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Summary. The action of two epimers of a new vinblastine 
derivative that differ in their in vivo antitumor activity and 
their cytotoxicity was studied in vitro in brain microtubule 
proteins. These two compounds, called S-12363 and 
S-12362, could not be distinguished from one another or 
from other active vinca alkaloids by their ability to prevent 
microtubule assembly. However, they differed strongly 
both from one another and from vincristine and vinblastine 
in their ability to induce the formation of tubulin paracrys- 
tals and in the stability of the paracrystals following tem- 
perature shifts from 0 ~ to 37~ and vice versa. The most 
potent drug, S-12363, induced considerable tubulin aggre- 
gation, which was even more pronounced than that ob- 
served in the presence of vincristine. Previous results have 
shown that S-12363, in contrast to vincristine, induces no 
neurotoxic effects. This observation is in disagreement 
with a direct relationship between tubulin aggregation and 
neurotoxicity. 

Introduction 

Since the discovery of the antitumor effects of alkaloids 
that were extracted from the Madagascar periwinkle 
(Catharanthus roseus), this class of agents, known as 
Vinca alkaloids, has been the origin of intense research that 
initially led to the development of vinblastine and vincris- 
tine (Fig. 1), which remain the clinically most widely used 
of these drugs [9]. Numerous vinblastine derivatives ex- 
hibiting promising pharmacological properties have re- 
cently been synthesized. Some are characterized by the 
presence of a carrier amino acid at the vindoline moeity [6] 
that is intended to confer optimal polarity and, thus, to 
facilitate cellular uptake. The new vinca alkaloids S-12363 
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and its epimer S-12362 (Fig. 1) have been obtained accord- 
ing to this strategy by grafting an optically active ot-amino- 
phosphonate bioisoster of valine at the C23 position of 
O4-desacetyl vinblastine [17]. S-12363 is on average 
3 6 - 7 2  times more cytotoxic than vinblastine and vincris- 
tine, respectively, for human tumor cell lines [31, 34] and 
exhibits a wide spectrum of activity in vivo in both murine 
tumors and human tumor xenografts, with its optimal 
doses being 10-40  times lower than those of vinblastine 
and vincristine [4, 16]. In contrast, S-12362, which differs 
only in the absolute configuration of the asymmetric car- 
bon of the side chain, is 270 times less cytotoxic and 1000 
times less potent in vivo [34]. 

The mechanisms responsible for the cytotoxic and anti- 
tumor activity of vinca-alkaloid derivatives represent a 
controversial topic. The major antitumor effects appear to 
be related to their high affinity to tubulin, a major protein 
constituting the microtubule cytoskeleton, resulting in the 
disruption of the mitotic spindle apparatus and the arrest of 
cells as metaphase-like figures [13, 14]. In vitro, at low 
concentrations, vinca alkaloids inhibit tubulin assembly 
into microtubules [30, 44], but at higher concentrations 
[2, 3, 5, 7, 27] they induce the aggregation of tubulin into 
spirals and paracrystalline structures (Fig. 2). Therefore, 
we compared the in vitro activity of the two epimers 
S-12362 and S-12363 in mammalian brain microtubule 
proteins so as to determine whether they differ in their 
action at the molecular level. We evaluated in vitro the 
ability of these new vinblastine derivatives to inhibit mi- 
crotubule assembly and to induce the formation of para- 
crystalline aggregates. 

Materials and methods 

Chemicals. S-12363 is the 1 S epimer and S-12362 the 1 R epimer of 
1-[3-(04 deacetyl-3-demethoxycarbonyl vinca-leukoblastinyl)-carbony- 
lamino]-2 methyl-propylphosphonic acid diethylester sulfate. They were 
synthesized and purified as described by Lavielle et al. [ t 7]. They were 
separated by HPLC and were found to be 98%-99% pure. Vinblastine 
sulfate (VLB) and vincristine sulfate (VCR) were purchased from De- 
shors Laboratories (France). Their structures are shown in Fig. 1. All 
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Microscopy. Tubulin assemblies were observed by electron microscopy 
(Phillips EM 30l, 80 kV) following negative staining with 2% uranyl 
acetate. Spiral paracrystals were observed by interference-contrast mi- 
croscopy (Zeiss Axiophot; oil condenser ha, 1.4; X 63 oil objective na, 
1.4; X 2 0 p t o v a r  and X4 video lens) and images were recorded by a 
Lhesa camera (Pasecon) and were treated using an image-processing 
system (Sapphire from Quantel) by integrating 200 frames and applying 
shading, histogram and stretch functions. 

