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Plinabulin is a novel tubulin-binding agent that is currently in phase 3 clinical trials
for cancer treatment and prevention of chemotherapy-induced neutropenia.
Plinabulin binds within a distinct tubulin pocket, which differentiates it from other
tubulin binders. Aimed at disclosing structural and energetic details of plinabulin
binding to tubulin, we combine X-ray crystallography and computational
modeling. We compare the plinabulin residence time with that of colchicine and
combretastatin-A4. Our study helps understand potential mechanisms underlying
differential effects of this family of anti-tubulin drugs.
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SUMMARY

aB-Tubulin is a validated target for anticancer drug discovery, and molecules
binding to this protein are used to treat several types of tumors. Here, we report
on a combined X-ray crystallography and molecular dynamics approach to study
drug binding within the colchicine site of af-tubulin, focusing on plinabulin, an
agent currently in phase 3 clinical testing for the treatment of cancer and chemo-
therapy-induced neutropenia. We found that plinabulin is more persistently
bound to the colchicine site of Bll- compared to Blll-tubulin, allowing for a
prediction of isotype-expression-dependent drug sensitivity. Additionally,
computational residence time and exit paths from the Bll-tubulin were
compared between plinabulin and two other compounds, colchicine and com-
bretastatin-A4. The former displayed the highest residence time, followed by
plinabulin and then distantly by combretastatin-A4. Our combined experi-
mental and computational protocol could help to investigate anti-tubulin drugs,
improving our understanding of their mechanism of action, residence time, and
tubulin isotype selectivity.

INTRODUCTION

Microtubule-targeting agents (MTAs) are the focus of intense research aiming to
improve the treatment of cancer (reviewed in Dumontet and Jordan, 2010"). MTAs
can be broadly divided into two classes based on their activities toward microtu-
bules at high concentrations: microtubule-stabilizing agents and microtubule-desta-
bilizing agents. In the past few years, structural studies on a plethora of tubulin- and
microtubule-MTA complexes have led to the identification and characterization of
six different drug binding sites on the ap-tubulin heterodimer (reviewed in Steinmetz
and Prota, 20187). Among them, the colchicine site that is located mostly on the
B-tubulin subunit is one of the most versatile sites that interact with a wide variety
of very potent ligands belonging to different chemical classes (reviewed in Li
etal., 2017°). Despite extensive efforts and the discovery of multiple agents, an anti-
cancer drug targeting the colchicine site has not yet reached the market through
demonstration of an acceptable risk-benefit profile. A better understanding of the
combined structural and kinetic features of binding to the colchicine site for these
agents may direct future development in a direction more likely to demonstrate
significant efficacy with acceptable tolerability.

It is well known that human cells express different af-tubulin isotypes encoded by
several a- and B-tubulin genes. One widely recognized resistance mechanism that

The Bigger Picture
Combatting cancer is one of the
biggest challenges for improving
good health and well-being.
Novel anticancer drug candidates
have been approved over the last
few years, yet many cancers
remain as unmet medical needs.
Achieving a superior
understanding of the molecular
mechanism of anticancer drugs is
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better compounds in terms of
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mechanism of action of anticancer
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crystallography with molecular
dynamics to investigate structural
and energetic properties of drug
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validated target for the discovery
of anticancer medicines. In
particular, we study plinabulin,
colchicine, and combretastatin-
A4, analyzing their mechanism of
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has emerged for MTAs is the upregulation of specific tubulin isotypes by cancer
cells, in particular Blll-tubulin,* although in the case of Taxol, this is still a matter of
debate.” Interestingly, B-tubulin isotypes exhibit significantly different binding affin-
ities toward colchicine, with BIV-tubulin showing the highest binding affinity fol-
lowed by Bll- and Blll-tubulin.® In addition, the tubulin-colchicine complex exhibits
a slow dissociation reaction and tubulin-isotype-specific binding kinetics.®™® A
detailed understanding of the differential structural and kinetic properties of colchi-
cine-site binders to different B-tubulin isotypes will, therefore, likely be of value as a
first step in selecting cancer types or individual patients for testing. In addition, the
crystallographic and molecular dynamics comparison of the binding of different
colchicine-site drugs may allow for the determination of binding properties associ-
ated with molecules reported to exhibit preferred efficacy and safety profiles in pa-
tients to date.

Plinabulin (BPI-2358) is a synthetic analog of the natural product phenylahistin
isolated from Aspergillus species and is classified as a colchicine-site microtubule-
destabilizing agent.”'? Several studies have been conducted to shed light on the
structure-activity relationships of plinabulin and its derivative.”*~'® The parent plina-
bulin compound is active against various multi-drug resistant cancer cell lines
in vitro,'” and its administration resulted in favorable outcomes in a phase 1 clinical
study in patients with advanced malignancies.'® Moreover, in a phase 2 clinical trial
in non-small cell lung cancer (NSCLC) patients with measurable disease, adding pli-
nabulin to docetaxel increased patient overall survival and protected against the
development of docetaxel-induced neutropenia. Knowledge of the binding proper-
ties of plinabulin to different tubulin isotypes may be useful in developing a strategy
to target cancers outside NSCLC. The adverse-effect profile of plinabulin in patients
is predominately gastrointestinal and, apart from transient hypertension (on the or-
der of hours), lacks the focus on cardiovascular toxicities (hypertension, tachycardia,
bradycardia, QTc prolongation, myocardial infarction, and myocardial ischemia),
seen with other colchicine-site-binding agents.'” Moreover, while plinabulin is uti-
lized to treat chemotherapy-induced neutropenia, other colchicine-site agents
such as colchicine and combretastatin-A4 are reported to increase or cause neutro-
penia.’®"” Since the adverse-effect profile of plinabulin differs from that of other
agents binding to the same pocket of tubulin, detailed colchicine-site structural
binding and kinetic comparison among agents may both aid to understand the
mechanism of action of plinabulin and inform future molecular drug discovery ef-
forts. Currently, plinabulin is undergoing phase 3 clinical trials for both the treatment
of cancer and for the amelioration of chemotherapy-induced neutropenia (CIN).2021

Here, we first solved the crystal structures of plinabulin bound to Bll- and Blll-tubulin
to 1.5 and 1.8 A resolution, respectively. We found that residue substitutions in the
colchicine site between BlI- and BllI-tubulin differentially engage the drug molecule.
Using our high-resolution crystal structures, we performed molecular dynamics (MD)
and enhanced sampling simulations aimed at gathering detailed information about
the thermodynamics and kinetics of plinabulin binding to Bll- and BllI-tubulin. Our
thermodynamic and kinetic simulation studies suggest a higher affinity of plinabulin
toward Bll- relative to Blll-tubulin. Importantly, biochemical assays aimed at evalu-
ating the binding selectivity of plinabulin toward the two isotypes confirmed that
the compound is more prone to bind to the BlI- relative to the BlllI-tubulin. We
also compared the residence time (i.e., the inverse of ko) of plinabulin within the
colchicine site of Bll-tubulin with that of colchicine and combretastatin-A4, two
drug candidates binding tubulin at the colchicine site.?”** Our results suggest
that plinabulin shows intermediate unbinding kinetics between the very slow
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colchicine off-rate and the very fast unbinding of combretastatin-A4. Together, our
study establishes a combined experimental and computational framework to inves-
tigate selectivity mechanisms of MTAs against B-tubulin isotypes and residence time
of their binding into different tubulin pockets. It further paves the way to design
more selective and efficacious anti-tubulin drug candidates for treating cancer and
possibly contributes to the explanation of the different pharmacological profiles
observed for MTAs.

