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ABSTRACT. Discodermolide is a potentially important antitumor agent that stabilizes microtubules and
blocks cells at the G2/M phase of the cell cycle in a manner similar to that of Taxol. Discodermolide also
has unique properties that distinguish it from Taxol. In the present study, photoaffinity-labeled
discodermolide analogues are used to investigate their binding site in tubulin. Three photoaffinity-labeled
discodermolide analogues were synthesized, all of which promoted microtubule polymerization in the
absence of GTP. The analogue, C19-[4##benzoyl-phenyl)-carbamate]-discodermolide (CA9HBPC-
discodermolide), was selected for photolabeling studies because it had the highest extent of photoincor-
poration, ~1%, of the three radiolabeled discodermolide analogues explored. Although compared to
discodermolide, C19-BPC-discodermolide revealed no hypernucleation effectimie microtubule
polymerization assay, it was more cytotoxic than discodermolide, and, like discodermolide, demonstrated
synergism with Taxol. These results suggest that the hypernucleation effect of discodermolide is not involved
in its cytotoxic activity. Similar to discodermolide, C19-BPC-discodermolide can effectively displace
[®H]Taxol from microtubules, but Taxol cannot effectively displace CHJBPC-discodermolide binding.
Discodermolide can effectively displace CPH[BPC-discodermolide binding. Formic acid hydrolysis,
immunoprecipitation experiments, and subtilisin digestion indicate that C19-BPC-discodermolide labels
amino acid residues 365133 in s-tubulin. Further digestion with Asp-N and Arg-C enzymes suggested
that C19-BPC-discodermolide binds to amino acid residues;-3589, in s-tubulin, which is in close
proximity to the Taxol binding site. Molecular modeling guided by the above evidence led to a putative
binding model for C19-BPC-discodermolide in tubulin.

Taxol, an antitumor agent used successfully in the treat- side A, ceratamines, and dictyostatiri{-17). Downing and
ment of breast, ovarian, and lung carcinomBstargets the co-workers reported that epothilone A has an overlapping
p-tubulin subunit of the microtubule. Taxol can promote binding site with Taxol ong-tubulin (18). Results of a
microtubule polymerization in the absence of GTP, which computational search proposed that laulimalide and peloru-
is normally required for microtubule polymerization, and the side A bind toa-tubulin (19). Discodermolide is an especially
microtubules formed are stable to cold- and calcium-induced interesting molecule that has Taxol-like microtubule stabiliz-
depolymerizationZ). Previously, our laboratory employed ing properties but also has characteristics that are distinct
three photoaffinity-labeled Taxol analogues to identify the from Taxol. In addition, discodermolide is a considerably
Taxol binding site ins-tubulin (3—5). More recently, with weaker substrate for P-glycoprotein than Taxid)(

the development of a high-resolution structure of i Discodermolide was first reported as a potential immu-
tubulin dimer @), several Taxol binding conformations have nosuppressive ager@, 21), but was later found to act like
been proposedr-9). Taxol in promoting microtubule polymerization and sup-

The low aqueous solubility of Taxol that has made the
drug difficult to administer, in conjunction with the develop-
ment of Taxol resistance in patieni<), has led to the search

for ”?W com.pr:)undhs with ahmechan_ism similar tr?, thaf; of tubule polymerization assay, discodermolide demonstrates
Taxol, but with enhanced therapeutic activity. This effort o1y strong hypernucleation effect when initiating micro-

has led to the discovery of a number of molecules including {,,,,je assembly. Short microtubule polymers were formed
epothilones, eleutherobin, discodermolide, laulimalide, peloru- compared to the long microtubules found with Taxbe)
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pressing microtubule dynamic instabilit23). However,
studies also indicated that there are definite differences
between discodermolide and Taxol. In timevitro micro-
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Ficure 1: Chemical structures of discodermolide, discodermolide analogues, dictyostatin, Taxol, and epothilones. (1) Discodermolide; (2)
C14-nor-methyl-discodermolide; (3) C223H]BP-discodermolide; (4) C1%H]BPC-discodermolide; (5) C14-nor-methyl C134[BPC-
discodermolide. = tritium.

resistant to Taxol, dependent on low levels of Taxol for this pocket. Since structureactivity relationship (SAR)
normal cell growth 25). A most interesting observation, studies indicated that the C19 carbamate moiety and C24
however, is that discodermolide can induce accelerated celldiene system are relatively tolerant to modificatioB8-
senescence, which is not a typical characteristic of Taxol 32), photoreactive groups were placed at these positions. We
(26). tested three photoaffinity-labeled discodermolide analogues
Our laboratories recently investigated the efficacy of (Figure 1). One analogue, C19-[4-l-benzoyl-phenyl)-
discodermolide and Taxol combinations, demonstrating carbamate]-discodermolide (C184|BPC-discodermolide),
synergism both in cell culture and in an ovarian xenograft was selected to investigate the discodermolide binding site
tumor model in nude mice2b, 27). Discodermolide and  in the microtubule. Our results indicate the C19 carbamate
Taxol both suppress microtubule dynamics, but discoder- group of C19-fH]BPC-discodermolide binds to a sequence
molide barely interferes with length-based catastrophe fre- containing amino acid residues 30833, specifically, 355
guency, which is significantly increased upon Taxol treatment 359 in the S9-S10 loop in S-tubulin. This led to the
(22). Discodermolide and Taxol can synergistically suppress molecular modeling of the conformation of the discoder-
microtubule dynamic instability2@). The distinct effects of ~ molide analogue and discodermolidefrtubulin.
discodermolide and Taxol on microtubules may result from
either different binding sites in thes-tubulin dimer, specific =~ MATERIALS AND METHODS
interactions with individual tubulin isotypes, or different
affinities for o-tubulin dimers located at distinct regions
of the microtubule. Definition of the discodermolide binding
site(s) in the microtubule and comparison to that of the Taxol
binding site could provide us with new insights into the  tAbbreviations: BP, benzophenone; BPC, benzophenone carbamate;
synergism observed between the two drugs. Cl, combination index; DMSO, dimethyl sulfoxide; HPLC, high-

; ; ; ; _ performance liquid chromatography; MES, I2-norpholino) ethane-
Previously, our laboratories modeled two possible disco sulfonic acid; MTP, microtubule protein; PAGE, polyacrylamide gel

dermolide docking conformations in the drug binding pocket gjectrophoresis; PMSF, phenylmethanesulfonyl fluoride; TFA, trifiuo-
in tubulin (29). In the present study, we further investigated roacetic acid.

