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Abstract

ap-tubulin colchicine site inhibitors (CSls) from four scaffolds that we previously tested for
antiproliferative activity were modeled to better understand their effect on microtubules. Docking
models, constructed by exploiting the SAR of a pyrrole subset and HINT scoring, guided
ensemble docking of all 59 compounds. This conformation set and two variants having
progressively less structure knowledge were subjected to COMFA, COMFA+HINT, and CoMSIA
3D-QSAR analyses. The COMFA+HINT model (docked alignment) showed the best statistics:
leave-one-out g2 of 0.616, r2 of 0.949 and r?peq (internal test set) of 0.755. An external (tested in
other laboratories) collection of 24 CSls from eight scaffolds were evaluated with the 3D-QSAR
models, which correctly ranked their activity trends in 7/8 scaffolds for COMFA+HINT (8/8 for
CoMFA). The combination of SAR, ensemble docking, hydropathic analysis and 3D-QSAR
provides an atomic-scale colchicine site model more consistent with a target structure resolution
much higher than the ~3.6 A available for ap-tubulin.
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Introduction

Microtubules are a validated target for cancer therapies due to their role as one of the major
cytoskeletal components in eukaryotic cells and their critical functions in the maintenance of
cell shape, protein trafficking, signaling and segregation of chromosomes during mitosis.
Microtubule-targeting agents function by interfering with microtubule dynamics, a process
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that controls the balance between microtubule assembly and microtubule disassembly.2 Four
major binding sites for these agents have been identified: the taxane site and the laulimalide/
peloruside A site, both for microtubule-stablizing agents, and the vinca site and the
colchicine site for microtubule-destablizing agents.23

Compared to taxanes and vinca alkaloids, which have been used successfully in clinical
therapies for cancer, colchicine itself, while a potent compound, has been restrained by its
toxicity to normal tissues at effective drug concentrations and has only been approved for
the treatment of familial Mediterranean fever and acute gout flares.# However, owing to the
fact that microtubules are important regulators of endothelial cells, the interest in developing
colchicine-site agents or colchicine-site inhibitors (CSIs) has recently intensified as
angiogensis inhibitors (preventing new blood vessel formation) and vascular disrupting
agents (destroy existing vasculature) for cancer treatment.® In particular, the combretastatin
family of colchicine-site agents is progressing through clinical trials for this purpose.l# Also
of interest is that colchicine site agents might be able to circumvent pllI-tubulin
overexpression, which compromises the clinical use of taxanes and vinca alkaloids.5’

A large number of CSls, including both natural and synthetic compounds, have been
reported and they possess significant structural diversity. So far, the compounds under
clinical investigation represent at least 26 different scaffolds, including colchicine,
combretastatin, podophyllotoxin and steganacin, and there are even more in preclinical
studies.>8 The ability of the colchicine site to accommodate such structural diversity is due
to the inherent flexibility of the site, which has been demonstrated by X-ray crystal
structures of the protein complexed with different agents (PDBID: 1SA0, 1SAL, 3HKC,
3HKE, 3HKD, 3N2K and 3N2G)%11 and molecular dynamics simulations.1?

The fact that the available crystallographic structural data for af-tubulin are of relatively
poor resolution (~3.6 A) should not be minimized: successes in structure-based drug
discovery at this site have been comparatively rare.13 In 2005, Nguyen et a/. reported
docking and molecular dynamics studies as an approach to compensate for modeling
inaccuracies arising from target structure resolution in their study of a structurally diverse
set of CSls.1* A common pharmacophore model was proposed to explain the critical
interactions for most of the agents binding to the site. However, the binding conformations
of a few were not correctly predicted, likely due to there being only one colchicine site
crystal structure (1SAO0) available at that time.

We have been developing pyrrole-based compounds as CSIs®-20 and as a result have
acquired a rich collection of structure-activity relationship (SAR) data that has allowed us to
characterize the colchicine site on af-tubulin at a level of detail that is, in effect, consistent
with a much higher-resolution target structure. We did this by identifying the pyrrole
compounds’ binding modes through ensemble docking, with multiple available crystal
structures of the site, guided by detailed SAR comparisons to colchicine.1>:16 Here, we have
expanded our computational analyses to other scaffolds in an attempt to gain a more
comprehensive and universal understanding of CSI ligands and the colchicine binding
pocket. The last major computational investigation of multiple CSI scaffolds was nearly a
decade ago,14 and the resulting model was more qualitative than quantitative. We collected
all antiproliferation (vs. MDA-MB-435 cancer cells) and microtubule depolymerization
activity data for colchicine site agents from the several diverse scaffolds that have been
tested in our laboratory.15-18.21-26 A will be seen, there are a number of rather subtle but
impactful features affecting activity, so we restricted our internal training and test sets set to
these assay results to be certain that our analyses were not confounded by inter-laboratory
variations.
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We performed the same ensemble docking protocol reported earlier to identify internally
consistent docked modes of all agents. To obtain a detailed and quantitative view of ligand
binding, we used 3D-QSAR (three-dimensional quantitative structure-activity
relationships),27+28 which identifies and assesses structural factors affecting activity within a
pool of compounds. We also introduce a novel hydropathic map-based (HINT)2° method
that mines additional useful information from the 3D hydrophobic and polar feature maps of
a pool of characterized compounds. The result, an activity-weighted linear summation of the
maps for our collection of CSls, produced a visual summary for the overall SAR of these
compounds. Finally, the validity of our 3D models was tested with an external test set
including 24 compounds derived from 8 templates tested outside our laboratory30-37 that
had previously been reported to be CSls.

