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ABSTRACT: The 3-dimensional (3D) structure of therapeutics

and other bioactive molecules is an important factor in determining ~ 1D/2D Pharmaceutical
the strength and selectivity of their protein—ligand interactions. paradigm
Previous efforts have considered the strain introduced and tolerated
through conformational changes induced upon protein binding.
Herein, we present an analysis of 3-dimentionality for energy-
minimized structures from the DrugBank and ligands bound to
proteins identified in the Protein Data Bank (PDB). This analysis
reveals that the majority of molecules found in both the DrugBank
and the PDB tend toward linearity and planarity, with few molecules
having highly 3D conformations. Decidedly 3D geometries have
been historically difficult to achieve, likely due to the synthetic
challenge of making 3D organic molecules, and other considerations,
such as adherence to the ‘rule-of-five’. This has resulted in the dominance of planar and/or linear topologies of the molecules
described here. Strategies to address the generally flat nature of these data sets are explored, including the use of 3D organic
fragments and inorganic scaffolds as a means of accessing privileged 3D space. This work highlights the potential utility of libraries
with greater 3D topological diversity so that the importance of molecular shape to biological behavior can be more fully understood
in drug discovery campaigns.

.u,,,,”

N7
)

Underexplored/undiscovered

therapeutic shapes

KEYWORDS: Drug discovery, conformations, protein—ligand interactions, 3-dimensionality

he recognition of novel therapeutics by their targets is The 3D shape of a molecule can be described by the number

dictated by ligand—protein interactions. Noncovalent of sp® carbons,'* the plane of best fit calculation,'® or
interactions, including hydrogen and halogen bonding, salt normalized principal moment of inertia (PMI) values,”
bridges, and pi—pi stacking, are typically explored through the among other parameters.”'” These descriptors have facilitated
development of structure—activity relationships (SAR) to the topological analysis of large fragment'® and high-
produce potent and selective drugs.'”> In addition to many throughput screening (HTS) libraries;'" to the best of our
protein—ligand interactions that can be optimized, the knowledge, only limited analyses of approved and late-stage
conformation of inhibitors in the solvated vs bound states drugs have been undertaken.'”'>"? The normalization that is
can also contribute to the energetic favorability of inhibitor common practice for PMI analysis allows for the comparison
binding."* The diversity of druggable protein targets of compounds with diverse structural features and molecular
necessitates structural and conformational 6variability in ligands weights (MWs) and is a straightforward calculation that can be
to generate effective pharmaceuticals.” The amount of readily carried out by many commercial software packages.
molecular strain and associated energy costs tolerated by The PMI parameter was demonstrated to be a robust method

drugs upon protein binding has been explored, where it was for evaluating 3D topology when compared to the other
found that molecules binding to proteins could readily incur methods. 6

5—9 kcal/mol of strain energy.5 While extensive rearrange-
ments are possible, increased conformational shape diversity
has been related to broad biological activity’ and successful
clinical outcomes.® The accessibility and large number of
structures in the Protein Data Bank (PDB) has enabled the
modeling and docking of 3-dimensional (3D) structures into
protein active sites.” "> These observations and tools have
motivated the preparation of libraries with greater topological
diversity for drug-discovery campaigns with the aim of
improved lead identification and therapeutic success.">~"

Using PMI analyses, this work aims to evaluate the 3D
conformations of structures reported in the DrugBank,
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including approved and experimental therapeutics. Of
particular interest is the relationship between the energy
minimized/optimized conformations of approved therapeutics
and the conformation of those molecules when bound to
proteins in the PDB. Previous efforts have focused on the
exploration of flexible conformations upon protein binding as
they relate to in silico screening and predicting binding
conformations rather than the inherent change in 3D topology
as described herein.”**" Lastly, we consider the role that
inorganic chemistry could play in increasing the prevalence of
more 3D molecules in the drug discovery pipeline.

