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ever, they are built up by inverted micelles and appear in the
absence of any solvent. Thus, the cubic lattice of the compound
3, n =8, should be built up by short rodlike micelles, each
consisting of approximately 44 individual molecules.!'!! The
proposed model (Figure 3) requires that two micelles are ar-
ranged side by side at each cell face of the cubic lattice (edge
length 6.9 nm). Therefore the short diameter 4, of these rods
(d, = a,,/2) should not exceed 3.45 nm. In order to organize 44
molecules in each of these closed cylindrical micelles (see Fig-
ure 3) with a diameter of about 3.4 nm, these micelles should be
about 5 nm long (d;). Thus, an axial ratio d,:d, of the order of
about 1.5:1 results.[*?!

Remarkably the short diameter (d,) of the rodlike micelles in
the cubic mesophase is nearly identical with the diameter of the
columns in the hexagonal columnar mesophase of 3, n =38,
formed at lower temperature (a,., = 3.3 nm at 60 °C). Thus, we
conclude that the short rodlike micelles of the cubic mesophase
result from the collapse of the extended columns of the hexago-
nal columnar phase into small segments. Probably the arrange-
ment of eight rodlike micelles in such a cubic lattice represents
an energetic minimum that could be stabilized by quadrupole
interactions!®! and allows an efficient packing of the molecules.
If spherical micelles are formed, their packing coefficient in this
arrangement would amount to only 0.52. Therefore, it is expect-
ed that spherical micelles preferably arrange in a body-centered
(0.68) or in a face-centered lattice (0.74), which allow more
efficient packing.

A related model was recently proposed for thermotropic cu-
bic phases of some dendrimers.!”! A nearly spherical shape was
assumed for the micelles of these cubic phases.!'®) However,
since both compounds differ in their chemical structure, they
could not be compared directly. Further detailed investigations
are necessary to elucidate the general principles for the directed
design of thermotropic cubic mesophases.

Received: January 13, 1997
Revised version: May 30, 1997 {Z99881E]
German version: Angew. Chem. 1997, 109, 2188-2190

Keywords: amphiphiles - cubic mesophases - hydrogen bonds -
liquid crystals * micelles

(11 G. Lindblom. L. Rilfors, Biochim. Biophys. Acta 1989, 988, 221.

[2] a) V. Luzzati, A. P. Spengt, Nature ( London) 1967, 215, 701, b) J. M. Seddon,
R. H. Templer, Philos. Trans. R. Soc. London 4 1993, 344, 377, ¢) G.J. T.
Tiddy, Phys. Rep. 1986, 57, 1.

[3] a) D. Demus. G. Kunicke, J. Neelsenand, H. Sackmann, Z. Naturforsch. A
1968, 23, 84; b) G. Etherington, A. J. Leadbetter, X. J. Wang, T. Tajbakhsh,
Lig. Cryst. 1986, 1, 209; ¢) G. Lattermannn, G. Staufer, Mol. Cryst. Lig. Cryst.
1990, 19/, 199; d) U. Stebani, G. Lattermann, R. Festag, M. Wittenberg, J. H.
Wendorff. J Mater Chem. 1995, 5, 2247; ¢) W. Weissflog, G. Pelzl, I. Letko, S.
Diele. Mol. Cryst. Lig. Cryst. 1995, 260, 157.

[4] a) Y. Fang, A. M. Levelut, C. Destrade, Lig. Cryst. 1990, 7, 265; b) A. M.

Levelut. Y. Fang, Collog. Phys. 1990, 299; ¢) D. W. Bruce, B. Donnino, S. A.
Hudson. A. M. Levelut, S. Megtert, D. Petermann, M. Veber, J. Phys. 111995,
5. 289, and references therein.
a) K. Praefcke, B. Kohne, A. Eckert, J. Hempel, Z. Naturforsch. B 1990, 45,
1084; b) S. Fischer, H. Fischer, S. Diele, G. Pelzl, K. Jankowski, R. R.
Schimidt, V. Vill, Lig. Cryst. 1994, 17, 855.

