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Abstract Using ab initio methods, we have studied
conformations of the de(sidechain)de(dioxy)difluoroepothi-
lone model to quantify the effect of stability change
between the exo and endo conformers of the epoxy ring.
The DFT minimization of the macrolactone ring reveals
four low energy conformers, although MP2 predicted five
stable structures. The model tested with DFT hybride
functional (B3LYP/6-31+G(d,p)) exhibits the global mini-
mum for one of the exo forms (C), experimentally observed
in the solid state, but unexpectedly with the MP2 electron
correlation method for the virtual endo form (W). Using the
QST3 technique, several pathways were found for the
conversion of the low energy conformers to the other low
energy exo representatives, as well as within the endo
analog subset. The potential energy relationships obtained
for several exo forms suggest a high conformational
mobility between three, experimentally observed, conform-
ers. The high rotational barrier, however, excludes direct
equilibrium with experimental EC-derived endo form S.
The highest calculated transition state for the conversion of
the most stable exo M interligand to the endo S form is
approximately a 28 kcal/mol above the energy of the
former. The two-step interconversion of the exo H
conformer to the endo S requires at least 28 kcal/mol.
Surprisingly, we found that the transition state energy of the
H form to the virtual endo W has the acceptable value of
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about 9 kcal/mol and the next energy barrier for free
interconversion of endo W to endo S is 13 kcal/mol.
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Introduction

As dynamic components of cells, microtubules are crucial
in cell reproduction and division processes. In recent years,
they have become a natural target for diverse groups of
anticancer drugs, any of which derive from natural products
[1]. Research has shown that cancer cell apoptosis is caused
by the arrest of the cell cycle at the G2/M transition, and it
is directly related to an inappropriate formation of the
mitotic spindle [2, 3]. We now have a much clearer
understanding of the molecular basis of anti-tumor activity
of mitosis inhibitors such as taxanes, by elucidating the
molecular nature of structural changes that occur in both f3-
and «-tubulin once stabilized by paclitaxel (Taxol). The
determination of the cleft consisting of hydrophobic
residues of H1, H7 helix, B7 strand, H6-H7, B9-B10 and
M loops, in particular, greatly broadened our knowledge on
the mechanism of conformational activation of (3-tubulin
[4-6] (see also [7]).

The identification of epothilones [8—10] (and other non-
taxoid antimitotic compounds), as paclitaxel-like activity
drugs [11] has expanded a novel strategy against cancer
established on the mitotic arrest of the cell cycle. Of
particular interest is the synthetic availability of epothilones
from several total syntheses [12, 13] and the bioavailability
by myxobacterium culture giving rise to a wide variety of
epothilone A 1 (Scheme 1) and related structures [14].
Fermentation followed by one pot partial synthesis with 1
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Scheme 1 Epothilone A 1, de
(side chain)de(dioxy)difluoroe-
pothilone 2 and (3S,4R)-3,4-
epoxypentan-1-ol acetate 3

Epothilone A 1

(or its analogs) holds great promise as a future source of
semisynthetic drugs [14].

Currently there are at least five epothilones under
clinical development: two from Bristol-Myers-Squibb (epo-
thilone B lactam analogue, BMS-247550 and C21 amino
epothilone B, BMS-310705), two from Novartis (unmodi-
fied epothilone B, EPO906 and C20desmethylsulfanyl
epothilone B, ABJ879) and one from Kosan/Sloan-Ketter-
ing/Roche (epothilone D, KOS-852) [15, 16]. The first two
BMS compounds are the most advanced, and while BMS-
247550 is less active [17], it is metabolically more stable
than epothilone B, making it a likely candidate for future
chemotherapy [18, 19]. Using electron crystallography to
study the binding site of epothilone A on «,(-tubulin
dimer revealed unexpected differences in the position of
the bound ligand [20] toward existing pharmacophore -
tubulin models [21-27]. A comparison with paclitaxel
epothilone A 1 highlights the expansive and promiscuous
binding pocket of 3-tubulin in "a unique and qualitatively
independent manner" [20]. Its molecule is shifted to the M
loop and the tubulin hydrophobic pocket is unoccupied.
Data published by Nettles and Snyder [20] clarifies that
binding sites and binding forces of taxanes and epothilones
on tubulin are distinct. Their findings show that the concept
of a common pharmacophore, at least in this case, cannot
be considered.

Still at issue is the deciphering of the mechanism(s) in
which structurally quite dissimilar drugs, which occupy
barely covering binding sites, alter the conformation of f3-
tubulin, tubulin dimer and, consequently, the stability of
microtubule.

It is widely accepted that epothilones form two subsets
of conformers in which the epoxide bridge is arranged
outward the macrolactone ring, forming a more stable
exo form [10] or inward, to constitute an endo conformer
[20]. The presence of two such conformational arrange-
ments increases the number of mutual orientations of
carbonyl and hydroxyl groups, leading to several patterns
of intramolecular hydrogen bonds and, ultimately, intermo-
lecular hydrogen bonds in contact with a polar protein
environment.

