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Abstract-Both the anti-tumor and toxic activities of the vinca alkaloid dimers, vinblastine (VBL) and 
vincristine (VCR), may reside at the level of their known cellular target, the microtubule system. The 
contributions made by each of the various actions of these alkaloids on this system are unknown. We have 
used new, complete synthetic methodologies to create a series of eight C-20’ alkyl congeners of VBL 
and have examined these compounds for their abilities to (1) inhibit microtubule assembly, (2) 
disassemble preformed microtubules, and (3) induce spiral aggregate formation, using purified brain 
microtubule protein. By combining turbidimetric and electron microscopic techniques, we discovered 
that each of the various effects of VBL on the microtubule system in vitro was amenable to alteration 
by specific modification at this single molecular site. In addition, we report two new aberrations of VBL 
action-the induction of spirals by a concentration of congener below 1 PM and the formation of 
“opened” microtubules polymerized in the presence of congener. The relationship between anti- 
microtubule action in vitro and the cellular activities of growth inhibition and mitotic arrest by the 
congeners was examined in leukemic and colon cancer cell lines. In general, we found that both cellular 
perturbations were correlated to the ability of the congeners to inhibit microtubule polymerization rather 
than to the actions of spiral formation or microtubule disassembly. These results are a breakthrough in 
the structure/function relationship of the vinca alkaloid dimers and should provide the means to 
determine the role of specific anti-microtubule activities to the complex biological actions of these 
natural product drugs. 

The indole-indoline dimeric vinca alkaloids, vin- 
blastine (VBL) and vincristine (VCR), are cancer 
chemotherapeutic agents of proven efficacy against 
hematologic cancers and certain embryonal tumors 
such as neuroblastoma and rhabdomyosarcoma [ 11, 
New drug development to overcome the refractory 
nature of most epithelial cancers to therapy with 
vinca dimer alkaloids will require an understanding 
of the drug’s mechanism of action in sensitive cell 
types and the pharmacologic factors that modulate 
that activity. One apparent therapeutic limitation of 
many carcinomas is the relatively small proliferative 
cell fraction in the tumor. VBL and VCR are known 
spindle poisons, and this anti-mitotic activity can 
be reasonably evoked as the mechanism for their 
efficacy against leukemia, lymphomas and other 
rapidly growing cancers. Indeed, vinca dimer 
cytotoxicity in various cultured tumor cell lines 
is correlated to the cell cycle arrest, aberrant cell 
division, and resulting cell necrosis [2-51. Also, 
patients who receive drug therapy accumulate 
mitotic figures in their tumors [6-91. However, non- 
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growing tissues are not protected a priori from vinca 
dimer-induced toxicity as neuropathy is a significant 
obstacle to therapy, being dose-limiting for vin- 
cristine [lo]. In animals [ll, 121 and patients [13] 
exhibiting neuropathy, there is severe neuronal path- 
ology in various CNS structures including neuro- 
tubule dissolution and tubulin paracrystal formation. 
Although the functional significance of these findings 
to the observed peripheral neuropathy induced by 
the drugs is not clear, the fact remains that VBL 
and VCR can elicit profound damage to cells both 
proliferating and quiescent, and this action appears 
to be directed at the same cellular target. This prop- 
erty is unusual (unique) for cancer chemotherapeutic 
agents and reflects the non-DNA directed cellular 
target of these compounds. This fact has profound 
implications for new drug development, also. Theor- 
etically, mani ulation of the anti-microtubule activi- 
ties of VBL VCR could eliminate neurotoxicity, P 
retain or enhance anti-tumor activity, and perhaps 
permit targeting of slow (non-) growing cell popu- 
lations of carcinomas through suitable perturbation 
of the microtubule integrity required for motility 
and secretion. To accomplish these goals, the con- 
tribution of each of the various, known, anti-micro- 
tubule actions of the vinca drugs [for review see Ref. 
14]-inhibition of microtubule assembly, disas- 
sembly of preformed microtubules and intracellular 
paracrystal formation--to cytotoxicity and thera- 
peutic efficacy must be understood. 

Over the past several years, we have developed 
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new complete synthetic methodologies for the vinca 
alkaloid dimers [15]. Our earlier studies with a var- 
iety of such congeners established several structural 
and stereochemical constraints for biological activity 
and reported the first modification of activity against 
microtubules in uitro by structural alteration at the 
C-20’ position of the cleavamine (upper) moiety of 
VBL [16]. 