Results and Discussion

The goal of the present study was to definitively characterize and refine the colchicine
binding site of ap-tubulin. There is a vast array of compounds and templates reported in the
literature to be colchicine site inhibitors (CSls), but there is not a clear consensus on the
pharmacophoric requirements of this site and the resulting SAR for bound compounds at the
site is not completely consistent. There are two confounding factors that must be taken into
account. First, the resolutions of all crystal structures reported to date are such that the
protein’s side chain positions and conformations are not resolvable, as is also true with the
bound DAMA-colchicine ligand. In fact, there is also measurable uncertainty with the
positions of backbone atoms in the 3-4 A resolution regime.38:39 Second, many, perhaps the
majority, of CSls may have antiproliferative activities caused by inhibiting targets other than
microtubules. This problem is somewhat mitigated when both antiproliferative and
microtubule depolymerization assays are performed on a putative CSlI, as is the common
practice in our laboratory. In our recent work, we have performed very detailed analyses of
focused subsets®-17 of pyrrole-based ligands that have enabled us to develop precise
docking models and rational SARSs.

Internal dataset

We developed a set of criteria to select compounds for this study. Most importantly, we
wanted to be sure that the dataset was self-consistent in terms of activity measurements; i.e.,
that they were evaluated in the same assay. Our laboratory has reported antiproliferative
ICs values in MDA-MB-435 cancer cells using the SRB assay!® for many compounds,
from multiple classes, over the past several years. We verify that the antiproliferative
activity is, at least in part, due to microtubule depolymerization, and that they are binding at
the colchicine site if they (or a structural analogue) competitively inhibit [3H]colchicine
binding.1® Because this evidence for a CSl is the best available, and we have collected this
data on multiple scaffolds (pyrrole analogues, combretastatin analogues, pyrimidine
analogues and colchicine itself),15-18:21-26 the training and internal test sets for this report —
of 59 total compounds (see Table 1) — was thus restricted to compounds we have studied.
The test set was 9 randomly selected compounds covering all three scaffolds other than
colchicine, while the remaining 50 compounds comprised the training set. The plCsgg values
for both the training set and the test set compounds covered a range of more than 3 log units.
The 1C5q and plCsg values for the training and test sets are set out in Table 1. ECsg and
pECsq, the microtubule depolymerization activities evaluated in A-10 cells, are also listed in
Table 1. The original data, in the format reported in the respective publications, is provided
in Supplementary Information (Table S1).
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Overview of the colchicine site and prediction of binding modes from docking

The colchicine site is located at the interface between a-tubulin and B-tubulin and is mostly
buried in the p-tubulin subunit as seen in the crystal structures 1SA0, 1SA1, 3HKB, 3HKC,
3HKD and 3HKE®10 (Figure 1). The site is surrounded by helices H7 and H8, loop T7, and
strands S8 and S9 of B-tubulin, and loop T5 of a-tubulin (our nomenclature of the secondary
structure features is as previously reported*%). DAMA-colchicine occupies the pocket with
its A ring fitting into the subpocket A, close to H7, its C ring in the subpocket C, close to T5
and its B ring in the center of the pocket. As different ligands bind, the T7 and T5 loops can
move to adapt to the changes, as indicated by the crystal structures (Figure 1). To take this
flexibility into account, we performed ensemble docking using five of the available crystal
structures (1SAQ, 1SA1, 3HKC, 3HKD and 3HKE). In the unliganded 3HKB structure, the
T7 loop closes the entrance and thus occupies most of the site and thus 3HKB was not used
in the docking study.

In our earlier docking studies of colchicine (1) and pyrrole compounds 2-39, a second very
key influence was the “atomic-scale” SAR available for the compounds, 1516 which enabled
mapping the shape and hydropathic properties of the A and C subpockets. For example, we
showed that 2, with a ethyl ester at the pyrrole C2 position, was ideal for the C subpocket,
while both the methyl and 7propyl ester compounds (3 and 4) made somewhat less
favorable interactions. As a result, the pyrrole compounds (2—39) adopted two distinct
binding modes.1® Mode 1, represented by the most active pyrrole, 2 (JG-03-14), binds most
favorably to the 3HKC structure (Figure 2a). The ester chain fits into subpocket C with the
carbonyl oxygen forming a hydrogen bond with the backbone nitrogen of Val181a, while
the alkyl ends reach the hydrophobic bottom. The pyrrole core is located in subpocket B,
with its 1-position NH forming hydrogen bonds with the sidechain carbonyl of Asn258f and
the backbone carbonyl of Thr179a. The four-carbon side chains of Leu248p and Leu255(
(not shown in figure) in subpocket A clamp the dimethoxyphenyl group of 2, and the two
methoxys are locked by other residues deeper within the pocket. In addition, the polar
residue Cys241f uses its SH group to form a weak hydrogen bond with either one of the two
oxygens from the dimethoxyphenyls. Mode 11, represented by compound 7 (Figure 2a),
tends to bind the 1SAO0 structure more favorably. The dimethoxyphenyl group and the
pyrrole core are located in positions similar to their positions in Mode I, but because of its
larger size, the ester chain shifts significantly away from subpocket C and exposes itself to
solvent while anchored by a new hydrogen bond with Asn101a.

Mode I ligands (e.g., 2) and the complexed colchicine overlap well. The dimethoxyphenyl
group of Mode I is located near the trimethoxylphenyl A ring of colchicine and the ester
chain of Mode | mimics the combination of the methoxy and the carboxyl oxygen of
colchicine’s C ring. The pyrrole core coincides with half of colchicine’s A ring and half of
its B ring. In contrast, the only region where Mode 1l compounds, e.g., 7, and colchicine
overlap is 7’s dimethoxyphenyl and colchicine’s trimethoxylphenyl.

