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Diastereomers of Dibromo-7epi10-deacetylcephalomannine: Crowded and Cytotoxic Taxanes
Exhibit Halogen Bonds
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The diastereomers of dibromoéepi10-deacetylcephalomanniné @nd 7) have been isolated and
characterized. Cytotoxicity and microtubule assembly assays demonstrate that cephalomannine Gnalogue
possesses a potency profile very similar to that of Taxol, while isahgislightly less active. Solid state,
solution, and tubulin-bound conformations of the two diastereomers were probed by using X-ray
crystallography, 2-D NMR experiments in conjunction with the NAMFIS analysis, and the Glide docking
protocol. In the crystal, isomeF exhibits an intermolecular halogen bond that may contribute to self-
assembly. Neither crystal structure appears in the NAMFIS solution analysis, but both diastereomers are
represented in solution by a T-shaped Taxol conformer. Glide docking demonstrates the latter to best fill
the tubulin binding pocket, as has been shown for the parent Taxol drug. Each model of the bound complexes
for 6 and 7 presents a single well-defined halogen bond from one of the ligand’s bromines to Glu22 or
Asp26 near the N-terminus @gktubulin, respectively. This first report of a halogen bond between taxanes
and tubulin may prove useful in guiding the design and synthesis of other microtubule-stabilizing agents
with a similar capacity.

Introduction them?23 Two further issues taken up here are (1) the possible
role played by interatomic interactions involving bromine atoms
in both crystal structures and the liganibulin binding
complexes, and (2) the relationship between taxane conformation
Ijn solution and in the bound tubulin complex.

Extensive surveys of entries in the Cambridge Structural
Databas& 26 coupled with ab initio calculatiod%have defined
the geometry of halogen bonds in crystal structures. The
guantum chemical calculations imply that the interaction is
primarily electrostatic, with contributions from polarization,
dispersion, and charge transfer components. The stabilizing
potential of a halogen bond is estimated to range from about
half to slightly greater than that of an average hydrogen bond
in directing the self-assembly of organic cryst&l88 A recent
parallel survey of protein and nucleic acid structures reveals
similar noncovalent interactions with potential for stabilizing
ligand binding and molecular foldir.

The naturally occurring paclitaxel (Taxol) is a diterpene
originally isolated from the bark ofaxus breifolia but now
also prepared by semisynthesis and microorganishikhe
compound is currently regarded as the most promising anticance
agent in the treatment of refractory breast and ovarian cafiéers.

It is well-known that paclitaxel exerts its cytotoxic action by
binding to microtubules and stabilizing them against depolym-
erization! An essential structural aspect related to the bioactivity
of paclitaxel is the 3-D conformation of the drug, both in
solution and bound to its primary tubulin target, the protein that
forms microtubule§.To date, three models claiming to represent
the bioactive form of Taxol in complex with tubulin have
received wide attention: the nonpofat?® polar!+-16 and
T-shaped~1° (T-Taxol) conformations. The proposals, based
either on 2-D NMR experiments in conjunction with molecular
modeling=1 or on the electron crystallographic structure of
of-tubulin stabilized by zinc cations and TaxX8i° were R0 O
presented in the hope that more efficacious analogues might be
designed. Our recent disclostft@f a class of highly active RN @
bridged taxanes provides both experimental and theoretical /E\/ﬁ\ Q

evidence that a C4 to ortho-Clnkage based on the T-Taxol o : 0
conformer is one effective means of improving potency. Related

OH OCOPh OA¢

studies provide additional support for the T-Taxol tempfafé. o .

In the present work, we extend conformational considerations *  R=B% Ri=Ac. R,=OH.R=H Paclitaxel

to two diastereomers of dibromoepi10-deacetylcephaloman- 2 R=TigloyL R=Ac,R=OH,R=H  Cephalomannine

nine, whose in vitro cytotoxicities are similar to that of Taxdl. 3 R=Boc,R=H,R=OH,R=H Docetaxel
Previously, we reported the stereochemical assignments of the* Ri=Bz R:=H, Ry=H, R,=OH 7T-Epi-10-deacetyltaxol
two diastereomers based on the crystal structure of one of5 Ri=Tigloyl, R:=Ac, Rs=H, R,=OH 7-Epi-10-deacetylcephal
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Scheme 1.Synthesis of Compoundsand7

