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Abstract—The Morita—Baylis—Hillman (MBH) type reaction of a variety of aromatic and heteroaromatic conjugated nitroalkenes
with formaldehyde in the presence of stoichiometric amounts of imidazole and catalytic amounts (10 mol %) of anthranilic acid at
room temperature provided the corresponding hydroxymethylated derivatives in moderate to good yield. The parent nitroalkenes
and their MBH adducts were subsequently screened for their anticancer activity. Some of the MBH adducts were found to inhibit
cervical cancer (HeLa) cell proliferation at low micromolar concentrations with half-maximal inhibitory concentrations in the range
of 1-2 uM. The antiproliferative activity of 3-((E)-2-nitrovinyl)furan and three potent MBH adducts, namely, hydroxymethylated
derivatives of 3-((E)-2-nitrovinyl)thiophene, 1-methoxy-4-((E)-2-nitrovinyl)benzene, and 1,2-dimethoxy-4-((E)-2-nitrovinyl)benzene
was correlated well with their antimicrotubule activity. At their effective concentration range, the tested compounds perturbed the
organization of mitotic spindle microtubules and chromosomes. In the presence of hydroxymethylated nitroalkenes, abnormal bipo-
lar or multipolar mitotic spindles were apparent. Interphase microtubules were found to be significantly depolymerized at relatively
higher concentrations of the tested compounds. These compounds inhibited tubulin assembly into microtubules in vitro by binding
to tubulin at a site distinct from the vinblastine and colchicine binding sites. The compounds reduced the intrinsic tryptophan fluo-
rescence of tubulin and the fluorescence of tubulin-1-anilinonaphthalene-8-sulfonic acid (ANS) complex indicating that they induced
conformational changes in the tubulin. The results suggest that hydroxymethylated nitroalkenes exert their antiproliferative activity
at least in part by depolymerizing cellular microtubules through tubulin binding and indicate that hydroxymethylated nitroalkenes
are promising lead compounds for cancer therapy.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Nitro compounds are versatile substrates by virtue of
the ability of the nitro group to undergo a variety
of useful synthetic transformations, such as conver-
sion to 1,3-dipoles, primary alkyl radicals, oxidation
to carboxylic acids, reduction to oximes, hydroxyl-
amines or amines, to name a few.! A double bond
activated by a nitro group is an excellent electrophile
and conjugate additions of various C-, N-, O- and
S-centered nucleophiles to nitroalkenes are well doc-
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umented in the literature.> Nitro compounds, partic-
ularly conjugated nitroalkenes, also constitute an
important class of compounds that has been exten-
sively studied for its biological activity.®> The pesti-
cidal,* fungicidal,” and molluscicidal® activities of
many aromatic and heteroaromatic nitroalkenes have
been reported. Besides their own ability to behave as
phosphate ester mimics,” diuretic agents,® and other
bioactive materials,’ nitroalkenes are useful interme-
diates in the synthesis of drugs, for example, antiul-
cer ranitidine and nizatidine,'® and other bioactive
natural products.!'!

Despite their distinct synthetic utility and biological
activity, many potentially useful chemical and biolog-
ical properties of conjugated nitroalkenes remain
unexplored. For instance, the Morita—Baylis—Hillman
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(MBH) reaction, that is, the coupling of activated
alkenes with electrophiles such as aldehydes, imines,
etc. in the presence of a tertiary amine or tertiary
phosphine as catalyst,’> has emerged as an elegant
multicomponent and atom economical reaction in
organic synthesis.!>'4 However, conjugated nitroalk-
enes are conspicuous by their near absence from
the host of substrates that has been used in more
than three decades of the MBH chemistry.!>!7 As
for biological properties, besides the ones discussed
above, although the anticancer properties of many
nitro compounds have been investigated,!® such
properties of conjugated nitroalkenes per se have
not received much attention.'® Furthermore, although
several compounds, both natural as well as synthetic,
have been found to interfere with the microtubules
in recent years, the possible interaction of nitroalk-
enes with microtubules has not received much
attention.?®

The key role of microtubules in cell division and mito-
sis makes them important chemotherapeutic drug tar-
gets for several diseases including cancer, parasitic
diseases, and fungal diseases.?! For example, several
clinically successful drugs including paclitaxel, vinblas-
tine, and estramustine target microtubules for their
anticancer effects.’”> Microtubule targeting agents are
broadly classified into two groups. One group of
agents including vinblastine, colchicine, cryptophycin-
52, and estramustine depolymerizes microtubules and
the other group of compounds including paclitaxel,
epothilones, and discodermolide increases microtubule
polymerization.?> Recent evidence strongly suggests
that both stabilizing and destabilizing class of antimi-
crotubule agents inhibit cell proliferation by suppress-
ing microtubule dynamics at their lower effective drug
concentrations. The clinical success of microtubule tar-
geted drugs prompted us to search for new agents that
inhibit cell proliferation by targeting microtubules/
tubulin.

Our preliminary results on the MBH reaction of nitro-
alkenes with formaldehyde have been published
recently.'® Under a program directed toward the
synthesis and discovery of new anticancer agents, we
report here the details of the synthesis of the
o-hydroxymethylated nitroalkenes and the possible
mechanism of their antiproliferative activity. We
found that the tested conjugated nitroalkenes 1 and
their hydroxymethylated derivatives 3 inhibited HeLa
cell proliferation in the low micromolar concentrations
with an apparent effect on cellular microtubules. They
depolymerized cellular microtubules and inhibited
tubulin polymerization in vitro. The results indicate
that the tested nitroalkenes exert antiproliferative
activity at least in part by depolymerizing microtu-
bules through binding to tubulin. The antiproliferative
activity of these agents is comparable to the potency
of several tubulin-targeted antitumor agents including
estramustine,>* 2%  2-methoxy estradiol,’” sulfona-
mides,?® and noscapine®” indicating that some of the
nitroalkenes may have potential to develop as antican-
cer drugs.

2. Results and discussion
2.1. Chemistry

We envisioned that the MBH adducts of nitroalkenes, if
capable of binding to microtubules/tubulin, might pos-
sess enormous potential as drug candidates in the treat-
ment of cancer. This is primarily because of the expected
simplicity and efficiency associated with the synthesis of
such molecules possessing functional groups as dense
and diverse as a double bond, a nitro group, a hydrox-
yalkyl group, and an aryl group. Possible bioactivity of
such small multifunctional molecules arising from hith-
erto unexplored reactivity of conjugated nitroalkenes
as MBH substrates'®2° motivated us to pursue their syn-
thesis and biological evaluation.

