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Probing the Environment of Tubulin-Bound Paclitaxel Using Fluorescent Paclitaxel
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ABSTRACT. To determine the environment of different positions in the paclitaxel molecule when bound to
tubulin, we have synthesized six fluorescent analogues in which a (dimethylamino)benzoyl group has
been introduced into the 7- and 10-positions, and the benzoyl groups at the R @asdwell as the
3'-phenyl ring have been modified with dimethylamino functions. In a tubulin assembly ass&/nthe
andN-p-(dimethylamino)benzoyl derivatives had activities comparable to the activity of paclitaxel. The
2-, 3-, and 10-analogues had slightly reduced activity, and the 7-derivative was about 5% as active as
paclitaxel. On the basis of the results of studies of the effect of solvents on the fluorescence emission
spectra, it is proposed that the unbound analogues form hydrogen bonds with protic solvents. But the 7-
and 10-substituted analogues appear to be more affected by protic solvents than the other analogues.
Previously, we studied the binding of themetaderivative to tubulin and microtubules [Sengupta, S., et

al. (1995)Biochemistry 3411889-11894]. In this study, we extended the studies to include the 2-, 7-,
and 10-derivatives. Similar to thi-substituted analogue, binding of the 2-derivative to tubulin was
accompanied by a large blue shift, whereas a very small shift occurred when the 7- and 10-substituted
derivatives bound. The 2- amdisubstituted analogues bind to microtubules with an increase in fluorescence
intensity over that which was observed with tubulin, whereas binding of the 7- and 10-substituted analogues
was accompanied by a large quenching in fluorescence. This quenching may be due to the presence of
charged residues in the protein near the 7- and 10-(dimethylamino)benzoyl groups statiking of the

groups with an aromatic side chain. The presence of paclitaxel with microtubules prevented the fluorescence
increase of the 2- and-derivatives and quenching of the 7- and 10-derivatives. The difference in behavior

of the fluorescent analogues upon binding to polymerized tubulin, coupled with the solvent studies on the
free drugs, suggests that the 2- &ftdenzoyl groups of paclitaxel bind in a hydrophobic pocket of tubulin

but could participate in hydrogen bonding, and the 7- and 10-positions are in a more hydrophilic
environment.

Antimitotic agents fall into two classes, one whose microtubule equilibrium is more clinically important is not
members inhibit tubulin self-assembly and depolymerize known at this time.
microtubules and another whose members stabilize micro- Many analogues of paclitaxel have been synthesized in
tubules and promote microtubule formation from tubulin. recent years in the hope of finding more effective derivatives,
Paclitaxel, as well as epothilone A and B (Bollag et al., and for use in determining the binding environment and
1995), and discodermolide (ter Haar et al., 1996) fall into binding site of the drug in tubulin. It is known that paclitaxel
the second class. At low concentrations, paclitaxel sup- can tolerate a large number of modifications at most positions
presses microtubule dynamitsvitro (Derry et al., 1995). around the molecule without drastically affecting its biologi-
Such low concentrations also stabilize cellular mitotic spindle cal activity [for reviews, see Hepperle and Georg (1994) and
microtubules by inhibiting microtubule instability (Jordan Georg et al. (1995b,c)]. Because fluorescent analogues of
etal.,, 1993; Yvon et al., 1996), leading to apoptosis (Jordan a drug can provide useful information about the environment
et al.,, 1996). At high concentrations, the drug upsets the of the bound form of the drug, and the mechanism of drug
tubulin—microtubule equilibrium by inducing microtubule  binding, we and others have been engaged in the synthesis
formation and bundlindgn vitro (Schiff & Horwitz, 1980) of fluorescent paclitaxel analogues (Sengupta et al., 1995;
and in cells (Jordan et al., 1993). Whether the suppressionSouto et al., 1995; Han et al., 1996). Previously, we showed
of microtubule dynamics or disturbance of the tubtlin  that N-debenzoylN-[3-(dimethylamino)benzoyl]paclitaxel
(N-mDMAT?) has a biological activity similar to that of
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R5