Br,
CHCl;, 0°C

isomers ) and the enhancement of the tubulin binding affinity exhibit similar cytotoxicity against the A2780 and MCF-7
of the other 6). In addition, we have performed NAMFIS human cancer cell lines as compared to paclitaxel. The
analyses and tubulin-docking studies for both isomers to obtain compounds are 10-fold weaker as measured by the A549 cell
conformational populations in solution and to evaluate possible line. In the tubulin polymerization ass&yis essentially identical
bioactive forms, respectively. The result that the T-Taxol to paclitaxel, while7 is slightly weaker (Figure 1).
conformer is present in solution and simultaneously predicted X-ray Crystal Structure Determination. We previously
to be the favored bound entity reinforces previous reports from reported that diastereom@crystallizes from acetonitrile in the
this laboratory proposing a connection between solution and monoclinic system with space gro@2 and sustains (53'R)
ligand-bound structures. stereochemistr§? In the present work, compourtcrystallizes
Synthesis and Characterization of Diastereomers 6 and  from an acetonitrile-ether mixture in the orthorhombic system
7.The diastereome®and7 were synthesized by treating crude ~ with space grouj2(1)2(1)2(1) and displays (R,3"S) stereo-
plant extract containing @pi10-deacetylcephalomannine in  chemistry. As shown in Figure 2, the molecular structures of
cooled chloroform with bromine (Scheme 1). Isolation of the diastereomer§ and7 are similar in overall shape with the major
two diastereomers was accomplished by normal-phase anddifference in conformation appearing at the termini of the C13
reverse-phase preparative chromatography in turn to obtain

analytically pure samples. The two brominated cephalomannine 0.7 4 —e—Control  —=—Texol
derivatives were characterized by NMR and APCI MS (see 06 - 7
Experimental Section). =051
If, as expected, a stereoselective anti-addition mechanism is € 04 |
operating® the two products obtained by brominationsafust § # IO000c000006k
= 0.3 4 ] TRty

differ in the stereochemistry at C2and C3. Although
brominated derivatives of cephalomanine andpfeephalo-
mannine have been synthesized by others and shown to exhibit
strong cytotoxicitie§!32the stereochemical assignments of these

compounds have not been established. This may have presented 0 20 40 60
an obstacle for further development of these potentially valuable Time (min)
bioactive compounds. Figure 1. Tubulin polymerizatior-depolymerization activies of Taxol,

Compared with the!H NMR spectrum of5, two major 6, 7 and control.
differences appear in the corresponding spectiGaid7: (a)
an upfield shift of the C3 proton signal from a quartet at ca. a
0 6.43 to a similarly split resonance cé. 4.6, and (b) a
downfield shift of the C3B proton signal from a doublet at ca.
0 1.7 to singlets at ca 1.99 and 1.94. The two shifts can be
attributed to the altered character of the brominatédtapbon
(C3") and to the bromine atoms’ addition at the vicinal"C2
position. Other than a small change in the'Goton signals,
no diagnostic differences are apparent betweentithdlMR,
13C NMR, H—H COSY, and G-H COSY spectra 06 and7 (a
full table of 13C NMR chemical shifts is available in the
Supporting Information). Consequently, we resort to X-ray
crystallography to assign the stereochemistry of the adducts.
Cytotoxicities and Tubulin Polymerization. The cytotox-
icities of t_he .tWO dle_lstereomers along W'th paclitaxel were Figure 2. X-ray structures of (a§ and (b)7 and (c) the labeling scheme
evaluated in vitro against three tumor cell lines: MCF-7 (breast), of selected atoms of the C13 side chainsofnd 7. Two water

A549 (non-small-cell lung), and A2780 (ovarian) by applying molecules and one acetonitrile molecule in the structuiasé omitted
the MTT proceduré? In terms of G, the two diastereomers  for the sake of clarity.
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Figure 3. From left to right, comparison of the crystal structure$aind7, 6 and docetaxel, andand docetaxel by superposition of the tetracyclic
baccatin corest (green),7 (blue), docetaxel (pink).

Table 1. Selected Torsion Angles (deg) for the C13 Side Chain6, % Conformer A of 7-pi-10-Deacetyltaxol, Docetaxel, and T-Taxol

torsion anglé 6 7 7-epr10-deacetyltaxol (A) docetaxel T-taxol
C13-08-C1-011 8.9 5.0 11.8 —6.6 0.6
C13-08-C1-C2 -169.4 —176.4 —166.6 168.0 —-178.7
08-C1—-C2-012 179.3 171.4 —134.0 —-176.7 178.1
08-Clr-C2-C3 56.2 48.6 108.3 60.2 55.7
011-X1'-C2-012 1.0 —10.0 47.5 —-2.2 -1.2
011-C1-C2-C3 -122.1 -132.8 —70.0 -125.3 —123.7
C1-C2—-C3—-C30 178.3 —175.3 —66.0 —179.4 178.0
C1'-C2-C3—-N1 53.4 57.0 168.8 56.4 52.4
H2'—C2-C3—H3 56.5 60.8 64.2 57.3 55.4
012-X2'—-C3—-N1 —68.7 —66.3 51.7 —64.7 -67.0
012-C2-C3—-C30 56.2 61.4 176.4 59.5 58.5
C2—-C3—N1-C1" —138.0 —131.3 —143.0 —141.3 —153.4
H3'—C3—N1-H1A(N1) 157.7 163.9 153.6 159.4 147.3
C30-C3—N1-C1’ 95.9 101.2 92.4 97.3 82.8
C3—N1-C1'-013 6.1 —-0.2 -3.0 12.8 -1.0

aSee Figure 2c for atom labeling 6fand7.