All the nitroalkenes la—k were prepared in the labo-
ratory by the standard nitroaldol (Henry) reaction.*
Attempted MBH type reaction of nitroalkene 1a with
formaldehyde 2 (38% aq, excess) as the electrophile
in the presence of a variety of amine based catalysts
such as DABCO, DBU, DMAP, Et;N, and pyridine,
and phosphine based catalysts, for example, (n-Bu);P,
provided no satisfactory results.!*!# Later, imidazole®!
emerged as the catalyst of choice and provided the
desired MBH product 3a in 40% yield. Complete
conversion of the starting nitroalkene 1a and
improvement in the yield (48%), though marginal,
was observed when stoichiometric amounts of imidaz-
ole were used (Table 1, entry la). Under these condi-
tions, other nitroalkenes 1b-k provided the desired
MBH adducts 3b-k in moderate yield (Fig. 1 and
Table 1, entries 2a—11a). Subsequently, additives such
as proline,> o-aminophenol, and anthranilic acid
were screened for their co-catalytic activity. However,
appreciable improvement in the yield (71%) was
observed only when anthranilic acid was used as
the co-catalyst (Table 1, entry 1b). THF was found
to be superior to solvents such as DMF, MeOH,
CH;CN, and 1,4-dioxan. Finally, under the optimized
conditions, that is, in the presence of imidazole
(100 mol %) and anthranilic acid (10 mol %) in THF
at room temperature, other nitroalkenes 1b-k also
reacted well with formaldehyde 2 and provided the
hydroxymethylated products 3b-k in satisfactory
yields (Table 1, entries 2b-11Db).

The geometry of the double bond in MBH adducts 3a—k
was determined by analysis of 2D-NOESY spectrum of
a representative example 3a. The methylene protons in
3a exhibit strong positive NOE with all the furyl protons
indicating E geometry for the double bond. However, in
view of the methylene protons having strong positive
NOE interaction with the olefinic proton as well and
in view of any Z isomer being unavailable for compari-
son, further unambiguous confirmation of the structure
was sought by X-ray crystallography. Thus, analysis of
the MBH adduct 3b, which provided suitable crystals,
by X-ray crystallography unambiguously established
the E geometry of the double bond.*® Therefore, by
analogy, E stercochemistry was assigned to all other
MBH adducts, that is, 3a and 3c¢—k.
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Table 1. The Morita—Baylis-Hillman reaction of nitroalkenes 1a-k with formaldehyde 2* in presence of 100 mol % (1 equiv) of imidazole and

10 mol % of anthranilic acid in THF at room temperature

OH

R~ + 9 Imidazole (100 mol %) v[
SN0, H” M Anthranilic acid (mol %) R? NO
THF, rt 2
1 2 3
Entry 1 R No additive (a) AA® (10 mol %) (b)
Time (h) % yield® Time (h) % yield®

1 la 2-Furyl 20 48 24 71
2 1b 2-Thienyl 15 46 15 56
3 1c 3-Furyl 30 32 30 40
4 1d 3-Thienyl 30 29 30 35
5 le 4-MeO-Ph 20 46 15 50
6 1f 2-NO,-Ph 15 57 16 55
7 1g 3,4-(MeO),-Ph 36 44 36 46
8 1h 3-MeO-4-OH-Ph 24 56 24 60
9 1i 3,4-(-OCH,0O-)Ph 48 42 120 63
10 1j 4-F-Ph 30 24 30 25
11 1k Ph 148 19 24 50

#38% aqueous formaldehyde.
® Anthranilic acid.

“Isolated yield of 3 after purification by silica gel column chromatography.
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Figure 1. The nitroalkenes 1a-k and corresponding hydroxymethylated products 3a—k.

Insofar as the imidazole mediated MBH reaction of
nitroalkenes 1 with formaldehyde is concerned (vide
supra), the co-catalytic behavior of anthranilic acid is
much in evidence from the substantial improvement in
the yield of 3 in majority of the cases when the imidazole
mediated reactions were carried out in the presence of
10 mol % of anthranilic acid as additive. This was fur-
ther confirmed by carrying out the reaction of 1a with
formaldehyde 2 in the presence of aniline and benzoic
acid as additives. The yields were only 41% and 44%,
respectively, in these reactions. Therefore, anthranilic
acid appears to serve, besides as a buffer that prevents
(minimizes) nucleophile promoted oligomerization
(polymerization) of the nitroalkene substrates, as a
bifunctional catalyst in this reaction via (a) formation
of hydrogen bonding between the carboxylic acid group
of anthranilic acid and the nitro group of the substrate;

(b) imine/iminium formation by the amino group of
anthranilic acid and the carbonyl group of the electro-
phile. Such templating effect has been attributed to the
catalytic activity of other organocatalysts, the classic
example being proline.32-34

2.2. Biology

2.2.1. Inhibition of HeLa cell proliferation by nitroalkene
derivatives. In order to test whether parent nitroalkenes
1 and their MBH adducts 3 could inhibit HeLa cell pro-
liferation, cells were treated with different concentra-
tions of the compounds. Cell viability was measured
by the standard sulforhodamine B assay.?®> While most
of the compounds inhibited HelLa cell proliferation
(Table 2), three compounds, namely 1h, 3h, and 3j, did
not inhibit cell proliferation. Further detailed studies



8076 R. Mohan et al. | Bioorg. Med. Chem. 14 (2006) 8073-8085

Table 2. The ICs, values of nitroalkenes 1 and their MBH adducts 3
for HeLa cell proliferation

Entry R (a) (b)
1 ICso (uM) 3 ICs (uM)

1 2-Furyl la 38%3 3a 22+4
2 2-Thienyl b 18+2 3b 2+1
3 3-Furyl 1c 2+1 3c 5+3
4 3-Thienyl 1d 32 3d 52
5 4-MeO-Ph le 174 3e 2+1
6 2-NO,-Ph If 25+3 3t >50
7 3,4-(MeO),-Ph 1g 121 3g 3+1
8 3-MeO-4-OH-Ph 1h ? 3n °
9 3,4-(-OCH,O-)Ph 1i 18*1 3i 38+3

10 4-F-Ph 1j 4+3 3 °

11 Ph 1k 5*1 3k  40%2

#No inhibition. Data are means * SD of five independent experiments.

were carried out with four potent representative com-
pounds 1c, 3b, 3e, and 3g, which inhibited HelLa cell
proliferation in a concentration dependent manner with
half-maximal inhibitory concentration of proliferation
in the range 2-3 uM (Table 2, entries 3a, 2b, 5b, and
7b). The antiproliferative effects of 1c, 3b, 3e, and 3g
are comparable to those of the known tubulin interact-
ing agents such as noscapine,?® estramustine,’*2° meth-
oxyestradiol,”’ and griseofulvin®® which are active in
micromolar concentrations.