R4
Paclitaxel ~ R!=R?=R3=R*=R®-H, R’-Me
N-mDMAT  R'=R*-R*=R°=H, R?=NMe,, R>=Me
N-pDMAT  R!=NMe,, R>=R*=R*=R°-H, R’=Me
2-mDMAT  R!=R?=R*-R®=H, R*=NMe,, R’=Me
7-mDMAT  R!=R?-R*-R*=H, R*=Me, R®=m-N,N-dimethylbenzoyl
3-mDMAT  R!=R?= R*=R®=H, R’=NMe,, R’=Me
10-mDMAT  R!'=R?=R*=R*=R°=H, R*=m-N,N-dimethylphenyl

Ficure 1: Structures of paclitaxel and fluorescent paclitaxel
analogues.

properties (Sengupta et al., 1995). In this study, we have
introduced the fluorophore into different positions around
the paclitaxel molecule by preparing five (dimethylamino)-
benzoyl and one (dimethylamino)phenyl-substituted ana-
logues (Figure 1) and have compared their fluorescent
properties in the free and tubulin-bound forms. The ana-
logues with substitutions at thi-benzoyl and 2-benzoyl
positions behave similarly in their interaction with micro-
tubules, leading to a blue shift and an enhancement in

fluorescence intensity, whereas the fluorescence of the 7-

Sengupta et al.

Competition of H]Paclitaxel Binding to Tubulin. A
solution of 5uM [3H]paclitaxel and 5uM tubulin was
incubated in PEM buffer and 0.5 mM GTP at3Zin a 0.5
mL volume with various concentrations of the analogues.
After 15 min, the mixture was centrifuged in a TL-100
Beckman ultracentrifuge for 5 min at 40a0Warm PEM
buffer was added to the pellet without stirring and then
removed. The pellet was dissolved in 0.1 M NaOH.
Aliquots from the solution were used to measure bound
[®H]paclitaxel and the protein concentration.

Fluorescence Measurement# Perkin-Elmer MPF-44B
spectrofluorometer attached to a circulating temperature-
controlled bath was used to record all fluorescence spectra.
Both excitation and emission band-passes were 5 nm, and
all fluorescence values reported were uncorrected. Blank
values for the solvents were subtracted from the fluorescence
spectra of the analogues.

Electron Microscopy.Assembled tubulin samples were
fixed with 0.25% glutaraldehyde and diluted when necessary.
Following adherence for 45 s to grids coated with Formvar
and carbon and rinsing with water, they were negatively
stained with 2% uranyl acetate and examined in a JEOL
JEM-1200 Ex Il microscope.

Synthesis of the Analogueshe six paclitaxel fluorescent
probes were synthesized according to procedures developed
in our laboratory using paclitaxel or baccatin Il as the
starting materials (Georg et al., 1995c). MDMAT and
N-pDMAT were prepared fronN-debenzoylpaclitaxel by
acylation withm- and p-(dimethylamino)benzoyl chloride

and 10-substituted analogues is quenched upon binding tounder Schotten-Baumann conditions (Georg et al., 1994).

microtubules. When bound to unpolymerized tubulin or to
the tubulin-podophyllotoxin complex, the fluorescence of

all four derivatives undergoes a blue shift as well as an
enhancement.

EXPERIMENTAL PROCEDURES

Materials. Microtubule protein was prepared from bovine
brain by three cycles of an assembljisassembly procedure
(Tiwari & Suprenant, 1993). Pure tubulin was prepared from
this preparation using phosphocelluled&ogel P-10 chro-
matography (Algaier & Himes, 1988) and was stored-80
°C after drop-freezing in liquid nitrogen. Before use, the
tubulin was thawed and any aggregated protein was remove
by centrifugation at 270@Dfor 10 min. Paclitaxel was

purchased from Hauser Chemical Research, Inc. (Boulder,

CO). PH]Paclitaxel was purchased from Moravek Bio-
chemicals. Podophyllotoxin was obtained from ICN Chemi-
cal Co.

Polymerization AssaysTubulin polymerization was in-
duced by paclitaxel or the substituted analogues in PEM
buffer [0.1 M Pipes (pH 6.9), 1 mM MgSQand 1 mM
EGTA]. Two methods were used to follow the assembly

process and measure the effectiveness of paclitaxel and its

analogues in inducing microtubule assembly. In one, the
turbidity at 350 nm was measured at 37 in a thermostated
Shimadzu UV 2100U spectrophotometer. The other, a

centrifugation assay (Sengupta et al., 1995), was used to

determine the E§ values, the concentration of the drug
causing assembly of 50% of the initial protein concentration.
The protein concentration was measured by the Bradford
procedure (Bradford, 1976).

