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Abstract

Paclitaxel and Cyclostreptin in the Tubulin Binding Site

By Yutao Yang

The development of new anti-cancer drugs is important in these days. In the first two
parts, two microtubule stabilizing agents were explored. In part 1 of this thesis, two
conformers of paclitaxel, a FDA approved drug, were compared. In part 2, cyclostreptin
was explored using different docking algorithms. In the third part, a high potency measles

virus inhibitor was explored by searching the protein data bank.



Paclitaxel and Cyclostreptin in the Tubulin Binding Site

By

Yutao Yang

B.S., University of Science and Technology of China, 2006

Advisor:
Dr. Dennis C. Liotta
Dr. James P. Snyder

A thesis submitted to the Faculty of the Graduate School of Emory University
in partial fulfillment of the requirements for the degree of
Master of Science
in Chemistry
2008



vi

Acknowledgments

The work has been done under supervision of Dr. Dennis C. Liotta and Dr. James P.
Snyder. I am likewise grateful to the people in the molecular modeling lab, chemistry
department, Emory University for many helpful discussions. Dr. David Lynn and Dr.
Tianquan Lian are greatly appreciated for their constant support of my efforts.



Table of Contents

Part 1. Tubulin bounded PTX conformation: T-Taxol or PTX-NY....ccceeee 1
| D118 e e 116 510 ) o VR 1
Methods and ReSUILS. ...ooviiiiniie ittt 4

C-13 side chain conformational analysis.................ccccceveeveeee. @
Energy comparisons for full T-Taxol and PTX-NY structures........6
Bridged taxanes K1 and K2..............cccccovevveiiiiiiciiiiiiniennnnl8
Molecular Dynamics (MD) for T-Taxol and PTX-NY in water.....11
Docking of T-Taxol and PTX-NY in -tubulin..........................11
BT C 3 16 ) s F 12
Relative energies for PTX C-13 side chains.................cc.cc.......12
Relative energies for full PTX conformations...........................13
Highly active bridged taxanes. .................c.cccveeveeveriniennennn. 14
Conformational differences between T-Taxol and PTX-NY.........16
Molecular dynamics of PTX in water to locate the T-Taxol and
PTX-NY conformations...............cccceveueeeiiieeiienienenienennwnd 7

B-tubulin binding poses for T-Taxol and PTX-NY conformationsl8

Summary and ConcCluSIONS. ......o.uvviiiiiiiiiiiiii e, 20
Part 2. Docking and Reactivity of Cyclostreptin with tubulin.............. 22
INtrodUuCtion. .....oouuei e 22
Methods and Results..........coviiiiiiiiiiiiiiii e 25

Autodock blind docking to the microtubule pore.......................20

Glide flexible ligand docking ..............ccccceeeviiuiiniiniiininnnnn. 27

vii



viii

AutoDock docking with flexible residues ................................28

Induced fit docking...............coooovimiiiiiiiiiiiiiiii e 32
Discussion
AutoDock blind docking..............cccccovveeiiiiviiniiiiinnniennnnnnnn. 37
Glide flexible ligand docking.................cccccovviiiveiiiiininn. .38
AutoDock flexible residue docking..............cc.ccceevvviiinnennnnn .39
Induced fit docking...............ccovvieiiiiiiiiiiiiiiiii e 45

Summary and ConcCluSIONS.......o.uvviiiiiiiii e, 50

Part 3. Possible Interactions between Ligand Trifluoromethyl Groups

and Proteins

............................................................................ 52
INtroduCtion. ......oouei i 52
Methods and Results............ooooiiiiiiiiiiii 53
DISCUSSION ...ttt et e 53
Summary and ConcCluSIONS. ........vvvuiiiiiiiiniii e 56

References



ix

List of Tables

Table 1. Relative molecular mechanics energies from MMFFs and OPLS-2005
geometry optimized T-Taxol and PTX-NY C-13 side chains with all the torsion
angles constrained...........ocoieiiiiiiiiii el

Table 2. Single point quantum chemical calculations on the OPLS-2005
optimized T-Taxol and PTX-NY C-13 side chains (all torsions constrained) using
different methods and basis sets. * NY = PTX-NY and T = T-Taxol
CONFOTMATIONS. ..o\ttt e e e ee 6

Table 3. T-Taxol and PTX-NY structures optimized using several molecular
mechanics methods with all the torsion angle constrained.......................... 7

Table 4. T-Taxol and PTX-NY conformations optimized without constraints
using several molecular mechanics methods....................co 7

Table 5. Single point quantum chemical energies for T-Taxol and PTX-NY
conformations, produced by optimization with OPLS-2005 followed by MMFFs
with all the torsion angles fixed to these conformations............................. 8

Table 6. T-K1 and NY-K?2 geometry optimized without constraints using several
different force fields. ... 9

Table 7. T-K2 and NY-K?2 geometry optimized without constraints using several
different force fields. ... 10

Table 8. Single point B3LYP/6-31G* quantum chemical energies for K1 and K2
in T-Taxol and PTX-NY conformations optimized with OPLS-
2005/MMEES. ....oiiii 10



List of Figures

Figure 1-1. Paclitaxel (PTX) Structure.............ocevievieiiiiiiiiniinieiienneannnn. 1
Figure 1-2. Superposition of PTX-NY (Yellow) and T-Taxol (Cyan). ........... 3
Figure 1-3. The C-13 side chain Structure...............oovviiiiiiiiiiiinieneananns 4
Figure 1-4. K1 and K2 StrucCtures. .........o.vvuiiiiiiiiiiiiieieieeeiieeeene, 9
Figure 1-5. T-Taxol side chain conformer...................coooiiiiiiiiiiiinnnen. 16
Figure 1-6. PTX-NY side chain conformer.................coooviiiiiiiiiiiininn. 17
Figure 2-1. Mechanism for nucleophilic attack on cyclostreptin................... 25

Figure 2-2: Structure of cyclostreptin. (a) Reference structure. (b) Structure built
and optimized in Maestro8.0.308".............coiiiiiiii 25

Figure 2-3. Cluster of docking poses from AutoDock Blind Docking. Look from
the interior of the microtubule. ................. 27

Figure 2-4. One of the docked poses in the PTX binding site using AutoDock4
flexible residue docking is illustrated. The distance between C2 on cyclostreptin
and the side chain oxygen on Asp2261s 3.6 A.....ccoiiiiiiiiiiiiiiiiiiiin, 29

Figure 2-5. One of the docked poses in the PTX binding site using AutoDock4
flexible residue docking is illustrated. The distance between C2 on cyclostreptin
and the pyridine-like nitrogen on His2291s 5.2 A ..., 30

Figure 2-6. One of the docked poses in the pore area using AutoDock4 flexible
residue docking is illustrated. The distance between C2 on cyclostreptin and the
oxygen on Thr221 is 3.5 A, and the distance between C2 on cyclostreptin and the
oxygen on Thr220 85 6.2 A.....iiiii e, 31

Figure 2-7. One of the docked poses in the PTX binding site using Induced Fit
Docking is illustrated. The distance between the C2 on cyclostreptin and the
pyridine-like nitrogen on His229is 4.0 A. ... ..o, 33

Figure 2-8. One of the docked poses in the PTX binding site using Induced Fit
Docking is illustrated. This pose shows several hydrogen bonds between
cyclostreptin and other residues. ...........c..cooiiiiiiiiiiiiiiii 34

Figure 2-9. One of the docked poses in the GDP binding site using Induced Fit
Docking is illustrated. The distance between the C2 on cyclostreptin and the
nitrogen on Asn228 is 6.2 A, which is the nearest distance between these two



xi

Figure 2-10. One of the docked poses in the GDP binding site using Induced Fit
Docking is illustrated. The distance between the C2 on cyclostreptin and the oxygen
on Thr223 is 3.4 A and the distance between the C2 on cyclostreptin and the

0Xygen on ASP226 08 3.7 A....ouu it 36
Figure 2-11. Superposition of the top 20 docking poses in the PTX binding site
from AutoDock flexible residue docking ............c.oooviiiiiiiiiiiiiiiiiinn.. 40
Figure 2-12. Superposition of the top 20 docking poses in the GDP binding site
from AutoDock flexible residue docking ............c.oooviiiiiiiiiiiiiiin.. 43
Figure 2-13 Superposition of the top 20 docking poses in the pore area from
AutoDock flexible residue docking ............coooeiiiiiiiiiiiiiiiiii 44
Figure 2-14. Superposition of the top 20 docking poses in the PTX binding site
from induced fit dOCKING .........coiuiiiiii 46
Figure 2-15. Superposition of the top 20 docking poses in the GDP binding site
from induced fit dOCKING..........oiiuiiiii 47
Figure 2-16. Superposition of the top 20 docking poses in the pore area from
Induced fit dOCKING. ... .oineii e 49
Figure 3-1. The structure of compound 16677..........cccvviiiiiiiiniiiiiiniinnn, 52

Figure 3-2. One of the CF, fluorine atoms interacts with the backbone NH of
Tyrl441n INCR ... e 54

Figure 3-3. In 1P2S, the CF, group is situatedd between Arg97 and Lys101 side
chains by bidentate and monodentate hydrogen bonds, respectively.............. 54

Figure 3-4. F—HS hydrogen bond and a charge dipole interaction between a ligand
C-F bond and His57 are illustrated in 1IEAS. ....... ..o 55

Figure 3-5: The CF, group of the pyrazole ligand interacts with the cationic Arg143
side chain in 1XT7A. ... o 55



Part 1. Tubulin bounded PTX conformation: T-Taxol or PTX-

NY

Introduction

Cancer represents one of the most severe health problems worldwide, and the
development of new anticancer drugs is a field of utmost importance in drug discovery. A
renowned and important target for anticancer drugs among many other molecular targets
is the mitotic spindle’. It works by incorporating and removing af-tubulin heterodimers
from microtubule ends. Microtubule inhibitors are an important group of anticancer
agents that interfere with microtubules within the mitotic spindle of rapidly dividing
cells. There are two distinct groups of microtubule inhibitors’: one inhibits the assembly
of tubulin heterodimers into microtubule polymers, the other one stabilizes microtubules
under normally destabilizing conditions and promotes the assembly of tubulin
heterodimers into microtubules. The latter microtubule-stabilizing agents (MSAs) are

best represented by the blockbuster drug, paclitaxel (PTX, Figure 1-1)*’.

