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ABSTRACT: A comprehensive conformational analysis for the anticancer agent pironetin (1) was achieved by molecular
modeling using density functional theory calculations at the B3PW91/DGTZVP level in combination with calculated and
experimental "H—"H coupling constants comparison. Two solvent-dependent conformational families (L and M) were revealed
for the optimum conformations. Docking studies of the pironetin—tubulin complex determined a quantitative model for the
hydrogen-bond interactions of pironetin through the aAsn249, aAsn2S58, and aLys352 amino groups in a-tubulin, which
supported the formation of a covalent adduct between the aLys352 and the f carbon atom of the a,f-unsaturated lactone.
Saturation-transfer difference NMR spectroscopy confirmed that pironetin binds to tubulin, while molecular dynamics exposed a
distortion of the tubulin secondary structure at the H8 and H10 a-helices as well as at the S9 f-sheet, where aLys352 is located.
A large structural perturbation in the M-loop geometry between the alle274 and aLeu28S residues, an essential region for
molecular recognition between a—a and f—p units of protofilaments, was also identified and provided a rationale for the

pironetin inhibitory activity.

B INTRODUCTION

The a,f-tubulin heterodimer is the basic structural constituent
of microtubules and one of the leading targets for cancer
therapy due to its relevant role in cellular replication.'
Subsequently, substances which interfere with its polymer-
ization and depolymerlzatlon process are candldates for drug
development Pironetin (1) (Figure 1),>73 isolated from the
fermentation broths of Streptomyces prunicolor PA-48153 and
Streptomyces sp. NK 10958, is a potent inhibitor of tubulin
assembly. This polyketide, as well as its 7',8"-epoxide and
demethoxylated derivatives,”* containing the pharmacophoric
alkenyl-5,6-dihydro-2H-pyran-2-one moiety,” showed antiproli-
ferative activity against various cancer cell lines including HL-60
human myeloid leukemia.* Although most tubulin-interacting
agents attach to the f-unit, pironetin covalently binds to the a-
unit at Lys352, which is located in the f-sheet 9 strand at the
entrance of a small pocket and facing the S-tubulin unit of the
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Figure 1. Chemical structure of pironetin (1).

next dimer, resulting in microtubule destabilization.®> This
bioactive compound has become the focal point of a series of
studies in relation to its asymmetric and enantioselective total
syntheses® and was found to be effective against cell lines
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resistant to microtubule-targeted drugs and multidrug-resistant
cells with mdr1 gene expression.” Pironetin also showed cancer-
cell-specific apoptosis as well as inhibition of in vivo
angiogenesis'® and was used as a model compound to explore
apoptotic mechanisms.""

Several studies on the design, synthesis, and biological
evaluation of pironetin analogues have been published,
including modifications to simplify the structure and enhance
its lipophilicity.'> More recently, work on synthesis of pironetin
analogues hybridized with combretastatin derivatives and
evaluation of their cytotoxic activity was reported."> A previous
study characterized the pironetin binding site by systematic
alanine scanning demonstrating that pironetin covalently binds
to a-tubulin at @Lys352.* Quantitative models for the
conformational behavior as well as the molecular dynamics of
pironetin’s mode of interaction with tubuline in solution have
not been explored. This work describes the conformational
analysis of pironetin on the basis of density functional theory
(DFT) calculations compared with detailed '"H—'H NMR
coupling constant analysis. These studies present the conforma-
tional preferences and three-dimensional features of pironetin
for the generation of the a-tubulin-ligand interaction models
and their molecular dynamics.

B RESULTS AND DISCUSSION

Conformational Analysis. Because of the large number of
rotating bonds and the capacity of pironetin to form inter- and
intramolecular hydrogen bonds, its conformational analysis
presented a significant challenge. Construction of minimum
energy molecular models was based on the Spartan'* program
and then followed by an extensive conformational search usin:
the Monte Carlo method," applying the MMFF94 force field
with an energy window established from 0 and 15 kcal/mol.
After analysis of the geometries and removal of duplicates, a
group of 967 conformers was obtained and followed by DFT
geometry optimization at the B3LYP/6-31G(d) level'” yielding
107 distinct conformers within the first 4.5 kcal/mol.
Geometrical optimization followed using the B3PW91 func-
tional and the DGTZVP'® basis set as implemented in the
Gaussian program'® to afford $3 conformers with relative
energies ranging from 0 to 3 kcal/mol. Thus, the omission of
any essential conformer due to the high degree of torsional
freedom of 1 was avoided. Figure 2 shows the eight most stable
conformers of pironetin representing approximately 70% of the
conformational population.

Theoretical Coupling Constant Calculations. NMR
parameters for each structure were calculated using the
Gaussian program.'” The gauge-included atomic orbital
(GIAO) method provided the shielding tensors and the
coupled perturbed Kohn—Sham method calculated the
'H—'H NMR coupling constant terms, i.e., the Fermi contact,
the spin-dipole, the diamagnetic spin—orbit, and the para-
magnetic spin—orbit.”® The four terms of each of the 'H—'H
vicinal and geminal coupling constants (Ji;35) calculated at the
B3PW91/DGTZVP level?! were combined and are listed for
each conformer in Table SI (Supporting Information). The
AG = —RT In K equation provided the population for each
conformer by taking into consideration a cyclic equilibrium
among the selected ones. Each coupling value was Boltzmann-
weighted, taking into account the DFT population to integrate
the population-averaged coupling constants. A scaling factor,
obtained in previous work,”* was applied to the DFT-calculated
Jun in vacuo showing a very good correlation with the
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Figure 2. Most relevant conformers of pironetin calculated in vacuo at
the DFT B3PW91/DGTZVP level.