2-mDMAT was obtained from a 2-debenzoylpaclitaxel
derivative by acylation (DCC coupling) witin-(dimethyl-
amino)benzoic acid (Georg et al., 1995a). Reaction'ef 2
protected paclitaxel withm-{dimethylamino)benzoic acid,
catalyzed by EDC, provided, after deprotection of the 2
silyl group, 7mDMAT (Georg et al.,, 1996b). The'3
MDMAT derivative was prepared from baccatin Ill, using
an N-benzoylg-lactam [(R,49-1-benzoyl-3-[{ert-butyl-
dimethylsilyl)oxy]-4-[3-(dimethylamino)phenyl]-2-azetidi-
none] as the precursor for the C13 side chain of the analogue
(Georg et al., 1996a). Removal of the C10 acetyl group of
2'-7-chloroacetyl-protected paclitaxel (Datta et al., 1995;
Zheng et al.,, 1995) was followed by protection of the

ydroxyl groups at 2and 7 as chloroacetates (Rao et al.,

995). Reacylation at C10 witin-(dimethylamino)benzoic
acid (EDC) and removal of the protecting groups gave 10-
mDMAT. A complete description of the syntheses is
available in the Supporting Information.

The purity of the compounds was verified by HPLC
analysis on a C-18 reverse phase column using 70% methanol
or 50% acetonitrile as the solvent.

Molecular Modeling. Structures were built using the
“Sketch Molecule” function of the molecular modeling
software package SYBYL, utilizing the conformation of
paclitaxel in aqueous solution (hydrophobic collapse) as a
template (Vander Velde et al., 1993). Each structure was
then subjected to an energy minimization using the standard
Tipos force field.

RESULTS

Synthesis and Assembly-Promoting Propertigglds of
the products ranged from 46 to 70%H-NMR and mass
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Table 1: EG, Values and Spectra Maxima of the Paclitaxel excitation bands for these compounds overlap with the

Analogues tryptophan excitation band of the protein.

ECso absorption emission Competition of Paclitaxel Binding to TubulinVe previ-
compound (uM) maxima (nmj maxima (nmj) ously studied the binding of MDMAT to the paclitaxel
paclitaxel 0.8 227,273 binding site of tubulin (Sengupta et al., 1995). To ensure
N-mDMAT 1.0 228, 263, 330 455 that 2mDMAT, 7-mDMAT, and 10mDMAT also bind to
N-pDMAT 1.1 230, 305 363 ; ; ; it
STOMAT 27 530, 263, 345 473 tubulin :t thel_tsamle site as;]c pacll'élaxal, a comfek;ut:_on study
7-MDMAT 18 230, 263, 341 465 using P ]pa<_: itaxel was performed. smg/_B\/I ubulin,
10-mDMAT 2.7 230, 263, 344 472 uM [3H]paclitaxel, and various concentrations of the ana-
3-mDMAT 4.5 230, 260, 306 357 logues, we found 35, 14, and 44% inhibition of binding to

aSpectra were recorded in MeOH and are uncorrected. The Microtubules by 3uM 2-mDMAT, 7-mDMAT, and 10-
absorption maxima in PEM buffer were essentially the same as in mMDMAT, respectively. These values are consistent with the
methanol. EGCso values which show a weaker capacity of these

. ) . compounds compared to paclitaxel to induce microtubule
spectra were consistent with the structures. HPLC analys'sassembly with 7a(DMAT being the weakest. Because of

showed the compounds to be at least 98% pure. To testgo|ypjlity limitations, concentrations of the drugs higher than
their effectiveness in inducing microtubule assembly, the 30 uM could not be used.

analogues were compared to paclitaxel using a centrifugation
assay. The E& values are shown in Table 1. Both
N-DMAT derivatives are similar in activity to paclitaxel, and
the 2-, 3-, and 10-derivatives are slightly less active.
Substitution at the 7-position caused the largest decrease i
activity. In all cases, electron microscopy was used to verify
the formation of microtubules.
Spectral Properties of the Analogue$he absorption and