RESULTS

Crystal Structure of Plinabulin Bound to BlI- and Blll-tubulin

The crystal structure of plinabulin bound to bovine brain tubulin (predominantly
composed of al- and BlI-tubulin?*) complexed to darpin D1 (the complex is denoted
TpuD1-plinabulin) was determined at 1.5 A resolution (Table S1). In agreement with a
previous 2.7 A resolution crystal structure of plinabulin in complex with a macromo-
lecular assembly composed of two tubulin dimers, tubulin tyrosine ligase and the
stathmin-like domain of RB3 (T,R-TTL-plinabulin'?), the drug binds to the colchicine
site of tubulin (Figures 1A and 1B). The colchicine site is formed by helices BH7 and
BH8, the BT7 loop, and the BS8 and BS9 strands of B-tubulin and is completed by the
oT5 loop of a-tubulin.?® It can be subdivided into a central pocket (zone 2) and two
flanking accessory pockets, one that faces the a-tubulin subunit (zone 1) and the
other that is buried deeper in the B-tubulin subunit (zone 3).° As shown in Figure 1C,
the benzyl and the diketopiperazine-imidazole moieties of plinabulin occupy zones 3
and 2, respectively, which are located mostly on B-tubulin. In contrast, the two arche-
typical colchicine-site drugs colchicine and combretastatin-A4 occupy zones 1 and 2
in a similar manner and overlap to only a small extent with plinabulin (Figure 1D).
Notably, the aT5 loop in the tubulin-plinabulin structure is in a “close” conformation,
while the ones seen in the tubulin-colchicine and tubulin-combretastatin-A4 struc-
tures adopt a more “open” conformation to accommodate the respective ligands
in zone 1 of the colchicine site (Figure 1D).

Several hydrophobic residues of B-tubulin establish van der Waals contacts with
plinabulin, including V238 and BI318 (Figure 1E). Additional hydrogen bonding in-
teractions with plinabulin are established by residues BE200 and V238 and with res-
idues pG237, pC241, and aT179 via two water molecules (Figure 1E). Notably, the
side chain of BC241 is present in two alternate conformations, one of which is
forming a hydrogen bond with the carbonyl group of the diketopiperazine moiety
of plinabulin (Figure 1E). Interestingly, the BC241 residue is replaced by a serine
in the human B-tubulin isotypes BI, B, and BVI (Figure S1). We reasoned that the
presence of an alternate conformation of the BC241 side chain could be due to a
weak interaction of its sulfhydryl group with plinabulin and that the presence of
the more polar hydroxyl group of BS241 in Bl-, Blll-, or BVI-tubulin isotypes might
result in a higher binding affinity toward plinabulin.

To test this hypothesis, we determined the crystal structure of plinabulin in complex
with recombinant human aflll-tubulin?’ bound to darpin D1 (denoted Tg);D1-plina-
bulin) at 1.8 A resolution (Table S1). The overall structure of the TeD1-plinabulin
complex could be readily superimposed with both the Tg;D1-plinabulin complex
structure (root-mean-square deviation [RMSD] of 0.258 A over 896 Co, atoms) and
that obtained in the absence of any ligand (PDB ID 4DRX, RMSD of 0.306 A over
869 Ca atoms). This result suggests that the global conformation of both B-tubulin
isotypes is very similar and that plinabulin does not significantly affect their tertiary
structures. In agreement with our hypothesis, residue S241 of the TgD1-plinabulin
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Figure 1. Plinabulin Binds to the Colchicine Site of Tubulin

(A) Overall view of the Tg;D1-plinabulin crystal structure. Plinabulin is displayed as green spheres.
The a- and B-tubulin subunits are represented in dark and light gray, respectively. The guanosine
nucleotide molecules are shown as spheres and are color-coded according to atom types: carbon,
white; oxygen, red; and nitrogen, blue. The dashed black box highlights the region shown in panels
(C)-(F).

(B) Fit of plinabulin in the electron density of the Ty D1-plinabulin and TpD1-plinabulin crystal
structures. The electron density (blue mesh) is displayed using a sigma-A-weighted 2Fo-Fc map
contoured at 1.0 level.

(C) Plinabulin-binding site showing the major secondary structure elements shaping the colchicine
site of aB-tubulin. Three zones in the colchicine site are highlighted by black (zone 1), red (zone 2),
and blue circles (zone 3).

(D) Overlays comparing the binding pose of plinabulin to the ones of colchicine (cyan sticks) and
combretastatin-A4 (purple sticks).

(E and F) Zoomed-in view of the plinabulin-binding site in the T D1-plinabulin (E) and TgD1-
plinabulin (F) complex structures. Plinabulin is shown in green sticks representation. Important
interacting residues (light gray sticks) are labeled and color-coded according to their atom
composition. Water molecules are displayed as red spheres.

structure displayed a single side-chain conformation, and its hydroxyl group was
located at an ideal hydrogen-bond distance of 2.8 A from the carbonyl group of
the diketopiperazine ring of plinabulin; in comparison, the sulfhydryl group of
BC241in T D1is located ata 3.3 A distance (Figures 1E, 1F, and S5). This observa-
tion suggests that plinabulin binds tighter to BllI- than Bll-tubulin; however, despite
the fact that both complex structures were prepared, processed, and solved exactly
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in the same manner, we noted that the binding site was only partially occupied with
plinabulin in the Tg;D1-plinabulin complex. This was substantiated by a less well
defined electron density for the ligand (Figure 1B) as well as by the presence of
only partial electron density for the BT7 loop that also assumes its alternate confor-
mation observed in the apo form of the colchicine site (data not shown). Along the
same line and again in contrast to what we observed in the T D1-plinabulin struc-
ture, the water-mediated hydrogen bond between plinabulin and the main chain
of aT179 as well as a part of the BT7 loop are absent and poorly resolved, respec-
tively, in the Ty D1-plinabulin structure (Figure 1F).

The BlI- and Blll-tubulin isotypes share an overall sequence identity of 91% (Figure S1).
At the colchicine site, only the two plinabulin-interacting residues BC241 and BI318 of
Bll-tubulin are replaced by a serine and a valine, respectively, in Blll-tubulin. These
slight but nevertheless notable amino acid differences prompted us to perform
computational studies to investigate the thermodynamic and kinetic profiles of plina-
bulin binding to the two tubulin isotypes. In particular, we performed MD and
enhanced sampling simulations (i.e., thermodynamic integration [TI] and scaled MD)
using both the structures of plinabulin bound to BlI- and Blll-tubulin as starting points.

Free Energy of Plinabulin Binding to BlI- and Blll-Tubulin

Initially, we employed the molecular mechanics Generalized Born surface area (MM/
GBSA) approach,®?? afast and efficient method that is widely utilized for estimating
binding affinities (AGp;ng) using MD-derived conformational ensembles. To this end,
we performed ~100 ns of classical MD simulations for both the Bll-tubulin-plinabulin
and Blll-tubulin-plinabulin systems, and then we computed the AGy;,q via the MM/
GBSA formalism (see Experimental Procedures for details). The estimated AGping
was very similar between the two tubulin isotypes, being —36.28 + 2.95 kcal/mol
for Bli-tubulin-plinabulin and —36.06 + 3.47 kcal/mol for BllI-tubulin-plinabulin.
However, since the entropic contribution is neglected in these calculations, these
values mainly account for the enthalpic components of the binding free energies.