Paclitaxel

Figure 1-1. Paclitaxel (PTX) structure



The molecule, PTX originating from the bark and leaves of the Yew tree, was
discovered to be a potent anti-cancer candidate in a natural product screening program as
early as 1967°. In 1992, 25 years after discovery, FDA approved PTX for treatment of
late stage ovarian and breast cancer’. Though the 3D structure of PTX was discovered
in1995%, investigation of different bioactive conformations of PTX led to the discovery of

novel anticancer drugs with higher activity’.

Nogales and coworkers reported the first attempt to determine the PTX structure in
tubulin in 1998'. The Electron Crystallographic (EC) structure of the PTX bound, Zn**
stabilized tubulin dimer was reported at 3.7A resolution (1TUB), proving a low-
resolution picture of the PTX conformation and its corresponding binding site. In 2001,
the 1TUB structure was further refined to 3.5A resolution known as the 1JFF structure'".
At the meantime, a computational study of the PTX structure on tubulin was also
reported". The first proposed tubulin-bound PTX structure was a “T-Taxol”
conformation'”. Since in the T-taxol conformation a short distance between the C-4 group
and the C-3” phenyl ring was found, a series of macrocyclic taxanes with a C-4 and C-3’
linker in the conformations were introduced to rigidify the T-Taxol conformation and
examine the bioactivity of the T-taxol conformation. These T-Taxol analogs remained in
the T like conformation throughout different experiment and exhibited higher bioactivity

than the original PTX in both cytotoxicity and tubulin-polymerization assays' .

However, Ojima’s group proposed their own PTX conformation in 2005". They
believed that their model has stronger PTX-tubulin interactions than T-Taxol. In their
model the key difference compared to the T-Taxol is the orientation of the C2’-OH group

within the C-13 side chain. Ojima’s group proposed a hydrogen bond between the C2’-



OH group and His227 in tubulin in their computational model, while this C2’-OH group
in T-Taxol with a different spatial orientation does not form this hydrogen bond. At the
same time, their model also meets the two C13-F19 distances of 2-(4-fluorobenzoly) PTX
by the REDOR NMR study'*'®, which were reported to be two key parameters that the
tubulin-PTX conformation should meet. Thus, Ojima’s group named their conformation
“REDOR-Taxol”. However, not only does the T-Taxol conformation meet these criteria,
there are also many other PTX conformations that do so. Emory’s T-Taxol conformation
and all of the latter can also be called REDOR-Taxol. In order to clarify, we will use
PTX-NY instead to refer to Ojima’s so-called “REDOR-Taxol” conformation in this

thesis.

Figure 1-2. Superposition of PTX-NY (Yellow) and T-Taxol (Cyan)

Early works showed that the T-Taxol C-13 side chain fits experimental density very
well, while PTX-NY cannot fit into the tubulin binding site by experimental data'*'"'*. In

my work, I would like to compare these two conformations to see which one is more

stable using a variety of molecular mechanics and quantum chemistry methods. Likewise



I will describe a study to examine which one is able to fit better in the tubulin binding site
by a protein-ligand docking comparison. A molecular dynamics comparison was also

performed to compare these two conformers’ dynamic properties.
Methods and Results
C-13 side chain conformational analysis

The T-Taxol and PTX-NY C-13 side chains were found to be the main difference
between these two conformations. Thus, the C-13 side chain was extracted from the full
taxane structure, and a methyl group was added to the C-13 carbon. The structure of the
C-13 side chain utilized in the calculations is indicated in Figl1-3. Two different side
chain conformers were optimized with both MMFFs and OPLS-2005 force fields in

Maestro 8.5.111" with all the torsion angles restrained to their original values.

=
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Figure 1-3. The C-13 side chain structure

Force Field T-Taxol, PTX-NY, AE, kcal/mol
kJ/mol kJ/mol
MMFFs 253.3 233.8 4.7
OPLS-2005 -36.7 -69.1 7.8

Table 1. Relative molecular mechanics energies from MMFFs and OPLS-2005 geometry

optimized T-Taxol and PTX-NY C-13 side chains with all the torsion angles constrained



To determine if both T-Taxol and PTX-NY C-13 side chain conformers are energy
minima on the both MMFFs and OPLS-2005 molecular mechanics energy surfaces,
conformational searches were performed using both MMFFs and OPLS-2005 force fields
with the mixed Monte Carlo and Low Mode methods in Maestro 8.5.111%°. 10,000 step
conformational searches were performed; the global minima were found 200 and 28
times, respectively”'. The resulting structures were further optimized to convergence, and
102 and 101 unique conformations were retained, respectively. A 3-D shape-based
searching tool, ROCS***, was used to locate structure in the conformational pool. The
MMFFs and OPLS-2005 optimized structures were used as templates, respectively, and
the conformations from the conformational search were used as conformational pools.
The T-Taxol side chain proved to be 7.7 kcal/mol above the global minima using MMFFs
force field and 1.6 kcal/mol above the global minima using OPLS-2005 force field, while
PTX-NY side chain was found 27.2 and 35.0 kcal/mol above the same global minima,

respectively.

The OPLS-2005 constrained-optimized structures of both PTX-NY and T-Taxol side
chains were imported into Gaussian03*, and single point calculations were performed
using HF (with basis sets 6-31G*, 6-311G* and 6-311+G*), B3LYP (6-31G*, 6-311G*
and 6-311+G*) and MP2 (6-31G*, 6-311G* and 6-311+G*) methods. The resulting

energies and differences are provided in Table 2



E(NY)-E(T)," E(NY)-E(T),"
Method/Basis set PTX-NY, a.u. T-Taxol, a.u. a.u. kcal/mol
HF/6-31G* -1007.558830 -1007.573941 0.015111 9.5
HF/6-311G* -1007.762566 -1007.778154 0.015587 9.8
HF/6-311+G* -1007.780290 -1007.795612 0.015321 9.6
B3LYP/6-31G* -1013.686174 -1013.699795 0.013621 8.5
B3LYP/6-311G* -1013.924903 -1013.939159 0.014255 8.9
B3LYP/6-311+G*  -1013.946069 -1013.959463 0.013394 8.4
MP2/6-31G* -1007.558872 -1007.573967 0.015094 9.5
MP2/6-311G* -1007.762580 -1007.778172 0.015592 9.8
MP2/6-311+G* -1007.780290 -1007.795614 0.015323 9.6

Table 2. Single point quantum chemical calculations on the OPLS-2005 optimized T-

Taxol and PTX-NY C-13 side chains (all torsions constrained) using different methods
and basis sets. * NY = PTX-NY and T = T-Taxol conformations.

Energy comparisons for full T-Taxol and PTX-NY structures

Both T-Taxol and PTX-NY were optimized with all the torsions constrained using the

following force fields: MM2, MMFFs, OPLS-2001, OPLS-2005 and OPLS-

2005/MMFFs. Then, the structures of T-Taxol and PTX-NY were optimized without

constraints using the same set of force fields. The relative energies are provided in

Tables 3 and 4, respectively.



PTX-NY, T-Taxol,

Force Field kJ/mol kJ/mol AE, kJ/mol  AE, kcal/mol
MM?2 543.6 508.4 35.2 8.4
MMFFs 936.3 891.0 45.3 10.8
OPLS-2001 275.8 223.8 52.0 12.4
OPLS-2005 135.2 74.4 60.8 14.5
OPLS-2005/MMFFs * 937.2 894.4 42.8 10.2

Table 3. T-Taxol and PTX-NY structures optimized using several molecular mechanics

methods with all the torsion angles constrained.

* Constraint optimization first using MMFFs, then using OPLS-2005.