Changes in Drug Fluorescence upon Binding to Tubulin.
Upon the addition of tubulin to the 2-, 7-, or 10-derivatives,
the fluorescence intensity of the drugs increased instanta-
rpeously, similar to what happens in the case of e
derivative (Sengupta et al., 1995). In the case ofl2MAT
(Figure 2A), the increase was 8-fold, whereas for 7- (data
not shown) and 1@ADMAT (Figure 3A), the increase was

i ; : ; 2-fold. A blue shift of 43 nm for ZnDMAT and 2 nm for
fluorescence emission maxima of the six paclitaxel analogues . )
in methanol are presented in Table 1. The spectra of 7-MDMAT and 10mDMAT accompanied this change. The

N-mDMAT. 2-mDMAT. 7-mDMAT. and 10mDMAT are results suggest that all three analogues bind rapidly to tubulin.
similar as might be expected because they all contain aThese experiments were done at room temperature in the

dimethylamino substituent in threetaposition of a benzoyl gbsence of GTP, conditions under which the anal_ogue—
group; however, N\DMAT has the substituent in theara induced assembly would have been very slow, especially at

position of the benzoyl group, and-BDMAT contains a the low tubulin concentration used. To examine changes
m-(dimethylamino)pheny! grou,p under polymerization conditions, the reactions were carried

Studies of the effects of different solvents on the fluores- Ut at 37°C in the presence of 1aM tubulin, 0.5 mM GTP,
cence emission spectrum of a fluorophore can provide 21d 10uM analogue. In the case of@®OMAT (Figure 2B),
information about the environment of the fluorophore and " |mmed|ate_|ncrease of fluo_rescence again occurred fol-
by analogy the nature of the binding environment in a !owed by a tlme-dependent increase. The fluorescence
macromolecule. Interpretation of these changes requiresicréase during the time-dependent process was about 7-fold

consideration of both general and specific solvent effects. Nigher than that obtained under nonassembly conditions,
We examined the spectra of the six analogues in solvents ofconsistent with the increase being due to tubulin assembly
different polarity, some protic and some nonprotic (Table &"d @ higher affinity of paclitaxel and its analogues for the
2). The six derivatives showed a blue shift when the spectra POlymerized form of tubulin (the fluorescence intensities in
were taken in acetonitrile and cyclohexane as compared toP2n€ls A and B of Figure 2 are in arbitrary units and cannot
water, as is expected for a general solvent effect. However, P& compared directly). The increase also correlated well with
in the protic solvents methanol and 2-propanol, the shifts the increase in light scattering at 350 nm, reflecting the
cannot be attributed to polarity alone. In methanol, the polymerization reaction (Figure 2C). WhenaM paclitaxel
spectra are red shifted compared to those in acetonitrile evenVaS also present, the increase in fluorescence associated with
though the polarity of methanol is less than that of acetonitrile Microtubule formation was prevented (Figure 2B) even
and the extent of the shift in 2-propanol compared to though the increase in light s_catterlng in the presence of 10
acetonitrile does not reflect the large difference in dielectric #M paclitaxel was 3-fold higher than that with 1M
constants between these two solvents. Differences also exise MPMAT alone (Figure 2C). These data are similar to
among the compounds. In the case of the 7- and 10- those presented previously fortd®MAT (Sengupta et al.,
derivatives, there is a red shift in methanol compared to 1995).

water, whereas with all the other compounds, blue shifts were A completely different picture was obtained with
obtained. The large effect of the protic solvents is observed 7-mDMAT and 10mDMAT under assembly conditions.
when the spectra were taken in cyclohexane containing 3%After the instantaneous increase in drug fluorescence, a time-
ethanol, in which the emission maxima underwent large red dependent quenching of fluorescence was observed. The
shifts compared to those in cyclohexane alone. Increasingdata for the 10-derivative are presented in Figure 3B. The
the ethanol concentration to 10% had no further effect. As final fluorescence was about 50% of the value obtained for
shown in Table 2, the emission maxima of the analogues the same concentration of the free drug. Under the same
when bound to tubulin, to be discussed later, are very closeconditions, there was a time-dependent increase in light
to those in the cyclohexane/ethanol mixture. Further studiesscattering at 350 nm, which was coincident with the
with N-pDMAT and 3-mDMAT were not performed as the  quenching process. When 1M paclitaxel was included
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Table 2: Effect of Solvents on the Emission Maxima of the Paclitaxel Analogues

solvent dielectric consteht N-mDMAT  N-pDMAT  2-mDMAT  7-mDMAT  10-mDMAT  3'-mDMAT
water 78.5 469 378 488 452 460 370
acetonitrile 39.0 441 362 467 445 460 355
methanol 32.6 455 363 473 465 472 357
2-propanol 18.3 437 362 462 451 462 352
cyclohexane 2.02 405 335 430 432 437 327
3% ethanol in cyclohexane 443 450 450 460
tubulin 445 445 450 458

aThe dielectric constants are at 26.
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Ficure 2: Binding of 2mDMAT to tubulin and microtubules. (A) gth,