To better describe the binding process and get a more accurate estimation of the
binding energy, we carried out more rigorous physics-based free energy calcula-
tions via TI. For this, we computed the binding free energy difference (AAG;nqg) be-
tween the Bll-tubulin-plinabulin and Blll-tubulin-plinabulin systems (forward and
backward to ensure convergence) by performing multi-step alchemical transforma-
tions, which gradually mutated the colchicine site from BlI- to Blll-tubulin and vice
versa. Then, using the Tl formalism (Figure 2), we calculated the free energy loss
or gain over these transformations. We first computed the AAGy,;,q associated to
the BIl—Blll transformation, mutating pC241 to serine and subsequently BI318 to
valine (Figure 2B). We found that the BC241 — BS241 transformation (denoted
BII/TRy; Table 1) has an energetic cost of AAGpingipiTr1] = 0.88 keal/mol, being in
favor of BlI-tubulin. Similarly, also the BI318 — BV318 transformation (denoted Bll/
TR, Table 1) is slightly in favor of Bll-tubulin showing a AAGgingpiTrRz) Of
0.29 kcal/mol. Together, the two transformations showed an overall AAGp;nqpi—
pii-like] = 1.07 kcal/mol, with a more favorable binding free energy for plinabulin in
complex with Bll-tubulin relative to BllI-tubulin.

To check the convergence of both transformations (BlI/TR; and BII/TRy; Table 1), we
also performed the backward Tl starting from the mutated Bll-tubulin (3C241S and
BI318V) and alchemically transforming it back into the wild-type Bll-tubulin (Fig-
ure 2B). To this end, we mutated BV318 to isoleucine (denoted BII/TR3; Table 1),
obtaining a AAGngpi/tr3; of —0.46 kcal/mol. Then, we used the same
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Figure 2. Scheme of the Thermodynamic Cycle
(A) General scheme of the thermodynamic cycle used to calculate the relative binding free energy
difference between the ligand in complex with protein A (upper-right) and the ligand in complex
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Figure 2. Continued

with protein B (lower-right). In this example, protein A and B can either be the wild type or the
mutated tubulin form since both the forward and the backward transformations have been
performed. The horizontal legs correspond to the binding process in system A (upper, AGpinga)
and in system B (lower, AGp;q(s))- The vertical legs correspond to the alchemical transformations of
protein A into protein B in the apo form (left, AGg otein(a—g)) and in complex with the ligand (right,
AGomplexa-g). The Tl is used to estimate the free energy associated with the vertical legs of

the cycle. The relative binding free energy difference (AAGy;,q) is the difference between
AGcomplex(a-8) and AGprotein(a-)-

(B) Representation of the alchemical transformations performed in this work. Starting from the BlI-
tubulin system, we first mutated BC241 to serine (BII/TR;) to obtain the Blly.1 system and then
BI318 to valine (BII/TR,) to obtain a new Bll-tubulin system having a Blll-like colchicine site (Bllnut.2).
The binging free energy associated to the BllI/TR; and BII/TR; transformations are given by the
formulas AAGping(pii— il mut-1] = AG3—AG4s and AAGpindipin mut-1- il mut-2) = AGs—AG¢,
respectively (where “f" stands for “forward"”). Therefore, the total binding free energy to transform
the wild-type Bll to Bl having a Blll-like colchicine site (i.e., AAGgingpii— piil-like) is the sum of
AAGpindipil - pil mut-1] and AAGpingil mut-1— il mut-2)- Starting from the Blli-tubulin like system, we
also performed the backward transformations (BII/TR3 and BII/TR,) to obtain again the wild-type
Bll-tubulin system.

(C) Starting from the BllI-tubulin system, we first mutated BS241 into cysteine (BlII/TR4) to obtain
Blllmut-1 and then BV318 to isoleucine (BIII/TRy) to obtain a new BllI-tubulin system having a Bll-
tubulin-like colchicine site (Blllut2). The binging free energy associated to the BIII/TR; and
BIII/TR, transformations are given by the formulas AAGyingipin — pit; mut-1] = AG’3s — AG/4¢ and
AAGpindipill mut-1—pill mut-2) = AG’6 — AG’75, respectively. The total binding free energy to
transform the wild-type Blll-tubulin to BllI-tubulin mut-2 (i.e., AAGyingisii — pinl mut-2) is the sum of
AAGpind(gii— il mut-1] and AAGind(giil mut-1— pit mut-2)- Also, here we performed the backward
transformation (BIlI/TR; and BIII/TR,) to obtain again the wild-type Blll-tubulin system.

approach to transform S241 into cysteine (denoted BII/TRy; Table 1), obtaining a
AAGypingipivtra) of —1.27 kcal/mol. The two transformations showed an overall
AAGpindpii-like — pip ©f —1.73 kcal/mol, which is in very good agreement with the for-
ward transformation (1.07 kcal/mol), suggesting that plinabulin binding is thermody-
namically favored in the BlI-tubulin isotype.

In light of the small free energy difference, we improved the reliability of our results
by performing Tl with the structure of plinabulin bound to Blll-tubulin as a starting
point and transforming the two key residues of the colchicine site into those of the
Bll-tubulin isotype (BS241C and BV318I, Figure 2C). As a result, we found that
both the BS241 — PBC241 and BV318 — BI318 (denoted as BII/TR; and
BIII/TR,, respectively; Table 1) are favored, showing a AAGu,g of —1.63
and —0.58 kcal/mol, respectively (the overall AAGpingipii—piiike] 1S
—2.21 kcal/mol). Here too, we carried out the backward transformation to assess
the convergence of our simulations. We started from the mutated Blll-tubulin system
(BC241S and BI318V) and transformed it into wild-type Blll-tubulin (Figure 2C). Simi-
larly to the protocol reported above, we first mutated B1318 to valine (denoted as
BIII/TR3; Table 1) and then BC241 to serine (denoted BlII/TR,; Table 1) and obtained
a AAGping of 1.06 and 1.45 kcal/mol, respectively (the overall AAGpingipiii-tike — il 1S
2.51 kcal/mol). These results show that the forward and backward alchemical trans-
formations have strikingly similar absolute values (2.21 versus 2.51 kcal/mol). These
calculations further showcase that plinabulin binding is thermodynamically favored
for the Bll-tubulin isotype relative to Blll-tubulin.

Plinabulin Selectivity Investigated through Biochemical Assays

To obtain evidence for the predicted differential interaction of plinabulin with BlI-
and Blll-tubulin, we assessed the biochemical activity of the drug on bovine brain
tubulin that is composed of 58% BlI, 25% BlIl and 17% other tubulin isotypes.” To
this end, we analyzed the composition of BlI- and BllI-tubulin present in unassembled
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Figure 3. Plinabulin Selectivity Investigated through Biochemical Assays

Differential effect of plinabulin in the assembly of BlI- and Blll-tubulin isotypes of calf brain tubulin
(60 uM). Representative western blots (the experiment was repeated thrice) of the tubulin isotype
contents of supernatants and pellets of 60 uM tubulin assembled in the absence and presence of 5
uM plinabulin. Sup, supernatant; Pell, pellet.

and assembled bovine brain tubulin (60 pM), which was incubated in the absence
and presence of 5 uM plinabulin using a standard microtubule pelleting assay”’ in
combination with western blotting against both isotypes. The idea behind this
experiment is that the tubulin isotype that interacts better with the drug will be pre-
vented to a greater extent from assembly into microtubules compared to the
absence of any drug.

Consistent with previous findings®” in absence of plinabulin, Bll-tubulin is more prone
to assemble into microtubules as compared to Blll-tubulin, as is shown by the ratios
between tubulin isotypes in the supernatant and in the pellet in the presence and
absence of tubulin, respectively (Figure 3). These results indicate that in a competitive
environment in which both Bll- and Blll-tubulin isoforms are available for incorporation
into microtubules, plinabulin will increase the relative probability for plll-tubulin incor-
poration over Bll-tubulin, supporting our structural and computational results that
plinabulin preferentially interacts with Bll- compared to Blll-tubulin.

