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Abstract Results from biochemical analyses for a series
of 20 butitaxel analogues, paclitaxel and docetaxel were
used to build two- and three-dimensional quantitative
structure-activity relationship (QSAR) models in order
to investigate the properties associated with microtubule
assembly and stabilization. A comparative molecular
field analysis (CoMFA) model was built using steric
and electrostatic fields. The CoMFA model yielded an r2

of 0.943 and a cross-validated r2 (i.e. q2) of 0.376.
Hologram quantitative structure-activity relationship
(HQSAR) modeling of these same data generated an r2

of 0.919 and a q2 of 0.471. Contour maps used to visu-
alize the steric and electrostatic contributions associated
with activity or lack thereof were, as expected, localized
to the varied position of the taxane system. Each ana-
logue was docked successfully into a model of b-tubulin
derived from previously determined cryoelectron
microscopy analyses of the tubulin a/b heterodimer. All
analogues superimposed well with paclitaxel bound to
the protein, as well as with each other. Defining the
variable region of each structure as the ligand and
docking it separately into the paclitaxel site revealed a
modest correlation (r2=0.53) between activity and
docking energy of all the compounds in the dataset.
When only the butitaxel derivatives were considered, the

correlation increased to 0.61. The mathematical models
derived here provide information for the future devel-
opment of taxanes.
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Introduction

Microtubules, cytoskeletal polymers made up of tubulin
heterodimers, are integral to essential cell functions [1].
They are involved in cell division, motility and shape,
and provide the rail system for intracellular transport
[2]. When microtubule stability is compromised, cell
division may be altered or blocked, often leading to a
block of the cell cycle at G2/M and apoptosis [3]. The
essential functions of tubulin/microtubules in the cell
cycle have made several tubulin-interactive agents clini-
cally-useful as anti-cancer drugs [4].

Microtubule assembly results from the GTP hydro-
lysis-driven process of tight, non-covalent interactions
between heterodimers of a- and b-tubulin. The result is
tubes (microtubules), which consist normally of thirteen
apparent protofilaments, a result of the three-start, left-
handed helical structure of the lateral associations be-
tween heterodimers. Heterodimers continually add at
the growing end and leave the shrinking end of the
microtubule. During interphase, an array of microtu-
bules emanates from the single centrosome of the cell
and provides tracks for motor proteins to deliver cargo
amongst the nuclear envelope, organelles and the cell
periphery. As the cell cycle progresses, the centrosome
duplicates and the cytoskeleton is broken down. The
mitotic spindle is then formed by reassembly of the
microtubules beginning at the two centrosomes, and it is
the bipolar mitotic spindle that is responsible for sepa-
ration of the sister chromatids into two identical
daughter cells. This time of dramatically increased
dynamics of growth and shrinkage of microtubules is the
target of tubulin-interactive anticancer agents [3].
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Taxanes are a group of antimitotic agents including
paclitaxel (Taxol) and docetaxel (Taxotere) that are
classified as microtubule stabilizers or hypernucleators.
These chemicals, like other mechanistically-related nat-
ural products (discodermolide, epothilones, eleuthero-
bins, sarcodictyins, laulimalides and peloruside), bind
b-tubulin in microtubules, causing alterations in lateral
contacts between protofilaments. This reorganization
alters the protofilament number, stabilizes the polymer
against shrinkage, and ultimately causes bundling of
microtubules. One major end result is interference with
proper mitotic spindle formation and the dynamics of
the microtubules within it, leading to difficulties in, or
prevention of, cell division. Cells treated with microtu-
bule stabilizers are unable to proceed through G2/M of
the cell cycle. Therefore, the use of taxanes in cancer
treatment has become widespread since the 1990’s, when
paclitaxel and then docetaxel were found to show good

activity against some solid tumors [5]. Recent goals in
taxane development have been aimed to increasing po-
tency and aqueous solubility [6].

