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Abstract

Phenyl 4-(2-oxoimidazolidin-1-yl)benzenesulfonates (PIB-SOs) and  phenyl 4-(2-oxoimidazolidin-1-
yl)benzenesulfonamides (PIB-SAs) are new, potent combretastatin A-4 (CA-4) analogs designed on the basis of their
common phenyl 2-imidazolidone moiety. This phenyl 2-imidazolidone group is a bioisosteric equivalent of the
trimethoxyphenyl group also found in colchicine, podophyllotoxin and several other ligands of the colchicine-binding
site (C-BS). In this study, we investigated the interactions involved in the binding of PIB-SO and PIB-SA into the C-
BS. We describe three distinct pockets (I, II, and IIT) as key structural elements involved in the interactions between the
C-BS and PIB-SOs as well as PIB-SAs. We show that PIB-SOs and PIB-SAs adopt 4 and 3 distinct binding
conformations, respectively, within the C-BS. The binding conformations I and IV are common to most PIB-SOs and
PIB-SAs exhibiting high affinity for the C-BS and high cytocidal potency. In addition, binding conformation I is the
main conformation adopted by PIB-SOs, PIB-SAs, T138067, ABT-751, colchicine and CA-4. We also observed that
the sulfonate and the sulfonamide moieties of PIB-SOs and PIB-SAs are bioisosteric equivalents. Interestingly, we
further found that a large portion of the phenyl 2-imidazolidinone moiety in these analogs does not bind to pocket I
unlike the trimethoxyphenyl moiety found in several antimicrotubule agents such as colchicine, CA-4 and
podophyllotoxin, suggesting that the phenyl 2-imidazolidinone group may represent a new haptophoric moiety useful
for the design of new C-BS inhibitors mimicking the tropolone and the methoxylated phenolic moieties of colchicine

and CA-4, respectively.
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1. Introduction

Cancer has recently become the leading cause of death in North America [1, 2] and worldwide [3]. Nowadays, cancers
are responsible for 29% of all deaths as compared to 28% for cardiovascular diseases. In 2015, it is expected that
approximately 1,658,370 Americans will be newly diagnosed with cancer and 589,430 will die from cancers or cancer-
related causes [4]. A recent report states that the global burden of cancer will increase by > 75% by 2030 [1]. Therefore,
cancer research must be pursued on all fronts to improve both the quality of life and life expectancy. In this context,
chemotherapeutic drugs are an option of steadily increasing importance, especially for systemic malignancies and

metastatic cancers [5-10].

Vascular disrupting agents (VDAS) are a relatively new class of anticancer drugs that target tumor vasculature, thereby
causing an interruption of tumor blood flow and necrosis of the tumor mass [11, 12]. Several VDAs are currently under
clinical development for cancer, including the lead compound combretastatin A-4 (CA-4, 1) and its water-soluble,
disodium phosphate prodrug form (CA-4P, 2) [12-14], as well as T138067 (3) [15] and ABT-751 (4) [16] (Fig.1). CA-4
is a stilbenoid phenol isolated from the bark of the South African Bushwillow tree, Combretum caffrum. CA-4 and its
prodrugs are antimicrotubule agents that bind to the colchicine-binding site (C-BS) [17, 18] and selectively target
endothelial cells, thereby inducing the regression of unstable emerging tumor neovessels through interference with
vascular endothelial-cadherin signaling [19]. CA-4P has recently received an orphan drug designation for the treatment
of anaplastic thyroid cancer, medullary thyroid cancer and stage IV papillary or follicular thyroid cancer. However, CA-
4P exhibits significant side effects such as hypertension, hypotension, tachycardia, tumor-related pain, and lymphopenia
[13]. Despite promising results, the biopharmaceutical and anticancer properties of CA-4P are suboptimal and in need

of improvement. Thus, there is still a clear demand for new CA-4P analogues and derivatives.
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Figure 1. Molecular structure of CA-4 (1), CA-4P (2), T138067 (3), ABT-751 (4), N-phenyl-N"-(2-chloroethyl)ureas

(5a-5d), phenyl 2-aminooxazoline (6a, 6b), colchicine (7), TN-16 (8), PIB-SOs (9-67) and PIB-SAs (A8-A48).