We have synthesized a series of eight new C-20’ 
alkyl congeners of VBL and have examined their 
biological activities with purified microtubule protein 
in vitro and with cultured leukemic and colon cancer 
cell lines. Our results disclosed unprecedented alter- 
ations in the various anti-microtubule activities of 
the parent molecule by such modifications at this 
single molecular locus. Preliminary structure/func- 
tion relationships for these properties and cell growth 
perturbation are discussed. A preliminary report of 
these findings has been made [17]. 

MATERIALS AND METHODS 

Vinblastine congener synthesis. We have devel- 
oped new methodologies for the complete practical 
syntheses of the indole-indoline vinca alkaloids based 
most effectively on the key stereoselective coupling 
reactions shown below [see also Ref. 151. 

Congeners were prepared as their methane- 
sulfonate salts and were dissolved in 0.9% NaCl just 
prior to use, with the exception of the free base 
of 20’-desethyl VBL and its epimer, which were 
dissolved in dimethyl sulfoxide. The final con- 
centration of dimethyl sulfoxide in the reaction mix- 
ture at 10m4 M congener was 1%. 

Turbidimetric assay. Microtubule protein (MTP) 
was purified from 100 g of bovine calf brain by two 
cycles of depolymerization/polymerization as 
described by Shelanski et al. [18]. The final pellet 
was resuspended in 4 M glycerol in assembly buffer 
[O.l M morpholinoethanesulfonate (MES), 1.0 mM 
ethylene glycol-bis(aminoethy1 ether)tetraacetate 
(EGTA) and 0.5 mM MgClr, pH 6.41 to a protein 
concentration of 10-15 mg/ml and stored at -70”. 

We monitored the effects of VBL and congeners on 
MTP and assembly into microtubules by the light- 
scattering procedure of Gaskin et al. [19]. MTP 
(1.0 to 1.2mg/ml) was exposed to 10-7M-10-5M 
VBL or congener, and assembly was initiated 
by the addition of 1 mM GTP and warming to 
37” in a recording spectrophotometer (Beckman 
Instruments) at 350 nm. The ICKY for assembly inhi- 
bition was determined from plots of the absorbance 
reached at steady-state with each concentration of 
compound. The self-association of MTP into spiral 
aggregates and the disassembly of steady-state micro- 
tubules of MTP by a high concentration (low4 M) of 
VBL or congener were followed also by turbidimetric 
measurements. It should be noted that the pro- 
portionality between turbidity and total polymer 
mass applies only to rod-like structures (micro- 
tubules) under these conditions [19]. Therefore, the 
degree of light scatter caused by polymers of other 
shapes may not be comparable directly. All of the 
congeners presented in this report were examined 
for turbidimetric profile and polymeric products (see 
below) in at least two separate MTP preparations 
with consistent results. 

Transmission electron microscopy. An aliquot of 
each mixture from the turbidimetric assay at the 
steady-state condition was placed on duplicate 
Formvar-coated copper grids and processed as 
described previously [20]. After 1 min, the excess 
fluid was withdrawn with a piece of filter paper 
(Whatman No. l), and 1 mg/ml cytochrome c in 
water was placed on the sample for an additional 
minute and wicked again. The specimen was rinsed 
with water and post-stained with 1% uranyl acetate 
in water for 1.5 min. The grids were air-dried. The 
specimens were examined using a Philips 201 EM 
with a cold finger operated at 60 or 80 kV. 

Cellular assays. Mouse L1210 leukemia cells were 
maintained in McCoy’s 5A medium (K-C Biologi- 
cals), pH 7.2, supplemented with 5% heat-inac- 
tivated (56”, 20min) horse serum (Hazelton 
Research Products). The population doubling time 
was 11 hr. The lcso for cell growth was calculated 

