1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Med Chem. Author manuscript; available in PMC 2020 November 27.

-, HHS Public Access
«

Published in final edited form as:
J Med Chem. 2019 November 27; 62(22): 10005-10025. doi:10.1021/acs.jmedchem.8b01732.

Why some targets benefit from beyond rule of five drugs

Megan Egbert!, Adrian Whitty?*, Gyérgy M. Keser(i®*, Sandor Vajdal:2"
1Department of Biomedical Engineering, Boston University, Boston, Massachusetts 02215

2Department of Chemistry, Boston University, Boston, Massachusetts 02215

3Medicinal Chemistry Research Group, Research Center for Natural Sciences, Magyar Tuddsok
krt. 2. H-1117 Budapest, Hungary

Abstract

Beyond Rule-of-5 (bRo5) compounds are increasingly used in drug discovery. Here we analyze 37
target proteins that have bRo5 drugs or clinical candidates. Targets can benefit from bRo5 drugs if
they have “Complex” hot spot structure with four or more hots spots, including some strong ones.
Complex I targets show positive correlation between binding affinity and molecular weight. These
targets are conventionally druggable, but reaching additional hot spots enables improved
pharmaceutical properties. Complex |1 targets, mostly protein kinases, also have strong hot spots
but show no correlation between affinity and ligand molecular weight, and the primary motivation
for creating larger drugs is to increase selectivity. Each target considered as Complex 111 has some
specific reason for requiring bRo5 drugs. Finally, targets with “Simple” hot spot structure, i.e.,
three or fewer weak hot spots, must use larger compounds that interact with surfaces beyond the
hot spot region to achieve acceptable affinity.
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INTRODUCTION

Lipinski’s Rule of five (Ro5) provides simple conditions to determine if a chemical
compound with a certain pharmacological or biological activity has properties consistent
with being an orally active drug.! The aim of this rule has been to rationalize compound
design (in particular compound library design) so as not to make molecules that are too
apolar, floppy, and large, and thus have a lower chance of exhibiting oral bioavailability and
other desirable pharmaceutical properties. While the Ro5 has served as a very useful
guideline for developing orally bioavailable small-molecule drugs, and its importance is
widely recognized, many compounds that violate the Ro5 are good drug candidates, and it is
increasingly accepted that drug development efforts should not be restricted to the Ro5
chemical space.2~* In particular, Doak et al.3 provided a comprehensive overview and
discussion of close to 500 drugs and clinical candidates with MW ranging from 500-2000
Da, including discussions of structure-property trends. More recently, DeGoey et al.*
discussed learnings from AbbVie drug projects in beyond the Ro5 space. The increased
interest in “beyond Rule of five” (bRo5) compounds is driven by at least four observations.
First, some natural products lie outside the Ro5 space but have fairly good oral availability,
encouraging the development of bRo5 drug candidates, especially synthetic macrocycles.>=9
Second, an increasing number of bRo5 compounds are in clinical trials and are becoming
approved by the FDA.* 10-12 For example, over 30% of approved kinase inhibitors are bRo5
compounds.12 Third, increasing attention is being given to small-molecules that disrupt
protein—protein interactions (PPIs),13 and around 50% of such compounds discussed in the
scientific literature are bR05.14-18 Fourth, although oral bioavailability is an important
criterion for most successful drugs, many therapeutics used in today’s medical practice are
administered parenterally.1® Thus, discovery efforts toward parenteral drugs may be useful
to provide treatment options for indications with high unmet medical need, or to validate a
potential “first-in-class’ target before intensive effort on oral therapeutics is put in place.1® In
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fact, many proteins have large binding sites, and the use of larger and more complex
compounds can increase selectivity.20

Recognizing the need for improved understanding of drugs and clinical candidates in the
bRo5 space, Doak et al.?! analyzed the interactions between a set of such compounds and
their targets. The underlying assumption of their analysis was that these targets have special
characteristics, such as possessing binding sites that are “large, highly lipophilic, highly
polar, flexible, flat, or featureless”, and thus contain few opportunities for the binding of
conventional Ro5-compliant ligands2t. Accordingly, they selected 48 bRo5 drugs and their
targets, and analyzed the interactions within each specific ligand-receptor pair, focusing on
pocket size and shape, buried ligand surface area, ligand interface, ligand and target interface
non-polar atom ratios, hydrogen bond donor and acceptor interactions, affinity, and ligand
efficiencies.