Residence Time of Plinabulin and Comparison to Colchicine and
Combretastatin-A4

We next focused on the unbinding kinetics by investigating the residence time of pli-
nabulin in the two tubulin isotypes. We utilized scaled MD (SMD) simulations, an
enhanced sampling method that enables sampling of rare events, including ligand
unbinding, as recently reported for different pharmaceutically relevant case
studies.®**” We ran multiple replicas (20 for each system) of SMD simulations of
both BlI- and Blll-tubulin-plinabulin systems. Unlike the free energy calculations re-
ported above, we here modeled the two glutamate-rich and disordered C-terminal
tails of both a- and B-tubulin to take into account the possible role these highly nega-
tively charged flexible moieties could play upon ligand unbinding (see the Supple-
mental Information). We found that the mean scaled residence time of plinabulin in
the Bll-tubulin isotype was 71.0 &+ 10.0 ns, whereas in the Blll-tubulin, it was 52.7 +
8.2 ns. Therefore, the release of bound plinabulin is slightly slower from the Bll- than
from Blll-tubulin system, in agreement with the thermodynamics calculations re-
ported above.

We next analyzed the exit paths of the ligand from the colchicine site. This analysis

was performed by monitoring the center of mass (COM) of plinabulin along the un-
binding trajectories. We found three possible exit routes, denoted as path A, B,

8 Chem 5, 1-18, November 14, 2019



Please cite this article in press as: La Sala et al., Structure, Thermodynamics, and Kinetics of Plinabulin Binding to Two Tubulin Isotypes, Chem
(2019), https://doi.org/10.1016/j.chempr.2019.08.022

Chem Cell

Table 1. List of Transformations Performed for Tl Studies, along with the AG Values of Each
Transformation

Transformation Simulation’s Starting Final AG (kcal/Mol)
Name System System
Bll to Blll BII/TR, BC241 BS241 forward 0.88
BI318 BI318
BI/TR, BS241 BS241 0.29
BI318 V318
BII/TR; 3S241 BS241 backward —0.46
BV318 BI318
BII/TR, BS241 BC241 127
BI318 BI318
BlIl to BII BII/TR, BS241 BC241 forward —1.63
BV318 V318
BII/TR, BC241 pC241 ~0.58
BV318 BI318
BII/TR; BC241 BC241 backward 1.06
BI318 BV318
BII/TR, BC241 BS241 1.45
BV318 BV318

and C in Figures 4A and Sé. In the vast majority of the trajectories, plinabulin un-
bound tubulin through path A that involves leaving the colchicine site through a
small channel located between the a- and B-tubulin subunits and delimited by the
three loops BH7-BH8, BS8-BH10, and aH6-aH7 (colored in orange in Figures 4A
and S6). Notably, we also found that in path A, the ligand could stop over in a tran-
sient pocket at the ap-tubulin intradimer interface before leaving the protein. Inter-
estingly, this observation is in line with experimental data reported by Yamazaki
et al.,*® who have suggested that plinabulin could indeed also bind to this region
of tubulin. In one simulation for the BlI- and in two for the Blll-tubulin systems, ligand
unbinding occurred through path B. In this path, the ligand went across a small chan-
nel at the af-tubulin intradimer interface, in the proximity of loop BH1-BS2 and helix
aH2 (colored in red in Figures 4A and Sé). Finally, in four SMD simulations of both
systems, plinabulin unbound tubulin through path C. Here too, the ligand went
across the ap-tubulin intradimer interface in the proximity of helices pH10 and
aH6 (colored in green in Figures 4A and S6).

Interestingly, SMD trajectories also showed that plinabulin could adopt two possible
poses within the colchicine site of Bll-tubulin. In particular, above the 75t percentile
among the collected data, plinabulin was found in two main clusters, referred to as c¢1
and c2 (see red dots in Figures 4B and S2). The c1 cluster corresponds to the crystallo-
graphic binding pose, while the c2 cluster corresponds to a slightly shifted pose where
the phenyl ring of plinabulin finds space in an adjacent deep pocket in the colchicine site
(see Figures 4B and S2). Notably, the crystal structure of Bll-tubulin in complex with a pli-
nabulin derivative containing an acetophenone group revealed that this moiety indeed
exploits this additional pocket.” Conversely, the same analysis performed on the MD
trajectories collected with the Blll-tubulin system revealed that the most probable bind-
ing pose of plinabulin (i.e., above 75% percentile) is the crystallographic one, which is
recapitulated by cluster c1. These results show that the relative population of poses of
plinabulin may vary between the two tubulin isotypes most likely as a consequence of
a different plasticity of their respective colchicine sites.

To compare the unbinding kinetics of plinabulin with other colchicine-site ligands,
we studied colchicine and combretastatin-A4. To this end, we employed the same
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Figure 4. Unbinding Paths of Plinabulin

(A) Unbinding paths observed during our SMD simulations of both Bll-tubulin-tail-plinabulin and
Blll-tubulin-tail-plinabulin systems. The three "“exit channels” are highlighted in orange, red, and
green for paths A, B, and C, respectively. The white surface represents the B subunit, whereas the
cyan surface indicates the a subunit. The “H" stands for helix, whereas the “S" stands for B-strand.
(B and C) Representation of the probability to find the COM (center of mass) of plinabulin within the
colchicine site of Bll-tubulin (B) and BllI-tubulin (C) computed along our SMD trajectories. Each
point represents the spatial localization of the plinabulin’s COM according to the following color
scheme: red has a probability of >75%™ percentile, orange has probability within 25™ and 75t
percentile, and indigo has a probability of <25 percentile.

simulation protocol as described above, running multiple replicas of SMD simula-
tions with the Bll-tubulin system in complex with the two compounds, and using
the corresponding high-resolution crystal structure as starting points.***" After
equilibration, 20 SMD simulations for each system were carried out using a scaling
factor of 0.4 and restraining the GTP, the GDP, the Mg?*, and the protein’s back-
bone, with weak positional restraints (harmonic force constant = 50 kJ mol ™"
nm~?) to prevent unfolding. We excluded from this positional restraint all the resi-
dues 6 A from the inhibitors along with the residues forming the exit channels as
identified by the Pocketron analysis*” (see the Supplemental Information for further
details). To compute the residence time of each ligand, we averaged the scaled
unbinding time of the 20 SMD simulations and performed a bootstrap analysis.
Colchicine showed the highest residence time (97.1 £ 12.9 ns), followed by plinabu-
lin (71.0 + 10.0 ns, see above), and finally combretastatin-A4 (32.0 + 4.5 ns), which
unbound remarkably faster relative to the two other compounds (Figure 5). These re-
sults confirm that the promising molecular properties of plinabulin also from the
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Figure 5. Violin Plots Showing the Distribution of the Residence Time Calculated along the 20
SMD Replicates of the BlI-Tubulin-Tail-Plinabulin, BlI-Tubulin-Tail-Colchicine, and BlI-Tubulin-Tail-
Combretastatin-A-4 Systems Using a Kernel Density Estimate

The median (dark green line), the interquartile ranges (dark olive fill), and the 2% and 98%
percentiles (black whiskers) are shown. The mean and the standard error computed via bootstrap
analysis (white dots and black box, respectively) are also shown. The mean and the standard error
computed via bootstrap analysis (white dot and black box, respectively) are also shown. The mean
and the standard error of the residence time for plinabulin, colchine, and combretastatin-A4 are
71.0 +/—10.0ns, 97.1 +/—12.9 ns, and 32.0 +/— 4.5 ns, respectively. See also the Supplemental
Information.

kinetics standpoint, showing an average residence time between a remarkably slow
colchicine-site binder (colchicine®®) and a rather fast binder (combretastatin-A4*%).
The three ligands utilized the same paths A, B, and C to leave the colchicine site,
with a different propensity for one unbinding route over others. Much longer,
brute-force MD simulations would provide a more detailed picture of the unbinding
mechanisms of plinabulin, colchicine, and combretastatin-A4; however, such simu-
lations are out of the reach of current computational capabilities.

