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Abstract-We previously reported on the inhibition of microtubule polymerization and the formation 
of ribbon structures by synthetic estrogens [Sato et al., J Biochem 101: 1247-1252, 19871. The present 
investigation aimed to analyse these effects in uibo on stereochemical point of view, using hexestrol 
isomers ((R, R)-(+)-hexestrol, (S,S)-( -)-h exestrol and meso-hexestrol) and dl-hexestrol. Among hexe- 
strols, dl-hexestrol showed the highest activity in ribbon formation from microtubule proteins at 100 PM. 
On the other hand, meso-hexestrol was distinguished from others by inhibition of microtubule assembly 
and formation of a large amount of aggregates from purified tubulin in the presence of MgC12 and 
DMSO. These results were discussed with physico-chemical properties of hexestrols, e.g. absolute 
configurations as well as circular dichroism spectra and solid state carbon-13 nuclear magnetic resonance 
spectra. 

A synthetic estrogen, diethylstilbestrol (DES),! is 
not only clinically effective in chemotherapy of breast 
and prostate cancers [l, 21 but also carcinogenic in 
experimental animals [3] and in humans [4,5]. DES, 
which induces neoplastic transformation in cultured 
cells [6], is rather an exceptional carcinogen without 
appreciable mutagenic activities [f%8]. The car- 
cinogenicity could be best explained in terms of 
aneuploidy [9] due to disturbed assembly of micro- 
tubule proteins [lO-121. In the present situation, 
however, it is difficult to completely rule out other 
important contributions, e.g. metabolic activation 
[13], DNA binding [14], radical formation [15] or 
DNA breaks [16]. Further, another synthetic estro- 
gen, meso-hexestrol, is shown to induce renal car- 
cinoma in castrated male hamster as DES or 17p- 
estradiol [ 171. 

In a preceding paper [18], we showed that meso- 
and dl-hexestrol not only have an inhibitory effect 
on microtubule assembly from microtubule proteins 
but also accumulate twisted ribbon structures in 
uitro. The formation of the twisted ribbon structures 
in the presence of meso- or dl-hexestrol has also 
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Fig. 1. Structures of hexestrol stereoisomers: (a) diethyl- 
stilbestrol, (b) meso-hexestrol[(R,S)-hexestrol], (c) (R,R)- 

(+)-hexestrol and (d) (S,S)-(-)-hexestrol. 

recently been reported by Chaudoreille et al. [19]. 
Although dl-hexestrol was used in our previous 
experiment, it is indispensable to investigate the 
respective activity of its stereochemical enantiomers, 
(R,R)-(+)- and (S,S)-(+)-hexestrols, to clarify the 
relationship between effects on microtubules and 
structures of hexestrols. 

In this report, we described the effects of (R,R)- 
(+)-hexestrol, (S,S)-(-)-hexestrol, meso-hexestrol 
and dl-hexestrol (Fig. 1) in a system of microtubule 
proteins and of purified tubulin. In the former 
system, all the hexestrols inhibited the normal micro- 
tubule assembly, accompanied by the formation of 
ribbon structures. In the latter system supplemented 
with DMSO, (R,R)-(+)-, (S,S)-(-)- and dl-hexe- 
strols did not inhibit microtubule formation whereas 
meso-hexestrol caused formation of aggregates. 
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Fig. 2. CD curves of (I?$)-(+)- and (S,S)-(-)-hexestrols. 
(-) (R,R)-(+)-hexestrol; (-----) (S,S)-(-)-hexestrol. 

These results were discussed in connection with the 
physico-chemical data of each hexestrol stereo- 
isomers. 

MATERIALS ANDMETHODS 

Preparation of microtubule proteins and tub&in. 
Microtubule proteins were prepared from porcine 
brains by two cycles of temperature-dependent 
assembly-disassembly by the method of Shelanski et 
al. [20] with some modifications [21]. The micro- 
tubule proteins were stored at -70” for later use. 
Tubulin was purified from two-cycle microtubule 
proteins by phosphocellulose method described by 
Kumagai and Nishida [22]. 

Assembly assay. The effect of the test compounds 
on microtubule proteins or purified tubulin at 37” 
was determined by turbidity measurement [23] at 
400 nm using a UVIDEC 430B double-beam spectro- 
meter equipped with a thermostatically controlled 
cell holder. Microtubule proteins were adjusted to a 
concentration of 3.0 mg protein/ml in 5 mM MES, 

0.5 mM MgS04, 1 mM EGTA, 50 mM KC1 and 
1 mM GTP (pH 6.5), and used as 1 ml aliquots for 
measurement. Purified tubulin was prepared at a 
concentration of 1.8 mg protein/ml in 0.1 M MES, 
10 mM MgCl*, 0.1 mM EDTA, 2 mM EGTA, 1 mM 
2-mercaptoethanol and 0.5 mM GTP (pH 6.8). One 
ml aliquots of tubulin were incubated after addition 
of 100 ~1 DMSO. Each test compound was dissolved 
in a 1: 1 mixture of DMSO and DMF [24] and this 
solution was added to the protein solution at a vol- 
ume ratio of 2%. 

