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Abstract

Taxanes (paclitaxel, docetaxel, cabazitaxel) are anticancer drugs as microtubule inhibitors. Following our previous studies on
paclitaxel and docetaxel, in this work, we examine cabazitaxel and compare these three taxenes. The binding interaction of three
taxanes with various (3-tubulin isotypes is studied by homology modeling, molecular docking, and molecular dynamics simu-
lations. The results show that the effects of docetaxel on (3I-tubulin (—29.5 kcal/mol) and of paclitaxel on (3Ila-tubulin (—
25.5 kcal/mol) are much stronger than their effects on 31II-tubulin (— 17.8 kcal/mol and — 8.6 kcal/mol, respectively). However,
the effect of cabazitaxel on II-tubulin (—23.0 kcal/mol) is comparable with that on (31-tubulin (—24.0 kcal/mol) and (1la-
tubulin (—25.9 kcal/mol), consistent with the fact that overexpression of 311I-tubulin increases the drug resistance to paclitaxel
and docetaxel, but has little influence for cabazitaxel. This theoretical research supports the use of cabazitaxel for patients who are

resistant to the action of paclitaxel and docetaxel.

Keywords Cabazitaxel - 3-Tubulin isotypes - Taxenes - DFT methods - MD simulations - Drug resistance

Introduction

According to the 2018 National Cancer Report, the highest
morbidity among men is prostate cancer, and that among
women is breast cancer considering all malignancies in the
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US, and they rank second only to heart disease [1]. The latest
cancer data show that morbidity and mortality of various ma-
lignant tumors are rising, and tumors are likely to remain one
of the major causes of death [2-5].

Microtubules (MTs), made up of polymerized «- and f3-
tubulin dimers, play a very important role in many cellular
processes, including the cancer cellular process [6]. MTs are
involved in the development and maintenance of cell shape,
cell motility, intracellular transport, cell division, and mitosis
[7, 8]. Microtubule inhibitors (MTIs) such as taxanes,
epothilones, vinca alkaloids, and colchicines effectively block
cancer cell division by changing the microtubule dynamics
(either assembly or disassembly) required for proper mitosis.
The action sites of the classical MTIs are shown in Fig. 1
[8-14].

Taxane anticancer drugs, a class of diterpenes, are common
drugs of MTIs [17]. There are mainly three analogs used in
clinical applications, namely, paclitaxel (PTX), docetaxel
(DTX), and cabazitaxel (CTX). The binding sites of taxanes
are on {3-tubulin as shown in Fig. 1 [18-24]. PTX is the first
generation of taxanes. In 1992, it was approved for the treat-
ment of advanced non-small cell lung cancer, breast cancer,
and ovarian cancer by the Food and Drug Administration
(FDA) [17, 25], and recently, it has also been used to treat
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Fig. 1 Structural overview of
microtubule-inhibitor action sites
on tubulin dimers. The action
sites of taxanes, epothilones, and
vinca alkaloids are on {3-tubulin,
and the sites of colchicines are at
the af3-tubulin dimer interface
[15, 16]

Vinca alkaloids

Kaposi sarcoma, cervical cancer, and pancreatic cancer
[26-28]. Subsequently, researchers synthesized a second-
generation compound DTX, with better water solubility and
lesser adverse reactions, by modifying the PTX side chains
[29]. In 1996, DTX was approved by the FDA to treat early or
advanced breast cancer [30], and it is the main chemotherapy
drug used in current clinical treatments for the metastatic
castrate-resistant prostate cancer (mCRPC) [31]. DTX is
found to be effective for most patients, but it is easy to develop
tolerance [32]. To solve the drug resistance problem, re-
searchers synthesized a third-generation compound CTX,
which was approved by the FDA in 2010 to treat the metasta-
tic prostate cancer [33, 34], and CTX is used as a second-line
treatment for mCRPC patients [35, 36].

There are many tubulin isotypes (such as 1-tubulin, (31I-
tubulin, and III-tubulin) in the human body, and the identi-
fied (3-tubulin isotypes are expressed differently in different
cell types [37-40]. In particular, the expression of 31II-tubulin
isotype is often associated with drug-resistant and aggressive
cancers [41-44]. It was reported that the amount of BIII-
tubulin was relatively low at the early time of treatment, and
PTX and DTX were effective [45-47]. However, after the
treatment, the amount of BIII-tubulin increases, and then, the
effects of PTX and DTX begin to wear off [32, 48]. Smiyun
et al. reported that CTX was effective for those patients who
were resistant to DTX [49].

Since there are still many limitations in clinical tests
[50-55], the detailed action mechanism of different isotypes
with taxanes remains unclear. In the present study, we will
theoretically explore drug-binding modes and drug resistance
of taxanes interacting with different tubulin isotypes. Our pre-
vious studies [24, 56] have predicted the lowest-lying confor-
mations of the PTX and DTX with Density Functional Theory
(DFT) methods. In the present paper, we will optimize the
structure of CTX with the same methods. We will further
build three-dimensional models of the human tubulin isotypes
by homology modeling and then examine the tubulin isotypes
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with higher binding affinities to taxanes using the molecular
docking method. Since the drug binding on the protein and the
molecular recognition is a dynamic process [57], we will also
investigate the detailed active sites and binding affinities of
these processes using molecular dynamics (MD) simulations.