Extensive experimental studies ranging from X-ray
crystallography [10], electron crystallography [20] and
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liquid NMR spectroscopy [10, 28-31] contribute to our
understanding of the molecular basis of epothilone inter-
actions. In contrast to paclitaxel [4, 5], epothilone ignores
the hydrophobic cleft consisting of nine amino acids of the
intermediate 3-tubulin domain, even without exception of
the thiazole ring, which is anchored by His**” of H7 helix.
The approximately parallel orientation of four carbon-
oxygen bonds at the C1-C7 region of epothilone is ideally
aligned to easily relocated M-loop residues to engage in the
network of hydrogen bonds [20]. Despite the potential of
these approaches, further accumulation of data is essential
to fully understand the molecular architecture of the ligand-
protein complex.

We believe that current research on carcinogenesis
and mitotic arrest at the molecular level will facilitate
more efficient and specific treatments against different
types of cancer. Conformational analysis of highly active
anticancer molecules may also enhance our understand-
ing of their individual properties and behavior, their
interactions with protein, and their differences in anti-
cancer efficacy. Information collected from organic
synthesis and biosynthesis hold promise of yielding a
plethora of desired molecular structure subgroups [12,
13] and making both oncology targeted therapy and
tailored therapy feasible. Our (and other) computational
results may contribute to the key determinants of energy-
structure relationships of the epothilone system, as a
small, highly active, protein partner, thus suggesting
improvement of its future structure.

Methodology

During the past years, only one high level computational
approach has been applied to study the role of structural
factors involved in the stability of the epothilone system
[32]. The overall structure of the epothilone A molecule 1
comprises two conformational almost independent frag-
ments: the 16-membered macrolide ring and the rigid
thiazole system, which as a part of the side chain, is linked
by two rotatable single bonds. Most likely the relative
rotational position of the side chain only partly controls the
conformational behavior of the macrolide scaffold and
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actually has no profound influence on its conformational
profile [28]. So far, however, there have been no high level
systematic computational results that account for the side
chain - macrolide ring dependence in terms of both
structure and energy, probably due to the dimensions of
the whole system. Thus, it is first necessary to determine
the most appropriate structural model for epothilone to
study interconversion pathways of the macrolide system.
The influencing lone pairs of the pseudo tetrahedral oxygen
atom of epoxide hold particular interest. They are consid-
ered to be above and below three-membered ring plane and
may primarily interact in TS, or in the endo form with both
ester oxygens. The oxygen substituents at the 3 and 7
positions (hydroxyl groups), as well as carbonyl positioned
at the 5 position of carbon ring, are probably too distant to
have a remarkable, transannular effect on the exo-endo
equilibrium of the system. The fact that the 3,7-dihydroxy-
5-oxomacrolactone ring may form several patterns of
intramolecular hydrogen bonds presents another challenge.
The hydrogen bonding influencing conformer stability may
yield the hydrogen bonding dependent energy gap. To
address these issues, we created a non-hydroxyl, simplified
version that may exploit the unique structural complexity
offered by the natural epothilone system and mimic its
conformational behavior. The design of a suitable hydroxyl
mimetic depends upon the finding of a proper replacement:
fluorine is a logical choice given that fluorine is of a similar
size [33], electronegativity [34, 35] and ionization potential
[36, 37] as the oxygen atom. The issue of the obscuration of
conformational energies, in a variety of intramolecular
hydrogen bonding interactions, different even with medium
torsional angle changes of the macrocycle, is then omitted.
To make the epothilone system tractable at a high
computational level, we selected de(side chain) structure
of original epothilone A.

We substituted the [(/E)-1-methyl-2-(2-methyl-4-
thiazolyl)ethenyl] side chain with hydrogen. The results
reduced, but in the macrolide part, isosteric with epothilone
scaffold molecule 2 was employed as the object of the first
approach explorative conformational examination and
analysis.

All energies and structures reported here were calculated
using Gaussian 03 software [38], at the B3LYP/6-31+G(d,
p) and MP2/6-31+G(d,p)//B3LYP/6-31+G(d,p) level of
theory [39, 40]. We applied the default loose convergence
criteria of the Gaussian program. The structures selected
were not the result of a complete conformational search.
Initial hypotheses for the generation of the representative
exo and endo forms were chosen rather because their
molecular geometries were established experimentally by
X-ray crystallography (H [10]), electron crystallography (S
[20]), NMR spectroscopy (M [29], T [28]) or on the basis
of QSAR studies (W [41], B [42]).

To expand the breadth of our conformational studies, we
also looked at epothilone family compounds bearing
different types of substituents. We used Cambridge Struc-
tural Database (CSD) [43] version 5.27 (updated November
2005) searches to locate epothilones containing all struc-
tural features, including stereochemical of epothilone A. We
explored CDS (Conquest program associated with the base)
and found nine structures of a 16-membered macrolide; out of
these only four have no ring double carbon-carbon bonds. One
structure (VADKER [43]) was epothilone itself (ether
solvate), and three other structures have different, atypical
to epothilone A or B substituents. These structures were
removed and/or reconstructed to give virtual epothilone A
structures. Finally, epothilone A was considered in 11
conformations. QAFFEI [43] contains an N-oxide function
on the thiazole ring, but after DFT optimization of the
epothilone construct was transformed into structure fM.
Likely MUQLIT [43] (3R)-cyano derivative and VADKER
[43] gave fH geometry found in epothilone A or B crystal
structures. WUMKEU [43] (14S)-methyl derivative of
epothilone B saved its original conformation and is named
as conformer fC. Moreover, coordinates of the endo form of
epothilone A bound to tubulin (1TVK [20], after optimiza-
tion fS) or cytochrome P450epoK (1Q5D) [44] were
extracted from Protein Data Bank (PDB) files. The opti-
mized 1Q5D rested as the fT conformer.