[6] a) K. Borisch, S. Dicle, P. Goéring, C. Tschierske, J Chem. Soc. Chem. Commun.
1996, 237: b) Lig. Cryst. 1997, 22, 427.

[7] After submission of this work a Pm3n phase was proposed for dendrimers:
V. S, K. Balagurusamy. G. Ungar, V. Percec, G. Johaunsson, J Am. Chem. Soc.
1997, /19, 1539.

[8] The hexagonal —cubic transition in normal lyotropic systems was recently stud-
ied: Y. Rancon, J. Charvolin, J. Phys. Chem. 1988, 92, 2646; P. Mariana, L. Q.
Amaral. L. Saturni, H. Delacroix, J. Phys. 11 1994, 4, 1393.

[9] K. Fonteli, K. K. Fox, E. Hansson, Mol. Cryst. Lig. Cryst. Lett. Sect. 1985, 1,
9; K. Fontell, Colloid Polym. Sci. 1990, 268, 264.

[10] The micelle in the center contributes as a whole micelle, each of the 8 micelles
in the corners contribute 1/8, and each of the 12 micelles at the faces contribute
1/2 to the unit cell.

(s

Angew. Chem. Int. Ed. Engl. 1997, 36, No. 19

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

{11] By using the equation n = V,,N,/Mp and by assuming a density of
p =1gem™? it can be calculated that each cubic unit cell contains about 350
molecules.

[12] A value of 1.35:1 was obtained by fluorescence guenching experiments of
normal cubic mesophases of lyotropic systems (type 1): L. B.-A. Johansson, O.
Séderman, J. Phys. Chem. 1987, 91, 5275.

[13] Two different kinds of micelles were found: spherical and tetrahedral
distorted.

Absolute Sense of Twist of the C12—C13 Bond
of the Retinal Chromophore in Bovine
Rhodopsin Based on Exciton-Coupled CD
Spectra of 11,12-Dihydroretinal Analogues**

Qiang Tan, Jihong Lou, Babak Borhan, Elena
Karnaukhova, Nina Berova, and Koji Nakanishi*

Rhodopsin, the photoreceptor responsible for dim-light vi-
sion in vertebrate species, is located in the outer segment of rod
cells. This membrane protein is composed of seven transmem-
brane «-helices and contains the 11-cis-retinal chromophore 1
{Figure 1}, which is attached to the g¢-amino group of Lys(K)296
on helix G through a protonated Schiff base (PSB).I'- 2! Glu113
serves as a counterion to stabilize the positive charge of the
PSB.B! The 11-cis — trans isomerization triggered by light ini-
tiates changes in the protein conformation leading to a cascade
of events referred to as the visual transduction process.' The
structure of the protonated Schiff base (PSB) of 11-cis-retinal,
with the long conjugated polyene side chain, five methyl groups,
the cyclohexene ring, and the C11-C12 double bond, together
with the nonplanar 6-s-cis and 12-s-trans arrangements, is ideal-
ly suited for the very subtle regulation of the pigment absorption
maximum.®! Depending on the fit of the pigment within the
rhodopsin binding site, this single chromophore can cover the
entire range from the UV region up to wavelengths of around
640 nm, a range most suited for the environment surrounding
the organism.[>!