The structure-activity relationships of CA-4 have been extensively studied, and > 28,000 derivatives and analogs have
been synthesized and biologically evaluated to date [20]. The chemical structure of CA-4 is usually partitioned into
three main moieties, namely the trimethoxyphenyl group (ring A), a methoxylated phenolic moiety (ring B) and the
ethenyl bridge linking rings A and B (Fig. 1). Ring B and the ethenyl bridge have been the most studied to date. Early
structure-activity relationship (SAR) studies have clearly suggested that only few modifications of ring A are
compatible with potent antimitotics. Thus, most modifications of combretastatins have been directed to ring B and the
ethenyl bridge. Modifications of ring B have included, but have not been limited to, different substitutions on the
phenyl, heteroaromatic or heterocyclic rings[21-24], and the unstable ethenyl bridge was substituted either with
sulfonate (Fig. 1) [25, 26], chalcone[27, 28], imidazole[29], triazole[30, 31], furazan[32], pyrazole and 1,3-thiazole[33]

derivatives.



Previous SAR studies in our laboratory have demonstrated that both N-phenyl-N’-(2-chloroethyl)ureas (5a-5d) and their
phenyl 2-aminoxazoline (6a, 6b) bioisosteric equivalents (Fig. 1) could replace the 3,4,5-trimethoxyphenyl moiety (ring
A) of CA-4 and bind to the C-BS with similar spatial conformations [34-42]. To further assess the potential of the N-
phenyl-N’-(2-chloroethyl)urea moiety for the development of new VDAs derived from CA-4, we developed analogues
with low-molecular weight derived from substituted phenyl 4-(2-oxoimidazolidin-1-yl)benzenesulfonates (PIB-SOs, 9-
67)[43] and phenyl 4-(2-oxoimidazolidin-1-yl)benzenesulfonamides (PIB-SAs, A8-A48) [44], where the 2-
chloroethylurea moiety was cyclized under basic conditions into the corresponding 2-imidazolidone ring. We prepared
more than 100 derivatives and screened for their antiproliferative activities. PIB-SOs and PIB-SAs exhibit
antiproliferative activities at the nanomolar level toward several tumor cell lines, bind to the C-BS, block cell cycle
progression in G2-M phase, disrupt the cytoskeleton and show potent antineoplastic activity towards human
fibrosarcoma (HT-1080) tumors grafted onto the chorioallantoic membrane of developing chicks, and low systemic
toxicity towards the embryos [43, 44]. Based on SAR studies of N-phenyl-N’-(2-chloroethyl)ureas [34-42], we
hypothesized that the phenyl 2-imidazolidinone moiety of PIB-SOs and PIB-SAs might also mimic the 3,4,5-
trimethoxyphenylated ring A of CA-4 and could be used as a bioisosteric equivalent for the development of new VDAs

derived from CA-4.

We investigated the key interacting elements of PIB-SOs and PIB-SAs and their spatial conformations when bound to
the C-BS to understand the structure-activity relationships. Here, we reveal binding pockets and the amino acid residues
essential for the docking of PIB-SOs and PIB-SAs to the C-BS. Additionally, we also disclose the common binding
sites and potential correlations with the factors for the antiproliferative activities using the spatial conformations of PIB-
SOs and PIB-SAs as well as other inhibitors of the C-BS including CA-4 (1), T138067 (3), ABT-751 (4), colchicine (7)
and TN-16 (8). Finally, our computational modeling results will be beneficial for the design of novel antimicrotubule

agents targeting the C-BS.

2. Results and discussion

2.1. Assessment of the Surflex-Dock™ technique as applied to the C-BS

Surflex-Dock™ uses an empirical scoring function and docks ligands into a protein-binding site. The Surflex-Dock
ProtoMol is a computational representation of the intended binding site against which putative ligands are aligned. The
ProtoMol is not meant to be an absolute docking envelope but its purpose is to direct the initial placement of the ligand
during the docking process. Docked ligands are scored in the context of the receptor, not in the context of the ProtoMol
[45]. To evaluate this docking technique with the C-BS, we used Surflex-Dock to dock selected inhibitors, namely