A vast amount of chemical structure and biological
activity data exists for taxanes. Significant loss or gain
in activity is associated with substitutions at C1, C2
and C4 of the baccatin nucleus (see structure shown in
Table 1). Specifically, removal of the hydroxyl group at
C1 has been shown to reduce activity modestly. The
benzoyloxy group at C2 is essential to maintaining
activity while substituting acyl groups at C2 and C4
yields increased overall activity. Opening the oxetane
ring reduces the activity of taxanes, as does removal of
the acetate at C4. In the ester emanating from the
baccatin ring system, the N¢-acyl group is required for
maintaining activity [7]. Ojima et al. [8, 9] found that
modification at C10 and alkenyl or alkyl group
replacement of the 3¢ phenyl, as well as substituted

Table 1 Biological activities used for QSAR analyses and computed docking energies for paclitaxel, docetaxel and butitaxel analogues
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Compound R1 Microtubule
assembly assay

B16 melanoma
cytotoxicity

Docking energy
(kcal mol�1)

(EC50/EC50(paclitaxel))

1 Paclitaxel R1=Ph, R2=Ph, R3=Ac 1.00 1.00 �66.82
2 Docetaxel R1=tert-BuO, R2=Ph, R3=H 0.45 0.41 �53.43
3 Butitaxel R1=Ph, R2=tert-Bu, R3=H 1.80 7.50 �65.85
4 tert-BuO R1=tert-BuO, R2=tert-Bu, R3=H 0.38 0.40 �67.68
5 Ethoxy 1.40 3.40 �53.12
6 Propoxy 1.70 1.50 �52.44
7 Butoxy 0.86 2.10 �58.21
8 Hexyloxy 2.30 12.00 �55.76
9 Isopropoxy 0.84 1.20 �54.17
10 Cyclopropyl 0.95 2.10 �65.25
11 Cyclobutyl 0.67 3.00 �61.12
12 Cyclopentyl 1.50 1.40 �60.03
13 1-Ethylpropyl 1.70 26.00 �65.49
14 Cyclohexyl 1.50 3.80 �53.34
15 2-Furyl 1.50 2.10 �63.29
16 3-Furyl 1.60 2.30 �47.72
17 2-Thienyl 0.42 0.53 �64.29
18 3-Thienyl 0.85 1.20 �68.68
19 5-methyl-2-thienyl 2.40 32.00 �56.54
20 3-methyl-2-thienyl 1.40 1.30 �69.22
21 2-thienyl-2-ethenyl 2.70 2.70 �12.75
22 2-Thienylmethyl 1.90 3.30 �57.02
23 1-Methyl-2-pyrrolyl 0.96 1.20 �58.57

Data obtained from Ali et al. [10]
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benzoyl groups at C2, showed increased potency
against drug-resistant cancer cell lines.

Ali et al. [10] synthesized a series of 20 butitaxel
derivatives and tested them for microtubule assembly
enhancing activity and cytotoxicity against B16 mela-
noma cells. These compounds, derived from replacement
of the 3¢-phenyl group of paclitaxel, showed excellent in
vitro cytotoxicity and improved water solubility. Here,
we used the structural and activity data of the butitaxels
to develop two- and three-dimensional quantitative
structure-activity relationship (QSAR)models in order to
investigate the chemical properties that are associated
with biological activity. Because the data came from a
congeneric series of compounds and the tests were
performed within the same laboratory, thus eliminating
interlaboratory variation, these structures served as
excellent probe molecules through which to study the
chemical properties associated with activity and ligand-
target interactions at the paclitaxel binding pocket of
b-tubulin. Through the use of comparative molecular
field analysis (CoMFA), partial least squares (PLS) and
hologram QSAR (HQSAR) modeling, models yielding
insight into the differences in potency based upon chem-
ical structure were developed. Additionally, a docking
procedure incorporating data from the paclitaxel binding
region of b-tubulin was used to investigate the molecular
interactions between the ligands and their target.