While the results by Doak et al.2! already provide important guidance for the design of
bioactive drugs for difficult targets, here we describe a substantially expanded analysis of
these bRo5 targets and their available ligands. We studied only globular proteins, and after
removing the DNA/RNA binding and membrane proteins from their set we focused on 37
targets. First, we identified the binding hot spots of each protein target using FTMap22.
Next, to study how ligands interact with these proteins, we extended the analysis beyond the
specific protein-ligand pair Doak et al.2! selected, to include all compounds, whether Ro5 or
bRo5, that bind the target proteins and have structures available in the Protein Data Bank?3
(PDB) and a known ligand binding affinity.24-26 Finally, we analyzed the binding site hot
spots and ligand binding profiles of each target and classified them into four groups with
different mechanisms explaining how bRo5 drugs increase the likelihood of success. In
addition to the structure-based study of ligand binding to hot spots we also show results
from a ligand-based analysis of the chemical tractability of the targets and the
physicochemical properties of all their ligands collected from ChEMBL,2 to eliminate bias
from our structure-based ligand dataset.

BINDING SITE ANALYSIS OF bRo5 PROTEIN TARGETS

Analysis of the 37 target proteins was focused on the binding hot spots of the protein-ligand
structure. Hot spots are small regions on the protein surface that contribute a
disproportionate amount to the ligand-binding free energy, and hence ligands generally
overlap with one or more hot spots.28-31 For determining the hot spots we used the protein
mapping program FTMap.22 FTMap (http:/ftmap.bu.edu/) distributes small organic probe
molecules of different sizes, shapes, and polarities on the surface of the protein to be studied,
finds the most favorable positions for each probe type, clusters the probes, and ranks the
clusters on the basis of their average energy. Regions that bind several different probe
clusters are called consensus sites (CSs) and are the predicted binding hot spots. The hot
spots predicted by FTMap have been shown to agree with the hot spots determined by a
variety of experimental methods.32-38 Moreover, the strength of the hot spot, defined as the
number of probe clusters included, indicates a relative energetic importance of the hot spot
in the context of binding small molecules.32-38 Thus, the hot spots on each protein are
ranked on the basis of the number of probe clusters they contain. Following the notation
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established in the FTMap server (http://ftmap.bu.edu), the hot spots are numbered starting
from 0 for the strongest; the number of probe clusters in each hot spot is shown in
parenthesis after the hot spot rank. For example, a hot spot labeled 1(20) indicates that it is
the second strongest hotspot (second to hot spot 0) and that it has a strength of 20 probe
clusters. Moreover, a binding site of 0(20), 1(10), and 4(5) indicates that it includes three
hotspots: 0, 1, and 4, each with 20, 10, and 5 probe clusters, respectively. Hot spots with
fewer than five probe clusters were disregarded. We note that in all figures showing FTMap
results, each probe cluster is represented by a single probe at the center of cluster.

We have previously studied the hot spot properties on proteins that bind Ro5 drugs and
demonstrated that a hot spot of at least 16 probe clusters is required for druggability.3°
Furthermore, traditional Ro5 druggable targets have one or more additional “secondary” hot
spots (with three or more probe clusters) in close proximity to the strong “primary” hot spot.
39 FTMap studies have also been performed for targets that bind macrocycles® and inhibitors
of protein-protein interactions.*? Based on these latter studies, we expected that bRo5
ligands always would be needed for targets with hot spots that are too far from each other or
are too weak, in both cases necessitating larger ligands.>3940 As will be shown, some of the
targets studied by Doak et al.?! indeed exhibit these properties. However, we found that the
majority (22 out of 37) of the selected proteins that are targets for bRo5 drugs and clinical
candidates can also bind small compounds (MW < 500 Da) with high affinity. In some cases,
the smaller compounds can have even higher affinity than the larger ones. This observation
raises the following questions: Which proteins require or benefit from bRo5 ligands, and can
such targets be prospectively identified on the basis of the ligand-free protein structure?