PTX-NY, T-Taxol, AE, AE,
Force Field kJ/mol kJ/mol kJ/mol kcal/mol
MM2 496.6 485.5 11.1 2.7
MMFFs 901.2 867.0 34.2 8.2
OPLS-2001 220.6 207.3 13.3 32
OPLS-2005 73.8 52.8 21.0 5.0

Table 4. T-Taxol and PTX-NY conformations optimized without constraints using

several molecular mechanics methods.

T-Taxol and PTX-NY geometries obtained from torsion-constrained optimization with
the OPLS-2005 followed by MMFFs force fields were imported into Gaussian03. Single
point energies using several different Gaussian models were calculated for these two

geometries. The results are listed in Table S.



E(NY)-E(T)," E(NY)-E(T),’

Model PTX-NY, a.u. T-Taxol, a.u. a.u. kcal/mol
B3LYP/6-31G* -2929.501663 -2929.527763 0.026100 16.4
B3LYP/6-311G* -2930.188739 -2930.213795 0.025057 15.7
B3LYP/6-311+G* -2930.238158 -2930.263956 0.025798 16.2

Table 5. Single point quantum chemical energies for T-Taxol and PTX-NY
conformations, produced by optimizations with OPLS-2005 followed by MMFFs with all

torsion angles fixed to these conformations

ANY = PTX-NY and T = T-Taxol conformations.

Bridged taxanes KI and K2

The structures of NY-K1 and NY-K2 were produced by directly introducing the
linker into the PTX-NY docked in the tubulin® using Maestro8.5.111. Then these
structures were energy-minimized using the OPLS_2005 force field, the distance-
dependent electrostatic treatment and the GBSA/H2O continuum solvation model. The
backbone of the protein was fixed throughout the energy minimization. After the
optimization, the NY-K1 and NY-K2 structures were extracted from the proteins,

respectively.

Structures of T-K1 and T-K2 in T-Taxol conformations were from a previously
reported molecular dynamics (MD) study®. K1 and K2 structures are illustrated in Figure

1-4



Figure 1-4. K1 and K2 structures

The bridged conformers were energy-minimized using a variety of force fields and
force field combinations without constraints. All of the bridged structures stayed in their

original conformations during these optimizations. The results are listed in Tables 6 and

7.
T-K1, NY-K1,
Force Field kJ/mol kJ/mol AE, kJ/mol AE, kcal/mol
MM3 787.8 816.8 29 6.9
MMFFs 988.5 1036.2 47.7 11.4
OPLS-2005 85.2 204.0 118.8 28.4
OPLS-2005/MM3* 752.5 815.8 63.3 15.1
OPLS-2005/MMFFs® 945.6 1031.9 86.3 20.6

Table 6. T-K1 and NY-K2 geometry optimized without constraints using several

different force fields

* Optimized with OPLS-2005 followed by MM3
® Optimized with OPLS-2005 followed by MMFFs
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T-K2, NY-K2,

Force Field kJ/mol kJ/mol AE/(kJ/mol)  AE/(kcal/mol)
MM3 711.3 753.6 42.3 10.1
MMFFs 914.2 944.9 30.7 7.3
OPLS-2005 72.7 112.5 39.8 9.5
OPLS-2005/MM3* 712.4 748.7 36.3 8.7
OPLS-2005/MMFFs " 914.6 939.1 24.5 5.9

Table 7. T-K2 and NY-K?2 geometry optimized without constraints using several

different force fields
* Optimized with OPLS-2005 followed by MM3

® Optimized with OPLS-2005 followed by MMFFs

The optimized conformations of NY-K1, NY-K2, T-K1, and T-K2 using OPLS_2005
force field followed by MMFFs force field were imported to Gaussian03 to be further
explored. Single point calculations using semi empirical B3LYP method and 6-31G*

basis were performed on all four conformations, the relative energies are listed in Table

8.

E(NY)-E(T)," ENY)-E(T),"

T-Taxol, a.u. PTX-NY, a.u. a.u. kcal/mol
K1 -3005.716643 -3005.672321 0.044321 28.3
K2 -3006.934127 -3006.944942 0.010815 6.8

Table 8. Single point B3LYP/6-31G* quantum chemical energies for K1 and K2 in T-
Taxol and PTX-NY conformations optimized with OPLS-2005/MMFFs

'NY = PTX-NY and T = T-Taxol conformations;



11

Molecular dynamics (MD) for T-Taxol and PTX-NY in water

For PTX, the polar conformation was solvated in a box of 512 SPC water molecules
and subjected to 11 ns of molecular dynamics calculation at 300 K with a time step of 1
fs under NPT conditions in GROMACS 3.2.1*”*. Examination of the MD trajectory by
comparing the overall RMSD for PTX relative to T-Taxol over the 11 ns time course of
the simulation revealed that, while the molecule assumes many different conformations,
the T-form is sampled at least four times. In the present work, a similar analysis was

performed for PTX-NY. The PTX-NY conformation did not appear among the structures.

Docking of T-Taxol and PTX-NY in B-tubulin.

The PTX ligand in B-tubulin (pdb code 1JFF') was removed, and an extra precision
flexible ligand Glide'* docking (Maestro 8.5.111) was performed using T-Taxol, PTX-
NY and two X-ray structures A (extended) and B (polar)®. All of the four docking results
showed that the most favorable poses place T-Taxol into the PTX binding site. No PTX-

NY was found in all of the four docking poses.

Extra precision induced-fit docking with Prime®' in Maestro 8.5.111 explores
flexibility of both the ligand and the protein in the target region of the selected protein.
The protocol was utilized to compare any possible reorganization of the binding site that
might better accommodate the PTX-NY conformation. However, the T-Taxol docks with
very little reorganization of protein side chains to deliver the T-Taxol bound

conformation once again. The PTX-NY turned out to be T-Taxol after the induced fit
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docking again illustrates that T-Taxol accommodate better in the binding sites than the

PTX-NY conformation.

Discussion

Relative energies for PTX C-13 side chains

The main difference between T-Taxol and PTX-NY occurs in the C-13 side chain.
There is no big difference in other parts of the molecule. We would like to gain some
general stability information of these two PTX conformations by comparing the relative

energies of the C-13 side chain using different methods.

We first constrained all of the C-13 side chain torsions, and let the bond lengths and
bond angles relax using two most popular molecular mechanics force fields, which are
MMFFs and OPLS-2005. The PTX-NY conformation is 5 kcal/mol less stable than the T-
Taxol conformation with the MMFFs force field and is 8 kcal/mol less stable with the

OPLS-2005 force field.

To compare the relative energies of molecular mechanics optimized conformations
using quantum chemistry methods, we imported these MMFFs and OPLS-2005 optimized
conformations into Gaussian03, and a variety of methods and basis sets including
polarization and diffusion were used to evaluate the relative energies of these two
optimized conformations. From all of these calculations, PTX-NY conformer was less

stable by 8-10 kcal/mol compared to the T-Taxol conformer.

To ensure that the MMFFs and OPLS-2005 optimized structures are local minima on

their energy surfaces, 10,000 step conformational searches were performed with the two
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force fields to locate the energy minima, which are MMFFs and OPLS-2005. The number
of global minima returned by conformational search using MMFFs and OPLS-2005,
respectively, indicated the search is complete. Then, ROCS 3D searches were used to
locate PTX-NY and T-Taxol side chain conformers in the conformational pool. The result
showed again that T-Taxol side chain more resembles the global minimum and is more
energetically stable than PTX-NY side chain. The difference of energy between PTX-NY

and T-taxol is about 20-30 kcal/mol from conformational and ROCS searches.

In this point, the C-13 side chain alone shows that T-Taxol is more stable compared to
PTX-NY by 10 kcal/mol using the more precise quantum chemistry calculations. This 10
kcal/mol difference is large, which cannot be compensated by a single hydrogen bond with
the tubulin backbone. However, this is only the comparison on C-13 side chain. There
might be some other interactions on other part of the molecule we might have neglected by
only exploring the C-13 side chain, thus we need to compare the full PTX conformations
between PTX-NY and T-Taxol in the next step to see if the energy difference follow the

same pattern as for the C-13 side chain alone.

Relative energies for full PTX conformations

First of all, the full PTX-NY and T-Taxol conformers were optimized using different
force fields with all the torsions fixed. With this treatment, the bond lengths and bond
angles were relaxed according to the force fields and the conformers remained in their
published conformations'>". All of the force field optimization results reveal that T-Taxol
is 8-15 kcal/mol more stable than PTX-NY, which is exactly what we have observed in the

side chain calculations.
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Single point quantum chemistry calculations were also applied to the optimized
conformations of both PTX-NY and T-Taxol with all torsions fixed. The result again

showed T-Taxol to be more stable than PTX-NY by about 16 kcal/mol. (Table 5)

Until this point, we still worked on the conformations with all the torsions fixed; we
would like to explore what will happen if the torsion constraints were removed. Will the
PTX-NY and T-Taxol conformers stay in their original conformations? What’s the energy
difference between these two conformers after removing all constrains? Four force fields or
force field combinations are used as listed in Table 4. The results again point out that T-
Taxol is more energetically stable than PTX-NY by 3-8 kcal/mol without constraints. By
looking into these optimized conformers, PTX-NY and T-Taxol retained their original

conformations after optimizations using different force fields.