Electron microscopy. Samples were fixed by 
addition of 9 volumes of the buffer for assembly 
containing 1% glutaraldehyde. A few minutes later, 
carbon-coated collodion 150 mesh copper grids were 
placed on the drops of fixed sample solution and 
rinsed with the same buffer. The samples were then 
negatively stained with 1% uranyl acetate solution 
and air-dried. Specimens were examined on a JEOL 
200 CX electron microscope at 100 kV. 

Protein concentration. Concentrations of micro- 
tubule proteins and purified tubulin were determined 
by the method of Lowry et al. [25] using serum 
albumin as the standard. 

Apparatus for structural determination. Optical 
rotations were measured on a JASCO DIP-SL auto- 
matic polarimeter with a cell of lo-cm light path 
length, and CD spectra were taken in a 0.5-mm 
cell at room temperature (24-25”) in chloroform on 
JASCO J-20 recording spectropolarimeter. High- 
resolution solid state 13C NMR spectra (at 
75.46 MHz) were recorded on a Bruker CXP300 
spectrometer equipped with an accessory for cross 
polarization-magic angle spinning (CP-MAS) as 
described previously [26]. 

Materials. meso-Hexestrol was obtained from 
Wako Pure Chemical Industries, Ltd (Osaka, 
Japan). dl-Hexestrol (m.p. 132”) was prepared [27] 
by catalytic hydrogenation of DES (Tokyo Chemical 
Industry Co., Ltd, Tokyo, Japan) over 5% pal- 
ladium-charcoal in ethyl acetate at ambient pressure, 
and purified through silica gel chromatography. dl- 
Hexestrol was treated with 3cY-bromocamphor-9n- 
sulfonyl chloride to give its corresponding sulfonyl 
ester. Recrystallization of the ester from acetone- 
ethanol afforded (+)-hexestrol-3Lu-bromocamphor- 
9x-sulfonyl ester as crystals, m.p. 188”, [a]g + 73.3” 
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Fig. 3. Turbidimetric analysis of assembly-inhibition by hexestrol isomers at 37”. Test compounds were 
added to microtubule proteins (3 mg/ml) at 0 min. Final drug concentration was 50 nM (A) or 100 nM 
(B). Arrow indicates cold treatment. (0) control; (A) (R,R)-(+)-hexestrol; (A) (S.S)-(-)-hexestrol; 

(0) dl-hexestrol; (W) meso-hexestrol. 
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Fig. 4. The extent of microtubule polymerization by hexe- 
strol enantiomers: concentration dependence. After 60 min 
of polymerization, the absorbance at each hexestrol con- 
centration was determined. The vertical is shown as % of 
control. (A) (R,R)-( +)-hexestrol; (A) (S,S)-(-)-hexe- 

strol; (0) dl-hexestrol; (I) meso-hexestrol. 

83”, [&j - 36.0” (c = 1.64, CHCQ. Analysis cal- 
culated for C1sHZ202: C, 79.96; H, 8.20. Found: C, 
80.28; H, 8.10. CD (c = 1.6.5mg/ml, CHC13) 
[elz5(nm): 0(295), +1900(277) (positive maximum), 
0(254), -5060(230). (+)-Hexestrol di-p-bromoben- 
zoate (m.p. 127-128”) was obtained for X-ray crys- 
tallographic analysis by treatment of (+)-hexestrol 
with p-bromobenzoyl chloride in pyridine. ATP and 
GTP were obtained from Yamasa Shoyu Co., Ltd 
(Choshi, Japan), and the materials for electron 
microscopy were obtained from Nissin EM Co., Ltd 
(Tokyo, Japan). All other reagents were obtained 
from Wako Pure Chemical Industries, Ltd. 

RESULTS AND DISCUSSION 

Stereochemistry of (+)-hexestrol 

(+)-Hexestrol has been proved chemically as a 
(R,R) configuration [29,30] which was recently con- 
firmed by X-ray diffraction analysis of (+)-hexestrol 

- 

Fig. 5. Electron micro~aphs of m~crotub~e proteins incubated at 3P for 20 min in the presence of di- 
hexestroi. (A) Only ribbons were observed at concentration of 200 ,uM, but (8) after cold treatment, 

only small particles were observed. Bar, 100 nm. 