D - seco - 20 - desethyl - 

W - vincadifformine 

a, t.butyl hypochlorite 

b, AgBF4, vindohne 
c, NaBH,, HOAc 
d, 100°C 
e, H,/Pd 

cleavimonium 

tetrafluoroborate 

VBL:R=Et,R’=OH 

VCR: NCHO deMe VBL 

Key Steps for Syntheses of VBL and its Analogues 
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from data of cultures enumerated 2 days after seeding 
2 x 10’ cells/ml from mid-exponential populations 
in the absence of drug or in the presence of various 
concentrations of each congener. The mitotic index 
of L1210 ceils was measured fotlowing a 6-hr 
exposure to a ~~h-arr~~ng ~on~e~tr~t~o~ of con- 
gener (l&fold the IE$& These &is were pelleted, 
resus~~ded in 0.875 M KC& and incubated at 37” 
for 13 min. After ~n~~~ga~on~ the cell pellets were 
fixed in fresh 3 : 1 methanol : acetic acid, washed twice 
with fixative, and then dropped onto wet glass slides, 
Samples were stained with 2% Giemsa in water for 
4 min. At least 400 nuclei were examined for each 
determination and expressed as the number of meta- 
phase nuclei divided by the total number of 
nuclei x 100. 

The rat colon adenocarcinoma cell line RCC-2 [21] 
was maintained in monolayer cultures with Ham’s 
F12 medium (Hazehon Research Products) at pH 7.4 
and supplemented with 5% heat-inactivated fetal 
bovine serum (Hycfone Defined Sterile Systems). 
The ~$0 of each congener for ceh growth and the 
mitotic index of treated eels were determmed as 
described for the L1210 leukemia cell line with an 
addit~~~a~ protease treatment (0.25% tryp&/O.OZ% 
EDTA) for removal of the cells from the substratum. 
As the population doubling of the RCC-2 cell line is 
22 hr, we incubated cultures for 3 days for the growth 
studies and for 19-21 hr for the mitotic indices. 

RESULTS 

The series of epimeric alkyl modifications at the 
C-20’ position of vinbiastine that were synthesized 
by us and evaluated in this report are presented in 
Pig. 1, Most of these congeners are at a lower oxi- 
dation level, lacking the OH group at the C-20’ 
position. 

A&&y of coEgerrers w&S MTP. The compounds 
were examined for their abilities to elicit the two 
activities typical for the parent compound VBL with 

Fi 

purified microtubule protein (MTP): (1) the inhi- 
bition of MTP assembly into microtubules at low 
VBL concentrations (IO-’ M-10S6 M) and (2) the 
induction of spiral aggregates from soluble MTP at 
a high concentration (10e4 M) of VBL (see Figs 2A 
and 3A, 3B). 