B 3D DIVERSITY IN THE DRUGBANK

The DrugBank is an online cheminformatics and bioinfor-
matics database that provides extensive information on both
drugs and drug targets.”’ The DrugBank repository contains
over 13,000 chemical entities, with over 4000 unique targets.
Of the 13,000+ chemical entities, 8696 can be downloaded as
3D structures (version 5.1.4), with 8532 having MW > 100 Da.
These structures include approved, experimental, investiga-
tional, illicit, and withdrawn drugs, as well as nutraceuticals.
Molecular Operating Environment (MOE) is a drug discovery
software platform that can be used for the curation and
evaluation of these structures. MOE was used to determine the
moments of inertia for each compound (I, < I, < I;), which
describe the torque needed for a given angular acceleration.
These values were used to determine the normalized PMI
values, I;/I; and L,/I;, for structures with MW > 100 Da. The
most common presentation of these data is graphically (Figure
la), where the [0 1] apex is a linear molecule (dimethylbu-
tadiyne), the [0.5 0.5] corner is a planar molecule (benzene),
and the [1 1] apex is a spherical structure (adamantane).
Where a conformation falls within these parameters provides
an indication of its topology, with molecules having larger
scores (I;/I;+ I,/I;) being considered more 3D in character.
The DrugBank structures, when analyzed by normalized
PMIs, are found to have largely linear and planar topologies,
with just under 80% having a 3D score < 1.2 (Figure 1).
Structures having 3D scores > 1.6 (Figure 1b, IV and V) can
be considered “highly” 3D, and only 0.5% of the DrugBank
falls in these regions. This is in agreement with a previous
report that found molecules in the ChEMBL Database (a
database of bioactive compounds with druglike properties)
tend toward planarity.”> The topological distribution of the
DrugBank structures is also typical of organic libraries used in
drug development, such as the ZINC database of virtual
fragments, where ~75% of the fragments have a 3D score of
<1.2."® This is not to imply that contemporary drug discovery
does not include concerted design and synthetic efforts at
achieving the best 3D molecular shape for a target, only that
when libraries of currently and previously used compounds
and fragments are retroactively analyzed they are often
observed to lack decidedly 3D topologies. The traditional
chemical feedstocks used in drug discovery campaigns are
dominated by sp*rich molecules and retrosynthetic analyses of
large drug-like libraries have confirmed this, demonstrating the
bias toward using planar building blocks in medicinal
chemistry.”” Though it has been demonstrated that relatively
planar scaffolds may be combined in a way that provides access
to a reasonable sampling of chemical and topological space, it
has also been shown that constraints in synthetic accessibility
limit a more unbiased and diverse sampling of topological
space.®** Additionally, adherence to the rule of five”> (RoS)
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Figure 1. PMI analysis of 8532 entries from the DrugBank, plotted
(a) on a typical PMI triangle plot and (b) as 3D Score (I,/I; + L/I;)
vs MW.

in drug design, which helps select for oral bioavailability, may
predispose molecules to flatter geometries, for example, by
limiting the number of rotatable bonds.

The 3D scores of the DrugBank structures were evaluated
with respect to their MWs, ranging from 100 to 1268 Da.
There is no obvious relationship between the MW of a
compound and its 3D shape (Figure 1b). Interestingly, in each
3D score range the MWs are broadly distributed between 100
and ~700 Da. The molecules with the greatest 3D scores (IV)
range from 140 to 568 Da. This demonstrates that what might
perhaps be the more intuitive notion, that larger molecules
have greater 3-dimensionality, is not the case, as has been
discussed recently.”*

B 3D DIVERSITY IN THE PDB

The PDB is the premier repository for biological macro-
molecular structures, containing over 150,000 total entries and
over 11,000 depositions in 2019 alone.”® Within the PDB,
ligands bound to protein structures having DrugBank IDs have
been identified, and their corresponding ligand coordinates can
be downloaded. Limiting these structures to compounds with a
MW > 100 Da yields 7411 structures that comprise ~500
unique chemical entities. The 3D analysis of all the protein-
bound structures generates a PMI plot whose general features
are similar to those of the DrugBank molecules, with the
highest concentration of compounds in the upper left corner

https://dx.doi.org/10.1021/acsmedchemlett.0c00121
ACS Med. Chem. Lett. 2020, 11, 1292—1298
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(Figure S2). However, this data set is biased by molecules that
appear with greater frequency. For example, sapropterin, a
dietary supplement administered to reduce blood phenyl-
alanine levels appears in this list 1036 times. To better
illustrate the conformational diversity of the PDB, the PMI
values for each duplicate molecular entry were averaged over
all conformations to yield 502 unique PMI values and 3D
scores (Figure 2). As was the case for the DrugBank and
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Figure 2. Averaged PMI analysis of 502 entries from the PDB, plotted
(a) on a typical PMI triangle plot and (b) as 3D Score (I,/I; + L/I;)
vs MW.