Computational methods
Optimization molecular structure of CTX

The taxanes studied in the present paper include PTX, DTX
and CTX (Fig. 2). The optimized geometries of PTX and DTX
have been reported previously [24, 56], and the molecular
geometry of CTX was optimized here. The initial structure
of CTX was generated by modifying the lowest-lying DTX
structure. The Gaussian16 software [58] was used to search
the possible global minima. To avoid missing any promising
structures, the full conformational space of gaseous CTX was
explored through a systematic variation of rotational degrees
of freedom around seven bonds in the C13 side chain, as
shown in Fig. 3. The dihedral angle for each bond can be
varied from 0 to 360° with the increment of 60° for six asym-
metric rotations or the increment 120° for one symmetrical
rotation. Thus, 139,968 initial conformations were generated.

We initially used the semi-empirical PM7 method, and
then, the HF/3-21G* method to remove distracting conforma-
tions such as those with imaginary vibrational frequencies.
Then, we used the B3LYP/6-311G* method to obtain gaseous
conformations. The vibrational frequency analysis was carried
out at the same level of theory. More accurate relative energies
were obtained from single-point energies at the M06-L/6-
311G(2df,p) level in both the gaseous phase and water solu-
tion (with the polarizable continuum model). Finally, the ex-
cited states of the lowest-lying CTX conformation were stud-
ied with the TD DFT method, namely, the CAM-B3LYP/6-
311+G(2dfp).
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Fig. 2 Structures of PTX (A),
DTX (B), and CTX (C). The
parental ring structures of three
taxanes are the same, but the C7,
C10, and C13 side chains are
different

A: PTX, R'=H, R?=Ac, R3=Ph o)
B: DTX, R'=H, R?=H, R3=0tBu
C: CTX, R'=Me, R?=Me, R3=0tBu

Homology modeling

Homology modeling is a method to construct an atomic-
resolution model of the “target” protein from its amino acid
sequence and an experimentally known three-dimensional
structure of a related homologous “template” protein [59]. It
can produce high-quality structural models when the target
and template are closely related.

In the present study, we adopted homology modeling to
build the three-dimensional models for different isotypes of
the human o 3-tubulin. The “template” «[3-tubulin, including
GTP (Guanosine triphosphate), GDP (Guanosine iphosphate),
PTX, and Mg®* bound to it, was taken from the high-

-120°,-60°,0°,60°,120°,180° HO :
-120°,-60°,0°,60°,120°,180° >
-120°,-60°,0°,60°,120°,180° O

-120°,0°,120°

-120°,-60°,0°,60°,120°,180°

(g9) -120°,-60°,0°,60°,120°,180°

Fig. 3 The degrees of freedom for CTX. For the C13 side chain of CTX,
a total of seven rotatable bonds (a—g) were selected. We chose 60° as the

incremental rotation for each rotational torsion angle except for (e); the
increment of which is 120° due to the local symmetry

(a)
(b)
(c)
(d) -120°,-60°,0°,60°,120°,180°
(e)
(f)
)

resolution cryo-electron microscopy structure of microtubule
(PDB ID: 5SYF.pdb, resolved at 3.5 A, shown in Fig. S1 in
Supplementary Material) [22]. The amino acid sequences of
the human tubulin were collected from the UniProt protein
sequence database (www.uniprot.org) [60]. We used the
online tool Clustal Omega (www.ebi.ac.uk/Tools/msa/
clustalo) for multiple sequence alignment analysis [61] and
then used SWISS-MODEL (www.swissmodel.expasy.org)
for single template modeling [62—66].

Molecular docking

Molecular docking is a method of molecular simulation to
predict the preferential orientation of one molecule binding
with another when they form a stable complex. It is one of
the most common methods to predict the binding conforma-
tion of a ligand with a suitable protein target [67].

In the present study, molecular docking was performed
using the AutoDock4.2 software [68]. At first, a larger box
with the 126 x 126 x 126 grid and the grid spacing of 1.0 A
was adopted for the global docking of the «[3-tubulin di-
mer with CTX to find the binding sites of CTX on tubulin
dimer. And then, the different human tubulin isotypes with
the lowest-lying PTX, DTX and CTX conformations were
used for the local docking on the binding sites we found.
The local docking was performed with a smaller box with a
finer grid of 60 x 60 x 60 and the grid spacing of 0.375 A.
Using the Lamarckian Genetic Algorithm (LGA) for gen-
erating binding poses, we set the maximum number of
energy evaluations to be 25 million. A total of 100 runs
were performed, and for every independent run, a maxi-
mum number of 27,000 generations were investigated on a
single population of 150 individuals.
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Molecular dynamics simulations