2.2.2. Structure—activity relationship. On the basis of the
half-maximal inhibitory concentrations (ICsq) for HeLa
cell proliferation determined for nitroalkenes 1a—k and
for the corresponding MBH adducts 3a—k (Table 2), fol-
lowing inferences can be drawn. Among the four het-
eroaromatic nitroalkenes la-d (entries la—4a), two,
that is 1¢ and 1d, have low ICs, values (entries 3a and
4a). These agents have the nitroethylene moiety at posi-
tion 3 of the heteroaromatic ring as opposed to 1a and
1b whose heteroaromatic rings are substituted by nitro-
ethylene moiety at position 2. Among the seven aromat-
ic nitroalkenes le-1k screened (Table 2, entries Sa—11a),
only 1j and 1k have low ICs, values (entries 10a and
11a). The result indicated that the presence of substitu-
ents such as NO,, OMe, OH, and -OCH,O- on the aro-
matic ring of the parent nitroalkene 1k is not favorable.
Comparison of the ICs, values of the MBH adducts 3
with those of the parent nitroalkenes 1 shows that, in
majority of the cases, introduction of the hydroxymethyl
moiety in 1 by the MBH reaction led to substantially
low or at least comparable ICs, values (Table 2, entries
1-11). The exceptions are entries 6, 9, 10, and 11 (Table
2). Therefore, the MBH reaction of nitroalkenes turned
out to be a useful strategy in our search for novel small
multifunctional molecules that interact with the micro-
tubules. Another comparison between the ICs, values
of the MBH adducts of aromatic nitroalkenes 3e-k (Ta-
ble 2, entries 5b—11b) with those of heteroaromatic ones
3a-d (entries 1b—4b) shows that, with the exception of 3e
and 3g, the former have ICs, values higher than the lat-
ter. Interestingly enough, both 3e and 3g which have
unusually low ICs, values possess OMe group(s) on
the aromatic ring. Further comparison of 3g, and 3h
shows that OMe group at the para position plays a
significant role in lowering the ICsy value because its

replacement with a hydroxy group results in complete
loss of activity (Table 2, entries 7b and 8b).

2.2.3. Effect of 1c, 3b, 3e, and 3g on cellular microtubules.
Immunofluorescence microscopic analysis was carried
out to analyze the effects of MBH adducts 3b, 3e, 3g,
and a parent nitroalkene 1c on interphase and spindle
microtubules, and chromosome organization (Fig. 2).
These agents were used at concentrations either equal
to their ICsq values or two to three times higher than their
1Csq values. Untreated cells displayed a regular network
of interphase microtubules (Fig. 2A) and a normal mitot-
ic spindle with proper chromosome alignment in the
mitotic cells (Fig. 21). Cells treated with 1 and 2 uM of
3e showed normal interphase microtubules (Fig. 2B).
The interphase microtubule organization of HeLa cells
was also not perturbed in the presence of low concentra-
tions (1 and 2 pM) of compounds 3b, 3g, and 1¢ (data not
shown). Higher concentrations (5 and 10 uM) of these
compounds caused significant depolymerization of inter-
phase microtubules (Fig. 2C, D, E, F, and H). In these
cells, some of the microtubules appeared to be bundled.
In cells treated with 10 uM of 3g, interphase microtubules
were strongly depolymerized and tubulin aggregates were
observed in these cells (Fig. 2G).

Cells treated with 2 uM of 3b, 3e, 3g, and 1c¢ showed
abnormality in the spindle microtubules as well as in
the chromosome alignment. In these cells mitotic spin-
dles were either multipolar (Fig. 2J, L, and N) or abnor-
mal bipolar (Fig. 20) and chromosomes were unable to
congress at the metaphase plate. Abnormal bipolar spin-
dles contained chromosomes that were located near the
spindle poles. A major population of the mitotic cells
was found to have multipolar spindles. The effect was
seen even at 1 uM in the case of cells treated with 3b
and 3g (Fig. 2K and M). At 5 and 10 pM of 3b, 3e,
and 3g, mitotic cells were not readily detectable, which
might be due to the strong depolymerizing effect of these
agents on the interphase microtubules that the cells were
unable to progress to the mitosis. However, mitotic cells
were found at 5 and 10 uM of lec. In the presence of
10 uM  of 1¢, unipolar spindles were observed
(Fig. 2Q). Thus, 3b, 3e, 3g, and 1c depolymerized
cellular microtubules and perturbed chromosome orga-
nization, which might be responsible for the antiprolifer-
ative effect of these agents on HeLa cells.

2.2.4. Effect of 3b, 3e, 3g, and 1c on tubulin polymeriza-
tion in vitro. Since compounds 3b, 3e, 3g, and 1c depoly-
merized cellular microtubules, we examined their effects
on the assembly of microtubules in vitro. The effects of
3b, 3e, 3g, and 1c on the polymerization of purified tubulin
in 1 M glutamate buffer, pH 6.8, are shown in Figure 3.37-3
Ten micromolars of 3b, 3e, 3g, and 1c decreased the light
scattering signal for microtubule assembly by 32%, 37%,
33%, and 35%, respectively, suggesting that the four
MBH adducts inhibited microtubule assembly.

Further, the effects of 3b, 3e, 3g, and 1c¢ on microtubule
polymerization were analyzed by transmission electron
microscopy (Fig. 4). Electron microscopic analysis
showed that 10 uM of compounds 3b, 3e, 3g, and lc
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Interphase microtubules

A. control

B.3e (2 uM) C.3e (5 uM)
E. 3b (10 pM) F. 3g (5 uM)
H.1c (10uM

Figure 2. Effect of compounds 3e, 3b, 3g, and 1c¢ on interphase and spindle microtubules. HeLa cells were grown in the absence and presence of
different concentrations of 3e, 3b, 3g, and 1c¢ for 24 h. (A) control interphase cells with fine network of microtubules; (B) 2 tM of 3e had no effect on
interphase microtubules; (C, D, E, F, and H) 5 uM 3e, 10 uM 3e, 10 uM 3b, 5 uM 3g, and 10 uM 1e¢, respectively, induced interphase microtubule
depolymerization; (G) 10 uM of 3g caused significant depolymerization of interphase microtubules, tubulin aggregates are also observed; (I) control
cells showed normal mitotic spindle with proper chromosome alignment at the metaphase plate; (J, K, L, M, and N) 2 uM of 3e, 1 uM of 3b, 2 uM of
3b, 1 uM of 3g, and 2 uM of 3g, respectively, induced multipolar spindle formation. (O and P) cells treated with 2 uM of 1c and 5 uM of 1c¢ had
abnormal bipolar spindles with uncongressed chromosomes. (Q) cells treated with 10 uM of 1¢ showed unipolar spindles.

inhibited polymerization of tubulin into microtubules
(Fig. 4B, D, F, and H). The number of tubulin polymers
was significantly reduced and small aggregates of tubu-
lin were also found at this concentration. Twenty-five
micromolars of 3b, 3e, 3g, and 1lc caused extensive
aggregation of tubulin dimers (Fig. 4C, E, G, and I).
Binding of these MBH adducts to tubulin may induce
a conformational change in the tubulin thereby inhibit-
ing its assembly to microtubules.