T138067, ABT-751, colchicine and TN-16, as extracted from their X-ray structure in complex with the C-BS (protein



data bank (PDB): 3HKE [46] for T138067, 3HKC [46] for ABT-751, 1SAO0 [47] for colchicine and 3HKD [46] for TN-
16) into the corresponding receptor binding site in silico (Fig. 2). A reasonable agreement was obtained between the
conformation proposed from the docking experiment and that extracted from the X-ray co-crystal structure published
for these inhibitors. A stereo view of the C-BS docked with the crystal structure of the four inhibitors is shown in Fig.
2B-2E. According to the Surflex-Dock binding score, the highest score conformations of T138067, ABT-751 and
colchicine had the closest conformations compared to crystal structures. Nonetheless, the closest conformation of TN-
16 had the fourth highest score compared to the crystal structure. The latter result showed that there is a significant
discrepancy between the conformation of bound TN-16 proposed from the docking simulation approach and that
derived from its crystal structure, although the binding of TN-16 is rather unique among the C-BS inhibitors tested.
Indeed, this is the only inhibitor that binds deeply inside the pocket I of C-BS (Fig. 2E) and that involves hydrogen
bonding between V238 and the pyrrolidine moiety of TN-16. Pockets I, II and III (PI, PII and PII) of C-BS are
described in Fig 2F. Taken together, these results show that Surflex-Dock is a reliable technique to evaluate the docking
conformation of the C-BS inhibitors, and can be used to assess the docking conformation of PIB-SOs and PIB-SAs in

the C-BS.



Figure 2. Stereo view of tubulin binding pockets and comparison of the re-docked conformations of inhibitors with

their original conformation as obtained from crystal structures. Tubulin structure was presented as a cartoon model. The
binding site was shown as a Connolly surface with hydrophobic properties (brown: hydrophobic; blue: hydrophilic;
green: intermediate). (A) Molecular structures of T138067 (3), ABT-751 (4), colchicine (7) and TN-16 (8). (B) Docked
T138067 binding conformation (orange ball-and-stick model) and conformation from crystal structure (green ball-and-
stick model). (C) Docked ABT-751 binding conformation (orange ball-and-stick model) and conformation from crystal
structure (green ball-and-stick model). (D) Docked colchicine binding conformation (orange ball-and-stick model) and
conformation from crystal structure (green ball-and-stick model). (E) Docked TN-16 binding conformation (orange
ball-and-stick model) and conformation from crystal structure (green ball-and-stick model). (F) C-BS inhibitor

structures as determined from X-ray crystallographic structure. T138067 (PDB: 3HKE) [46] is described as a red ball-



and-stick model. ABT-751 (PDB: 3HKC) [46] is depicted as a blue ball-and-stick model. Colchicine (PDB: 1SA0) [47]
is presented as an orange ball-and-stick model. TN-16 (PDB: 3HKD) [46] is shown as a green ball-and-stick model.

Pocket I, IT and III is defined as PI, PII and PIII, respectively.

2.2. Validation of inhibitors binding conformations to tubulin

T138067, ABT-751, colchicine and TN-16 are known potent inhibitors to C-BS. We therefore used these model ligands
to determine the shape and the key amino acids lining up the binding pockets that are part of the C-BS. Of note,
colchicine and CA-4 have the same trimethoxyphenyl pharmacophore group (ring A) and the same spatial conformation
upon binding to the C-BS [48, 49]. For the sake of brevity, only data for colchicine will be presented. First, the C-BS
has a large hydrophobic pocket with a triangular shape (Fig. 2). C-BS inhibitors exploit different features of the binding
site virtually across the whole surface of the binding site. C-BS inhibitors were found to bind to three distinct pockets of
the C-BS (I, IT and 11, Fig. 2F). V236, T237, Y200, 1370, F266, F167, E198, N165, L250, and L253 residues constitute
pocket I (PI, Fig. 2F); residues K352, A316, V315, V351, T314, N350, M257, N256, and V181 surround pocket IT (PII,
Fig. 2F); and residues near bound GTP, including GTP itself, namely T179, L246, K252, N101, A180, N247, and Q11,
border pocket III (PIII, Fig. 2F). The pockets I and II are the main regions to which the four aforementioned inhibitors
bind, whereas the involvement of the pocket III is limited to the binding of the acetamido group of colchicine.
Moreover, no C-BS inhibitor binds deeply within the binding site due to steric hindrance of this pocket, with the

exception of TN-16, as indicated above.