Materials and methods

Data source and structures

All structure-activity data for this study were taken di-
rectly from the report of Ali et al. [10]. Chemical struc-
tures and potencies for the microtubule polymerization
and B16 melanoma cytotoxicity assays are presented in
Table 1. The coordinates of a/b tubulin bound with
taxane from the high resolution electron crystallo-
graphic analyses of Lowe et al. [11] were used as the
receptor and starting ligand structures in the molecular
docking study. The structures for butitaxel analogues,
paclitaxel and docetaxel are available through the cor-
responding author.

CoMFA modeling

All models were generated using Tripos SYBYL version
6.8 on a Silicon Graphics Fuel workstation running the
IRIX 6.5 operating system. Since the data for each assay
was continuous, a PLS regression approach was imple-
mented for the QSAR modeling. This method is a var-
iation on principal components regression. PLS was
considered superior because of its ability to handle
multivariate regression with a greater number of inde-
pendent variables than compounds. This method has
proven accurate even when covariates in the model are
correlated [12].

All structural models were assigned Gasteiger-Hückel
charges and minimized with the Tripos Force Field
version 5.2. Once minimized, all models were aligned to
the template of paclitaxel minus hydrogen atoms and
substituents R1–R3 (see Table 1). Proper alignment of
structures is critical for obtaining valid CoMFA results.
Moreover, since CoMFA assumes that each structure
exhibits activity at the same active site of the protein, it
is vital that all compounds be aligned in a pharmaco-
logically active orientation [13].

A variety of possible descriptor fields were examined
for the dataset. These included CoMFA and compara-
tive molecular similarity indices analysis (CoMSIA),
steric, electrostatic, and hydrogen bond donor and
acceptor fields, along with dipole moment and ClogP
descriptors. ClogP is a fragment-based estimation of a
compound’s lipophilicity and equates to the logarithm
of the compound’s octanol:water partition coefficient.
This value was calculated by the Tripos SYBYL imple-
mentation of the BioByte ClogP program [12].

Comparative molecular field analysis measures the
steric and electrostatic fields around each molecule and
relates these measurements to each molecule’s activity.
Each measurement is taken at repeated intervals
throughout a three-dimensional lattice framework. The
values are derived from interactions of a probe atom with
a specific size and charge at each point. The standard 2 Å
lattice frame and sp3 carbon probe atomwith a+1 charge
and distance-dependent dielectric constant were chosen.

The steric and electrostatic CoMSIA field is an
aggregate field that, like CoMFA, includes steric and
electrostatic components. Overall, CoMFA and CoM-
SIA both predict chemical activity well, which makes it
prudent to consider both fields in a QSAR analysis.

The fields generated in CoMSIA are reported to be
less sensitive to changes in the alignment of molecules in
the database than CoMFA. By utilizing Gaussian type
distance dependence within the molecular similarity
indices, CoMSIA provides smoother contour maps than
does CoMFA [12].

HQSAR modeling

Hologram QSAR is a relatively new two-dimensional
computational technique that uses a fragmenting ap-
proach that relates substructural components of com-
pounds to their biological activity. Each compound is split
into a set of unique fragments, forming a molecular
hologram, or fingerprint, of the compound. All possible
fragments are encoded, including linear, overlapping and
branched fragments. Additionally, the molecular holo-
gram records the number of times each fragment is present
within the chemical structure. Although this method is
two-dimensional in nature, it also utilizes three-dimen-
sional information such as chirality and molecular
hybridization [13]. HQSAR has been shown to perform
very well and provide comparable results to other QSAR
techniques [12].

50



Fingerprints are generated first by converting the
chemical structure to a binary bit string (a ‘‘key’’), which
uniquely identifies each fragment of four to seven atoms in
length. Each fragment is then mapped to a pseudo-ran-
dom integer. In this way, each fragment is assigned a
unique random number. This number is used to place, or
hash, the fragment’s information into the appropriate bin
for ease of retrieval later. Storage space is minimized be-
cause the chemical structure is a binary string stored in a
table. The molecular hologram goes one step further and
keeps track of the number of times the fragment appears
in the structure definition.

