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ABSTRACT

Several properties of four l-deaza-7,8-dihydropteridines were com
pared with those of each other and with those of colchicine, nocodazole,
podophyllotoxin, and vincristine. Compound NSC 370147 was more
active than the other compounds of this type with respect to inhibition of
proliferation of cultured L1210 cells and to increase of the mitotic index.
On an equimolar basis it was more active than two of the l-deaza-7,8-
dihydropteridines, colchicine, and nocodazole and was comparable to
podophyllotoxin and vincristine in inhibiting the polymerization of par
tially purified pig brain minii in All four of the l-deaza-7,8-dihydropter-
idines caused decreases in the extent of binding of |3H|colchicine to

partially purified tubulin and enhanced the binding of pHjvincristine to
the tubulin.

Emphasis in further testing was placed upon NSC 370147, because it
is easier to synthesize and is more stable than some of the other
compounds of this type and because its greater solubility in water
facilitates its formulation for therapeutic administration. Compound NSC
370147 inhibited competitively the binding of [3H|colchicine to purified
tubulin and enhanced slightly the binding of |3H|vincristine to tubulin. It

was also synergistic with vincristine in killing cultured LI 210 cells and
in increasing the life-spans of mice bearing P388 leukemia.

It is suggested that it would be worthwhile to evaluate combinations
of NSC 370147 and vincristine in tests with other experimental neo
plasms.

INTRODUCTION

Previous reports (1, 2) have described the synthesis and
chemical properties of a number of l,2-dihydropyrido[3,4-A]-
pyrazines (or l-deaza-7,8-dihydropteridines) and their activities
against murine leukemia P388. Although the first members of
this series of compounds were prepared as candidate antifolic
acid compounds, it was observed that they did not function as
analogues of folie acid but that they inhibited mitosis and caused
cultured cells to accumulate in metaphase (3). Therefore, sub
sequently synthesized compounds of this type were tested as
inhibitors of proliferation and mitosis and as anticancer agents
to gain information about structure-activity relationships (4, 5).
It was also observed that the compounds competed with col
chicine for binding to the tubulin of crude cell preparations,
were active in preventing the proliferation of cultured vincris-
tine-resistant P388 cells, were active against vincristine-resist-
ant P388 leukemia in mice, and were synergistic with vincristine
in killing cultured L1210 cells (4, 5).

The purpose of the present investigation was to make com
parisons of several of the compounds of this type with several
other mitotic inhibitors, including their effects upon the polym
erization of tubulin prepared from pig brain. Emphasis was
placed upon a compound that was synthesized earlier but that
was converted to a salt of 2-hydroxyethanesulfonic acid to
increase its solubility in aqueous media.
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MATERIALS AND METHODS

The sources of the materials were: l-deaza-7,8-dihydropteridines,
Southern Research Institute; Fischer's medium, horse serum, and gen-

tamicin sulfate, Grand Island Biological Co., Grand Island, NY; DIVI
cellulose circles, American Scientific Products, Stone Mountain, GA;
guanosine-5'-triphosphate, adenosine-S'-triphosphate, and podophyl
lotoxin, Sigma Chemical Co., St. Louis, MO; [G-3H]vincristine sulfate
(4.4 Ci/mmol) and [ring C-m<?fAox>>/-3H]colchicine(4.9 Ci/mmol),

Amersham Corporation, Arlington Heights, IL; vincristine sulfate.
Drug Evaluation Branch, DCT, NCI, Bethesda, MD; colchicine, ICN
Pharmaceuticals, Cleveland, OH; nocodazole, Aldrich Chemical Co.,
Milwaukee, WI; pig brains, Polar Meats and Lockers, Bessemer, AL.

Methods

Determination of the Effects of the Compounds upon the Proliferation
and Viability of Cultured LI 210 Cells. The procedures were the same
as those that have been described previously (5). In the determination
of the effects on proliferation the cells were exposed to the agent
continuously for 48 h, and cell counts were made at that time and
compared to the initial cell counts. By comparing the data for the
treated and control cultures it was possible to graphically estimate the
concentration of the compound that caused a 50% inhibition of cell
proliferation during a period of 48 h following the initial exposure to
the agents [ICÂ«*Â«hj.