The molecule was converted from one local minimum
into another by averaging their structure atom positions
with the linear synchronous transit (QST2) [45] standard
method, although a manual local intervention was neces-
sary in some cases to obtain realistic geometries for several
transition state structures. It became clear that because of
the size of the macrolactone ring and probable alternative
transition states, the QST2 technique could not exhaust all
the possible starting point geometries. It is important to
note that other templates were not imposed during the
optimization involving the QST3 transition state. In a few
cases templates were intended to reproduce the structures of
transition states in which the "identity" (at least at LOOSE
convergence level) was explicitly stated. Indeed, in four
cases the "identity" (energetic and structural) of TSs did not
change and was confirmed by QST3. In some cases, the
subsequent search for transition states with the quadric
synchronous transit approach (QST3) [46] resulted in new
intermediate structures.

Transition state and intermediates were initially found
using the B3LYP/3-21G level of theory. The structures then
were refined using 6-31G, and finally 6-31+G(d,p) basis
set. This procedure was applied to find the energy
minimized structures more efficiently. Frequency calcula-
tions were performed for each minimum and transition state
structure to confirm its status by the presence of none or a
single imaginary frequency, respectively.
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Results

The computational technique was used to investigate
conformation energies of a group of epothilone conformers
using its de[(1E)-1-methyl-2-(2-methyl-4-thiazolyl)ethenyl]
de(3,7-dioxy)-3,7-difluoro model 2 (Scheme 1). As the first
step of conformational analysis, we carried out the ab initio
DFT and MP2 energy study (B3LYP/6-31+G(d,p) and
MP2/6-31+G(d,p)//B3LYP/6-31+G(d,p) on all stable con-
formers (or conformers adapted on the basis of its
derivatives) reported in the literature (see Methodology).
In general, the seven conformations under consideration
include two related to Hofle’s, precisely established, X-ray
structures (H) [10], Taylor and Chen’s demethylated in the
C(14) position structure (C) [47], Taylor’s proton NMR
conformer (T) [28], also Carlomagno and Meiler’s proton
NMR conformer (M) [29], krio EC Nettles and Snyder’s
(S) [20]. We also considered Botta’s (B) [42] and Wang and
Snyder’s (W) [41] virtual structures. For the reasons given
above and below, the H structure is treated as the reference
in assigning the main conformational trends of the model
system. The relative energies found in our ab initio
calculations (B3LYP, ZPVE B3LYP and MP2) on macro-
lactone are summarized in Table 1. The optimized
conformer total and relative energies are given in Table S2.
The geometry of each conformer’s macroring is charac-
terized by 16 intraangular torsional angles as presented in
Table S3 (see Table S4 for torsional angle values of polar
substituents between preceding and following ring atoms).
To give insight into the intensity interactions within the
macroring, we calculated the root mean square errors
(RMS) of 16 macrolide ring atoms of starting epothilone
geometries and DFT optimized structures. The errors never
meaningfully exceeded 0.5 A (Table S5) and were
considerably low (0.103 A) for the crystal H conformer.
Thus our model appears to offer the specific 3D architec-
ture of epothilone polar groups for the conformational
stability of the system. The entire set of dihedral angles
depicting local dipole-dipole interactions of ring neighbor-
ing polar substituents can be found in Table S6, and syn-
pentane and transannular effects data of the macrolide ring
system are given in Tables S7 and S8 respectively.
According to the reported QST3 "common" transition
states, for three or four minimum structures, these TSs
should have two or three negative eigenvalues. As this is
not the case (Figs. 1, 2 and Table S2) we hypothesize that
reaction energy path must be much more complex than
previously thought, and that locally, the potential energy
surface may be very flat. Therefore, the "common"
transition state must be considered as the transition state
region with a high sensitivity to the computational level. At
the calculation level B3LYP/6-31+G(d,p), and lowered
precision of convergence, the QST3 procedure determines
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Table 1 DFT (B3LYP), corrected (ZPVE), correlated energy correc-
tion (MP2) relative ¢ energies for stable conformations, intermediates
and transition states of 15-de(side chain)-3,7-de(dioxy)-3,7-difluoroe-
pothilone at the B3LYP/6-31+G(d,p) and MP2/6-31G+(d,p)//B3LYP/
6-31G+(d,p) levels of theory