The combretastatin analogues (40-44) and the pyrimidine analogues (45-59) were seen in
our models to bind most favorably to 3HKC. They adopt a binding mode similar to Mode |
(i.e., like 2 and colchicine), as shown in Figure 2b with the most active compound of each
scaffold. Subpocket A is occupied by a hydrophobic moiety with hydrogen bond acceptors
interacting with Cys241p. This moiety for 40 (the most active combretastatin analogue,
combretastatin A-4) is its trimethoxyphenyl group with the oxygens acting as hydrogen
bond acceptors, and for compound 52 (the most active pyrimidine analogue, (6 /)-\-(4-
methoxyphenyl)-/A,2,6-trimethyl-6,7-dihydro-5H-cyclopenta[ dlpyrimidine) is its
cyclopentapyrimidine group with an aromatic nitrogen as the acceptor. Subpocket C is
occupied by the other end of these ligands: 40 places the methyl from the methoxy group so
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as to interact with the hydrophobic bottom of subpocket C with the oxygen from the
hydroxyl group forming a hydrogen bond with Val181a; 52°s methoxy is also located in
subpocket C, but not as deep as the methoxy of 40. However, this methoxy is appropriately
positioned to simultaneously interact with the pocket’s hydrophobic bottom and Val181a.
The phenyl rings of both 40 and 52 occupy the B subpocket.

3D-QSAR alignment models and pharmacophore definitions

Three alignment models are shown in Figure 3: i) in the docking-based alignment (Figure
3A), all docked poses were directly used except for compounds 33-34 and 36-37 and 39, as
these ligands with poor activities were unable to fit sterically in the binding pocket. To
rescue these “negative controls” for use in the docking-based alignment models, we
superimposed their structures to the most active pyrrole analogue 2; ii) in the “semi-ligand-
based” alignment (Figure 3B), the compounds were superimposed onto docked
conformations of their appropriate prototypes. Due to the significant difference between the
Mode I and Il conformations obtained from docking, the pyrrole analogues were treated in
two groups. Mode | compounds 3-5, 15-32, 35 and 38 were superimposed onto compound 2
and Mode 1l compounds 6-14 were superimposed onto compound 7. Compounds 33-34 and
36-37 and 39 were treated as above. All combretastatins were superposed on 40 and all
pyrimidines were superposed on 52; and iii) in the naive alignment (Figure 3C), we adopted
the pharmacophore model of Nguyen et a/14 to align the energy-minimized scaffolds with
colchicine as the template. The pharmacophore features we used were a hydrogen bond
acceptor interacting with Cys241p, another hydrogen bond acceptor interacting with
Vall81q, and three hydrophobic centers in subpockets A, B and C, respectively.
Compounds 1 (colchicine), 2 (Mode I for the pyrroles), 40 and 52 are good examples that
contain all these pharmacophore features. It should be noted that the naive alignment is
ignorant of Mode | and Mode Il. Both of the latter two approaches are not traditional ligand-
based 3D-QSAR alignments, as some conformation information was gleaned from the
receptor. For ii, this was necessary because the common substructure of the scaffolds
included only a small portion of chemical space, thus precluding an obvious ligand-based
alignment, and for iii, Nguyen’s pharmacophore!3 was derived with knowledge of the 1SA0
ap-tubulin-tubulin X-ray crystal structure.

3D-QSAR models

The basic concept of 3D-QSAR is to correlate compound activities with interaction fields
surrounding the compounds. The interaction fields include thousands of grid points acting as
descriptors. Machine learning is applied to find a set of interaction values that are most
related to the changes in activity amongst the compounds. In COMFAZ2’ and CoMSIA 28
partial least squares (PLS) regression is used to derive and statistically validate models. The
logic of building a 3D-QSAR maodel relies on the assumption that variations of activity can
be fully explained by the variations in structure, and that these variations are well
represented by interaction fields. The most vexing issue in 3D-QSAR is usually
identification of the active conformation for each compound, and proposing how these are
superimposed/aligned — i.e., how they are presumed to bind at their receptor, binding or
active site. We used the three alignment models described above.

The docked alignment conformations are shown in Figure 3a. The semi-ligand-based
conformations are shown, for comparison, in Figure 3b. The major difference between the
two sets of conformations originates from the bases of the two approaches. The semi-ligand-
based approach aligns all ligands of the same scaffold according to their common structures,
while aligning the different scaffold families according to the docked conformations. This
tends to emphasize the structural differences between templates, while ameliorating
differences within the families. The docking-based alignment, however, allows the ligands
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to adapt individually by optimizing their /ndividual interactions and complementarities with
the receptor. Therefore, the docking-based approach more smoothly distributes the ligands
within the binding pocket than the semi-ligand-based approach, where ligand placement and
conformations appear to be more step-like. The naive alignment (Figure 3c) tends to almost
completely discount the influence of the receptor, and thus shows the least complexity.

Analysis of 3D-QSAR statistics

All three pose sets were used for 3D-QSAR modeling. 3D-QSAR models were evaluated
based on the cross-validated correlation coefficient (q2), the non-cross-validated correlation
coefficient (r2), standard error of estimate (SEE), the F test value and by evaluation of the
model with an internal test set (rzpred.).