2.2.5. Binding of 3b, 3e, 3g, and 1c to tubulin. Changes in
the intrinsic tryptophan fluorescence of tubulin upon li-
gand binding are widely used to determine the binding
affinity of the ligands to tubulin.?® Tubulin (1 uM) was
incubated with a range of concentrations of 3b, 3e, 3g,
and 1c for 30 min at 25 °C. Compound 3e reduced the
intrinsic tryptophan fluorescence of tubulin in a concen-

tration dependent manner indicating that the agent in-
duced conformational change in tubulin (Fig. 5A).
Similarly, compounds 3b, 3g, and 1c also reduced the
intrinsic tryptophan fluorescence of tubulin in a concen-
tration dependent manner (data not shown). A double
reciprocal plot of the binding of 3e with tubulin is shown
(Fig. 5B). Using similar double reciprocal plots, the dis-
sociation constant of nitroalkenes to tubulin interaction
was determined tobe 3+ 1,11 x4, 7x1,and 51 uM
for 3b, 3e, 3g, and 1c, respectively. Data are mean £ SD
of five independent experiments.

2.2.6. Inhibition of Tubulin-ANS fluorescence by 3b, 3e,
3g, and 1c. The non-covalent fluorescent probe 1-anili-
nonaphthalene-8-sulfonic acid (ANS) is widely used
to analyze hydrophobic surface rearrangements of
tubulin.?>37-3%42 The strong ANS-tubulin fluorescence
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Figure 2. (continued)

was used to study the interaction of 3b, 3e, 3g, and 1c
with tubulin. ANS (40 uM) was added to the preformed
tubulin-3a/3b/3g/1c complex, and the effects of these
compounds on tubulin-ANS fluorescence were moni-
tored. The MBH adducts 3a, 3b, 3g, and 1c¢ reduced
the fluorescence intensity of tubulin-ANS complex by
30-40% (Fig. 6). The reduction in the fluorescence of
tubulin-ANS complex upon binding to 3b, 3e, 3g or 1c
may be due to conformational change induced in tubu-
lin by MBH adducts or inhibition of ANS binding to
tubulin by 3b, 3e, 3g, and 1c. A modest increase in tubu-
lin-ANS fluorescence was observed at higher concentra-
tions (>25 uM) of 3a, 3b, 3g, and 1c, which might be due
to aggregation of the protein.

2.2.7. Characterization of the binding site of 3b, 3e, 3g,
and 1c in tubulin. Microtubule interacting agents are
known to bind to diverse sites on tubulin and several

J. 3e (2uM)

Q. 1c (10 uM)

of these drugs induce conformational changes in tubulin
upon binding to the protein. Using fluorescent analogue
of vinblastine (BODIPY FL-vinblastine), we first exam-
ined whether 3b, 3e, 3g, and 1c competed with vinblas-
tine for its binding to tubulin (Fig. 7).3>* Compounds
3b, 3e, 3g, and 1c increased the fluorescence of fluores-
cent vinblastine-tubulin complex, suggesting that it does
not bind to the vinblastine binding site on tubulin. The
increase in fluorescence of the tubulin—fluorescent vin-
blastine complex in the presence of 3b, 3e, 3g, and 1c
may be due to the stabilization of vinblastine binding
site on tubulin by these agents. 44>

Nitroalkenes (3e, 3b, 3g, and 1c¢) reduced tubulin-ANS
fluorescence in a concentration dependent manner
(Fig. 6); therefore, we also used ANS fluorescence as a
probe to determine whether 3e, 3b, 3g, and 1c¢ bind at
the vinblastine site on tubulin. ANS binds at a site that
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Figure 3. Inhibition of microtubule polymerization in the absence (@)
and presence of 10 uM each of 3b (V¥), 3e (A), 3g (O) and 1c (A).
Tubulin (10 pM) was polymerized in the absence and presence of
10 uM of 3b, 3e, 3g, and 1c and the change in the light scattering
intensity at 550 nm was monitored. The percent inhibition of
polymerization was calculated by considering the light scattering
intensity of control sample as 100% after 30 min of assembly.

is different from the vinblastine binding site on tubulin.?®
First, tubulin—vinblastine complex was formed by incu-
bating tubulin (3 pM) with 120 uM vinblastine on ice for
5 min. Then, ANS (100 uM) was added to the tubulin—
vinblastine complex and further incubated for an addi-
tional 10 min at 25 °C. Incubation of ANS-tubulin—vin-
blastine complex with varying concentrations of 3e, 3b,
3g, and 1c decreased the fluorescence of ANS-tubulin—
vinblastine complex in a concentration dependent
manner (data not shown). The decrease in tubulin-
ANS fluorescence with increasing concentrations of 3e,
3b, 3g, and 1c was found to be similar in the absence
and presence of 120 uM vinblastine suggesting that the
nitroalkenes 3e, 3b, 3g, and 1c and vinblastine do not
share the same binding site on tubulin.

Colchicine has strong fluorescence when it binds to
tubulin.*® We used the fluorescence of tubulin—colchi-
cine complex to determine whether 3b, 3e, 3g, and 1c
and colchicine shared the same binding site in tubulin.
We found that preincubation of tubulin with different
concentrations of 3b, 3e, 3g, and 1c did not affect the
fluorescence of colchicine-tubulin complex suggesting

Figure 4. Electron microscopic visualization of tubulin polymers in the absence (A) and presence of 10 and 25 pM each of 3e, 3b, 3g, and 1c. These
compounds inhibited tubulin polymerization at 10 uM (B, D, F, and H) and at 25 uM induced tubulin aggregation (C, E, G, and I). Images were

taken at 16500x magnification. Scale bar represents 1000 nm.
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Figure 5. (A) Effect of 3e on the intrinsic tryptophan fluorescence of
tubulin. Tubulin (1 pM) was incubated in the absence (O) and presence
of varying concentrations (2 (@), 5 (A), 15 (A), and 25 (V) uM) of 3e
in assembly buffer for 30 min at 25 °C. Fluorescence spectra were taken
using 295 nm as an excitation wavelength. (B) Double reciprocal plot
of binding of MBH adduct 3e to tubulin.
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Figure 6. Reduction of tubulin-ANS complex fluorescence by varying
concentrations of 3e (O), 3b (@), 3g (A), and 1c (A).
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Figure 7. Effects of 3e, 3b, 3g, and 1c on the fluorescence of BODIPY
FL-vinblastine-tubulin complex. Tubulin (3 pM) was incubated in the
absence and presence of 25 uM each of 3e, 3b, 3g, and 1c at 37 °C for
45 min. Then, 2 uM fluorescent vinblastine was added to all the
samples. Fluorescence spectra were collected using an excitation
wavelength of 490 nm. Control (@), 100 uM unlabelled vinblastine
(M), 25 uM each of 3e (A), 3b (O) 3g (A), and 1c (O).

that 3b, 3e, 3g, and 1c¢ did not inhibit colchicine binding
to tubulin (data not shown).