experimental couplings measured in CDCl; (Table 1) with the
exception of the vicinal coupling between H-9 and H-10 (J, ).
Molecular models were able to mimic the conformation of the
pyrone ring including the initial portion of the alkyl chain
(01-C2—-C3—-C4—C5—C6—C7-C8), the ethyl chain (C16—
C17), plus the terminal alkenyl moiety (C11-C12—Cl13=
C14—C15), but not the behavior of the central region of the
alkyl chain (C8—C9—C10—C11). A detailed analysis involving
the measurement of the '"H NMR spectrum in a solvent with a
differing dielectric constant was required to explain the origin of
such a difference. In CD;0D, the difference between the
theoretical and experimental Jy,, became larger and a
noticeable modification occurred in J)y,, (Table 2).

Two conformational families can be identified among the
numerous pironetin rotamers (Table 1). The first group is
formed by those conformers adopting an L arrangement in the
alkenyl side chain and presenting an intramolecular hydrogen
bond between the hydroxyl group at C-8 and the methoxyl
group at C-10 (Figure 3). The second one, named herein as M,
is formed by those conformers in which the alkenyl side chain is
extended in a zigzag arrangement with the hydroxyl and
methoxyl groups oriented toward opposite faces (Figure 3). L-
Type conformations prevailed in vacuo or in such aprotic low-
polar solvents as CHCI, because of the O(8)—H(8)---O(10)
intramolecular hydrogen bond. The M-type, sterically more
favored, predominated in polar solvents as CH;OH where they
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Table 1. DFT Calculated and Experimental 'H—"H Coupling Constants of Pironetin

b

'H-'H Jatea® Jexp
3,4 9.95 9.80
4,5 6.08 6.00
S,16proR 9.54 9.70
S,16proS 4.54 4.70
16proR,16proS —13.82 —13.60
5,6 3.77 3.50
6,7proR 1.55 2.50
6,7proS 9.54 9.90
7proR,7proS —13.62 —13.70
7proR,8 9.67 9.70

'H-'H Jesed Jesp
7proS,8 135 2.70
8,9 1.28 1.70
9,10 1.57 4.00
10,11 7.83 6.60
11,12proR 9.20 8.00
11,12proS 291 4.30
12proR,12proS —14.09 —13.50
12proR,13 8.39 7.30
12proS§,13 5.58 6.40
13,14 14.73 14.80

“Theoretical coupling constants (in hertz) were calculated at the B3PW91/DGTZVP level for the 53 most stable optimized structures. Coupling
constants were Boltzmann-averaged using the X, J' X P’ equation, where J' is the coupling constant value for each conformer and P’ is the population
for the ith conformation calculated from the relative Gibbs free energies at 298 K and 1 atm. The averaged coupling constants were scaled with

factors: fH(5P3)*H(5P3) = 0.910; fH(spS)fH(spz)_ 0.929, and fH(spS)—H(sp})_ 0.977.

®In hertz obtained by nonlinear fit of the experimental '"H NMR

spectrum to the simulated spectrum (for full details, see Table S1, Supporting Information).
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Figure 3. Top: representative minimum energy structures for the two conformational families of pironetin. (A) Molecular model for an L-type
conformer (1-1) and (B) molecular model for an M-type conformer (1-13). Bottom: H-10 coupling constants variation (Jy,,o and J;4,,) as a function
of the media reflects changes in the conformational populations. (C) H-10 in vacuo (mainly L-type conformers), (D) H-10 in CDCl, (coexistence of
both L- and M-type conformers), and (E) H-10 in CD;OD (mainly M-type conformers).

were stabilized by intermolecular hydrogen bonds (Tables S2
and S3, Supporting Information). In fact, the observed
conformation in the solid state® corresponded to the M-type
since the molecular crystal packing involved the intermolecular

hydrogen bonds.
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Thus, the theoretical values for pironetin J;,, = 1.6 Hz and
Ji011 = 7.8 Hz showed that in vacuo most conformers belong to
the L-type family (Table 2), while the J;,, = 4.0 Hz value in
CDCl, indicated that there is an important contribution of both

conformational families. According to the following equations,
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Table 2. "H—"H Coupling Constants (Hz) for the C9—C10—
C11 Fragment in Several Media and the L:M
Conformational Ratio

media Jo,0 (Hz) Jion (Hz) L:M ratio (%)“
in vacuo (DFT) 1.6 7.8 93:7
cpcl, 40 66 64:36
CD;0D 8.8 2.8 7:93

“Calculated taking into account the Jy,, and Jy ;o theoretical couplings
for conformers 4-1 and 4-13.

L-type conformers exist in 64% while M-type are present in
36%.