Of the eight C-20’ airy1 wrgszers exam&ed by 
~~~~d~~e~~ ~~ysis, only the two methyl-sub- 
stituted ~rn~~ds~ I and 2, displayed a con- 
sensation-de~ndeut reaction with MTP that was 
similar to VBL (Pig ZA). In addition to shortened 
microtubules at the Igoof 2 X lo-’ M, each congener 
also elicited spirals from MTF that were seen 
attached to microtubules or free in solution (Fig. 3, 
C and D). This is the first report of spiral formation 
by asubmicromolar concentration of a vinca alkaloid 
dimer and MTP/tubulin in vitro. Both of these 
congeners induced spiral aggregates at a Poe4 M 
concentration when added to MTP (data not 
shown). 

of the six rern~~~~g compounds, only one, epi- 
desethyi VBL, 6, had no detectable effect on MTP 
assembly over the ~o~~ent~tion range of 10S7M- 
lo-” M (data not shown). The other aIky1 congeners 
displayed an approximate IO-fold increase in the IQ, 
for tubulin polymerization and distinctive levefs of 
turbidity at higher concentrations with soluble MTP 
(Fig. 2B). At the approximate lqo of 2 x 10T6 M, 
the congeners permitted the formation of short but 
structurally normal microtubules from MTF (data 
not shown) in all cases except one. Some of the 
shortened microtubules formed from MTP incubated 
with 2 x 10e6 M deoxy-desethyt VBL, 3, were ehlr- 
acterized by the presence of periodic hicent areas 
along the fength of the tubule whkh in some cases 
appeared to open f&y to revti the proto~~e~~ 
content of the ~~rotubu~e (Pig. 3E). This structurd 
phenomenon is a new observation for MTP (tubuI~n) 
polymerized in the presence of vinca alkaloid dimers 
or any other drug. 

1. 20’-deoxy-2O’~desethyl-20’-a-methy~ 

2. 20’-deoxy-20’-desethyl-20’-p-methyl 

3. 20’-deoxy”2a’“desethyl VBC 
4. 20’-deoxy-20’-desethyl-20’-d~me~~yl 

5. 20’-desethyl VBL 
6. 2~~-~~~-2~-d~s~t~yl VBL 
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Fig. 2. Dependence of MTP turbidity at the steady-state condition on the concentration of congeners. 
{A) VBL (0); and methyl derivatives, 1 (A) and 2 (V); (B) deoxy-desethyl VBL, 3 (0); dimethyi- 
derivative, 4 (A); desethyl VBL, 5 (Cl); and propyl derivatives, 7 (V) and 8 (II). Each compound was 
added to MTP (8-10 PM) in 1.0 ml assembly buffer (0.1 M MES, 1 .O mM EGTA and 0.5 mM MgCl,, 
pH 6,4), mixed well, and then 1.0 mM GTP was added prior to incubation at 37”. Turbidity was followed 
by absorbance at 350nm. In the absence of VBL or congeners, the steady-state level was 0.075 to 

0.085 units f X). Values are from a single, typical experiment for each compound. 

The congener-specific turbidity of MTP solutions 
incubated with a lop4 M concentration of the con- 
geners of Fig. 2B correlated with distinctive poly- 
meric products. The dimethyl derivative of VBL, 4, 
induced the greatest degree of turbidity with MTP 
and formed spiral aggregates similar to those pro- 
duced with VBL (data not shown). In contrast, the 
lower turbidity levels of MTP solutions containing 
desethyl VBL, 5, and the propyl-substituted com- 
pounds, 7 and 8, were due solely to amorphous 
aggregates (see Fig. 4A). Deoxy-desethyl VBL, 3, 
promoted a minimal increase in the turbidity of MTP 
which resulted from n~erous normal-appea~ng spi- 
rals that failed to associate into spiral aggregates (Fig. 
4B). This property is unique among the congeners 
examined by us and represents the first such modu- 
lation of VBL action through structural alteration 
of the molecule. Others have reported that high 
concentrations of VCR produced amo~hous, globu- 
lar material rather than spiral aggregates from micro- 
tubules polymerized from purified tubulin in the 
absence of microtubule-associated proteins [22]. This 
MAP-dependency for spiral aggregate formation was 
found to reside with the tau proteins, whereas MAP- 
2 protein permitted the formation of circles, semi- 
circles and single spirals of irregular appearance 1231. 

Act~vi~ of the ~o~ge~er~ with preformed 
~~crotubu~es. VBL at 10e4 M caused a time-depen- 
dent decline in the turbidity of steady-state micro- 
tubules (Fig. 5) that was due to the disassembly of 
microtubules and spiral aggregate formation (data 
not shown). Three congeners, deoxy-desethyl VBL, 
3, and both of the methyl-substituted congeners, 1 
and 2, exhibited similar turbidimetric profiles (Fig. 
5) that were associated also with spiral aggregate 
formation (data not shown). However, desethyl 