The full PTX calculations all reveal that T-Taxol is a more energetically favored
conformation compared to PTX-NY, and also show that the C-13 side chain is a reasonable
computational substitution to explore the differences between T-Taxol and PTX-NY, since
the energy difference between T-Taxol side chain and PTX-NY side chain is similar to the

difference between the full structure conformers.

Highly active bridged taxanes

There have been many attempts to modify the PTX structure, hoping to find other
more potent any cancer drugs. Among these attempts, one of these ideas is to introduce a
linker into the PTX molecule, locking the molecular conformation in order to keep the
bioactivity. Two macrocyclic taxoids were shown to be more cytotoxic and more active in

tubulin polymerization'***** than PTX (Fig1-3). Both of these two structures have a linker
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between the C-4 acetate group and the C-3° phenyl group. According to previous work, the

T-K1 and T-K2 conformers docked into PTX binding site on tubulin very well.

Both K1 and K2 can adopt the T-Taxol conformation and the PTX-NY conformation.
To compare the stability of PTX-NY and T-Taxol, the macrocyclic conformers, which can
rigidify the PTX conformations, especially the C-13 side chain conformations, also need to

be explored.

PTX-NY K1 and K2 conformations were generated by methods the Ojima’s group
adopted. T-Taxol K1 and K2 conformations are directly from the previously published T-
Taxol form'****, Since these macrocyclic conformers are more rigid in the C-13 side chain,
we optimized them without constraining the torsions. Different force fields listed in Table
6 and Table 7 were used. The results again reveal that the T-Taxol conformer geometry is
at least 7 kcal/mol more stable in K1 and 6 kcal/mol more stable in K2 compared to PTX-
NY conformer. Again to compare the relative energies by quantum chemistry methods,
selected force field optimized structures were imported into Gaussian03 to perform single
point energy calculations. (Table 8) The single point calculations also show that T-K1 is 28
kcal/mol more stable than NY-K1 and T-K2 is 7 kcal/mol more stable than NY-K2, which

is consistent with all the previous calculations.

As aresult, the macrocyclic PTX analogs provide another piece of evidence that the T-
Taxol conformer is more stable than the PTX-NY conformer. Especially the K1 conformer
increases the energy difference between T-Taxol and PTX-NY compared to the original

PTX molecules by about 20 kcal/mol.
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Conformational differences between T-Taxol and PTX-NY

Previous energetic comparisons all favored the T-Taxol conformation relative to the
PTX-NY conformation. By superimposing T-Taxol and PTX-NY (Figure 1-2), we found
that the main difference between them occurs in the C-13 side chain. In the T-Taxol
conformation, the C1’-OH group and the C2’=0 group are on the same side by looking
from C2’ to C1°. In Figure 1-5 we can see clearly that there’s a hydrogen bond between
the hydrogen on C1°-OH and the oxygen on C2’=0, this kind of hydrogen bond typically

offers 5 kcal/mol more stable energy.

Figure 1-5. T-Taxol side chain conformer
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Figure 1-6. PTX-NY side chain conformer

At the meantime, the PTX-NY conformer (Figure 1-6) not only lacks the hydrogen
bond, which exists in the T-Taxol conformer; it also incorporates a repulsive interaction.
In the PTX-NY conformation, the distance between the oxygen from the C2’-OH group
and the ester oxygen connected to C1° is 2.7 A, which is 0.3 A less than the sum of the
van de Waals radii of two oxygens™. This short contact between these two oxygens leads

PTX-NY to be less stable.

The hydrogen bond in the T-Taxol conformer together with the oxygen-oxygen
repulsion in the PTX-NY conformer creates the energy difference between the T-Taxol
and the PTX-NY conformers. There may also be other structural reasons that induce the

energy difference between these two conformers.
Molecular dynamics of PTX in water to locate the T-Taxol and PTX-NY conformations

Up to this point, different calculations using molecular mechanics and quantum

chemistry were exploited to study conformational energy differences. All of these efforts
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reveal that T-Taxol is more stable than PTX-NY by about 10 kcal/mol. In order to
explore the dynamic properties of PTX-NY and T-Taxol, different conformations of PTX
were subject to molecular dynamics calculations in a box of water molecules (see
Methods and Results). In the calculation, we use a box of water instead of vacuum, which
provides the PTX molecule with a polar environment to mimic the tubulin binding site.

In Ojima’s model, they suggested that PTX-NY has a hydrogen bond between C2’-OH
and the tubulin His227"°. A box of water can hold this kind of hydrogen bonds if there are

any and eventually stabilize the conformation of PTX-NY.

A polar conformation of PTX was used as a starting point in the 11ns MD calculation.
By analysis of the RMSD together with the molecular conformations during the MD
trajectory, we found T-Taxol conformation at least 4 times. At the same time, we did not
see any of PTX-NY conformation presented in the 11ns MD trajectory, which implies
that the hydrogen bond between C2’-OH group and tubulin His229 group is insufficient
to compensate the energy difference between T-Taxol and PTX-NY during a molecular

dynamic calculation.

The fact that the T-Taxol conformation only presented 4 times during the MD
trajectory did not mean that T-Taxol is not a stable conformation. The present of water
solutions is not an ideal mimic of the tubulin binding site, thus the T-Taxol conformation
may change a little bit to accommodate the water solution environment instead of

keeping in T-Taxol conformation like in the tubulin binding site.

PS-Tubulin binding poses for T-Taxol and PTX-NY conformations
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So far we have only compared the stability of T-Taxol and PTX-NY under vacuum or
water solution environment, we haven’t explored how these two conformations will dock
into the tubulin binding site. Will PTX-NY fit the tubulin binding site better than T-

Taxol? In order to answer this question, a set of docking calculations was performed.

The electron crystallographic protein 1JFF'" was employed to provide a grid box for
different conformations of PTX to dock into. Four different PTX conformations (the T-
Taxol, the PTX-NY, the X-ray A conformation and the X-ray B conformation, see
methods for detail) were docked into the grid box using the extra precision docking
algorithm. In all of the four docking results, T-Taxol conformation was returned as the
top scored poses. A more impressive discovery is that almost all of the returned poses are
in T-Taxol conformation from all of the four PTX docking results, and PTX-NY does not

appear a single time in these results.

By the Glide docking, we can conclude that the T-Taxol conformation fits the tubulin
binding site in 1JFF better than the PTX-NY conformation. However, the protein may be
subject to reorganization upon ligand binding. For this reason, we would like to explore
what will happen if we also allow the protein backbone and side chain close to the
binding site to be flexible together with the ligand. Induced Fit Docking, a sequential
combination of Glide'* Docking, Prime’" protein refinement and Glide Redocking, was
an appropriate procedure to allow both the ligand and the protein to be flexible. The
Induced Fit Docking again led to the same result: even we allow the protein to move
around the binding site, only T-Taxol is found in the binding pocket, and none of

returned poses puts PTX-NY in the binding area.
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Both the Glide docking and Induced Fit Docking implies that only the T-Taxol
conformation can accommodate the PTX binding site in the 1JFF structure. The PTX-NY
conformation cannot fit into the PTX binding pocket in the 1JFF model, even when the
proteins allowed to have some flexibility. In order to accommodate PTX-NY in the
binding site, the binding pocket must rearrange, which is inconsistent with the crystal

structure we’ve determined by now.

Summary and Conclusions

The T-Taxol conformation was first observed for PTX in experiment in 2000** and
was later proved to fit the density in two independent crystallographic analyses'"".
Ojima’s group also proposed the PTX-NY conformation, which fits only the data of
REDOR experiment. However, in our experiments, we compared T-Taxol and PTX-NY
conformations using a variety of methods, all of the results show that the T-Taxol
conformation is a more energetically stable conformation.

Molecular mechanics and quantum chemistry comparison were first performed to the
C-13 side chain, the parent PTX and the macrocyclic analogy K1 and K2 for both PTX-
NY and T-Taxol. All of these results support that the T-Taxol conformation is a more
energetically stabilized conformation compared to the PTX-NY conformation by 3-28
kcal/mol (Table 1-8)

The next evaluation is an 11ns molecular dynamics trajectory analysis for PTX in a

box of water at 300K. In the molecular dynamics trajectory, T-Taxol presented several

times along the molecular dynamics path, while no PTX-NY conformation was detected.
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This again confirmed that PTX-NY is less stable in our molecular dynamics environment
compared to T-Taxol.

Docking with both rigid protein and flexible protein were also performed. The T-
Taxol docked perfectly in the tubulin binding site, while PTX-NY never docked into the
PTX pocket in all of these docking calculations we performed.

Ojima’s group has just published a paper about a new macrocyclic PTX*, which they
claim is in the PTX-NY form. However, by superimposing their 9b X-ray structure with
T-Taxol, we found that their new macrocyclic PTX analogy is in the T-Taxol
conformation, and this conformation is also more stable compared to the PTX-NY

conformation.
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Part 2. Docking and Reactivity of Cyclostreptin with

tubulin

Introduction:

Cancer represents one of the most severe health problems worldwide, and the
development of new anticancer drugs is a field of utmost importance in drug discovery. A
renowned and important target for anticancer drugs among many other molecular targets
is the mitotic spindle’. It works by incorporating and removing af-tubulin heterodimers

from microtubule ends.