The UV/Vis and circular dichroism (CD) spectra of bovine
rhodopsin in octyl glucoside are shown in Figure 1. Native
rhodopsin (4,,, = 500 nm) exhibits two positive Cotton effects
in its CD spectrum at 480 nm (Ae = + 2.8, a-band) and 337 nm
(Ae = + 9.8, f-band). A rhodopsin incorporating a retinal ana-
logue in which planes B and C are coplanar due to a five-mem-
bered ring (linkage of C10 and 13-methyl group) exhibit CD
spectra with a negligible a-band. Similarly, the pigment formed
from a retinal with coplanar A and B planes as a result of a
bridged five-membered ring between the 5-methyl group and C8
showed weak f-band. Based on these findings, Ito and co-work-
ers'®) have assigned the origin of the «- and B-bands to distor-
tions around 12-s-trans and 6-s-cis bonds, respectively. Al-
though the two positive Cotton effects reflect the interaction
between the twisted chromophore and its environment, at this
stage it is not possible to gain further information regarding the
sense of twist around the 6-s-cis and 12-s-trans bonds, that is,
the arrangement of planes A, B, and C in Figure 1. We have
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Exciton-coupled circular dichroism is
observed when two or more chro-
mophoric systems with no or only
negligible molecular orbital overlap in a
chiral fashion and interact through
space. Hence, a twist of the polyene
chain along the C12—C13 single bond in
retinal bound to rhodopsin does not
lead to an exciton-coupled CD band be-
{ cause the polyene chain is in conjugation
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Figure 1. The 11-cis-retinal chromophore 1 in native rhodopsin attached in PSB form, and the UV/Vis

(——, ¢) and CD spectrum (—---, Ae) of bovine rhodopsin in octyl glucoside.

therefore disrupted the conjugated polyene system by a single
bond so that the two polyene moieties flanking the single bond
would couple. The sign of the resulting bisignate couplet wouid
reflect the twist in a nonempirical manner. Here we present data
that determine the absolute sense of twist of
planes B and C planes.

Previous photoaffinity labeling experi-
ments have shown that the C3 and C4 atoms
of the ionone ring lie very close to the
transmembrane helix F of rhodopsin (Fig-
ure 2).I7-8) The next essential structural fea-
ture to be clarified is the absolute sense of
twist of the retinal chromophore, that is, the
twists between planes A and B and planes B _“[
and C. The polyene side chain comprising C7
to C12 (plane B) is perpendicular to the axis
of the transmembrane helices of rhodopsin
(Figure 2). By establishing the absolute twist
around the C12-C13 bond one can deter-
mine whether plane C is tilted up or down
with respect to plane B. We have now estab-
lished the helicity between planes B and C by
incorporating 11,12-dihydroretinals into
opsin and measuring their CD spectra. To
our knowledge this is the first time that exci-
ton-coupled CD spectroscopy has been ap-
plied to elucidate subtle conformational de-
tails of protein-bound substrates.

cytoplasmic side

Figure 2. Schematic drawing of rhodopsin showing the location and twist of the
chromophore. The residue cross-linked in the photoaffinity labeling study[7], L 266
on helix F, is indicated. The triene moiety C7 to C12 is in plane B, which is parallel
to the lipid bilayer membrane. The PSB moiety is twisted around the C12-C13
bond so that it 1s directed toward the intradiscal side of the membrane.
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500 with the rest of the molecule. However,
saturation of the C11-C12 double bond
in retinal breaks the chromophore into
two independent conjugated systems:
the triene and the protonated Schiff base
(PSB) moieties. If the through-space

interaction between these two chromophores in the pigment
results in a couplet, then the “sign” of the split CD band should
reflect the absolute twist of 11,12-dihydroretinal within the pig-
ment binding site (Figure 3). Provided 11,12-dihydroretinal
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Figure 3. Absolute sense of twist between planes B and C and the predicted CD exciton couplets. The
exciton-coupled CD curve is defined as positive if the sign of the first Cotton effect of the couplet at longer
wavelength is positive, and vice versa.

adopts a conformation similar to that of 11-cis-retinal in
rhodopsin, the exciton coupling between the triene and PSB
should appear as either a “positive”” or “negative” CD couplet
depending on whether planes B and C assume a positive or
negative twist (Figure 3).[°- 10

