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1 KAR-2 (3”-(f-chloroethyl)-2",4"-dioxo-3,5"-spiro-oxazolidino-4-deacetoxy-vinblastine), is a bis-indol
derivative; catharantine is coupled with the vindoline moiety which contains a substituted oxazolidino
group. Our binding studies showed that KAR-2 exhibited high affinity for bovine purified brain tubulin
(K4=3 uM) and it inhibited microtubule assembly at a concentration of 10 nM.

2 Anti-microtubular activity of KAR-2 was highly dependent on the ultrastructure of microtubules:
while the single tubules were sensitive, the tubules cross-linked by phosphofructokinase (ATP: D-
fructose-6-phosphate-1-phosphotransferase, EC 2.7.1.11) exhibited significant resistance against KAR-2.
3 The cytoplasmic microtubules of Chinese hamster ovary mammalian and Sf9 insect cells were
damaged by 1 ug ml~' KAR-2, as observed by indirect immunofluorescence and transmission electron
microscopy. Scanning electron microscopy revealed intensive surface blebbing on both types of cells in
the presence of KAR-2.

4 KAR-2 was effective in the mouse leukaemia P338 test in vivo without significant toxicity. Studies on
a primary cerebro-cortical culture of rat brain and differentiated PC12 cells indicated that the toxicity of
KAR-2 was significantly lower than that of vinblastine. The additional property of KAR-2 that

distinguishes it from bis-indol derivatives is the lack of anti-calmodulin activity.
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Introduction

Numerous antimitotic drugs developed and used therapeuti-
cally for a large number of pathologies belong to different
classes based on their chemical structures and other distinctive
features. Several synthetic and natural compounds interact
specifically with tubulin and/or microtubule (MT), funda-
mentally destroying its dynamic character, inhibiting tubulin
polymerization and leading to cell death. A large number of
these agents are plant derived (Lin et al., 1988).

These compounds have distinct binding sites on the tubulin
molecule and presumably distinct mechanism of action. Two
principal binding sites are referred to by their ‘classical’ binding
agents: the colchicine site and the vinca site (Sackett, 1995).
Binding of the agents to the distinct sites appears to be inde-
pendent. On the other hand, several other compounds, e.g.
maytansine, rhizoxin that are chemically quite different from
Vinca alkaloids, are known to bind at the same (at least over-
lapping) binding site (for review see Hamel, 1992). Recently,
the location of the vinca site on the tubulin dimer as well as
structural changes induced in tubulin by binding site occupancy
have been established (Sackett, 1995; Rai & Wollff, 1996).

Two Vinca alkaloids from Catharanthus roseus, vinblastine
(VBL) and vincristine (VCR) are effective antimitotic agents
that are used in cancer therapy (Dustin, 1984). Both drugs in-
hibit the self-assembly of tubulin into MTs at substoichiometric
concentrations by the formation of a tubulin-drug complex at
the end of a growing MT and consequent blocking of self-as-
sembly (Wilson et al., 1976; Margolis et al., 1980) and sup-
pression of dynamic instability (Dhamodharan et al., 1995).
However at higher Vinca alkaloid concentrations, tubulin di-
mers are self-associated irreversibly into linear polymers (Pra-
kash & Timasheff, 1992) leading to the formation of paracrystals
both in vivo and in vitro (Dustin, 1984; Na & Timasheff, 1986;
Prakash & Timasheft, 1992; Takanari et al., 1994).

' Author for correspondence.

Structurally the dimeric Vinca alkaloid drugs comprise two
monomers, catharanthine and vindoline. The monomers are
much less effective in bringing about the inhibition of tubulin
self-assembly into MTs than VBL and VCR (Prakash &
Timasheff, 1991). Catharanthine has no clinically significant
antimitotic activity. The vindoline moiety has not been studied
in detail. Production of potent semisynthetic antitumour
agents is motivated by their extensive need in clinical chemo-
therapy. Severe, sometimes toxic side effects of the existing
drugs make it a necessity to establish new derivatives.

Although the primary target of the bis-indol alkaloids is
the microtubular network, they also bind to calmodulin
(CaM), a ubiquitous Ca*" receptor protein that is involved in
cell proliferation (De Brabander et al., 1980) and other
physiological processes. Recently, we demonstrated that the
bis-indol Vinca alkaloids display significant anti-CaM activity
(Molnar et al., 1995).