Symbol B3LYP ZPVE MP2//B3LYP
Conformers

fC 0.03 0 1.34
™ 0 0.06 0.67
fH 0.86 0.93 1.35
T 4.77 4.95 5.54
B 10.63 10.93 10.89
fS 7.23 7.74 6.15
W 3.00 3.32 0
Intermediates

fHIT 5.61 5.75 6.58
fHIS 5.50 5.71 6.40
fMIS1 3.10 3.16 3.61
fMIS2 7.06 7.50 5.30
fTIC 0.72 0.69 1.27
Transition states

ricTS© 2.00 1.79 2.78
TS™MIST 3.68 3.66 421
e, v, mts™™ ? 4.77 4.99 6.65
fC, fM, fH, twtscmmn ¢ 6.88 6.38 8.42
ic. o, m, parr TS 4 6.90 7.03 8.30
wTS™ 9.12 9.53 6.56
wTST 9.53 9.45 10.81
wTSHIS 9.89 9.83 10.32
s TS® 11.57 11.81 11.63
wts™ 13.15 13.77 11.23
o, rr, e TST™™ ¢ 16.08 16.81 16.04
wTS® 19.19 19.59 16.73
s TS™MIS? 28.07 28.47 24.96
mrrTS™ 28.64 29.07 25.81

auts = ptsT & yts™;

= ﬂ_{tSfM = ﬂ_{tSfC = fCtSfM = tCtSWV

cmmn

a -1.b
kcal*mol " ; 7 fc, pv, mts
c cmmn
fC, M, H, fwis = mts
mts g
d cmmn fHIT ™M fc ™M
C, M., fHIT’{HSIT ~uTS =~ mIS™ = mIS™ = TS

e cmmn T o fTIC cmmn
M, fT, fTICTS ~ ﬂ\/ITS ~ fTTS ~ M, T, tTICTS .

u

u

the most prominent maximum ignoring subtle energy
profiles on plateau-like transition multi-state area. Although
suitable, but the time demanding MP2 level calculations are
out of range of the computational feasibility for the system
investigated here.

For each of the three DFT low energy conformers, fC,
fM and fH, the oxirane ring has the exo orientation toward
the macrocycle. Unexpectedly, a rather unstable DFT
virtual fW endo conformer yielded the lowest energy at
MP2 and emerged as the fourth possible structure candidate
in the set of our difluoroepothilone model conformers. The
range of Moller-Plesset correlation energy for stable exo
DFT conformers does not exceed of 1 kcal/mol, with the
smallest correction for fC conformer. Interestingly, al-
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Fig. 1 The map of energy-minimized 15-de(side chain)-3,7-dedioxy-
3,7-difluoroepothilone conformers (in rectangles) and transition states
(in ovals) with their relative energies (kcal/mol, DFT B3LYP/6-31+G
(d,p) basis set) along the alternative paths between rotational states.
The heavy line follows the easiest possible path from the most stable
conformers fC, fM and fH to the fluorine model of epothilone A S
bound to -tubulin

Fig. 2 Structures of stable con-
formers and transition states
along the conformer intercon-
version pathway, denoted by the
heavy line, in Fig. 1 (The image
designated c, pv, m, wts“m "
represents four transition states,
structurally closely related, but
not identical. Structure of
"common", low energy transi-
tion state fc, m, s o 18
omitted). Note that the position
of a structure in the Figure is
only loosely related to its inter-
nal energy (thin line below the
each guess). Shapes of con-
former fB and fT were omitted
because of its marginal impor-
tance for exo-endo interconver-
sion process due to their relative
high energies

7

fc . m,mtseemmen l l

though the interconversion processes proceed without
breaking and forming bonds, the correlation energy for
endo rotamers is of 2.39 kcal/mol and 4.31 kcal/mol for S
and fW respectively. The inversion observed between MP2
and DFT energies is probably related to van der Waals
interactions; these typically are poorly reproduced by DFT
due to the inaccurate treatment of molecular strains, weak
repulsions and dispersions.

In contrast, the also virtual, but exo fB conformer has the
highest energy, considerably exceeding 10 kcal/mol global
minimum for two computational methods applied. We think
this likely due to its peculiar s-cis macrolactone conforma-
tion. In the exo low energy subset, the methylene sequence
of ring bonds from C(8) to C(11) is conservatively ap, but
for the only endo stable conformer fW, this ap orientation is
limited to two bonds. Again, the sequence of C(15)-C(3) is
the next conformationally established region for all the four
difluoroepothilone low energy minima.