VBL, 5, the dimethyl-substituted compound, 4, and 
a propyl-derivative of VBL, 7, caused a transient 
increase in mixture turbidity followed by a slight 
decline in optical density (Fig. 5). The precipitation 
of congeners in the absence of MTP was observed 
only for the propyl derivative, and this modest value 
(0.02 units) was subtracted from those plotted in Fig. 

5. When the reaction products were examined 10 min 
after the addition of these congeners, we observed 
intact microtubules and some amorphous aggregates 
in all three cases. The microtubules in mixtures con- 
taining desethyl VBL, 5, appeared normal in struc- 
ture (data not shown). However, the microtubules 
remaining after the addition of the dimethyl or propyl 
derivatives of VBL displayed variable tubule widths 
and staining properties (Fig. 4C). 

A summary of the low and high concentration- 
dependent effects of our C-20’ alkyl congeners with 
MTP and microtubules in vitro is contained in Table 
1. Because most of the alkyl congeners lack the OH 
group at the C-20’ position as well, the properties of 
C-20’-deoxy VBL and its epimer were examined 
and found to be indistinguishable from the parental 
activity profile. 

Activities of the congeners in cultured cells. The 
activities of the various C-20’ alkyl congeners in the 
cellular assays of growth inhibition and mitotic arrest 
are presented in Table 2. Only the two methyl deriva- 
tives of deoxy-desethyl VBL, 1 and 2, which 
exhibited a profile of activity and product formation 
at low and high concentrations similar to VBL, were 
potent inhibitors of leukemic and colon cancer cell 
growth in vitro. All of the other alkyl congeners, 
characterized by a lo-fold reduction in potency as 
inhibitors of MTP polymerization and by diverse 
high concentration effects on MTP and microtubules, 
were significantly less cytotoxic to both leukemic and 
colon cancer cells than VBL. We observed that the 
rat coIon cancer cells were more resistant to VBL 
and its congeners than L1210 leukemia cells, with a 
rather consistent increase of 10: 1 in the icsO value 
relative to L1210 ceils. 

The assay of mitotic index was carried out with 
equipotent levels of each congener at l&fold the 
1~~~. It is apparent from the data that the induction 
of mitotic arrest by these vinca dimer congeners can 
be correlated with their abilities to inhibit micro- 
tubule assembly in vitro but not to either or both 
of the high concentration-dependent actions of 
microtubule disassembly and induction of spirai 
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Fig. 3. Transmission electron microscopy of MTF’ reaction mixtures incubated as described in the legend 
of Fig. 2. (A) Tbe microtubules formed in the presence of the ICY of VBL (2 x lo-’ M) were structurally 
normal but shorter (l-3 pm) than the g-10 fl length typical for control (drug-free) mixtures. (B) 
The addition of 10m4M VBL to MTB resulted in the formation of numerous aggregates containing 
protofilament spirals with a diameter of approximately 3.50 nm. Microtubules were not observed. (C) 
h%TP incubated with the tc, (2 X lo-’ M) of methyl-deoxy-desethvl VBL, 2, formed s&al aaareaates 
both free in solution (single arrows) and.associateh with fnicrotubules (d&&e arrows). (D) x h&her 
magnification picture of MTP incubated with the ICY f2 X lo-’ M) of methvl-deoxv-desethvl VBL. 1. 
dis$ays a freespiral (arrow) and spiralized material &the microtubules. (Ej An opened area (denoted 
by arrows) is seen in a microtubule polymerized in the presence of the IC& (3 X 10m6 M) of deoxy- 

desethyl VBL, 3. Bar = 0.1 pm. 
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Eg, 5. The col;ifse d z83kmre ~~~j~~~ upon the additicrn 

of WL or congenes m sta&=§Zate ~~~~~~~~. Key: 

vBx.8 (0); meth$ dti~2tiV~, 1 (a) arld 2 (V); deoxy- 
desetbyi VBL, 3 (0); dimethyl derivative, 4 (rl); desetbyl 
VRL, S (a); propyf derivative, 7 (r). MTR (8-10 j&) was 
assembled into microtubules as described in the legend of 
F&.2. At the time indicated (arrow) a 30-’ Mconcentration 
of each compound was added to the reaction mixture, and 
the absorbance at 350 nm was followed. Date are plotted 

from a single, typical experiment for cacb compound. 

aggregates. A p~ssihle exception to this conclusion 
was epi-desethyl V’BL, 6, which did not inhibit MTP 
assembly. However, the low mitotic index of this 