DISCUSSION

The colchicine site is a pocket predominantly located on the B-tubulin subunits of the
af-tubulin  heterodimer, which is targeted by microtubule-destabilizing agents
including plinabulin, colchicine, and combretastatin-A4."® Human cells express
different tubulin isotypes,> which results in discrete single amino acid substitutions
in the colchicine site. These substitutions likely affect the different selectivity and
pharmacological profiles of colchicine-site drugs toward different tubulin isotypes.
Indeed, as previously mentioned, the archetypical colchicine-site ligand colchicine
displays different binding kinetics and binding affinities toward different B-tubulin
isotypes.®™ However, a detailed understanding of the differential structural and kinetic
properties of colchicine-site binders to different B-tubulin isotypes is largely lacking.

Here, we used X-ray crystallography and MD simulations to study the binding profile
of plinabulin toward two different B-tubulin isotypes, Bll- and BllI-tubulin. First, we
solved the crystal structures of plinabulin bound to both Bll- and Blll-tubulin at
high resolution. The structures revealed that plinabulin occupies the colchicine
site of both tubulin isotypes, displaying a similar binding mode, as the two sites
differ by only two residues (3C241 versus BS241 and BI318 versus BV318in Bll-versus
Blll-tubulin, respectively). In particular, we noted that the sulfhydryl group of the side
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chain of BC241 of Bll-tubulin is located at a greater distance from the carbonyl group
of the diketopiperazine ring of plinabulin relative to the hydroxyl group of the side
chain of BS241 of Blll-tubulin (i.e., 3.3 A versus 2.8 A). Furthermore, the side chain
of BC241 existed in two alternate conformations suggesting flexibility. To investi-
gate in depth the free energy difference of ligand binding to the two isotypes, we
ran Tl starting from both the Bll-tubulin-plinabulin and Blli-tubulin-plinabulin sys-
tems and performing forward and backward transformations. These calculations re-
vealed a small but consistent difference in terms of binding free energy between the
two systems and showed that plinabulin binding is slightly more stable in the colchi-
cine site of Bll-tubulin relative to that of BllI-tubulin, possibly due to an entropic gain.

We next studied the binding kinetics with a particular focus on residence time. We
calculated the residence time of plinabulin in both the Bll- and BllI-tubulin systems.
Residence time is a measure of how long a compound stays in contact with its
biological target and is emerging as a key parameter for drug discovery and devel-
opment. It has been argued that the longer the residence time of a drug, the more
efficacious the drug will be in vivo, and therefore, optimizing this parameter could
provide better candidates for subsequent clinical trials.***” We found that plinabu-
lin unbinds slower from the BlI- relative to the Blll-tubulin system. The presence of
BI1318 in Bll-tubulin versus BV318 in Blll-tubulin increases the steric hindrance in
the colchicine site and could be responsible for the longer residence time observed
in Bll-tubulin. The residence time is the inverse of the unbinding kinetics
constant, kog, and we could therefore conclude that the k¢ of plinabulin is slower
in the Bll- than in the Blll-tubulin system. Computational unbinding trajectories
also prompted us to investigate the different routes plinabulin departed from the
colchicine site to the solvent. In the vast majority of the trajectories, plinabulin leaves
the colchicine site through a similar mechanism. A key role was played by the BT7
loop of B-tubulin that can modulate ligand unbinding; it most likely represents the
main structural motif in tubulin governing the binding and unbinding kinetics of
colchicine-site ligands, in agreement with previous findings.* Analyses of all the tra-
jectories have also shown that plinabulin could adopt two possible poses, i.e., the
crystallographic pose and a shifted one in which the compound is lodged into an
adjacent, small hydrophobic pocket of the colchicine site, which has been recently
described by X-ray crystallography.® In particular, our analysis indicates that the
shifted pose is more likely to exist in BlI-tubulin, while in Blll-tubulin, the ligand is
confined into the crystallographic pose. This difference in ligand mobility could be
responsible for the different entropic gain of plinabulin binding to BII- than BllI-
tubulin. Importantly, biochemical assays performed to evaluate the selectivity of pli-
nabulin versus the two tubulin isotypes confirmed our computational and structural
outcomes, indicating that the compound displays a higher potency toward the Bll-
than the Blll-tubulin isoform.

We may speculate that an interesting and perhaps pharmacologically relevant
observation is that the nature of the binding of plinabulin within the colchicine site
differs from that of colchicine and combretastatin-4A. As shown in Figure 1C, the
benzyl and the diketopiperazine-imidazol moieties of plinabulin occupy zones 3
and 2 of the colchicine site, respectively. In contrast, the two archetypical colchi-
cine-site drugs colchicine and combretastatin-A4 occupy zones 1 and 2 in a similar
manner and overlap only little with plinabulin (Figure 1D). Notably, the aT5 loop
in the tubulin-plinabulin structure is in a “close” conformation, while the ones seen
in the tubulin-colchicine and tubulin-combretastatin-A4 structures adopt a more
“open” conformation to accommodate the respective ligands in zone 3 of the colchi-
cine site (Figure 1D). These differences might contribute to the unique anti-CIN
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effect of plinabulin (not demonstrated by either of the other MTAs), the good cardiac
safety profile, and the activation of the immune-oncology system by plinabulin.
These observations may lay the basis for subsequent investigations aimed at
providing further clues about the relationships between the tubulin inhibition mech-
anism of plinabulin and its unique therapeutic profile.

Based on the present studies, we propose that plinabulin is more persistently bound to
the colchicine site of BllI-tubulin relative to that of Blll-tubulin. This conclusion is
supported by the following three main observations: (1) in Bll-tubulin, plinabulin is
lodged into a wider pocket with a possible entropic gain able to compensate for the
higher force of the observed hydrogen bond with BS241 in Blll-tubulin versus pC241
in Bll-tubulin; (2) the plinabulin residence time is longer in BlI- than Blll-tubulin, showing
that binding is more persistent within the Bll-tubulin system, most likely because of the
presence of BI318 in BlI-tubulin versus V318 in Blll-tubulin; and (3) plinabulin is more
active toward BlI- relative to Blll-tubulin in biochemical experiments. Overall, these
observations may support the idea that plinabulin displays a higher potency toward
Bll-tubulin overexpressing cancer cells than those overexpressing Blll-tubulin. Clearly,
systematic cellular analyses with cancer cells overexpressing one of the two isotypes
will be necessary to validate our predictions.