The MD simulations were performed for the complexes with
high-binding energy between the three taxanes and different
tubulin isotypes with the AMBER99SB-LIDN force field
from the GROMACSS.0 software [69]. The general Amber
force field (GAFF) for PTX, DTX, and CTX was obtained
from the antechamber module of AmberTools12 [70]. The
systems were immersed in a dodecahedral box of SPC/E wa-
ters during simulation [71], where there was a buffer of 1.0 nm
between the protein atoms and the edge of the water box. We
added Na* or CI” ions to make them neutral. The steepest
descent method was used for energy minimization. Then
NVT ensemble, whose positions were restrained by the
LINC algorithm [72], and NPT ensemble, whose temperature
was increased from 0 to 300 K under the standard atmospheric
pressure, were performed for 1 ns, respectively, and finally,
the production simulation was performed for 100 ns with a
time step of 2 fs. According to literatures [32, 41, 47, 73-75],
the drug effect became weak if BIII-tubulin overexpressed in
cancer cells. In order to rationalize this phenomenon, the same
MBD simulations were also performed for the complexes of
[III-tubulin and three taxanes. The details are presented in
Table S1 (Supplementary Material).

With the MD results, we could further assess the free bind-
ing energies between [3-tubulin and taxanes.

AGbind = Gcomplex_Gfree—protein_Gfree—ligand (1)

where Gcomplexs Gfree—protein’ and Gfree—ligand are free energies
for the complex, protein, and ligand, respectively. The MM-
PBSA (Molecular Mechanics Poisson-Boltzmann Surface
Area) method [76, 77] implemented in the g mmpbsa pro-
gram [78] is adopted, and the parameters used here are pre-
sented in Table S1 (Supplementary Material). The method of
total free energy calculation is referred to [76, 77], which is the
summation of gas phase energy and the solvation energy.
Note that the solvation free energy can be decomposed into
polar and non-polar contributions. For the polar solvation en-
ergy, the implicit solvent model (€ = 2.0) was used. (The other
values of dielectric constant were also tried, but the conclu-
sions are essentially the same.) For the non-polar solvation
energy, the solvent-accessible surface area (SASA) model
was used.

Results and discussion
Optimization molecular structure of CTX
After the PM7 and HF screening, 100 conformations were left

out of the initial 139,968 conformations generated by the in-
ternal rotations as shown in Fig. 3. Finally, the 20 most stable
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CTX conformations in the gas phase were obtained at the
B3LYP/6-311G* level. The single-point energies were eval-
uated at the M06-L/6-311G(2df,p) level in both the gas phase
and aqueous solution. Table 1 shows the theoretical relative
energies, the zero point vibrational energies (ZPVE), the rota-
tional constants, and the dipole moments for these 20 confor-
mations. The lowest-lying CTX conformation (conformation
1, shown in Fig. 4) was found to be the global minimum in
both gas phase and solution, and conformation 1 was used for
the subsequent studies.

The hydrogen bonds in the lowest-lying CTX conforma-
tion (conformation 1), taking a cutoff distance of 2.8 A be-
tween the H-bonding donor and acceptor, are shown in Fig. 4.
It is found that the main hydrogen bond acceptors in CTX are
O and N atoms, and the main donors are -NH and —OH
groups. The weak hydrogen bonds with the -CH groups as
H-bonding donors are also found. As shown in Fig. 4, there
are 17 hydrogen bonds in conformation 1. To discuss these
hydrogen bonds, we compared them in conformation 1 with
those in other conformations (conformations 2 and 3, Fig. S2
in Supplementary Material). There are two differences among
these three conformations. At first, the -NH donor in confor-
mation 1 forms two hydrogen bonds with the O atom of C4'-
0-C5’ and C1’=0 (with distances of 2.33 A and 2.22 A),
while the -NH group in conformations 2 and 3 only interacts
with the O atom of C4'-O-C5’ (with distances of 2.32 A and
2.33 A, respectively). Secondly, the —OH donor on C2' forms
two conventional hydrogen bonds with the O atom of C13—
O-C1’ and C=0 (linked to C4) in conformation 1 (with the
distances of 2.11 A and 2.18 A) and in conformation 3 (with
the distances of 2.19 A and 2.03 A), while the —OH on C2' in
conformation 2 only interacts with the O atom of C=0 (linked
to C4) by 2.06 A. It may be further inferred that, with signif-
icant structural flexibility in larger biomolecules, the coexis-
tence of dihydrogen bonds, as well as many red-shifting hy-
drogen bonds, should be a common phenomenon and have
important effects on the conformational energetics and other
properties.