2-mDMAT (5 uM) and 54M tubulin at 25°C in PEM buffer. The Ficure 3: Binding of 10mDMAT to tubulin and microtubules.
fluorescence emission spectrum was recorded using 350 nm as thd he conditions are identical to those described in Figure 2. (A)

excitation wavelength: 2ZaDMAT (curve 1) and 2nDMAT with 10-mDMAT (curve 1) and 10nDMAT with tubulin (curve 2). (B)
tubulin (curve 2). (B) Time course of fluorescence intensity change Time course of fluorescence intensity changes during assembly.
at 450 nm under polymerizing conditions. Tubulin (M) in PEM The fluorescence values were normalized by dividing by the initial

buffer containing 0.5 mM GTP and 1M 2-mDMAT (curve 1) fluorecence value: 18DMAT (curve 1) and both 1GhDMAT

or 10uM 2-mDMAT and 10uM paclitaxel (curve 2) was incubated  and paclitaxel (curve 2). (C) Time course of light scattering changes
at 37°C, and fluorescence intensity changes were recorded. (C) during assembly. 186:-DMAT alone (curve 1) and both I®DMAT
Time course of light scattering changes at 350 nm. Conditions were and paclitaxel (curve 2).

identical to those of part B, with 16M 2-mDMAT alone (curve

1) and both 1Q«M 2-mDMAT and 10uM paclitaxel (curve 2). 60 — T T

in the reaction mixture, quenching did not occur, even though
the increase in light scattering took place (Figure 3C).
Binding of the Paclitaxel Analogues to Dimeric Tubulin.
The instantaneous changes in fluorescence shown in Figures
2A and 3A indicate that the fluorescent analogues bind to
the tubulin dimer. To test this more thoroughly, binding was
studied in the presence of podophyllotoxin, a drug which
prevents microtubule formation. An instantaneous increase
in fluorescence was observed with all the analogues. A
representative figure with BDMAT is shown in Figure 4. ® 20 50 250 10
Paclitaxel (30uM) did not affect this increase (data not Wavelength, nm
shown). When observed with an electron microscope, no gigyre 4: Binding of 2mMDMAT to the tubulin-podophyllotoxin
trace of microtubule formation was found, even after complex. The fluorescence spectrum ofiBl 2-mDMAT (curve
incubating the reaction mixture for 60 min. These results 1) in PEM buffer at 25°C was compared to its spectrum in the
are quite similar to what had been previously observed for pB%Soe”ﬁgIoim E:Uobmu“?‘;(pv?/ggp*:g"?;%’g“b(ci‘ﬁ]r(‘:’ﬁb%a)t-i Thettlljt?lljlm
N'”.“D'V.'AT (SengL_tha et '?"-' 1.995) ar_1d indicate that these \I/Jvith EOiM podophyﬁotoxin foF; 3% min a>t/ 25C. e
derivatives also bind to dimeric tubulin.

FY
o

»n
o

Fluorescence Intensity

DISCUSSION modifications of the_ 7_-hyd_r0x_y_group with bulky substituents.
can decrease activity significantly (Georg et al., 1992;
In an effort to obtain insight into the mechanism of Riomoldi et al., 1993). Our results with the dimethylamino
paclitaxel binding to tubulin and the nature of the environ- derivatives, showing a larger decrease in tubulin assembly-
ment around different parts of the paclitaxel molecule in the promoting activity for 7mDMAT compared to those of the
bound state, we have synthesized fluorescent paclitaxelother analogues (Table 1), are consistent with the past results.
analogues with the fluorescent group at the 2-, 3, 10-, The effect of solvents on the fluorescence spectra of the
and N-positions. Previous studies have shown that the derivatives indicates that the fluorophoric groups of all the
N-benzoyl, 2-benzoyl, '3phenyl, 7-OH, and the 10-acetyl analogues form hydrogen bonds in protic solvents. This
groups of paclitaxel can tolerate a number of substitutions study also showed thatmbMAT and 10mDMAT behave
without causing large changes in the activity of the drug differently compared to the other analogues in the presence
(Hepperle & Georg, 1994; Georg et al., 1995b,c). However, of water, as their emission maxima are more blue-shifted in
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water than in methanol, reflecting a difference in the
environment around the fluorophore. The fluorophore in
7-mDMAT is close to the 9-carbonyl and 10-acetyl carbonyl
groups. In 10mDMAT, it is close to the 9-carbonyl and
7-OH. A possible explanation for the behavior of these
derivatives in water is that water hydrates one or more of
the carbonyl groups, increasing the cavity radius in which
the fluorophore resides. This in turn decreases the Stokes
shift (the difference between the absorption and emission
maxima) according to the Lippert equation (Lippert, 1957),
by causing a decrease in the emissiom maxima. As a result,
these two derivatives have lower emission maxima in water
than would be expected.