J=%L(J,_,) + %M(],

sear) %L + %M = 100%

In CD;0D, the conformational population shifted toward
the M-type conformers to an estimated 93% from the observed
coupling constant (Jo;, = 8.8 Hz). To explore the solvent
influence on the energy values as well as on the types L and M
conformers, the solvation energy for one representative
conformer of each group, using CHCl; and CH;OH, was
calculated, ie., 1-1 (for L-type) and 1-13 for (for M-type).
Polarizable continuum model (PCM)* provided the calcu-
lations. The corresponding values are included in Table 3

Table 3. Free Energy for Conformers 1-1 and 1-13 of
Pironetin in Several Media®

conformer AGi, vacuo AGi, vacuo + AGcaay, AGi, vacuo + AGcn,on
1-1 (L) 0.000 —3.651 —30.697
113 (M) 1.753 —2275 ~32.085
AAG 1.783 1.375 —1.388

“In kcal/mol calculated with the polarizable continuum model at the
DFT B3PW91/DGTZVP level of theory. The free energy absolute
value for conformer 1-1 in vacuo is —654901.593 kcal/mol.

together with the free energy values for comparison. The free
energy difference between conformers 1-1 (L-type) and 1-13
(M-type) in CHCl; (AAGgyc, = 1.375 keal/mol) reflects a

slightly increased preference for conformer 1-13 in respect to
the free energy difference in vacuo (AAG,, o = 1.753 keal/
mol), although in both cases the predominant conformer is 1-1
(L-type). In CH;OH, the free energy difference indicated a
significant prevalence of the M-type conformation over the L-

type (AAGey,on = —1.388 kcal/mol). The energy difference
(3.14 kcal/mol) between AAG,

sponded to that for a hydrogen bond. The results indicated that
such a value could correspond to the energy associated with
gaining two intermolecular hydrogen bonds with the solvent
(CH;OH) in 1-13 and losing one intramolecular hydrogen
bond due to the conformational change of going from 1-1 to
solvated 1-13.

Spectral Simulation. The 'H NMR spectrum (300 MHz)
of pironetin shows a complex pattern in which H-9 and H-11
methine signals overlap with H-7, H-12 and H-16 methylene
signals, generating high-order spin systems. Therefore, precise
chemical shifts and coupling constants were simulated by
multiple iterations of the spectral parameters using the
MestReNova program.”* Under irradiation of H-10 at & 2.98
ppm, H-9 and H-11 signals were simplified permitting a
simulated trace similar to the experimental spectrum with a
root-mean-square error of 0.41 Hz (Figure 4). At this point, H-

and AAGgy,oy corre-
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Figure 4. Comparison between the experimental "H NMR spectrum
of pironetin in CDCl; at 300 MHz measured under irradiation of H-10
(upper traces) and the simulated spectrum (lower traces) obtained
with RMS of 0.41 Hz. Assignments were confirmed by 2D NMR.

10 was included in the simulation data set, completing the
spectral simulation of pironetin resulting in a root-mean-square
error of 0.37 Hz. The final spectral parameters for the 30 nuclei
are listed in Table 4. The comparison for the simulated and
experimental spectra is shown in Figure S1 (Supporting
Information).

Pironetin—tubulin Interactions. Docking studies can
determine the optimum conformation and binding mode of
pironetin to @-tubulin to inhibit the polymerization process and
provide a quantitative model that includes the atomic
coordinates and energy for the resulting entire system. This
model can also be followed through a time—course study using
molecular dynamics (MD)?® and used as a valuable tool for
characterizing protein—ligand sequences and their interactions
in solution. Since pironetin covalently binds to tubulin at
aLys352, a binding model was also generated in order to
explore the protein conformational changes when the ligand is
attached to tubulin. Visualization and evaluation of these
models could eventually be useful in the design of more

dx.doi.org/10.1021/j0500420j | J. Org. Chem. 2014, 79, 3752—3764
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Table 4. Detailed "H NMR Assignments of Pironetin®