individual PBD entries, the averaged PMI values from the
different PDB conformations localize primarily in the upper
left linear region. Despite the large differences in protein
targets and MW values of the structures analyzed here, both
the energy minimized conformations (DrugBank) and protein
bound conformations remain largely linear and/or planar.
There have been in-depth discussions regarding the extensive
molecular rearrangements drug molecules are capable of
undergoing in order to facilitate protein binding.>***” It is
interesting to note that these rearrangements do not translate
to an overall change in 3D topology, at least for the molecular
structures explored here.

The 3D score vs MW of the averaged PDB ligand
conformations was plotted (Figure 2b) and found to be
similar to the outcome from the minimized DrugBank 3D
structures (Figure 1b). The 3D scores represent molecules of
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broad MW distributions, and there is no obvious relationship
between MW and 3D topology. As demonstrated in the PMI
plot (Figure 2a), the majority (83.5%) of compounds fall into
bin I (Figure 2b), with decreasing prevalence in each bin of
increasing 3-dimensionality. This follows the same general
trend as the geometry minimized DrugBank structures and
further highlights the absence of highly 3D topologies in
currently used and proposed drug molecules. As described
earlier, it is possible that these linear/planar features are the
result of the feedstocks and libraries used for drug discovery
campaigns.

The energy of protein bound ligand structures in the context
of conformational change tolerance has been explored
elsewhere.?*~>° However, the 3D topologies of these different
conformations have not been evaluated through the PMI
analysis. Many of the DrugBank structures appear in the PDB
with high frequency, though many do not undergo significant
changes (<0.1) in 3D score. Diclofenac (Figure 3), an orally

a) Diclofenac Energy Minimized
0_OH
©\jNH
Cl\©/0| V-
Least 3D Most 3D
1 1 n v v
1 ) ) ) ) 1
\ \ LA \
1D \ \ e \ \ 3D 0.9
\ \ \ \
0.94 \ o\ \ 0.8
\ \ \ >
\ ° \ \ 07 2
e \ \ 2
0.8 s ® o2e 06 ©
) 8 '% \ kel
N B g \ 05 @
= L4 ez \ =
0.7 1 2 e 0.4 g
s ¥ E
FEN 03 2
O\ z
0.64 © PDB entries 0.2
* Energy Min.
O Least3D 0.1
{ Most 3D
05 . . L ; , M
0 0.2 0.4 0.6 0.8 1
I,

Figure 3. Diclofenac is an NSAID with 51 PDB entries. (a) The most
and least 3D conformations of diclofenac, as well as an energy-
minimized conformation. (b) An analysis of the relative energies of
the various conformations of the diclofenac PDB entries.

administered nonsteroidal anti-inflammatory drug (NSAID),
was chosen as a case study to explore both energy and
topology. Diclofenac has S1 protein-bound structures in the
PDB with 3D scores ranging from 1.03 (linear, I) to 1.52
(moderately 3D, III).

Three representative conformations of diclofenac, the least
and most 3D, as well as the energy minimized structures, are
shown in Figure 3a. These structures have 3D scores of 1.03,
1.52, and 1.22, respectively, and can be visually identified as
significant and obvious changes in their 3D conformations.
The least 3D structure has the two aromatic rings nearly in
plane with each other, while in the most 3D topology the rings

https://dx.doi.org/10.1021/acsmedchemlett.0c00121
ACS Med. Chem. Lett. 2020, 11, 1292—1298
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are much closer to perpendicular, and the energy minimized
conformation falls in between. When the potential energy
surfaces of the different conformations are determined, there is
no clear relationship to their diverse 3D topologies (Figure
3b). The higher energy conformations (white/orange) include
some of the most and least 3D topologies. The lower energy
conformations (black) span 3D scores between 1.1 and 1.4,
representing significant topological translations. These findings
are in agreement with previous reports stating that a wide
range of strain energies can be tolerated by therapeutics when
bound to target sites.”*****

