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Two BODIPY-labeled colchicine derivatives were synthesized and shown to bind to tubulin but only par-
tially inhibit tubulin polymerization in the presence of GTP. Cytotoxicity studies were carried out in HeLa,
HepG2, Raji and Vero cells. Apoptosis-inducing properties were determined by caspase 3/7 activity and
flow cytometry and interactions between the derivatives and tubulin were verified by fluorescence
microscopy of living cells.
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Colchicine, a natural product extracted from Colchicum autum-
nale, is used, despite serious side effects, as treatment of gout
(Fig. 1). Colchicine can bind to tubulin,1,2 initiating a conforma-
tional change of tubulin subunits that leads to rapid depolymeriza-
tion of microtubules.3 In contrast, paclitaxel stabilizes the a,b-
tubulin dimer by occupying a different binding site than
colchicine.4

We desired to take advantage of the differential binding of col-
chicine to un-polymerized tubulin in order to track sub-cellular
localization of tubulin dimers and small oligimers in living, non-
permeablized cells. We were particularly interested in the flux of
tubulin in neurons and the flagella of Chlamydomona; and in
understanding the role of sequestration in normal function of
tubulin structures in these cells.

Meeting the project goals requires a colchicine analog that is
cell permeable, non-cytotoxic, tubulin binding, stable for ex-
tended microscopy studies (non-bleaching), excited at wave-
lengths compatible with living cells (green to red, not blue), of
good quantum yield (to detect low abundance dimers), insensi-
tive to environment, and minimally inhibiting tubulin polymeri-
zation. This is a demanding set of requirements.

Prior approaches have used anti-tubulin antibodies or fluo-
rescein-labeled colchicine (FC) to study the localization of tubu-
lin in fixed cells.5–7 Unfortunately, spectrofluorometry
experiments indicated that the anionic nature of FC resulted in
binding properties different from those of unlabeled colchicine.8

Additionally, FC is sensitive to photo-bleaching, is highly pH sen-
sitive, and has limited cellular permeability. These properties
indicate that FC is of low utility for long-term microscopy stud-
ies. Both dansyl-labeled colchicine (DC)9 and NBD-labeled colce-
mid (NBC)10,11 have been reported. Unfortunately, both DC and
ll rights reserved.
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NBC have low quantum yields and are highly environmentally
sensitive. Additionally, DC has an excitation wavelength in the
deep blue region. Together these properties render these two re-
agents of low utility for microscopy studies on living cells.
Hence, there is a need for optimized fluorescent colchicine
analogs.

Herein, we report the synthesis and characterization of two pH-
independent BODIPY-labeled colchicine derivatives, designated
colchicine-504 and colchicine-646, designed to meet our require-
ments (Fig. 2).

The synthesis of both probes proceeded as planned. Deacetyl
colchicine was prepared from colchicine using a published proce-
dure.12,13 Deacetyl colchicine was then coupled with the corre-
sponding BODIPY succinimidyl esters (Molecular Probes D2184
and D10001) in dimethylformamide, followed by purification using
normal phase chromatography. Structure and purity were deter-
mined by NMR and LC-MS.14,15

Each conjugate exhibited a fluorescence spectra that were min-
imally perturbed from the originating dye and insensitive to sol-
vent and pH.16 The dyes were chosen for minimal overlap
between absorbance and emission spectra to give a low back-
ground signal for fluorescence based assays. Examples are shown
in Figs. 3 and 4 (fluorescence polarization) and Fig. 6 (fluorescence
Figure 1. Colchicine.
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Figure 2. BODIPY-labeled colchicines.
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microscopy). Standard broadband filters were sufficient for visual-
ization by the latter technique. Additionally both conjugates re-
tained their high quantum yields and were photo-stable. Overall,
the photophysical properties of each conjugate meet the project
goals.