H & (integral, multiplicity, J (Hz))
3 6.0284 (1H, ddd, J34=98 35 = =L.1, J316p05 = 0.2)
4 7.0132 (1H, dddd, J34 =98, Jss = 6.0, [, = —0.1, Jai6pros = -0.3)
S 22865 (1H, dddddddd, Jzs = —L1, Jy5 = 6.0, Jss = 3.5, Jszpror = —0.2, Js 7pros = 0.5, Jsg = 0.5, J5 16pr0r = 97 Js,16pr0s = 4.7)
6 4.7404 (1H, ddddddd, J, s = —0.1, Js = 3.5, Js7pror = 2:5, Jo, 7pm0s = 99 Jos = 04, Js16pror = =07, Je16pr0s = —0.5)
7proR 1.7270 (1H, dddddddd, Js7p0r = =02, Jozpror = 25, Jrprorzpros = =137, Jprors = 97 Joprors = =05, Jrprorigpror = 025 Jrproripros = 07, Jrpromonr = —1.2)
7proS 1.6845 (1H, ddddddd, Jszpros = 0-5, Jogpros = 99 Jrprorzpros = —13.7, Jopross = 2.7, Jopros9 = =02, Jrprosigpror = 02, Joprosom = -0.5)
8 4.2053 (1H, dddddddd, Jss = 0.5, Jss = 0.4, Jrprors = 97, Jrpross = 2.7, Jso = 1.7, Jsnn = 04, Jg18 = 04, Jsou = 3.0)
9 1.7820 (1H, dddddddd, Joprorg = =05, Joproso = =02, Jgo = 1.7, Jo10 = 4.0, Jo11 = —0.5, Jo 12pres = 0.5, Jous = 7.1, Joou = —-0.3)
10 2.9835 (1H, dd, Jy,0 = 4.0, J1p1; = 6.6)
11 1.8586 (lH, ddddddddd, ]8,11 =04, ]9,11 =-05, ]10,11 = 6.6, ]11,12me = 8.0, ]11,12pms =43, ]11,13 =-02, ]11,14 = —04, ]11,18 = —04, ]11,19 = 6-9)
IZPYUR 1.8650 (IH, ddddd, ]11,12me = 8.0, ]lprR,lprS =-135, ]12me,13 =73 ]12me,14 =—14, ]upmzms = 1-1)
12proS 2.0980 (1H, ddddddd, Joapros = 0-5, Jinizpros = 435 Jizpror12pros = —13-5, Jiapras,iz = 64 Jiaprosia = —1.1, Jiaprosis = 1.3, Jiapros,io = 0.3)
13 $.3735 (le dddddd, ]11,13 =-02, ]12me,13 =73, ]llpraS,B =64, ]13,14 =148, ]l},ls = -5, ]!3,19 = 0-2)
14 54422 (lH, ddddd, ]11,14 =-04, ]12me,14 =-14, ]lmeS,l4 = -1, ]13,14 =148, ]14,15 = 6-3)
1§ 1.6685 (3Hr dddd; ]12pmms =11, IIZpruS,IS =13, ]13,15 =-1§, ]14,15 = 6-3)
16proR 1.5065 (1H, dddddd, Jsepror = 97, Jopgpror = —0.7, Jrpror16pror = 025 Jrpros16pr0r = 0-2) Jigpror16pros = —13:6, Jigpror17 = 7.5)
16proS 1.6985 (1H, ddddddd, J316pr05 = 02, Jaispros = =03, Js16pros = 4.7y Jo16pr05 = —0-5, Jrpror16pros = 0.7, Jigpror 16pros = —13.6, Jigpros17 = 7.5)
17 0.9693 (3H, dd, Trspror17 =7-5, Jisprosi7 = 7.5)
18 1.0063 (3H, ddd, Jsis = 04, Jou5 = 7.1, Ji118 = -0.4)
19 0.9620 (3H, ddd, Jitie = 6.9, Jiz19 = 0.2, Jizpros, 19 = 0.3)
OH 34398 (1H, dddd, J7mron = =12, Jopson = =05, Json = 3.0, Joon = —0.3)
OMe 3.4742 (3H, s)

“Experimental spectrum measured in CDCl; at 300 MHz. Chemical shifts are in ppm and coupling constants in hertz. Data were obtained by
nonlinear fit of the experimental '"H NMR spectrum to the simulated spectrum with RMS = 0.37 Hz.
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Figure S. Clustering histogram for the six high-scoring pironetin—tubulin complexes.

selective tubulin interacting compounds based on this
polyketide.

Docking Study. There are several X-ray structural studies
available from the RCSB Protein Data Bank containing
crystallographic coordinates for tubulin. Some studies provide
the coordinates for the a,f-tubulin heterodimer as the basic
structural unit of microtubules,””*® while others offer the
coordinates for a,f,a,f-tetrameric complexes,29 which in some
cases included associated proteins for stabilizing the macro-
structures. In the present study, the tubulin atomic coordinates
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were obtained from the 1JFF crystallographic file, which
corresponds to Bos taurus a,f-tubulin heterodimer cocrystal-
lized with paclitaxel, GDP, GTP, Zn®*, and Mg’* refined at 3.50
A resolution.”” We consider this file as the most appropriate for
our purposes dedicated to model the interaction between such
heterodimer and pironetin as an inhibitor of the protein
polymerization. The more elaborated tetrameric complexes,
designed to explain microtubule stability, were not evaluated in
this study. The pironetin minimum energy molecular model (1-
1) described above was utilized as the starting point for the
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Figure 6. Highest scoring complexes between pironetin and tubulin originated from the L-type conformer 1-1 (A and B) and from the M-type
conformer 1-13 (C and D). The distance between the aLys352 amino group and the f3 carbon atom of the @,f-unsaturated lactone (NH,—Cf), the

docking energy (E;), and the hydrogen bond distances are indicated.

ligand greparation. Default values were assigned for the ligand
torsion™” tree and for the Gasteiger—Marsili charges®' by means
of the AutoDock Tools program. A preliminary scanning on the
protein surface was carried out using the AutoDock Vina
program®” and then the AutoDock 4 program® for a refined
simulation of 1000 complexes. Specific features of interaction
between pironetin and tubulin were taken into account for the
scoring process. They were (a) the distance between the
aLys352 amino group and the f carbon atom of the a,f-
unsaturated lactone, (b) the number of hydrogen bonds, (c)
the docking energy of complexes, and (d) the number of
hydrophobic contacts. Figure S shows the six most
representative binding modes of pironetin clustered according
to their conformation and docking energy. In all these cases,
pironetin remained close to the surface behind the aLys352
residue, displaying high-affinity for this protein site.