Microtubule inhibitors are an established and important group of anticancer agents.
By interfering with microtubules within the mitotic spindle of rapidly dividing cells,
these agents arrest cells in mitosis and cause apoptosis. There are two distinct groups of
microtubule inhibitors®: one inhibits the assembly of tubulin heterodimers into
microtubule polymers (such as colchicine), the other one stabilizes microtubules under
normally destabilizing conditions and promotes the assembly of tubulin heterodimers into
microtubules. The latter microtubule-stabilizing agents (MSAs) are best represented by

the blockbuster drug, paclitaxel®’.

The microtubule-stabilizing properties of paclitaxel (Taxol) were first recognized in
1979 by Susan Horwitz and coworkers”. In the following few years, paclitaxel and its
derivatives were the only class of compounds known to act as microtubule stablizers.
However, since 1995 a variety of other natural products from diverse sources have been

established to share the taxanes’ ability to inhibit the depolymerization of microtubules.
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The most prominent representatives of this group include epothilones A and B*,

discodermolide”, and more recently, cyclostreptin®.

Cyclostreptin (FR182877) is a natural bacterial product. It was first discovered from
fermentations of Streptomyces sp. no. 98855 by researchers at Fujisawa Pharmaceutical
Co., Ltd., in Japan in 2000***. Early research revealed that cyclostreptin was a poor agent
in stimulating tubulin assembly™®, though it potently inhibits paclitaxel binding to
microtubules. Previous work proposed a mechanism for paclitaxel to approach its binding
site, which is on the luminal side of microtubules. When paclitaxel approaches
microtubules, a conformational change of the microtubule occurs, opening the pore in the
microtubule wall, allowing paclitaxel to diffuse into the paclitaxel binding site*'. This
assumption disagrees somewhat with the fact that cyclostreptin strongly binds to

microtubules, yet only weakly stimulates the tubulin assembly.

In trying to understand this paradox, Buey and coworkers** performed a set of
experiments. Their conclusions were striking and have the potential to shed light on the
development of a new class of MSAs. HPLC-MS experiments, kinetic experiments and
cellular experiments were performed separately*”. However, all of the results support the
finding that cyclostreptin’s potent cellular activity comes from the formation of an
irreversible covalent bond with microtubules. Thus, cyclostreptin represents a new
generation of MSAs, and this new class of MSAs had several advantages over the
conventional ones. They are able to escape two important mechanisms of resistance:

mutation of tubulin and ejection of drug from the cell by P-glycoprotein pumps.
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By mass spectrometric analysis, the formation of covalent bonds between
cyclostreptin and two amino acids on the microtubule, Thr220 and Asn228, was
determined. Thr220 is found in a pore connecting the inside and outside of microtubules,
whereas Asn228 is located in the interior of microtubules near both the paclitaxel and the
GDP binding sites. Due to the paradoxical characteristic of cyclostreptin, which strongly
binds to the microtubule, yet weakly stimulates the assembly of microtubule, and also
due to a strict 1:1 cyclostreptin-f-tubulin stoichiometry, a new model was proposed. In
this new model an initial low affinity binding site is located near the pore area on the
outside of the microtubule. In addition, a new two-step mechanism for MSAs binding to
microtubules was proposed based on this model. In the first step, MSAs bind to an outer,
low-affinity site of microtubules, and MSAs then transfer through the pore into the inside
of microtubules to bind to a high-affinity site in the lumen in the second step. This model
explains why cyclostreptin binds to only 0.5-5% of the unassembled dimers. Also with
cyclostreptin cross-linked to Thr220, the pore is blocked and other MSAs are unable to
transfer through the pore to the internal paclitaxel binding site. Since the Asn228 site is
also located near the GDP binding site, if the Asn228 attachment by cyclostreptin
contributes to the drug’s cytotoxic action, it is because of the possible displacement of

GDP, which binds at a key location in the tubulin structure.

A mechanism in which a nucleophile in the microtubule pore region attacks
cyclostreptin was proposed to explain the formation of the covalent bond. As Figure 2-1
shows, it is a conjugate addition driven by releasing the strain in an unsaturated lactone in

cyclostreptin. A set of experiments was performed to study of the reactivity of the
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strained olefin of cyclostreptin*’, which revealed a relatively high reactivity with amine,

thiol and other nucleophiles.

Figure 2-1. Mechanism for nucleophilic attack on cyclostreptin

Methods and Results

C
- (—)-FR182877

Figure 2-2: Structure of cyclostreptin. (a) Reference structure. (b) Structure built and

optimized in Maestro8.0.308'.

Since there is no 3-D structure of cyclostreptin, we started the project by constructing
cyclostreptin in 3D using Maestro8.0.308" according to the topology presented by

Christopher and coworkers®. A conformational search was performed to optimize and
P p P
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obtain a reasonable geometry of cyclostreptin and to fix the hydrogens. The lowest
energy conformation was selected as the ligand we used in dockings, which was shown in

Figure 2-2.

AutoDock blind docking to the microtubule pore

The previously developed model of the type I microtubule pore*’ was used to perform
a blind docking with the AutoDock4* package. Non-polar hydrogens were merged for
both the microtubule pore and the cyclostreptin. A grid box was made to include the
entire protein and a search grid was generated with AutoGrid4. Flexible ligand docking
was performed in AutoDock4. Docking calculations were carried out using the
Lamarckian genetic algorithm (LGA). We used initially a population of random
individuals (population size: 150), a maximum number of 2,500,000 energy evaluations,
a maximum number of generations of 27,000, a mutation rate of 0.02 and 50 outputs.

The blind docking covers several docking areas in the microtubule pore. After
removing the poses at the edge of the pore, we found that there were three main areas in
the tubulin that cyclostreptin is able to dock into: the paclitaxel (PTX) binding site (where
Asp226 resides in), the GDP binding site (where Asn228 resides in), and the pore area

(near Thr220). A cluster of docking poses is shown in Figure 2-3.
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Figure 2-3. Cluster of docking poses from AutoDock Blind Docking. Look from the

interior of the microtubule.

Glide flexible ligand docking

Glide docking'* was performed in the following three areas, the paclitaxel binding
site, the GDP binding site and the pore area. For the three binding sites, the receptor-grid
files were generated using grid-receptor generation program in Maestro. Three different
grid boxes of default size were generated at the centroid of the three active sites. The
cyclostreptin ligand was docked within the three active sites using the "SP" Glide

algorithm. To soften the potential for nonpolar parts, we performed a set of calculations

using different van der Waals radii (from 0.80 to 0.25 A).

A detailed analysis of the returned poses was performed by looking into the

interactions between cyclostreptin and nucleophiles near the three docking areas,
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especially interactions between nucleophiles on Thr220, Asp226, Asn228 and
cyclostreptin (from our interpretation of the MS data). From the results, we found that
cyclostreptin can be docked into the paclitaxel binding site, the pore area, but it cannot be
accommodated at the GDP binding site. By measuring the distance between the
nucleophilic atom on Thr220, Asn228, Asp226 and C2 on cyclostreptin respectively

(Figure 2-2), we discovered that none of these distances are beyond 8 A.

AutoDock docking with flexible residues

The same model of the type I microtubule pore was used to perform three
independent flexible residues docking in the following three sites, the PTX binding site,
the GDP binding site and the pore area. In the GDP binding site, we retained GDP in the
site to mimic the natural protein. In the PTX binding site, a grid box was generated to
exclude 12 key residues. The following docking allowed both the 12 residues and the
ligand to be flexible. In the GDP binding site, 4 residues were made to be flexible. And in
the pore area, there were 12 flexible residues. All of these three dockings employed the
same algorithm and parameter as in the blind docking.

In the PTX binding site, we measured the following distances to see if Cys213,
Asp226 or His229 can act as nucleophiles to interact with cyclostreptin.
(1). By measuring the distance between the C2 atom on cyclostreptin and the sulfur atom
on Cys213, we discover that the nearest distance between them is 5.7 A. In other poses,

Cys213 are always far away from the C2 on cyclostreptin.
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(2). The nearest distance between the C2 on cyclostreptin and the side chain oxygen on
Asp226 is 3.6 A, and this pose is captured in Figure 2-4. And there are also other poses
that put Asp226 near C2 on cyclostreptin with distances less than 6 A.

(3). None of the distances between C2 on cyclostreptin and the pyridine-like nitrogens on
His229 are closer than 5 A. However, a couple of poses have this distance between 5 A

and 6 A. Figure 2-5 captures a pose with a distance of 5.2 A between the C2 on

cyclostreptin and the pyridine-like nitrogen on His229.

Figure 2-4. One of the docked poses in the PTX binding site using AutoDock4 flexible
residue docking is illustrated. The distance between C2 on cyclostreptin and the side

chain oxygen on Asp226 is 3.6 A.
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Figure 2-5. One of the docked poses in the PTX binding site using AutoDock4 flexible
residue docking is illustrated. The distance between C2 on cyclostreptin and the pyridine-

like nitrogen on His229 is 5.2 A.