To determine the effects of the agents upon the viability of the cells,
a known number of cells were suspended in soft-agar medium contain
ing selected concentrations of the compound, and the number of colo
nies was determined microscopically 7 days later and compared with
the number of colonies formed in the control culture. Various combi
nations of agents were used also to determine whether or not the
combination would cause cell death in a synergistic manner, that is,
whether or not the surviving fraction of cells was less than the product
of the surviving fractions obtained with the individual agents at the
designated concentrations.

Determination of the Effects of the Compounds upon the Mitotic Index
of the Cultured Cells. The concentrations of the agents that caused a
mitotic index of 0.5 during an exposure period of 12 h were determined
as described previously (5).

Isolation of Tubulin from Pig Brain. Tubulin was isolated from pig
brains essentially by the procedure of Murphy (6). The brain cortex was
homogenized in 0.l M PIPES,3 pH 6.9, containing 4 HIM/3-mercapto-
ethanol and centrifuged at 27,570 gâ€žâ€žfor 75 min at 4*C. The super

natant (brain extract) was made 3.4 M with glycerol, and then the total
volume of solution (brain extract + glycerol) was made 1.0 HIMwith
EGTA, 0.1 mM with MgCl2, 2.4 IHMwith ATP, and 0.1 mM with GTP.
The extract was allowed to stand at 37"C for 30 min for polymerization

to occur, after which the microtubule polymer was collected by centrif-
ugation at 100,000 gnu for 45 min at 25*C. The pellet was suspended

in cold polymerization buffer (0.1 M PIPES, pH 6.9, 1.0 mM EGTA,
0.1 mM MgCl2,1.0 mM GTP) and kept at O'C for 30 min for depolym-

erization. Protein aggregates were removed by centrifugation at 39,000
gnuÂ«for 30 min at 5Â°C.A second cycle of polymerization was carried

out and the pellet (tubulin) was overlayed with polymerization buffer
containing 4 M glycerol and stored in liquid nitrogen.

For some studies the tubulin was further purified following a modi
fication of the procedure of Nath et al. (7). The tubulin pellets were
thawed and an equal volume of 0.8 M PIPES, pH 6.9, containing 20%
dimethylsulfoxide was added. The protein was polymerized at 37*C for

3Abbreviations used are: PIPES, pipi-ni/mc V. Y '-bis(2-ethanesulfonic acid);
EGTA, ethylene glycol-bis(/j-aminoethyl ether)AyvVV' ^V'-tetraacetic acid.
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Colchiciâ„¢

Fig. l. Effects of various concentrations of
colchicine upon the polymerization of partially
purified pig brain tubulin. The cell compart
ment of a continuous recording spectropho-
tometer was cooled by circulating ice water
through the jacket prior to placing cold solu
tions of tubulin (l mg/ml) in 0.1 M 2-[N-
morpholinojethanesulfonic acid, pH 6.6, con
taining 1.0 min EGTA, 0.5 mM MgCl?, and
1.0 mM GTP and the test compound in the
cuvettes. GTP was added to the solutions im
mediately before placing the solutions in the
cuvettes, and immediately after putting the
mixtures in the cuvettes the circulating ice
water was replaced with circulating water at
37"C. The optical densities were recorded dur

ing the indicated time intervals.
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Fig. 2. Chemical structures of l-deaza-7,8-
dihydropteridines used in this study.

CH,CH,O,CN CH3CH2O,CN
â€¢HOCHjCHjSOjH

NSC 330770
NSC 370147

Table 1 Effects of compounds upon the proliferation and the mitotic index of
cultured LI210 cells

Compound (nM)
MÃŒCo.3<I2h)

(nM)

NSC 181928
NSC 2694 16
NSC 330770
NSC 370147

7.6
7.8
4.7
0.54

17.5
15.0
2.8
0.74

" ICjoush), concentration of the compound that inhibits the increase in number
of cells 50% during a 48-h exposure of cells to the compound.

* MiCo.5021,),concentration of the compound that produces a mitotic index of
0.5 during a 12-h exposure of the cells to the compound.

30 min. The microtubule polymer was collected by centrifugation and
depolymerized as described above. The tubulin solution was clarified
by centrifugation at 39,000 graaÂ»for 30 min at 4"C. Electrophoresis of

the tubulin solution in sodium dodecyl sulfate-polyacrylamide gel was
performed according to the method of Laemmli (8). The tubulin sub-
units were separated with 7.5% acrylamide in the separating gel and
3% in the stacking gel. The gels, when stained with Coomassie blue,
revealed only two protein bands, corresponding to the a and ÃŸsubunits.