The statistical results listed in Table 2 and the experimental and predicted activity plots in
Figure 4 indicate that the COMFA and CoMSIA models built upon this set of diverse
scaffolds with the docking-based alignment are statistically reliable. The g2 values were
0.589 and 0.512 and the r2 values were 0.934 and 0.863. The predictability for the internal
test set, indicated by r2 pred» Was above 0.7 for both COMFA and CoMSIA In contrast, the
semi- Ilgand -based and the naive alignments gave |nfer|or results: all g2 values were below
0.5 and all r2 pred Values were below 0.7. As expected, r2 pred Values from the naive alignment
were worse than for the semi-ligand-based alignment (0.590 vs. 0.620 for CoOMFA, and
0.395 vs. 0.476 for CoMSIA). We also built CoMFA models by adding the hydrophobic/
polar HINT fields as an additional independent column, which we are referring to here as
CoMFA+HINT models. These field combinations have been used with previous success for
hydrophobic datasets.#1-43 The COMFA+HINT applied to the docking-based alignment
gave moderately better statistics compared to the COMFA model with g2 = 0.616, r2 = 0.949
and r2 pred = 0.755 (Table 2). While the COMFA+HINT models used more components than
the standard (steric and electrostatic field) CoOMFA models, their higher g2 values indicate
that the additional components did not over-fit, but represented “real”” variance with new
information. The numerical values represented in Figure 4 are in Table S2 (Supporting
Information).

The relationship between antiproliferative effect (1C5q) and microtubule depolymerization
(ECsp) for a compound informs for off-target effects, i.e., those that do not impact tubulin.
Ideally, ECsg and 1Csq should be the same.15:18 We showed earlier that the pyrrole
compounds with key pharmacophoric features correlate these two activities: pECgq = 1.10
pICsg — 1.57 (r2 = 0.79).15 Although microtubule depolymerization data were not available
for many compounds, we estimated these values (see Table 1 footnotes) and built a COMFA
model from the docking-based alignment that was reasonable, with g2, r2 and rzpred of 0.515,
0.862 and 0.776, respectively (Table 2).

Analysis of 3D-QSAR contour maps

The docked poses of the ligands revealed several residues that interact with the ligands and
should thus be expected to significantly affect activity. We analyzed the resulting coefficient
x standard deviation (coeff*stddev) contour maps of the 3D-QSAR models to verify these
features and identify potential others. These maps, for the CoOMFA, COMFA+HINT and
CoMSIA models from the docking alignment, shown in Figure 5, identify regions (and their
causative ligand functional groups) that have significant impact on activity, and thus can be
useful for not only rationalizing observed SAR, but also for ligand design.

The CoMFA experiments represent structure with steric and electrostatic fields. The
coeff*stddev maps (Figure 5a) thus indicate regions in space where adding steric bulk or
changing the electrostatic charge at specific loci in the core molecule should increase (or
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decrease) target activity. Briefly, green and yellow contours represent favorable and
unfavorable steric substitutions, respectively, while red and blue contours represent a
favorable effect from more electronegative and more electropositive substitutions,
respectively. (Note that this latter can be interpreted in an alternative way, i.e., that red
contours also indicate that lower activity results from a more electropositive substitution.)

Favorable steric interactions (1, green) are suggested near substitutions to the ether oxygen
on colchicine’s C ring; electronegative groups (2, red) such as that ether oxygen and the
carbonyl oxygen would be favorable as well. The higher activity binding mode for the
pyrrole compounds (e.g., 2) typify these observations, as they place their ester chains in
these regions, i.e., with the carbonyl and ether oxygen around 2 (interacting with the
backbone NH of Val181a) and the alkyl group around 1. The small yellow contour (3) at the
top of colchicine’s C ring indicates that a too bulky substitution would be unfavorable for
this region. The ethyl of the ester chain of 2 is a perfect fit as reported in our previous
study.1® The naive alignment model also highlights this observation (vide infra). The blue
contours (4) between colchicine’s B ring and Thr179a suggest that a positively charged
group would be favorable, which could again be related to the NHs for the higher activity
pyrrole compounds forming hydrogen bonds with Thr179a. The large green contour (5)
around the B ring of colchicine suggests favorable steric interactions with the receptor. For
example, the pyrimidine analogues 52 and 56, with a methyl substitution on the amino
nitrogen, showed significantly higher activity than the corresponding analogues 53 and 57
without such a substitution. These methyls overlay colchicine’s B ring and are surrounded
by the four-carbon side chain of Lys254f and Leu248p. Several notable contours are arrayed
around the trimethoxylphenyl group (A ring) of colchicine. The green contours (6) represent
the favorable steric interactions between the methyls and the hydrophobic residues at the
bottom of the pocket. The complex interleaving of red and blue contours (7) represents the
importance (and critical positioning) of hydrogen bond acceptors in this subpocket
commonly observed for highly active colchicine site binders. We explored the details of this
observation by testing compounds with varying hydrogen bond accepting ability in a
previous study!® and designated Cys241p as a key donor. The red regions indicate where the
acceptor atom (usually alkoxy oxygens) is properly positioned, while the blue regions
indicate where this basicity is unfavorable to activity. Note that fl11-tubulin, a taxane-
resistant isoform overexpressed in some cancer cells, possesses the better H-bond donor
serine as a mutation to the key cysteine, 3 and would thus be expected to more strongly bind
such CSI compounds, which may make them more selective for the isoform. The few yellow
contours around the ligand indicate unfavorable steric interactions. One notable region (8) is
the space between rings A and C. While part of ring C shows favorable steric interactions
related to Ala316, the pocket is constrained by this residue, leaving no room for a
substituent that is too bulky. Thus, the methoxyphenyl group at the C-3 (i.e., R4, Table 1)
position of 33 is predicted by docking to intrude into the protein, and no antiproliferative
activity or microtubule effect was observed for the compound. A variety of other fragmented
(mainly blue) contours probably indicate adjustments the different scaffolds make to fit the
universal model and will not be discussed further. CoOMFA maps from the ECgy models
were very similar and are available in Supporting Information (Figure S1).