Results 

Inhibition of tubulin assembly 
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Fig. 1. Structures of vinblastine, vincristine, S- 12362 and S- 12363 

compounds were dissolved in a 1 : 1 (v/v) water: ethyl alcohol mixture. 
The maximal concentration of ethyl alcohol in the assays was ~<0.5%. 
These concentrations of alcohol enabled the complete solubilization of 
the drugs and had no effect on the extent or the kinetics of microtubule 
assembly and disassembly. 

Microtubule proteins. Sheep-brain microtubule proteins (15 - 20 mg/ml) 
were obtained by two cycles of assembly-disassembly at 37 ~ and 0~ 
respectively [38]. The extraction buffer (buffer I) contained 100 mM 
piperazine-N,N'-bis[2-ethanesulfonic acid] (PIPES), 1 mM ethylene gly- 
col-bis(~3-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), 0.5 mM 
MgCI2 and 1 mM guanosine triphosphate (pH 6.9). Glycerol (4 M) was 
added for microtubule assembly (buffer II). Microtubule proteins, con- 
sisting of tubulin (84%) and associated microtubule proteins (16%), were 
stored in liquid nitrogen. They were thawed, centrifuged at 0~ and 
diluted to 2.8 mg/ml buffer I prior to their use. 

Turbidimetric assays. The assembly and disassembly of microtubule 
proteins into microtubules and the assembly of microtubules into spiral 
aggregates were followed using turbidimetric measurement. The varia- 
tion of absorbance of the solution of microtubule proteins (2.8 mg/ml) 
was determined in buffer I using a Beckman spectrophotometer equipped 
with thermostatically controlled cuvettes. The absorbance due to light 
scattering [12] was measured at 400 nm at both 37 ~ and 0~ and the 
reassembly buffer in the absence of microtubule proteins was used as a 
blank. The ICs0 for assembly inhibition, i. e. the drug concentration that 
reduces the assembly of micrombules by 50% as compared with un- 
treated controls, was detel~ined graphically. 

Sedimentableproteins. Sedimentable protein colTesponding to paracrys- 
tals of tubutin spirals was measured by the Lowry procedure [ 19] follow- 
ing centrifugation in a Beckman airfuge (Rotor type 30 ~ 27 
pounds/inch z) for 5 min at 0 ~ or 37~ 

Microscopic observation revealed that purified sheep-brain 
tubulin assembled into microtubules when it was incubated 
at 37~ The rate and extent of microtubule assembly could 
be quantitatively followed according to the increase in 
absorbance at 400 nm [12] and to the increase in sedimen- 
table proteins [37]. Low concentrations of vinca alkaloids 
are known to inhibit microtubule assembly in vitro [30, 
44]. Vinblastine concentrations of 0.25-2.5 gM decreased 
both the rate and the total amount of microtubule assembly 
in a dose-dependent manner. An identical observation was 
made for the two vinblastine derivatives S-12362 and 
S-12363. In all cases, the microtubules that had assembled 
in the presence of these drugs disassembled following a 
decrease in temperature to 0~ The ICs0 values for vin- 
blastine, S-12362 and S-12363 were similar as determined 
either by the rate of microtubule assembly measured ac- 
cording to the variation in absorbance (0.8, 1 and 0.7 ~I.M, 
respectively) or by the total amount of assembled tubulin 
measured according to either the final plateau in absor- 
bance (1.5, 2 and 1.3 gM, respectively) or the final amount 
of sedimentable proteins (1.2, 2.1 and 1.4 gM, respec- 
tively). 