Among the 37 protein targets mapped here, we identified two distinct structures of hot spot
ensembles in the binding sites. We will refer to these hot spot structures as “complex” and
“simple” (Figure 1). A complex hot spot structure defines a binding site that consists of 4 or
more hot spots, whereas the simple hot spot ensemble has three or fewer hot spots. Based on
the number of hot spots alone, we have classified the 37 protein targets as complex or simple
(Table 1). 24 targets have a complex hot spot structure (mean number of hot spots = 5.63)
and the remaining 13 have simple hot spot structure (mean number of hot spots = 2.15),
resulting in significant difference (p < 0.001 by the Wilcoxon-Mann-Whitney test, Figure
S1). Furthermore, the total number of probe clusters in all hot spots in the binding site can
also be used to help determine whether a given hot spot ensemble should be classified as
complex or simple. The mean number of probe clusters in complex hot spot structures is
68.88, whereas in simple hot spot structures it is 29.88, and this difference is also significant
(p < 0.001 by the Wilcoxon-Mann-Whitney test, Figure S1). The consequence of complex
versus simple hot spot structures will be discussed later in the context of the protein-ligand
binding profiles.

EXTENDED LIGAND DATA SET FOR bRo5 PROTEIN TARGETS

While for each target Doak et a/2! described only one particular bound drug or clinical
candidate, to study how the protein can bind different ligands we analyzed all ligand-bound
structures with at least 90% sequence identity that were available in the PDB23 and had
binding affinity information24-26, The number of additional ligand-bound structures varied
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from 0 to 327 per protein, resulting in an extended dataset that includes 1499 ligand-protein
complexes with structural data (Table 1). All ligands with MW > 500 Da were labeled either
“extended Ro5” (eRo5) or “beyond Ro5” (bRo5) as defined by Doak et al.2! (see Methods).
The eRo5 category describes drugs that violate the Ro5 MW threshold of 500 Da, but
maintain MW < 700 Da and ClogP < 7.5, and otherwise satisfy all the Ro5 criteria. The
bRo5 class describes ligands that have either very large MW > 700 Da, or violate any of the
Ro5 criteria beyond the eRo5 limits. The original set selected by Doak et al.2! included 26
targets with a bound eRo5 ligand and 22 targets with a bRo5 ligand. However, we restricted
consideration to globular proteins, and hence our set of targets contains 23 targets with eRo5
and 14 targets with bRo5 ligands. While this set is skewed towards eRo5 compounds, we
think that it is still important to explore why drugs with MW > 500 Da are frequently more
successful in clinical trials than smaller candidates that are also available for most of these
targets.

All ligands have experimentally determined binding affinity (BA) values in the form of Kp,
K|, or ICgq. These were converted to pBA values defined as pBA = —log Kp, —log K|, or
-log ICsq, depending on which measure was reported. Ligands with pBA>7 were considered
high affinity. We note that the decision to restrict consideration to compounds with known
binding affinity was adopted to exclude co-factors, fragments, and crystallization additives
that frequently occur in X-ray crystal structures. The compounds in our extended set are
restricted to those for which experimental crystal structures have been reported bound to the
target protein, and so they clearly do not represent all ligands that bind to the 37 targets.
Information gained from considering other known ligands with reported affinity values but
no crystal structures are examined in the ligand-based analysis at the end of our study.

TARGETS WITH COMPLEX HOT SPOT STRUCTURE

As discussed, the hot spot structure of the ligand binding site of a target is defined as
complex if it includes 4 or more hot spots. Among the 37 proteins considered, 24 satisfy this
condition. In addition, in most such targets the hot spot ensemble is strong, i.e., the ensemble
includes at least one hot spot with 20 or more probe clusters (Figure 1, Table 1). These
complex targets were further classified based on the ligand-binding profile, where data is
available, and primarily on the correlation between binding affinity and MW (Figure S1,
Table S1). For targets classified as Complex | we observe a positive correlation between
binding affinity and molecular weight of the ligands (Figure S2), whereas no such
correlation exists for Complex Il targets (Figure S4). This classification scheme is outlined
in Figure 2, and is further discussed in detail below. However, eight of the 24 targets have
too few ligands with structure and binding data (see Table 1). For each target in this group,
defined as Complex 111, the motivation for developing eRo5/bRo5 drugs or drug candidates
will be individually discussed.