The CoMFA+HINT model supplemented the steric and electrostatic fields with the HINT
hydrophobic/polar field. The resulting steric and electrostatic maps were largely the same as
shown in Figure 5a. We focus here on the coeff*stddev map representing the influence of
the HINT field (Figure 5b), with hydrophobic/polar information about the model as it
indicates regions in space where changing the hydropathy at specific loci of the core
molecule should increase (or decrease) target activity. Briefly, cyan and purple contours
represent a favorable effect from more hydrophaobic and /more polar substitutions,
respectively. In effect, this field helps characterize the nature of the prescribed steric bulk.

J Med Chem. Author manuscript; available in PMC 2014 September 26.
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The regions related to the partially hydrophobic (Val181a sidechain) subpocket C (1), the
hydrophobic alkyl side chain of Lys254f and Leu248@ around ring B (5) and the
hydrophobic subpocket A (6) surrounded by Leu255f all favor hydrophobic groups. The
purple regions indicate favorable polar substitutions. They are related to the hydrogen bond
donors from the receptor: the backbone NH group of Val181 (2) and the SH group of
Cys2418 (7).

Although minor differences exist, the steric, electrostatic and hydrophobic coeff*stddev
maps of the CoMSIA model (Supporting Information, Figure S2) show similar features as
those of COMFA and CoMFA+HINT, albeit with more compact and focused contours. Our
CoMSIA model also included hydrogen bond donor and acceptor field types not present in
CoMFA (Figure 5c). Black and light green represent favorable and unfavorable hydrogen
bond donors, and magenta and orange represent favorable and unfavorable hydrogen bond
acceptors. The magenta contour (9), representing a favorable hydrogen bond acceptor, near
the backbone NH of Leu252p is a new observation that can be related to the hydrogen bond
between the NH and one of the aromatic nitrogens of pyrimidines, such as 52. Other
contours in this map, e.g., 2 and 7, provide complementary information to the other models.
Note that the two lobes of 2 now indicate both favorable donor and unfavorable acceptor
properties.

The coeff*stddev maps of the COMFA and CoMSIA models from the semi-ligand-based
alignment (Supporting Information, Figures S3 and S4) are generally similar to maps based
on the docking alignment. Concomitant with the poorer statistics of these models, the naive
alignment yielded maps (Supporting Information, Figures S5 and S6) of poorer quality that
were difficult to interpret. The major alignment difference, the assumption that all pyrroles
would adopt the same binding mode, was shown to be clearly wrong with unfavorable steric
contours extending well beyond the boundaries of subpocket C.

The contour maps of the 3D-QSAR models correlate very well with the structure of the
colchicine site and identify regions within the site that have significant impact on activity.
Importantly, our common pharmacophore for CSls, similar to that previously reported,
was validated by the 3D-QSAR models: the hydrogen bond acceptors related to Cys241(3
and Val181a and the three hydrophobic centers in subpockets A, B and C. Of note is that,
while these pharmacophores are present in highly active CSls, as seen in the prototypes,
removing them decreases activity, as seen repeatedly in this data set. Beyond the common
pharmacophore, however, other features in the 3D-QSAR maps (Figure 5) were identified
that also have significant impact on activity. Cataloguing and understanding these features is
important for improving the activities of even already highly active compounds because it is
possible that these features have not as of yet been consolidated.

One argument against using docking-based alignments is that, like those crystallographically
derived, there can be “noise” present in the docked poses, although that is not always the
case.*4-49 We did not detect this: 1) most compounds docked quite similarly to their (most
active) prototypes (see Figure 2a) and their shapes were complementary to the binding
pocket; and 2) the structural changes between scaffolds significantly outweighed the intra-
scaffold “noise”. In fact, because many more residues were involved in binding than
suggested by the pharmacophore model used in the naive model, docking was able to place
individual ligands more precisely in the colchicine site, with better performance metrics (g2,
r2, etc.) in validating the resulting 3D-QSAR models.

LOCKSMITH highlights important features of the data set with a composite HINT map

Statistical 3D-QSAR models (as in COMFA, etc.) depend on many factors, including
accuracy of the input data and variance in the training set compounds. They can, however,
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obscure the unique features of single compounds that may provide valuable ideas for drug
design. We previously suggested®® that calculating composite feature (called LOCKSMITH)
maps of sets of active compounds, presumed to bind at the same site, could be a useful
visualization tool for evaluating these compounds. Here, we calculated a simple linear
combination of HINT maps, which contain hydrophobic/polar fields and acid/base fields, for
all members of the compound set. Each map in the sum was weighted by 0.1 uM / 1Csq for
the compound. The goal is to highlight both uniqueness and commonality. Thus, highly
active compounds, even if structurally unique, would contribute more to the overall map and
features common to a majority of compounds would also be reinforced, but features that are
rare or detrimental to activity would be weakly, if at all, visible. Much as illustrated above
for 3D-QSAR, it should be possible to use such composite maps for the design of new
compounds that incorporate the best features of multiple templates.

The resulting overall HINT map calculated with all CSls from the dataset is shown in Figure
6. This map generally agrees with the contour maps from the 3D-QSAR analyses, as it
reveals the hydrogen bond acceptors interacting with Cys241f (1) and Val18la (2) and a
very large hydrophobic area (3) covering subpockets A, B and C of the site. These features
are congruent with the common pharmacophore model, and are thus the commonalities of
the active compounds. Other features in the map are interesting: i) an acid (4) representing
the hydrogen donating ability of the pyrrole core NH interacting with Thr179a, especially 2;
ii) bases (5) representing one of the aromatic nitrogens of 52 and the carbonyl oxygen of 42
(not clearly indicated by 3D-QSAR) forming hydrogen bonds with Asp2510 and Leu252f3
respectively.