Transannular interactions of epoxide and ester groups

Our research focused on the 12,13-epoxide ring, as a
structural fragment capable of controlling both interconver-
sion and bioactivity of macrocyclic conformers [cf. 48]. It
appears that two symmetric electron lone pairs on the
epoxide oxygen atom, acting first with ester and less
intensively with polar substituents at 3-, 5-, 7- positions of
macrocycle, play a key role in determining the energy
relationships of both stable structures and transition states
during exo-endo conformers transformations and generally
define the overall PES of the system. Indeed, the oxirane
ring model predicts that an interaction between two lone
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pairs of an oxygen atom might occur with any adjacent 7
system, especially when its plane is perpendicular to the
plane of 7t system [49, cf. 50-52]. Thus the conformational
analysis of endo conformers of our difluoro model of
epothilone can not simply parallel that of the exo set. This
was made more complex by the need to determine two of
their geometric aspects, i.e., the mutual position of the ester
group, and distances of its oxygen atoms with respect to the
epoxide ring. Therefore, it is reasonable to make the
conformational analysis simply in terms of the orientation
of the oxirane ring system as exo and endo toward the
macrocyclic ring and in relation to the ester group plane. In
conformers that correspond to the exo arrangement, the
torsional angle of epoxide oxygen and preceding and
following macrocycle atoms (O(12)-C(12)-C(11)-C(10)
and O(12)-C(13)-C(14)-C(15) respectively), are, without
exception, ap and give values of these angles of 179° to
187° and of 163° to 182°. For endo forms these dihedrals
are 47° and —63°, (i.e., both %sc) for S, but 4° and —75° for
fW (i.e., sp and -sc), respectively, suggesting the valuable
difference also in the part bearing usually the thiazole side
chain, but not respected to the model. We would expect the
S conformer to exhibit another difference: the epoxide
oxygen and non-carbonyl oxygen atom of the lactone group
have the relative small atomic distance (2.79 A in original
S, but 2.99 A in the DFT fS optimized structure, i.e., of
0.05 A below the sum of van der Waals radii for two
oxygen atoms), suggesting the presence of a transannular
repulsive interaction. This stereoelectronic feature, probably
due to the overlapping of free electron pairs, is a source of
the considerable energy difference between energies of S
and W conformers. Our calculations, however, determined
a significant difference between two endo forms fW and fS:
about 4.2 kcal/mol at B3LYP, but 6.2 kcal/mol at the MP2
level. At room temperature, the only (if present) detectable
endo conformer may have W structure, but it is not clear
whether it can rapidly interconvert into S.

In optimized both: endo fS and fW conformers, the
macrolactone ester group, while not disposed perpendicular
to the epoxide plane, has a plane-plane angle of 63° and 71°
respectively. This value is typical for all exo-endo inter-
mediates (data not shown). In contrast, the angle of all exo
conformers is rather small (close to 30°), but for fC (ZPVE
global minimum) the planes are near perfectly parallel
(plane-plane angle value is 2°). Although this structural
aspect is not fully exploited, we checked the optimized
rotamers of (3S5,4R)-3,4-epoxypentan-1-ol acetate 3
(Scheme 1), and the open ester submodel of the investigat-
ed macrolactone system conserved the mutual disposition
of the epoxy and ester groups in relation to their respective
parts of the mother macroring. We concluded that energy
for the epoxy ester fragment geometry, based upon six
subsequent torsional angles of both free and frozen angles

@ Springer

along the epoxypentane chain the exo-like type of epoxide
orientation, was 0.6 (free) or in the range of 0.7 to 1.7 kcal/
mol (frozen) more stable than extended (all trans) sub-
model conformer, respectively. For the endo-like type of
orientation, these numbers are ca 0.9 and 1.4 to 2.7 kcal/
mol of extra stabilization energy at the MP2//B3LYP level
(M. Lozynski, unpublished data). These data were con-
firmed at optimized MP2 and CCSD(T)//MP2 levels clearly
proving that stereoelectronic epoxide and ester group
interactions are valuable factors, although not sole determi-
nants, of the exo-endo equilibrium of epothilone macroring
structures.

In the ideal, non-rigid macrolactone conformation, there
is the conformational strong preference of the C(15)-O(16)-
C(1)-O(1) unit to be cis and close planar, thus preserving
the resonance energy of the ester group [53]. In Table S6
we introduce a value of C(15)-O(16)-C(1)-O(1) dihedral as
a factor of exploring the effect of the ester group in the
stability of the entire molecules. Rejecting the fB structure
because of its high instability, the exo structure fH, fM and
fC are comparably stable in light of both B3LYP and MP2
energies. Five of the seven reported conformers show these
dihedral values to be negative, but two B3LYP unstable
conformers (namely fT and fS) yield dihedral values up to
minus nine degrees. In the endo S conformation, macror-
ing strain and/or steric repulsions between the epoxide and
non-carbonyl oxygen atom of the ester group are able to
splay them apart (C(15)-O(16)-C(1)-O(1) angle is —9.3° for
fS, but importantly for fW, it is only 3.9° (Table S6)), so the
observed puckering is probably, at least in part, the source
of its higher energy. The modeling study with epoxypenta-
nol acetate submodel 3 similarly demonstrates that the ester
group in the S macrocycle conformation, with an angle of
pucker of -9.3° and with a distance of O(1) and O(12) of
2.99 A, relaxes in the open structure of fS acetate to -5.1°
with replacing of interacting oxygens to 3.19A, highly
reducing the strain exceeding the tolerable sum of van der
Waals radii (3.04 A). Interestingly, for a fully relaxed
acetate fW conformation, the displacement of the ester
group from the plane changed negligibly (from 3.9° to
4.1°), exhibiting the non-strained, optimal conformation
even in the cyclic macroform (M. Lozynski, unpublished
data).