In this paper, we characterize the effects of a new bis-
indol derivative, KAR-2 (3"-(f-chloroethyl)-2",4"-diox0-3,5"-
spiro-oxazolidino-4-deacetoxy-vinblastine) (see Figure 1) in
various systems. We have found that this compound is ef-
fective in the mouse leukaemia P388 in vivo antitumour test
and evolutionary different cell lines. Electron microscopic
studies have shown that KAR-2 targets the microtubular
network causing dramatic morphological alterations. KAR-2
binds to tubulin at the vinca site and extensively inhibits MT
assembly in vitro. In comparison to vinblastine (VBL) and
vincristine (VCR), KAR-2 is less toxic and it does not
possess anti-CaM activity.

Methods

Proteins

Phosphofructokinase (PFK) (ATP: D-fructose 6-phosphate 1-
phosphotransferase, EC 2.7.1.11), aldolase and glycerol-3-
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Figure 1 Structural formula of KAR-2.

phosphate dehydrogenase - triosephosphate isomerase purified
from rabbit skeletal muscle were purchased from Sigma or
Boehringer. The enzyme (NH,),SO, suspensions were centri-
fuged at 10,000 g for 5 min. The pellets were suspended in
standard buffer (50 mM N-(2-hydroxyethyl)piperazine-N'-2-
ethanesulphonic acid (HEPES), pH 7.0, containing 100 mMm
KCl, 5 mMm MgCl, and 2 mM dithioerythritol) and gelfiltered
or dialysed in the same buffer to remove (NH4),SO,.

Tubulin was prepared from calf brain by the Weisenberg
method modified by Na & Timasheff (1986). Purified tubulin
was virtually free from MT associated protein bands when run
on overloaded sodium dodecyl sulphate polyacrylamide gel.
Tubulin was stored in 1 M sucrose, 10 mM sodium phosphate
buffer, 0.5 mm MgCl, and 0.1 mm GTP, pH 7.0 at —80°C and
dialyzed against the appropriate buffer before use.

Protein concentrations were determined spectrophoto-
metrically, with molar absorption coefficients of
1.06x10° M~ ' cm~™! at 280 nm for tubulin (Na & Tima-
sheff, 1986) and 8.88x10* M~'cm™' at 276 nm for phos-
phofructokinase (PFK; Hesterberg & Lee, 1982). PFK and
tubulin concentrations are given in monomers and dimers,
respectively. Monomeric molecular weight of PFK is
83 000, that of dimeric tubulin is 100 000 Da. For spec-
troscopic measurements HP 8451A or JASCO V-550 spec-
trophotometers were used. Protein purity was determined
by discontinuous polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulphate, as described by
Laemmli (1970).

In vivo mouse leukaemia P338 test

Mouse leukaemia P388 cells were maintained in DBA/2
inbred mice and transplanted by the intraperitoneal (i.p.)
route to groups consisting of six BDF1 hybrid mice each. A
dose of 10° tumour cells/animals was administered (six mice
per group). For antitumour studies KAR-2 and reference
drugs (VBL and VCR) were dissolved in physiological saline
and were administered i.p. The daily i.p. treatment with the
drugs was started 24 h after transplantation. The treatment
was continued for 8 days by treating the animals once daily.
The body weight and conditions of the animals were re-
corded daily. Animal mortality was checked daily and ne-
croscopy was performed in order to differentiate death due
to tumour from death due to toxicity. Similar tests were
repeated with single doses. Antitumour activity was expres-
sed as a percentage of the life span related to the average
life span (in days) of the control group (T/C%), where T
and C are the median survival time of treated and control
mice, respectively.

VCR-resistant leukaemia P388 (P388/VCR) was also used
to test antitumour activity of drugs under similar conditions as
described for standard P388 tumours.

Cell cultures and treatments

Primary cultures of rat cerebral cortex cells were obtained by
trypsinization of the cortex of 16— 18 day-old Wistar rat em-
bryos. The cells were plated onto poly-D-lysine-coated 24-well
plates (Falcon) at 1.8 x 10° cell/cm? density in DMEM (Dul-
becco’s modified Eagle medium; GIBCO BRT, Paisley, Scot-
land) supplemented with 10% foetal calf serum (Erdd6 et al.,
1990). Cultures were incubated for 8 days.

PC12 cell lines were purchased from ATCC (Rockville,
U.S.A.). Cells were plated onto collagen-coated 24-well plates
at 1x10° cell/cm? density in 85% RPMI1640, 10% horse
serum, 5% foetal calf serum medium and incubated at 37°C in
a 5% CO, atmosphere.