The most stable complex (Figure 6A) was found at E; =
—7.10 kcal/mol and showed hydrogen bond interactions
between the hydroxyl group at C-8 of pironetin and the
peptide carbonyl group of aAsn249 (1.89 A). Interactions
among the aLys352 amino group hydrogen atoms and both O-
1 and O-8 of pironetin (2.10 and 1.97 A, respectively) were also
observed. The most frequently found complex orientation
(Figure 6B) was at E; = —6.97 kcal/mol and showed hydrogen
bond interactions between the carbonyl group at C-2 of
pironetin with one amide hydrogen of @Asn258 (1.84 A). The
hydroxyl group at C-8 in pironetin also interacted with the
peptide carbonyl group of aAsn249 (1.93 A) and with the
aLys352 amino group hydrogen atoms (1.97 A). Both
complexes were located at the entrance of the small pocket
found between the a-helix HS, f-sheet S9 and a-helix H10
(Figure 7) near the surface behind aLys352, agreeing with the
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Figure 7. Structure of the most frequent pironetin—tubilin complex
(E= —6.97 keal/mol), showing the interdimer surface region, the H8
and H10 a-helices, the S9 f-sheet, and the M-loop. The internuclear
distance between the aLys352 amino group and the $-carbon atom of
the a,f-unsaturated lactone ring is 3.69 A.

binding site proposed by Usui et al.’ In both situations, the
distance between the aLys352 amino group and the f carbon
atom of the a,f-unsaturated lactone ring was close enough to
favor a Michael addition: 3.69 A for the most frequent and 5.38
A for the most stable complexes. Other conformational
arrangements at this binding site were detected in the full

dx.doi.org/10.1021/j0500420j | J. Org. Chem. 2014, 79, 3752—3764



The Journal of Organic Chemistry

D 82% 30
81%
71% 20
83% L
91% 67% 10
r«wv' ro
C F30
20
10
M i
B 30
20
10
AN AN W A | e Fo
18
15 19
A 17
400
14
3 13
4 200
i L
. o
7.5 6.5 6.0 5.5 2.0 15 1.0 0.5
f1 (ppm) f1 (ppm)

Figure 8. STD NMR spectra showing the vinylic and aliphatic regions. (A) Spectrum of 2 mM pironetin measured in 10 mM sodium phosphate
buffer pD 7.2 in 99.9% D,0 with DMSO-dg (5% v/v) at 25 °C. (B) Off-resonance spectrum of pironetin obtained in the presence of 20 uM a,f-
tubulin and S mM sucrose under irradiation at —9 ppm. (C) On-resonance spectrum of the pironetin—tubulin complex obtained under irradiation at 0
ppm. (D) Corresponding difference spectrum including saturation transfer effects.

clustering histogram of the pironetin-tubulin interaction
(Figure S2, Supporting Information). However, they exhibited
higher docking energies and less favorable scoring results
compared to the complexes depicted in Figures 6A and 6B. A
second docking procedure was performed using the M-type
conformer 1-13, as the initial ligand geometry, and by releasing
all the rotatable bonds. Several additional low energy complexes
were obtained but they had either longer distances between the
aLys352 amino group and the f carbon atom of the a,f-
unsaturated lactone or a smaller number of hydrogen bonds.
Two representative complexes of this second process are
depicted in Figure 6CD. Since M-type conformers are
preferred in polar solvents, it is conceivable that they can be
involved in the first stages of the ligand approach. After that,
the protein surface may alter the medium lipophilicity and
consequently may change the conformation and binding mode.
The most important feature for a highly favorable complex is
the presence of a short distance between the aLys352 amino
group and the f carbon atom of the a,f-unsaturated lactone, as
in the complex of Figure 6B. This proximity favors the covalent
binding to aLys352 that ultimately shifts the equilibrium
toward an irreversible adduct formation.

Additionally, the complex of Figure 6B displayed hydro-
phobic interactions between the C-15 methyl group and one
terminal methyl group of aLeu248 with a distance of 3.52 A
and between C-15 and the methine group of aVal353 with a
distance of 3.97 A, while the f carbon atom of the a,f3-
unsaturated lactone showed interaction with the f carbon atom
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of aAsn249 with a distance of 3.81 A, positioning this
arrangement as the one with the highest scoring.
Saturation-transfer difference (STD) NMR spectroscopy” >
was used to complement the docking study with experimental
data in order to demonstrate the pironetin—tubulin inter-
actions. Figure 8 shows the vinylic and aliphatic regions of the
STD NMR spectra of pironetin, which were measured using
sodium phosphate buffer in D,0O with 5% DMSO-dy in the
presence of a,f-tubulin and sucrose at 25 °C. Under these
conditions, all signals could be measured with the exception of
those for H-6, H-8, and H-10, which were difficult to evaluate
due to their overlapping with HDO and sucrose signals. Figure
8A shows the spectrum of pironetin without the protein, while
Figure 8B shows the off-resonance spectrum of pironetin in the
presence of tubulin in a 100:1 molar ratio. The protein induced
a notable broadening of the pironetin signals, as a consequence
of protein binding.** The line widths changed from 1 to 2 Hz in
the ligand spectrum alone to 16—24 Hz in the spectrum of the
complex. This change was not observed in the sucrose signals,
which remained with line widths of 1—-2 Hz. Figure 8C shows
the on-resonance spectrum where strong signal saturation
occurred, and Figure 8D shows the difference spectrum
indicating a marked interaction between the ligand and the
protein. Saturation transfer values were in agreement with the
pironetin—tubulin complexes depicted in Figure 6A,B. The C-
18 methyl group remained closer to the protein surface, while
C-17, as part of the ethyl chain, pointed outward in some poses
toward the opposite side yielding a slightly smaller STD effect.
The functionality of the pironetin—tubulin complex employed
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in this work was confirmed by polymerization inhibition assays
based on optical density measurements. Tubulin polymer-
ization was reduced by 77% with respect to the control after 60
min of interaction with pironetin (Figure SS, Supporting
Information).