Next, we compared the residence time of plinabulin with that of two anti-tubulin
compounds, colchicine and combretastatin-A4, using an SMD protocol and the
high-resolution crystallographic structures of these molecules in complex with
tubulin. SMD-based residence time of plinabulin (~71 ns) is longer than that of the
very fast scaled residence time of combretastatin-A4 (~32 ns) and more similar to
but slower than that of the long unbinding time of colchicine (~97 ns; note that
colchicine binding occurs in two steps, a fast binding step and a slow conformational
change that locks the ligand into the binding site*®). In patients, colchicine is asso-
ciated with diarrhea, nausea, cramping, abdominal pain, and vomiting,49 while com-
bretastatin-A4 is associated with cardiovascular side effects'’ significantly beyond
the transient (on the order of hours) hypertensive effects reported with plinabu-
lin.">% It is notable that the most common side effects of plinabulin in cancer pa-

tients are associated with the gastrointestinal system,'®>°

although far less severe
than observed with colchicine. Our data therefore indicate a possible correlation
of toxicity profile and residence time in colchicine binding, with long residence
time associated with gastrointestinal toxicity and short residence time associated
with cardiotoxicity. In this sense, plinabulin may approach an ideal balance allowing
for establishing efficacy with an acceptable toxicity by achieving a residence time
and gastrointestinal-cardiac toxicity profile midway between colchicine and com-
bretastatin-A4. This may be further supported by reports that both colchicine'®
and combretastatin-A4'? cause an adverse reduction in the number of circulating
neutrophils (neutropenia), while plinabulin actually prevents neutropenia induced
by chemotherapy.®' These hypotheses will certainly need further experimental val-
idations to gather a superior understanding of the complex mechanism(s) underlying
associations between tubulin-binding versus effect profile.

EXPERIMENTAL PROCEDURES

Crystallization and X-Ray Data Collection

The recombinant tubulin was expressed and purified as previously described.?” The
bovine brain tubulin was purchased from the Centro de Investigaciones Bioldgicas
(CSIC, Madrid, Spain). Proteins and crystals of the TD1 complex (a protein complex
containing one tubulin dimer and the tubulin-binding darpin D1°?) were prepared as
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described previously.”® Briefly, co-crystallization experiments were performed in
parallel for bovine brain and recombinant tubulin by diluting a freshly prepared
50 mM plinabulin stock solution (in 100% DMSO) to 5 mM with the crystallization so-
lution (100 mM Bis-TrisMethane, pH 5.5, supplemented with 200 mM ammonium
sulfate and 25% PEG3350). 1 pL of Tg D1 or TgyD1 at 15 mg/mL was mixed with
1 pL of the 5 mM plinabulin and equilibrated against 400 pL of the crystallization so-
lution using the hanging drop vapor diffusion method. Crystals appeared overnight,
were flash-frozen in liquid nitrogen, and were used directly for X-ray diffraction ex-
periments at 100K at the X06DA beamline of the Swiss Light Source (Paul Scherrer
Institut, Villigen, Switzerland) using a standard protocol.

Structure Solution

Data processing was performed using the XDS software package.>® Both the Ty D1-
plinabulin and TgD1-plinabulin complexes crystallized in the space group P12;1
with a single molecule in the asymmetric unit. Structure solution was performed by
the molecular replacement method using a previously published TD1 structure (i.e.,
containing alpll-tubulin as tubulin model; PDB ID 4DRX) after removing all the ligands
and solvent molecules, by using the program PHASER in the PHENIX software pack-
age.”® Similar to TpiD1-plinabulin, the TgD1-plinabulin structure was solved by
molecular replacement using the Ty D1-plinabulin structure without the ligand as a
model. Plinabulin was added to the model using eLBOW in PHENIX, and its structure
was further refined through iterative rounds of model building in Coot>® and PHENIX.
The quality of the structure was assessed with MolProbity®’ Data collection and
refinement statistics are presented in Table S1. Figures were prepared using PyMOL
(The PyMOL Molecular Graphics System, Version 2.2.3. Schrodinger).

Structural Models for Computational Studies

In this work, we employed two molecular systems, namely Bll-tubulin-plinabulin and
Blll-tubulin-plinabulin. The two complexes were prepared, starting from the solved
TeuD1-plinabulin and TgD1-plinabulin X-ray crystal structures after the removal of
the tubulin-binding darpin D1. Missing residues and loops were built using the
PDB ID 5LYJ as template.*” The co-crystalized GTP, GDP, Mg?*, and plinabulin
were retained as well as the water molecules in the plinabulin-binding site. To
parameterize the GTP and GDP cofactors, we employed the available parameters
from the Amber database.*® BiKi Life Sciences suite®” was employed to parame-
terize plinabulin. Charges were computed at HF/6-31G* level of theory and fitted
via the RESP procedure,"O while the General Amber Force Field (Gaf)®’ was em-
ployed to parameterize the bonded and vdW terms of plinabulin. Tubulin, instead,
was parameterized using Amber14SB force field.” These two final structures were
employed for both Tl and MM/GBSA calculations.

In the case of SMD simulations, the C-terminal tails were included in both the a- and
B-tubulin subunits, and these two systems are referred to as Bll-tubulin-tail-plinabu-
lin and Blll-tubulin-tail-plinabulin. Since the predicted unbinding times might be
affected by the electrostatic environment of the systems, we decided to include
the highly negatively charged C-terminal tails in order not to neglect their possible
influence in the plinabulin residence time. The preparation of these two systems, as
well as the preparation of the Bll-tubulin-colchicine and BlI-tubulin-combretastatin
A-4 systems, are reported in the Supplemental Information.

MM/GBSA Calculations

We performed MM/GBSA calculations to compare the binding free energy (i.e.,
AGpingmmpesa) between plinabulin and the Bll- and Blil-tubulin systems. The final
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AGyindMmpBsa) estimation is averaged using a trajectory of classical MD simulations
of both BlI-tubulin-plinabulin and Blli-tubulin-plinabulin systems. The two parame-
terized systems (see the previous section) were solvated using TIP3P*? waters and
neutralized adding Na™ counterions using the tleap module in AmberTools17. The
equilibration of both Bll-tubulin-plinabulin and BllI-tubulin-plinabulin systems con-
sisted of six steps: (1) minimization of water molecules combining steepest descent
and conjugate gradient methods, restraining the complex; (2) 20 ps at 300 K to relax
the water molecules, while the complex is still restrained; (3) minimization of whole
system combining steepest descent and conjugate gradient methods; (4) heating of
the system in 500 ps in NVT ensemble, reaching a target temperature of 300 K using
Berendsen thermostat,®* restraining the complex; (5) adjusting the density of the
system in 500 ps in NPT ensemble. A target temperature of 1 bar was reached using
Berendsen barostat, while temperature was regulated using Langevin dynamics and
a collision frequency vy of 2 ps™". Also in this case, the complex was maintained
restrained; () final 5 ns in NPT using the same settings as in (5) and releasing the re-
straints. After the equilibration, 100 ns of plain MD simulations in NPT ensemble
were run for each of the two systems. The simulations were run by means of pmemd
engine, implemented in Amber 16. For MM/GBSA estimation, we extracted one
frame every 400 ps from the original trajectory, for a total of 250 frames. To run
MM/GBSA analysis, we employed the MMPBSA.py Python script present in
Amber16, employing the mbondi2 radii and using a modified GB model developed
by Onufriev et al.®®

Free Energy Differences via Thermodynamic Integration Calculations

In this study, we performed thermodynamic integration (TI) calculations to estimate
the relative binding free energy difference between plinabulin and the BlI-tubulin-
plinabulin and  Blll-tubulin-plinabulin  systems, see Structural Models for
Computational Studies). To do so, we took advantage of multi-step alchemical trans-
formations to gradually transform the plinabulin-binding site from Bll- to Blll-tubulin
and vice versa, upon the mutation of two side chains: the BC241 and BI318 that are
transformed into BS241 and BV318, respectively, in the case of BIl — BlIl transforma-
tion; and BS241 and BV318 that are transformed into BC241 and BI318 in the case of
Bl — Bl transformation. The free energy loss or gain associated to these transfor-
mations are computed via the Tl formalism®® (see below).