side chains. This results in a different orientation of the two C3 chain of atoms. Despite the great similarity between the
bromine atoms at C2and C3 in the two compounds. The  C13 side chain dihedral angles®and7, the placement of the
core tetracyclic ring systems of both diastereomers are rigid andbrominated tigloyl group is somewhat different between the two
present as essentially identical by comparison with all other diastereomers. The bulky bromine atoms cause small differences
baccatin derivatives resolved by X-ray analyis¥’ of 5°—7° in the dihedral angles along the ‘G C2' chain of
Throughout the history of taxane synthesis and biological atoms, resulting in a kind of lever effect at the tigloyl termini.

evaluation, molecular conformation has been related to bioac-  apother striking difference concerns interatomic interactions.
tivity. 33-39Three extremes have been discussed most frequentlyThe distances between two protons of the’ ®ethyl group

in terms of the spatial disposition of the C13 side chains, i.e., (H 5"A and H 5'C) and the ortho- and meta-protons of the C2
the nonpolaf,™* polar;“~1® and T-shaped conformatiofs® benzoyl phenyl ring are 3.6, 2.8 A and 3.3, 3.2 AGand7

Interestingly, the former two confqrmers h_ave also_ been respectively. Thus, the Cimethyl groups are in weak van der
observed in crystal structures of paclite®elnd its two active Waals contact with the C2 benzoyl phenyl rings in both

_?_nalolgfues, &pi10 dea}ce:jy!tai(r:ﬁﬁ dand dO(I:ettgxei.f ;I;]he T diastereomers. No such hydrophobic interactions are observed
axotlormwas recognized in the deconvoiution ot the average o yeen the corresponding moieties in T-Taxol, reinforcing the

stcgsaegiopggl'tfé(%loLnngtlg;?g?ﬁﬁgg/bﬁasul?:gsgggzgtly notion that small changes in a single dihedral angle can have a
gx Ft)arimental evidence from highly active const.rained Taxol decisive impact on molecular conformation. Furthermore, by
P gnly comparison with the shortest-+H distance from the methyl

analogues is strongly supportive that the T-Taxol conformation groups of thetert-butyl group to the C2 benzoyl phenyl rings

[)igl)éifgnts the essential features of taxane binding to mlcrotu-in docetaxel (3.7 A), it is apparent that the hydrophobic side

As revealed by Figure 3, the C13 side chain$aind7 in chain-side chain interactions in the diastereomers are much

the solid state are in folded conformations. Consequently, the morg p_ronounged. )

C3 dibrominated tigloyl moieties (C1to C5') are directed It is interesting to note that although the 'Gghenyl rings
toward the C2 benzoate groups, while the @3enyl rings are project away from the taxane ring core in the diastereomers,
projected away from the taxane cores. This orientation is the shortest separations between protons of these rings and the
reminiscent of the nonpolar confornie® and the crystal ~ C4 acetyl methyl groups are 3.0 and 2.7 A énand 7,
structure of docetax@but in contrast to the polar form observed ~respectively. These distances are much shorter than the corre-
in the crystal structures of paclitakehnd analogue®.For more sponding ones in the crystal structure o¢g+10-deacetyltaxol
detailed comparison of C13 side chain conformations, Table 1 [3.9 (A) and 4.0 A (B)f® but similar to those in the X-ray
lists selected torsion angles f@ 7, docetaxel, 7%epi10- structures of paclitaxel [3.4 (A) and 2.7 A (Bfland docetaxel
deacetyltaxol, and T-Taxol. As suggested by the torsion angles(2.7 A)2¢ Although the same C4/C&ollapse in T-Taxol (2.3

of the two diastereomers and the polar conformation represented®)'” motivated the synthesis of highly active tethered taxahes,
by conformer A of 7epi10-deacetyltaxol, the variations in  the earlier structures did not do so. This is undoubtedly because
torsion angles around the GIC2 and C2—C3 bonds seem all of them represented either polar or nonpolar conformations
to dominate changes in the orientation of the side chain relativein which one of the C13 terminal hydrophobes (Pht-@u)

to the core. FoB, 7, docetaxel, and T-Taxol, these differences was clustered with the terminal phenyl of the C2 side chain.
are small and reflect a common conformation along thet€1  Accordingly, these larger groups were regarded as the appropri-
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Figure 4. Baccatin superposition of structures of dibromo diastereo®ensd 7: (a) 6 and six of its NAMFIS conformations in red), blue,
green, pink, orange, cyan, and yellow, respectively, and’ (@)d four of its NAMFIS conformations in red’);, blue, yellow, cyan, and green,
respectively.

ate centers for synthetic manipulation and subsequent tetheringE‘f‘fr’]lf%rzn'1 eﬁg%‘;'gg;‘ﬁsﬁrﬁﬁ ggﬁg?do?r’oﬁ:‘?\liEM(Efglﬂg&/ ;?sr it::e