Binding of colchicine-504 and colchicine-646 to tubulin was
measured by fluorescence polarization (FP) (Fig. 3). First, we deter-
mined the solubility of BODIPY-labeled compounds in PBS to en-
sure that both compounds were soluble under the FP conditions
used. In contrast to colchicine, which is highly soluble in
PBS + 5% DMSO, colchicine-504 and colchicine-646 were soluble
at concentration of 32 and <10 lM, respectively (Table 1). The FP
assay was carried out under the same conditions reported for tubu-
lin competitive binding SPA assays.17,18

For both compounds saturable binding was measured with Kd

values of 5.8 lM, (colchicine-504) and 7.6 lM (colchicine-646),
respectively (Fig. 3). These binding affinities were slightly higher
than the reported values for FC5 (14.5 lM) and DC9 (10–20 lM).
A binding study with colchicine-504 and BSA, used in the same
concentration as tubulin, showed no unspecific binding of colchi-
cine-504 (data not shown). A 10-fold higher concentration of col-
chicine-646 was used in respect to colchicine-504 because of the
relative lower quantum yield (see supplementary data). The com-
petition FP assay was carried out in the presence of 10 lM tubulin
(roughly 2 � Kd). Both compounds showed reversible binding
using colchicine as competitor. IC50 values of 3.9 lM (colchicine-
504) and 6.4 lM (colchicine-646) were measured for colchicine
under assembly conditions (1 mM GTP, 37�C) as well as under
Figure 3. Direct binding assay with colchicine-504 N and colchicine-646 j to
tubulin (fluorescence polarization). Assay was carried out in black 384 well plate;
tubulin was serially diluted from 72 lM to 0.035 lM in the presence of 20 ll buffer
(10 mM, GTP19, 80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.8, 5% total DMSO) and
colchicine-504 or colchicine-646 (10 nM or 100 nM, respectively). The binding was
measured after 2 h at 37 �C19 using fluorescence polarization. The Kd values were
obtained by fitting data to the following equation (y = min + (max �min)/1 + (x/Kd)
Hill slope). Values are means of two experiments carried out in triplicate.
non-assembly conditions (no GTP, rt), verifying binding to tubulin
and not to preformed microtubles.19 IC50 values for colchicine be-
tween 90 nM and 6.5 lM were reported using [3H] colchicine using
various amounts of tubulin.5,18 Recently, a tubulin-based FP for the
paclitaxel binding site was reported20 but to our knowledge this is
the first developed tubulin-based FP assay for the colchicine bind-
ing site.

The biochemical activity of the colchicine-504 and colchicine-
646 in comparison with that of colchicine was analyzed by study-
ing depolymerization of microtubules in the presence of these
drugs using the CytoDYNAMIXTM assay (Cytoskeleton) (Fig. 5), fol-
lowing the manufacturer’s recommended protocol. Purified tubu-
lin was treated in the presence of GTP with paclitaxel, colchicine,
and colchicine-504 and colchicine-646. The degree of polymeriza-
tion was followed over time, measuring light scattering at
340 nm, which is proportional to the concentration of microtu-
bule polymer.21,22

The polymerization reaction of tubulin showed nucleation,
growth, and steady state. In the presence of paclitaxel, microtu-
bules formation was enhanced in comparison with untreated
tubulin, due to the stabilization of the a,b-tubulin dimer. For
colchicine derivatives, we observed a weak inhibition of tubulin
polymerization for colchicine-646 and a stronger inhibition
using compound colchicine-504 at 5 lM. Colchicine itself exhib-
ited a very strong inhibition at this concentration. Because this is
a low DMSO content assay (0.5%) solubility could have influ-
enced the degree of inhibition of tubulin polymerization
observed.
Figure 4. Competition binding assay with colchicine and colchicine-504 N and
colchicine-646 j to tubulin (fluorescence polarization). Assay was carried out in
black 384 well plate; colchicine was serially diluted from 100 lM to 0.04 lM in the
presence of 20 ll buffer (10 mM, GTP19, 80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH
6.8), tubulin (10 lM), and colchicine-504 or colchicine-646 (10 nM or 100 nM,
respectively). The binding was measured after 2 h at 37 �C19 using fluorescence
polarization. The Kd values were obtained by fitting data to the following equation
(y = min + (max �min)/1 + (x/Kd) Hill slope). Values are means of three experi-
ments carried out in triplicate.