For the treatments of neuronal cells, drugs were dissolved in
0.1 M HCI diluted with N, medium (serum free medium sup-
plemented with 100 ug ml~! transferrin, 30 nM sodium sele-
nite, 100 uM putrescine, 5 pug ml~' insulin and 20 nm
progesterone) and sterilized. The pH was adjusted to neutral.
Cells were exposed to drugs in N, medium for 24 h with
controls treated with No.

The extent of cell death was determined by the measurement
of lactate dehydrogenase (LDH) activity released from da-
maged cells into medium and is expressed as percentage of the
total LDH activity (cells + medium) in the same culture as
described previously (Erdé et al., 1990).

Chinese hamster ovary (CHO) cells were kindly provided by
the National Research Institute of Radiology and Radiohy-
giene (Budapest, Hungary). The cells were grown on glass
cover slips at 37°C in Eagle’s Minimum Essential Medium
(GIBCO BRT, Paisley, Scotland) supplemented with 10%
foetal bovine serum, streptomycin 0.1 mg ml~' and penicillin
100 u ml~".

Sf9 insect cells, a clonal isolate derived from the immature
ovaries of the pupae of the all armyworm (Spodoptera frugi-
perda) (Vaughn et al., 1977) were grown as monolayers in
antibiotic free Grace’s medium supplemented with 10% foetal
calf serum (Serva, Heidelberg, Germany) 0.33% yeast extract
and 0.33% lactalbumin hydrolysate (Sigma, St. Louis, MO,
U.S.A)) at 26°C (Summers & Smith, 1987).

CHO and Sf9 cells were treated for 2 h with KAR-2 at
concentrations of 0.1, 1, 10 and 100 ug ml~"' prepared from a
stock solution by dilution with the culture medium. For pre-
paration of stock solution 1 mg KAR-2 was dissolved in
250 pl 0.01 N HCI and diluted to 1000 ul with physiological
saline.

Immunocytochemistry

Cells were fixed in pure methanol at — 18°C for 10 min washed
with phosphate buffered saline (PBS) and blocked with 2% (w/
v) non-fat dry milk powder in PBS for 30 min. The samples
were incubated for 1 h with a mouse monoclonal anti-tubulin
IgG solution (generously supplied by Dr Jane Arnold, Uni-
versity of Nottingham) at a dilution of 1:50 in 0.2% (w/v) non-
fat dry milk powder in PBS, followed by washing in PBS.
Samples were incubated for 1 h in fluorescein isothiocyanate
labelled anti-mouse IgG (Vector Laboratories) at a dilution of
1:1000 in PBS. After washing in PBS and mounting in a 1:1
mixture of PBS-glycerol containing 1 mg ml~' para-phenylene
diamine, the slides were examined in a Zeiss Axioscope. Pho-
tographic images of the cells were recorded on KODAK
TMAX-400 film.

Electron microscopy

Samples for routine transmission electron microscopy were
prepared by incubating 10 uM tubulin, 20 uM taxol, 4 um PFK
without and with drugs (2 uM) for 60 min at room tempera-
ture; then fixed and embedded as described previously (Le-
hotzky et al., 1994). For negative staining a drop from the
unpelleted samples was applied to formvar/carbon coated
glow-discharged copper grids for 30 s. The solution was re-
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moved and the grid stained with one drop of freshly filtered
1% aqueous uranyl acetate for 30 s. The excess stain was re-
moved by blotting with filter paper.

The specimens were examined and photographed in a JEOL
CX 100 electron microscope operated at an accelerating vol-
tage of 80 kV. Magnification was calibrated with a diffraction
grating replica (21601/mm, Balzers).

Turbidity and sedimentation measurements

Tubulin polymerization was measured in standard HEPES
buffer (Lehotzky et al., 1993). The assembly was started by
addition of taxol (to a final concentration of 20 uM from a
10 mM stock solution in dimethyl sulphoxide) to the samples. In
some cases tubulin polymerization was followed in a medium
containing 1.0 M glutamate, pH 6.6, 1 mM Mg-acetate and
I mM GTP, in the absence of taxol (Hamel & Lin, 1981).
Polymerization reaction was started by transferring the reac-
tion mixture from 0°C to 30°C. Tubulin polymerization was
monitored in the absence and presence of PFK and drugs by
measuring the turbidity at 350 nm in a 1 cm light path cuvette
with a HP-8451A spectrophotometer. Drug effect was deter-
mined from the initial rates of the polymerization curves mea-
sured at different drug concentrations. The ICs, values of the
drugs were calculated from the concentration-response curves
with the method of maximum likelihood probit analysis.