The composite HINT map represents an alternative approach to 3D-QSAR. First, it is
important to note that CoOMFA and related contour features are designed to extend away
from occupied space, thus suggesting how extensions to existing compounds should impact
activity. In contrast, the HINT contours are centered on the atoms and functional groups of
existing compounds. Thusly, the often-fragmented contours in 3D-QSAR models can reveal
specific information about a small handful of compounds, and rational insight into possible
modifications thereof. LOCKSMITH maps are more limited in scope — only revealing a
consensus of what is known about the actives. The HINT map approach may be most useful
for hypothesis generation: it is a simple operation to superimpose a putative compound over
this map to determine its suitability.

Evaluation of other scaffolds in an external dataset

A vast number of scaffolds for CSls have been reported in the literature, with some
possessing impressive activities. As detailed above, we trained our models using only
compounds that had been evaluated in our laboratory to reduce experimental uncertainties.
However, the union of the training set provides a comprehensive sampling of the colchicine
site, and the models we obtained should, if they are truly valid, be able to evaluate other CSI
scaffolds by predicting ICsps consistent with our assays. We therefore collected a second,
external, test set (see Table 3) from 8 scaffolds (60-67) by selecting three representatives of
each: a) highly active, b) medium active and c) weakly active compounds. Scaffolds 60 and
61 are combretastatin-like, but 62—67 are new. These compounds were evaluated with the
CoMFA, COMFA+HINT and CoMSIA docking-based alignment 3D-QSAR models, after
docking each as above (see Supporting Information Figures S7a—h for representative docked
conformations). The predicted activities (Table 3) are not necessarily numerically
comparable to experiment because the assays were different, but, in fact, we could fairly
reasonably correlate our predicted plCsg to the measured and reported activities with linear
regression (see Figure 7). The COMFA and CoMSIA models produced rZytermal Values of
0.474 and 0.294, respectively, while the COMFA+HINT model’s rZextermal Was 0.424.
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We further analyzed the ranking performance of the models, i.e., whether the models could
correctly rank the high, medium and low-activity compounds within the same scaffold.
While ranking performance is a more gross evaluation of a model compared to r2eyternal it is
perhaps more appropriate considering the implied uncertainties of mixing results from
multiple assays. All three docking models performed very well (Table 3). The CoOMFA
model was best at this task with all 8 scaffolds correctly ranked; COMFA+HINT ranked 7/8
of the scaffolds; and CoMSIA ranked 6/8 correctly. As a simple experiment, we also scored
each of the external test set members against the HINT composite map by correlating map
point characters and intensities; these scores (5/8 scaffolds ranked correctly) are also listed
in Table 3. We also tested the semi-ligand-based and naive alignment models with the
external test set (Supporting Information, Table S3), and the results were, not surprisingly,
less reliable. Validation against an external test set, with diverse and unique scaffolds, shows
that we are able to use 3D-QSAR models built from an alignment based on docking to
identify active CSI compounds.

Composite of features identified by 3D-QSAR analyses for CSls

Two elements of the process are key: 1) the “atomic-scale” SAR we derived from a large
collection of pyrrole analogues enabled us to build atomic scale models of the colchicine
active site despite the poor resolution of the target X-ray structure; and 2) because the
colchicine site is so flexible, only by using ensemble docking with the full set of ligand-
bound ap-tubulin crystal structures, was it possible to obtain self-consistent molecular
models for all complexes.

We summarize in Figure 8 the features identified by 3D-QSAR analyses for the studied
CSis. Colchicine is shown for reference as the binding ligand in the site. An optimally
favorable ligand would have four hydrogen bond acceptors (red) interacting with Val181q,
Leu252p and Cys2418, a hydrogen bond donor (blue) interacting with Thr179a, and a
hydrophobic skeleton with four hydrophobic centers (green circles) interacting with all three
hydrophobic subpockets. Colchicine lacks the hydrogen bond acceptors for Leu252f and the
hydrogen bond donor for Thr179a. Molecular designs for CSls that pick up these
pharmacophoric features might be expected to have higher activity.

Conclusions

Despite the significance of af-tubulin as a target for multiple classes of anticancer
therapeutics, it has not yielded to traditional structure-based drug discovery/design because
of the quite poor resolution of the available crystal structures. In particular, targeting of the
colchicine site has produced many hundreds of compounds from multiple templates with
modest to very good activity — however, no approved anticancer drugs — but these leads
were found almost exclusively by screening. For the past several years, we have been
investigating an extensive set of polysubstituted pyrrolest®-18 that have microtubule
depolymerization activity. The SAR developed with this set of compounds not only
rationalized their activity, but also enabled the creation of atomic resolution docking
models.15:16

In this work we expanded the pyrrole set of docking models with additional ligand scaffolds
and imported these poses as an alignment rule for a panel of 3D-QSAR analyses. We also
used two other alignment rules as controls — one a naive alignment based only on the
previously published pharmacophore of Nguyen et a/1* and the other a hybrid approach
where only a prototype for each scaffold was docked while the other members of the family
were fit to it. The docking-based, semi-ligand-based and naive alignment approaches
represent typical scenarios in 3D-QSAR modeling. The first is used when the structure of
the receptor is known from experiments or homology modeling, so that the putative
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bioactive conformations of the ligands can be obtained from docking. The other limiting
case scenario is when the structure of the receptor is unavailable or unsuitable for docking,
so that the bioactive conformations of ligands have to be obtained from conformational
search combined with energy minimization; the resulting conformations are overlaid based
on substructure similarity and “experience”. These naive ligand-based alignments are
generally regarded as better for detecting the real “signals” from the real variance in the
structures of the different ligands, while docking-based alignments may confuse the
regression method with “noise”, i.e., the variation in the coordinates of a common
substructure. However, for structurally diverse ligands, the docking-based approaches are
more practical because the comparisons between different scaffolds are clearly indicated by
their docked poses, while simple substructure similarity may not be enough for alignment
using ligand-based approaches. In this particular study, we also adopted a semi-ligand-based
alignment, where we took information from docking to align the different scaffolds, and thus
treated all ligands of the same scaffold with alignment rules based on common substructures
to remove “noise”. The resulting statistics from all three alignments are grossly comparable
(Table 2), but the docking-based alignment modestly outperformed the others in g2, which
was probably due to the fact that docking places individual functional groups more precisely
in the pocket. In addition, the purported “noise” from the docking-based approach did not
seem to affect the detection of “signal” as seen with satisfactory g2 and rzpred values.