We also determined the effects of 3b, 3e, 3g, and 1c on
the kinetics of colchicine binding to tubulin. No reduc-
tion in the rate of colchicine binding to tubulin was
observed in the presence of the tested nitroalkenes sug-
gesting that these agents did not bind tubulin at the col-
chicine site (Fig. 8). The increase in the fluorescence of
the tubulin—colchicine complex in the presence of 3b,
3e, 3g, and 1c may be due to the stabilization of colchi-
cine binding site on tubulin by these agents. Taken
together, the results suggest that 3b, 3e, 3g, and 1c¢ do
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Figure 8. Kinetics of colchicine-tubulin binding in the absence (O) and
in the presence of 25 puM each of 3b ((J), 3e (@), 3g (M), and 1c (A).
Tubulin was preincubated with 25 uM of 3b, 3e, 3g, and 1c and after
adding 10 uM colchicine to the reaction mixtures, the fluorescence
intensity was monitored over time. Excitation and emission wave-
lengths were 360 and 430 nm, respectively.
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not bind to the vinblastine or colchicine binding sites on
tubulin.

Compounds 3b, 3e, 3g, and 1c¢ depolymerized cellular
microtubules and inhibited tubulin polymerization by
binding to tubulin indicating that the antiproliferative ef-
fect of nitroalkenes might be partly due to depolymeriza-
tion of cellular microtubules. However, the possibility of
other cellular targets for the tested nitroalkenes cannot
be ruled out. Further, while most of the clinically used
antimicrotubule agents are large molecules with complex
structures, conjugated nitroalkenes 1 and their hydrox-
ymethylated derivatives 3 tested here are small, simple,
but multifunctional molecules that can be easily synthe-
sized. This study might help develop more potent ana-
logues, which will be useful for the treatment of tumor.

3. Conclusions

Conjugated nitroalkenes are amenable for the Morita—
Baylis—Hillman (MBH) type reaction under suitable
experimental conditions. The multifunctional MBH ad-
ducts inhibit proliferation of cancer cells apparently by
depolymerizing cellular microtubules. The microtubules
were found to undergo depolymerization at lower con-
centrations and aggregation at higher concentrations
of the MBH adducts. While the compounds studied bind
to tubulin and induce conformational changes, they did
not bind to the well-known binding sites of colchicine
and vinblastine. Our results suggest that even small, sim-
ple, and easily accessible multifunctional molecules such
as the ones reported in this paper could be useful for
cancer therapy.

4. Experimental
4.1. General

The melting points are uncorrected. IR spectra were
recorded on an Impact 400/Nicolet FT spectrometer.
NMR spectra ("H and '*C) were recorded on an AMX-
400 or VXR-300S spectrometer with TMS as the internal
standard. High-resolution mass spectra (DCI in CHy4 or
i-butane) were recorded at 60-70 eV on a VG-Fisons
‘Autospec’ spectrometer. X-ray data were collected on a
NONIUS MACH3 diffractometer. GTP, Pipes, vinblas-
tine, and colchicine were obtained from Sigma (St. Louis,
MO). Fluorescent vinblastine (BODIPY FL-vinblastine)
was obtained from Molecular Probes (Eugene, OR) and
phosphocellulose (P11) was from Whatman (Maidstone,
England). Monoclonal anti a-tubulin antibody and 4,6-
diamidino-2-phenylindole (DAPI) were obtained from
Sigma (St. Louis, MO) and Alexa 568 conjugated sheep
anti-mouse IgG antibody was obtained from Molecular
probes. All the other reagents were of analytical grade.

4.2. Chemistry
4.2.1. General procedure for the MBH reaction of

nitroalkenes 1 with formaldehyde 2. To a stirred solution
of nitroalkenes 1 (1 mmol) in THF (2 ml) at room tem-

perature was added imidazole (68 mg, 1 equiv) followed
by anthranilic acid (14 mg, 10 mol %). Aqueous formal-
dehyde 2 (38%, 2 ml, excess) was then added and the
reaction mixture was stirred at room temperature for
the period specified in Table 1. After the completion
of the reaction (confirmed by TLC analysis), the reac-
tion mixture was acidified with 5 N HCI (5 ml) and the
aqueous layer was extracted with ethylacetate
(3x10 ml). The combined organic layers were washed
with brine (10 ml), dried over anhydrous Na,SQ,, and
concentrated in vacuo. The residue was purified by silica
gel column chromatography by eluting with EtOAc/pet.
ether (0-25%, gradient elution) to afford pure 3.

4.2.1.1. (2E)-3-(2-Furyl)-2-nitroprop-2-en-1-ol (3a).
Yellow crystalline solid; yield: 71%; mp 87-89 °C
(CH,Cly-pet. ether 1:3). IR (KBr) cm™! 3434 (br s),
1651 (s), 1519 (s), 1315 (s), 1025 (s), 742 (s). '"H NMR
(CDCl;3) 6 2.48 (br s, 1H), 5.04 (s, 2H), 6.62 (dd,
J=33Hz, J=18Hz 1H), 6.99 (d, J=3.3 Hz, 1H),
7.70 (d, J=18Hz 1H), 7.88 (s, 1H). >C NMR
(CDCl;3) 6 56.7 (v), 113.3 (d), 122.1 (d), 122.7 (d),
145.7 (s), 146.9 (s), 147.6 (d); MS (DCI, CHy) mle (rel
intensity) 169 (M™, 100), 153 (38), 147 (36), 133 (11);
HRMS (DCI, CH,) Caled for C;H,NO, (M*, 100)
169.0375, found 169.0381.

4.2.1.2. (2E)-2-Nitro-3-(2-thienyl)prop-2-en-1-ol (3b).
Yellow crystalline solid; yield: 56%; mp 104-105°C
(CH,Cly-pet. ether 1:3). IR (KBr) em™! 3513 (br s),
3098 (m), 2954 (s), 1644 (s), 1512 (m), 1315 (s), 1025
(m), 736 (m). "H NMR (CDCl;) § 2.72 (br s, 1H), 4.83
(s, 2H), 7.12 (dd collapsed to t, J =4.4 Hz, 1H), 7.47
(d, J=3.7Hz, 1H), 7.62 (d, J=5.1 Hz, 1H), 8.20 (s,
1H). '3C NMR (CDCls) 8 56.9 (t), 128.7 (d), 130.4 (d),
133.5 (d), 133.6 (s), 136.3 (d), 146.3 (s); MS (DCI,
CHy) mle (rel intensity) 185 (M", 37), 169 (43), 168
(73), 138 (21), 122 (34), 112 (100), 110 (29), 109 (25),
97 (20); HRMS (DCI, CH,) Caled for C;H;NOsS
(M*, 37) 185.0147, found 185.0156.