Fluorescence measurements

Fluorescence studies were conducted on a JASCO Model FP-
777 spectrofluorometer, with excitation and emission slits of
3 nm. Fluorescence excitation and emission spectra of tubulin
(1 uMm) were measured in the absence and presence of Vinca
alkaloids at 25°C, in 20 mM potassium phosphate buffer, pH
6.9, containing 1 mM ethylene glycol bis(f-aminoethylether)-
N,N,N’,N'-tetraacetic acid (EGTA) and 0.5 mmM MgCl,. The
excitation wavelength was 295 nm. The fluorescence intensities
of VBL and KAR-2 are much less (with 2 and 3 orders of
magnitude) than that of tubulin, in this way the drugs did not
disturb directly the fluorescent spectra of tubulin. Spectra were
corrected for inner filter effects according to

Feorr = Fobs[IOOD“+ODm)/2}
Where OD,, and OD,,, refer to the optical density of the
sample (Lakowicz, 1983).

Circular dichroism measurements

Circular dichroism spectra were recorded with a JASCO J-720
spectropolarimeter. Measurements were performed at 25°C in
thermostated cuvettes, in 20 mM potassium phosphate pH 6.9
buffer, containing 1 mM EGTA and 0.5 mMm MgCl,. For
measuring drug-protein mixtures, drug was added to the pro-
tein solution, mixed and the circular dichroism spectrum re-
corded in the 250—360 nm wavelength range. Scanning was
repeated twice and the spectra were averaged. Spectra mea-
sured immediately after mixing were stable for at least 20 min,
i.e. complex formation was complete in 2—5 min at the con-
centrations used in our experiments.

u.v. absorbance spectra and difference spectra

The direct and difference spectra were recorded on a Hewlett
Packard 8451A spectrophotometer at 25°C in a standard
buffer. Difference spectra were obtained by using 1 cm tandem
cells (Hellma). A tubulin concentration of 5 uM was used in all
experiments.

PFK activity measurements

Drugs at 20 uM were preincubated with 3 uM calmodulin
(CaM) in the presence of 100 um CaCl, for 60 min at 25°C in

standard buffer. PFK (2 uM) was added to the CaM-drug
mixture and incubated for an additional 20 min. The enzyme
activity was assayed in 50 mM Tris, pH 8.0 containing 2 mM
fructose-6-phosphate, 1 mm ATP, 3 mm MgCl,, 0.2 mMm
NADH, 3 mMm dithioerythritol, 0.1 mM EGTA, 2 u aldolase,
12 u triosephosphate isomerase, and 2 u glycerol-3-phosphate
dehydrogenase at 30°C (Mayr, 1987; Lehotzky et al., 1993).
The specific activity of PFK was 185 u mg ' measured at
0.8 ug ml~"' final concentration after dilution from a
1 mg ml~' stock solution into activity assay.

Chemicals

VBL, VCR, catharantine, vindoline and KAR-2 were kindly
provided by Chemical Works of Gedeon Richter Ltd. (Buda-
pest). The structure of KAR-2 was supported by its *C-n.m.r.,
IR and mass spectra (Hungarian Patent Description: 978/95).
Taxol and GTP were purchased from Sigma and Aldrich, re-
spectively. All other chemicals were reagent-grade commercial
preparations.

Results

Anti-tumour potency on mouse leukaemia P388

Mouse leukaemia P388, an in vivo tumour model was used to
test the antitumour activity of KAR-2 in comparison to ef-
fective Vinca alkaloids. Table 1 shows that KAR-2 possesses
an antitumour effect after an 8 day treatment with
0.4 mg kg~!, its most effective doses lie in the higher dose
range where VBL and VCR are toxic; in addition, toxic mor-
tality occurs in the presence of these latter two drugs.

Antitumour activity of KAR-2 could not be demonstrated
on VCR resistant mouse ascites lymphoma (Table 1). As ex-
pected, KAR-2 was inactive on VCR-resistant tumours in
doses which were effective on standard P388 tumours; the
slight effect seen with higher doses cannot be considered to be
significant.