Unfortunately, few of them proved to show Taxol-like actiiy.  pmso-dyD,0 and MMFF/GBSA/HO MMFF, Respectively
In both crystal structures of the two diastereomers, intra- and
. . pop. pop.
intermolecular hydrogen bonds are observed, with all hydroxyl 6 (%) AAG AE family 7 (%) AAG AE family
groups enggg_ed in hydrogen ponds. Two water molgcules and, 49 00 66 polar | 45 00 56 nonpolar
one acetonitrile molecule reside in each asymmetric unit of y 27 04 62 Tform 1 26 03 54 polar
crystal structure of, while no solvent molecules are observed 1iI 1.2 6.6 nonpolar Il 25 0.4 5.3 polar
in the solid-state lattice d. The presence of solvent molecules 1V 13 6.1 nonpolar IV 4 15 22 T-form
is certainly responsible for the different distribution of hydrogen ii g'g Qf’fglfr’r?q'ar
bonds in the two diastereomers. In compouw)dhe folded i i
conformation is stabilized by four intramolecular hydrogen
bonds between the 012 hydroxyl and the’ @Ride nitrogen NAMFIS Analysis for 6 and 7. NAMFIS (NMR analysis
[r(O-+-N) 2.9 A], the O1 hydroxyl and O9r{O---0O) 3.2 A], of molecularflexibility in solution) is a method that combines
the O5 hydroxyl and O1G({O---0) 2.9 A], and the O7 hydroxyl ~ quantitative 2-D NOE determination with extensive conforma-
and 06 [(O---O) 2.7 A]. In addition, one nonconventional tional analysis to deconvolute an averadettNMR into an
hydrogen bond involving one of the two bromine atoms is estimate of specific mole fractions for the contributing and
observed ir6 (CH14s---Br2, 2.9 A), a special contact between rapidly equilibration conformatior’$:43 In the present cases,
side chain and baccatin core that might be partially responsible 33 and 31 intramolecular distances fdand 7, respectively,
for the crowded structure. The solid-state molecular packing in were derived by 2D ROESY NMR analysis and fitted with 3251
6is due to a combination of van der Waals interactions as well and 2548 fully optimized MMFF/GBSA/AD conformations,
as intermolecular H-bonds. The latter encompass noncovalentrespectively (See Experimental Section and Supporting Informa-
interactions between the hydroxyls at carbons 1, 7, and 12 andtion).
the amide group in one molecule and 04, O6, 09 atoms in the NAMFIS analysis for6 resulted in six conformations ranging
adjacent molecule. in population from 49% to 5% with a sum of square differences
For compound, intramolecular hydrogen bonds are observed (SSD'**#9 of 27% (Figure 4a, Table 2). Similarly, the analysis
between the O5 hydroxyl and O16(Q---O) 2.8 A], the 012 for 7 delivered four conformers ranging in population from 45%
hydroxyl and the C3amide nitrogenf(O-+-N) 2.9 A], and the and 4% with an SSD of 9 (Figure 4b, Table 2). The NAMFIS
012 hydroxyl and 011r[O---O) 2.7 A]. No intramolecular ~ conformers of6 (I-VI) and 7 (I-1V) can be conveniently
nonconventional hydrogen bonds involving bromine atoms were placed in three broad families. Structuéel, the dominant
found for this compound. Likewise in the unit cell Bfno direct conformation (49%), adopts the polar motif exhibiting C2 to
intermolecular hydrogen bonds are observed between moleculesC3 phenyl-phenyl hydrophobic collapse. The second subset
However, molecules of the dibromide are linked to each other includes 6-1l and 6-VI with populations of 26% and 5%,
by means of intervening water and acetonitrile solvent mol- respectively. Like T-Taxol, these conformers are open, placing
ecules. Surprisingly, the only direct interaction between different their C3 phenyl rings distant from the C2 phenyl. Of the two,
entitites of7 is a halogen bonéf The Br at C3 in one molecule conformer6-Il most closely resembles T-Taxol. Conformers
is paired with the carbonyl oxygen of the C2 benzoyl group 6-Ill and6-IV (7% and 6%, respectively) correspond to the
(C3'—Br---09—C21) in an adjacent structure, resulting in nonpolar motif, displaying collapse between benzamido phenyl
infinite chains along thd-axis. Supporting the presence of a groups and the C2 Ph.
genuine halogen bond, and its possible role in self-assembly The most highly populated NAMFIS solution structure for
for 7 during crystal formation, is the distance betweeri’ €3  compound? (7-1, 45%), unlike6, is a nonpolar conformer. The
Br and O9 [(Br--+O 3.2 A vs the van der Waals sth8.37 A] next pair with equal populationg;ll and7-1ll (25 and 26%,
and the C3—Br---O angle of 1732429 Both values conform  respectively) are polar forms that display C2 to’ @Benyh
to the characteristic bond length and angle linearity of the phenyl clustering. Conformef-IV with the lowest population
halogen bond resulting from a screen of the Cambridge (4%) is a T-Taxol family member. This result is reminiscent of
Structural Databas®:2® The presence of such an important the situation of Taxol itself. In both polar and nopolar solvents,
interaction in the solid state for one of the diastereomers the T-form appears with a population below 8%.
encouraged us to explore the solution and binding conformations The NAMFIS results for diastereomefsand 7 are note-
of 6 and 7 to learn if halogen bonds might contribute to worthy in two respects. First, the dibromo compounds yiele 30
microtubule binding affinity as well. 50% fewer conformations than Taxol itsélfThis is most likely

gago o~

\%
\




Dibromo-7-epi-10-deacetylcephalomannine Journal of Medicinal Chemistry, 2006, Vol. 49, N896