Varying hologram lengths, which are the number of
bins used to represent the structure, are utilized in
HQSAR. Because hashing data repeatedly will inevita-
bly produce collisions, or two sets of data hashed to the
same bin, the hologram lengths are prime numbers.
Using prime lengths increases the chances of resolving
the collision and reassigning the collided fragment to
another bin.

Once structural information is encoded into the
molecular hologram, HQSAR runs a PLS analysis on the
matrix of compounds and their corresponding holo-
grams. The PLS model uses the potency value as its
dependent variable and the molecular hologram as
descriptor variables. PLS coefficients are generated for
each bin’s contribution to the model, and then each
individual atom’s contribution canbe assessedbydividing
the coefficient by the number of atoms in the fragment.

Docking studies using FlexiDock

The FlexiDock module of SYBYL was used to perform
a docking study of the butitaxel analogues. FlexiDock
utilizes a genetic algorithm to determine the optimal
geometrical configuration of the ligand model in tor-
sional space. This algorithm calculates energy scores
produced from the Tripos Force Field for each docking
solution [14]. FlexiDock defines the active site based
upon user input. For this study, the active site was de-
fined as all amino acid residues within 3 Å of the atomic
coordinates of paclitaxel. Models of each compound
were then rotated manually and aligned into the recep-
tor. Electrostatic charges and hydrogens were added,
and the program iteratively defined the 20 best-fit
docking models based upon the information given [14].
All ligand models were docked successfully into the
crystal structure of b-tubulin at the paclitaxel binding
pocket described by Lowe et al. [11].

Results and discussion

Comparative molecular field analysis

All compounds in the dataset were aligned to a template
structure, paclitaxel, using the SYBYL database align
utility. Once the structures were aligned, descriptors
were defined for the dataset. The CoMFA field was
derived from the Tripos Standard electrostatic and steric
fields with the standard value of 30 kcal mol�1 chosen
as optimal. The best PLS CoMFA model was obtained
by using region focusing to define the active region of
the butitaxel analogues more narrowly. Region focusing
applies weights to the lattice points in the CoMFA re-
gion in order to increase their contribution to the overall
CoMFA model. Discriminant power was used to weight
the lattice points, where each weight represents the
contribution to the model components [12]. All com-
pounds except for the 2-thienyl derivative fit the model.
A reliable QSAR model could not be generated when the
2-thienyl analogue 17 was included in the analysis.
Analogue 17 was the second most potent of all of the
compounds and more closely aligned conformationally
with paclitaxel than with butitaxel. The Gasteiger-Hüc-
kel charges of 17 were also more similar to paclitaxel
than butitaxel, indicating that 17 would sterically and
electrostatically behave more closely to paclitaxel. Since
compound 17 was a biological outlier as described by Ali
et al. [10] (i.e. analogue 17 was the most potent of all
substituted thienyl compounds tested, with cytotoxicity
twice that of paclitaxel) and did not conformationally
align to butitaxel, these factors may underlie the failure
of the CoMFA model derived here to describe its
activity. Individual analysis of compound 17 revealed
that the R1 substituent was oriented away from the tert-
butyl group at R2, while these two substituents were in
closer proximity for other potent analogues. Contour
maps were analyzed to compare the steric and electro-
static contributions of 17 with the structurally similar
3-thienyl derivative 18. The models of the two
compounds had very similar electrostatic and steric
regions (data not shown) and no significant differences
were observed. Overall, however, the computational
differences between 17 and the other analogues argued
for its exclusion from the model.

Once analogue 17 was removed from the analysis, a
CoMFA model with five components and an r2 of 0.943
for the microtubule polymerization assay potency data
was derived. The crossvalidated r2 (i.e. q2) was 0.376.