Based on the possibility of administering high doses as
observed during the experiments, the tests were repeated with

Table 1 [n vivo antitumour effects on P388 and P388/
vincristine (VCR) leukaemias

Daily dose T/C%

(mg kg™ ") P388 P388 P388  P388/VCR
for 8 days VBL VCR KAR-2

8x0.1 165+28 193422 110+6

8x0.2 199422  209+24

8x0.4 170+£20 187416 146+ 19

8x0.7 toxic toxic

8x 1 toxic toxic 174+ 17

8x8 toxic toxic 17143 124 +24
8§x 12 toxic toxic 170+ 14 125+7
8x 16 toxic toxic 162+ 16

8x20 toxic toxic 145424

Single dose

1x1 147436

1x2 138+8

1x20 toxic toxic 144+13

1 x40 toxic toxic 17349°

1% 60 toxic toxic 207424° 107414
1 x80 toxic toxic 181+ 19*

Efficacy of the compounds was tested on P388 and P388/
VCR (resistant to VCR) mouse ascites tumours, after single
or repeated intraperitoneal doses. The antitumour activity
(T/C%) was evaluated according to the formula T/C x 100,
where T=median day of survival of treated animals and
C=median day of survival of control animals. *1/5 toxic
mortality occurred; °1/5 tumour-free survivor.
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single doses (Table 1). KAR-2 was effective as a single i.p.
dose, the threshold dose being 20 mg kg~'. In groups treated
with 40 and 60 mg kg~' KAR-2 tumour-free survivors were
found. No toxic mortality, no paralysis of bladder or lower
extremities, indicating neurotoxic effects, were observed after
KAR-2 administration even during and after treatments with
effective doses for several days, whereas these adverse effects
are known for VCR. No single dose, including that in the toxic
range, was found to be effective for VCR.

Toxicity on neuronal cell lines

The cytotoxicity of KAR-2 was investigated on primary em-
bryonic brain cells as well as on nerve growth factor (NGF)
differentiated PC12 cell line and compared with that of VBL.
Figure 2a shows the LDH leakage of the cells, characteristic of
cell damage, as a function of drug concentration. The toxicity
of VBL manifested itself at a much lower concentration (ap-
proximately three orders of magnitude) than that of KAR-2;
1Cs, values of KAR-2 and VBL were 166 nM and <1 nM,
respectively. On the other hand, the saturating values of the
LDH leakage of the KAR-2- or VBL-treated cells were only
partial, 20—25%.

Similar experiments were carried out with PC12 cells, a
cloned rat phaeochromocytoma cell line which expresses many
of the characteristics of neuronal cells. Exposure to nerve
growth factor (NGF) causes differentiation in cells similar to
sympathetic neurones with extensive neurites. Figure 2b shows
concentration - response curves for both KAR-2 and VBL on
PCI12 cells differentiated by NGF. These neurone-like cells
remained partly resistant to KAR-2 even at 100 uM, while
VBL caused almost complete cell death under the same
conditions.

Immunofluorescence and electron microscopic studies

Morphological studies with KAR-2 and VBL were performed
on two evolutionary highly distant cells, on mammalian CHO,
widely used for testing antimitotic drugs (Bai et al., 1993) and
Sf9 insect cells.

Figure 3 shows the tubulin immunofluorescence pattern for
control and KAR-2-treated CHO cells. The untreated cells
displayed well developed microtubular network radiating from
the centrosomes to the periphery. In cells treated with
1 ug ml=! KAR-2 for 2 h, the network had collapsed and
needle-like bodies appeared in the cytoplasm which were
identified as tubulin paracrystals by transmission electron mi-
croscopy (data not shown). Despite the disappearance of cy-
toplasmic MTs, the structure of centrioles apparently remained
intact. In addition to the disorganization of MTs, several other
effects of KAR-2 were observed in CHO cells. These included
accumulation of small vesicles around the Golgi stacks, for-
mation of bundles of intermediate filaments in the cytoplasm,
appearance of long paired cisterns originating from the rough
endoplasmic reticulum (data not shown) and intensive surface
blebbing, indicating the collapse of the cytoskeleton. All these
effects of KAR-2 treatment were found to be concentration-
dependent, i.e., they were conspicuous in dose ranges of 10 to
100 ug ml~', absent at 0.1 uyg ml~' and are moderate at
1 ug ml~' KAR-2.

The effects of KAR-2 on Sf9 insect cells were similar to
those observed with CHO cells. The microtubular network
disappeared from the cytoplasm and the cell surface became
covered with blebs and folds instead of the fine, long filopodia
characteristic of the control, untreated cells (Figure 4). How-
ever, no needle-like inclusions, characteristic of paracrystal
formation, were seen in this cell line even after application of
high doses of KAR-2.

Anti-tubulin activities

Recently, we showed that KAR-2 is a powerful ligand in in-
hibiting immunocomplex formation (Liliom et al., 1995).
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Figure 2 Effect of KAR-2 (M) and vinblastine (VBL; @) on
differentiated PCI12 cells in the presence of nerve growth factor
(NGF) (a) and on the viability of the cells of primary cerebro-cortical
culture (b). Details are described in Methods section. Points show
means and vertical lines indicate s.d.; n=3.