4.2.1.3. (2E)-3-(3-Furyl)-2-nitroprop-2-en-1-ol (3c).
Yellow crystalline solid; yield: 40%; mp 71-73°C
(CH,Cly-pet. ether 1:3). IR (KBr) ecm™' 3351 (br s),
3140 (s), 2959 (s), 1648 (s), 1516 (s), 1315 (s), 1159 (s),
1020 (s), 860 (m). '"H NMR (CDCls) 6 2.20 (br s, 1H),
4.77 (s, 2H), 6.75 (m, 1H), 7.57 (m, 1H), 7.91 (m, 1H),
8.04 (s, 1H). °C NMR (CDCls) § 56.6 (t), 109.9 (d),
118.2 (s), 128.5 (d), 145.3 (d), 147.4 (d), 147.8 (s); MS
(DCI, CHy,) m/e (rel intensity) 169 (M*, 100), 152 (2),
146 (5), 143 (2); HRMS (DCI, CH,) Caled for
C;H,NO4 (M™, 100) 169.0375, found 169.0322.

4.2.1.4. (2E)-2-Nitro-3-(3-thienyl)prop-2-en-1-ol (3d).
Yellow crystalline solid; yield: 35%; mp 94-95°C
(CH,Cly-pet. ether 1:3). IR (KBr) cm™' 3303 (br, m),
3102 (m), 2956 (m), 1634 (s), 1509 (m), 1301 (s), 1260
(s), 1100 (s), 1013 (s), 875 (m). '"H NMR (CDCl;)
2.62 (br s, 1H), 4.78 (s, 2H), 7.37 (dd, J = 5.0, 0.9 Hz,
1H), 7.46 (dd, J=5.0, 29 Hz, 1H), 7.82 (dd, J=2.9,
0.9 Hz, 1H), 7.82 (s, 1H). '3C NMR (CDCl;) ¢ 56.6
(t), 127.5 (d), 128.3 (d), 131.5 (d), 131.7 (d), 132.5 (s),
147.9 (s); MS (DCI, CH,) m/e (rel intensity) 185 (M™,
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100), 168 (31), 156 (14), 140 (27), 138 (19), 137 (20), 122
(65), 111 (73), 110 (61), 109 (90), 97 (28); HRMS (DCI,
CH,) Caled for C;H;NO;S (M*, 100) 185.0147, found
185.0141.

4.2.1.5. (2E)-3-(4-Methoxyphenyl)-2-nitroprop-2-en-1-
ol (3e). Yellow crystalline solid; yield: 50%, mp 74-75 °C
(CH,Cly-pet. ether 1:3). IR (KBr) cm™' 3441 (br s), 2960
(), 1611 (s), 1519 (s), 1315 (m), 1269 (s), 1098 (s), 1032
(s), 808 (s). '"H NMR (CDCls) 6 1.60 (br s, 1H), 3.88 (s,
3H), 4.73 (s, 2H), 7.0 (d, J=9.0Hz, 2 H), 7.56 (d,
J=9.0Hz, 2H), 8.20 (s, 1H). *C NMR (CDCl;) ¢
55.5 (q), 56.8 (1), 114.7 (d), 123.6 (s), 132.6 (d), 138.0
(d), 147.4 (s), 162.1 (s); MS (DCI, CHy) m/e (rel intensi-
ty) 209 (M™, 100), 193 (21), 192 (16), 181 (14), 162 (38),
146 (65), 135 (30), 131 (30). HRMS (DCI, CH,) Calcd
for C;oH;;NO,4 (M™, 100) 209.0688, found 209.0699.

4.2.1.6. (2E)-2-Nitro-3-(2-nitrophenyl)prop-2-en-1-ol
(3f). Yellow oil; yield: 56%. IR (film) cm ™' 3459 (br s),
3105 (m), 2940 (m), 1539 (s), 1354 (s), 1038 (m), 749
(w). '"H NMR (CDCl;) 6 2.40 (br s, 1H), 4.52 (s, 2H),
7.65-7.83 (m, 3H), 8.30 (d, J=12Hz, 1H), 8.51 (s,
1H). 3C NMR (CDCls) 8 56.5 (t), 125.5 (d), 127.6 (d),
131.2 (d), 131.6 (d), 134.5 (d), 134.8 (s), 147.4 (s),
149.8 (s); MS (DCI, CH,) 225 (MH™, 19), 208 (19),
207 (100), 162 (10), 160 (11), 135 (16), 132 (11), 120
(82), 92 (23); HRMS (DCI, CH,) Calcd for CogHgN,Os5
(MH?, 19) 225.0511, found 225.0516.

4.2.1.7. (2E)-3-(3,4-Dimethoxyphenyl)-2-nitroprop-2-
en-1-ol (3g). Yellow crystalline solid; yield: 46%; mp
97-99 °C (CH,Cl,-pet. ether 1:3). IR (KBr) cm ™' 3520
(br s), 2957 (m), 1626 (m), 1530 (s), 1274 (s), 1159 (m),
1038 (s), 814 (m). '"H NMR (CDCls) 6 1.70 (br s, 1H),
393 (s, 3H), 395 (s, 3H), 4.74 (s, 2H), 6.96 (d,
J=8.2Hz 1H), 7.17 (dd, J=2.0, 0.5 Hz, 1H), 7.25
(dd, J=8.2, 0.5Hz 1H), 8.19 (s, 1H). '*C NMR
(CDCl3) 6 56.1 (q), 56.2 (q), 57.1 (t), 111.4 (d), 113.0
(d), 124.1 (s), 124.9 (d), 138.4 (d), 147.7 (s), 149.4 (s),
151.9 (s); MS (DCI, CHy) 239 (M*, 100), 192 (28);
HRMS (DCI, CH,4) Caled for C,;H;3sNOs (M*, 100)
239.0794, found 239.0799.

4.2.1.8. (2E)-3-(4-Hydroxy-3-methoxyphenyl)-2-nitro-
prop-2-en-1-ol (3h). Yellow crystalline solid; yield: 60%;
mp 92-94 °C (CH,Cl,-pet. ether 1:3). IR (KBr) cm™'
3482 (br s), 2976 (m), 1645 (w), 1600 (m), 1517 (m),
1274 (s), 1089 (s), 1031 (s), 801 (s). '"H NMR (CDCl5)
0 1.62 (br s, 1H), 3.96 (s, 3H), 4.74 (s, 2H), 6.04 (br s,
1H), 7.01 (d, J=8.9 Hz, 1H), 7.16-7.20 (m, 2H), 8.18
(s, 1H). 3C NMR (CDCl;) 6 56.1 (q), 57.0 (t), 112.5
(d), 115.2 (d), 123.5 (s), 125.5 (d), 138.5 (d), 146.9 (s),
147.4 (s), 148.8 (s); MS (DCI, CHy) 225 (M", 100),
178 (35), 162 (20), 152 (9), 135 (14), 107 (8), 91 (13);
HRMS Caled for C;oH;{NOs (M*,100) 225.0637, found
225.0639.