Table 2 PLS CoMFA, HQSAR and cross-validation results for butitaxel analogues

CoMFA PLS components r2 q2 s F P

5 0.943 0.376 0.061 52.674 <0.001
HQSAR Components r2 s q2 s Hologram length

6 0.923 0.074 0.446 0.197 53

The 2-thienyl analogue was removed from analyses for reasons cited in the text
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This model proved to be the optimal model of those
tested. Results of the model are shown in Table 2.

A manual drop-one validation was then performed
for the final CoMFA model; i.e. each compound’s
activity was predicted from a model that was generated
by excluding it. Linear regression analysis of the pre-
dicted versus actual activities gave an r2 of 0.389.
Although the model failed to predict activities of the
compounds accurately, it did segregate the most from
the least potent derivatives. This exercise also supported
the results of the internal SYBYL cross-validation for
this model. A plot of the observed versus calculated
values for each compound is shown in Fig. 1.

Contour maps for the microtubule stabilizing data
were also generated. Figure 2 shows the contour map of
the CoMFA PLS model with the most potent analogue,
the tert-butoxy derivative 4, embedded in the map.
Figure 3 shows the least potent analogue, 2-thienyl-2-
ethenyl 21, embedded. Areas of blue indicate positive
electrostatic charge potential associated with increased
activity, while red indicates negative charge and in-
creased activity. Yellow regions indicate areas of steric
hindrance to activity, while green regions indicate a
steric contribution to potency. Analysis of each map

showed that the potency level was influenced by both the
electrostatic and steric activity of the substituent at R1.
Comparing models for the tert-butoxy 4 and 2-thienyl-2-
ethenyl 21 analogues, it should be noted that the R1

substituent of the more potent compound, analogue 4,
was positioned much closer to the sterically favored area
and further away from the negatively charged area. This
indicated that the steric contribution of the tert-butoxy
group was favorable to increased activity in the micro-
tubule assembly assay and that this substituent pos-
sessed minimal negative charge contribution to the
overall activity. In contrast, Fig. 3 shows that the 2-
thienyl-2-ethenyl R1 substituent of analogue 21 pointed
more towards the negatively charged and sterically
unfavorable areas, indicating that this substituent steri-
cally and electrostatically hindered activity. Addition-
ally, the R2 substituent of analogue 21 was slightly
further away from the positively charged area, again
indicating that this compound would be less potent.
Overall, the analysis revealed that the model’s contri-
bution was 75% steric and 25% electrostatic.

A statistically significant CoMFA model could not be
derived from the B16 melanoma cytotoxicity data, even
when the approach outlined above for the microtubule
assembly data, dropping analogue 17 and using a
region-focused descriptor, was used. The q2 values
obtained in the exercises with the cytotoxicity data never
exceeded 0.05.

Fig. 2 CoMFA standard deviation · coefficient contour plot.
Green contours indicate areas where bulky groups increase activity
while yellow contours indicate areas where bulky groups decrease
activity. Red contours indicate regions where negatively charged
groups increase activity while blue contours indicate regions where
negatively charged groups decrease activity. The most potent
analogue, tert-butoxy 4, is embedded to demonstrate its affinity for
the sterically favored region

R2 = 0.3889
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Fig. 1 Observed versus
calculated values for butitaxel
analogues derived from manual
drop-one validation

Fig. 3 CoMFA standard deviation · coefficient contour plot. The
least potent analogue, 2-thienyl-2-ethenyl 21, is embedded to
demonstrate its affinity for the sterically unfavoured and negatively
charged areas
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HQSAR modeling

As with the CoMFA model, a HQSAR model could not
be obtained when analogue 17 was included in the
analysis. Once 17 was removed from consideration,
however, a HQSAR with r2 of 0.919 and q2 of 0.471 with
six components for the microtubule polymerization as-
say was generated. Several models were fit using differ-
ent hologram lengths. A length of 97 bins was found to
be optimal. These results were comparable to the results
obtained in the CoMFA model. Numerical HQSAR
results are shown in Table 2.