The triene and enal moieties of 11,12-dihydroretinal (2H-ret,
2)1111 absorb at 255 nm (shoulder) and 236 nm, respectively.
The triene absorption of the corresponding Schiff base (2H-
PSB, 3) at 255 nm overlaps with the red-shifted PSB absorption
at 270nm (Figure4). The UV spectrum of 11,12-dihy-
drorhodopsin (2H-Rh, 4) in octyl glucoside has one broad max-
imum centered around 279 nm;!'#! the accompanying CD spec-
trum shows negative and positive Cotton effects at 295 nm
(Ae = —1.2) and 275 nm (A¢ = + 2.5), respectively; the differ-
ence between the extrema or 4 valueis —3.7. In contrast the CD
spectrum of native rhodopsin shows two positive Cotton effects
(Figure 1). Thus the CD spectrum of 4 with negative and posi-
tive Cotton effects can be ascribed to the expected exciton cou-
pling between the triene and PSB moieties, which absorb around
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Figure 4. Left: 11,12-Dihydroretinal (2), its protonated Schiff base 3 obtained
with #-butylamine, and their UV spectra in methanol. Right: Dihydrorhodopsin
4 and its UV (A) and CD spectra (B) in octyl glucoside. The chromophore
analogue was bound by incubating 3.5 molequiv of analogue with a suspension
of bovine opsin in 67mM phosphate buffer (pH 7.0) at 25°C for Sh. All
spectra were recorded in 23mm octyl glucoside solution at pH 7.0 with opsin as a
control.

275 and 295 nm, respectively. The red shift of the PSB band
from 270 nm in 3 to roughly 295 nm in 4 is due to the effect of
the electrostatic charges operating within the binding site™?!
and is not unexpected. The extremum at 275 nm represents the
positive Cotton effect of the negative couplet; the contribution
from the opsin should be negligible since the CD spectrum de-
picted in Figure 4 is a difference spectrum between that of the
pigment and that of the opsin. Thus it appears that the triene
band in pigment 4 is red-shifted by 20 nm relative to the band in
3 (255 nm in methanol). This implies that the twist around the
6-s-cis bond in pigment 4 is smaller than in 3 in solution; in other
words, planes A and B (Figure 1) adopt a more planar arrange-
ment in the protein due to constraints within the binding site.
The conclusion arising from the negative cou-
plet of 4 is that planes B and C are twisted as
depicted in Figure 4.

It is conceivable that the 11,12-dihydrochro-
mophore is flexible and subject to many de-
grees of freedom, which ultimately lead to the
weak amplitudes observed in the exciton-cou-
pled CD spectra. To check the validity of the 15000 L
conclusion reached from studies with the dihy-

dropigment 4, the same set of experiments were T 10000
performed with the 13-trans- and 13-cis-11,12-
dihydrocycloheptatrienylidene  retinal (13- £

trans-2H-ret7 5 and 13-cis-2H-ret7 6). The syn- 5000
thesis of the retinal analogues is outlined in

Scheme 1. After HPLC separation, 5 and 6 0
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Scheme 1. Synthesis of retinal analogues 5 and 6. a) N-bromosuccinimide (NBS),
benzoyl peroxide, CCl, ; b} potasstum acetate, 3-methyltrioctylammonium chioride
(Aliquat 336), H,0; c) H,, Pd/C, acetic acid, CH,Cl,; d) diethyl 1-cyanoethyl
phosphonate, NaH, THF; e) potassium carbonate, methanol, H,O; f) rers-
butyldimethylsilyl chloride (TBDMSCI), imidazole, DMF; g) ditsobutylaluminum
hydride (DIBAL-H), CH,Cl,, 1:1 mixture of isomers separated by column chro-
matography; h) j-cyclocitryl triphenylphosphonium bromide, potassium tert-
butoxide, THF; i) Bu,N*F~, THF; j) tetra-N-propylammonium perruthenate
(TPAP), 4-methylmorpholine N-oxide (NMO), finely powered 4 A molecular sieves,
CH,Cl,; k) diethyl cyanomethyl phosphonate, NaH, THF; I) DIBAL-H, CH,Cl,;
m) HPLC separation of 1:1 mixture of isomers[t5].