2.3. Docking studies of PIB-SO and PIB-SA derivatives

PIB-SOs and PIB-SAs are two novel classes of C-BS inhibitors analogous to CA-4. We hypothesized that the new
phenyl 2-imidazolidinone haptophore (or ring A) and ring B of PIB-SOs and PIB-SAs should mimic rings A
(trimethoxyphenyl moiety) and B of CA-4 (Fig. 1), respectively. Moreover, we also postulated that the sulfonate and
sulfonamide moieties would replace the ethenyl bridge of CA-4, as shown by other groups [25, 26, 50, 51]. To assess
this hypothesis and have an overview of the binding of this novel class of C-BS inhibitors, several PIB-SOs and PIB-
SAs were docked into the C-BS using the Surflex-Dock approach. For easier cross-referencing, we use the same code
numbers for PIB-SOs and PIB-SAs as in our previous publications [43, 44]. However, to avoid confusion in the code
numbers between PIB-SOs and PIB-SAs, PIB-SA code numbers are preceded with an “A ”. The chemical structures of

the PIB-SOs and PIB-SAs used in this study are shown in Table 1.



Table 1. Molecular structures of PIB-SOs and PIB-SAs used in docking studies.
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*The compound code numbers of PIB-SOs and PIB-SAs refer to our previous publications. [43,44] ®To avoid confusion
in code numbers between PIB-SOs and PIB-SAs, the prefix 4 has been added at the beginning of PIB-SA the code
numbers. °N/A: Not available.

The PIB-SOs and PIB-SA poses obtained from the docking studies are shown in Table 2 and in Figs. 3 and 4. PIB-SOs
and PIB-SAs adopted four and three docking conformations in the C-BS, respectively. PIB-SOs 9, 10, 12, 13, 14, 15,
17, 18, 19, 21, 24, 27, 28, 29, 34, 37, 40, 43, 45, 46, 49, 55, 65, 66 and 67 adopted conformation I; 11, 26, 39 and 53
adopted conformation II; 32, 38, 41, 42, 50, 51 and 64 adopted conformation III; and 25, 30, 31, 44, 47, 48, 52, 61 and

62 adopted conformation IV. PIB-SAs A17, A25, A26, A30, A31, A35, A36, A42, A47 and A48 adopted conformation



I; A8, A12, A28, A39, A40, A41, A45 and A46 adopted conformation IV; and A10, A21, A23 and A32 adopted
conformation V. Docked conformation I for PIB-SOs and PIB-SAs is similar to that determined for T138067 and ABT-
751 in X-ray crystallographic structures 3HKE and 3HKC, respectively, when bound to tubulin C-BS (docking
conformation I in Table 2, and Figs. 3A, 3B, 4A and 4B). Twenty-five PIB-SO and ten PIB-SA derivatives showed
similarities to docking conformation I upon adopting their highest binding score conformations. In this binding
conformation, the sulfonate or sulfonamide group is positioned at the center of the binding pocket, and the remainder of
the structure extends into the pockets I and II. In Fig.s 3A and 4A, T138067 was used as a reference to compare the
docking conformations of PIB-SO and PIB-SA derivatives. In Figs. 3B and 4B, the binding conformation of ABT-751
is illustrated for comparison with the PIB-SO and PIB-SA derivatives shown in conformation I. The 4 PIB-SOs with the
highest scores upon docking fell into docked pose II. In the latter conformation, the sulfonate group is moved toward
the pocket I, with one extremity of the molecule deeply extending into the bottom of pocket I and the other end
extending towards the center of the C-BS (Fig. 3C). Fig. 3D shows docking conformation III in the C-BS, which was
mimicked by 7 PIB-SO derivatives with the highest docking scores and where the structures extend from pocket I to
pocket III. With docking conformation IV, the sulfonate and sulfonamide moieties of PIB-SO and PIB-SA derivatives,
respectively, were found to overlap in pocket II and assumed a bent conformation spanning the middle of the C-BS
(Fig. 3E and 4C). The two ends of the 9 PIB-SO and 8 PIB-SA derivatives are found to fold in towards the middle of
the C-BS. Finally, four compounds in the PIB-SA series share a completely different docking conformation V (Fig. 4D)
wherein the phenylimidazolidin-2-one and sulfonamide moieties extend into the pocket II and, interestingly, phenyl ring

B extends into the pocket IIT next to GTP.