Figure 5. Docking poses of Taxol (green), Taxotere (blue), and the brominated diastereomers (red) within thettéxalirebinding pocket: (a)
6 and (b)7.

Figure 6. Superposition of the NAMFIS T-Taxol conformers and the docking poses @-(a)blue) and the model of bourfd(green) and (b)
7-1V (blue) and the model of bound (green).

a result of steric crowding caused by the two bulky bromine that of T-Taxol were separately and flexibly docked into the
atoms leading to fewer low-energy conformations. Second, as-tubulin pocket by using the Glide docking programAs
shown in Figure 4, the X-ray crystal structures for neither shown in Figure 5, the corresponding binding conformations
diastereomer are found in the NAMFIS conformational pool. for both isomers fit the pocket nicely and overlap well both the
This result was obtained although the conformational databaseshaccatin core and the three terminal phenyl rings of tubulin-
were enriched with the original X-ray structurescadnd? prior bound T-Taxol in a slight modification of the refined electron
to conformer deconvolution. Their MMFF/GBSAJB energies crystallographic comple®
range from 4.9 to 6.6 and 2.2 to 5.6 kcal/mol from the global  The various functional groups in the two diastereomers and
minima (not observed among the NAMFIS conformers) as in Taxol enjoy similar interactions with the protein binding site,
determined by conformational searches performed with MMFF. including a number of key hydrophobic interactions and
Conformer Energies; AAG vs AE. If the conformer hydrogen bonds. Both ligand models are likewise remarkably
populations as derived by NAMFIS are accurate or reasonably similar to their NAMFIS DMSOeds/D,O counterparts (Figure
so, then the Boltzmann equation permits an evaluation of 6). Indeed, NAMFIS solution conformers for Taxol and
conformer energies relative to the global minimaésf and epothilone A were employed as docking templates as part of
7-1. The corresponding values are recorded in column 3 of Table the refinement process for determining the corresponding
2. Since the populations represent a given state in an experi-bioactives-tubulin-bound conformation$:#%In both cases, low-
mental setting, they are free energy differenceA@) that apply population conformations were a key to structure determination.
to the context of the NMR measurements; i.e. in DM8¢D- We assume this strategy finds a parallel in the present analysis.
D,0 at ca. 30C. Relative to the experimental global minimum, Thus, the similarity of the tubulin binding poses and the tubulin
the free energy window ranges from 0 to 1.5 kcal/mol. This polymerization capacities among the three compounds is entirely
evaluation contrasts sharply with the relative energies predictedconsistent with the proposition that not only Taxol but also the
by the MMFF/GBSA/HO force field (column 4, Table 2) in  brominated cephalomannines adopt the T-form upon binding
two significant respects. First, relative to the MMFF global to tubulin.

minima, the energies range across a wider window6.8 kcal/ Structurally, the termini of the C13 side chains®&and 7
mol. Second, the lower population conformers are associatedresemble more that of the nonaromatic Taxotere rather than that
with the lower energies. As pointed out previou&lyorce field of Taxol. Therefore, to make a full comparison, Figure 5 also

energies can be notoriously capricious when they are applieddepicts the docking of Taxotere into the tubulin pocket by means
to highly polar, complex, and polyfunctional molecules in of the Glide procedure. Instead of van der Waals-mediated
solution, e.g. taxanes. It would seem that the MMFF/GBSA/ z-ring contacts between Taxol's CBenzamidophenyl center
H,O predicted energies fd and7 are no exception. and the His229 imidazole ring in tubulin, one of Taxotere’s
Docking Diastereomers 6 and 7 into Tubulin.The NAMFIS t-Bu methyl groups plays the same role in its nonbonded
conformers-Il and7-1V (Table 2) with the closest likeness to  encounter with the imidazole, a phenomenon previously ob-
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His229
Figure 7. The disposition of halogen bonds for diastereomers within the tublifand binding complex: (a§ and Glu22 and (by and Asp26.