Induction of tubulin spirals and spiral aggregates at 0 ~ 

The addition of vinblastine to a preparation of purified 
sheep-brain microtubule proteins at 0~ had no apparent 
effect on the absorbance when the concentration was 
<5 gM. In contrast, in the presence of increasing concentra- 
tions of vinblastine and vincristine that varied from 10 to 
300 gM, a large increase in absorbance was observed at 
400 nm (Fig. 3). Concomitantly, tubulin spirals and larger 
spiral aggregates (Fig. 2) were observed under electron 
microscopy. Although the ICs0 value for the inhibition of 
microtubule assembly in the presence of vinblastine and 
vincristine did not differ significantly, higher concentra- 
tions of vincristine induced more extensive spiralisation 
and tubulin aggregation than did vinblastine (Fig. 3). 
Therefore, we studied the effects of high concentrations of 
S-12362 and S-12363 so as to determine whether these two 
compounds would differ from one another and from other 
vinca alkaloids. 

Tubulin aggregation was quantitated by the increase in 
turbidity, as turbidity is a linear ruction of protein concen- 
tration [40]. S-12362 induced an increase in absorbance 
that was slightly lower (23%) than that produced by vin- 
blastine (Fig. 3), and the concentrations of drug required to 
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Fig. 3. Effects of increasing concentrations of vinca alkaloids on the 
formation of tubulin paracrystals at 0~ For each experimental point, the 
absorbance of microtubule proteins was determined at the plateau after a 
1-h incubation at 0~ in the presence of increasing concentrations of 
Vinca alkaloids 

Fig. 2. Stereoscopic image pair of tubulin spirals and tubulin paracrystal 
induced by the action of vinca alkaloids. Microtubule proteins were 
incubated for 1 h at 0~ in the presence of 150 gM vincristine, and tubulin 
spirals and paracrystals were observed by electron microscopy. A small 
paracrystal is shown to illustrate that aggregations of tubulin spirals are 
formed by the association of tubulin spirals that form the paracrystals. 
Tubulin spirals and paracrystals observed in the presence of vincristine, 
vinblastine, S- 12363 and S- 12362 exhibit the same overall ultrastructure. 
The steroscopic image pair was obtained from two photographs of the 
same field taken at an angle of _+6 ~ x 98,000 

achieve maximal absorbance were higher for S-12362 than 
for vinblastine. In contrast, S-12363 and vincristine in- 
duced a large increase in absorbance (Fig. 3), but maximal 
absorbance was reached at a concentration of S-12363 that 
was 5 times lower than that of  vincristine. In all cases, 
spirals were observed by electron microscopy (Fig. 2), but 
spiral aggregates observed by interference-contrast mi- 
croscopy were larger in the presence of S-12363 and 
vincristine than in the presence of S-12362 and vinblastine 
(Fig. 4). Moreover, spiral paracrystals were numerous in 
the presence of S-12363 and vincristine, whereas they oc- 
curred rarely and were evenly distributed in the presence of 
S-12362 and vinblastine. The rate of absorbance increase 
was a linear function of drug concentration but differed 
markedly for the four vinca alkaloids (Fig. 5). The maxi- 
mal increase in the initial rate of absorbance according to 
drug concentration was observed for S-12363 and was 
11-fold that found for vincristine. In contrast, the increase 
in the rate of  absorbance was extremely low for both 
S-12362 and vinblastine, although the increase observed 
in the presence of vinblastine was twice that found in 
the presence of S-12362 (Fig. 5). 

Effect of  temperature shifts on tubulin spirals and spiral 
aggregates at 0 ~ and 37~ 

It has previously been reported that the increase in absor- 
bance observed at 0~ after the addition of vinblastine 
(40 gM) to microtubule proteins was reversible and disap- 

peared when tubulin assemblies were further warmed to 
37~ [22]. Since vinblastine, vincristine, S-12362 and 
S-12363 differed in the rate and extent of the increase in 
absorbance of the microtubule proteins at 0~ we first 
studied, the relative effect of  these compounds at 0 ~ and 
37~ and then examined the effects of a shift in the incuba- 
tion temperature upwards (from 0 ~ to 37~ and 
downwards (from 37 ~ to 0~ on the absorbance. 