Table 1
Cytotoxicity (EC50), permeability, and solubility of colchicine, colchicine-504, and colchicine-646

HeLa EC50 (lM)a HepG2 EC50 (lM)a Raji EC50 (lM)a Vero EC50 (lM)a Permeabilityb (10�6cm/s) Solubilityc (lM)

Colchicine 0.039 ± 0.006 0.031 ± 0.01 0.014 ± 0.002 0.53 ± 0.09 415 ± 47 >250
504 0.36 ± 0.07 0.18 ± 0.09 0.138 ± 0.02 2.3 ± 0.9 108 ± 24 32 ± 15
646 1.9 ± 0.7 1.2 ± 0.6 0.65 ± 0.19 >10 <10 <10 ± 2

a Viability was assessed in a 96-well format. Cells were plated at 2000 cells/well, and drugs were added after 12 h. After 48 h, CellTiter-Glow solution was added, and cell
viability was measured after 10 min. The EC50 values were obtained by fitting data to the following equation (y = min + (max �min)/1 + (x/Kd) Hill slope). Values reported are
the means of two independent experiments done in triplicate.

b Permeability (PAMPA) was measured as previously reported.23

c Solubility (PBS + 5% DMSO) was assessed using Multiscreen Solubility assay (Millipore, 96 well plate). Briefly, each compound was serial diluted in PBS:acetonitrile (1:1)
and absorbance was measured at 350 nm (calibration). Next, 5 lL of a 10 mM solution of colchicine, colchicine-504 or colchicine-646 was added to 95 lL PBS in a filter plate
and agitated for 2 h at room temperature. After filtration, absorbance at 350 nm was measured, and concentration was determined on the basis of calibration. Two
independent experiments were done in duplicate.
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Colchicine and its derivatives were incubated at various con-
centrations with cultured HeLa, HepG2, Raji, and Vero cells to
determine cell viability after 48 h of exposure (Table 1). A commer-
cially available luminescence cell viability assay, CellTiter-Glo
(Promega), was used to quantify the ATP in viable cells.

Colchicine is toxic in a low nanomolar concentration to HeLa,
HepG2, and Raji cell lines. Interestingly, the EC50 value found for
Vero cells was 530 nM. The cytotoxicity of the colchicine-504
and colchicine-646 was significantly less than that of colchicine.
Both compounds were less toxic to Vero cells than to other cell
lines tested. PAMPA studies showed both derivatives were less per-
meable than colchicine itself (Table 1). The decreased permeability
of the colchicine analogs might contribute to their lower cytotox-
icity values. Because we intend to apply these agents in living cells,
we chose Vero, the line that exhibited the lowest overall toxicity,
for further characterization.

Colchicine is known to activate caspase 3/7 in various cells.24

We investigated the induction of apoptosis by measuring caspase
3/7 activity in Vero cells in the presence of colchicine and its deriv-
atives (Table 2).