LDH leakage (%)

Figure 3 Effect of KAR-2 on the organization of microtubules
(MTs) in CHO cells. The cells were incubated in the absence (a) and
presence (b) of 10 ug ml~' KAR-2 for 2 h and fixed and stained with
anti-tubulin antibody followed by fluorescein isothiocyanate labelled
secondary antibody as described in Methods. The extensive network
of MTs characteristic of control cells is absent in the KAR-2 treated
ones and needle-like inclusions appear in their cytoplasm. Bars: 5 um.

Displacement indirect ELISA experiments showed that the
inhibitory potency of KAR-2 was slightly higher than that of
VBL or VCR (cf. Table 2). The effect was due to the binding of
these bis-indol derivatives to tubulin dimers which perturbed
the binding of polyclonal antibodies to the immobilized tu-
bulin. The effects of drugs on tubulin polymerization were
investigated. The ICs, values for KAR-2 and some standard
molecules are presented in Table 2. The ICs, values for KAR-2
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Table 2 Anti-tubulin and anti-calmodulin (CaM) effect of Vinca alkaloids

Anti-tubulin activity

Anti-CaM activity

Turbidity “ Effect on CaM-induced
HEPES Glutamate ELISA" PKF inactivation®
Drug ICsy (nM) ICsp (uM) Ky (um) Activity (umg™Y)  Efficiency %
KAR -2 10+1 380+ 19 24+2 3.0+0.3 18.14+0.6 7
VBL 3842 420+ 15 37+4 45404 39.0+1.5 61
VCR 58+3 480+21 33+3 4.0+04 39.6+1.1 62
Vindoline >300 >3x10° 240+ 25 30+5 155408 0
Catharantine >300 >1x10° > 500 - 15.440.8 0
TFP - - - - 42.442.0 69

#Tubulin (20 pM) polymerization was measured in HEPES or in glutamate at 30°C and ICs, values were calculated as described in
Methods. The data are the average of three independent measurements. ® From Liliom et al. (1995). Concentrations of PFK (in
protomers), CaM (for activity measurements) and drugs were 2 um, 3 pum, and 20 pMm, respectively. Residual activity of
phosphofructokinase after 20 min incubation in the absence and presence of CaM was 54.3 umg ™' (100%) and 15.4 umg™' (0%),
respectively. Efficiency was calculated from the activity data by the following formula:

aCtiVitypFK —CaM—drug — ACtVItypFK —CaM

Efficiency =

Figure 4 Scanning micrographs of Sf9 cells incubated in the absence
(a) and presence of (b) 10 ug ml~! KAR-2 for 2h. Note the
disappearance of fine filopodia from the surface of drug-treated cells.
Bars: 2 um.

were lower than those obtained with VBL and VCR. The latter
values are in good agreement with published data (Potier,
1980; Timasheff ez al., 1991). It is of interest that the ICs, of
KAR-2 is lower than the binding constant, suggesting that the
inhibition of polymerization is substoichiometric, similar to
other Vinca alkaloids.

Previously, we demonstrated that PFK can bind to and
cross-link the MTs as visualized by electron microscopy. The
bundling process can be monitored by turbidimetry: a rela-
tively rapid increase of turbidity at 350 nm due to the tubulin
assembly is followed by a slow additional increase caused by
bundling of MTs (Lehotzky et al., 1993; 1994). In order to
investigate the sensitivity of tubulin assembly and PFK-in-
duced bundling to the drugs, the turbidity was measured in the
presence of VBL or KAR-2, in the absence and presence of
PFK. We have found that 2 umM VBL or KAR-2 significantly
inhibited the tubulin polymerization (cf Table 2). However, the
presence of 4 uM PFK resulted in an extensive increase in the
turbidity, characteristic of both the assembly and bundling
processes. This effect was more pronounced in the case of
KAR-2, in the presence of which the turbidity curve was vir-
tually the same as observed in control samples measured with
PFK in the absence of the drug (data not shown).

To examine the structure of the tubulin polymer formed in
the presence of KAR-2 and PFK, the samples were negatively
stained for electron microscopic visualization. The polymeri-
zation of tubulin in the presence of PFK plus KAR-2 resulted
in tubules which were similar to the native ones. Tubules of
similar morphology were observed in samples assembled from
tubulin within the absence and presence of PFK and KAR-2.
Nevertheless, the sample with KAR-2 also contained ring-like
aggregates and C-shaped profiles that probably represent tu-
bulin oligomers (Figure 5). These data strengthen the conclu-
sion that PFK exerts a protective effect on MT bundling
against the anti-tubular action of KAR-2.

aCtiVityPFK - aCtiVityp}:K_CaM

Figure 5 Negatively stained samples of microtubules (MTs)
assembled from tubulin before (a) and after (b) the addition of
phosphofructokinase (PFK) and KAR-2. The samples were prepared
as described in Methods. Note the ring-like aggregate (arrow) in (b).
Bar: 100 nm.