Table 2. Docking poses of the PIB-SO and PIB-SA derivative series.

Docking pose I m* I v \%A
9,10, 12,13, 14, 15,17, 18, 19, 25, 30, 31, 44,
PIB-SO 11, 26, 39, 32, 38,41, 42,
21, 24, 27, 28, 29, 34, 37, 40, 43, 47,48, 52, 61, -
derivatives 53 50, 51, 64
45, 46, 49, 55, 65, 66, 67 62
A10,
A8, A12, A28,
PIB-SA A17, A25, A26, A30, A31, A35, A21,
- - A39, A40, A41,
derivatives A36, A42, A47, A48 A23,
A4S, A6
A32

aNo derivative in the docking pose.
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Figure 3. Stereo view of the docking conformations of selected PIB-SOs to tubulin. (A and B) Overlapping the docking

conformations of 25 PIB-SO derivatives with the X-ray crystallographic structures of reference C-BS inhibitors shows



that they share pose I, which is similar to the crystal structure conformations adopted by (A) T138067 and (B) ABT-751
upon binding to the C-BS. PIB-SO compounds are presented as capped-stick models. For comparison, the T138067
conformation in PDB 3HKE is presented as a transparent space-filled model colored in red (panel A). The ABT-751
conformation in PDB 3HKC is presented as a transparent space-filled model colored in blue (panel B). The other three

major docking poses (II, ITI, and IV) adopted by PIB-SO derivatives are shown in panels C, D and E, respectively.
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Figure 4. (A and B) Overlapping the docking conformations of 10 PIB-SA derivatives with the X-ray crystallographic
structure of C-BS inhibitors shows that they share pose I, which is similar to (A) T138067 and (B) ABT-751
conformations in crystal structures. PIB-SA compounds were presented as capped-stick models. For comparison, the
T138067 conformation in PDB 3HKE is presented as a transparent space-filled model colored in red (panel A). The
ABT-751 conformation in PDB 3HKC is presented as a transparent space-filled model colored in blue (panel B). Panel
C shows the other major docking pose, namely pose IV, and panel D illustrates the minor docking pose V adopted by

PIB-SA derivatives.



2.4. Structures, spatial conformations, and affinities of PIB-SOs and PIB-SAs in the C-BS

Based on the docking studies of PIB-SO and PIB-SA derivatives, the general structure of PIB-SOs adopt conformation I
when ring B is mono- or disubstituted with small alkyl groups at positions 2 and 3 or mono- or disubstituted with
alkoxy or halogen groups at positions 3 and 4. Generally, for the PIB-SAs to adopt conformation I, ring B must be
substituted by an alkyl chain at position 4 or mono- or disubstituted by alkoxy groups at positions 3 and 4. On the other
hand, no clear structural rules can be defined that promotes the adoption of conformations II-IV by the various PIB-SOs
and PIB-SAs. Indeed, minor structural changes such as elongation of the alkyl chain at position 4 (e.g. 11, 52 and 53)
and the position of 2 or more identical groups on the ring (e.g. 25, 26, 41 and 42) modify conformation upon binding to

the C-BS. These constraints result from the spatial limitations within the C-BS, which entail important steric hindrance.

PIB-SOs and PIB-SAs adopt two identical major docking conformations, namely I and IV, where the sulfonate and
sulfonamide moieties are approximately in the same position. Moreover, except for conformation II, the sulfonate and
sulfonamide moieties tend to occupy the center of the C-BS in most high-scoring binding conformations, such as the
ethenyl bridge of CA-4. In addition, in most docking conformations, the phenyl 2-imidazolidinone moiety of PIB-SOs
and PIB-SAs is stabilized by pocket II of the C-BS, in which it fits rather closely. The remaining portion of these drugs
fits mostly into the pocket I, although a portion of the molecule extends into the pocket III in a few cases. Therefore, the
phenyl 2-imidazolidinone moiety appears to mimic the 2-methoxyphenol and the tropolone moieties (ring B) of CA-4
and colchicine, respectively, but not the 3,4,5-trimethoxyphenyl moiety (ring A) of CA-4. Finally, both pockets I and II
are large enough to accommodate larger substitutions. Thus long hydrophobic substituents may fit better in pocket I
whereas bulky albeit more compact groups might be preferred for the pocket III. For the derivatives studied herein, the
substituent shape is more important than other properties such as hydrogen bonding, salt bridge formation, or
electrostatic interaction since the binding pocket is clearly hydrophobic, and the most likely ligand-receptor interactions

to occur are mostly driven by van der Waals forces rather than ionic or other polar forces.