in earlier data obtained with cycloheptatrienylidene retinal (ret7
12). The UV and CD spectra of the pigment obtained from 12
and opsin closely resemble the UV and CD spectra of native
rhodopsin.[* 1 It was therefore con-
cluded that the geometry of 12
within the binding site and the cor-

X
responding protein—substrate in- =
teractions are very similar to those CHO
of 11-cis-retinal in the native

12

rhodopsin. Based on these observa-
tions we felt that 13-trans-2H-ret7
5 would be a more appropriate choice for a dihydro-11-cis
locked retinal analogue of 11,12-dihydroretinal (Figure 5).
The enal moiety in § absorbs at 244 nm in methanol. The
absorption of the nonplanar triene moiety was assigned to be
around 266 nm (the synthetic intermediate 11 with the same
triene system exhibits an absorption maximum at 266 nm) and
appears as a shoulder around 270 nm (Figure 5; the UV and CD
spectra of 6 are very similar). In the protonated Schiff base 13

272 (17 000

were characterized by their NMR and mass 210
spectra.'*! The rationale to pursue a dihydro
analogue of pigment 4 in which the conforma-
tion is Jocked with a seven-membered ring lies

Angew. Chem. Int. Ed. Engl. 1997, 36, No. 19
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Figure 5. 13-trans-2H-ret7 5, its PSB derivative 13, and their UV spectra in methanol. The UV spectra
of 13-cis-2H-ret7 6 and its PSB derivative are very similar to those of the frans isomer.
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obtained with n-butylamine, the absorption maximum of the
enal unit is shifted to around 270 nm (Figure 5) and overlaps
with the triene absorption.

Rhodopsin analogues 14 and 15, which incorporate § and 6,
respectively, have absorption maxima at 283 nm (¢ = 28000)
and 284 nm (¢ = 29000), respectively (Figure 6).1'®1 Repeated
addition of 11-cis-retinal to incubation mixtures of each failed
to generate the native rhodopsin as determined by the absorp-
tion at 500 nm. Therefore, it was concluded that no opsin was
left and the analogues bound to opsin could not be replaced by
11-cis-retinal.

13-trans-2H-Rh7 14 exhibits a negative split CD band
at 297 nm (Ae = — 6.5) and 273 nm (Ae = + 5.2; 4 = —11.7).
Rhodopsin analogue 15 also shows a negative couplet with
a slightly larger 4value of —14.1 at similar wavelengths,
298 nm (Ag = —7.5) and 272 nm (Ae = + 6.6; Figure 6). The

272 (+6.6)
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----------- e
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\295 75 Jenot
283 (28 000) 12
L !,

Teeealld

i L b 1 . o
260 280 300 320 340
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bisignate CD spectra can again be ascribed to the coupling
between the triene and protonated Schiff base (PSB) moieties,
thus confirming the conclusion resulting from experiments with
analogue 4. To secure further support for the origin of the cou-
plet, the amplitudes of the split CD bands of 13-trans and 13-cis
isomers 14 and 15 were compared. It is known that the 4 value
of bisignate exciton-coupled split CD curves increases as the
projection angle of the two interacting chromophores ap-
proaches 70°.1% 1% The estimated angle between the triene and
protonated Schiff base moieties is roughly 60° for the 13-cis
isomer and 20° for the 13-trans isomer based on molecular mod-
eling calculations (MM2 force field).!'7! This is in agreement
with the observed larger 4 value for the 13-cis isomer {—14.1)
relative to that for the 13-srans isomer (—11.7), and supports
the conclusion that the observed split CD band is due to exciton
coupling between the two chromophores within the binding site.