Materials. Microtubule protein (MTP) was purified from
calf brain by two cycles of temperature-dependent assembly
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disassembly and stored in 0.1 M MES, 1 mM EGTA, 0.5 were tested at ratios of 1:7, 1:2, and 1:1. The combination
mM MgCl,, and 3 M glycerol, pH 6.6, in liquid nitrogen. index (Cl) method of Chou and Talalagg) was used to

The concentration of tubulin in MTP was based on a tubulin analyze the interactions between Taxol, epothilone B, dis-
content of 85% §). Before each experiment, centrifugation codermolide, and C19-BPC-discodermolide. Data represent

(55 000 rpm, 20 min, 4C, TLA 100.3 rotor, Optima TLX
Ultracentrifuge, Beckman Coulter) was done to remove

mean ClI values from three experiments.
Photoaffinity Labeling of TubulinPhotoaffinity labeling

protein aggregates. The discodermolide analogues (Figurewas done as described previoushy. (Tubulin (2uM) was

1) were C24-jH]benzoyl-phenyl-discodermolide (C23H]-
BP-discodermolide, 5.2 Ci/mmol), C19H][4-(4-benzoyl-
phenyl)-carbamate]-discodermolide (CEBHBPC-disco-
dermolide, 4.1 Ci/mmol), and C14-nor-methyl CE8H[4-
(4-benzoyl-phenyl)-carbamate]-discodermolide (C14-nor-
methyl C19-fH]BPC-discodermolide, 4.3 Ci/mmol). The
syntheses have been reported previolddy. (Taxol and fH]-
Taxol (19.3 Ci/mmol) were obtained from the Drug Devel-
opment Branch, National Cancer Institute, Bethesda, MD.
Drugs were dissolved in dimethyl sulfoxide (DMSO) to a
final concentration of 5 mM, except that in one of time
vitro microtubule polymerization assays, drugs were dis-
solved in DMSO/Tweenr= 1:1 (v/v) to increase solubility.
GTP was dissolved in di®. Tricine, formic acid, acetone,

polymerized into microtubules in the presence of 0.2 mM
GTP and either 2M C24-[*H]|BP-discodermolide, C1%4]-
BPC-discodermolide, or C14-nor-methyl CEH[BPC-dis-
codermolide plus 20-fold excess of cold competitor for 30
min at 37°C. Samples were irradiatedrf@ h on icewater
using a 350 nm ultraviolet light (model RPR-3500 A;
Southern New England Ultraviolet Co., Branford, CT) at a
distance of 1.5 cm. After UV irradiation, samples were
centrifuged in a Ti42.2 rotor in a Beckman L7 ultracentrifuge
at 100 00@ for 30 min at 27°C to precipitate assembled
microtubules. The protein pellets were resolved by 9%
sodium dodecyl sulfatepolyacrylamide gel electrophoresis
(SDS-PAGE) to separate-tubulin subunits. Western blots
were done to identifyo. and S tubulin subunits. For

subtilisin, iodoacetamide, and acetonitrile were purchasedfluorography, the gel was stained with Coomassie Blue

from Sigma. Trifluoroacetic acid and guanidine hydrochlo-
ride were from Pierce. EMHANCE was obtained from
DuPont NEN. Asp-N and Arg-C enzymes were from Roche.
The non-small cell human lung cancer cell line A549 was
maintained in RPMI 1640 containing 1% peniciltistrep-
tomycin (Gibco Laboratories, Grand Island, NY) and 10%
fetal bovine serum. Tween was purchased from Bio-Rad.

In zitro Microtubule Polymerization Assayrugs were
dissolved in either DMSO/Tween (v/& 1:1) or DMSO.
Assays were done in a 3QL quartz cuvette. Drugs (10
uM) or GTP (1 mM) was added to 1 mg/mL MTP. Assembly
of microtubule protein was monitored spectrophotometrically
(Application of MltiTemp, Beckman Coulter DU640) by
recording changes in turbidity at 350 nm at 7. After 60
min, the temperature was decreased t8C2to determine
the effect of cold on stabilization of microtubules by the
analogues.

Electron Micrographs of Microtubuleg\t the end of the

R-250, destained, treated with BMANCE, dried, and
exposed to Kodak X-Omat AR film at70 °C for 7 days.
Competiton Studie€xperiments were done as described
previously B4, 35). Briefly, 200 uL of 2 uM tubulin was
polymerized in the presence of 0.2 mM GTP and different
cold microtubule interacting drugs. After incubation for 20
min at 37°C, 2 uM C19-FH]BPC-discodermolide or®H]
Taxol was added for another 2 h, and the samples were
layered onto 2QuL of 5% sucrose in 0.1 M MES tubulin
assembly buffer containin3 M glycerol and centrifuged in
a Ti42.2 rotor in a Beckman L7 ultracentrifuge at 100 §00
for 1 h at 27°C. After centrifugation, the supernatant was
carefully removed, and the pellet was washed three times
with 0.1 M MES buffer and dissolved in 10 mM sodium
phosphate buffer containing 1% SDS. Radioactivity was
determined in a liquid scintillation counter (Perkin-Elmer).
Protein concentration was measured by the DC Protein Assay
from Bio-Rad Laboratories. After correcting for a small

microtubule polymerization assay, samples were put onto amount of nonspecifically sedimented protein, we calculated
300-mesh carbon-coated, Formavar-treated copper gridsthe ratio between tubulin dimer and CIEH[BPC-disco-

stained with 2% uranyl acetate, and viewed with a JEOL

dermolide. Drug competition was also analyzed by fluorog-

model 100CX electron microscope. On samples polymerized raphy. C19-fH]BPC-discodermolide ofH]Taxol was added

with drug dissolved in DMSO/Tween, microtubule lengths
were measured at 20@0and 500 with ImageJ software

after incubation of tubulin with different microtubule inter-
acting drugs (at 50-fold excess). After UV irradiation (350

and compared. Fifty microtubules were counted for each nm for 2 h for C19-fH]BPC-discodermolide and 254 nm
sample, except for C14-nor-methyl C19-BPC-discodermolide for 30 min for PH]Taxol), samples were resolved by SBS
where only 30 microtubules were counted because so fewPAGE on a 9% gel followed by fluorography (7 days for

microtubules were formed.
Cytotoxicity Assay and Drug Combination Analy<y-

C19-PH]BPC-discodermolide and 40 days faH]Taxol).
Formic Acid Digestion.Tubulin was photolabeled with

totoxicity assays and drug combination analyses were C19-PH]BPC-discodermolide and digested with 75% formic

performed as described previous®5). Briefly, the indi-
vidual drug or drug combinations, at different ratios, were

acid for 96 h at 37C (3). After removal of formic acid by
Speedvac and washing three times with,@H digestion

added to the cells, and after incubation for 72 h, the CellTiter products were resolved on a 15% Tricine gel. Two gels were
96 Aqueous non-radioactive cell proliferation assay was usedprepared. One gel was stained with Coomassie blue, and the

to determine the number of live cells. dCvalues were
calculated with Calcusyn software. The individuatd@alue

other gel was visualized by fluorography.
Immunoprecipitation.Immunoprecipitation experiments

was used as the equipotent drug concentration in drugwere done as described previoushg,(37). Briefly, tubulin

combination assays. In addition, Taxol and C19-BPC-

discodermolide were tested at ratios of 1:14, 1:3.5, 1:1, 3.5:

was photolabeled with C1$HI|BPC-discodermolide. After
formic acid digestion and removal of formic acid by