4.2.1.9. (2E)-3-(Benzo-|d][1,3]dioxol-5-yl)-2-nitroprop-
2-en-1-0l (3i). Yellow crystalline solid; yield: 63%; mp
100-102 °C (CH,Cly-pet. ether 1:3). IR (KBr) cm ™!
3450 (br s), 1632 (m), 1511 (m), 1332 (m), 1031 (w),
820 (w). '"H NMR (CDCl;) & 4.64 (s, 2H), 5.99 (s,

2H), 6.83 (d, J=8.6 Hz, 1H), 7.1 (m, 2H), 8.1 (s, 1H).
3C NMR (CDCl3) ¢ 56.94 (1), 102.12 (t), 109.23 (d),
109.98 (d), 125.34 (s), 126.7 (d), 138.1 (d), 148.0 (s),
148.8 (s), 150.6 (s); MS (DCI, CHy) mle (rel. intensity)
223 (M", 48), 183 (25), 150 (15), 149 (11), 147 (14);
HRMS Calced for CgHoNOs (M*, 48) 223.0481, found
223.0480.

4.2.1.10. (2E)-3-(4-Fluorophenyl)-2-nitroprop-2-en-1-
ol (3j). Yellow crystalline solid; yield: 25%; mp 52—
54 °C (CH,Cl,-pet. ether 1:3). IR (KBr) cm™' 3459 (br
s), 2952 (m), 1655 (w), 1603 (m), 1516 (s), 1326 (s),
1235 (s), 1159 (w), 1020 (s), 843 (m). 'H NMR (CDCl5)
0 2.35 (br s, 1H), 4.68 (s, 2H), 7.18 (dd collapsed to t,
J=28.6 Hz, 2H), 7.60 (dd, J=8.9, 5.2 Hz, 2H), 8.18 (s,
1H). '3C NMR (CDCl5) 6 56.6 (t), 116.5, 116.7 (dd),
127.6 (s), 132.6, 132.7 (dd), 136.8 (d), 149.3 (s), 163.1,
165.6 (sd); MS (DCI, CH,) mile (rel intensity) 197 (M™,
21), 181 (45), 169 (100), 150 (21), 149 (52), 134 (75),
133 (38), 131 (43), 123 (28), 122 (45), 121 (49), 119
(67), 109 (23), 101 (50); HRMS calcd for CoHgNO3F
(M™, 21) 197.0488, found 197.0460.

4.2.1.11. (2E)-2-Nitro-3-(phenyl)prop-2-en-1-ol (3k).
Yellow oil; yield: 50%; IR (film) cm™' 3445 (br s),
2947 (m), 1653 (m), 1528 (s), 1338 (s), 1023 (s), 695
(m). '"H NMR (CDCl5) 6 2.96 (t, J = 5.8 Hz, 1H), 4.70
(d, J=5.8Hz, 2H), 7.46-7.58 (m, 5H), 8.20 (s, 1H).
BC NMR (CDClLy) § 56.5 (1), 129.1 (2xd), 130.1
(2xd), 130.9 (d), 131.2 (s), 137.7 (d), 149.3 (s); MS
(DCI, CHy) mle (rel intensity) 179 (M, 32), 162 (82),
116 (100), 115 (64), 103 (87), 91 (59); HRMS Calcd
for CoHoNO; (M™) 179.0582, found 179.0585.

4.3. Biology

4.3.1. Cell culture. HeLa cells were cultured in Eagle’s
minimal essential medium (MEM) supplemented with
10% fetal calf serum, 1.5 g/ sodium bicarbonate and
1% antibiotic-antimycotic solution containing strepto-
mycin, amphotericin B, and penicillin. Cells were main-
tained at 37°C in a humidified atmosphere of 5%
carbon dioxide and 95% air. Cells were seeded at a den-
sity of 1 x 10° cells/ml on 96-well plates. For immunoflu-
orescence studies, 0.6 x 10° cells/ml were grown as a
monolayer on poly(L-lysine) coated coverslips. Com-
pounds diluted in dimethylsulfoxide (DMSO) (0.1%
final concentration) were added to the culture medium
24 h after seeding.

4.3.2. Cell proliferation assay. 1 x 10° cells/ml were seed-
ed in each well in 96-well plates for 24 h and further
incubated with different concentrations of compounds
at 37 °C for 24 h. After 24 h, cell growth was stopped
by the addition of 10% trichloroacetic acid and stained
with 0.4% sulforhodamine B dissolved in 1% acetic acid.
Unbound dye was removed by washing with 1% acetic
acid and the protein content was determined by measur-
ing absorbance at 560 nm in a Bio-Rad Model 680
microplate reader after extracting with 10 mM Tris base.
1Csq is the drug concentration that inhibits the cell pro-
liferation by 50% relative to the untreated control cells.
Data are the average of five independent experiments.
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4.3.3. Immunofluorescence microscopy. Cells (0.6 x 10°
cells/ml) seeded on poly(L-lysine) coated coverslips were
exposed to different concentrations (0, 1, 2, 5, and
10 uM) of 3b, 3e, 3g, and 1c for 20 h at 37 °C. Cells were
fixed in 3.7% formaldehyde and permeabilized with ice-
cold methanol for 10 min at —20 °C. After blocking
non-specific sites with 2% BSA, cells were stained with
mouse monoclonal anti-a-tubulin antibody (1:300 dilu-
tion in 2% BSA) for 2h at 37 °C followed by Alexa
568 conjugated sheep antimouse IgG antibody (1:100
dilution in 2% BSA) for 1 h at 37 °C, to visualize micro-
tubules. To visualize nuclei and DNA, cells were stained
with 1 pg/ml 4, 6-diamidino-2-phenylindole (DAPI) for
20 s at 37 °C. Cells were washed with 1 x PBS after all
incubations. All the coverslips were mounted in 50%
glycerol in PBS containing 1 mg/ml ascorbic acid and
cells were examined with a Nikon Eclipse 2000-U fluo-
rescence microscope and the images were analyzed with
the Image-Pro Plus software.

4.3.4. Purification of goat brain tubulin. Goat brain tubu-
lin was isolated by two cycles of polymerization and
depolymerization in the presence of glutamate and
10% (v/v) DMSO in assembly buffer (25 mM Pipes,
pH 6.8, 3mM MgSO,;, 1 mM EGTA, and 1 mM
GTP). Microtubule associated protein (MAP)-free tubu-
lin was obtained by phosphocellulose chromatography.
Protein concentration was measured by using Bradford
reagent with bovine serum albumin (BSA) as a
standard.?’