In the GDP binding site, the closest distance between the C2 on cyclostreptin and the
side chain nitrogen on Asn228 is 4.5 A. In another pose, the distance between C2 on
cyclostreptin and nitrogen on Asn228 is 6.6 A. We also measured the distance between
the side chain oxygen on Asn228 and the C2 on cyclostreptin. In two of these poses, this
distance is closer than 5 A, one of these pose has a distance of 3.2 A and the other pose
has a distance of 3.4 A. We will discuss the docking result later in the discussion part

referring the activity of cyclostreptin.
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In the pore area, no pose has a distance between the C2 on cyclostreptin and the side
chain oxygen of Thr220 closer than 6A. We also measured the distance between the C2

on cyclostreptin and the oxygen on Thr221 to be 3.5A (shown in Figure 2-6).

GDP

Cyclostreptin
3.5A

Thr221
6.2A

Thr220

Figure 2-6. One of the docked poses in the pore area using AutoDock4 flexible residue
docking is illustrated. The distance between C2 on cyclostreptin and the oxygen on
Thr221 is 3.5 A, and the distance between C2 on cyclostreptin and the oxygen on Thr220

is6.2 A,
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Induced fit docking

Three independent induced fit dockings (IFD) were performed in the
Maestro8.0.308* graphical user interface for all of the three sites, the PTX binding site,
the GDP binding site and the pore area. In the first stage of the IFD protocol, Glide was
used to generate 20 initial poses; the SP scoring function was used in all docking stages.
Further in the second stage, a protein refinement was performed around 5 A of the initial
poses. After successful active-site modification, a glide re-dock was performed to
generate a final 20 docking poses.

In the PTX binding site, we measured the following three distances.

(1). The distance between C2 on cyclostreptin and the side chain oxygen on Asp226 is

large in all of these returned poses. The nearest distance between them is larger than 6 A.

(2). The nearest distance between the C2 on cyclostreptin and the nitrogen on His229 in

all of these returned poses is 4.0 A. The corresponding pose is shown in Figure 2-7.

(3). Arg278 also locates very near cyclostreptin in most of these returned poses, which
offers an H-bond for cyclostreptin to dock into the PTX pocket. One of these poses is
shown in Figure 2-8. In this figure, there are two main hydrogen bonds, one is between
cyclostreptin and Arg278 side chain, and the other is between cyclostreptin and the

Asp226 side chain.
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Cyclostreptin

Thrzzoy

Figure 2-7. One of the docked poses in the PTX binding site using Induced Fit Docking
is illustrated. The distance between the C2 on cyclostreptin and the pyridine-like nitrogen

on His229 is 4.0 A.
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Figure 2-8. One of the docked poses in the PTX binding site using Induced Fit Docking
is illustrated. This pose shows several hydrogen bonds between cyclostreptin and other

residues.

In the GDP binding site, we measured the distance between the C2 on cyclostreptin
and the side chain nitrogen on Asn228. The nearest distance is predicted to be 6.2 A, as
shown in Figure 2-9. Among the returned poses, there are other poses that have a shorter
distance between the C2 on cyclostreptin and other residues. For example, as shown in
Figure 2-10, the distance between the C2 on cyclostreptin and the side chain oxygen on
Thr223 is 3.4 A and the distance between the C2 on cyclostreptin and the side chain

oxygen on Asp226is 3.7 A.
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Figure 2-9. One of the docked poses in the GDP binding site using Induced Fit Docking
is illustrated. The distance between the C2 on cyclostreptin and the nitrogen on Asn228 is

6.2 A, which is the nearest distance between these two atoms.
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Figure 2-10. One of the docked poses in the GDP binding site using Induced Fit Docking
is illustrated. The distance between the C2 on cyclostreptin and the oxygen on Thr223 is

3.4 A and the distance between the C2 on cyclostreptin and the oxygen on Asp226 is 3.7

A,

In the pore area, the distance between the C2 on cyclostreptin and the side chain
oxygen on Thr220 was measured. The nearest distance among all of these returned poses

is predicted to be 7.0 A.

Since we thought that the cyclostreptin’s cytotoxicity might come from its
displacement of GDPY, it is interesting to compare the binding behavior of cyclostreptin
and GDP in the GDP binding site. Another induced fit docking of cyclostreptin was

performed in the GDP binding site in which GDP was removed. The protocol of the
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calculation is identical to the one in the GDP binding site we performed previously. The
results show that cyclostreptin is able to dock into the GDP binding site, however the

distance between the side chain nitrogen on Asn228 and the C2 on cyclostreptin is large.

Discussion:

Based on the new model and the new two-step mechanism for MSAs binding to
microtubules discussed in the Introduction, we would like to test if cyclostreptin is able to
dock into the microtubule pore area and the PTX binding site, and how it could dock into
these pockets. This is of significance for understanding the binding characteristics of
cyclostreptin at a molecular level. Our goal is to determine if there are realistic and
preferred poses in the binding sites for cyclostreptin to form chemical bonds with

nucleophilic residues on the microtubule near the pore area and in the PTX binding site.
AutoDock blind docking to the microtubule pore

AutoDock Blind Docking was performed to explore where the cyclostreptin molecule
can be docked into the microtubule pore. From Figure 2-3, we can clearly see that
cyclostreptin can dock into all three main areas in microtubules, which are the PTX
binding site, the GDP binding site and the pore area. The two binding sites reported by
Buey* were found in the blind docking, but there is one more binding site, which is the
GDP binding site. This binding site is also in the interior of the microtubule, like the PTX
binding site. There are several reasons for considering this as a binding site. First we can
consider the GDP binding site as a high affinity site. When PTX or another molecule

occupies the PTX binding site, the GDP binding site is conceivably a substitution for
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cyclostreptin to bind. When the GDP is removed from the GDP binding site, this pocket

is big enough to fit a molecule of a similar size as PTX.

There are also other blind docking poses, which put cyclostreptin in places other than
the three binding areas. However, some of these poses are at the edge of the
microtubules, where the loops and side chain of the protein are not well defined. Other
poses are at the exterior of the microtubule, which is not consistent with the new two-step
mechanism of MSAs binding to microtubules. And also these poses only appear once at
one place. Thus it is reasonable for us to neglect all these poses, and consider only the

poses that sit in the three binding areas we mentioned before.

Glide flexible figand docking

Glide flexible ligand docking fixes the protein in its original coordinates, and
searches different space and different torsions for the ligand. It is a relatively cheap
calculation for placing the ligand into a docking pocket. A set of glide flexible ligand
dockings was performed to generate some general information on whether cyclostreptin
can be docked into the three binding pocket we discovered from the AutoDock blind

docking.

A detailed analysis of the returned poses was performed by looking into the
interaction between cyclostreptin and different nucleophiles near the three docking areas,
especially interaction between the nucleophiles on Thr220, Asp226, Asn228, His229 and
the cyclostreptin molecule (from our interpretation of the MS data). From the results, we
found that cyclostreptin can be docked into the paclitaxel binding site. However, none of

the returned poses suggest that there is any possibility for nucleophilic atoms on Asp226,
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Asn228 or His229 to attack the C2 atom on cyclostreptin and form a covalent bond with
the C2 atom. This conclusion is derived from measuring the distances between the C2
atom on cyclostreptin and the active atoms on these nucleophiles. The docking results
also reveal that cyclostreptin is able to dock into the pore area, yet the results suggest it is
not possible for Thr220 to interact with cyclostreptin. Finally, by docking cyclostreptin
to the GDP binding site with GDP in the microtubule pore, we found that even if we
scaled down the van der Waals radii from 0.80 A to 0.25 A, cyclostreptin still cannot
dock into the GDP binding site. This discovery does not astonish us, because GDP is
already sitting in the GDP binding site, if the protein is fixed, there’s no other room to
accommodate the cyclostreptin in the GDP pocket. Thus we cannot see any of the
cyclostreptin poses in the GDP binding site by Glide flexible ligand docking. We hope
that by allowing the protein to move around the docking pocket, cyclostreptin will be

able to dock into the GDP binding site.
AutoDock flexible residue docking

AutoDock flexible residue docking was then used to explore how the cyclostreptin
molecule will dock into the three areas identified from AutoDock blind docking with
several selected residues to be flexible. AutoDock flexible residue docking is a relative
cheap flexible protein calculation compared to other programs, since it is only allows the
selected residues to search different side chain torsions, no backbone movement is
allowed in AutoDock’s flexible residue docking. However, by moving the protein
residues, more cyclostreptin binding poses will be generated compared to the rigid

protein-docking algorithm.
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We Performed AutoDock flexible residue docking in the following three areas we
identified from AutoDock blind docking. When we performed these dockings, we allow

GDP in its original binding site to mimic the wide type protein.

Figure 2-11 superimposes all of the top 20 binding poses in the PTX binding site. All
of these poses clustered together, demonstrating that there is a well-defined docking
pocket for cyclostreptin to dock into. The side chain of selected protein residues are
subject to move to accommodate the cyclostreptin molecule, however, in the top 20

poses, the protein residues do not move a lot, since the cyclostreptin molecule has enough

space to reside in the PTX pocket.