Effects of the Compounds upon the Polymerization of Tubulin. See
the legend for Fig. 1 for a description of this procedure.

Electron Microscopy. The procedure of Haschemeyer and Myers (9)
was employed for transmission electron microscopy of negatively
stained tubulin. Briefly, a small drop of tubulin solution (1 mg/ml) was
placed on a Formvar-coated 300-mesh copper grid. After 2-3 min, the
excess material was removed with blotting paper and the grid stained
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Fig. 3. Effects of compounds upon the polymerization of partially purified pig
brain tubulin. The values on the ordinate are the ratios of the increases in
absorbance at 350 nm of the treated sample to the increases in absorbance at 350
nm of the control sample. Values less than 1 indicate that the compound inhibited
polymerization. A, comparison of the effect of NSC 181928 with the effects of
several known inhibitors of mitosis; B, comparison of the effects of several
deazapteridines.

with a freshly prepared aqueous solution of uranyl acetate (2.5%) for
45 s to 1 min and then air-dried. The grids were observed with a HU
200 transmission electron microscope at 75 kV and selected areas
photographed.
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(Â»-

Fig. 4. Electron micrographs of partially
purified pig brain tubulin polymerized in vitro
in the presence or absence of NSC 370147.
Tubulin (1 mg/ml) in 0.1 M PIPES. pH 6.9,
containing 1.0 mM EGTA, 0.1 HIM MgClj,
and 1.0 mM GTP was incubated at 37'C for

30 min in the absence or presence of added
compound. A, control, 37'C; B, NSC 370147
(5 <iM), 37*C; C, control O'C. Tubulin incu
bated at O'C with 5 itM NSC 370147 yielded

micrographs similar to C.
v.' \

Effects of the Compounds upon the Binding of |3H]Vincristine and

pHJColchicine to Pig Brain Tubulin. The method was the same as that
described previously (5), except pig brain tubulin was used instead of a
crude cell-free preparation from cultured cells. The method is based
upon the retention of tubulin with the complexed radioactive agents
upon DEAE-cellulose filters in the absence and in the presence of
compounds that might inhibit or promote the binding of the radioactive
agent to the tubulin.

RESULTS AND DISCUSSION
Fig. 2 shows the chemical structures of the l-deaza-7,8-

dihydropteridines that were used in the present study. Previous
structure-activity studies (2, 5) have shown that these com
pounds are among the more active ones of this type. Of these
NSC 370147 has been selected for possible preclinical devel
opment, because its synthesis can be accomplished more easily
than that of some of the other compounds and because its being
a salt of 2-hydroxyethanesulfonic acid gives it some water
solubility and facilitates its formulation for injection into ani
mals or patients. Also, on a molar basis it was more active than
the other three compounds in preventing the proliferation of
cultured LI210 cells and in causing the accumulation of the
cultured LI210 cells at metaphase (Table 1).

Since the results of previous experiments (4, 5) led us to
think that these compounds prevent mitosis by inhibiting the

formation of microtubules, experiments to determine the effects
of these four compounds and several known inhibitors of mi
tosis upon the polymerization of partially purified pig brain
tubulin were performed. The known inhibitors were colchicine,
vincristine, nocodazole, and podophyllotoxin.

Fig. 1 shows a set of curves that was obtained for the effects
of colchicine upon the polymerization of partially purified pig
brain tubulin. The colchicine was added to the solution of the
tubulin at approximately 0Â°C;the solution was placed in the

cuvette of a Beckman recording spectrophotometer with the
cuvette compartment maintained at 37Â°C;and the absorbance

at 350 nm was measured immediately and continuously there
after for approximately 30 min. The value [AA350]c is the
increase in turbidity of the control sample that accompanied
the polymerization of the tubulin. The values for [AA.15o]Tshow
the increases in turbidity that occurred when colchicine was
present at the indicated concentrations. The ratios [AA35o]T/
[AA35o]cgive measurements of the relative extents of polymer
ization of the tubulin when colchicine was present. The values
of these ratios are shown by the indicated curve in Fig. 3A. Sets
of curves similar to the set for colchicine (Fig. 1) were prepared
for each of the other agents, and the corresponding ratios are
plotted in Fig. 3, A and B. Fig. 3/1 shows that NSC 181928 was
considerably more active than colchicine and nocodazole and
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Fig. 5. Effects of 1-deaza-7,8-dihydropteridines upon the binding of (3Hj-