Our theoretical IR spectra for the lowest three conforma-
tions predicted with the B3LYP/6-311G* method (scaled by a
factor of 0.96) [79] are shown in Fig. 5. The values for har-
monic vibrational frequencies with strong infrared intensities
for several representative CTX conformations are also report-
ed in Table 2. Figure 5a shows that there are a number of
strong absorption peaks in the range of 1000 to 1300 cm ™,
which are corresponding to the normal modes assigned as the
C—O-C stretching, benzene ring deformation, and methyl
group wagging. Our theoretical results are basically in agree-
ment with the experimental IR observation of 1270,
1246 cm ' assigned for the C—O—C (ester) stretching modes
and of 1170, and 1026 cm assigned for the C—O-C (ether)
stretching modes [80]. The vibrational frequencies ranged
from 2850 to 3100 cm ™' (Fig. 5b) are corresponding to the
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Table 1 Relative energies,
relative zero-point vibrational en-
ergies, rotational constants, and
dipole moments of the 20 most
stable CTX conformations

Fig. 4 The lowest-lying CTX
conformation (conformation 1) in
the gas phase at the B3LYP//6-
311G* level. The important hy-
drogen bonds are represented by
dotted lines

Conformation  Relative energy (kcal/mol) Rotational constants® Dipole moment®
(GHZ) (Debye)
B3LYP* MO6L® MO6Ls® ZPVE! A B C
1 0.00 0.00 0.00 0.00 0.058 0.028 0.023 2.31
2 0.48 0.57 2.01 -046  0.053 0.033 0.030 5.20
3 2.72 191 3.29 -025 0.054 0.033 0.026 8.61
4 2.20 2.62 1.19 -0.10  0.059 0.028 0.023 3.23
5 3.23 2.90 4.94 0.05 0.054 0.032 0.030 4.55
6 3.17 3.09 3.76 0.03 0.059 0.028 0.023 2.68
7 4.68 3.21 5.12 -0.07  0.061 0.035 0.029 424
8 4.05 3.66 3.12 -049  0.062 0.028 0.024 4.71
9 6.62 3.66 3.12 -025 0.062 0.028 0.024 4.71
10 4.70 3.87 498 0.08 0.062 0.027 0.023 4.79
11 5.51 439 6.98 -0.11 0.054 0.032 0.026 7.42
12 2.08 4.65 1.33 0.33 0.060 0.028 0.024 5.01
13 4.88 4.70 7.54 0.13 0.055 0.035 0.029 5.34
14 437 5.01 4.18 0.13 0.057 0.029 0.028 5.77
15 6.98 541 5.76 -0.20 0.054 0.037 0.029 4.13
16 6.85 5.81 6.35 0.24 0.063 0.028 0.024 3.99
17 5.69 5.89 6.05 -0.64  0.056 0.031 0.028 5.49
18 4.72 6.23 6.60 -0.29  0.055 0.027 0.024 7.44
19 8.02 6.36 7.96 -0.03  0.057 0.032 0.028 495
20 7.68 6.42 5.23 -0.07 0.055 0.035 0.028 7.94

* Geometry optimization at the B3LYP/6-311G* level
® Single-point energies at the M06-L/6-311G(2df,p)//B3LYP/6-311G* level

¢ Energies, rotational constants, and dipole moments at the M06-L/6-311G(2df,p)//B3LYP/6-311G* level in a
solution using the polarizable continuum model

9 The relative ZPVEs at the B3LYP/6-311G* level, scaled by a factor of 0.96 [79]
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Fig. 5 Our predicted IR spectra of the three lowest-lying CTX confor-
mations at the BALYP/6-311G* level: a in the range of 0-1900 cm ' and
b in the range of 2700-3800 cm '

assignments of the C—H stretching in methyl, methylene, and
methoxy groups, which agree with the experimental value at

Table 2

vibrational modes of some CTX conformations at the B3LYP/6-311G* level

2822 t0 2980 cm™ ' [80]. These C—H stretching modes in dif-
ferent conformations are almost identical, since the C-H
bonds are usually transferable among molecules.

However, the frequencies related to the O—H stretching
modes have an obvious shift among the different conforma-
tions, and this reflects the big change of bond strength when
H-bond formation occurs. As shown in Table 2, the stretching
frequency of O—H on C2’ in conformation 1 (3559 cm ") is
blue-shifted by about 34 cm ™' relative to that in conformation
3 (3525 cm™ "), indicating a stronger hydrogen bond between
the O—H and C=0 (linked to C4) groups in conformation 3.
The O-H stretching frequency on C1 in conformation 1
(3591 cm ') is red-shifted by about 45 cm ! relative to that
in conformation 3 (3632 cm™ ') and conformation 13
(3637 cm™ "), due to the hydrogen bond between the O-H
and the C=0 (in PhCOO-) groups in conformation 1.

Table 2 shows that five strong IR frequencies of C=0
stretching modes for conformation 1 are in the range of
1682-1718 cm™ . For other conformations, the ranges of these
five frequencies are almost the same, and these values are in
agreement with the experimental assignment for CTX, which
is a very strong peak at 1723 cm ' [80]. When a C=0 group is
involved in a hydrogen bond, this C=0 stretching frequency
would be red-shifted. For example, the C=0 frequency is red-
shifted by 36 cm ™ for the C9 = O bond compared with that for
the C=0 bond linked on C2, because a stronger hydrogen
bond is for the former.