With its relative energy, being 5 kcal/mol less stable,
than the global minimum, the fT conformer, reported as the
less populated NMR structure [28], is the considerable
exception. This only conformer of the exo-type subset is
distinguished by the aforementioned non-planarity of C
(15)-0(16)-C(1)-O(1) system with the dihedral of —8.7
degrees. During constraint free, optimization, the fT
conformer of the epoxy pentanol acetate submodel relaxes
the strain to achieve a fully relaxed ester with an angle of
only —0.5 degree. Interestingly, these relaxed esters are only
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1.1 and 1.6 kcal/mol more stable than their respective
constrained fS and fT analogues (MP2//B3LYP results).

Other structural aspects of conformers stability

Selected data gathered for additional conformational
aspects of the macroring and its substituents, e.g., dipole -
dipole interactions, syn-pentane effects, and transannular
interactions obtained by DFT methods are reported in
Tables S6-S8. These structural data offer no simple
explanation to elucidate the (in)stability of individual
conformers. However, when analyzed together with ring
structural aspects, these data can help identify the macror-
ing and its substituents as playing the most prominent role
in the control of conformational processes and/or having a
significant impact on the stability of the conformational
system.

Epothilone B ((12R-) methyl homologue of 1), having B
conformation was used (as a microtubule stabilizing an
antimitotic agent) in 3D QSAR studies [42] as interacting
with (3-tubulin to develop the combined pharmacofore
generation and pseudoreceptor modeling approach. Con-
former fB has three structural factors that convincingly
determine the source of its instability. First, it has s-cis
conformation, uncommon for esters and macrolactones and
due to Schweizer-Dunitz rule [53] highly enhances the total
energy of the system (s-cis methyl acetate is 8.85 kcal/mol
less stable then s-trans conformer at B3LYP/6-31+G(d,p)
level; M. Lozynski, unpublished results). Secondly, the
carbonyl at C(5) is directed inward. In this unique, concave
conformation, it strongly interacts with its local environ-
ment: torsional angles of fB DFT conformer are the cause
of strain: dihedral O(5)-C(5)-C(6)-C(7) is -42.0°, but O(5)-
C(5)-C(4)-C(3) was found to be eclipsed of 9.9°. The
oxygen atom at C(5) transannularly strongly operates
against hydrogens at C(6) and C(10): O(5)-H(6) is 2.38 A
and O(5)-H(10) is 2.37 A, respectively. Curiously, this
conformer avoids any hydrogen-hydrogen interactions
common in other conformers, as well as the torsional
strains of many substituents with the macroring. Instead one
ac and a single syn-pentane tension actually occurs.
Thirdly, two overlapping dipole vectors of exo epoxide
and carbonyl are strengthened by a local interaction of the
lactone group and the neighboring fluorine array and form a
system that can presumed to be a cause of the substantial
dipole moment (6.27D).

The less populated, NMR-fluoroanalogue fT conformer
has a calculated energy of up to 5 kcal/mol above the global
minimum (Table 1). Nonplanarity of the ester group of the
fT conformer provides only a partial explanation of its
relative instability (see above). The source of its high
energy may be torsional interactions in the ring as

surroundings of both sides of the oxirane bridge are strictly
eclipsed. The non preferred ac torsional angle of one of the
methyl groups at C(4) and torsions of the macrolide ring:
both [C(7)-C(8)-C(9)-C(10) and C(8)-C(9)-C(10)-C(11)]
are -sc. The remaining stable structures have torsional
angles more or less antiperiplanar for the first, and perfect
ap for the second sequence of macrocyclic atoms. Interest-
ingly, the stable fC conformer has a synperiplanar folding
in the ketone region: for C(3)-C(4)-C(5)-C(6) torsion is
—13.4°.

Generally the stable fH, fM and fC avoid the dipole-
dipole effect, instead exhibiting a perpendicular or rather
anti parallel orientation (Table S6). Conformer fH, an exo
subset member, exhibits one such polar interaction in the
range of 40 degrees, and only the fT conformer has an
additional carbonyl-(carbon-fluorine) bond in an almost
parallel direction with dihedral O(5)-C(5)"C(7)-F(7) of
—11.8°. Total dipole moment of fT of 3.70D is average,
probably due to the mutual reduction of the resultants of
two carbonyls and the dipole of the epoxide system and as
the nature of two dipoles of carbon fluorine bonds. In
addition to the regular transannular interactions of hydro-
gens at C(11) and C(14) independent of the exo-endo kind
of stereochemistry, fT conformer performs H(7)-H(10),
distinctly exceeding the 0.2 A threshold of the sum of van
der Waals radii. Finally, two syn-pentane effects of C(5)-C
(6) with C(8)-C(9) and C(12)-C(13) with C(15)-C(16)
bonds supplement a list of its energy increasing factors.
Likely, the reference fH conformer exhibits four syn-
pentane effect features, much more than other exo-forms,
but without jeopardizing its stability.