To more closely examine the effects of a protein active site
on a molecule, a PMI analysis of several FDA-approved human
immunodeficiency virus (HIV) drugs from two distinct target
classes was conducted. Nevirapine and efavirenz are non-
nucleoside reverse transcriptase inhibitors (NNRTIs), while
nelfinavir, lopinavir, and saquinavir are protease inhibitors.*’
Relevant ligand conformations were downloaded from the
PDB, and a PMI analysis was performed for each entry (Figure
4).
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Figure 4. PMI analysis of FDA-approved antiviral therapies,
nevirapine, efavirenz (reverse transcriptase inhibitors), nelfinavir,
lopinavir, and saquinavir (protease inhibitors).

The aforementioned inhibitors were bound to HIV reverse
transcriptases and proteases that contained a range of sequence
mutations. In this analysis, sequence identity between reverse
transcriptases was conserved to at least 98% when compared to
a parent sequence (Table S1). Similarly, homology between
proteases was maintained to a minimum of 78% in order to
ensure comparison of inhibitor structures bound to similar
proteins. For the purposes of this analysis, it was assumed that
tertiary structure remained largely conserved across the
mutations. For each protein-bound inhibitor, the PMI
remained mostly static, indicating a high conservation of
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binding motif, as expected for compounds bound to conserved
targets. Nelfinavir and nevirapine showed almost no variation
in conformation across 11 and 17 structures, respectively, while
saquinavir remained mostly consistent, with two notable
exceptions. Both exceptions, at [0.40 0.97] and [0.56 0.61]
from PDB entries 3556 and 3UFEN, respectively, are due to a
second saquinavir molecule that is bound to an extension of
the active site cavity near the protein surface.’"*” These
second drug molecules exhibit a more 3D conformation than
the saquinavir molecule found in the active site, which in the
3556 PDB structure has a PMI of [0.31 0.86]. While this more
3D conformation is likely due to both crystal packing and
mutational differences between the proteases, it is an
interesting example of one molecule displaying significantly
different topologies even when interacting with the same
protein. In particular, this example demonstrates that an active
site can dictate the topology of the bound ligand quite
substantially, and any straying from that binding pocket can
result in notable changes in conformation. It is interesting to
observe that with a single exception across 52 structures, each
protease inhibitor adopts a conformation with a 3D score <
1.2. These topologies are likely due to both the shape of the
active site of HIV proteases, as well as their chemical structural
similarities. Both NNRTIs (efavirenz and nevirapine) also
show closely related 3D scores, though slightly higher than
those of the protease inhibitors.

These similar PMI values across several drugs designed for
the same target highlight the importance of the protein-binding
pocket shape in drug discovery. While the need for 3D
scaffolds to explore many current and desired target sites exists,
it is also true that in some cases a linear/planar molecule will
be best suited. It is for this reason that topological shape
diversity is desired in library development and is predicated on
the ability to generate molecules of high 3-dimensionality, as
low 1- and 2-dimensionality is already broadly covered.
Attempts to address the size and shape of protein active sites
have resulted in a suite of tools that can be used to aid in drug
discovery efforts.** >

B ACHIEVING 3-DIMENSIONALITY IN MEDICINAL
CHEMISTRY

To address the lack of 3-dimensionality in pharmaceuticals,
there have been efforts in academic and industry laboratories
to design and synthesize libraries of 3D molecules to be used in
drug discovery campaigns.'”'>'7'®?7%% These structures
include compounds prepared through diversity-oriented
syntheses with a higher than typical number of sp® carbons,
as well as chiral and spiro centers. Such strategies are often
regarded as possible solutions to the over-representation of flat
molecules in fragment libraries and drug discovery feed-
stocks.”' 118243738 1o evaluate the success of such
approaches, a PMI analysis (Figure S) was carried out on 15
unique fragments from three different reports (Figure
$4)."%%73% These studies each sought to generate organic
fragments with high degrees of 3-dimensionality. Of the
compounds evaluated, 6/15 (40%) effectively escape the
linear/planar region (3D Score > I). These results represent a
significant enhancement in 3D character compared to the
typical fra§ment libraries that have 75% of molecules in
“flatland.”'® While these results are promising, all organic
fragments presented here fail to achieve 3D Scores > II,
indicating their relatively limited topological diversity. This is

https://dx.doi.org/10.1021/acsmedchemlett.0c00121
ACS Med. Chem. Lett. 2020, 11, 1292—1298
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and staurosporine, along with their metal containing analogues/
derivatives ferrocifen, Ru-staurosporine, and OS-4.