Binding of the four analogues to tubulin results in a blue
shift in the emission maxima along with an increase in
fluorescence intensity. However, the extent of the blue shifts
differs among the analogues. The much smaller shifts of
7-mDMAT and 10mDMAT, compared to those of 2-
mMDMAT and N-mDMAT (Sengupta et al., 1995), suggest
that the 7- and 10-positions are in a less hydrophobic /
environment than the 2- and-positions. This conclusion 2 \
is supported by the data in Table 2 that show the maxima of 1
the bound forms of the 7- and 10-derivatives to be close to FIGURE5: Three-dimensional structure of paclitaxel. The positions
that found in water, whereas the maxima for the 2- and of the substitutions for the six fluorescent an’alogues are shown by
N-derivatives have values more consistent with a nonpolar fr?wrlrj?\\/llv:"r; é %TE%?X& i’ng]glj?’\{/wlng{/'l A%I'l. S-MDMAT; 4, 2-
solvent having a dielectric constant close to that of aceto-
nitrile. However, the emission maxima of the 2- and the 7- and 10-positions of paclitaxel may place them in an
N-analogues in cyclohexane containing 3% ethanol are alsoenvironment that, in the polymeric state, comes in close
very close to that of the tubulin-bound form, indicating that contact with aromatic amino acids or charged residues.
these positions of paclitaxel might be situated in a more  The observations described above indicate a binding model
hydrophobic region of the protein than is reflected by the in which the 2- andN-benzoyl groups bind in a hydrophobic
relationship between the dielectric constants and emissionpocket of tubulin and the region of paclitaxel containing the
maxima but are accessible to groups with which they can 7- and 10-positions is in a more hydrophilic environment.
hydrogen bond. Both the nitrogen and carbonyl functions That the environments of thd- and 2-benzoyl, as well as
of the benzoyl group could then participate in hydrogen the 3-phenyl and 4-acetyl groups, can be different from that
bonding. The possibility that the carbonyl of the C2 benzoyl of the 7-hydroxy and 10-acetyl groups is evident from NMR
group may participate in hydrogen bonding in tubulin has studies of paclitaxel and water-soluble paclitaxel derivatives
been suggested previously (Mastropaolo et al., 1995). In(Vander Velde et al., 1993; Williams et al., 1993, 1994;
cyclohexane/3% ethanol,MBMAT and 10mDMAT have Paloma et al., 1994), and the crystal structure of paclitaxel
emission maxima similar to that in water and in the tubulin- (Mastropaolo et al., 1995). ltis also clear from the computer-
bound form, suggesting that the 7- and 10-positions are in agenerated three-dimensional structure of paclitaxel (Figure
relatively hydrophilic environment. 5) that the 7- and 10-functions occupy positions far from