When the activity of the 2-thienyl analogue 17 was
predicted using this HQSAR model, the potency was
calculated to be �0.211 units [units = �log(EC50/
EC50(paclitaxel))]. The reported experimental value was
0.377 units. The largest difference between predicted and
actual value for the other compounds was 0.251 units.
Therefore, this discrepancy clearly indicated that the 2-
thienyl analogue 17 was an outlier and again supported
its removal from the learning set in order to derive a
valid HQSAR model. Using the B16 melanoma cyto-
toxicity data, HQSAR models could be derived with q2

values no greater than 0.10. Varying hologram lengths
and removal of compound 17 from the HQSAR learning
set did not improve the results.

Modeling of B16 melanoma cytotoxicity data

Comparative molecular field analysis and HQSAR
models could not be generated from the cytotoxicity
data. Linear regression analysis of the two datasets re-
vealed no relationship between the biological endpoints
measured in each assay (r2=0.275). Therefore, only
27.5% of the variation in the cytotoxicity data could be
explained by the microtubule interference in the cell. We
speculate that the remaining variation may be caused by
a multiplicity of mechanisms and other biological fac-
tors for which the CoMFA and HQSAR models devel-
oped here could not explain. This variation was most
likely responsible for the failure of these modeling
techniques to describe the cytotoxicity data.

FlexiDock analyses

A docking study of the butitaxel structures was com-
pleted using the SYBYL FlexiDock module. In the first
series of docking runs, all ligands were minimized uti-
lizing aggregates. For each structure, the R1 substituent
in the respective molecular model was minimized while
the remainder of the structure was aggregated and held
static. This produced 23 ligands conformationally simi-
lar to butitaxel for the purposes of docking. Twenty
solutions were generated for each analogue. The Flexi-
Dock runs generated very similarly-oriented solutions in
the paclitaxel binding pocket. The conformation with
the lowest total energy score was chosen as the optimally
docked ligand.

Investigation of each model for docked ligands re-
vealed that the models successfully positioned ligands
into the paclitaxel binding pocket, but docking energies
and potency did not correlate. Since the dataset of li-
gands was highly congeneric, it was concluded that
discrimination between activity and docking energy
would not be evident when computed with the entire
structure of such similar ligands.

We therefore next considered only the variable por-
tion, R1, of each compound as the ligand. FlexiDock
analyses were generated on this new set of truncated
ligands. As before, the lowest energy solution was deter-
mined to be optimal. The results are shown in Table 1.

All 23 of the truncated molecular models were suc-
cessfully docked into the paclitaxel binding pocket.
Figure 4 shows docked solutions for each member of the
dataset in the paclitaxel binding pocket on the Connelly
surface of b-tubulin and demonstrates the relatively
close alignment among the series of compounds.

A low docking energy score (i.e. ease of docking)
modestly correlated with activity in the microtubule
assembly assay. For all structures in the dataset, the
correlation between potency and docking energy was
0.53. Although the 2-thienyl analogue 17 had to be re-
moved from the CoMFA and HQSAR models, it did
dock successfully in the paclitaxel binding site. When
models for the parent compound butitaxel, as well as
paclitaxel and docetaxel, were removed, the correlation
increased to 0.61. The rationale for removal of these
compounds from this analysis includes their structural
differences from the other compounds at either or both
the R2 and R3 positions.

Paclitaxel binds in a hydrophobic pocket near the M-
loop and the site of lateral interactions of b-tubulin [2].
Three functional domains are evident in the proposed
model of tubulin, namely the GTP-binding, motor
protein/MAP-binding and drug binding domains. These
domains, part of the very compact tubulin structure,

Fig. 4 Structures of the 21 butitaxel analogues, paclitaxel and
docetaxel docked into a Connelly surface representation of the
paclitaxel binding site of b-tubulin
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interact with each other intimately. Therefore, the effects
of nucleotides, drugs and additional proteins in the cell
on tubulin are inherently linked [15].