1, and 14:1. C19-BPC-discodermolide and discodermolide Speedvac, samples were washed three time withOdH
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adjusted to pH 7.0, and dissolved in RIPA buffer (20 mM A o
Tris-HCI, pH7.5, 150 mM NacCl, 1% NP40, and 0.1% SDS). —200—l 37°%C 1—200—
Antibodies (antiec T9026 or antig T0198, Sigma) were
added and incubated af@ overnight. Protein A-Sepharose 1
CL-4B was used to precipitate immunocomplexes. After
washes (five times) with RIPA buffer, samples were resolved
on a 15% Tricine gel either for Coomassie blue staining or
fluorography.

Subtilisin Digestion.Microtubules were assembled and
photolabled by C193H]BPC-discodermolide. Subtilisin was 5
added at a ratio of protein/enzynye 500:1 (w/w). After 6
digestion for 1 and 12 h, reactions were stopped with 2 mmMm %%
PMSF. Samples were resolved by SEFSAGE on a 9% gel 7
followed by fluorography.

Asp-N and Arg-C Enzyme Digeston @fTubulin. After -0.01
tubulin was photolabeled with C19H]|BPC-discodermolide,
acetone precipitation was performed to remove free unbound
drug (1 vol of protein solution plus 4 vol of cold acetone, B _200_l 379 l_zoc_
—20°C, overnight) 88). Samples were then denatured with 0.19 pomessssssnsese |
guanidine hydrochloride, and the cysteine residues were
modified by carboxymethylation with iodoacetamidg. (- 2
and S-Tubulin subunits were separated by reverse-phase
high-performance liquid chromatography (HPLC) on an
Aquapore BU-300 (220x 2.1 mm) C4 column using
HP1090 liquid chromatography. The protein was eluted with
a linear acetonitrile, 0.1% trifluoroacetic acid gradient (25%
55% over 60 min). The flow rate was 2@Q./min, and 1
min fractions were collected. The elution@f andg-tubulin
subunits was determined by Western blot. Fractions contain- 44, 6
ing radiolabeled protein were detected with fluorography.
Radioactive fractions were collected and dried by Speedvac.
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Samples were digested with either Asp-N or Arg-C (protein/ - e
enzyme= 100:1, w/w) for 6, 12, or 18 h at 37C according R 20 40 60 8 100
to the manufacturer’s instructions (Roche). The digestion Time (min)

buffer_ f_or Asp-N was 50 mM SOd_ium phosphate, pH8.0, FIGURE 2: In witro microtubule polymerization. Experiments were
containirg 1 M urea. Arg-C d'995t|0n_ b_uffer was 90 MM done as described in Materials and Methods. Drugs were dissolved
Tris-HCI, pH7.5, 8.5 mM CaGJ] 5 mM dithiothreitol (DTT), in either DMSO/Tween (A) or DMSO (B). The arrowd {ndicate

0.5 mM EDTA, am 1 M urea. Digestion products were a change in temperature. (1) Discodermolide; (2) Taxol; (3) C19-

resolved on a 1820% Tricine gel and subjected to fluo- BPC-discodermolide; (4) C24-BP-discodermolide; (5) C14-nor-

rography for 30 days. g'(\eﬂtgyél.019-BPCd|scodermoI|de; (6) GTP; (7) DMSO/Tween; (8)

Molecular Modeling. Calculati f d _ . .
olecular VIOCeTng. L-aierations were periormed on in DMSO/Tween (v/iv= 1:1). All three discodermolide

MacroModel 6.5 using the batchmin accessory. C19-BPC- analogues promoted polymerization of tubulin in the absence
discodermolide was docked into the binding siteSetuibulin .
: e w ! inding st ut of GTP, and the microtubules formed were stable to cold-

resenting the benzophenone moiety in the vicinity of . o . :
Eesidues 355359. Looppresidues 35536)1/-3 were reorientgd induced depolymerization (Figure 2A). When Taxal, disco-

to enable the benzophenone group to contact the desirecEermO”de’ and C19-BPC-discodermolide were dissolved in
sequence. Conformational searches were then executed o MSO and the assay was repeated, the absorbance of the

- “o - ; lymerized microtubules was greater than that when the
a sphere of 10 A surrounding the binding site allowing po . . .
flexibility of both the ligand and the site while fixing the 9rugs were dissolved in DMSO/Tween (Figure 2B). The
benzophenone moiety in contact with residues -3859 three discodermolide analogues did not display the potent

: : : ; hypernucleation effect seen with discodermolide when po-
t L o h
éirg;;gtiggld;frgre numbered according to a previous lymerization was initiated. C14-nor-methyl C19-BPC-dis-

codermolide was least active. Studies with other discoder-
RESULTS molide analogues also revealed that the deletion of the C14
methyl group decreased activitg9, 40, 41).

Polymerization of Tubulin by Discodermolide Analogues.  Microtubules Formed in the Presence of Discodermolide,
Thein vitro microtubule polymerization assay was used to Taxol, and Discodermolide Analogues #éaDistinct Lengths.
follow the activity of discodermolide analogues (Figure 2). To confirm that normal microtubules were being formed,
The change in absorbance at 350 nm correlates with thesamples were examined by electron microscopy and micro-
extent of microtubule polymerizatior89). Because of the  tubule lengths were measured (Table 1). Discodermolide
poor solubility of C24-BP-discodermolide and C14-nor- produced very short microtubules as has been noted previ-
methyl C19-BPC-discodermolide, all drugs were dissolved ously (12). Taxol, C24-BP-discodermolide, and C19-BPC-
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Table 1: A Comparison of Microtubule Lengths after Assembly Table 2: Cytotoxicity of Taxol, Discodermolide, and
with Discodermolide, Taxol, Discodermolide Analogues, and GTP Discodermolide Analogués
average polymer compounds 16 =+ SD (nM)
compounds length fsm + SD) discodermolide 19.2 0.2
discodermolide 1.05%:0.16 Taxol 1.4+0.1
Taxol 10.63+ 1.34 C24-BP-discodermolide 188 0.9
C24-BP-discodermolide 12.62 2.27 C19-BPC-discodermolide 720.2
C19-BPC-discodermolide _ 10.6D1.58 C14-nor-methyl C19-BPC-discodermolide 4@:41.6
g_lrz;nor-methyl C19-BPC-discodermolide Si%i?gg a|Cso equals the drug concentration that inhibits cell division by

discodermolide induced long microtubules. C14-nor-methyl
C19-BPC-discodermolide produced only a few very long
microtubules. The microtubules formed with discodermolide
were approximately 10-, 12-, 10-, 19-, and 5-fold shorter
than those formed with Taxol, C24-BP-discodermolide, C19-
BPC-discodermolide, C14-nor-methyl C19-BPC-discoder-
molide, and GTP, respectively.