Molecular Dynamics. MD of pironetin—tubulin was
carried out with the @,f-tubulin dimer which included water
molecules, cofactors, and ions. This analysis was based on the
protocol described by Shanker et al. for the paclitaxel—tubulin
dynamic interaction,”® using the GROMACS program™ for the
simulation, the GROMOS force field®” for ligand para-
metrization, as well as the Berendsen®® and Parrinello—
Rahman® thermostats for protein parametrization as described
in the Experimental Section. The most frequently found
pironetin—tubulin complex (E; = —6.97 kcal/mol) in the
docking analysis was the starting point geometry for the
molecular dynamics to which was incorporated one GDP
molecule, one GTP molecule, two Mg2+ ions, 34 Na* ions, and
approximately 40000 H,O molecules. This protein—ligand
complex was initially subjected to a position-restrained
molecular dynamics run to accommodate the nucleoside
phosphates, solvent molecules, and ions in adequate locations.
MD at 20 K followed without position restraints in order to
release the molecular tension generated by the crystallographic
interactions and equilibrate the entire system to a starting
point. The system was gradually heated to 300 K, and 3 ns MD
simulations were performed as can be seen in video S1
(Supporting Information).

Since the probability of a covalent reaction between tubulin
and pironetin is a function of the distance between the tubulin
aLys352 Ne amino group and the pironetin C-f position of the
a,p-unsaturated lactone, distances were monitored during the
MD simulations. A representative plot is presented in Figure 9
together with the Coulomb potential variations of the distance
between the two atoms.

Distance (A)

Energy (kJ mol™)

|
2000

C 1
0 1000

Time (ps)

Figure 9. Time—course measurements for (A) the internuclear
distance between the aLys352 Ne amino group and the f carbon atom
of the a,f-unsaturated lactone ring and (B) the corresponding
Coulomb potential.

Some cytotoxic compounds affect the molecular recognition
and affinity between both tubulin & and f protein subunits,
modifying their polymerization—depolymerization process."”
In order to evaluate these conformational fluctuations, the
cumulative root-mean-square deviations of tubulin atomic
coordinates were measured during its interaction with pironetin
and subtracted from those without the ligand. Figure 10 shows
the ARMS for the tubulin atoms located in the M-loop of the
a-subunit between alle274 and aLeu28S. It is known that the
M-loop is essential for protofilament interaction during tubulin
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Figure 10. Cumulative root-mean-square deviations of the a-tubulin
M:-loop atomic coordinates during its interaction with pironetin. The
RMS values were subtracted from those measured without the ligand
to give ARMS.

polymerization,27 and in this region the largest variations
occurred during the molecular recognition of both laterally
associated subunits.

Debye—Waller factors or B-factors*® were calculated for the
protein atoms during the 3000 ps molecular dynamics
simulations at 300 K, estimating the conformational variations
that took place during protein—ligand interaction. A notable
variation was observed between tubulin without the ligand and
tubulin complexed with pironetin. The color scale representa-
tion of Figure 11 shows the B-factor differences, particularly of
the a-tubulin M-loop, oriented toward the center of the
macromolecules. Tables with the atomic coordinates and B-
factors are included in Tables S4 and SS (Supporting
Information).

Pironetin—Tubulin Covalent Adduct Molecular Mod-
eling. The molecular modeling was carried out using the
ONIOM approach*' starting from the most frequently found
pironetin—tubulin orientation (Figure 6B). In the covalent
complex, the Ne atom of aLys352 was bonded to C-4 of
pironetin in a Michael addition trajectory, resulting in a new
chiral center at C-4 with an S configuration (Figure 12). This
model was obtained after several steps, including (1) balancing
the number of hydrogen atoms in the aLys352 and pyrone
moieties, (2) inclusion of a net charge —16 for the tubulin a-
subunit, (3) pre-refinement of the entire covalent complex by
means of molecular mechanics with the UFF force field, (4)
selection of a 6.5 A zone surrounding the pironetin moiety
centered at C-4, and (5) geometry optimization with the
Hartree—Fock quantum method using the 3-21G basis set for
the selected 6.5 A zone and with the UFF force field for the
remaining portion of the protein.

The resulting model showed the hydrogen-bond interaction
between the carbonyl group at C-1 in pironetin and one
hydrogen atom of the aAsn258 NH with an internuclear
distance of 2.54 A, observable since the docking model. A
hydrogen-bond interaction was also found between the
hydroxyl hydrogen at C-8 and the carboxyl group of
aGlu254, having 2.33 A as its interatomic distance. It is
known that this residue, located in the proximity of the
hydrolyzing y-GTP of the tubulin f-unit, acts as a catalytic
entity crucial to tubulin protofilament formation and is highly
preserved in eukaryotic cells.”” In addition to the hydrogen
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Figure 11. Debye—Waller factors or B-factors for (A) a-tubulin interacting with pironetin and (B) a-tubulin without the ligand. In both models, the
M-loop was oriented toward the center of the image while pironetin in (A) is located in the rear of the protein. Fluctuations are indicated in the color

scale bar in A2

Phe351

-

Figure 12. Region of the ONIOM model showing pironetin covalently
bonded to aLys352 and its hydrogen-bond interactions with aGlu254
and aAsn258.

bond interactions, the model showed a close proximity between
the pironetin ethyl group and the isobutyl residue of aLeu248
where the shortest distance between the two alkyl group
hydrogens is ca. 2.50 A.