colchicine to partially purified pig brain tubulin. Solutions containing tubulin,
[3H)colchicine, and test compounds were incubated at 37"C for l h prior to
filtering them through multilayer stacks of DEAE-cellulose filter discs. The stacks
of discs were washed with a measured volume of buffer and then assayed for the
[3H]colchicine that was retained by the tubulin. In the control reaction (no test

compound) 14.5 pmol of colchicine were bound to 100 ng of microtubule protein.

Fig. 6. Effects of l-deaza-7,8-dihydropteridines upon the binding of [JII[

vincristine to partially purified pig brain tubulin. The procedure was the same as
that used to study the effects upon the binding of [3H]colchicine and described in

the legend of Fig. S and in the text. In the control reaction (no test compound)
4.62 pmol of vincristine were bound to 100 ng of microtubule protein.

was comparable to podophyllotoxin and vincristine in prevent
ing the polymerization of tubuiin. The curves of Fig. 3 are
based upon data obtained in single experiments although mul
tiple experiments were performed with certain of the com
pounds. Since some of the multiple experiments were per
formed with different preparations of partially purified tubulin,
it was decided that only data obtained with the same preparation
and the various compounds should be presented in the graphs,

f 20

Colchicine. free UM}

Fig. 7. Binding of [3H]colchicine to purified pig brain tubulin in the absence
and presence of NSC 370147. Tubulin (0.1 mg/ml) was incubated for 2 h at 37'C
with 0.2-3.0 UM[3H]colchicine in the absence (O) and presence of 0.5 >Â¿M(D) and
1.0 /JM (A) NSC 370147 and an aliquot then tillered through DEAE-cellulose
filter discs. The discs were washed and then assayed for 3H. Points, mean values
of quadruplicate samples.

Fig. 8. Effects of NSC 370147 and colchicine upon the binding of [3H]-
vincristine to purified pig brain tubulin. Tubulin (0.1 mg/ml) was incubated for 2
h at 37*C with 0.1 ^M [3H]vincristine (0.01 /iCi/ml) in the presence of various

concentrations of NSC 370147, colchicine, or vincristine and an aliquot then
filtered through DEAE-cellulose filter discs. The discs were washed and then
assayed for 'II. Points, mean values of quadruplicate samples.

even though the results of the multiple experiments were in
qualitative agreement. Although the small differences in the
ratios obtained with concentrations of 0.1 pM might be of
questionable significance, the differences observed with concen
trations of 0.5 Â¿Â¿Mand 1.0 /UMare believed to be significant for
comparing the effects of the various compounds, although
additional experiments would be necessary to establish absolute
values. Hamel and Lin (10) reported that NSC 181928 and
nocodazole were about equally active in inhibiting the polym
erization of tubulin, when each compound was tested at a
concentration of 10 Â¿tM.Fig. 3Ã„shows that NSC 370147 was
as active as NSC 181928 and more active than NSC 269416
and NSC 330770.

The likelihood that the increase in turbidity was due to
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0.25

nM NSC 370H7

Fig. 9. Synergistic killing of cultured L12IO cells by NSC 370147 plus
vincristine. The predicted surviving fractions for the combinations are the prod
ucts of multiplying the surviving fraction obtained with one agent at a designated
concentration by the surviving fraction obtained with the other agent at a
designated concentration. Points, means of the values obtained in three experi
ments; ears, mean Â±SD. In each experiment there were triplicate tubes for each
concentration of the compound(s).

Table 2 Synergislic anticancer activity of combinations of NSC 370147 and
vincristine against leukemia P388 when administered i.p. on days I, 5, and 9

after i.p. implantation of cells

Vincristine
(mg/kg)1.51.000001.51.51.51.01.01.00.50.50.50.5NSC

370147
(mg/kg)002.251.51.00.671.51.00.671.51.00.672.251.51.00.67Increase

in life
span(%)12210077721111177172144138144122150150111111Approximate

logio
change in tumor
burden at end of

treatment-1.8-0.6+0.4+0.5+1.3+

1.3-4.9-4.6-3.1-2.8-3.1-1.8-3.4-3.4-1.2-1.2

polymerization of the tubulin is supported by electron micros
copy studies. Fig. 4 shows that NSC 370147 (5 /Â¿M)was effective
in inhibiting the formation of microtubules from partially pu
rified pig brain tubulin. Similar results were obtained for 5 ;<M
colchicine.