Cytotoxicity of Discodermolide Analogues and Drug
Combination StudiesAs has been shown previousI2g
29), discodermolide is less toxic to cells than Taxol. Each
of the three discodermolide analogues inhibited A549 cell

50% after 72 h.

growth to different degrees. Cl14-nor-methyl C19-BPC-
discodermolide was the least active (Table 2). This is
consistent within »itro microtubule polymerization results
which demonstrated that C14-nor-methyl C19-BPC-disco-
dermolide was least active in inducing microtubule polym-
erization. The IGo value for C19-BPC-discodermolide was
lower than that of discodermolide. The hydrophobic ben-
zophenone group on the analogue may result in a greater
accumulation of drugs in cells.

Drug combination analysis confirmed that discodermolide
and Taxol represent a synergistic combination in A549 cells,

Synergism EE—
Additivity  ——

Antagonism —1

10_ 10_
8 - Taxol/C19-BPC-disco g Taxol/disco
O 6 O 6
4 ] ] 4
N A—w——'./ 2
. 025 05 075 100 O
FA
[ R |
Taxol (nM) 0.0004 - 1.6 16-67 >67 Taxol ("M)0.00026- 1.6 16-84 >84
C19-BPC-disco ("M) 0.003 - 12 12-471 >471  Disco (nM) 0.005 - 32 32-1683 > 1683
10 10 -
8 Taxol/EpoB 8 1 Disco/C19-BPC-disco
O 6 O 6
4 4 1
2 l 5]
Ny resssesnsrasasag eid
LIS +
U T T T 1 0 T T T 1
025 050 075  1.00 025 050 075  1.00
FA FA
]
Taxol ("M)  0.008 - 219 > 219 Disco (M) 8 - 2060
EpoB(nM) 0.005 - 131 > 131 C19-BPC-disco (nM) 3 - 721

Ficure 3: C19-BPC-Discodermolide and Taxol represent a synergistic drug combination. Combination index (ClI) values as a function of
cell kill (fraction affected; FA) were calculated after treating A549 cells with drug combinations for 72 h. Various drug ratios were tested.
Data shown here are the results from equipotent molar ratios (Taxol/C19-BPC-discodermilicteT axol/discodermolide= 1:20; Taxol/
epothilone B= 1:0.6; discodermolide/C19-BPC-discodermolidel:0.35). Data represent mean Cl values from three experiments. The
dotted line in each graph represents a&=Cl. The gray horizontal bar below the graph indicates the dose range of drugs that show synergistic
interactions (Cl< 0.7) when in combination. The black horizontal bar corresponds to the Cl ofil27and indicates additivity, whereas

the white bar corresponds to the €11.2, indicating antagonism. The ranges of drug concentrations that mediate synergism, additivity, or
antagonism are indicated.
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1 2 3 4 5 6 7 8 9 discodermolide and C19-BPC-discodermolide effectively
displaced C193H]BPC-discodermolide binding to the mi-
crotubules, but Taxol and epothilone B were not as effective
as discodermolide or its analogue. Whé]|axol was used,

p— — R— all compounds could effectively displac#]Taxol from the
microtubules. Competition assays analyzed by fluorography
are consistent with the solution competition results (Figure

50kDa e
— -

[*H]BPC-disco + o+ + o+ o+ o+ 5B). Taxol cannot effectively displace C18H|BPC-disco-
BPC-disco = e I dermolide, but C19-BPC-discodermolide can effectively
C24- C19-  C14-nor-methyl C19- displace {H]Taxol binding to the microtubule. Discoder-

Ficure 4: Discodermolide analogues specifically photolabel tu- molide can effectively displace C19H]BPC-discoder-

bulin. Microtubules were polymerized in the presence of GB4-[ molide. It has been previously reportet?] that discoder-
BP-discodermolide, C194fi]BPC-discodermolide, or Cl4-nor- molide can effectively displace®Hl]Taxol binding to
methyl Cf19-f|5|]BPC-dit_StCOiefrg%“dQ P'stt and fg_intl_is a %g-;oslg microtubules, whereas Taxol cannot effectively displaeg-[
excess of cold competitor for 5V min. Aler irradiation wi discodermolide binding. A possible explanation is that
Qnmdugﬁ]g?yhzt’eghﬁv{ﬁ?gﬁ'tﬁgf %%%%‘;S\ggesgﬁﬁhg ‘}',gzes?f‘ﬁvistem di_scodermoliqle f_;md Taxol have different affini_ties for their
blotting (lane 2, anti-tubulin antibody; lane 3, anfi-tubulin microtubule binding sitesi@) or that they form microtubules
antibody), or fluorography (lanes—®). The of-tubulin dimer with different configurations 42). By using previously
separates by SDSPAGE under the conditions used (lane 1). {escribed method£8), we have shown that, like discoder-

Western blotting indicates that the upper banduitibulin (lane . ) i . o o
2) and the lower band i§-tubulin (lane 3). By fluorography, all molide, C19-BPC-discodermolide can competitively inhibit

three discodermolide analogues can photolabel tubulin (lane 4, 6,[*H]Taxol binding to microtubules (data not shown). The
and 8), but the photolabeling can be competed by 20-fold excesscalculatedK; for discodermolide is 0.2xM and for C19-

of cold compounds (lane 5, 7, and 9). C19-BPC-discodermolide BPC-discodermolide is 0.18M.

demonstrates the highest extent of photoincorporation. C19-BPC-Discodermolide Binds to th&Tubulin B3

, . Fragment.Formic acid is known to cleave Asp-Pro bonds.
whereas Taxol and epothilone B have an additive effect. At ; has peen used to help identify the Taxol binding site in

all drug concentrations tested, C19-BPC-discodermolide andﬂ-tubulin ). a-Tubulin produces two fragments, Al and
Taxol demonstrated a synergistic drug interaction, whereasps \vhen cleaved with formic acid anﬂ-tubﬁlin is