served by means of alternative docking procedtifé%Like- the bromines at C2and C3 to introduce severe steric crowding
wise, a van der Waals interaction between thé @&thyl group on the highly critical taxane C13 side chain, we subjected the
in 6 and the His229 imidazole is obtained. While neither of the compounds to structural and conformational analysis in the solid

methyl groups in the C3erminal tiglolyl groups in7 are within state, in solution, and in complex with tubulin. In the solid state,
van der Waals distance of the His229 imidazole, thé @éthy! 6 and7 display nonpolar conformers similar to that of docetaxel
group of7 does make van der Waals contact with the protein’s (Figure 2) and anticipate conversion to the T-form (Figures 5
Glu22 in the docked complex. and 6) with minimal torsional reorganization. In the crystal

Potential Taxane—Tubulin Halogen Bonds. In a previous lattice, diastereomét possesses the novelty of a halogen bond.

section, we pointed out that the crystal lattice of diastereomer The Br at C3 in one molecule is paired with the=€D oxygen

7 incorporates a halogen bond that possibly contributes to its of the C2 benzoyl group (€Br---O=C) in an adjacent structure.
assembly during crystallization. A recent survey of protein and While water and acetonitrile solvent molecules coupled to the
nucleic acid structures reveals that similar halogen bonds maytaxane in the crystal lattice serve to produce infinite chains along
well provide stabilizing inter- and intramolecular interactions the b-axis, the short Br-O distance (3.17 A) and the ideal
affecting ligand binding and molecular foldidThe geometry halogen bond angle (€Br-:-O, 173) suggest that the halogen
required for the formation of such the bonds was defined as (i) bond is a primary contributor to both lattice structure and self-
the distance between halogen atom and oxygen atom being lessissembly.

than or equal to the sum of respective van der Waal radii (3.37 NAMFIS deconvolution of the conformers 6fand7 in 80%

A for Br++-0) and (ii) a C-X+:+O angle~165" and an %-O- DMSO-dg/20% D,O resulted in fewer solution conformations
.Y angle~12C. In the model ligane-tubulin complex of6 by comparison with paclitaxel, most likely a result of steric
(Figure 7a), an association between Brl and an oxygen atomcrowding. Nonetheless, the T-taxane form is represented in both
from Glu22 conforms to the required geometr{gr---O) 3.36 sets of isomers (Figure 6) similar to the situation for the Taxol

A, 6(C—Br---0) 169, 6(Br—0-+-C) 1067]. parentl” And like T-Taxol, these structures are predicted to bind
Halogen bonds are stabilized to an extent ef32kcal/mol, to B-tubulin in the same manner (Figure 5). As a complement
making them energetically equivalent to—@&---O or to bonding forces observed in the crystal Tothe Glide-docked

C—H---N hydrogen bond3’ Therefore, in6 it is not unreason-  tubulin ligand complex o6 exhibits an ideal Br-O (Glu22)

able to suppose that the hydrophobic interactions between thehalogen bond (Figure 7). Isom&ris similarly situated with

C5" methyl group and the His229 imidazole combined with respect to Asp26, but the bond angles around bromine are not

the putative halogen bond contribute sufficiently to promote optimal (Figure 7). Nevertheless, certairyand perhaps’

tubulin polymerization equivalent to that of Taxol. would seem to benefit from the halogen bond association with
In the binding complex of/, there is also a close contact the protein, a unique observation for taxaitebulin binding.

between Br at C2and an oxygen atom from the Asp26 residue The potential roles played by halogen in the dibromep?-

(Figure 7b). The Br-O distance is below the van der Waals 10-deacetylcephalomannines studied here suggest novel design

sum at 3.27 A, while the €Br---O and Br:-O=C angles are possibilities for other microtubule-stabilizing compounds as well.

less ideal at 13%9and 70, respectively. On one hand, although

this modeled contact i cannot be defined rigorously as a Experimental Section

halogen bond, we believe the short separation between the Br - gynthesis of Dibromo-7epi-10-deacetylcephalomannine Di-

and O atoms may still lead to a moderate electrostatic interactionastereomers 6 and 7Crude plant extract (3.0 g) containing 14.8%

that adds to other forces responsible for the binding affinity of paclitaxel, 16.1% cephalomannine, 24.7%pi-10-deacetylcepha-

7. On the other hand, absence of an intermolecular hydrophobiclomannine, and 38.5% &pi-10-deacetylpaclitaxel was dissolved

contact between the Conethyl group and His229 may be the in chloroform so that a total of 250 mL of solution was obtained.

factor behind the slightly weaker capacity to promote tubulin To this solution, cooled in an ice bath and continually stirred with

polymerization to microtubules. a magnetic stirrer, was added chloroform (30 mL). To the cooled
solution (0°C), bromine (10Q:L) was added dropwise. After 30
Summary and Conclusions min of reaction in the dark, the reaction mixture was then washed