It was previously shown (5) that NSC 181928 and NSC
330770 interfered with the binding of [3H]colchicine to the
tubulin of a crude cell-free preparation from cultured L1210
cells, but vincristine apparently increased the binding of the
[3H]colchicine. Fig. 5 shows that the four l-deaza-7,8-dihydro-
pteridines also interfered with the binding of [3H]colchicine to

partially purified pig brain tubulin. About equal prevention of
binding occurred with NSC 370147 and NSC 330770, while
somewhat less occurred with NSC 181928 and NSC 269416.
On the other hand, these four compounds and colchicine caused
increases in the binding of | '111\Â¡ncrisiincto partially purified

tubulin (Fig. 6), and NSC 370147 caused a greater increase

than the other l-deaza-7,8-dihydropteridines. The data of Fig.
6 are the mean values of the results of two experiments, while
the values of Fig. 5 are the results obtained in a single experi
ment. The effects of NSC 370147 upon the binding of colchicine
and of vincristine to the partially purified pig brain tubulin are
qualitatively similar to the results obtained with more highly
purified pig brain tubulin (see below, Figs. 7 and 8).

The results of studies measuring the competition of NSC
370147 with [3H]colchicine for binding to purified pig brain

tubulin are shown in Fig. 7. NSC 370147 appeared to be a
competitive inhibitor of colchicine with an apparent Kt of 0.62
Â±0.26 nM (mean Â±SD, n = 4). Fig. 8 shows that NSC 370147
and colchicine caused smaller increases in the binding of | '111

vincristine to purified tubulin than observed with partially pu
rified tubulin (Fig. 6).

These results are consistent with the possibility that the 1-
deaza-7,8-dihydropteridines and colchicine bind to tubulin at
the same or nearby site(s), but vincristine binds elsewhere.
Hamel and Lin (10) reported that NSC 181928, nocodazole,
and podophyllotoxin inhibited the binding of [3H]colchicine to

electrophoretically homogeneous calf brain tubulin, but may
tansine and vincristine did not. Conversely, maytansine inhib
ited the binding of [3H]vincristine to tubulin [11-14], and col

chicine did not inhibit the binding of vincristine or maytansine
to tubulin (14). Although it appears that the colchicine-binding
sites and the vincristine-binding sites are different, binding to
one site evidently affects binding at the other site, because
vincristine increased the binding of [3H]colchicine to the crude

tubulin of cultured cells (5) and stabilized the binding of col
chicine to the protein of chick embryo brain ( 15) and the protein
of Sarcoma 180 cells (16), and colchicine and the l-deaza-7,8-
dihydropteridines enhanced the binding of [3H]vincristine to

pig brain tubulin (Figs. 6 and 8). Other studies indicate that the
benzimidazolyl carbamates (10, 17-19), podophyllotoxin (10,
15, 20), steganacin (20, 21), TN-16 (22), metahalones (23), and
derivatives of 6-benzyl-l,3-benzodioxole (24) bind at the same
site as colchicine. The multiplicity of types of compounds that
can bind to the colchicine binding site indicate that this site is
less specific for binding than the vincristine binding site. Never
theless, binding at either site can produce anticancer effects in
some experimental neoplasms. Therefore, simultaneous bind
ing at both sites might produce additive or synergistic antican-
cer effects.

A previous report (5) presented evidence that a combination
of NSC 181928 and vincristine caused synergistic killing of
cultured LI210 cells. Fig. 9 shows that a combination of NSC
370147 and vincristine also caused synergistic killing of cul
tured LI 210 cells. The data of Table 2 show that a combination
of NSC 370147 and vincristine also yielded chemotherapeuti-
cally synergistic anticancer activity against P388 leukemia.
Therefore, it seems that it would be worthwhile to evaluate this
combination against other experimental neoplasms, since NSC
370147 might kill vincristine-resistant cells similarly to NSC
181928 (5) and since it might be possible to use lower dosages
of vincristine with resulting decreases in neurotoxicity. To the
present, there has been no extensive comparison of the neuro-
toxicities of NSC 370147 and vincristine.
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