Interestingly, in the PIB-SO and PIB-SA series, compounds with the strongest antiproliferative activity and affinity for
the C-BS almost all bind when adopting either conformation I or IV. Moreover, the docking conformation I is the main
spatial conformation adopted by PIB-SOs, PIB-SAs as well as other potent C-BS inhibitors such as T138067, ABT-751,
colchicine and CA-4. This result thus confirms the model and its use to assess and predict some of the structure-activity

requirements for the next generation of PIB-SOs and PIB-SAs.

3. Conclusion

We have investigated the key interacting elements of PIB-SOs and PIB-SAs and their spatial conformation within the



C-BS in order to confirm that the novel phenyl 2-imidazolidinone moiety of PIB-SOs and PIB-SAs can be used as a
bioisosteric equivalent of the 3,4,5-trimethoxyphenyl haptophore (ring A) of CA-4 for the design of new, potent
antimitotics. First, we clearly showed that Surflex-Dock™ is a good methodological approach to study the docking
poses of various C-BS inhibitors upon binding to the C-BS. We next used T138067, ABT-751, colchicine and TN-16 to
identify the key residues and their spatial conformations within the binding pockets of the C-BS. Three distinct pockets,
i.e. I, II, and III and their main constituent amino acids were characterized. PIB-SO and PIB-SA derivatives were
successfully docked into the C-BS using the Surflex-Dock™ software. PIB-SO was found to adopt 4 possible docking
conformations within the C-BS as compared to PIB-SAs, which adopt 3 possible docking conformations. Docking
conformations I and IV are common to the most strongly antitumoral PIB-SOs and PIB-SAs with high affinity for the
C-BS. Finally, based on the different spatial conformations adopted by PIB-SOs and PIB-SAs in the C-BS, sulfonate
and sulfonamide moieties are both shown to be bioisosteric equivalents of the ethenyl bridge of CA-4. In addition, and
somewhat unexpectedly, our results suggest that the new phenyl 2-imidazolidinonyl moiety binds to the C-BS while
adopting conformations different from that determined for N-phenyl-N’-(2-chloroethyl)ureas (5a-5d) and their phenyl
2-aminooxazoline moieties (6a, b), which have been described as bioisosteric equivalents of the 3,4,5-trimethoxyphenyl
moiety of CA-4, colchicine and a large number of antimitotics. Thus, the phenyl 2-imidazolidinonyl moiety is an

interesting haptophoric entity that could be useful for the design of new potent antimitotics.

4. Experiment

All calculations were performed using an SGI Onyx3800 supercomputer and Windows systems. The SYBYL molecular
modeling software package was used to perform the QSAR analysis [52]. The Surflex-Dock™ software was used to
construct the ProtoMol on the protein-binding surface. This software coats the binding surface of the protein with three
types of probes that promote potential hydrogen bond formation and hydrophobic interactions with protein atoms: (1)
CHy4 as a steric and hydrophobic probe, (2) NH as a hydrogen bond donor probe and (3) C=O as a hydrogen bond
acceptor probe. A scoring function positions and orients the probes to optimize their interactions with the protein atoms.
Only probes with the best scores are saved. Spatially redundant and isolated probes are pruned. Given that the score of
each probe represents the contribution of that probe to protein-ligand binding affinity, clusters of high scoring probes
identify the "stickiest" parts of the protein surface. Initial implementation with Surflex-Dock used the Hammerhead
docking system to screen for the binding of flexible molecules to a protein-binding site. Surflex-Dock also uses an
empirically derived scoring function that is based on the binding affinity of the protein-ligand complexes and their X-
ray structures. The Surflex-Dock scoring function is a weighted sum of non-linear functions involving van der Waals
surface distances between the appropriate pairs of exposed protein and ligand atoms. Surflex-Dock scores are expressed

in -log;o(Kq) units to represent binding affinities.
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