The ultraviolet absorption of the molecule reflects the elec-
tronic transitions to the higher excited states. We explored the
three lowest excited electronic states of the CTX (conforma-
tion 1) with the time-dependent (TD) method at the CAM-
B3LYP/6-311+G(2df,p) level in methanol solution. Table 3
reports the excited energies, dipole transition oscillator
strengths, excitations, and types of orbital transitions of the
lowest-lying CTX. The orbitals involved in these excitations

Harmonic vibrational frequencies (freq; cm ') scaled by a factor of 0.96 [79] and the IR intensities (int; km/mol) for the representative

Vibrational mode Conformation 1

Conformation 2

Conformation 3 Conformation 13 Conformation 20

Freq Int Freq Int Freq Int Freq Int Freq Int
N-H stretch 3485 79 3506 37 3489 33 3491 40 3499 53
O—H stretch on C1 3591 56 3599 43 3632 25 3637 20 3594 55
O-H stretch on C2’ 3559 268 3535 62 3525 456 3527 85 3552 46
C—H sym stretch of Bz ring on C2 3063 29 3062 31 3064 29 3063 27 3065 23
C-H sym stretch of Bzring on C3" 3056 36 3049 35 3052 36 3053 35 3052 39
C=0 stretch on C2 1682 187 1683 201 1711 127 1705 26 1680 182
C=O0 stretch on C4 1700 245 1714 199 1693 234 1714 185 1713 393
C=O0 stretch on C4’ 1707 305 1687 377 1706 192 1705 26 1706 192
C=0 stretch on C1’ 1713 179 1704 204 1739 250 1704 271 1714 56
C=O0 stretch on C9 1718 139 1718 139 1719 203 1674 293 1717 240
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Table3  Electronic excitation energies (AE), dipole transition oscillator
strengths ( /'), excitation orbitals, and the type of orbital transition for the

lowest three UV excitations of the lowest-lying CTX conformation at the
TD CAM-B3LYP/6-311+G(2df,p) level

Excited state AE (eV) A (nm) f Excitation Coefficient Type of orbital transition
So—S1 4.27 291 0.0028 HOMO-12 —- LUMO+ -0.137 n—o*
1
HOMO-11 —» LUMO+ 0.118 n—o*
1
HOMO-7 — LUMO+1 0.100 n—o*
HOMO-3 — LUMO+1 —0.406 n—o*
HOMO—-LUMO+1 0.397 n—o*
So-S, 5.10 243 0.0315 HOMO-7 — LUMO -0.105 n—o* n—m*
HOMO-5 — LUMO+3 -0.279 n— T ¥
HOMO-4 — LUMO 0.618 T— oF, m— 7*
So—S3 543 228 0.0929 HOMO-16 — LUMO 0.413 n—o* n—m*
HOMO-15 — LUMO —0.149 n—o* n—omn*
HOMO-13 —- LUMO 0.271 n—o* n— ¥
HOMO-12 —- LUMO 0.137 n—o* n—m*
HOMO-11 - LUMO 0.111 n—o* n—m*
HOMO-5 — LUMO 0.345 n— o* n—o ¥ T—o* Tt

are displayed in Fig. S3 (Supplementary Material). Although
some of these orbitals are delocalized on the phenyl rings as
well as on the N and O atoms, we can approximately assign
HOMO-4, HOMO-5 as 7 orbital on the benzene rings, while
HOMO, HOMO-3, HOMO-4, HOMO-5, HOMO-7, HOMO-
11, HOMO-12, HOMO-13, HOMO-15, HOMO-16 orbitals
have components of the N and O lone pairs (symbol 7 in
Table 3). The virtual orbitals LUMO and LUMO+3 are the
w* orbitals on the phenyl ring, and the orbitals LUMO,
LUMO+1 have components of the o* orbital on the C and
O atoms. The UV spectrum of the three excitations for CTX is
predicted to be 228-291 nm (Table 3). The S¢—S; transition at
4.25 eV (291 nm) is an n — o* transition with weak oscillator
strength (0.0028). The Sy—S, transition at 5.10 eV (243 nm) is
a mixed no*/mwo*/nm*/mw* transition, and the Sy—S5 transition
at 5.43 eV (228 nm) is also a mixed no*/wo*/nw*/mm*
transition.

Sequence analysis and homology modeling

Nine human {3-tubulin sequences were collected from the
UniProt database [60], namely, (3I-tubulin isotype (UniProt
ID = Q9H4B7), Blla-tubulin isotype (UniProt ID = Q13885),
BIIb-tubulin isotype (UniProt ID =Q9BVAI1), BII-tubulin
isotype (UniProt ID =Q13509), fIVa-tubulin isotype
(UniProt ID =P04350), 3IVb-tubulin isotype (UniProt ID =
P68371), 3V-tubulin isotype (UniProt ID =P07437), BVI-
tubulin isotype (UniProt ID = Q9BUFY), and (3VIII-tubulin
isotype (UniProt ID = Q3ZCM7), and they all were used as
target proteins. With the template protein of o3-tubulin dimer
(PDB ID =5SYF.pdb [22] UniProt ID = P02554) taken from
the cryo-electron microscopy structure, the results of multiple

alignments are shown in Table 4 and Table S2
(Supplementary Material). The identities between the target
proteins and the template protein are very high, all larger than
90% except for BI-tubulin (78%) and (VIII-tubulin (88%).
The identity of 3II-tubulin to the template is even as high as
98.7%. It was suggested that high-accuracy comparative
models are based on more than 50% sequence identity [81].
Therefore, these target proteins in our work are reliable for
homology modeling to the construction of the 3D structure
models.