The calculated 3D-QSAR contour maps revealed a pharmacophore model for CSls with
much more detail than previously available. Features in these maps indicating favorable and
unfavorable interactions are directly relatable to specific site residues. To summarize, by
combining the different approaches highlighted in this work, especially the classic medicinal
chemistry tools of chemical synthesis and SAR, we were able to obtain detailed insights into
how the CSI ligand structures affect activity and interactions with the colchicine site. We
believe that these models will be useful guides for the design and optimization of new and
active colchicine-site agents.

Experimental Section

Dataset selection

The compounds used in this study were reported by Mooberry and co-workers to be
antitubulin agents.15-18.20-26 \\e set two criteria to select compounds for the study,
including members of both the training and internal test sets: 1) to ensure the consistency of
the activity measurements, we only selected compounds with reported antiproliferative 1Cgg
values measured in MDA-MB-435 cancer cells using the SRB assay;4 and 2) we consider a
compound as a valid colchicine-site binder for our modeling if: a) the compound showed
inhibition of radiolabeled [3H]colchicine binding to tubulin, or b) its structurally-similar
parent compound showed the inhibition of [*H]colchicine.

In general, cellular microtubule loss experiments evaluated in A-10 cells were performed to
ensure that the antiproliferative activity for each compound corresponds to tubulin
binding.1>

The external test set was selected from scaffolds for CSls reported by Nguyen er a/14 We
chose scaffolds with at least gross similarity to colchicine in terms of pharmacophore
features, and that were diverse. Three compounds, having high, medium and low activity,
for each scaffold were extracted from the literature39-37 for the external test set. The
reported quantitative measures of activities in these studies are not necessarily predictable
with our models since different assays and conditions were used.
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Preparation of models

X-ray crystal structure models of af-tubulin complexed with different ligands (pdbids:
1SAQ, 1SA1, 3HKC, 3HKD and 3HKE; 3N2K and 3N2G are very similar to 3HKD and
thus not used in the present study)®-11 were obtained from the RCSB protein data bank.
Sybyl 8.1°1 was used to prepare these models for docking, and for building all-atom models
of the small molecule ligands in the study. The latter, and hydrogens added to the protein
models, were energy minimized with the Tripos forcefield with Gasteiger-Huckel charges to
a gradient of 0.005 kcal mol™ A=1, In general, the preparation and docking procedure was
the same as reported previously.15:16

Docking of small molecule ligands

The ligands were docked using GOLD 5.152 into the active site, which was defined as a 6.0
A radius region around the complexed small molecules in the crystal structures. One
hundred conformations were generated for each compound in the training and internal test
sets, and twenty conformations for each compound in the external test set. The
conformations were initially analyzed by GoldScore and further by rescoring with
HINT.29:53 To select the final “active” conformation, we considered binding to all five
receptor structures and chose the conformation with both a high HINT score and a high
degree of similarity to the conformation of the complexed (crystal) small ligand. It should be
noted that, because the resolutions of the tubulin crystal structures are so poor, only around
3.6 A, the crystallographic models for the bound ligands are only guides to their actual
conformations. The ligand conformations, as docked, were assumed to be the bioactive
conformations for the compounds.

Ligand alignment models

Three alignment models were applied to the training and internal test sets, and the external
test set as well. The first alignment model was simply to use the docked conformations for
all compounds as generated above. The second was to use the docked conformations of the
most active compounds for different scaffolds as prototypes. The remaining compounds
from each template set were superimposed to these prototypes according to common
structures. Since the bioactive conformations for this alignment were derived using
information from docked poses, we are characterizing it as “semi-ligand-based”. The third
alignment was naive in that we energy minimized all compound prototypes and
superimposed each on colchicine’s conformation as much as possible with the “Fit Atoms”
function of Sybyl, based on the previously proposed pharmacophore model.14 This
alignment is more truly ligand-based, although it could be argued that Nguyen’s
pharmacophore was constructed with structural knowledge.

3D-QSAR modeling and validation

Sybyl 8.1 was used to perform the 3D-QSAR analyses. Two complementary methods were
used: the Comparative Molecular Field Analysis (COMFA)Z7 and the Comparative
Molecular Similarity Indices Analysis (CoMSIA).28 For COMFA field generation, we used
the standard steric and electrostatic fields and the HINT hydropathic (hydrophobic/polar)
field2%41 (vide infra). The steric, electrostatic, hydrophobic, hydrogen bond donor and
hydrogen bond acceptor fields were used for COMSIA. Gasteiger-Hiickel charges were
assigned to all compounds. Except for HINT fields, the grid resolutions were set to 1.0 A.
Other field settings were default. Partial least squares (PLS) regression methods, as installed
in Sybyl, were used to derive models in this study. Leave-one-out (LOO) cross-validation
with the sample-distance PLS (SAMPLS) algorithm was used to identify the optimum
number of components. LOO approaches evaluate the predictability and over-fitting of a
regression model with the crossvalidated correlation coefficient g2. We determined the
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optimum number of components to be the smallest number below 8 that gave the largest
value of g2. The non-cross-validated models were built with the optimum number of
components over the entire training set and evaluated with the correlation coefficient (r2),
standard error of estimate (SEE) and F-test value. The resulting models were further
validated using a test set of 9 compounds from the same scaffolds that had been set aside.
The predictive r2 (rzpred) indicates the correlation between the predicted and experimental
activities of this internal test set.