Complex | Targets.

The nine targets in this group have multiple, strong hot spots at the binding site, and
individual ligands interact with different combinations of the hot spots, ranging from a
subset to all hot spots. These complex binding sites are very capable of binding small
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ligands (MW < 500 Da) with high affinity (pbBA > 7) (Table 1). However, the successful
drugs and clinical candidates for these targets are large and classified as eR05/bR05. To
understand why these larger candidates are more successful, we consulted the ligand binding
profiles for each Type | target, and observed that these targets exhibit a positive correlation
between pBA and molecular weight, and between pBA and number of probe clusters
reached (p < 0.05, Table S1, Figure S2). Thus, as ligands increase in molecular weight, they
reach more hot spots and gain binding affinity (Figure 2, Figure S2). Furthermore, as will be
discussed, we notice that the approved drugs or promising clinical candidates frequently
tend to lie at the higher end of the molecular weight spectrum and occupy all or almost all
hot spots, in spite of the potential disadvantages in terms of compound developability of
moving into the bRo5 range. In spite of these general characteristics, each target may have
some specific properties motivating development of eRo5/bRo5 drugs as discussed below.

Thrombin.—According to FTMap, thrombin has five binding hot spots 0(26), 2(14), 5(6),
6(6), and 7(5) in the inhibitor binding site, totaling 57 probe clusters, and exhibits the
characteristic Complex | positive correlations between pBA and MW (p < 0.001) (Table S1
and Figure S2). Overall, 144 ligands were identified to bind thrombin with known structure
and affinity. Of the 89 that bound with high affinity, 59 have MW < 500 Da and 30 have
MW > 500 Da. Argatroban, the bRo5 ligand discussed by Doak et a/21 is the only FDA
approved non-peptidic direct thrombin inhibitor. It reaches all five hot spots and has a
molecular weight just above 500 Da (1DWC:MIT, MW = 509.64 Da, K| = 39 nM, pBA =
7.41). Ligands exist that are much smaller, such as GR157368 (1QHR:157, MW = 226.31
Da, IC5p = 130 nM, pBA = 6.89), but these bind only a subset of the hot spots and display
somewhat lower affinity (Figure 3a). Two inhibitors that are quite large, but with MW
slightly less than Argatroban, Inogatran (1K21:IGN, MW = 438.6 Da, K| = 4.2 nM, pBA =
8.38) and Ximelagatran (4BAH:MEL, MW =473.6 Da, K, = 2.01 nM, pBA = 8.7), bind to
four of the five available hot spots, 0(26), 2(14), 5(6), and 6(6). While these two inhibitors
had sufficiently high affinity, they were withdrawn from the clinic due to liver toxicity.41: 42
In fact, many low MW thrombin inhibitors have problems, including poor selectivity,
inherent toxicity, high-plasma protein binding, poor metabolic stability, rapid elimination
from the blood, low anticoagulant activity, and poor oral bioavailability.#3 Thus, it appears
that inhibitors that reach all hot spots of thrombin can have superior pharmaceutical
properties in spite of extending into the bRo5 range. This is possibly because the large
amount of binding energy that is potentially made available by exploiting all hot spots gives
latitude to compromise the binding complementarity in certain locations on the compound,
allowing stronger binding groups that bring pharmaceutical liabilities to be replaced with
slightly weaker binding but more structurally benign functionality, while still achieving
sufficient overall binding affinity. In addition, the more complex structure of the drugs is
likely to reduce the chances of off-target binding.