The homology modeling for the nine «f3-tubulin isotypes
was done with the online tool SWISS-MODEL [62-66]. The
results from the homology modeling were also assessed by the
Verify-3D program [82, 83]. The good scores (> 94%,
Table 4) of the assessment for the nine human (3-tubulin
isotypes further indicate that all these structures are reliable
for the docking studies.

Molecular docking

The preliminary global docking results for the 20 lowest-lying
CTX conformations with the «[3-tubulin dimer are shown in
Fig. 6 and Table S3 (Supplementary Material). Eighteen CTX
conformations are located on 3-tubulin (N1), one (conforma-
tion 18) located on a3-tubulin dimer interface (N2), and one
(conformation 5) on o-tubulin (N3). As shown in Table S3,
the binding energies of CTX conformations docked on (3-
tubulin (N1) are stronger than that on «3-tubulin dimer inter-
face (N2) or on «-tubulin (N3). For example, the binding
energy of conformation 1 docked on (3-tubulin is —
9.74 kcal/mol, while those on «f3-tubulin dimer interface
and on «-tubulin are —7.68 kcal/mol and — 6.58 kcal/mol,
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Table 4 Identity of the nine target

human B-tubulin isotypes to the B-tubulin isotype  UniProt ID  Identity (%)  The number of B-tubulin  Verify-3D assessment” (%)

template tubulin dimer amino acid sequence

(5SYF.pdb), the number of amino ]

acid sequences for the target (3- (31-tubulin TBB1 78.4 451 95.5

tubulin isotypes, and the assess- BIla-tubulin TBB2A 98.7 445 95.5

ment for the homology modeling a1y, ¢ hylin TBB2B 98.7 445 95.5

results by Verify-3D program [82, .

83] BIII-tubulin TBB3 92.6 450 94.8
3IVa-tubulin TBB4A 96.2 444 95.1
BIVb-tubulin TBB4B 97.5 445 95.5
3V-tubulin TBB5 96.2 444 95.5
BVI-tubulin TBB6 90.8 446 95.1
BVIII-tubulin TBB8 88.3 444 96.9

# The percentage of the residues with averaged 3D-1D score >0.2

respectively. Similar to the previous research on PTX and
DTX [16, 19-24], the taxanes, including CTX, are found to
act mainly on 3-tubulin, so the further local docking is simply
carried out between the taxanes and different isotypes of [3-
tubulin.

The local docking results of PTX, DTX and CTX with
different (3-tubulin isotypes, including the binding affini-
ties and the residues related to the formation of hydrogen
bonds, are shown in Table 5. The most common human 3-
tubulin isotypes (3I-tubulin and B1I-tubulin) have signifi-
cant binding affinities (Table 5). For example, the three
strongest binding affinities for PTX are onto (I-tubulin,
BIla-tubulin, and PBIIb-tubulin (—9.01, —9.84, and —
9.98 kcal/mol, respectively), those for DTX are onto I-
tubulin, BIla-tubulin, and 31Ib-tubulin (— 8.83, —8.60, and
— 8.85 kcal/mol, respectively), and those for CTX are onto
fIIa-tubulin, BIIb-tubulin, and BIII-tubulin (—8.69, —
8.55, and — 8.52 kcal/mol, respectively). Generally speak-
ing, among these [3-tubulin isotypes, 3I-tubulin and PII-

Fig. 6 The binding sites of the
lowest-lying 20 CTX conforma-
tions on «f3-tubulin dimer found
by docking, where N1 is located
on -tubulin, N2 is located on
of3-tubulin dimer interface, and
N3 is located on a-tubulin

@ Springer

tubulin have stronger binding affinities with the taxanes,
indicating that they are the leading action of proteins with
taxanes. Our docking results show that 31II-tubulin isotype
has weaker binding energy than I-tubulin isotype with
PTX and DTX, and this confirms the experimental studies
that the overexpression of 31II-tubulin may reduce the ac-
tion of taxanes [32, 41, 47, 73-75].

Docking modeling provides the number of hydrogen bonds
formed between the taxanes and tubulins (Table 5). For lla-
tubulin, there are two hydrogen bonds docking with PTX and
only one with DTX and CTX. The binding affinity of PTX (—
9.84 kcal/mol) with 31la-tubulin is accordingly stronger than
those of DTX and CTX (- 8.60 and — 8.69 kcal/mol). Table 5
also shows that the main acting sites in all 3-tubulin isotypes
docking with the three taxanes are the amino acid residues
His227, Pro272, Thr274, Arg276, Arg359, and Gly360.
More detailed docking information is available in Table S4
(Supplementary Material), including the bond geometry pa-
rameters and the bond energies.
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Table 5 Binding affinity from

molecular docking and the Taxane

B-tubulin

Binding affinity (kcal/mol)