. . . with 30 mL of 5% aqueous sodium sulfite solution, followed by
The diastereomers of dibromoep+10-deacetylcephaloman- o washes with distilled water (% 20 mL). The combined

nine 6 and7), previously shown to be nearly as cytotoxic as aqueous layer was then reextracted with chloroform (30 mL). The
paclitaxel, are also potent stabilizers of microtubules. Given the organic layers were combined, dried with anhydrous sodium sulfate
compounds’ direct action on the protein and the potential for (10 g), and evaporated to dryness using a rotary vacuum evaporator
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at 30 °C. The resulting brominated material was purified by graphite-monochromated Mo K (0.71073 A) radiation. The
preparative HPLC [mobile phase ethyl acetateéxane (1:1)] structures were solved by direct methods and refined by the full-
followed by reverse phase preparative HPLC [mobile phase matrix least-squares method &Ryé by using the SHELXL-97
acetonitrile/water (40:60)] to yield high-puri6/(0.25 g) and’ (0.24 software package. All non-H atoms were anisotropically refined.
g) as light yellow and white powders, respectively. The hydrogen atoms were located by calculation with respect to
Compound 6: mp 171173 °C; UV Amax MeOH (¢) 195 nm; the related parent atoms. Complementary crystallographic data have
IH NMR (CDCl) 6 1.09 (s, 3H), 1.24 (s, 3H), 1.72 (s, 3H), 1.74 been deposited with the CCDC as CCDC 241319 and CCDC
(m, 3H), 1.75 (s, 3H), 1.99 (s, 3H), 2.29 (m, 2H), 2.32 (m, 2H), 260830 for compound6 and 7, respectively.
2.44 (s, 3H), 3.68 (dd] = 2.27, 2.35!H), 3.91 (d,J = 7.37, 1H), Conformational Analysis of the Diastereomers in Solution.
4.39 (t,J = 9.39, 2H), 4.60 (q, 1H), 4.71 (d, 1H), 4.90 (d¥i= NMR Spectroscopy.The concentration of both diastereomers for
3.92, 3.76, 1H), 5.42 (s, 1H), 5.56 (d@l= 1.76, 1.95, 1H), 5.73 the NMR experiments was 41 mM in 80% DMSig20% D,O
(d,J=7.37,1H), 6.22 (t) = 8.45, 1H), 7.36-8.12 (m, 11H);}*C (v/v). All 2-D NMR spectra were acquired at 3@ on a Varian
NMR (CDCl) 6 14.3, 16.7, 20.5, 22.5, 22.6, 26.0, 26.7, 35.3, 36.3, Inova Unity 600 spectrometer. Interatomic NOE assignments were
40.2,42.5,54.3,55.2,57.3,72.7,72.8, 75.5, 75.8, 76.7, 77.0, 77.2,made from ROESY spectra recorded with a mixing time of 150
79.2, 82.1, 82.6, 126.5, 128.3, 128.7, 129.0, 129.3, 130.1, 133.7,ms, respectively. The experimental data were acquired and pro-
135.8, 137.3, 137.7, 167.0, 168.7, 172.2, 172.3, 214.9; APCI full cessed using the Vnmr 6.1B program on a SUN SparcStation ultra
MS m/z [M + Na]* 971.58. 170 computer. The processed NMR data were visualized with the
Compound 7: mp 176-178 °C, UV Anax MEOH (€) 196 nm; XEASY program. Peak-picking and peak-integration were achieved
1H NMR (CDCl3) 6 1.09 (s, 3H), 1.23 (s, 3H), 1.72 (s, 3H), 1.73 on a Silicon Graphics Indy R 5000 computer.
(m, 3H), 1.74 (s, 3H), 1.94 (s, 3H), 2.29 (m, 2H), 2.31 (m, 2H), Restraint Determination. The distance limits were converted
2.46 (s, 3H), 3.68 (dd] = 2.18, 2.60, 1H), 3.91 (d] = 7.30, 1H), from the cross-peak intensities in the ROESY spectrum (mixing
4.39 (t,J = 8.93, 2H), 4.60 (q, 1H), 4.72 (d, 1H), 4.89 (dil= time 150 ms) by eq 1.
3.81,3.76, 1H) 5.43 (s, 1H), 5.58 (dii= 1.79, 1.96,1H), 5.72 (d, d = d_, (V. V) )
J=7.30,1H), 6.24 (t) = 8.95, 1H), 7.36-8.11(m, 11H)&3C NMR ij — Fref Wref Vij
(CDCl) 6 14.4, 16.7, 20.6, 22.5, 22.7, 26.0, 27.1, 35.3, 36.3, 40.2, The interproton distances can be obtained from the comparison
42.5,54.1,54.9,57.2,72.6, 72.7, 75.5,75.9, 76.8, 77.0, 77.3, 79.3,petween the intensities of cross-pesk and the intensities of
82.1,82.6,126.7,128.4,128.7, 129.0, 129.3, 130.2, 133.7, 135.7 reference cross-pedker. The two protons whose distance is 1.75
137.2,137.7,167.1,168.8, 172.2, 172.3, 214.9; APCI fullS A at position C6 were selected as the reference peak in the two
[M + NaJ" 972.18. _ _ Taxol derivatives. A total of 33 and 31 interproton distance
Cytotoxicity Assay. Human tumor cells (A2780 ovarian carci-  constraints were obtained froBrand7, respectively (see Supporting
noma, A549 non-small lung carcinoma, and MCF-7 breast carci- |nformation).
noma) were plated at a density of 1000 cells/well in 96-well plates ~ NAMFIS Analysis. Conformational searches were performed
and allowed to attach overnight. These cell lines were maintained on each of the structures using MMFF and the GBSA/dolvation
in RPMI-1640 medium supplemented with 5% fetal bovine serum model (MCMM, 25,000 steps for each diastereomer). The searches