Renin.—Renin is another typical Type | protein. 62 ligands were identified to bind renin
with known structure and affinity, including high affinity ligands both with MW below and
above 500 Da. Overall, there is a positive correlation between pBA and MW (p < 0.001
(Table S1, Figure S2). The bRo5 inhibitor Aliskiren (2V0Z:C41, MW =551.76 Da, K; = 0.6
nM, pBA = 9.22), discussed by Doak et al.2! reaches six of the seven hot spots, 0(24), 1(15),
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2(12), 3(8), 4(8), and 5(7), overlapping with a total of 74 probe clusters (Figure 3b). Many
peptidomimetic inhibitors achieve high affinity by binding to various subsets of these hot
spots. For example, remikiren (3D91:REM, MW = 630.84, Kp = 131 pM, pBA =9.88)
binds to one fewer hot spot than Aliskiren, as it does not reach hot spot 4(8). However,
peptide-like compounds such as remikiren, enalkiren and zanikiren are poorly absorbed and
rapidly metabolized, and hence were not successful in clinical development#4 43, In fact,
Aliskiren is the only FDA approved direct renin inhibitor available in the United States, and
while it does not have the highest affinity, it does extend into a deep and narrow pocket to
reach hot spot 1(15), and has somewhat better bioavailability than the peptidomimetics.#4: 45
Reaching all hot spots, including 1(15), in the inhibitor binding pocket seems to be one of
the keys to the success of Aliskiren, perhaps again because the extra binding energy thereby
achieved provides scope to optimize regions of the inhibitor for improved pharmaceutical
properties.

E3 ubiquitin-protein ligase XIAP is a member of the “inhibitor of apoptosis protein” (1AP)
family and is endogenously regulated by second mitochondrial activator of caspases
(SMAC) via its binding to the BIR domain of XIAP. The bRo5 compound birinapant
(4KMP:GT6, MW = 806.94 Da, Kp = 45 nM, pBA = 7.35), considered by Doak et al.%, is a
bivalent SMAC-mimetic compound currently in clinical trials for the treatment of cancer
(Figure 3c). In order to understand the binding of bivalent inhibitors we have mapped the
XIAP dimer (4KMP). Birinapant reaches all FTMap identified hot spots: 0 (18), 1 (16), 2
(16), 3 (11), 4 (11), and 5 (7), thus stabilizing the dimer. However, most of the 20
compounds that bind to XIAP with known structure and affinity are monovalent SMAC-
mimetic inhibitors and only reach the hot spots on one of the XIAP proteins. One such
example is B16 (2JK7:BI6, MW = 486.61 Da, K, = 67 nM, pBA = 7.17), which binds to hot
spots 0(18), 3(11), and 5(7) with relatively high affinity (Figure 3c). Overall, there is a
positive correlation between MW and pBA for the 20 XIAP inhibitors identified, but high
affinity is achieved with both small (MW < 500 Da) and eRo5/bRo5 compounds. All XIAP
inhibitors, including birinapant, exhibit moderate selectivity and also bind to other members
of the IAP family of proteins.*6 It may not be necessary to bind all hot spots in XIAP to
inhibit its activity, however, birinapant appears to be the most successful clinical candidate at
this time. More generally, the monovalent inhibitors are approximately 100-1000 times less
potent than the corresponding bivalent compounds at the cellular level 47

P38 mitogen activated protein kinase (p38 MAPK) has a complex binding site consisting of
four hot spots in the DFG-out conformation (2Y1S), and shows a strong positive correlation
between ligand pBA and MW (p < 0.001) (Figure S1). As will be discussed, this property
makes the two MAP kinases (p38 MAPK and MEK1) considered here unique among the
other kinases in Table 1, since the latter exhibit no correlation between pBA and MW. In
fact, the inhibitors of p38 MAPK and MEKT1 are type Il kinase inhibitors that bind to an
allosteric site that is adjacent to the ATP-binding pocket, and the mode of binding is very
different from those of the type I and type Il inhibitors that bind to ATP binding site in other
kinases.*8 The bRo5 inhibitor selected by Doak et al.2, PF-03715455 (2YIS:YIS MW =
700.27 Da, I1C59 = 1.7 nM, pBA = 8.77) is a type 111 kinase inhibitor that binds to hot spots
1(21), 2(10), and 3(7) in the allosteric site, and also reaches 0(26) near the ATP site (Figure
3d). Another type 111 p38 MAPK inhibitor, BIRB-796 (1KV2:B96 MW = 527.66 Da, Kp =
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0.1 nM, pBA = 10) also binds to all four hot spots, and achieves even higher affinity. While
large inhibitors that bind to all four hot spots generally achieve the highest affinity, smaller
inhibitors can bind a subset of the hot spots and still achieve fairly high affinity. For
example, (3P7B:P7B, MW = 464.58 Da, IC5q = 18 nM, pBA = 7.74) is a type Il inhibitor
that binds only the allosteric site in the DFG-out conformation (Figure 3d). Other kinase
inhibitors that only bind near the ATP binding site can also achieve a range of affinities, such
as (BHVC:GG5 MW = 239.25, K| = 600 nM, pBA = 6.22) and neflamapimod (3HP5:52P
MW = 436.26 Da, K| = 0.8 nM, pBA = 9.09). While some high affinity inhibitors mentioned
here (BIRB-796, neflamapimod) have advanced to clinical trials for inflammatory diseases,
their progress has been hampered by adverse findings such as skin disorders, infection, and a
lack of sustained efficacy.*® The development of the bRo5 inhibitor PF-03715455,
considered by Doak et al.,21 was also discontinued®Y, but for business reasons rather than for
safety and/or efficacy concerns.5! Thus, while p38 MAPK remains a challenging drug target,
it appears that eRo5/bRo5 ligands which bind all hot spots, including those in the
hydrophobic allosteric binding pocket, achieve the highest affinity and likely have improved
selectivity as well.