C19-BPC-discodermolide and discodermolide only demon- hydrolyzed into three fragments, B1, B2, and B3 (Figure
strated additivity, but no synergism (Figure 3). These rgsults 6A). After formic acid digestion and SBSPAGE, fluorog-
suggest that C19-BPC-discodermolide has a mechanism of 51, indicated that the radioactivity was associated primarily
cytotoxicity similar to discodermolide, although it is less \ith 3 16 kDa peptide. It was either the A2 or B3 fragment
'potent'tha_n discpdermolide and has no hypernucleation eﬁec‘(Figure 6B). Immunoprecipitation experiments were done to
in thein »itro microtubule polymerization assay. determine which fragment was binding to C19-BPC-disco-
Discodermolide Analogues Specifically Label Tubuline dermolide. After formic acid digestion, samples were im-
discodermolide analogues specifically photolabel tubulin munoprecipitated with either anti-tubulin (Figure 6C, lanes
since the photolabeling was competed by nontritiated dis- 1 and 3) or antj3-tubulin (Figure 6C, lanes 2 and 4)
codermolide analogues (Figure 4). The radioactive band is antibodies, which recognize the C-terminus of eitheror
localized between the- andj-tubulin subunit. Ina previous - tubulin, respectively44, 45). The C19-fH]BPC-disco-
report, f-tubulin photolabed by a benzophenone Taxol dermolide labeled peptide was immunoprecipitated by @Anti-
analogue was also located between ttieand S-tubulin antibody but not with antix antibody (Figure 6C, lanes 3
subunit when analyzed by SB®AGE ). On the basis of  and 4). Binding of C19-BPC-discodermolide to fi¢ubulin
a filter binding assay after acetone precipitation, the use of B3 fragment (Figure 6A) was further confirmed because the
C19-BPC-discodermolide resulted in the greatest extent of anti3-tubulin antibody recognized amino acid residues427
photoincorporation;-1%. Considering the extent of photo- 432 in g-tubulin, which are in the B3 fragment%).
incorporation and solubility, C19-BPC-discodermolide was  Subtilisin Digestion of TubulinLimited proteolysis of
used in all future experiments. Previous studies have showntybulin by subtilisin results in significant cleavage at
that both Taxol and discodermolide have only one binding GIn433-Gly434 in -tubulin. This protease has been used
site on the tubulin dimer34, 42). The stoichiometry studies  to |ocalize a hemiasterlin analogue binding site in tubulin
with C19-BPC-discodermolide also indicated that it onIy has (46) In the Coomassie blue Staining gﬂl.,tubu”n has an
one binding site in they-tubulin dimer (data not shown).  increased mobility after subtilisin digestion for 1 or 12 h
With the drug concentration increasing, the binding of C19- (Figure 6D, lanes 2 and 3), respectively, wheregsibulin
BPC-discodermolide will saturate. The higher concentration did not show a significant mobility change. Fluorography
of drug did not cause increased association of the drug tojndicated that the protein labeled by CF#]BPC-disco-
the microtubule. This also confirmed that the binding of C19- dermolide had an increased mobility after subtilisin digestion
BPC-discodermolide to the microtubule is specific. for 1 or 12 h (Figure 6D, lanes 5 and 6), respectively. These
Competition Analysis with Taxol, Discodermolide, and results indicated that C19H]BPC-discodermolide binds to
Discodermolide AnalogueBrug competition analyses were f-tubulin. Overlapping the sequences from formic acid and
performed to determine if Taxol, discodermolide, and C19- subtilisin digestion indicated that C134]BPC-discoder-
BPC-discodermolide could displace binding of the radi- molide binds to amino acid residues 304833 in 5-tubulin.
olabled drugs to microtubules. Two methods were employed. Mapping C19-BPC-Discodermolide Binding Peptide by
One was performed in solution. As shown in Figure 5A, both Asp-N and Arg-C DigestiorT.o further map the C19-BPC-
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Ficure 5: Competition assay between Taxol, discodermolide, and C19-BPC-discodern{gljd8olution competition analyses were
performed as described in Materials and Methods. Microtubules were assembled in the presence of different concentrations of each competitor
and GTP before the addition of either CEBH[BPC-discodermolide orfH]Taxol. The tritiated drug remaining with the microtubules was
determined. After either Taxol or epothilone competition, a significant amount of &8{C-discodermolide remained bound to the
microtubules (left panel). Decreased binding #f][Taxol to the microtubules was observed after the addition of each of the drugs (right
panel). (B) Competitive binding was also analyzed by fluorography. GABPC-discodermolide or*H]Taxol (2 uM) was added after
incubating tubulin with different competitors (1@0M) and GTP. In the left panel, either Taxol or epothilone B could not significantly
compete C193H]BPC-discodermolide binding to the microtubule. In the right panel, all competitors could disptfd@xol binding to

the microtubule.

discodermolide binding site jf-tubulin, we used Asp-N and  kDa (Figure 7A). Arg-C digestion produced a radioactive
Arg-C to digests-tubulin. After tubulin was photolabeled labeled peptide with a molecular weight-e#.5 kDa (Figure

with C19-PH]BPC-discodermolide, acetone precipitation was 7A). However, due to the low extent of photoincorporation
done to remove free unbound drug, so it would not mix with and low specific activity of C193H]BPC-discodermolide,
small peptides at the bottom of the gel. After reduction/ we were not able to isolate and sequence these peptides.
alkylation, the samples were analyzed by HPLC. Under the Therefore, we compared our present results with protein data
chromatography conditions used; and g-tubulin were bank search outcomes (ProteinProspector) (Figure 7B).
separated and detected with specific antibodfe$ubulin Formic acid hydrolysis, immunoprecipitation, and subtilisin
eluted first; the major radioactive peak was associated with digestion suggested that the amino acid residues-333
these fractions (data not shown). The radioactive fractionsin g-tubulin are the fragment for the binding of C19-BPC-
were collected, dried, and digested with either the Asp-N or discodermolide (Figure 6). The database search outcomes
Arg-C enzyme for 6, 12, or 18 h, and the digestion products for this fragment in th¢-tubulin digested with either Asp-N
were resolved on a X20% Tricine gel. The products were or Arg-C are listed in Figure 7B. Because there is only one
exposed for fluorography for 30 days. All three time points specific photolabeling site for C19-BPC-discodermolide per
produced the same results. In the Asp-N digestion, the a-tubulin subunit, the potential drug-labeled peptides
radioactive labeled peptide has a molecular weight-6f digested from either Asp-N or Arg-C should overlap. When
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A cmbulin 1 A1 (34.5 KDa) 3064307 A2 (16 KDa) 451
B—tubulin 131 }32 304 } 305 445
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FIGURE 6: C19-PH]BPC-discodermolide photolablgstubulin. (A) Schematic representation of formic acid cleavage-afndS-tubulins.