In the first part of  the experiment, each of the vinca 
alkaloids was added to a preparation of microtubule pro- 
teins that was either kept at 0~ or immediately incubated 
at 37~ As previously shown (Fig. 3), the addition of 
150 ~tM vinca alkaloid at 0~ led to an increase in absor- 
bance (Fig. 6A). An increasing effect was observed for the 
drugs in the following order: S-12362, vinblastine, vincris- 
tine and S-12363. As expected, S-12363 and vincristine 
induced a plateau that corresponded to similar absorbance, 
whereas the plateau in absorbance observed in the presence 
of vinblastine and S-12362 was 1.6 and 8 times lower, 
respectively (Fig. 6A). In contrast, when 150 gM vinca 
alkaloid was added to microtubule proteins just before the 
temperature was raised to 37~ the overall effects of these 
drugs were different (Fig. 6B). In agreement with pre- 
viously reported observations for vinblastine [22], neither 
vinblastine, S-12362 nor vincristine could induce a large 
increase in absorbance at 37~ such as that observed at 0~ 
for vincristine and vinblastine. However, S-12363 was 
equally potent at 37~ and 0~ in inducing an increase in 
absorbance following its addition to the solution of micro- 
tubule proteins. These observations were further confirmed 
by the morphology and the density of spiral paracrystals as 
observed using interference-contrast microscopy (Fig. 4). 
The findings obtained using the variation of absorption at 
400 nm and the observation of paracrystals by interfer- 
ence-contrast microscopy were further supported by deter- 
minations of  the amount of sedimentable proteins. In all 
cases except in the presence of vincristine at 37~ low 
absorption values correlated with levels of sedimentable 
proteins that were <1.3 mg/ml, whereas high absorption 
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Fig. 4. Interference-contrast observation of spirals and paracrystals 
formed by microtubule proteins in the presence of vinca alkaloids. Mi- 
crotubule proteins were incubated for 1 h at 0~ in the presence of 

100 gM vinca alkaloid and were observed by interference-contrast mi- 
croscopy. VLB, Vinblastine, VCR, vincristine; 62, S-12362; 63, S-12363. 
• 3,100 

values corresponded to amounts of sedimentable proteins 
varying from 2.1 to 2.7 mg/ml (Fig. 6). 

In the second part of the experiment, the mixtures of 
vinca alkaloids and microtubule proteins that had pre- 
viously been incubated at 0 ~ and 37~ were subjected to a 
temperature shift up to 37~ and to another shift down to 
0~ The plateau of absorbance of microtubule proteins 
that had been preincubated at 0~ in the presence of 
S-12363 remained stable when the temperature was in- 
creased to 37~ (Fig. 6 A), whereas the plateau showed a 
marked decrease when the preincubation had been per- 
formed in the presence of vinblastine and S-12362 
(Fig. 6A). However, in the presence of vincristine, a tran- 
sient decrease in absorbance was observed after a tempera- 
ture shift up to 37~ and was followed by a slow increase 
in absorbance until the optical density had reached the 
original plateau level observed at 0~ (Fig. 6A). Thus, the 
behavior of microtubule proteins that had been prein- 
cubated at 0~ in the presence of vincristine and then 
further warmed to 37~ differed markedly from that ob- 
served when microtubule proteins were warmed directly 
after the addition of this drug (cf. Fig. 6A and B). The 
plateau of absorbance of microtubule proteins that had 
been preincubated at 37~ with S-12363 remained stable 
when the incubation temperature of the mixture was 
shifted down to 0~ (Fig. 6B), whereas the same experi- 
mental protocol applied to microtubule proteins in the 
presence of vincristine, vinblastine and S-12362 led to a 

clear increase in absorbance, which in the case of vin- 
blastine and S-12362 was even higher than that expected 
from direct incubation at 0~ (cf. Fig. 6A and B). In all 
cases, low absorption values conelated with amounts of 
sedimentable proteins varying from 1.1 to 1.6 mg/ml, 
whereas high values correlated with quantities varying 
from 2.2 to 2.6 mg/ml. 

D i s c u s s i o n  

The molecular properties of S-12363, a new derivative of 
vinca alkaloids, were studied in mammalian-brain micro- 
tubule proteins in vitro. Mammalian-brain tubulin is more 
easily purified than are microtubule proteins from cultured 
tumor cell lines [8, 28, 29]. Therefore, tubulin from mam- 
malian brain is largely used in vitro for characterization of  
the pharmacological action of microtubule poisons [5, 15, 
24, 42, 43] and for screening of new active derivatives 
[44]. Although it must be borne in mind that mammalian- 
brain microtubule proteins cannot entirely account for the 
microtubule proteins in tumor cells, there is no evidence 
that the various mammalian isotubulins differ in their sus- 
ceptibility to vinblastine derivatives. Moreover, the role of 
microtubule-associated proteins in the interaction between 
vinca alkaloids and tubulin remains controversial [20, 21, 
27, 36]. In the present preliminary study, we used prepara- 
tions containing the microtubule-associated proteins so as 
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Fig. 5. Variation of the rate of increase in the absorbance of a solution of 
microtubule proteins at 0~ in the presence of increasing concentrations 
of vinca alkaloids, The increase in absorbance was recorded as a function 
of time for each drug concentration at 0~ in a thermostatted cuvette and 
was used to calculate the initial rate of the increase in absorbance (varia- 
tion in absorbance per minute) 