not a comprehensive survey of current efforts in this area, but it
does suggest that there is room for further improvement.
The medicinal inorganic community has considered the
inclusion of metal centers into existing drugs as an intriguing
method for augmenting existing therapeutics.”” Tamoxifen is a
chemotherapeutic agent that has been modified to include a
ferrocene group (ferrocifen), and the anticancer activity against
estrogen-receptor positive cancers increases upon the inclusion
of the iron moiety. An unanticipated consequence of this
modification is that the 3-dimensionality of the molecule
increases slightly from tamoxifen to ferrocifen (Figure S). With
an understanding of the inherent 3-dimensionality of metal-
complexes, Meggers and co-workers set out to incorporate
organometallic groups into kinase inhibitors as deliberately 3D
moieties.”” "' When a representative compound from
Meggers’ work is analyzed using the PMI method, the
inclusion of a Ru(Il) center increases the 3-dimensionality of
staurosporine quite significantly (Figure S). In one representa-
tive example they crystallized a DAPK1 (PDB 2YAK) selective
staurosporine derivative OS4 with the protein kinase.*” When
the molecular structure is compared to the PDB structure,
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there is no significant change in the 3D topology, suggesting
the shape is relevant to the selectivity of the inhibitor. While
these and prior efforts aim to augment existing organic
therapeutics, a recent report sought to address the feedstock
issue through the creation of a 3D metallofragment library
(Figure S5)."> A PMI analysis of 13 compounds from this
library, including metallocenes, piano-stool, and octahedral
complexes, found that 100% of the compounds fall outside of
flatland (Figure S). This metallofragment library broadly
covers 3D chemical space with a relatively small number of
molecules and starts to address the need for topologically
diverse feedstocks for drug discovery campaigns.

These efforts to prepare both organic and inorganic libraries
with high 3-dimensionality will allow for exploration of
biological space that has previously been inaccessible with
the limited 1D/2D molecular entities.

In both energy minimized (DrugBank) and protein-bound
conformations (PDB) small molecule drugs are overwhelm-
ingly linear and planar. This holds true across a wide range of
MWs. Less than 1% of any of the molecular conformations
surveyed fall in the highest 3D-area (V, 3D Score > 1.8). While
the 3D score of any particular molecule is partly due to the
intrinsic ability of the molecule to adopt a 3D conformation,
the capacity of the target protein to accept a 3D conformation
also plays a critical role in determining the final bound shape of
the molecule. The features of an active site, such as nearby or
reactive residues, are already taken into consideration in drug
design and in the modeling of bound inhibitors. This analysis
demonstrates the relevance of the overall shape of the binding
site to the final protein—drug complex.

The true need for topological diversity in feedstocks and
final drug molecules remains unclear given the overwhelming
number of linear and planar drugs. The question remains as to
whether more 3D compounds represent attractive and
untapped therapeutic space or if more linear/planar molecules
are indeed the best topologies for bioactive molecules.
Similarly, is the linearity and planarity of current ligands
because they produce the most bioactive compounds, or are
they simply a consequence of the scarcity of highly 3D
molecules in the pipeline? Given the range of proteins
currently considered undruggable™** or even those targets
for which no therapy has been successfully designed, it is
anticipated that a broader survey of protein target sites will
yield greater shape diversity. Furthermore, the development of
topologically rich and varied feedstocks will subsequently yield
elaborated bioactive molecules with great 3-dimensionality that
may allow for the development of molecules with greater
potency and specificity than their planar predecessors.

B ASSOCIATED CONTENT
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Methods used to curate and analyze the DrugBank and
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