(B) Undigested (lanes 1 and 3) and formic acid-digested (lanes 2 and 4) tubulins were resolved on a 15% Tricine gel and analyzed by either
Coomassie blue staining (lanes 1 and 2) or fluorography (lanes 3 and 4)3@BRC-discodermolide labels a peptide with a molecular
weight of 16 kDa (lane 4). (C) Formic acid digestion products of tubulin were immunoprecipitated with either daties 1 and 3) or
anti3-tubulin (lanes 2 and 4) antibodies and followed by either Coomassie blue staining (lanes 1 and 2) or fluorography (lanes 3 and 4).
C19-PH]BPC-discodermolide photolabels a peptide which was immunoprecipitated witlf-fuitilin antibody (lane 4). (D) Limited
subtilisin digestion results in significant cleavage at GIn4@3y434 in-tubulin. Undigested (lanes 1 and 4) and subtilisin-digested (lanes

2 and 5, 1 h digestion; lane 3 and 6, 12 h digestion) tubulins were resolved on a 9%P3HTE and analyzed with either Coomassie blue
staining (lanes 43) or fluorography (lanes46). At 1 and 12 hS-tubulin was digested by subtilisin battubulin was left intact (lanes

2 and 3). C194H]BPC-discodermolide labef$-tubulin since the radiolabeled tubulin was digested by subtilisin at 1 and 12 h (lanes 5 and
6). The photolabeled peptide is amino acid residued433 in -tubulin.

«— B1 —

the molecular weight for each peptide and all the possible helix, which participates in the lateral interaction between
peptide combinations are compared, there is only one singleadjacent protofilamentsy.

possibility for drug labeling. The peptides likely to be labeled  pocking calculations of C19-BPC-discodermolide into the
by C19-PH]BPC-discodermolide are markeM)(in Figure  modified Taxol site furnish the binding motif depicted in
7B. Their molecular weights are 5.7 and 4.6 kDa, respec- Figure 8B. C19-BPC-discodermolide is illustrated in orange.
tively, for Asp-N and Arg-C digestions. These are compatible The benzophenone moiety extends into the new subsite and
with the experimental results (Figure 7A). The overlapping contacts amino acid residues 3539 in the S9-S10 loop,
sequence for these two peptides is amino acid residues 355 3 relationship that could not have been achieved without the
359, which is located in the S$510 loop. Therefore, the  conformational change of the loop. Reorganization of the
C19 carbamate benzophenone of C19-BPC-discodermolidedrug binding pocket was also observed by electron crystal-
binds to amino acid sequence 30833, specifically, to the  lography in the binding of epothilone A t6-tubulin (18).

amino acid residues 35359 in the S9-S10 loop in We also compared the conformations between Taxol and
f-tubulin (Flgure 7C). Th|§ Ied.to _the molecular_mO(_jeImg C19-BPC-discodermolide (Figures 9A,C). The C19-ben-
of C19_—BPC—d|scodermoI|de binding conformation in the zophenone carbamate of C19-BPC-discodermolide, which
f-tubulin. corresponds to the CRydroxyl of Taxol, is pointing toward
Molecular Modeling of C19-BPC-DiscodermolidefATu- the S9-S10 loop. The-lactone of C19-BPC-discodermolide

bulin. Identification of the residues which cross-link C19- overlaps with the C2 benzoyl of Taxol, and both groups are
BPC-discodermolide has allowed the construction of a close to Asp224. The C11 hydroxyl group of C19-BPC-
feasible model for C19-BPC-discodermolide docking into discodermolide matches the C7 hydroxyl group of Taxol,
B-tubulin, employing the cocrystal structure of Taxol and Mmaking contact with Thr274. This is similar to the epothilone
tubulin (47). The Taxol/tubulin complex is illustrated in A binding model ing-tubulin, in which the C7 hydroxy! of
Figure 8A with Taxol in red. If C19-BPC-discodermolide €pothilone A also participates in the interaction with Thr274
were to bind at this site in such a way that the ligand presents(18). In the C19-BPC-discodermolide binding model, Gly360
the benzophenone moiety to amino acids 3859, then a has been pushed upward because of the conformational

conformational change within the binding site would be change of the S9S10 loop. The C14 methyl group of C19-
expected (Figure 8B). BPC-discodermolide interacts with Phe270 in a manner

Reorientation of the S9S10 loop as depicted in Figure similar to the C4 acetate of Taxol (Figure 9C).

8B reveals a new subpocket within the binding site, not DISCUSSION

apparent in the cocrystal structure, which incorporates a wall

comprised of residues 35859. The resultant conformation Our studies have focused on three discodermolide ana-
is stabilized by a salt-bridge not observed in the cocrystal Jogues: C19-BPC-discodermolide, C14-nor-methyl C19-
structure of Taxol bound t6-tubulin. Figure 8A reveals that BPC-discodermolide, and C24-BPC-discodermolide. Al-
the distance between loop residue Lys362 (blue) and Glu325though all three have lost the hypernucleation effect seen
(red), a residue not associated with the site, is 8.015 A. Figurewith discodermolide, they all promote, with varying ef-
8B illustrates that, in the alternative loop conformation, this ficiency, microtubule polymerization. In the cytotoxicity
distance contracts to 2.608 A, which suggests a putative saltassays, all three discodermolide analogues inhibited cell
bridge between these two amino acids. Glu325 is in the H10 growth. The nor-methyl analogue, C14-nor-methyl C19-
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Asp-N digestion 355 403
B-tubulin et

m Arg-C digestion 321 359
e q B-tubulin i

."'PF-" l
B-tubulin b—

1

B 355-359
(DIPPR)

7 kDa

4 kDa

B Asp-N digestion

Calculated peptide Pepetide sequence

mass (Da)
3774 427DATA430
1273.4 417DLVSEYQQYQ426
1427 .4 431DEQGEFEEEGEE442
1547.6 404DEMEFTEAESNMN416
2678.2 304DPRHGRYLTVAAVFRGRMSMKEV326
3330.7 327DEQMLNVQNKNSSYFVEWIPNNVKTAVC354
m5681.7 355DIPPRGLKMSATFIGNSTAIQELFKRISEQFTAMFRRKAFLHWYTG

EGMa403

Arg-C digestion

Calculated peptide Pepetide sequence

mass (Da)
232.3 319GR320
369.4 307HGR309
1040.3 310YLTVAAVFR318
1230.4 3811SEQFTAMFR330
2313.7 360GLKMSATFIGNSTAIQELFKR380
2741.2 283ALTVPELTQQMFDAKNMMAACDPR306
B 4615.3 321MSMKEVDEQMLNVQNKNSSYFVEWIPNNVKTAVCDIPPR359
6305.6 392KAFLHWYTGEGMDEMEFTEAESNMNDLVSEYQQYQDATADE