The smaller 4 value of the pigment incorporating 11,12-dihy-
droretinal (2), in which the 11-s-cis conformation is not fixed, is

2092 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997
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Figure 6. UV and CD spectra of 13-trans-2H-Rh7 14 and 13-cis-2H-Rh7 15. The projected structures of the chro-
mophores show that the angle between the coupled chromophores is larger for the 13-cis pigment, and this is reflected
in the slightly larger amplitude in its CD spectrum. The chromophore analogues were bound by incubating
1.5 molequiv of analogue with a suspension of bovine opsin in 67 mM phosphate buffer (pH 7.0) at 25°C for Sh. All
spectra were recorded in 23mm octyl glucoside solution at pH 7.0 with opsin as a control.
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most probably due to the flexibility of the side chain leading to
conformations in which the angles between the two interacting
chromophores are smaller and/or the chromophores are more
distal. Nevertheless, the fact that the CD spectrum of 11,12-di-
hydrorhodopsin (4) displays a negative bisignate curve is in
agreement with the results obtained with 13-trans-2H-Rh7 14
and 13-cis-2H-Rh7 15.

The experimental results indicate that the negative helicity
between planes B and C is as depicted in Figure 3; they also
suggest that the twist between planes A and B of chromophores
bound to opsin is smaller than in the same chromophore in
solution. The handedness of the arrangement of the planes B
and C agrees with the theoretical prediction of Kakitani and
co-workers,!'8! according to which the C12-C13 bond in
rhodopsin is twisted by —130 to —150° when the torsion angle
is measured clockwise from the planar cis conformation. (Han

and Smith have also arrived at the
same conclusion by theoretical con-
siderations.!*®)) It is remarkable that
the conformation of the chro-
mophore in the binding pocket of a
large protein can be determined from
the sign of the bisignate exciton-cou-
pled split CD spectra. As mentioned
above, the twist of the chromophore
is reflected in the CD spectrum of the
original rhodopsin by the presence of
the a- and f-bands. The characteris-
tics shape and sign of these bands are
dictated by the interaction between
the chromophore and the opsin
binding site. Therefore, in other visu-
al pigments that exhibit similar posi-
tive a- and f-bands, it can be postu-
lated that the chromophoric twist
along their polyene chain will be sim-
ilar to that in bovine rhodopsin.

These results further demonstrate
the versatility of the exciton-coupled
split CD method in probing subtle
conformational aspects of ligand-
receptor interactions. Further stud-
ies directed toward determining the
absolute sense of twist between
planes A and B and clarifying the
mechanism of the visual transduc-
tion process on a molecular struc-
tural basis are in progress.
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Structure— Activity Relationships of the
Epothilones and the First In Vivo Comparison
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The discovery and characterization of the bacterial natural
products epothilones A (1) and B (2) have evoked a great deal
of interest.!!) Their high levels of cytotoxicity and their potent
stabilization of microtubules are reminiscent of the biological
activity of paclitaxel (3), a clinically valuable resource in cancer

3: paclitaxel

epothilone A
e: epothilone B

=T

chemotherapy.!?! Paclitaxel (3), which has been in use for the
treatment of ovarian and breast carcinomas, is also being evalu-
ated against a variety of other tumors. Nonetheless, its applica-
tion is hampered by difficulties in formulation and susceptibility
to multiple drug resistance (MDR). Though a massive amount
of analog synthesis based on the paclitaxel structure has been
accomplished, the framework appears to be intolerant to major
simplification with maintenance of biological activity. To the
best of our knowledge, no compound which is of a significantly
lower level of structural complexity than paclitaxel has been of
clinical interest as a replacement for the parent drug.

Since the epothilones are more water-soluble than paclitaxel
and, in preliminary in vitro studies, seemed to perform better
against several MDR cell lines, this series warranted evaluation.
Our laboratory and several others have attacked the problem of
the total synthesis of 1 and 2.1* ) This goal, in the case of 1, was
first accomplished in a stereocontrolled fashion by using a
boron-alkyl Suzuki coupling strategy to establish the C11-C12
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