congener compared to the other congeners and the 
exceedingly high ~ncentration used for the tnitotic 
index determination (7 X 1W5 h&) may regent a gen- 
eral pertrrrbatiotr (delay) of ah phases of the cell 
q&e r&her than specific mitotic phase atreat. 

The vinctt aIkaloid indole-indoline dimers, VBL 
and VCR, perturb microtubule structures that are 
dynamic (mitotic spindle) or stable (neurotubules). 
In addition, these drugs induce the formation of a 
unique biophysical entity, the tubulin paracrystal 
[a]. Investigatians into the mechanistic bases for 
these various activities of these two vinca alkaloids 
have concentrated p~~Qrni~antly on the target pro- 
tein, as the dimer subunit tubulin, or as microtubules. 
The results of such work often have been equivocal 
with varied bodice st~ichi#met~es and affinity con- 
stants for the tub&n dimer fE-271 that have been 
attributed to differences in purity, age or source of 
the tub&in, I-Iowever, a recent treatment of the 
multiple equilibria of the ligand (VBL)-induced self- 
association of tubulin has disputed the findings of 
the previous literature and, based on thermodynamic 
consideratians, has proposed the existence of a 

Table I. Tubuli~~rn~~~~~e act&&s of C-20’ vinbfastine congencrs 

Compound 

Product of 1W M ~rn~u~ 
added to 

hlicrotubuLes 

Vinblastine (VRL) 2.0, 2.4 SA 
Deoxy VBL (R’-H) 2.3, 2.7 SA 
Epi-deoxy VRL (R-H) 3.5, 5.5 SA SA 
Alkyl congeners 

Methyl deoxy-desethyl 
VBL (R-methyl) 3.2, 1.5 [S] SA SA 

Epi-methyl deoxy-desethyl 
VBL (R-methyl) ;.6&$3 [S] SA SA 

Deoxy-desethyl VBL , s SA 
Dimetbyt deoxy-desethyl VBL 

(R = R’-metbyff 29,36 SA r&T 
DesetbyL WL (R-Cm 32,38 
~p~-dese~y~ VBL (R-GEL) No effect 2: 2 
Prvpyl ~o~-de~~y~ VBL 

(R-ProPYt) 25,17 Am ND* 
Epi-propyl deoxy-desethyg VBL 

(R’-propyl) 25,22 Am MT 

Microtubule protein (MTP) was purified from bovine calf brain by two cycles of depolymerization 
and polymerization (181. The effect oflaw concentrations (lo-’ M-10T5 M) of the vinca dimer alkaloids 
on the polymerization of MTP (8-R) @vi) jn assembly buffer (0.1 M MES, 1 mM EGTA 0.5 mM MgC12 
and 1.0 mM GTE’, pH 6.4) was measured by turbidimetric assay [17], and the IQ,, was calculated 
from the steady-state turbidity levels obtained at each concentration. Values are from two separate 
experiments. Tbe products induced by a high concentration (WY4 M) of each compound with soluble 
MTF or microtubules assembled from M?‘P in tbe same buffer were determined by transmission 
electron microscopy of steady-state solutions from at least two separate prepatations of MTP with 
similar resu&. Congeners were used as their me~~~fonate salts and &ss&ed In 0.9% NaCi jnst 
prior to use with tbe except&m of the free base of 2W-desetbyl VBL and its epimer w&b were dissolved 
in dimetbyl sutfoxide. The t&at ca~ce~~~~on of dimethyL suEoxide at 10W4 M con8ener was 1% in the 
reaction mixture. A~b~~a~~~s~ SA, spiral aggregates; S, singk sphk: Am, amorphous aggregate; 
MT, microtubufes; and N.D., not &one. 
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Table 2. Activities of C-20’-vinblastine congeners with cultured c&is 

Compound 

Cell growth inhibition* Mitotic index? 
IC, M (x 10y) % 

L1210 RCC-2 L1210 RCC-2 

None 
Vinblastine (VBL) 
Deoxy VBL (R’-H) 
Epi-deoxy VBL (R-H) 

C-20’ alkyl congeners 
Methyl deoxy-desethyl VBL 

(R-methyl) 
Epi-methyl deoxy-desethyl VBL 

(R’-methyl) 
Deoxy-desethyl VBL 
Dimethyl deoxy-desethyl VBL 

(R = R’-methyl) 
Desethyl VBL (R’-OH) 
Epi-deiethyl VBL (R-OH) 
Proovl deoxv-desethvl VBL . , 

(R-prwl) 
Epi-propyl deoxy-desethyl VBL 

CR’-propyl) 

0.49 * 0.2 4.84 ? 2.0 
2.77 f 0.9 34.0 2 5.0 

2.9t 36.0$ 

80.5 * 1.5 

36.0$ 28.7 N.D. 

48.0$ 20.1 N.D. 
593 2 83 24.0 70.5 

716 t 164 28.9 75.9 
1000 26.2 N.D. 
1000 14.3 N.D. 

580$ 

630$ 

19.0 

20.0 

N.D. 

N.D. 

3.0 1.0 
29.9 65.9 
23.2 71.3 
25.9 N.D. 

Murine leukemia cell line L1210 was maintained in McCoy’s SA medium supplemented with 5% 
heat-inactivated horse serum with a population doubling time of II hr. Rat colon adenocarcinoma 
cell line RCC-2 was maintained in Ham’s F12 medium supplemented with 5% heat-inactivated fetal 
bovine serum with a population doubling time of 23 hr. Stock cultures in the midexponential phase 
of population growth were used to seed all experimental cultures. 

* Duplicate samples of 1 x lo4 cells/ml (L1210 cells) or 2 x lo4 cells/well of a 24-well cluster dish 