QGEFEEEGEEDEA445

FicUrRe 7: Asp-N and Arg-C digestion mapping of C18H|BPC-discodermolide photolablggttubulin. (A) Tubulin was photolabled by
C19-PH]BPC-discodermolide as described in Materials and Methods. After separatiagd -tubulin subunits by HPLC, the major
radioactive fractions were collected and digested with either Asp-N or Arg-C for 6, 12, or 18 h°@t Jhe data shown represents a 6
h digestion. All three digestion time points gave the same results. The undigested (lane 1) and digested tubulin products (lane 2, Asp-N
digestion; lane 3, Arg-C digestion) were resolved on a20% Tricine gel, followed by fluorography. In Asp-N digestion, C2BHBPC-
discodermolide photolabels a peptide with a molecular weight®kDa. In Arg-C digestion, C19%H]BPC-discodermolide photolables
a peptide with a molecular weight ef4.5 kDa. (B) Predicted digestion products from Asp-N and Arg-C digestion ofsthéulin
(Proteinprospector). Since formic acid hydrolysis, immunoprecipitation, and subtilisin digestion results demonstrgtéabtiiat 305-
433 is the binding site for C1%#]BPC-discodermolide, the peptides listed are 3842 for Asp-N digestion and 283445 for Arg-C
digestion. The peptide which is most likely to bind to CESHBPC-discodermolide is notedj. (C) Schematic representation of overlapping
sequences from Asp-N and Arg-C digestion. CI9}BPC-discodermolide is proposed to bind to amino acids-38® in 3-tubulin.

BPC-discodermolide, was the least active of the three pocket ). In the T-Taxol binding motif, the Czhydroxyl
analogues. These results are in accord with previous studiegroup of Taxol forms a hydrogen bond with the carbonyl
(29-32). oxygen of Arg359 (Figure 8A)47), which is in the S9-
Formic acid hydrolysis, immunoprecipitation experiments, S10 loop. This is compatible with our results indicating that
and subtilisin digestion revealed the cross-linking of the drug C19-BPC-discodermolide can displaéelJTaxol binding to
to the 305-433 sequence ¢@f-tubulin. Further digestion with  the microtubule and Taxol can partially decrease C19-
Asp-N and Arg-C led to the identification of the 35359 [®H]BPC-discodermolide binding to the microtubule. With
sequence as the potential site of cross-linking with C19-BPC- the identification of these five amino acid residues, we have
discodermolide. This five amino acid sequence is located in constructed a binding model for C19-BPC-discodermolide
the S9-S10 loop, and is a component of the Taxol binding in S-tubulin (Figure 8B).
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in their chemical structures induce the long microtubules.
. More interestingly, C19-BPC-discodermolide, although it
' ) L 815A presents no hypernucleation effect, still displays a strong
ﬂ Ve { synergistic effect with Taxol, but not with discodermolide.
& ) §9- 510 loop Therefore, the hypernucleation effect most likely does not
b, / play a significant role in either cytotoxicity or synergy with
; Taxol, and may simply be the manifestation of a remarkable
/ kinetic effect of discodermolide on microtubule assembly.
Discodermolide has synergistic effects with Taxol, the
basis of which is not knowr26). This synergism could be
microtubule-based or could result from a nonmicrotubule
related interaction. The latter implies that discodermolide
may have a unique target other than microtubules in cells.
If this were true and related to its synergy with Taxol, we
should expect to see synergism between discodermolide and
other microtubule stabilizing agents such as epothilone B.
However, synergism has not been reported between disco-
dermolide and epothilone B%). Others have suggested that
the synergism observed between discodermolide and Taxol
could be the result of distinct effects of the two drugs on
the microtubule §1). In the present study, we demonstrated

|

7. 2608A that C19-BPC-discodermolide also has synergistic effects
with Taxol but not with discodermolide, suggesting that C19-
\ §9-510 loop BPC-discodermolide acts on microtubules similarly to dis-

i codermolide.

In competition experiments, C19-BPC-discodermolide was
similar to discodermolidel(7, 42) in displacing fH]Taxol
binding to the microtubule, but Taxol could not effectively
displace C199H]BPC-discodermolide binding. This may
relate to different affinities of the drugs for the microtubule
(42). It was reported that epothilone B has a higher affinity
for microtubules than Taxok60-fold compared to Taxol)
(43), but discodermolide could displac&C]epothilone B
even better than®H]Taxol (17). This indicated that, in
addition to different affinities for the microtubule, these drugs
may polymerize microtubules with different configurations
(42). One microtubule configuration induced by a drug could

FicURE 8: Docking of Taxol and C19-BPC-discodermolide into €Xclude the binding of a second drug. It is known that
the drug binding pocket i-tubulin. (A) A cocrystal structure of ~ Microtubules polymerized by Taxol have 12 protofilaments,
Taxol and tubulin as determined by Nogales (PDB file 1JFF). Taxol although the preferred number is 1). We do not know
gg?/\(/je)lrij it?‘éhgggifgﬁ%gma(ﬂoq- f:e;){]y?rr\(éxglis%;?\%%Obf;\?v)éoelnpiinstg& if microtubules alter their protofilament number when bound
(blue) and Glu325 (rec) is 8.015 A. (B) C19-BPC.discodermolide 10 discodermolide. From the competition experiments, both
(orange) docked into thg-tubulin. The S9-S10 loop has been  discodermolide and C19-BPC-discodermolide can effectively
modified to enable the ligand to achieve direct contact with amino displace fH]Taxol. Taxol only partially decreases the binding
acid residues 355359. The C19-carbamate is close to the-S9  of C19-PH]BPC-discodermolide, but discodermolide can
S10 loop (purple). The distance between Lys362 (blue) and Glu325 effectively displace C193H]BPC-discodermolide. These
(red) is 2.608 A. (BP= benzophenone). results suggest that C19-BPC-discodermolide acts on mi-
Discodermolide displays a unique hypernucleation effect crotubules similarly to discodermolide.
when initiatingin vitro microtubule polymerizationl@). We The results from formic acid digestion and immunopre-
found that C19-BPC-discodermolide could promote micro- cipitation indicated that C19-BPC- discodermolide binds to
tubule polymerization but had lost its hypernucleation effect. amino acid residues 363145 in -tubulin. It was reported
This result was expected since other discodermolide ana-that discodermolide could reduce tau protein binding to the
logues, even those with a single change in their chemical microtubule 63). Since the binding site for tau protein is
structure, lose the hypernucleation effe@9,(49). As localized to a peptide ifB-tubulin containing amino acid
suggested by the studies from KowalskB(50), the length residues 305445 (64), it appears that discodermolide
of microtubules is related to the nucleation ability and the interacts with the same peptide fhtubulin as does C19-
polymerization activity of the drug. Thereby, it is not BPC-discodermolide.
surprising that C19-BPC-discodermolide treatment results in  Electron crystallographic studies (personal communication,
long microtubules since the analogue is less active in the ref 53) demonstrated that Taxol and discodermolide have
induction of microtubule polymerization compared to dis- overlapping binding sites. This indicated that, like epothilone
codermolide. Similar results were also shown in our previous A (18), discodermolide also localizes to the Taxol binding
study @9). Discodermolide analogues with a single change pocket. In the sequence 36845 in S-tubulin, the only
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C2' hydroxyl ,
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Ficure 9: Comparisons of the conformation of Taxol to C19-BPC-discodermolide (A and C) and discodermolide (B and D). Viewed from
the side (A and B). Viewed from the top (C and D). Taxol is illustrated in red. C19-BPC-discodermolide and discodermolide are shown in
orange. The conformation of discodermolide results from the removal of the benzophenone moiety from the C19-BPC-discodermolide
model. Green amino acids correspond to the discodermolide/C19-BPC-discodermolide binding model. Blue amino acids correspond to the
Taxol/tubulin cocrystal structure. In the C19-BPC-discodermolide binding model, Gly360 is away from the drug because of the conformational
change in the S9S10 loop (A). In the discodermolide binding model, there is no change in th&s89 loop and Gly360 is at the same
location as that in the Taxol binding model (B). The C19 carbamate O of discodermolide forms hydrogen bonds with its own C17 OH and
with the Gly360 NH (B).