(c = 0.12, CHCQ. Alkaline hydrolysis and silica gel 
chromatography gave free (+)-hexestrol [28]. Re- 
crystallization from methylene chloride gave 
(+)-hexestrol as colourless needles, m.p. 82-83”, 
[~]g + 38.0” (c = 0.25, CHCl,). Analysis calculated 
for C1sHZ202: C, 79.96; H, 8.20. Found: C, 79.95; 
H, 8.05. CD (c = 0.80mg/ml, CHC13) [Qlz5 (nm): 
0(295), -2030(277) (negative maximum), 0(254), 
l 5080(230). The ethanol soluble fraction which was 
obtained from the first recrystallization of the 
sulfonyl ester was concentrated and alkaline hydroly- 
sis and silica gel chromatography gave free (-)- 
hexestrol. Recrystallization from methylene chloride 
gave (-)-hexestrol as colorless needles, m.p. 82- 

di-p-bromobenzoate (Itai et&, unpublished results). 
Consequently, (-)-hexestrol should be a (S,S) ster- 
eoisomer. These compounds exhibited CD spectra 
which indicated that (~,~}-~+)-hexestrol has a nega- 
tive Cotton effect and the (S,S)-(-)-isomer shows 
the positive one (Fig. 2). The crystal structure of dl- 
hexestrol has been reported to be different from that 
of DES [31-331. 

Effects of hexestrol stereoisomers on microtubulepro- 
teins 

We examined the effects of (R,R)-(+)-hexestrol, 
(S,S)-( -)-hexestrol, dl-hexestfol and meso-hexestrol 
[(~,~)-hexestrol] on mi~otubuie pol~erization~ 
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Fig. 6. “C CP-MAS NMR spectra (75.46 MHz) of (A) (R,R)-(+)-hexestrol and (B) df-hexestrol in the 
solid state together with (C) the 13C NMR spectrum of dl-hexestrol recorded in deuteriochloroform 

solution. 

Table 1. r3C chemical shifts of dl- and (+)-hexestrol in the solid state (ppm from TMS)* 

Compound C-l c-2 c-3/c-7 C-4/C-6 c-5 c-s c-9 

meso-Hexestrolt 54.8 137.6 132.4 118.6 152.9 27.8 12.8 
53.9 135.8 125.8 117.3 

dl-Hexestrol 53.2 133.8 131.6 114.6 153.7 27.9 15.2 
51.7 132.9 128.7 114.0 152.3 11.1 

113.2 
(52.4) (135.1) (130.0) (114.3) (153.2) 

(+)-Hexestrol 54.2 131.9 130.1 113.5 152.8 
128.6 112.7 

* Data in parentheses are from deuteriochloroform solution. 
t Taken from Ref. 26. 

The inhibitory activities of these compounds 
detected by turbidity measurement depended on the 
concentration used. At 50pM, the activities 
decreased in the following order: meso-hexestrol > 
(R,R)-( +)-hexestrol > dl-hexestrol > (S,S)-( -)- 
hexestrol (Fig. 3A). This order, however, was distur- 
bed at 100 PM, and dl-hexestrol showed the highest 
inhibitory activity among the four isomers (Fig. 3B). 
Here, it should be noticed that 100 PM dl-hexestrol is 
composed of 50 ,uM (R,R)-( +)-hexestrol and 50 PM 
(S,S)-( -)-hexestrol. At 200 ,uM, increase of turbidity 
was almost equally suppressed by the above com- 
pounds, and there appears to be a tendency for the 
inhibitory activity of kxestrols to saturate (data not 
shown). Figure 4 showed the relation of turbidity 

values by microtubule polymerization and con- 
centrations of hexestrol stereoisomers, at 50,100 and 
200 PM. From this figure, it was clearly shown that at 
below 100 ,uM (R,R)-(+)- and (S,S)-(-)-hexestrols 
exhibit low activity and those activities were weaker 
than that of meso-hexestrol. However, interestingly 
the coexistance of the enantiomers as the racemate 
strengthened the activity at 100 PM as compared with 
that of only one of the enantiomers. 

At 100 ,uM, meso-hexestrol induced ribbon-micro- 
tubules and ribbons, and dl-hexestrol formed only 
ribbon structures as described in the previous paper 
[ES]. At 200 yM, all compounds were found active 
in the formation of ribbons which were transformed 
into small particles after a cold treatment (Fig. 5). 
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These results may contradict that of Chaudoreille et 
al. [19], who reported that twisted ribbon structures 
formed in the presence of dienestrol were stable 
in the cold treatment. On the other hand, when 
microtubule proteins were incubated at 4” in the 
presence of 200pM of meso-hexestrol, the ribbon 
structure was not formed. 