HIV-1 aspartic protease.—This enzyme represents a special case of Complex | targets.
We found 327 compounds that bind HIV-1 protease with known structure and affinity. Of the
compounds that bind with high affinity, 97.8% of ligands are large, having MW > 500 Da,
and bind to all seven hot spots in the complex binding site. This is explained by recognizing
that the binding site resides at a very flexible region of the dimer (Figure 4a).52 Specifically,
FTMap of the protease (30XC) reveals seven hot spots: 0(21), 1(18), 2(18), 3(13), 4(11),
5(8), and 6(5), and it appears that reaching all hot spots is beneficial for the stability of the
flexible dimer.>2 We identified only six ligands which bind with high affinity that have MW
< 500 Da. One example is XK216 (1IHWR:216, MW = 406.52, K, = 4.6 nM, pBA = 8.34),
an experimental cyclic urea inhibitor that binds all hot spots incredibly efficiently (Figure
4b). Larger ligands, such as the FDA-approved Saquinavir (3EL4:ROC, MW = 670.84 Da,
Kp = 67.4 nM, pBA = 7.17), do not necessarily have higher affinity, but do expand further
into the binding site (Figure 4b). Based on its hot spot structure we consider HIV-1 protease
to be in the Complex | group of targets. In fact, due to the flexibility of the dimer, small
inhibitors that do not reach all hot spots would certainly have low binding affinity, resulting
in positive correlation between affinity and MW. However, because all biomedically relevant
HIV-1 protease inhibitors are large and bind to all hot spots, such a correlation cannot be
directly observed (p > 0.05, see Figure 4c and Table S1).

Heat shock protein 90 (Hsp90).—Current inhibitors of Hsp90 target the ATP-binding
pocket in the N-terminal domain,>3 which includes six hot spots: 0(25), 1(21), 2(16), 4(6),
5(6), and 6(5). The ligands that bind this pocket show a positive correlation between pBA
and MW (p < 0.001, Table S1), characteristic to Complex | targets. Most inhibitors have
been developed from geldanamycin (1YET: GDM, MW = 560.64 Da, Kp = 1.2 uM, pBA =
5.92), a macrocyclic natural product that binds to most of the hot spots (Figure S3).
Geldanamycin is an effective Hsp90 inhibitor but cannot be used in vivo due to
hepatotoxicity.>* The inhibitor PU-H71 (2FWZ: H71, MW=512.37 Da, IC55=50 nM, pBA =
7.30), considered by Doak et al.2! is a purine based analog, which is slightly smaller than
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geldanamycin, and reaches five hot spots: 0(25), 1(21), 2(16), 4(6), and 6(5) (Figure S3).%°
PU-H71 has demonstrated marked specificity for malignant cells, displaying minimal
toxicity to normal tissue. Although PU-H71 and many other inhibitors are in active oncology
trials, there are currently no approved Hsp90 targeted drugs.>®

