotic activity. Leiteref al.13-2! have
assessed the antimitotic activity of podophyllotoxin and a number of colchicine ana-
logs by measuring the degree of hemorrhage and necrosis found in Sarcoma 37,
carried in mice, after a single subcutaneous injection of the drug. It can be seen from
Table 1 that those analogs which displace *H-colchicine from rat brain microtubule
protein also have the highest antitumor activity (i.e. the lowest minium effect dose
values). Conversely, those analogs which are poor inhibitors of *H-colchicine binding
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have weak antitumor activity (Table 1). When a ranking of the colchicine analogs and
podophyllotoxin according to their ability to displace *H-colchicine from rat brain
microtubule protein is compared with their ranking in the mouse Sarcoma test, a
Spearman rank correlation coefficient®® of —0-82 is obtained. This coefficient is signi-
ficant at the 0-05 level and strongly suggests that the two phenomena are somehow
interrelated. Although there are no comparable data available on the effect of deme-
colcine, DTC and colchicoside on Sarcoma 37 in mice, these analogs have been tested
in other systems. For example, Schindler®! has shown that demecolcine is as potent
an antimitotic as colchicine itself. Jequier et al. 32 have reported that DTC is less potent
than either colchicine or colchiceinamide and that colchicosamide and colchicoside
are essentially devoid of antimitotic activity. These results agree quite well with the
ability of these agents to prevent the binding of 3H-colchicine to rat brain microtubule
protein (Table 1).

Zweig et al.>* have recently tested the ability of colchicine and its analogs to inhibit
edema induced in the rat hindpaw by subplanter injections of sodium urate crystals.
When their data are compared with those obtained in this investigation, it can be seen
that the anti-inflammatory activity of the colchicine analogs correlates quite well with
their ability to displace *H-colchicine from rat brain microtubule protein (Table 1).
One exception is colchinol, which has about the same anti-inflammatory activity as
N-acetylcolchinol and N-acetyliodocolchinol in the gout model and yet does not bind
to microtubule protein as well as the two N-acetyl analogs. However, it is possible
that the rat is capable of acetylating colchinol to give the more active form of the
drug. Nevertheless, when vinblastine, podophyllotoxin and the colchicine analogs are
ranked first according to their ability to displace 3H-colchicine from microtubule
protein and then according to their anti-inflammatory efficacy in the gout model, a
Spearman rank correlation coefficient of 0-73 is obtained. This coefficient is significant
at the 0-05 level and suggests that the interaction of these drugs with microtubule
protein may be related to their anti-inflammatory effects. Malawista and Bensch?3
have demonstrated the colchicine-induced dissolution of microtubules present in
polymorphonuclear leukocytes. Since these leukocytes are intimately involved in the
inflammatory process and since colchicine inhibitsleukocyte functions, such as ameboid
migration and lysozomal degranulation, it seems reasonable that the leukocyte may
mediate the antigout effect of colchicine.

Williams and Wolff?324 have recently reported that colchicine, vinblastine and
podophyllotoxin blocked the TSH-stimulated release of !3!1 from isolated mouse
thyroid glands. Colchiceine and N-acetylcolchinol were much less effective in this
system, while colchicoside was completely inactive. The ranking of these compounds
according to their ability to prevent the binding of *H-colchicine to rat brain micro-
tubule protein and to inhibit TSH-stimulated !*'I release from mouse thyroid is the
same, with the exception of vinblastine which is more active in the thyroid system
(Table 1). It is perhaps not surprising, therefore, that Williams and Wolff23 found
evidence for the binding of *H-colchicine to a soluble 6S protein which appeared to
be similar to the microtubule subunit isolated from other tissues.

Recently, the inhibition by colchicine of such diverse processes as the neuronal
transport of acetylcholinesterase®* and catecholamines,3® the glucose-stimulated
release of insulin by the pancreas,®® the nerve-stimulated release of dopamine-8-
hydroxylase and norepinephrine from sympathetic nerves,?” the acetylcholine-stimu-

B.P. 22{17—F
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lated release of catecholamines from the arenal medulla,®® and the release of histamine
from mast cells*® and leukocytes*® has been taken as prima facie evidence for the
involvement of microtubules in these phenomena. However, a more recent study has
raised the possibility that some of these effects may be due to pharmacological pro-
perties of colchicine that do not involve microtubules.*! We therefore feel that a
stronger case for the participation of microtubules in these processes could be made
if inhibition were directly related to the ability of a given analog to bind to micro-
tubule protein either in vitro or in vivo.

Acknowledgement—The skilled technical assistance of Mrs. D. K. Starkweather is gratefully acknow-
ledged. The authors are also indebted to Mr. David De Mets for performing the Spearman rank
correlations.
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