Anti-CaM activities

CaM can modulate the activity of numerous enzymes, which
can be abolished by CaM antagonists. CaM can stimulate (e.g.
phosphodiesterase) or inhibit (e.g. PFK) the activity of en-
zymes (Orosz et al., 1988 and references therein). We found
that the inhibitory potency of drugs at suppressing the mod-
ulating effect of CaM manifested itself in both phosphodies-
terase and PFK systems in a similar manner (Orosz et al.,
1990).

The anti-CaM activity of KAR-2 was tested in the well-
established PFK-CaM system, since the antagonist effects of
trifluoperazine (TFP), a ‘classical CaM antagonist’ as well as
VBL have been demonstrated in this and other CaM-modu-
lated systems (Molnar et al., 1995). Table 2 shows that the
inhibitory effect of 3 um CaM on PFK activity was signifi-
cantly attenuated by 20 uM VBL and TFP, but not by KAR-2,
under similar experimental conditions. Control experiments
indicated that the drugs themselves had no effect on PFK ac-
tivity at concentrations up to 20 uM. This result demonstrates
the unique character of KAR-2 in comparison to other bis-
indol derivatives.

Spectroscopic characterization of the drug binding to
tubulin

Binding of vinca site agents alters the structure of tubulin that
induces the quenching of tubulin fluorescence at 330 nm ex-
cited at 295 nm (Sackett, 1995). We have found that both VBL
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and KAR-2 caused concentration-dependent quenching, re-
sulting in about a 20% decrease in fluorescent intensity at
saturation (approx. 30 uM) (data not shown). The emission
difference spectra of the tubulin-VBL and tubulin-KAR-2
complexes have a similar shape. These structural changes
probably occur due to the perturbation of tryptophan and
other fluorophore residues involved in drug-tubulin interac-
tions.

It has been shown previously (Lee et al., 1975) that the
binding of VBL to tubulin induces small changes of the cir-
cular dichroism spectrum in the near ultraviolet wavelength
range. We have found that the circular dichroism spectrum of
KAR-2 differs from that of VBL around 258 nm where VBL
has a well-defined peak while KAR-2 does not (cf. Figure 6a).
This difference is probably due to the derivation of the vin-
doline moiety of VBL. Both drugs show a smooth positive
circular dichroism signal in the 300—-330 nm wavelength
range. Figure 6b shows the difference circular dichroism
spectra of both tubulin, VBL plus tubulin and KAR-2 mix-
tures at stoichiometric drug to tubulin concentrations between
250 and 360 nm. At 258 nm, the altered maximum measured in
the presence of KAR-2 was significantly larger than that
measured with VBL, but the characteristics of the difference
spectra for the molecular conformation of tubulin-drug com-
plexes were similar.

The effect of the binding of KAR-2 on the perturbation of
aromatic residues of tubulin was also investigated by differ-
ential spectroscopy and compared with that of VBL. The ul-
traviolet spectra of VBL and KAR-2 were identical in the
range 240 to 360 nm, although there were significant differ-
ences in the chemical structure of the vindoline part of the bis-
indol molecule (data not shown). Figure 7 shows the difference
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Figure 6 Near u.v. circular dichroism spectra of tubulin, vinblastine
(VBL) and KAR-2. The concentrations were 10 um for tubulin, and
20 puMm for drugs. (a) Spectra for tubulin (@), VBL ([J) and KAR-2
(m). (b) Difference spectra for tubulin-VBL ([J) and tubulin-KAR-2
(). CD spectra of the components were recorded alone and in the
mixture, and the difference spectra were computed.

spectra of tubulin, VBL and tubulin-KAR-2 complexes be-
tween 240 and 360 nm at equimolar concentrations. The extent
of both positive and negative peaks were sensitive to altera-
tions of drug concentration.

In the case of the tubulin-VBL complex the differential
peaks at 292 nm and 300 nm are consistent with the pertur-
bation of tryptophans by transfer to a less polar environment
(Lee et al., 1975). These peaks are represented also in the case
of KAR-2 but to a lesser extent. Another maximum around
240 nm and also minima between 260 nm and 280 nm are
present in both cases. Therefore, the qualitative characteristics
of the difference spectra of tubulin-drug complexes suggest the
involvement of similar chromophores in the formation of
tubulin-drug complexes.