Models of the paclitaxel binding site of b-tubulin
suggest that the N¢ benzoyl group can be substituted
with marginal effect on the binding capacity [16]. The
C2-benzoyl side chain, however, is necessary for binding
[7]. Several residues of b-tubulin make direct contact
with paclitaxel. In helix H1, Val23 has hydrophobic
contact with the phenyl moieties of N¢ (R1 in Table 1)
and C3¢ (R2), and Asp26 hydrogen bonds with the amide
nitrogen on the side chain. The phenyl portion of the
C2-benzoyl group has hydrophobic contact with Leu217
and Leu219 in the H6-H7 loop as well as His229 and
Leu230 in the core helix. Ala233 and Ser236 make
contact with the C3¢ phenyl group. Hydrophobic inter-
actions also occur with C3¢ phenyl group and Phe272.
The baccatin ring system binds to b-tubulin at Pro274,
Leu275, Thr276, Ser277 and Arg278. The pocket also
includes residues Pro360, Arg369, Gly370 and Leu371.
Thr276 contacts the oxetane ring, a required component
for binding and activity of taxane derivatives [16].

In the FlexiDock analyses, docetaxel and butitaxel
docked solutions matched very well with the docked
paclitaxel solution. Analysis of the less potent butitaxel
derivatives revealed a difference in the orientation of the
R1 substituent. While still in the paclitaxel binding
pocket, the less potent analogues were further away
from the pocket defined by the residues Ala233, Ser236,
Val23, His229 and Asp26. The 2-thienyl-2-ethenyl
derivative 21 was oriented closer to residue Glu22 and
further away from the center of the binding pocket. The
distance from individual atoms of 21 and residue Val23
ranged from 4.4–6.6 Å. The hexyloxy analogue 8 docked
towards the outer edge of the binding pocket. Its atoms
were 6.8–9.2 Å away from Val23. In contrast, potent
analogues such as 2-thienyl 17 and tert-butoxy 4 docked
well inside the pocket, interacting with the residues
mentioned previously and their atoms’ distances from
Val23 never exceeded 6.1 Å. Their docked solutions
superimposed closely to those of pacitaxel, butitaxel and
docetaxel.

Conclusions

Comparative molecular field analysis and HQSAR
models for 20 butitaxel analogues were developed using
microtubule assembly activity data previously published
by Ali et al. [10]. There was agreement between the two
models in terms of predictive potential and overall r2,
which was 0.943 for the CoMFAmodel and 0.923 for the
HQSAR analysis. The 2-thienyl analogue 17 was a sta-
tistical outlier in both of the models, but was successfully
docked into the paclitaxel binding pocket. There was a
wide variation between the predicted and actual potency
values for compound 17. Because its inclusion would
compromise the predictive potential of the models, it was
excluded from CoMFA and HQSAR analyses. Individ-

ual analysis of 2-thienyl analogue 17 revealed that it was
extremely potent, but was more conformationally similar
to paclitaxel than to butitaxel. Further investigation re-
vealed that the R1 substituent in the molecular model of
compound 17 oriented away from the tert-butyl group at
R2, while other potent compounds had R1 and R2 in
closer proximity. CoMFA contour maps revealed no
significant differences in the steric and electrostatic
properties of compound 17 and other butitaxel deriva-
tives that were included in the final model.

The coordinates of b-tubulin as determined by high
resolution electron crystallography were used to suc-
cessfully dock each of the analogues into the paclitaxel
binding pocket. By defining the ligand as only the vari-
able portion of the compound at R1, we were able to
align all structures well, indicating that the docking
procedure employed was faithful to the known interac-
tions of the baccatin system of paclitaxel with tubulin.
Docking energy did, but only weakly, correlate with the
experimentally-determined activity of the compound.

Analysis of model parameters and contour maps re-
vealed that the factor that most influenced the activity of
these compounds was the steric potential of the R1

substituent. Analogues with this substituent positioned
closer to the sterically favorable area and away from the
negatively charged area were more potent and promising
analogues for anticancer applications.
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