Figure 2-11. Superposition of the top 20 docking poses in the PTX binding site from

AutoDock flexible residue docking

In the PTX binding site, we first measured the distance between the side chain

nitrogen on Asn228 and the C2 carbon on cyclostreptin. Since Asn228 was reported by
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Buey* and coworkers in the high affinity binding site and can potentially serve as a
nucleophile, which in the interior of the microtubule and can attack and then form a
covalent bond with cyclostreptin. Unfortunately, none of the returned poses predicted that
cyclostreptin reacts with Asn228, since the distances between the side chain nitrogen on
Asn228 and the C2 carbon on cyclostreptin in all of these poses are too large to have any

interaction.

Experimental data by Vanderwal and co-workers showed*’ that imidazole is
suggested to be an effective nucleophile to attack cyclostreptin. And since His229 is one
residue after the Asn228, it is possible for the cyclostreptin labeling transfer from one
residue to a nearby residue in the mass spectrum experiment compatible with movement
of the label from His229 to Asn228, the site reported by Buey*. Thus I measured the
distance between the C2 on cyclostreptin and the pyridine-like nitrogen on His229 to see
if there are some possibilities for His229 to interact with cyclostreptin. The docking
results do not give us any positive docking poses regarding His229. In all of these poses,
the nearest distance between the pyridine-like nitrogen on His229 and the C2 on
cyclostreptin is 5.2 A, which is too far for the His229 nucleophile to attack cyclostreptin,
although the pyridine-like nitrogen on His229 has a perfect orientation to attack the C2

carbon on cyclostreptin, as shown in Figure 2-5.

In our experiment, we discover that residue Asp226 in the PTX binding site is found
really close to the C2 carbon on cyclostreptin several times. One of these poses that
interest us is illustrated in Figure 2-4. As shown in the figure, the distance between the
side chain oxygen on Asp226 and the C2 on cyclostreptin is predicted to be 3.6A.

Furthermore, Asp226 resides in a right position to attack cyclostreptin, both of which are
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required for a conjugate addition. These poses indicate the possibility that the side chain
oxygen on Asp226 is able to engage in a nuclophilic attack at the C2 carbon of
cyclostreptin and form a covalent bond between them. Since Asp226 is found several
times near cyclostreptin, it is worth to consider whether Asp226 can really be a residue to
form covalent bond with cyclostreptin. Although Asp226 was not the residue reported by
Buey and coworkers* to form a chemical bond with cyclostreptin in their mass spectrum
data, my first thought was that since Asp226 is only 2 amino acids before Asn228, and
both of Asp226 and Asn228 are in the same helix near the paclitaxel binding site, it might
be possible for the mass spectrum label to transfer from Asp226 to Asn228. However, by
closely analyzing Buey’s mass spectrum, we noticed that they chopped the residues
exactly before Asn228, and found cyclostreptin signals in the piece after Asn228. For this
reason, although Asp226 is a perfect nucleophile to interact with cyclostreptin in both
nucleophilic experiment and the AutoDock flexible residue docking experiment, it was

not found in the mass spectrum experiment.

From the nucleophilic experiment, we note that cysteine may also serve as a perfect
nucleophile to attack cyclostreptin®’. We measured the distance between the side chain
sulfur atom on Cys213 and the C2 carbon on cyclostreptin to see if there are some
possibilities for Cys213 to nucleophilic attack cyclostreptin. In the same pose we
discovered a short distance between Asp226 and cyclostreptin (Figure 2-4), Cys213 is
also located nearby, the distance between the sulfur atom on Cys213 and the C2 carbon
on cyclostreptin in this pose is 5.1A, making Cys213 also possible to attack
Cyclostreptin. Unfortunately, there’s no mass spectrum evidence support Cys213 to be a

residue for cyclostreptin to react with*’.
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Figure 2-12 captures the top 20 ranking poses in the GDP binding site from
AutoDock flexible residue docking. As we can see from this picture, cyclostreptin is not
actually docked into the GDP binding site, since GDP already occupies this pocket.
However, cyclostreptin is able to find an area near the GDP binding site to dock into. In
this case, flexible residue is necessary to accommodate cyclostreptin in this area. At the
same time, cyclostreptin is not so clustered in the top 20 poses compared to the docking

result from the PTX binding site, since it searches the area nearby for any possible

docking poses.

Figure 2-12. Superposition of the top 20 docking poses in the GDP binding site from

AutoDock flexible residue docking

In the GDP binding site, we also explored possible residues that can react with
cyclostreptin around the binding site. By measuring the distance between the side chain
nitrogen atom on Asn228 and the C2 atom on cyclostreptin, we found that the nearest

distance between these two atoms is 4.5A, however, the orientation of the Asn228 residue
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makes it impossible to attack and form chemical bond with cyclostreptin. In another pose,
the distance between the side chain nitrogen atom on Asn228 and the C2 atom on
cyclostreptin is 6.6A. In this pose, Asn228 has a better orientation to react with

cyclostreptin; however, this distance is too far for Asn228 to interact with cyclostreptin.

Figure 2-13 is a superimposition of the top 20 poses in the pore area from AutoDock
flexible residue docking. This figure illustrates that there is no well-defined docking

pocket for cyclostreptin to reside in; the top 20 poses are scattered around in the pore

area.

Figure 2-13 Superposition of the top 20 docking poses in the pore area from AutoDock

flexible residue docking

Although there is no well-defined docking pocket for cyclostreptin to dock into the
pore area, we still need to explore whether some of the residues have the possibility to

necleophilically attack cyclostreptin. We measured the distance between the side chain
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oxygen atom on Thr220 and the C2 atom on cyclostreptin to see if Thr220 can attack
cyclostreptin in agreement with the mass spectrum data*’. Unfortunately, in our docking
experiment, there is no pose with the distance between the side chain oxygen atom on
Thr220 and the C2 atom on cyclostreptin nearer than 6A. However, one of these poses
reviews that there are some possibility for cyclostreptin to interact with Thr221, since the
distance between the side chain oxygen atom on Thr221 and the C2 atom on cyclostreptin
is 3.5A (Figure 2-6). Thr221, though not indicated in the mass spectrum data, is one
residue behind Thr220. According to what was discussed about a residue label
transferring during the mass spectrum experiment, Thr221 is a possible candidate in the

low affinity binding site on the exterior of the microtubule.

Induced fit docking

Induced fit docking is a flexible ligand and protein docking algorithm, which
sequentially uses the Glide'” docking algorithm, Prime protein refinement’' and Glide
redocking algorithm. Using this combination, both the ligand and the protein are allowed
to be flexible. Compared to AutoDock flexible residue docking, induced fit docking is
able to move the protein backbone together with the side chains, and is especially
accurate in predicting protein loop movement. A set of induced fit dockings was
performed to the three areas discovered in the blind docking, the PTX binding site, the
GDP binding site, and the pore area. The results were compared with those from

AutoDock4.

Figure 2-14 superimposes the top 20 docking poses in the PTX binding site from
induced fit docking. This picture again shows that there is a well-defined docking pocket

in the PTX binding site as shown in Figure 2-11. The backbone of the protein does not
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need to change much in the top 20 poses to accommodate cyclostreptin in the docking
pocket, which is consistent with the results come from AutoDock flexible residue

docking.

Figure 2-14. Superposition of the top 20 docking poses in the PTX binding site from

induced fit docking

In the PTX binding site, we are interested to see if there are some possibilities for
Asn226 or other residues to react with cyclostreptin. In most of these returned poses,
Asp226 experiences very nice orientations to interact with cyclostreptin, however the
distance between the side chain oxygen atom on Asp226 and the C2 atom on
cyclostreptin is far (almost 10A). Among all of these returned poses, one indicates that
there is another residue that has the ability to form chemical bond with cyclostreptin,

His229. As shown in Figure 2-7, the distance between the nitrogen atom on His229 and
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the C2 atom on cyclostreptin and is about 4A, and the orientation of His229 also makes it
possible to engage in nucleophilic attack on cyclostreptin. Arg278 plays another
important role in some of these docking poses. It locates near cyclostreptin in most of
these poses, offering an H-bond for cyclostreptin to dock into the PTX pocket. As Figure
2-8 shows, there are two important hydrogen bonds between cyclostreptin and the

protein, which are the Asp226-cyclostreptin and the Arg278-cyclostreptin hydrogen

bonds.

Figure 2-15. Superposition of the top 20 docking poses in the GDP binding site from

induced fit docking

Figure 2-15 shows how the top 20 docking poses differ from each other from induced
fit docking. As we saw in the AutoDock results, cyclostreptin is not really docked into

the GDP binding site, since GDP is already sitting there. However, cyclostreptin did find
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a way to put itself into the protein structure. The docking area in which cyclostreptin
resides is near the pore area. Thus the docking area is not so well defined compared to the

PTX binding site.