Figure 13 shows the structural changes undergone by a-
tubulin: (A) the crystallographic structure, (B) the minimized
structure without the ligand, (C) the modeled tubulin structure
with docked pironetin without the covalent bond, and (D)
tubulin with pironetin covalently bonded through aLys352. A
substantial variation was observed in the protein structure in
the covalently bonded pironetin—tubulin complex (Figure
13D) as compared to the crystallographic file (Figure 13A), the
minimized structure without the ligand (Figure 13B), and
docked pironetin model (Figure 13C). The changes in the S9
P-sheet that contains aLys352 were notable, and a-helices H8
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Figure 13. Structures of a-tubulin: (A) 1JFF crystallographic model, (B) minimized model without ligands, (C) protein model with docked
pironetin, and (D) minimum energy molecular model with pironetin covalently bonded at aLys352.
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and H10 showed significant variations in their secondary
structures (Figure S3, Supporting Information). Results also
indicated that the a-tubulin M-loop underwent a major
conformational change when the protein interacted with
pironetin (Figure 14 and Figure S4, Supporting Information),

Figure 14. Superimposed M-loop structures of a-tubulin: (A) 1JFF
crystallographic model, (B) minimized model without ligands, (C)
minimized model with docked pironetin, and (D) minimum energy
model with pironetin covalently bonded at aLys352.

reinforcing that the M-loop plays an essential role in the lateral
contact between the a—a y f—f units of adjacent protofila-
ments and their structural modifications altered the molecular

.. . L .27
recognition during the polymerization of tubulin.

Bl CONCLUSION

Conformational studies of the anticancer agent pironetin,
carried out by density functional theory calculations (B3PW91/
DGTZVP) as well as by comparison of theoretical and
experimental "H—"H coupling constants, evidenced pironetin’s
extreme flexibility. A total of 53 conformational arrangements
within the first 3 kcal/mol AG range were clustered in two
conformational families depending on the surrounding media
polarity, the L-type having an intramolecular hydrogen bond
(prevalent in CHCl;) and the M-type with an extended chain
arrangement (prevalent in MeOH). These results offer a
detailed and quantitative description for the conformational
behavior of pironetin that is essential to be considered for the
design of new pironetin-based bioactive compounds.

Docking studies, together with STD experiments, provided a
quantitative model that reinforces the proposed mechanism of
action for pironetin. The two most favorable binding modes
found in the pironetin—tubulin complex showed a close
distance between the aLys352 amino group and the f carbon
atom of the a,f-unsaturated lactone which facilitates the
formation of an irreversible covalent adduct. Molecular
dynamics in water of the protein—ligand interaction as well
as the minimized pironetin-tubulin covalent adduct molecular
model both showed a major conformational perturbation at the
M-loop in the a-tubulin subunit which plays a key role in
molecular recognition between a—a and p—f units of
protofilaments. Such a measurable variation is in agreement
with the observed disruption of tubulin polymerization in the
presence of pironetin.
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B EXPERIMENTAL SECTION

Nuclear Magnetic Resonance. Experimental '"H NMR spectra of
pironetin (Enzo Life Sciences) were measured at 300 MHz using
tetramethylsilane as the internal standard. Spectral assignments were
confirmed by COSY, gHSQC, and gHMBC spectra. 'H—'"H NMR
coupling constants were determined through spectral simulation,
which was carried out in the MestReNova v 6.0.2.>* Comparison
between DFT-calculated and experimental coupling constants was
estimated, taking into account the root-mean-square error (o)
according to the following equation:

] N 1/2
0= |:N Z (]calc - ]exp)z}

Conformational Analysis and Coupling Constants Calcu-
lations. The conformational search for pironetin was carried out in
the Spartan’04 for Windows program'* by using the Monte Carlo
method'® and the MMFF94 molecular mechanics force field.'® A total
of 967 geometrically different structures were collected within an
energy range between 0 and 15 kcal/mol. DFT single-point
calculations were achieved at the B3LYP/6-31G(d) level of theory'”
giving 107 conformers in a AE = 0.0—4.5 kcal/mol range. All these
structures were DFT optimized in the Gaussian 03 program" at the
B3PW91/DGTZVP level of theory on a GNU/Linux operating system
loaded in a cluster, which includes 1368 processors at 2.6 GHz and a
RAM memory of 3 terabytes. For each job, a maximum of four
processors was used. After optimization, the vibrational frequencies
were calculated to obtain AG values, yielding 53 conformers within a
AG range of 0.0—3.0 kcal/mol. The conformers were confirmed as
true minima by the lack of imaginary vibrational frequencies. The
Boltzmann populations for all conformers were calculated with the
equation

o~ AG/kgT
where P; is the Boltzmann population for the ith conformer; AG; is the
Gibbs free energy for the ith conformer relative to the global
minimum; kg is the Boltzmann constant (0.0019872 kcal/(mol K));
and T is temperature (K) (298 K). Magnetic shielding tensors were
calculated with the GIAO method, and the coupling constants were
calculated as the sum of the Fermi contact, diamagnetic spin—orbit,
spin—dipolar, and paramagnetic spin—orbit obtained from the
B3PW91/DGTZVP optimized structures by using the spinspin option
in the Gaussian 03 program.19

Docking Study. The AutoDock Tools 1.5.4 package (The Scripps
Research Institute, La Jolla, CA) was employed for addition of polar
hydrogen atoms, Gasteiger-Marsili charges, and solvation parameters
to the 1JFF.PDF structure of @,f-tubulin which was combined with the
molecular model of pironetin. The entire system was subjected to a
preliminary surface scanning with AutoDock Vina 1.0 for GNU/
Linux®? followed by a refined docking with AutoDock 423 program,
considering the aLys352 residue as flexible and a grid box size set at 40
A X 40 A x 40 A in the «, y, and z dimensions centered at the nitrogen
atom of the aLys352 residue. Docking calculations were carried out in
computers operating at 3.2 GHz with 8 Gb RAM in the GNU/Linux
environment.