HINT fields and composite HINT maps

As described above, HINT was used as a rescoring function for docking and the
hydrophaobic/polar fields of HINT were combined with the steric and electrostatic fields of
CoMFA for 3D-QSAR analyses with options and conditions reported earlier.#1:°4 The HINT
(Hydropathic INTeractions) scoring function?? evaluates atom-atom interactions using a set
of parameters derived from the solvation partition coefficients, LogP, of small molecules
measured in the 1-octanol/water system. Numerous studies have validated the HINT scoring
function in various biological environments.>®

In addition to its scoring functions, the HINT program calculates both hydrophaobic/polar
and (Lewis) acid/base field maps.>® The field value A of each grid point (4 is given by

Ar=2 a;SjRjr

where g;and S;are the hydrophobic atom constant and solvent accessible surface area,
respectively, for the atom i, and Rjis a function of the distance between the atom i and the
test atom (grid map point) t. We used a resolution of 0.5 A to calculate all HINT field maps
in this study.

The two types of HINT maps, hydrophobic/polar and Lewis acid/base, were generated as a
pair for all the compounds in the training and test sets. We generated an overall composite
map by a linear combination of the individual maps, where each grid point of the map was
weighted for the compounds’ activity values (ICsg). In this study, we applied 0.1 (UM)/ICsq
(uM) as the weight for each compound. This is similar in many respects to the
LOCKSMITH concept that we described in 1992.50 To score external test set molecules
against the composite map pair, we multiplied the individual by the composite on a point-
by-point basis: for the hydrophobic/polar map, each hydrophobic*hydrophobic instance was
scored positive, each hydrophobic*polar instance was scored negative and each polar*polar
instance was ignored; for the Lewis acid/base map each acid*acid and base*base instance
was scored negative and each acid*base instance was scored positive. The total score is the
sum of all these point scores.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The colchicine site complexed with DAMA-colchicine (yellow). The loops of different
colors from different af-tubulin X-ray crystal structures represent the flexibility of the
pocket (1sa0: cyan; 3hkc: magenta; 3hkb: green; 3hke: brown; 3hkd: red; 1sal: blue).
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Cys241f3

Figure 2.

Binding modes of docked compounds in the colchicine site (colchicine: yellow; 1sa0: cyan;
3hkc: magenta). a) The two binding modes of the pyrrole compounds (2 in thick red; 7 in
thick purple; other analogues depicted with thin lines); b) The binding modes of the
combretastatin analogues (40, combretastatin A-4, in blue) and the pyrimidine analogues (52
in green).
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Cys2418

Figure 3.

Aligned poses for the three CSI ligand alignment models. a) Poses for the training set
aligned by docking model; b) poses for the training set aligned by the semi-ligand-based
model; c) poses for the training set aligned by the naive pharmacophore model.
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Figure 4.

Scatter plots of predicted plCsgq values vs. experimental plCsq values. The plots for a)

experimental plCg,

CoMFA, b) CoMISA models and c) COMFA+HINT, based on either the docking alignment
are shown. The training set contains 50 compounds (blue diamonds) and the test set contains

9 compounds (red squares).
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Figure 5.

3D-QSAR contour maps based on docked poses for ICgq target variable. For reference,
colchicine is shown in beige in all maps. (See text for legend to numbered highlights.) a)
Contour maps of the COMFA model. Green and yellow contours indicate favorable and
unfavorable steric interactions, respectively. Blue regions favor electropositive groups and
red regions favor electronegative groups. b) The contour maps of the COMFA+HINT model
with the contours representing the HINT hydrophobic/polar field. Cyan contours indicate
favorable hydrophobic interactions while purple contours indicate favorable polar
interactions. ¢) The contour maps of the hydrogen bond donor and acceptor fields from the
CoMSIA model. Black and light green represent regions that favor and disfavor hydrogen
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bond donors, respectively. Magenta and orange represent regions that favor and disfavor
hydrogen bond acceptors, respectively.
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Figure 6.

The overall HINT composite map based on the entire set of colchicine site agents.
Colchicine is shown in beige. Cyan represents hydrophobic regions of the compound set.
Blue and red represent acidic and basic regions, respectively, of the compound set.
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Figure 7.

Scatter plots of predicted pActivity values vs. experimental pActivity values, where Activity
is ICq or Ky, for external test set. The plots for a) COMFA, b) CoMSIA and ¢) CoMFA +
HINT models based on the docking alignment are shown. The external test set contains 24
compounds from 8 scaffolds. For the COMFA model, Apreq = 0.395 Agxp + 3.013 (r2=
0.474); for the COMSIA model, Apreg = 0.202 Agyp +5.039 (r2 = 0.294); for the COMFA
+HINT model, Apreq = 0.352 Agyp + 3.486 (r2 = 0.424).
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Figure 8.
Summary of relevant features identified by SAR, hydropathic and 3D-QSAR analyses for
colchicine site agents. Red spheres indicate hydrogen bond acceptors, blue spheres indicate
hydrogen bond donors, and green ovals indicate hydrophobic regions. The black curves
indicate the shape of the colchicine site with yellow zones indicating particularly relevant
steric barriers.
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