Here, we should direct our attention to the high stability
of the intermediate fTIC. This progenitor of fT and fC exo-
conformers, but with an RMS error >0.85 A for the ring
atoms, only appears to resemble its experimentally derived
precursors. In fact, fTIC has almost the same torsional
angles as fT and fC in the environment of the ester group
(from C(14) to C(4)). The +ac strain, existing in the
proximity of ketone carbonyl of fT, fTIC transfers on the
carbonyl opposite side, closer to the ester group. Our
calculations based on 3,4-epoxypentan-1-ol acetate submo-
del 3 prove that the ester and epoxide system is less stable
than that of fT by 0.7-0.8 kcal/mol (depending on the
calculation level) and almost as stable as the acetate analog
of conformer fC (0.1 kcal/mol of difference). However it is
more stable than 1.4 kcal/mol for all trans conformation of
this model. The intermediate fTIC is exceptional because it
avoids the torsional strain around the epoxide function
having ap and sc conformations rather than the common +
ac arrangement. The low total energy of the whole system
is most likely determined by the last structural feature and
the almost ideal compensation of local dipole moments
(total dipole is 1.74D). Two torsional interactions of C(4)
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methyl groups and transannular interactions of O(5) and H
(2) do not appear to exert a marked influence on the total
energy of this conformer.

We directed special attention to conformer fS because it
is a derivative of the first, well documented bioconformer
[20]. As mentioned above, its high energy cannot be simply
explained in terms of exo-endo isomerism. On the one
hand, the high relative energy (7.2 kcal/mol) of the DFT
structure shows the marginal role of the stabilizing effect of
the oxirane ester array. The high energy of the fS conformer
may result not only from several transannular interactions
(two of them exceeding the 0.3 A threshold), but from as
many as five ac torsions of atoms forming a 16-membered
ring (three of them are almost exactly (+15° criterion)
eclipsed). On the other hand, torsion interactions of ring
substituents with the ring itself and local coordination of
single dipoles do not exist. Thus, we suggest the impor-
tance of the additivity of numerous dipoles of the
conformer to account for the final energy score.

The analysis of the fS structure shows that although
carbon-fluorine bonds, surrounding the ketone group, do
not form very acute dihedral angles to each other, the
energy of the whole molecule effectively grows as a
summary effect of carbon-fluorine dipoles (dihedral angle
of F(5)-C(5)C(7)-F(7) is only 21.7°) and is enhanced by
the endo oriented oxirane dipole. Importantly, the total
dipole moment (6.82D) dominates the set of stable con-
formers of our difluoro model collection.

Intermediate fHIS has a typical RMS error of 1.04 A and
0.88 A for 16 atoms of the macroring, respectively and does
not resemble either fH or fS structures. In contrast, the
intermediate fMIS1 closely resembles the structure of its
precursor fM but only between C(9) and C(15) carbon
atoms and in some area of both aldol functionalities
although the RMS calculated for the atoms of the whole
rings is near 0.9 A. The intermediate fMIS2 resembles
much more closely its progenitor fS (RMS=0.519 A), but
with the exception of ring three bonds within aldol
functionalities RMS is 0.263 A for 13 ring atoms. This is
not the case with fHIS intermediate because similarity in
conformational patterns is equally spread to several
sections.

Kinetics of exo-endo interconversions

A careful computational analysis of the epothilone macror-
ing system interconversions kinetics may add new depth of
the mechanistic understanding of the potent epothilones as
promoters of tubulin polymerization. A major problem of
these studies is the limited potential of available computa-
tional resources to perform calculations at a confident level
of theory. Thus the problem may be solved by reduction to
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a simpler model in order to obtain ab initio energies and
barrier interconversions values for both conformers and
intermediates. In the present study we graphically present a
simplified, de(side chain) dedioxy difluoro model 2 and
map of energy minimized structures with their relative
energies (B3LYP/6-31+G(d,p) level) (Fig. 1).

These studies reveal that the two most stable fC,
conformers, fM and ubiquitous fH mutually convert each
other at room temperature with small energy barriers of 4.8
or 6.9 kcal/mol. In fact, the latter value corresponds to two
degenerated transition states. One of them is "common" for
the three, experimentally proven macrolactone scaffolds.
Moreover, the transition state is linked to the fT, NMR
derived epothilone pattern (fHIT is the necessary interme-
diate). More importantly, these findings define the alterna-
tive transition state structure that is "common" for exo fC,
fM and fH and endo fW conformers. It also shows the
possibility of exo-endo equilibrium and points out the
direction to the transformation to the EC spectroscopy
derived endo fS structure. The relatively stable fW
conformer seems to be the indispensable intermediate (see
thick line on Fig. 1). Figure 2 shows the shortest possible
way of the stable structures fC, fM and fH to the fS
bioconformer. Note that the transition energies from the
virtual endo, to the experimental endo (13.2 kcal/mol for
DFT, but 11.2 for MP2) still seem quite high even in
comparison with huge fMIs]TSfMISZ or fmSTSfS barriers.

The goal of this extended search is to find a straightfor-
ward, one step exo-endo transformation which starts with
the fM, experimental {3-tubulin induced template and
includes the fS, final product. Although we refer to two
other ways from a stable exo structure to a bioactive fS
conformer, a direct, intermediate-free, route was not found.
Figure 1 shows that two significant conformational isomers
experimentally shaped by the interaction with [-tubulin,
(i.e., fM and fS) need as many as two intermediates, fMIS1
and fMIS2, and consequently three transition states.