We performed a total of 8 alchemical transformations, as reported in Table 1 and
Figure 2. Four transformations have as starting point the Bll-tubulin-plinabulin sys-
tem. Here, the Bll-tubulin-binding site is gradually transformed into Blll-tubulin by
first mutating BC241 to a serine (BlI/TR;) and then mutating BI318 to valine (BII/TRy).
Also, the backward transformations are performed (Bll/ TRz and Bll/TR4). The remain-
ing four transformations, instead, have as starting point the lll— and BllI-tubulin-pli-
nabulin systems. Here, the Blll-tubulin-binding site is gradually transformed into
Bll-tubulin by first replacing BS241 to a cysteine (BllI/TR;) and then mutating
BV318 to an isoleucine (BlII/TR,). Also in this case, the backward transformations
are carried out (BlII/TR3 and BIlI/TR,). For each of the 8 transformations, we em-
ployed the same simulations protocol that is detailed in the Supplemental
Information.

Scaled MD Simulations

The solvated BlI-tubulin-tail-plinabulin and Blll-tubulin-tail-plinabulin systems (see
the Supplemental Information) were first equilibrated using the same protocol em-
ployed for the modeling of the tubulin with the C-terminal tails (see the Supple-
mental Information). Then, 20 SMD simulations for each system were carried out
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using a scaling factor of 0.4 and restraining the GTP, the GDP, the Mg®" and the pro-
tein’s backbone, with weak positional restraints whose harmonic force constant was
set 50 kJ mol~" nm~2 to prevent the unfolding of the protein. We excluded from this
selection all the residues 6 A from plinabulin along with residues forming the unbind-
ing channel, which connects the binding pocket to the bulk of the solvent (see the
Supplemental Information). We computed the residence time of plinabulin and
the associated standard error (SE) in both the Bll- and Blll-tubulin systems, averaging
the residence time of the 20 SMD simulations and performing a bootstrap analysis as
reported in the study of Mollica et al.?* The same procedure was then utilized for
colchicine and combretastatin-A4 for making a comparison, in terms of residence
time, among different colchicine-site inhibitors (see the Supplemental Information
for further details).

Differential Effect of Plinabulin on BlI- and Blll-tubulin

Samples containing 60 pM bovine brain tubulin (58% Bll, 25% Blll, and 17% other
tubulin isotypes; *°) were incubated in GAB buffer (3.4 M glycerol, 10 mM sodium
phosphate, 1T mM EGTA, 1 mM GTP, pH 6.7) at 37 C for 1 h in the absence or pres-
ence of 5 uM plinabulin. The samples were then centrifuged for 20 min at 5,000 rpm
in a Beckman Optima TLX in 200 pL polycarbonate tubes. Supernatants were
collected, and pellets were resuspended in GAB buffer. The amount of protein in
the supernatants and pellets were quantified by the bicinchoninic acid (BCA) assay®’
in order to load equal amounts of tubulin in each well. For western blots, 1 or 0.2 pg
of tubulin was load per well of a 15% SDS-PA Gel. Samples (3 ) were subject to SDS-
PAGE and transferred to a nitrocellulose membrane using the Trans-Blot® Turbo
Blotting System (Bio-rad) for 10 min. The membranes were blocked by incubation
with 6% milk in phosphate-buffered saline (PBS) 0.1 % Tween 20 at room tempera-
ture for 1 h. Then they were incubated with the primary antibodies anti-ll (Sigma-
Aldrich, 1/200) and anti-Blll (Sigma-Aldrich, 1/1,500) at 4°C overnight. Membranes
were washed three times with PBST for 10 min and incubated with the secondary
antibody (donkey a-mouse, 1/10,000) for 1 h at room temperature. Finally, the mem-
branes were washed three times with PBST for 10 min and exposed with the ECL re-
agent. Images were taken using a ChemiDocTM instrument (Bio-rad) and analyzed
with the Image Lab 5.2.1 software (Bio-rad).
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Supplemental Experimental Procedures

Modeling of tubulin with C-terminal tails. To account for a possible influence of the negatively charged,
disordered C-terminal tail regions of a- and B-tubulin on the residence time of the ligands, we modeled
these elements to obtain the two new biomolecular systems namely Bll-tubulin-tail-plinabulin and Blll-
tubulin-tail-plinabulin. Starting from Bll-tubulin-plinabulin and BllI-tubulin-plinabulin systems, we manually
added the missing residues of the o— and B-subunits letting them to adopt a starting 3D extended
conformation. Using the BiKi Life Sciences suite’, we solvated the systems using TIP3P2 water molecules,
leaving a buffer of 12 A between the solute and the box edges. Each solvated system was then neutralized
by replacing water molecules with an appropriated number of Na* counter ions. The final complexes were
minimized and equilibrated to reach a target temperature of 300 K and a final pressure of 1 bar. Three
simulations of 500 ps each were run in the NVT ensemble, using the velocity rescaling thermostat to gradually
heat the system to 100, 200 and 300 K. The protein backbone and the ligands heavy atoms (i.e., plinabulin,
GTP, GDP and Mg?*) were restrained using a harmonic restraint with force constant of 1000 kJ mol' nm-2.
The last equilibration step of 500 ps was run in the NPT ensemble to adjust the density of the system, using
the velocity rescaling thermostat® and the Parrinello-Rahman barostat,* (releasing the restraints). Finally,
~140 ns of SMD simulations using a scaling factor of 0.8 were carried out to enhance the exploration of the
conformational space of the two C-terminal tails. To avoid the unfolding of the protein, weak positional
restraints (harmonic force constant = 50 kJ mol' nm2) were applied to the ligands and to the backbone of
the protein, with the exception of the two C-terminal tails. The P-LINCS algorithm® was employed to restraint
bonds involving hydrogen atoms in their equilibrium length. Long-range electrostatics were treated with the
Particle mesh Ewald (PME) method,® while periodic boundary conditions were applied in the three
dimensions. Both system equilibration and SMD simulations were performed using the BiKi Life Sciences
suite. In order to retrieve the most probable final conformations of both the a— and B subunit C-terminal
tails, we run a cluster analysis on the SMD trajectory, were we extracted the medoids of the most populated

clusters. These two medoids were used as starting points for the next SMD simulations.

Models of Bll-tubulin in complex with colchicine and combretastatin A-4. Besides plinabulin, we also
investigated the kinetic profiles of the two tubulin inhibitors colchicine and combretastatin A-4 in complex
with Bll-tubulin. These two systems are referred to as Bll-tubulin-colchicine and BlI-tubulin-combretastatinA-
4. The two systems were prepared starting from the PDB codes 402B and 5LYJ, removing the other
crystallographic protein units (i.e., stathmin-like protein RB3 and tubulin tyrosine ligase). The missing residues
present in the X-ray structures were filled using the "“fix structure” tool implemented in the BiKi suite. The
missing C-terminal tails were built using as template the Bll-tubulin-tail-plinabulin system. Also in this case,
the protein in both the Bll-tubulin-colchicine and ll-tubulin-combretastatinA-4 systems was parameterized
with the Amber ff14SB force field’, whereas the GTP and GDP parameters were retrieved from the Bryce
database (http://research.bmh.manchester.ac.uk/bryce/amber).? The charges of colchicine were computed
using BiKi at HF/6-31G* level of theory and fitted via the RESP procedure?, while the General Amber Force

Field (Gaff)'® was employed to parameterize the bonded terms. The combretastatin A-4 parameters were



the ones used in Gaspari et al."" For both systems, we employed the same procedure mentioned above for

solvating and neutralizing the systems.