The EC50 (cytotoxicity) determined for colchicine and its fluo-
rescent analogs using Vero cells was similar to the EC50 deter-
mined for the activation of caspase 3/7. For all compounds we
observed a 3- to 4-fold increase in caspase 3/7 activity at higher
concentrations. The apoptosis-inducing activity of colchicine and
its derivatives was also characterized by cell cycle analysis. Vero
cells were treated with compounds at various concentrations,
incubated for 18 h, stained with propidium iodide, and analyzed
Figure 5. Microtubule polymerization inhibition by colchicine-504 or colchicine-
646. Purified tubulin (7.2 lM) was treated with Paclitaxel (10 lM) j, or colchicine
(5 lM) M, or colchicine-504 (5 lM) h, or colchicine-646 N (5 lM), or DMSO control
O at 37 �C in the presence of buffer (10 mM, GTP, 80 mM PIPES, 1 mM EGTA, 1 mM
MgCl2, pH 6.8, total DMSO (0.5%)). The formation of microtubules was followed by
measuring the absorbance at 340 nm; normalized values are the mean of two
independent experiments.
by flow cytometry. An increase in the G2/M DNA content in cells
treated with colchicine and its analogs was observed (Table 2).
The compound concentrations necessary to arrest 50% of the cells
in the G2/M phase was in the same range as the EC50 values
determined for cytotoxicity and apoptosis.

To illustrate the permeability and selectivity of these analogs, we
treated Vero cells with colchicine-504 and colchicine-646 for 3 h
and visualized them by fluorescence microscopy. (Fig. 6, 1, 3, and 5.)

Both compounds penetrated the cell membranes of living
Vero cells and stained the perinuclear regions, a region known
to have high concentrations of both tubulin and microtubules.6

Additional staining was observed on the endoplasmic reticulum
and in the cytosol.5 The tubulin skeleton of fixed and permeabi-
lized Vero cells was stained with 40,6-diamidino-2-phenylindole
(Fig. 6, 2), anti-a-tubulin antibody followed by a Texas-Red
conjugated goat anti-mouse antibody (Fig. 6, 4), and colchi-
cine-504 merged with 2 and 4 (Fig. 6, 6). Selective tubulin
labeling of colchicine-504 was demonstrated by colocalization
with antibody stain. Clearly, both compounds are permeable
and could functionally stain tubulin-rich compartments at low
concentrations.

In conclusion, we introduced two new BODIPY-labeled colchi-
cine analogs with biochemical properties similar to those of colchi-
cine. Because of their photo-stable and pH-independent
fluorescent properties, these probes are superior to FC for the anal-
ysis of the cellular distribution of tubulin. Currently work is ongo-
ing in the application of these compounds to monitoring the
dynamics of tubulin flux.
Table 2
Cell cycle and apoptosis analysis of Vero cells treated with colchicine, colchicine-504,
and colchicine-646

Compound EC50
a,b (lM) [Apoptosis] EC50

a,b (lM) [Cell cycle arrest]

Colchicine 0.39 ± 0.13 0.27 ± 0.09
504 2.6 ± 0.7 0.96 ± 0.28
646 10.5 ± 2.3 6.8 ± 3.1

a Vero cells were treated with compounds in a dose-response manner and ana-
lyzed after 18 h.

b Cells were stained with propidium iodide (PI) using a CycleTEST Plus DNA
reagent kit (Beckton Dickinson). EC50 values were determined by cell-cycle analysis
representing the concentration for 50% cells arrested in G2/M phase. The EC50 values
were obtained by fitting data to the following equation (y = min + (max�min)/1 +
(x/Kd) Hill slope). Values are means of two independent experiments.

c Cells were treated with Caspase-Glo (Promega) and measured after 1 h. The EC50

values were obtained by fitting data to the following equation (y = min +
(max � min)/1 + (x/Kd) Hill slope). Values are means of two independent experi-
ments carried out in duplicate.



Figure 6. 1, 3, and 5: Living Vero cells treated with colchicine analogs for 3 h and visualized by fluorescence microscopy. (1) colchicine-504 (1 lM); (3) colchicine-646
(1 lM); (5) merge of (1) and (3); Staining was found in the perinuclear region of the Vero cell (arrow) and extended to the cell periphery. 2, 4, and 6: Fixed and permeabilized
Vero cells were incubated with (2) 40 ,6-diamidino-2-phenylindole; (4) anti-a-tubulin antibody followed by a Texas-Red conjugated goat anti-mouse antibody; (6) colchicine-
504 (1 lM) merged with (2) and (4).
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