4.3.5. Inhibition of tubulin assembly by 3b, 3e, 3g, and 1c:
light scattering. Purified goat brain tubulin (I mg/ml)
was incubated in the absence and presence of 3b, 3e,
3g, and 1c in assembly buffer containing 1 M sodium
glutamate for 10 min at 0 °C. Polymerization was initi-
ated by keeping the reaction mixture at 37 °C in a water
bath. The rate and extent of polymerization was moni-
tored by light scattering at 550 nm for 30 min in a JAS-
CO FP 6500 fluorescence spectrophotometer using a
0.3 cm path length cuvette. The excitation and emission
band passes were 5 and 10 nm, respectively. Buffer blank
values were subtracted from all the measurements.

4.3.6. Transmission electron microscopy. Tubulin (1 mg/
ml) was polymerized in the absence and presence of dif-
ferent concentrations (10 and 25 uM) of 3b, 3e, 3g, and
1c in assembly buffer as described above. The polymers
were fixed with 0.5% glutaraldehyde for 10 min at 37 °C.
Samples (40 pl) were applied to carbon coated electron
microscope grids (300 mesh) for 15s and blotted dry.
The grids were negatively stained with 0.5% uranyl ace-
tate solution for 45s and air-dried. The samples were
viewed in a Tecnai G* 120 KV transmission electron
microscope. Images were taken at 16500x magnification.

4.3.7. Binding measurements. Binding of 3b, 3e, 3g, and
1c to goat brain tubulin was determined by measuring
the intrinsic tryptophan fluorescence quenching of
tubulin.?® To specifically excite the tryptophan resi-
dues in the tubulin, 295 nm was selected as the excita-
tion wavelength. Tubulin (I uM) was incubated with
different concentrations (0-25 uM) of 3b, 3e, 3g, and

lc in PEM buffer 25mM Pipes, pH 6.8, 3 mM
MgSO,4, 1 mM EGTA) for 30 min at room tempera-
ture. Fluorescence measurements were taken in a JAS-
CO FP-6500 spectrofluorometer using a 0.3 cm path
length cuvette with excitation and emission wave-
lengths of 295 and 335 nm, respectively. Corrections
due to the inner filter effects were made according
to the formula F = Fopg X antilog [(Agx + Agm)/2],
where Agx is the absorbance of tryptophan at the
excitation wavelength and Agy is the absorbance of
tryptophan at the emission wavelength. The fraction
of binding sites (X) occupied by compounds 3b, 3e,
3g, and 1c was determined using the equation
X =(F— Fo)/[Fmax, where Fo is the fluorescence
intensity of tubulin in the absence of the tested com-
pounds, F is the corrected fluorescence intensity of
tubulin in the presence of 3b, 3e, 3g, and 1lc¢ and
Fyvax was calculated from the plot of 1/(F — Fp) ver-
sus 1/[3b, 3e, 3g, and 1c] and extrapolating 1/[3b, 3e,
3g, and 1c] to zero. The dissociation constant (Kjy)
was determined using the relationship, 1/a=1+ K4/
Ly, where Lg represents the free concentration of
3b, 3e, 3g, and 1c and o represents the concentration
of 3b, 3e, 3g, and 1c that is bound to tubulin.
Lg=C—oa [Y], where C is the total concentration
of 3b, 3e, 3g, and 1c and [Y] is the molar concentra-
tion of ligand binding sites assuming a single binding
site per tubulin dimer. Data are an average of five
independent experiments. The molar extinction coeffi-
cients for the compounds 3b, 3e, 3g, and 1c were
determined to be 4820 £ 227, 5050 + 398, 3888 * 136,
and 4144 £419M 'em ™! at 295nm and 14893 + 1329,
11888 £ 625, 6794+ 136, and 6940 £210M 'cm ' at
335 nm, respectively.

4.3.8. Interaction of 3b, 3e, 3g, and 1c and ANS with
tubulin. The change in 1-anilinonaphthalene-8-sulfonic
acid (ANS) fluorescence at 470 nm upon binding to
tubulin-MBH adduct complex was used to determine
the interaction of 3b, 3e, 3g, and 1c¢ with tubulin. Tubu-
lin (I pM) was incubated with varying concentrations
(0-50 uM) of 3b, 3e, 3g, and 1c for 30 min at 25 °C. For-
ty micromolars ANS was added to the reaction mixtures
and incubated for an additional 30 min at room temper-
ature. The fluorescence measurements were performed
with excitation wavelength of 400 nm and emission
wavelength of 470 nm. Five independent experiments
were performed.

4.3.9. Binding of vinblastine and MBH adducts 3b, 3e, 3g,
and 1c to tubulin. Tubulin (3 uM) was first incubated
with the vehicle DMSO, 100 M vinblastine and
25 uM of 3b, 3e, 3g, and 1c at 37 °C for 45 min. Then,
2 uM fluorescent vinblastine (BODIPY FL-vinblastine)
was added to all the mixtures and incubated for
20 min in dark at room temperature. Fluorescence spec-
tra were collected with an excitation wavelength of
490 nm. The bound fluorescence spectra of tubulin—fluo-
rescent vinblastine complex were obtained by subtract-
ing the fluorescence spectra of unliganded fluorescent
vinblastine in the absence of tubulin (blank spectra)
from the spectra of fluorescent vinblastine in the pres-
ence of tubulin.
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4.3.10. Kinetics of colchicine binding to tubulin. Tubulin
(7 uM) was first incubated in the absence and presence
of 25 uM of 3b, 3e, 3g, and 1c for 25 min at room tem-
perature and then, 10 uM colchicine was added to the
reaction mixtures. Fluorescence intensities were mea-
sured at different time points at 37 °C. The excitation
and emission wavelengths were 360 and 430 nm, respec-
tively. Corrections in fluorescence intensities because of
the inner filter effects were made according to the formu-
la Feorrected = Fops X antﬂOg [(AEX + AEM)/Z]s where
Agx 1s the absorbance of 3b, 3e, 3g, and 1c at the exci-
tation wavelength and Agy; is the absorbance of 3b,
3e, 3g, and 1c at the emission wavelength. Data are
the average of four independent experiments.

Colchicine binding to tubulin was also determined using
the increase in the intrinsic fluorescence of colchicine
when colchicine binds to tubulin.*® Tubulin (7 pM)
was first incubated with different concentrations (0, 5,
10, 25, and 50 uM) of 3b, 3e, 3g, and 1c for 30 min at
37 °C and then 10 uM colchicine was added to the reac-
tion mixtures and further incubated for 60 min at 37 °C.
The excitation and emission wavelengths were 360 and
430 nm, respectively.
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