Number of H-bonds Residues about H-bonds

residues about hydrogen bonds
for PTX, DTX and CTX with {3- PTX
tubulin isotypes

[3I-tubulin
[3IIa-tubulin
[IIb-tubulin
[ II-tubulin
BIVa-tubulin
BIVb-tubulin
[ V-tubulin
BVI-tubulin
B VIII-tubulin
DTX [I-tubulin
BIla-tubulin
[31Ib-tubulin
[311I-tubulin
BIVa-tubulin
[IVb-tubulin
[3V-tubulin
[3VI-tubulin
[ VIII-tubulin
CTX [I-tubulin
[a-tubulin
[1Ib-tubulin
[III-tubulin
BIVa-tubulin
IVb-tubulin
[ V-tubulin
B VI-tubulin
[ VII-tubulin

-9.01
-9.84
-9.98
-891
—8.86
-8.92
-891
—8.82
—8.89
—8.83
—8.60
—8.85
—8.46
—8.36
—8.37
—8.38
—8.28
—8.78
—8.18
—8.69
—8.55
—8.52
—8.51
—8.46
—8.24
—8.42
-7.92

GIn276, Gly360
Thr274

Thr274

Thr274, Arg359
His227, Thr274
His227, Thr274, Arg359
Thr274, Arg359
Thr274, Arg359
Thr274

Pro272, GIn276
Thr274

Thr274, Arg359
Thr274, Arg359
Thr274, Arg359
Thr274

Thr274, Arg359
Thr274, Arg359
Thr274, Arg359
Thr274, GIn276
Thr274

His227, Thr274
His227

His227, Thr274
His227, Thr274, Arg359
Thr274

His227, Thr274
Thr274

L 2 VS B VS I (S T (O RS T N R S R 2 (S I S I (SRS NS R 'O R UV R US I (S R S )

According to the docking results, the 3I-tubulin and (31la-
tubulin isotypes have stronger binding affinities, and they
were selected to perform the following MD simulations.

Molecular dynamics simulations

In order to observe the detailed dynamic process of drug
binding, three (3-tubulin isotypes ([31-tubulin, 31la-tubulin,
BIII-tubulin plus a bound GDP) with three taxanes (PTX,
DTX, CTX) were used to construct nine simulation sys-
tems. The initial structures were taken from the docking
results with the strongest binding affinity, and the MD
simulations were carried out for 100 ns. The root mean
square deviation (RMSD) analysis suggests that all sys-
tems reached their equilibrium structures (Fig. S4 in
Supplementary Material), and the deviations in the range
of 0.12-0.22 nm indicate that the simulation results are
consistent with docking.

For analysis of the complex structures, we evaluated the
root mean square of fluctuations (RMSF) for all systems [84].
The RMSF values describe the deviation of an atom in the (3-

tubulin (C, atom in the present study) between its instant
position and the reference position, which are averaged over
the time of simulations. The RMSF values for {31-tubulin,
fIla-tubulin, and BIII-tubulin are shown in Fig. S5
(Supplementary Material). The larger RMSF values indicate
highly flexible regions, while the smaller RMSF values indi-
cate constrained regions. For the same (3-tubulin isotype, the
fluctuation patterns are almost the same despite different
taxanes, indicating that the action processes for PTX, DTX
and CTX are similar.

Most of RMSF peaks are corresponding to the amino acid
residues in the random coil structures, which are closed to the
ligands and the GDP molecule. As shown in Fig. S5, the
amino acid segments 276-284 in all three taxanes (31-tubulin,
Ila-tubulin, and BIII-tubulin) have large RMSF values.
However, the RMSF values for the 173—178 amino acid seg-
ments in BIII-tubulin are higher than those in (1la-tubulin.
For the 3742 amino acid segments, there are high RMSF
values for BI-tubulin, but low values for III-tubulin. This
shows that the ligand has different interactions with the resi-
dues on those segments in B1II-tubulin.

@ Springer
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Figure S6 (Supplementary Material) shows the number of
hydrogen bonds between taxanes and tubulin isotypes during
the 100 ns simulation processes. For PTX, the most H-bonds
are formed between PTX and (Ila-tubulin throughout the
process, indicating that PTX has the stronger binding ability
to BIla-tubulin than to the other two {3-tubulin isotypes. For
DTX, the least H-bonds are formed between DTX and BIII-
tubulin, indicating weaker binding to III-tubulin than to 31-
tubulin and BIla-tubulin. However, for CTX, the H-bond
numbers between CTX and three 3-tubulin isotypes are not
so different. In other words, DTX and PTX prefer to bond
[31la-tubulin rather than bond B11I-tubulin, while CTX has less
selectivity to bond to the three {3-tubulin isotypes.