(RCC-2 cells) received various ~ncentrat~ons of VBL or congener, and 48 hr (L1210 cells) or 72 hr 
(RCC-2 cells) later the cell population number was enumerated by an electronic particle counter, 
Coulter Counter model ZF. The Q, was determined from probability plots of concentration versus 
percent control cell number; values (mean + SD) were averaged from at least three separate experi- 
ments except where noted. 

t The mitotic index of the populations was measured after a 6-hr (L1210 cells) or a 21-hr (RCC- 
2 cells) incubation with VBL or congener at a concentration of IO-fold the IC,~ value. The L1210 cell 
suspension or trypsinized RCC-2 cells (and washes) were centrifuged at 175 g, 4”, for 5 min, and the 
pellets were resuspended in 0.75 M KC1 prior to incubation for 13 min at 37”. After centrifugation, 
the cell pellet was resuspended in fresh fixative of 3 : 1 methanol: acetic acid, washed twice in the 
fixative, and then dropped onto wet glass slides. The specimens were stained with 2% Giemsa in 
water for 4 min and then scored. At least 400 nuclei were counted and the percent mitotic index was 
calculated as the number of metaphases divided by the total number of nuclei counted x 100. Values 
are from a single, typical experiment. 

$ Denotes a value averaged from the duplicate samples of a single experiment. 

single, specific VBL binding site per tubulin dimer 
with an intrinsic binding affinity & = 4 X lo4 M-’ 
[28,29]. 

Our work, from the vantage point of the molecule 
itself, is compatible with the latter conclusion based 
on the fact that subtle, single-site alterations of VBL 
can affect all three activities typical for the parent 
molecule. However, the selective nature of these 
effects extends the hypothesis to include the notion 
that the VBL binding site is modified when tub&n 
exists in the polymeric tubule form, because the 
reactions of VBL with soluble MTP and steady-state 
microtubules are clearly dissociated one from the 
other in the activity refiles of our C-20’ congeners. 

Certain structure ,P function relationships between 
the anti-tubuliq’microtubule actions of VBL and 
the nature of the C-20’ position of the cleavamine 
moiety, are suggested by our work. Clearly, this site 
on the complex dimeric vinca alkaloid molecule is 
function-sensitive for all of the typical, concen- 
tration-dependent reactions of VBL with tub&n 
(MTP)/microtubules in vitro, and the reaction modi- 

fications exhibited by the congeners comment on 
their complexity. First, the replacement of the ethyl 
substituent with a methyl group appears topotentiate 
markedly the reactivity of the molecule to permit 
spiral formation at the low concentration of 
2 x lo-’ M. We observed only a few microtubules at 
the steady-state condition, and these tubules were 
associated with spiralized material. Although this 
fact is consistent with a reaction process of peeling 
and coiling of protofilaments from microtubules to 
form spirals as described for VBL at high con- 
centrations (low5 M-1O-4 M) [30,31], we cannot rule 
out at this time the direct formation of spirals from 
MTP with secondary inhibition of microtubule 
assembly. A time-course determination of polymer 
ultrastructure upon addition of the methyl-sub- 
stituted congeners to soluble MTP should permit 
us to distinguish between these possibilities. These 
congeners are the first VBL derivatives reported to 
display enhanced activity with MTP/microtubules in 
uitro, and they contrast markedly with the rest of 
our alkyl congeners which harbor various types of 



Biological activity of C-20’ VBL congeners 723 

impaired function. This distinction among the con- 
geners was reiterated in their abilities to inhibit the 
growth of cultured tumor cells, as only the methyl 
derivatives of VBL exhibited activity below 10e8 M. 
We did observe a difference in cytotoxic activity 
between VBL and its congeners that share identical 
activity profiles with MTP and ~crotubules~eoxy 
VBL and epi-deoxy VBL. The 6- to 8-fold higher 
IC, values of the congeners compared to VBL may 
result from impaired net transport of the C-20’ deoxy 
derivative. The possible effect of C-20’ modifications 
on vinca alkaloid dimer transport is a subject worthy 
of investigation. 

The absence of any alkyl function at the C-20’ 
position, found in the congener deoxy-desethyl VEIL, 