and 5% Nu Serum and incubated at"87 Taxanes were solubilized  resulted in 3251 fully optimized unique conformations omith
in DMSO and further diluted with RPMI-1640 medium. Triplicate  the global minimum found three times, and 2548 conformations
wells were exposed to various treatments. The cell lines were for 7, with the global minimum found six times. The full conformer
analyzed for cytotoxicity using the microculture tetrazolium (MTT)  dataset and the NMR NOE data were then integrated by the
proceduré? NAMFIS treatment to provide a “best fit” corresponding to six and
Tubulin Polymerization Assay. The paclitaxel-facilitated tubulin four conformations with populations ranging from 49 to 5% and
polymerization assay was carried out with an assay kit from 45 to 4% for compound and 7, respectively.
Cytoskeleton (BKO006) according to the company’s literature  Tubulin Docking. A local modification of the refined electron
protocol. All samples and reagents were storee-8@ °C before crystallographic complékwas made prior to docking. The M-loop
use. Paclitaxel stocks were prepared in DMSO at 2 mM. The tubulin was relocated from the experimental position to a region closer to
stock was prepared in a tubulin buffer containing 80 mM PIPES the Taxol site. This allowed tubulin’s Arg284 to play a more active
[piperazineN,N'-bis(2-ethanesulfonic acid) sequisodium salt]; 2.0 role by forming a hydrogen bond with Taxol's C10 acetyl group.
mM MgCly, 0.5 mM EGTA, and 1.0 mM GTP, pH 6.9, at 10 mg/  without this modification, Glide (Scfidinger Inc#) docks the
mL. To establish the assay, the tubulin stock was fast-thawed in a Taxol structure in an inverted binding pose that directs the two
room-temperature water bath for 1 min and placed on ice. A C13 side chain phenyl rings out into solvent instead of deep within
polymerization buffer was prepared containing 80 mM PIPES at the hydrophobic pocket. Using the M-loop modified protein,
pH 6.9, 2 mM MgC}, 0.5 mM EGTA, 1 mM GTP, and 15%  however, Glide predicts Taxol with both the binding mode and
glycerol and kept on ice. Paclitaxel stocks were thawed to room T-Taxol conformation observed in the refined electron crystal-
temperature and diluted to 1@® with the tubulin buffer. To start  |ographic complex. Therefore, each of the diastereomers was
an assay, a microplate spectrophotometer (Spectra Max plus,separately and flexibly Glide-docked into the locally modified
Molecular Devices) was set to a constant temperature GC3A complex. The best docking poses were chosen on the basis of the
half-well 96-well plate was prewarmed for 30 min. A 4Q-portion Emodel scoring function together with visualization to ensure
of each of the diluted paclitaxel samples or control buffer was reasonable binding modes.
pipetted into wells of the microplate, and the plate was then
incubated in the 37C spectrophotometer for 2 min. Immediately Acknowledgment. Y.J. thanks Prof. Houming Wu (Shanghai
before use, 1 volume of the cold tubulin stock was mixed with 2 |nstitute of Organic Chemistry) for 2-D NMR determination
uolresof coldpoymerzatin bufer Then 18D of e miure -y and i grateful o Pro. Haiia Lin (Department of Chemnisty
buffer with care to avoid bubbles. Tubulin polymerization was Shan_ghal _Unlversny) for el_wcpuragement and helpful discussion.
We likewise are appreciative of Profs. Mingin Chen and

monitored by measuring absorbance at 340 nm for 60 min at 1-min : ; . .
intervals. Wengling Hong (Department of Chemistry, Fudan University)

X-ray Crystallographic Determination of Diastereomer Struc- for the X-ray structure determinations. A.A.A. and J.P.S. are
tures. Single crystals 06 and7 suitable for X-ray structure analysis ~ grateful to Prof. Dennis Liotta (Emory University) for encour-
were grown by slow evaporation at room temperature from agement and support.
acetonitrile and a mixture of acetonitrile and ether, respectively.

The selected crystals were mounted on a Bruker D8 Advance Supporting Information Available: A detailed experimental
diffractometer. Diffraction data were measured at 293(2) K using section of NMR/NAMFIS analysis, four figures showing the
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labeling schemes of hydrogen and carbon atoms, two tables of NOE (22) Johnson, S. A.; Alcaraz, A.; Snyder, J. P. T-Taxol and the Electron

distances for the two diastereomers, one full tablé3ef NMR
data, and crystallographic information in CIF format. This material
is available free of charge via the Internet at http://pubs.acs.org
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