Figure 7 shows the nine equilibrium structures with the key
residues after 100 ns of simulation. Figure 7a—c shows the
important amino acid residues on (I-tubulin binding with
PTX, DTX and CTX. The C13 side chain of DTX and CTX
goes deeper into the cavity than PTX of I-tubulin. This pat-
tern may be related to the big size of the two hydrophobic
benzene ring structures on the C13 side chain of PTX. And
the main amino acids on [I-tubulin are His227, Glu276,
GIn280, and Arg359. Figure 7d—f shows the binding of three

Fig. 7 The view of the active
pockets formed by the key
residues (using red sticks) in
surface of 3-tubulin isotypes
binding to taxanes (using rainbow
sticks&spheres) after 100 ns of
simulation. The important hydro-
gen bonds are represented by blue
dotted lines

y )
D: plla-tubulin-PTX

G: BIII-tubulin-PTX

@ Springer

taxanes with 31la-tubulin. We observed that the orientations
of three taxanes are similar, and the important binding amino
acids on (1la-tubulin are His227, Thr274, and Arg276.
Figure 7g—i shows the results of three taxanes with 3III-tubu-
lin. For different taxanes with 31II-tubulin, the orientations of
them are different, and the important amino acids on (31II-
tubulin are also different. Unlike the interaction with (31-
tubulin and BIla-tubulin, the C13 side chain of PTX with
[II-tubulin was partially expelled from the cavity, and the
overall structure of DTX was expelled. This implies that the
interactions of PTX and DTX with 31II-tubulin are weak. At
the residue level, the interactions of three taxanes with (1la-
tubulin are similar, but with 31II-tubulin are quite different.
Based on the MD results, we carried out the MM-PBSA
method (with € =2.0) to study the interactions of the three
taxanes on the different 3-tubulins (Table 6), while the de-
composition of energy terms are listed in Table S5
(Supplementary Material). We also have tried different dielec-
tric constants (¢ =4.0, 20.0), and the results are shown in
Table S6 (Supplementary Material). Nevertheless, the conclu-
sion for the relative energies is unchanged. According to the
literatures [45, 46], the human body mainly consists of the 31-

( g u' )
- A -_ - f y
His227 pgl Arg76
e '
N s 3
F: plla-tubulin-CTX

H: BIII-tubulin-DTX

I: BIII-tubulin-CTX
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Table 6 The binding free energies of the three taxanes to the three 3-
tubulin isotypes by MM-PBSA

[3-tubulin Taxane Binding-free energies (kcal/mol)
BI-tubulin PTX -231+12
DTX -295+1.6
CTX -24.0+2.1
Blla-tubulin PTX —255+12
DTX -29.0£0.5
CTX -259+15
BII-tubulin PTX -86=+1.3
DTX -178+19
CTX -23.0+14

tubulin and (II-tubulin isotypes in early treatment, and DTX
has been used in the clinic as the first-line drugs. As shown in
Table 6 and Table S5 (Supplementary Material), the strong
binding affinities are predicted between DTX and 31-tubulin
(—29.5 kcal/mol) or between DTX and plIla-tubulin (—
29.0 kcal/mol), but weaker interaction between DTX and
[III-tubulin (— 17.8 kcal/mol). This may be related to the dif-
ferent effects of DTX for different 3-tubulins. PTX has a
similar situation as DTX. As for CTX, the binding affinity
with BIII-tubulin (—23.0 kcal/mol) is close to those with BI-
tubulin (—24.0 kcal/mol) and with pIla-tubulin (—25.9 kcal/
mol). Interestingly, our theoretical modeling is consistent with
the clinical studies. As it was reported, the expression of B111-
tubulin in the human body would increase after the treatment
with PTX and DTX, and the resistance would occur to PTX
and DTX on the later stage [32, 41]. In this case, CTX is used
as the second-line drug in the clinic to prolong life, when the
patient has resistance to DTX [49].

Conclusions

In this study, the interactions of three taxanes (PTX, DTX,
CTX) have been investigated with different human of3-
tubulin isotypes. Initially, molecular conformations for the
drugs were optimized by the DFT methods, and we obtained
the low-lying conformations of CTX and their properties, such
as their IR spectra and the excited states. Using homology
modeling method, we successfully built the 3D models of
human of3-tubulin isotypes with high identity (>78%) be-
tween the template and target proteins. Thus, these models
are reliable for the docking and MD simulations. Next, the
binding sites of of3-tubulin dimer for CTX were found on
[3-tubulin by molecular docking, and these sites are similar
to those for PTX and DTX. The [3I-tubulin and (1la-tubulin
isotypes have substantial binding affinities docking with the
taxanes.

Finally, we carried out molecular dynamics simulations for
I-tubulin, Blla-tubulin, and PBII-tubulin with the three
taxanes. Although the active pockets of different tubulin
isotypes with three taxanes are comparable, the key amino
acid residues and drug orientations are different. The three
taxanes have quite different intermolecular actions on (31II-
tubulin. The binding affinities of DTX with (3I-tubulin and
[3lla-tubulin are quite strong, while that on BIII-tubulin is
relatively weak. On the contrary, the binding affinity of
CTX on pBIII-tubulin is higher than PTX and DTX. Our study
supports the use of CTX as the second-line drug for the pa-
tients who are resistant to the action of DTX in the clinic.
Since our computational outcomes are consistent with the
clinical studies of cabazitaxel, these results should be helpful
for future experimental studies of taxenes.
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