Selection of restraints in SMD simulations. In order to define the unrestrained residues for SMD
simulations, we performed a preliminary analysis to identify a possible channel within the tubulin dimer that
might favor unbinding of the ligands (i.e., plinabulin, colchicine and combretastatin A-4). In particular, we
performed a ~90 ns long SMD using the BlI-tubulin-tail-plinabulin system applying a scaling factor of 0.45
and applying weak positional restraints (harmonic restraints force constant = 50 kJ mol-1 nm-2) to the GTP,
GDP and the protein’s backbone with the exception of the residues 6 A away from plinabulin. Then, we run
the Pocketron tool'? implemented in the BiKi 1.3 suite," to identify and track all the pockets formed along
SMD simulations. We used a radius 3 and 1.5 A for the big and the small probe, respectively, and discarded
from the analysis all the pockets that are smaller than the volume occupied by 3 water molecules. Using this
approach, we were able to identify putative channels that might help the departure of the ligands from the
colchicine site and that are not detectable by only the visual inspection of crystallographic structures.
Therefore, we added to the previously mentioned unrestrained residues also the residues that formed these
new channels. The unrestrained residues were: aQ176, aV177, aS178, aT179, aA180, aT223, aY224, 1225,
ald55, BF20, BV51, BY52, BQ136, BI165, BN167, BF169, BE200, BY208, BV238, BT239, BT240, BS241, pL242,
BR243, BF244, BP245, pG246, BQ247, pL248, pN249, BA250, BD251, BL252, BL255, pM259, BV315, BA316,
BT317, BV318, BF319, BR320, G321, BR322, BM323, BS324, BM325, BP348, BN349, BN350, V351, BK352,
BV353, BA354, BV355, BC356, BD357, BT376, BI378 (Blll-tubulin X-ray numbering, see Figure S3). For

consistency, we adopted the same set of unrestrained residues for all SMD simulations.

Thermodynamic integration protocols. For each of the 8 transformations (i.e. BlI/TRy, BII/ TRz, BII/TR3,
B/ TR4, BII/ TR, BII/TR2, BlII/ TRzand BlII/ TR4) we employed the same simulative protocol. The starting system
was firstly equilibrated at A = 0.5. The equilibration consisted of a minimization, a 20 ps long thermalization
at 300 K using the Berendsen thermostat and a 40 ps short equilibration to adjust the density of the system
using again the Berendsen barostat.’® The coordinates of the equilibrated system at A = 0.5 were used as
starting point for the simulations for the other A values. For each transformation, we run 11 simulations for
the tubulin-plinabulin complex and 11 simulations for the protein alone (see Figure 2). We used a window
size of AL = 0.1, where the starting system is A = 0.0 and the final system is A = 1.0. For each A value, 200 ps
of constant volume equilibration was followed by 10 ns of constant pressure production. The starting systems
for the first two transformations (i.e., Bll/TRy and BlII/TR4) are BlI-tubulin-plinabulin and Blll-tubulin-plinabulin
(see above), while the intermediate starting systems for other transformations were modeled by manually
mutating the residue of interest.

For each transformation, the free energy (AG) associated to move from the initial to the final one is:
AG = fl(su) dA Q)
), ‘A

where U is the potential energy of the system and A is the parameter that varies the potential from the initial
state (A=0.0) to the final state (A=1.0). Therefore, according to the alchemical cycle depicted in Figure 2, the

binding free energy difference of plinabulin from protein A to protein B is: AAGeindia-8] = AGboundiA-8] -



AGunboundia-8], Where the first term corresponds to the free energy gained/lost computed with formula (1) to
transform the protein from the initial (A) to the final state (B) when in complex with the ligand, whereas the
second term is analogous but the ligand is not bound to the protein. The convergence of Tl simulations was
assessed by estimating the AAGgind as a function of the simulation time,® interrupting the MD simulations
when the AAGying values reached the plateau as depicted in Figure S4. All the simulations were performed
using a single-step approach, where electrostatic and the van der Waals softcore potential terms are
switched at the same time for each A value Simulations were performed using the pmemd module

implemented in Amber16."
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Figure S2. Representation of the probability of finding the COM (center of mass) of plinabulin for the BlI-
(left side) and  tubulin (right side) systems computed along the SMD trajectories. Each point represents
the spatial localization of plinabulin’s COM according to the following color scheme: red has a probability of
>75 percentile, orange has a probability within 25 and 75 percentile, and indigo has probability <25
percentile.

Figure S3. A) Representation of the a (orange) and B (yellow) chains of the BlI-tubulin system. The blue
pocket circled in red represents the possible departure channel of the binders of the colchicine site. The
structure belongs to a representative frame extracted from SMD simulations. B) In black sticks the residues
of both the colchicine site and the departure channel that are not restrained in the SMD trajectories of the
BlI-tubulin-tail-plinabulin, Blll-tubulin-tail-plinabulin, Bll-tubulin-tail-colchicine and Bll-tubulin-tail-
combretastatinA-4 systems are represented.
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Figure S4. Free energy convergence in time for both the four transformations related to BlI=BIl(Bllmut-2) in
the left panel and the four transformations related to Blll—=BH(BllImu-2) in the right panel.

BS241

BIII Tubulin

BII Tubulin

Figure S5. Electron density showing the conformation of the $241 side chain in the TpuD1-plinabulin
structure (A) and the C241 side chain in the TpiD1-plinabulin structure (B). Plinabulin is shown in green sticks
representation. Electron densities are displayed using a sigma A weighted 2Fo-Fc map contoured at 1.0 level

using Pymol.
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BH1-BS2 loop

Figure S6. Representation of the three exit pathways evidenced in our SMD simulations. The alpha and the
beta tubulin are represented in grey and white cartoon, respectively. We oriented the dimer in the same way
as in Figure 1 of the main text and adopted the same colors for the exit pathways as in Figure 3 of the main
text. The colored circles in the Plinabulin binding site represent zone 1,2 and 3 (black, red and blue,
respectively). The orange, red and green portions of the protein represent, instead, the path A, B and C.



Data Collection?®

TeuD1-Plinabulin

TpuD1-Plinabulin

Wavelength, A

Space group

Resolution range, A
Unitcella, b, c(A) , ,

No. of observed reflections
No. of unique reflections
Mean I/sigma(l)

1
P1211
45.02 -1.519 (1.574 - 1.519)

73.565 91.351 83.221 90 96.851

90

1127765 (103861)
166365 (15828)
16.43 (1.21)

1
P1211
45.6 - 1.801 (1.865 - 1.801)

73.63 91.2 82.64 90 97.493 90

651489 (60526)
98394 (5181)
11.04 (1.29)

R-merge 0.05515 (1.52) 0.1429 (1.894)
R-meas 0.05971 (1.648) 0.1555 (2.071)
CC1/2b 0.999 (0.683) 0.996 (0.419)
ccx 1 (0.901) 0.999 (0.768)
Refinement

R-work 0.1764 (0.3644) 0.2256 (0.3567)
R-free 0.2023 (0.3726) 0.2622 (0.3658)
Macromolecules 8072 7817

Ligands 86 87

Protein residues 1017 999

RMS (bonds) (A) 0.008 0.011

RMS (angles) (°) 1.13 1.26
Ramachandran favored (%)c 98.61 98.27
Ramachandran outliers (%)c 0 0

B-factors

Average B-factor 37.17 25.51
Macromolecules 36.35 25.01

Ligands 27.68 17.21

Solvent 45.45s 31.45

2 Highest resolution shell statistics are in parentheses.
b As defined by Karplus and Diederichs."”

¢ As defined by MolProbity.®

Table S1. X-Ray data collection and refinement statistics.
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