Saturation-Transfer Difference Experiments. A solution
containing 20 M @,f-tubulin, 2 mM pironetin, S mM sucrose, and
10 mM sodium phosphate buffer pD 7.2 in 99.9% D,O with DMSO-d,
(5% v/v) was equilibrated during at least 30 min at 25 °C before
measuring the NMR spectra. STD-NMR experiments were acquired at
298.1 K with 512 transients in a matrix with 64 K data points and a
spectral window of 10000 Hz. The spectra were recorded at 300 MHz
by irradiating at O ppm during the on-resonance and at —9 ppm for the
off-resonance experiments. Protein saturation was carried out using 50
ms Gauss-shaped pulses for a total saturation time of 2.0 s. Control
spectra were recorded under identical conditions on samples
containing pironetin or tubulin. The on-resonance and off-resonance
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spectra were processed independently and subtracted to provide the
differential spectrum.

Inhibition of Tubulin Polymerization. The influence of
pironetin in tubulin polymerization was evaluated by optical density
measurements since this property is proportional to microtubule
formation. Freshly reconstituted solutions (100 uL) of 2 mg/mL
tubulin >99% (Cytoskeleton, Inc.) in tubulin buffer [80 mM
piperazine-N,N'-bis(2-ethanesulfonic acid) sodium salt, 0.5 mM
ethylene glycol—bis(f-aminoethyl ether)—N,N,N’,N’-tetraacetic acid,
and 2 mM MgCl, at pH 7.0] and 1 mM guanosine-S'-triphosphate
were combined at 4 °C with 10 yM pironetin solutions (10 L) in
DMSO using a half area 96-well plate. The mixtures were incubated at
37 °C under stirring in an absorbance microplate reader. Protein
polymerization was monitored by measuring absorbance every minute
during 60 min at 340 nm. The reading at time zero was subtracted
from subsequent readings to obtain A absorbance. Assays were carried
out in triplicate, and graphs were prepared in GraphPad Prism
(GraphPad Software). The results were evaluated using an analysis of
variance followed by a Tukey’s test, P < 0.05.

Molecular Dynamics. The crystallographic structure of a,f-
tubulin, containing two Mg** atoms, was converted to the GROMOS
96.1 (ffG43al) force field*” Geometries for GDP and GTP were
optimized in the Spartan’04 program at the DFT/B3LYP/6-31G level
of theory and further parametrized for GROMOS 96.1 in the
PRODRG server.*” The parametrized complex including @,4-tubulin,
two Mg’* atoms, one GDP, and one GTP was neutralized with 34 Na*
atoms and placed into a cubic arrangement with 39313 H,O molecules
according to the single-point charge model.** Molecular dynamics
simulations were performed with the GROMACS 4.0.3 program™
compiled for the LAM-OpenMPICH parallel run-time environment
(The Ohio Supercomputer Center at The Ohio State University,
University of Notre Dame, and the Pervasive Technology Laboratories
at Indiana University) using three nodes of Core 2 Duo processors
operating at 3 GHz with 8 Gb RAM in a 64-bit GNU Linux system.
The entire molecular complex was subjected to a steepest descent
minimization procedure*® followed by a 40 ps protein—ligand
restrained MD simulation for allowing H,O molecules, GDP, GTP,
and ions to equilibrate around the protein structure under isothermal
conditions by using the Berendsen thermostat.*® The system was first
subjected to a MD simulation without restrictions at 50 K for 15 ps, in
order to alleviate high energy interactions, and then heated gradually
from 20 to 300 K over a period of 30 ps. The complex was subjected
to five independent MD simulations for S ns each, using the Particle
Mesh Ewald electrostatics method** with a 0.9 nm cutoff. MD
calculations were performed under NPT conditions employing the
Nosé—Hoover thermostat,**° the Parrinello—Rahman barostat,>> and
a time step of 1 fs. Data analysis, trajectory visualization, and distance
measurements were accomplished with the VMD 1.8.6 program.*’

Molecular Modeling of the Pironetin—Tubulin Covalent
Adduct. The most frequent pose for the pironetin—tubulin complex
was loaded into the GaussView 05 program to form the covalent bond
between the Ne atom of aLys352 and C-4. In this same program, the
hydrogen atoms and the net charge for the protein —16 were adjusted.
Energy minimizations and refinements were performed in the
Gaussian 09 program®® employing the ONIOM (HF/3-21G:UFF)
method.*'

B ASSOCIATED CONTENT

© Supporting Information

Experimental and simulated 'H NMR, ““C NMR, COSY,
NOESY, HSQC, and HMBC spectra of pironetin. Conforma-
tional clustering histogram for the pironetin—tubulin com-
plexes. DFT relative free energies, population, as well as
theoretical and experimental 'H—'H coupling constants of
pironetin. Cartesian coordinates for the global minimum energy
structure of pironetin. Coordinates and simulated B-factors for
the M-loop of a-tubulin with and without pironetin. Super-
imposed structures and RMSD values of a-tubulin models and
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those for the M-loop. A video showing the molecular dynamics
of pironetin—tubulin interaction. This material is available free
of charge via the Internet at http://pubs.acs.org.
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