3, modified both the high and low concentration- 
dependent reactions of VBL with soluble MTP, 
namely assembly inhibition and spiral aggregate for- 
mation respectively. There was a lo-fold reduction 
in congener potency as an inhibitor of MTP 
assembly, that was associated with the presence of 
opened areas along the length of some microtub~es 
at the steady-state condition. This was a unique 
finding for microtubules polymerized in the presence 
of a drug. However, similar structures have been 
described as intermediate polymers formed during 
microtubule assembly in vitro from the incorporation 
of protofilament sheets into the growing microtubule 
[32]. The persistence of such structures into the 
steady-state condition of assembly suggests aberrant 
closure of the protofilament sheet in the presence of 
this VBL congener. The coupling of this phenom- 
enon to the inability of the spirals formed from MTP 
and 10m4 M deoxy-desethyl VBL to associate into 
aggregates may signal a common defect in the lateral 
associations of proto~laments formed in the presence 
of this compound, which are required for both seam 
closure and spiral-spiral association. The ability of 
this congener to induce normal spiral aggregates 
from preformed microtubules distinguishes its reac- 
tion with the polymer from the former reaction with 
soluble MTP tubulin. Because deoxy-desethyl VBL, 
3, lacks both of the groups present in VBL at the C- 
20’ position, we propose that this congener may bind 
in an altered configuration or at additional sites on 
the tubulin subunit to cause these aberrant reaction 
products with the dimer, whereas its binding to tubu- 
lin contained in microtubules is specifically analogous 
to VBL. This supposition is not contradictory to the 
conclusion reached by Jordan et al. [33] that the 
inhibition of assembly results from the binding of the 
drug to microtubule ends with or without a complex 
to tubulin. The lo-fold increase in ICKY for assembly 
inhibition with deoxy-desethyl VBL (and most of 
our other congeners) renders it a stoichiometric 
inhibitor of polymerization, unlike VBL, and permits 
a mechanism of direct inactivation of tubulin for 
assembly through congener binding. Of interest is 
the fact that the lo-fold increase in lqo for MTP 
assembly inhibition by this congener was reflected in 
a similar reduction in activity compared to VBL as 
an inhibitor of murine leukemic cell growth in vivo 
(data not presented). 

Finally, three different types of C-20’ congeners- 
desethyl VBL (5) and the propyl- (7) or dimethyl- (4) 
derivatives of VBL-exhibited a loss of the activity 

of microtubule disassembly at high congener 
concentrations. All of these compounds retained the 
ability to inhibit MTP polymerization and one, the 
dimethyl-substituted compound, elicited spiral 
aggregates from MTP at 10M4 M congener. In these 
cases there are clear distinctions in congener action 
between the target protein as monomer or as 
assembled microtubules. 

In conclusion, we have discovered that subtle 
modifications of the C-20’ position of the cleavamine 
moiety can affect each and all of the typical con- 
centration-dependent reactions of VBL with MTP/ 
microtubules in vitro. The unique profiles of most of 
our C-20’ alkyl congeners distinguish each of the 
reactions at the mechanistic level and establish the 
dissociation of vinca dimeric alkaloid action at this 
cellular target through structural alteration of the 
ligand. This accomplishment was made possible by 
our newly developed complete synthetic meth- 
odologies for generation of the indole-indoline vinca 
dimers 1151. Of the numerous semisynthetic deriva- 
tives of VBL made and evaluated over the last 25 
years, most have behaved similarly to the parent 
molecule in biochemical, cellular or in vivo assays, 
or they lacked any biological activity [see Ref. 34 for 
review]. Only one compound, C-16’-t-butylcarboxy 
VBL, displayed a significant modification of an MTP/ 
microtubule activity, this being an l&fold increase 
in the ~0 for MTP assembly [35]. It is our hope that 
further evaluation of the novel congeners described 
in this report and new congeners created in future 
synthetic efforts will break open the shell that has 
kept the structure/function relationship of this com- 
plex molecule in obscurity. 
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