In the GDP binding site, the shortest distance between the side chain nitrogen on
Asn228 and the C2 on cyclostreptin is predicted to be 6.2A, as shown in Figure 2-9. The
orientation of Asn228 seems to be suitable for nucleophile attack on cyclostreptin.
However, the distance between them is too far for any reaction to take place. Among the
returned poses, some other residues reside nearby and have the possibility to attack
cyclostreptin. For example, as shown in Figure 2-10, the distance between the side chain
oxygen atom on Thr223 and the C2 atom on cyclostreptin is 3.4A, and the distance
between the side chain oxygen atom on Asp226 and the C2 atom on cyclostreptin is
3.7A. In this pose, the orientations of both Thr223 and Asp226 are excellent to undergo a
conjugate addition. It is extremely interesting to find that in the GDP binding site, there
are some possibilities for Asp226 to interact with cyclostreptin, since in the original
microtubule pore structure and the AutoDock flexible residue docked structure, the
Asp226 residue is pointing toward the PTX binding pocket. However, in this particular
induced fit docking pose, the Asp226 is pointing toward the GDP binding pocket. Why is
it that in this induced fit docking result, we cannot see a similar orientation of Asp226 as
observed by the AutoDock flexible residue docking result? One possible explanation is
that Prime protein refinement not only moves the protein side chains, it also moves the

protein backbones, making the Asp226 residue able to point to the GDP binding pocket.
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Figure 2-16. Superposition of the top 20 docking poses in the pore area from induced fit

docking

By superimposing the top 20 docking poses in the pore area from induced fit docking
(Figure 2-16), we are not surprised to find that there’s not a well defined docking pocket
for cyclostreptin as we found in AutoDock flexible residue docking result. There are
three main docking areas for cyclostreptin to reside in the pore area, one of them is near
the exterior of the microtubule, one of them is near the Thr220 residue, and the one is
almost inside the PTX binding site, since we made the grid box big enough to cover the

PTX binding site.

In the pore area, the shortest distance between the side chain oxygen atom on Thr220

and the C2 atom on cyclostrptin is 7.0 A; too far for Thr220 to interact with cyclostreptin.
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As illustrated above, cyclostreptin sits between two tubulin dimers in the pore area.
Only the af-dimer crystal structure can be found in the Protein Data Bank (PDB)* with
3.5A resolution. The two-dimer protein we used in our calculations was derived from
docking the tubulin into a microtubule model, with a resolution of 8A*'. Although our
model is good in the PTX and GDP binding site, there might be some differences
between the model and the real microtubules in the pore area, making it difficult to
predict the docking poses of cyclostreptin and the interactions between cyclostreptin and

the protein.

Summary and Conclusions:

The result of the blind docking using AutoDock4 convinces us that there are three
main areas for cyclostreptin to dock into microtubules. These include the famous PTX

binding site, the GDP binding site, and the area near the pore of two dimers.

The Glide docking suggests that cyclostreptin is able to dock into the PTX binding
site, the pore area, but unable to dock into the GDP binding site. Also the results reveal
that there is little possibility for the nucleophiles Thr220, Asn228 or Asp226 to attack

cyclostreptin under docking conditions in which the protein residues are held rigid.

Results from flexible residue docking using AutoDock4 and induced fit docking
using Maestro8.0.308 both reveal that cyclostreptin is able to dock into the three areas
found in previous blind docking. These are the same three sites explored by Glide
flexible ligand docking: the PTX binding site, the GDP binding site and the pore area.

Calculations with both of the docking programs suggest that there is little possibility for
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Thr220 and Asn228 to interact with cyclostreptin. However, there are some possibilities

for Cys213, Thr221, Thr223, Asp226 or His229 to do so.

The MS data** showed that there are two residues, Thr220 and Asn228, which are
able to form covalent bond with cyclostreptin. However, since His229 is only one residue
after Asn228, there might be some possibilities for His229 to form a covalent bond with
cyclostreptin in microtubules first. Then the amino acid fragment with cyclostreptin
covalently bond to His229 might undergo rearrangement in the MS before it has been
recorded. Thus, there might be the possibility that cyclostreptin actually bonds to His229

instead of Asn228.

Vanderwal® tested the reactivity of cyclostreptin with several nucleophiles. However,
they did not do test on alcohol groups. As we can see from their paper, they synthesized
the cyclostreptin molecule in ethanol. This indicates that Thr220 may not serve as a
nucleophile since cyclostreptin is stable in ethanol. Thus, it seems that Thr220 is not a
preferred nucleophile if there are other more nucleophilic amino acids with proper
orientations around cyclostreptin. Also, there is no study of the reactivity between alcohol
and cyclostreptin. However, cyclostreptin can be synthesized in methanol®. In this sense,

whether Asn228 can be a nucleophile to attack cyclostreptin is still a mystery.
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Part 3. Possible Interactions between Ligand Trifluoromethyl

Groups and Proteins

Figure 3-1. The structure of compound 16677

Introduction

Measles virus is one of the most infectious pathogens we have ever known®. Though

we have ribavirin®®>!

to treat measles virus infections, it is the only drug available these
days. Also due to the low coverage™ of this drug and limited efficacy™, there are still
large numbers of people who die from measles virus infections every year. The

development of new anti-measles compounds is really important in controlling this

disease.

Compound 1-methyl-3-(trifluoromethyl)-N-[4-(pyrrolidinylsulfonyl)phenyl]-1H-
pyrazole-5-carboxamide, 16677 (shown in Figure 3-1) was found to be the most potent
cell-based high-throughput screening (HTS) inhibitor against MV identified from a
30,000 compound library>**>°, We also found in the experiment that substitution of the
trifluoromethyl group in compound 16677 with a methyl or a #-butyl group completely

abrogates the inhibitory activity of this compound™.
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Methods and Results

In order to gain insight into the possible role of the pyrazole CFsas an enhancer of
MYV inhibition and to investigate more generally the structural influence of CFs groups in
protein-bound ligands, Relibase+’’ was used to search for such protein-ligand complexes
in the Protein Data Bank (PDB)*. A total of 132 ligands containing the CF, moiety was

returned from the search.

ReliView was used to analyze the interaction between CF; groups and proteins in
cluster of protein side-chains, water, ions, or other small molecules within 4A. In the
returned hits, less than a dozen trifluoromethyl groups were located in hydrophobic
environments, while 15 were directed into the aqueous layer surrounding the proteins.
Carbon-fluorine bonds in 117 complexes were able to participate in at least one CF---HX

(X'=0, N or S) interaction in which F---X distances ranged from 2.7- 3.6 A.
Discussion

It has been argued that fluorine rarely engages in hydrogen bonds in small molecule
X-ray crystal structures™. However, in protein pockets where ligands are constrained by a
variety of forces, it appears to be more possible for fluorine to experience H-bonding

interactions with its surroundings.

F---X distances beyond 3.0 A can be regarded as dipole-dipole interactions that most
likely provide small stabilizing contributions (< 1 kcal/mol) for the observed binding
poses. An example is presented in Figure3-2 (PDB code 1NCR?), in which one of the

CF:fluorine atoms has a short contact with the backbone NH of Tyr144.
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Figure 3-2. One of the CF, fluorine atoms interacts with the backbone NH of Tyr144 in

INCR.

Figure 3-3. In 1P2S, the CF, group is situated between Arg97 and Lys101 side chains by

bidentate and monodentate hydrogen bonds, respectively.

A subset of 28 cases involved Arg, Lys and His residues that direct N-H bonds
toward fluorine. One interesting pose (1P2S%) located the fluorine between Arg and Lys
side chains as shown in Figure 3-3. The topographical representations shows that Arg97

forms a bidentate contact with two fluorine atoms, while Lys101 interacts with one
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fluorine in the same pair; all of which involve F---H distances of 2.6-2.7 A. The latter are

0.3-0.4 A smaller than the sum of the van der Waals radii®> (N 1.55, F 1.47 A).

Ser195 NH-.._|
o_ oSer‘195
N\ F .-SH Cys42
NP 35

Cys42 R YT
F

28

@S
(¢

HN—« His57

b

Figure 3-4. F—HS hydrogen bond and a charge dipole interaction between a ligand C-F

bond and His57 are illustrated in 1EAS.

Figure 3-5: The CF, group of the pyrazole ligand interacts with the cationic Arg143 side

chain in 1X7A.

Figure 3-4 shows that a trifluoromethyl ketone(1EAS®') has a weak interaction with

the SH of Cys42 and a stronger interaction with His57.
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Four protein ligands are found similar to that of compound 16677, which has a CFs
group in the pyrazole ring. Three of these (1X7A%, 1CX2% and 6COX®) have interactions
between the CFs fluorines and a single Arg residue (as Figure3-5 shown). In the fourth
protein (10Q5%), the trifluoromethyl group is in a hydrophobic region on the surface of

the protein.

If the binding site for the trifluoromethyl group in the MV RNA-dependent RNA
polymerase is hydrophobic or exposed to solvent, then the substitution of CFsin 16677

with CHs1is unlikely to cause complete loss of activity as observed.

Summary and Conclusions

Thus, we conclude that the pyrazole-CFzin the highly active MV inhibitor examined
in this work is likely to be docked into a pocket that is surrounded by Arg, Lys and/or
His. This prediction is important in developing new potent anti-measles candidates with

similar or more bioactivity and improved solubility.
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