region which is close to the Taxol binding pocket is the-S9 the same relative and absolute stereochemigify), (and
S10 loop 6). This loop contains the five amino acid residues proposed that the C14 of discodermolide contacts Phe 270,
355—-359 identified as labeled by C19-BPC-discodermolide. which is consistent with our data. The hydrophobic interac-
This also suggests that the discodermolide analogue, C19tion between a methyl group and phenylalanine will be
BPC-discodermolide, binds to tubulin in a manner similar maintained when phenylalanine is mutated to another non-
to that of discodermolide. polar hydrophobic amino acid such as valine. Discodermolide
In our molecular modeling study on the binding conforma- retains cytotoxicity to both the parental and mutant cell lines.
tion of C19-BPC-discodermolide, the C14 methyl group of  From the evidence discussed above, we believe that the
C19-BPC-discodermolide is close to Phe 27itubulin. discodermolide analogue, C19-BPC-discodermolide, can bind
Shin et al. have suggested that the C14 methyl group of to tubulin in a manner similar to discodermolide. On the basis
discodermolide makes contact with this amino a&8)(In of the binding conformation of C19-BPC-discodermolide,
their study, they tested the cytotoxicity of another microtu- we have predicted a binding orientation for discodermolide.
bule stabilizing drug, dictyostatin, and its C16-nor-methyl The discodermolide orientation is derived after the removal
analogue. They concluded that the C16 methyl of dictyostatin of the benzophenone moiety from the C19-BPC-discoder-
contacts either Phe or Val at position 270. They related molide, while leaving all other groups intact (Figure 9B,D).
dictyostatin to discodermolide since these two drugs haveIn the drug binding pocket if8-tubulin, the é-lactone of
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discodermolide fits into the site in a manner similar to the but
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had no hypernucleation effect that was seen only with

C2 benzoyl group of Taxol and is close to Asp224. The C19 discodermolide. Photoaffinity labeling studies have suggested
carbamate of discodermolide extends into another region inthat C19-fH]BPC-discodermolide cross-links the amino acid
this pocket and is close to the $810 loop. This binding  sequence 305433, specifically, amino acid residues 355
orientation of discodermolide is close to our previous 359 ing-tubulin, which are in proximity to the Taxol binding
proposed discodermolide binding model 29, yet differs site. This information enabled us to construct a computa-
in the geometries of two torsional angles at-€%6 and tionally derived binding model for C19-BPC-discodermolide.
C18-C19. We also predicted the orientation of discodermolide in the
The C17 hydroxyl of discodermolide is important for its drug binding pocket.

activity (30). We noticed that the C17 hydroxyl is capable

of forming a hydrogen bond with the C19 carbamate O ACKNOWLEDGMENT

without compromising its hydrogen bond to Gly360 (Figure
9B). The resultant conformation disposes the carbamate NH
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Our model suggests a possible explanation of the role of theREFERENCES

C17 hydroxyl in the binding of discodermolide fetubulin.
Since discodermolide and C19-BPC-discodermolide have
different microtubule polymerization activities, they must

interact with microtubule somehow differently. In our model 2.

for C19-BPC-discodermolide, the S$10 loop has a
conformation shift (Figure 8B). The S$10 loop is close
to the H10 helix. The H10 helix participates in the lateral
interactions between two adjacent protofilameid)s C19-

BPC-discodermolide causes a shift of the-S4.0 loop. The 4.

alteration of the S9S10 loop may interfere with the H10
helix and the lateral interactions. Discodermolide does not
have the benzophenone group and will not cause the shift
of the S9-S10 loop.

Similar phenomena were seen when a Taxol photoaffinity
analogue, 7-benzophenone Taxol (7-BzDC-Taxol), binds to
the microtubule §). 7-BzDC-Taxol can stabilize microtu-
bules formed by GTP but it cannot promote the microtubule
polymerization. The benzophenone of 7-BzDC-Taxol pho-

tolabels Arg282 irB-tubulin. Arg282 is in the M-loop, which 7.

is involved in the lateral interactions between protofilaments
(6). A bulky benzophenone group of 7-BzDC-Taxol may
interfere with the M-loop and thereby modify the lateral

interactions, making the function of 7-BzDC-Taxol somehow 8.

different from that of Taxol.
The present study suggests that the binding sites for Taxol
and discodermolide in th@s-tubulin dimer are overlapping.

Considering the similarities and differences between these 9.

two drugs, we suspect that their differences may not be seen
in one single tubulin dimer, but rather will be seen in the

full length of the microtubule. As suggested previous$, ( 10.

58-60), Taxol may preferentially bind to the internal core
region of the microtubule, whereas discodermolide may bind
equally well to the full length of the microtubule. In addition,

it has been suggested that Taxol binds weakly to/ttie
tubulin isotype 61). Discodermolide may also bind differ-
entially to individual tubulin isotypes. In immunofluorescence
experiments, microtubule bundles formed in the presence of
discodermolide are usually located around the nucleus or at

the cell periphery12, 42). Taxol and discodermolide could 13-

preferentially localize to microtubules at different subcellular
sites.

In summary, we have evaluated the microtubule stabilizing
effects of three photoaffinity analogues of discodermolide,
one of which, C19-BPC-discodermolide, was studied in
greater detail. It exhibited a synergistic effect with Taxol,
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