Effects of hexestrol isomers on purified tubulin 

As reported in our previous paper, formation of 
ribbon structures from tubulin induced by hexestrols 
depended on the presence of MAPS [ 181. In a system 
consisting of purified tubulin, MgCl* and DMSO, 
meso-hexestrol inhibited microtubule assembly 
forming aggregates at concentrations higher than 
100,~M [18]. In contrast, its isomers, (R,R)-(+)-, 
(S,S)-(-)- and dl-hexestrols did not inhibit micro- 
tubule formation in the same condition. Both aggre- 
gates induced by meso-hexestrol and microtubules 
formed in the presence of other isomers were trans- 
formed into tangles by cold treatment. Thus, the 
activity of meso-hexestrol on tubulin assembly 
seemed to be different from other isomers. 

Effects of molecular configurations on the activities 
of hexestrols 

We previously reported that (+)-griseofulvin was 
much more active in inhibiting microtubule assembly 
than (-)-griseofulvin [34]. In the present inves- 
tigation, (R,R)-(+)-hexestrol showed higher extent 
of inhibition than (S,S)-( -)-hexestrol at 50 ,uM, but 
almost the same extent of inhibition at con- 
centrations higher than 100pM. Although meso- 
hexestrol was prominent in inhibition of microtubule 
assembly, dl-hexestrol also exhibited an extra- 
ordinary activity at 100 ,uM exceeding any other iso- 
mers. It is worth investigating why the racemate is 
more active than its enantiomers alone. 

Recently, we have reported that 13C NMR signals 
of meso-hexestrol in the solid state are split into a 
pair of peaks, in contrast to observations in solution 
[35], because the conformation of the two phenol 
moieties in the solid state is not always identical [26]. 
In the present work we found that the 13C NMR 
spectrum of dl-hexestrol in the solid state gives rise 
to considerably different spectral pattern from that 
of (R,R)-(+)-hexestrol (Fig. 6 andTable l), although 
their spectra are identical in solution. Similar crys- 
talline modification of racemic mixtures was noted 
in optically pure and dl-tartaric acids [36]. As a 
result, the C-5, C-2 and C-4 peaks in aromatic moi- 
eties as well as C-l and C-9 peaks of dl-hexestrol are 
split into a pair of doublet patterns. It appears that 
conformation of dl-hexestrol is not identical with 
that of (R,R)-(+)-hexestrol as judged from the dis- 
placements of 13C NMR peaks. In particular, the 
C-9 methyl 13C signals which are sensitive [37] to 
intermolecular packing are significantly different 
from the corresponding peak of (R,R)-(+)-hexe- 
strol. There is also a possibility that torsion angle 
about the Cl-C2 and the manner of hydrogen bond- 
ing at C.%OH are different among two enantiomers 
and racemate (see Fig. 6A and B). In particular, the 
conformational change of df-hexestrol from that of 
(R,R)-( +)- or (S,S)-( -)-hexestrol is obviously 
caused by the presence of specific interaction 

between (R,R)-( +)- and (S,S)-( -)-enantiomers. In 
support of this view, melting point (m.p. 132”) of the 
racemate is higher than that (m.p. 82-83”) of the 
(R,R)-(+)- or (s,.S)-(-)-enantiomer. This means 
that the racemate pair, (R,R)-(+)-(S,S)-( -), is more 
stable than pairs of (R,R)-(+)-(R,R)-(+) and (S,S)- 
(-)-(S,S)-(-) isomers. Such racemic pairs will be 
readily dissociated to give an isolated molecule in 
DMSO/DMF solution. Nevertheless, it is also con- 
ceivable that a recemate is again formed in aqueous 
media of sparing solubility and/or less hydrophilic 
environment at the site of binding to the protein. 
Thus, such a racemic mixture or meso-hexestrol 
could interact differently with the microtubule pro- 
teins. Such an explanation might be responsible for 
enhanced biological activity of a racemate over the 
(R,R)-(+)- or (sJ)-(-)-enantiomer. To confirm this 
we are planning the X-ray analysis of (R,R)-(+)- 
hexestrol itself. 

Present observations along with our previous 
results [lo, 18, 261 including “disruptive effect of 
DES on microtubules” will provide a basis for further 
study of enantiomers and corresponding racemate in 
in vitro protein-drug interactions. 
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