Another major difference between the analogues is the the 2- andN-functions. Modeling of the six derivatives in
fluorescence changes upon binding to microtubules. In the Figure 5 showed that the structures did not deviate from the
case of NmDMAT and 2-mDMAT, binding led to a large paclitaxel structure.
increase in fluorescence intensity. In contrast, binding of  Similar to our earlier findings with NWDMAT (Sengupta
7-mDMAT and 10mDMAT to polymeric tubulin led to a et al., 1995), we found evidence for binding of the 2-, 7-,
dramatic quenching. A possible explanation for the quench- and 10-analogues to dimeric tubulin and to the tubulin
ing is that the fluorophoric groups undergastacking with podophyllotoxin complex. In the previous work, we found
aromatic amino acids of the protein. A similar quenching that N-mDMAT binds weakly to tubulin-podophyllotoxin
has been shown for the interaction of anthracyclins with with a Kq of 49 uM. This is in contrast to th&q for the
serum albumin (Rivory et al., 1992) or with DNA (Chaires binding of paclitaxel to polymeric tubulin which is reported
et al., 1982) and for the myosin subfragment-1 interaction to be 10 nM (Caplow et al., 1994) and explains why
with pyrene-labeled actin (Blanchoin et al., 1996). Another paclitaxel, assuming its affinity is also so weak, cannot
possible reason for the quenching is that the fluorophoric prevent binding of the analogue since under the conditions
groups are close to charged side chains of the proteinused, 30uM paclitaxel and 5«M analogue, only 40% of
(Demchenko, 1992). For example, quenching of Trp314 of the binding sites would be occupied. Binding to the tubtlin
liver alcohol dehydrogenase at alkaline pH has been at- podophyllotoxin complex receives support from the work
tributed to the ionization of Tyr286 (Eftink & Bystrom, of Han et al. (1996), who demonstrated binding of the
1986). It must be remembered that, in the case of the 7-2-aminobenzoyl derivative of paclitaxel to the tubulin
and 10-derivatives, benzoyl groups have been added to thecolchicine complex, and Carlier and Pantaloni (1983), who
paclitaxel molecule, whereas these rings already exist in theshowed that paclitaxel stimulates the GTPase activity of the
2- andN-derivatives. Thus, the addition of these groups to tubulin—colchicine complex. On the other hand, Han et al.

—06
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(1996) concluded that the fluorescence increase of theGeorg, G. I, Ali, S. M., Boge, T. C., Datta, A., Falborg, L., Park,
2-aminobenzoyl analogue in the presence of tubulin but H.. Mejillano, M., & Himes, R. H. (1995afioorg. Med. Chem.
without colchicine was due to the formation of microtubules. _ -6t 3 259-264.

. s : . Georg, G. I, Boge, T. C., Cheruvallath, Z. S., Clowers, J. S.,
However, with NmDMAT, this increase is observed in the Harriman, G. C. B., Hepperle, M., & Park, H. (1995b)Tiaxol

presence of concentrations of urea (Sengupta et al., 1996) science and Applicatior(Suffness, M., Ed.) pp 317375, CRC,
that are known to inhibit microtubule formation but not cause  Boca Raton, FL.
tubulin unfolding (Sackett et al., 1994). Moreover, the Georg, G. |, Harriman, G. C. B., Vander Velde, D. G., Boge, T.
fluorescence of TRDMAT and 10mDMAT was quenched C., Cheruvallath, Z. S., Datta, A., Hepperle, M., Park, H., Himes,
when bound to microtubules but enhanced when these S' H., & Jayasinghe, L. (1995c) iaxane Anticancer Agents:

. asic Science and Current Stat(Georg, G. |, Chen, T. T,
compounds were added to tubulin under nonassembly Gjima 1., & Vyas, D. M., Eds.) ACS Symposium Series 583,
conditions. Thus, the enhancement observed in these cases pp 217-232, American Chemical Society, Washington, DC.
could not be due to the formation of microtubules. Itis not Georg, G. I, Harriman, G. C. B., Hepperle, M., Clowers, J. S.,
possible to say whether the site in the dimer to which  Vander Velde, D. G., & Himes, R. H. (19968) Org. Chem.
paclitaxel and the fluorescent derivatives bind is the same _ 61, 2664-2676. _
site that exists in polymerized tubulin. If it is, the environ- ©€02'9; G. I, Liu, Y., Boge, T. C., & Himes, R. H. (1996Bjoorg.

. Med. Chem. Lett(i .
ment around the 7- and 10-positions mustundergoachangq_iameY Cheamudhgr;(mApgssc):hordia M. D.. Sackett. D. L. Perez-

upon polymerization, to account for the change in fluores-  ramirez, B., Kingston, D. G. I., & Bane, S. (1998ipchemistry
cence from enhancement to quenching. Such a change could 35, 14173-14183.

result from the interaction with a neighboring dimer in the Hepperle, M., & Georg, G. |. (1994)rugs Future 19573-584.
microtubule, a process that could also cause the large increaséordan, M. A, Toso, R. J., Thrower, D., & Wilson, L. (1993pc.

in binding affinity. Natl. Acad. Sci. U.S.A. 9®552-9556.
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