Discussion

Bis-indol derivatives are among the most potent MT inhibi-
tors. One of the strategies to produce new potent molecules is
the synthetic conversion of natural molecules. KAR-2, a new
bis-indol, was synthesized from deacetoxy-VBL occurring in
the Catharanthus roseus extract (60—200 mg kg~') (Hungarian
Patent Description: 978/95.).

KAR-2 differs chemically from VBL by the substitution of 3
and 4 carbon atoms of the vindoline moiety: the acetoxy group
on the C4 atom is replaced by H atom and it contains a sub-
stituted oxazolidine group on the C3 atom. Oxazolidine deri-
vatives of bis-indol alkaloids have been synthesized by Eli Lilly
(Miller & Antowsk, 1984). However, those molecules were
substituted by acetoxy and acetyl groups at position C4. These
derivations of VBL result in compounds structurally diverse in
the vindoline moiety, but the same in the catharanthine moiety
that is responsible for the interaction with tubulin (Wilson et
al., 1974). In this way, transformations carried out on the
catharantine moiety have usually led to compounds devoid of
antitumour activity.

Although true competitive binding of the two drugs has not
been ascertained, our present spectroscopic studies suggest
that KAR-2 acts in a manner analogous to VBL with regard to
its interaction with tubulin, suggesting that it binds to tubulin
at or near the VBL binding site. Independent evidence sup-
porting this possibility comes from our previous displacement
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Figure 7 Differential u.v. spectra of tubulin-VBL (a) and tubulin-

KAR-2 (b). Difference spectra were recorded at equimolar concen-
trations (5 um) of tubulin and drugs as described in Methods.
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ELISA experiments with polyclonal anti-tubulin antibody
(Liliom et al., 1995). ELISA studies provide quantitative data
for tubulin-drug interactions under conditions when no drug-
induced tubulin aggregations occur. This is important when
obtaining quantitative data, since antimitotic agent-tubulin
interactions are frequently coupled to tubulin polymerization
(Correia, 1991) which may result in alteration in the affinity of
drugs. We found that while the antibodies were completely
displaced from immobilized tubulin by the vinca site agents
VBL and VCR, neither the colchicine site agent colchicine nor
taxol showed any activity in displacement experiments (Liliom
et al., 1995). KAR-2 appeared to behave as a typical vinca site
agent: it inhibited the immunocomplex formation with an ICs,
value lower than those for VBL and VCR (cf Table 2 and
Liliom et al., 1995). These ELISA results, in accordance with
the present spectroscopic investigations, suggest that the
KAR-2 binding site on tubulin is distinct from the colchicine
site and might be identical to or at least overlap with the vinca
site.

As turbidity measurements showed, KAR-2 exhibits sig-
nificant anti-tubular activity, which manifests itself at lower
concentrations than in the case of the clinically active bis-indol
derivatives. In addition, KAR-2 is more potent in inhibiting
MT assembly while less potent in inhibiting PFK-induced MT
bundling, i.e. more specific as compared to VBL (Vértessy et
al., 1997).

The results of the turbidity measurements suggest that
KAR-2 depolymerizes the single tubules but not the bundled
(stabilized) ones. Since ATP prevents the cross-bridges of MTs
by PFK (Lehotzky et al., 1994; Vértessy et al., 1997) and other
glycolytic enzymes (Durrieu et al, 1987) involved in energy
production, the organization state of MTs may counteract the
ATP level in cells. The level of ATP is significantly higher in
many tumour cells compared to normal cells due to intensive
glycolysis, consequently, the organization state of MTs may be
changed during neoplastic transformation. This hypothesis
raises the intriguing possibility that the MTs of neoplastic cells
may be more sensitive to the action of KAR-2 than normal
cells.

Our morphological observations showed that in the
ug ml~" dose range KAR-2 disrupts the MT network of cells,
probably by blocking the polymerization of tubulins resulting
eventually in the disappearance of MTs. At higher concen-
trations (above 10 ug ml~') KAR-2 induced formation of tu-
bulin paracrystals in CHO cells. These effects were
qualitatively similar to those exerted by VBL (Dustin, 1984;
Takanari et al., 1994; Dhamodharan et al., 1995). Therefore,
we think that the mechanisms by which these drugs influence
tubulin assembly/disassembly are not significantly different.

On the other hand, there are differences in their action at the
cellular level. The mouse leukaemia P388, forms a panel of
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