to enable the possible action of some of these proteins 
during the aggregation of tubulin in the presence of vinca 
alkaloids. 

At low concentrations, S-12363 inhibited tubulin as- 
sembly into microtubules at 37~ exhibiting an ICs0 value 
of about i ~,IM. In agreement with PielT6 et al. [13, 33], this 
value was similar to those found for the epimer derivative 
S-12362 and for vinblastine and vincristine. Like vin- 
blastine and vincristine, at high concentrations, S-12363 
and S-12362 induced the assembly of tubulin spirals as 
shown by electron microscopy. Using interference-con- 
trast microscopy and electron microscopy, numerous 
aggregates of tubulin spirals were observed in the presence 
of S-12363 and vincristine, whereas fewer were observed 
in the presence of S-12362 and vinblastine. The increase in 
absorbance was used to quantitate the effects of these drugs 
[40]. At 0~ S-12363 and vincristine induced a large 
increase in absorbance as compared with that produced by 
vinblastine and S-12362. The maximal absorbance was 
reached using a concentration of S-12363 that was 5 times 
lower than that of vincristine. The increase in the rate of 
absorbance in the presence of increasing concentrations of 
S-12363 was 11-fold that observed in the presence of in- 
creasing concentrations of vincristine. The formation of 
paracrystals and their stability following temperature shifts 
(from 0 ~ to 37~ and from 37 ~ to 0~ clearly differentiated 
the two epimers from one another and from vinblastine mad 
vincristine. This observation contrasts with the similarity 
of the action of active vinca alkaloids on tubulin assembly. 
Thus, the effects of temperature shifts could be a useful 
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Fig. 6A, B. Variation of the absorbance of microtubule proteins in the 
presence of vinca alkaloids. A heincubation at 0~ for 1 h followed by a 
temperature shift to 37~ B Preincubation at 37~ for 1 h followed by a 
temperature shift to 0~ In each case, the absorbance of microtubule 
proteins was recorded in the presence of 150 I3M vinca alkaloids for 1 h at 
the initial temperature and was then followed for 30 min after the temper- 
ature shift. A The amounts of sedimentable proteins at the end of both the 
preincubation at 0~ and the incubation at 37~ were the following: 
S-12363, 2.3 and 2.2 mg/ml, respectively; vincristine, 2.7 and 2.6 mg/ml 
respectively; vinblastine, 2.2 and 1.6 mg/ml, respectively; S-12362, 0.9 
and 1.1 mg/ml, respectively, B The amounts of sedimentable proteins at 
the end of both the preincubation at 37~ and the incubation at 0~ were 
the following: S-12363, 2.1 and 2.4 mg/ml, respectively; vincristine, 1.9 
and 2.4 mg/ml, respectively; vinblastine, 1.3 and 2.2 mg/ml, respec- 
tively; S-12362, 0.9 and 1.5 mg/mI, respectively 

signal for relating the in vitro action of these compounds to 
their structure and/or therapeutic activity. 

Concentrations of vinca alkaloids used in vitro to inhibit 
microtubule assembly lie in the micromolar range [15, 43], 
whereas those used in vitro to induce tubulin aggregation 
are in the 10-100 I.tM range [3, 23, 27, 40]. In contrast, 
cytotoxic concentrations in cell cultures lie in the nano- 
molar range [18]. Three considerations could account for 
these differences. First, it is known that vinca alkaloids are 
strongly concentrated (t 50 -500  times) by cells in culture 
[18]. Second, the instability of most cellular microtubules 
following drug treatment contrasts with their relative in 
vitro stability. The procedure of tubulin purification by 
assembly and disassembly could result in an enrichment in 
microtubule-associated proteins, enabling a stabilization of 
microtubules. Third, drug cytotoxicity could be mediated 
by drug action on a limited number of microtubules. In 
contrast, the action of microtubule poisons at the molecular 
level cannot be studied unless most tubulin molecules in- 
teract with the drug. In agreement with these observations, 
100 gM R-anhydrovinblastine, an inactive vinca alkaloid 
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derivative, could neither inhibit microtubule assembly nor 
induce tubulin aggregation in vitro; moreover, even the 
highest concentrations that used failed to induce a non-spe- 
cific aggregation of proteins at 0~ [5, 41]. 