The transformation of exo into endo conformation could
occur through similar transition states s TS™S? and
s TS®, respectively (Table S9). However the transition
state energies estimated above 28 kcal/mol are significantly
too high.

Obviously, the conformational changes of the exo-endo
transformation require the participation of two bonds
directly neighboring the oxirane bridge. It appears that
each, aforementioned transition state requires two appre-
ciable conformational change. In the case of pysi TS™ >
they are located far away from each other and occur with
engagement of C(1)-C(2) and the tandem of C(10)-C(11)
and C(11)-C(12) bonds (Table S9). In the case of prsTS™
the agitated bonds C(6)-C(7) and C(8)-C(9) lay in the
proximity of each other. Thus, the two energy demanding
transition states could exist through participation of one
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polar, (ester or ketone) functionality and one non polar
(methylene) chain part of the model molecules.

Both high energy transition states predicted should
exhibit Hammond behavior [54, 55], and are late (i.e.,
product-like) transition states, having their torsional angles
at conformational change sites like the higher energy
intermediate (fMIS2) or product (fS), respectively. The
exo-endo transformation needs, in addition, the agitation of
several bonds. In the case of fMIS1 — fMIs]TStMISZ —
fMIS2 its transition relies on a simple fluctuation. This
means that the torsion angle deviates and again returns
approximately to its former value. The fHIS — s TS™ —
fS transition is more complex because some agitated bonds
change their torsional angles gradually (cf. changes of
dihedrals C(16)-C(1)-C(2)-C(3), C(3)-C(4)-C(5)-C(6) and
C(10)-C(11)-C(12)-C(13)) (Table S9). This complex mech-
anism also works for both alternative mtstw and mTStw
low energies transition states, although the deviation
changes strongly dominate over gradual changes of agitated
bonds (Table S9). A comparison of ring torsional angles for
the former (the lowest exo-endo energy transition state
mts™) with fH, qualifies it as the early transition state. The
later one gy TS™ (more rich in energy by about 2 kcal/mol),
has the oxirane part of the transition state strictly features of
the early transition state, but dihedrals of three bonds
(namely, C(16)-C(1)-C(2)-C(3), C(9)-C(10)-C(11)-C(12)
and C(14)-C(15)-C(16)-C(1)) suggest the end of transfor-
mation in these sites even at this stage. The observed, non
homogenized mechanism argues in favor of the exo-endo
transformation in a non-concerted manner and shows that
macroring interconversions may occur locally with different
speeds. While some parts of functionalized macroring
participate in the exo-endo transformation of their flexible
structure and quickly attain final conformation, others are
appreciably slower. We note the importance of such
cooperation among macroring bonds and emphasize the
need to account for the synergy in the lowering of the total
transition state energy.

These findings indicate the usefulness of molecular
modeling studies at the ab initio level to investigate, and
perhaps predict, conformational control factors, and to
some extent, stereoselection in the biological systems.

Conclusions

By considering relative energies of calculated conformers,
we conclude that the epothilone model molecule 2 at room
temperature exists primarily as a mixture of at least four
distinct exo conformers, probably in equilibrium with one
endo conformer. Thus, the previous conformational para-
digm, comprising only H and T (here perhaps TIC) types
of conformations, is incomplete. M, C and W structures are

also accessible (all lay below, or less than 3 kcal/mol above,
the H). We are aware that solvent effects are also important
and might significantly change the relative stabilities of the
considered conformers.

The identification of transition states between many low
energy structures enabled us to determine the multi step
pathways to full intercoversion between the experimentally
predicted, low energy exo, and both virtual and EC endo
conformers. Within the limits of this model, we observed
that exo and endo conformers of molecule can easily
interconvert with key intermediate endo W virtual con-
former. These data strongly suggest that a rigid, planar
epoxide ring, with the usually anti (or sometimes anti and
gauche) C(8)-C(11) methylene sector, behaves as an
integrated unit and the steric and polar interactions between
its oxygen atom and the rest of the non-symmetric
environment of the macrocycle, does not energetically
control exo-endo interconversion. We believe that the W
conformer has significance for the complete side (i.e.,
having side chain) chain epothilone equilibrium. The
perfect QSAR free energy correlation result for measured
and predicted affinity constants of epothilone family holds
great promise [41].

Our calculations are in agreement with the recent
NAMEFIS [57] based results of the Carlomagno [58] group
and highlight: the diversity of epothilone A conformers, the
presence of NMR epothilone-tubulin complex M scaffold
in considerable extent, and exclude the discernible partic-
ipation of EC-endo S [20] pattern. This important confor-
mational change may be so subtle that the intramolecular
hydrogen bonds must additionally influence or control
energy elements. The absence of hydroxyl groups in our
model excludes the formation of intramolecular hydrogen
bonds, which are possible in the full epothilone structure
and also might exert an increase of internal energy
within the fT and/or fS conformers. If true, this underes-
timation of stability argues for a weakness of the assumed
equivalence and subsequent substitution of the hydroxyl
group on the fluorine atom, and it limits the scope of
conclusions drawn strictly from presented conformational
analysis. Systematic computational studies addressing this
issue, including solvent effects approach by SCRF model,
are in progress and will be the subject of the next report of
our group.
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