Although compounds S-12363 and S-12362 differ only 
in the chirality of the aminophosphonate ester moiety, the 
configuration of this side chain has a dramatic influence on 
the activity of  these drugs both in vivo and in vitro. 
S-12363 is 270 times more cytotoxic and 1000 times more 
potent than S-12362 in vivo. Similarly, S-12363 is more 
potent than S-12362 in vitro in inducing tubulin aggrega- 
tion, whereas both compounds show similar activity in 
preventing microtubule assembly. Although the ability to 
prevent microtubule assembly is a requirement for the 
antitumor activity of  a drug, other structural characteristics 
involved in other processes are clearly necessary for its 
cytotoxic effects and antitumor properties. Thus, further 
investigation of the biochemical mechanisms involved in 
tubulin aggregation in the presence of vinblastine deriva- 
tives is needed. The presence of multiple and different 
binding sites for some vinblastine derivatives [5, 15, 24, 
42, 43], the induction of different transconformational 
changes in the tubulin molecule [26], the formation of 
different types of spiral paracrystals [1, 39] and the possi- 
ble differential role of some microtubule-associated pro- 
teins [11, 20] m'e hypotheses than must be considered. 

One of the main difficulties that hinder a clear under- 
standing of the pharmacological properties of vinblastine 
and its derivatives at the molecular leve1 involves partly the 
limited significance of the molecular models that are avail- 
able in vitro and partly the limited number of derivatives 
that have been comparatively studied. Thus, reports based 
on a limited number of  vinblastine derivatives could enable 
the exclusion of some hypotheses, as in the present study 
(see below). In contrast, it is necessary that caution be 
exercized in raising new hypotheses concerning the in- 
volvement of  tubufin-aggregating properties in ceil reten- 
tion [18], cytotoxicity and in vivo pharmacological proper- 
ties. Pierr6 et al. [32] have shown that S-12363 was 
strongly accumulated by murine and human tumor cells. 
Under the experimental conditions used by these authors, 
the surconcentration factors in L1210 cells were 12 
for [3H]-vincristine, 41 for [3H]-vinblastine, 7 for [3H1- 
S-12362 and 167 for [3H]-S-12363. In addition, in contrast 
with vinblastine and S-12362, S-12363 and vincristine 
were strongly retained in these cells. This intracellular 
surconcentration of S-12363 could explained its high cyto- 
toxicity, since this compound would be in contact with 
tubulin at a higher concentration and over a longer period 
than would the other compounds. However, this observa- 
tion does not imply that either this surconcentration or its 
effects would be mediated by the highest tubulin-aggregat- 
ing properties of this compound. 

It has been suggested that the neurotoxicity of  vinca 
alkaloids is related to their ability to form tubulin aggre- 
gates in vitro [25, 35]. As S-12363 is the most potent vinca 
alkaloid known to induce tubulin aggregation, it appeared 
necessary that the neurotoxicity of  this new drug first be 
evaluated. To this end, a comparative investigation of the 
neurotoxic effects of  repeated intravenous administration 
of S-12363, vinblastine and vincristine was carried out in 

beagle dogs using electrophysiological recording and 
electron microscopic examination of the sciatic nerve [ 10]. 
S- 12363 treatment caused no significant electrophysiologi- 
cal, clinical or histological modifications of the sciatic 
nerve. In contrast, significant alterations were observed 
after vincristine treatment. These recent findings are in 
disagreement with a direct relationship between tubulin 
aggregation and neurotoxicity. This observation could be 
explained in two ways: either tubulin aggregation is not 
sufficient and additional pharmacokinetic properties are 
also involved in the neurotoxic effects or neurotoxicity is 
simply not mediated by tubulin aggregation. 
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