Mitogen-activated protein kinase kinase (MEK1).—MEK?1 has an allosteric binding
site adjacent to the ATP binding pocket, similar to p38 MAPK, but can be accessed in the
DFG-in conformation. All 25 ligands identified to bind MEK1 with known structure and
affinity bind the DFG-in conformation, and among them 17 bind the allosteric pocket, which
has three hot spots: 0(18), 1(17), and 2(14), while eight compounds primarily bind the ATP
binding site: 3(13) and 4(13). Cobimetinib (4AN2:EUI, MW =531.31 Da, IC5p = 0.9 nM,
pBA = 9.05), the inhibitor considered by Doak et al.,2! is one of only three FDA approved
Type 111 kinase inhibitors, and it binds to all three hot spots in the allosteric binding site.
Some smaller inhibitors such as (4ANB:YQY, MW = 477.22 Da, ICsq = 6.6 nM, pBA = 8.8)
bind with less, but still high affinity via two hot spots in the allosteric site, 1(17) and 2(14),
but have not been approved for clinical use. Two other inhibitors, Trametinib (MW = 615.39
Da) and Binimetinib (MW = 441.23 Da), have been approved by the FDA for the treatment
of certain cancers, but there is no co-crystallized structure to determine how the drugs
associate with the binding hot spots of MEK1. Notably, MEK1 and p38 MAPK differ from
the other protein kinases, discussed as complex Il targets, because they have an allosteric site
adjacent to the ATP binding site, which enables inhibitors to bind with very high affinity,
shown by the strong positive correlation between the pBA and MW of ligands (p < 0.001,
Table S1).

Bromodomain-containing protein 4 (BRD4).—The bromodomain family has emerged
as a target for cancer therapy. BRD4 is able to bind traditional Ro5 compounds, dual kinase-
bromodomain inhibitors, and bivalent inhibitors. Due to the presence of bivalent inhibitors,
the hot spots in Table 1 were obtained by considering BRD4 as a dimer. FTMap of the
complex reveals three hot spots on each monomer, chain A: 0(21), 3(8), 6(5) and chain B:
1(18), 2(11), 5(7), and two hot spots in the interface of the dimer: 4(8) and 7(5). Taken
together, the hot spot structure of BRD4 is incredibly complex. However, the binding cavity
of a single chain in BRD4 on its own provides sufficient hot spots for Ro5 drugs such as the
cell-permeable small molecule JQ1 (3MXF:JQ1, MW = 458.00 Da, Kp =49 nM, pBA =
7.31), which exhibits high potency and specificity towards BRD4 (Figure S3).56 A number
of eRo5 compounds have been identified to bind BRD4 as well, including the dual BRD4-
kinase inhibitor fedratinib (40GJ: 2TA, MW = 524.68 Da, Kp = 164 nM, pBA = 6.79)
considered by Doak et al.2! (Figure S3). Most eRo5 bromodomain inhibitors are clinical
kinase inhibitors that also inhibit bromodomains with therapeutically relevant potencies.>’
An example of bivalent inhibitors is (6GKHM: XNH, MW = 479.57 Da, K, =5 nM, pBA =
8.3), which binds two hot spots on each monomer (Figure S3). Overall, there is a positive
correlation between affinity and MW of compounds that bind BRD4 (p < 0.001), as with all
targets classified as complex I. Bivalent inhibitors are able to achieve higher potency and
specificity than both the dual BRD4-kinase inhibitors and traditional Ro5 compounds such
as JQ1.58
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Peroxisome proliferator-activated receptor y (PPARYy).—The activity of PPARy
can be modulated with agonists, partial agonists, and antagonists. The protein is flexible, and
the binding of the ligands affect the position of the activating helix (H12), which regulates
the binding of cofactor proteins.>® The impact of the ligand on the shape of the binding site
is shown by the difference between mapping a ligand-bound structure and a ligand-free
structure. FTMap of the structure with bound INT131 (3FUR:Z12, MW =514.21 Da, K| =
10 nM, pBA = 8), a selective partial agonist considered by Doak et al.,2! identifies a very
large binding site with five weak hot spots 2(9), 4(8), 5(8), 6(7), and 8(6), while the two
strongest hot spots, 0(15) and 1(12), are located at H12, in the cofactor binding site (Table 1,
Figure S3). In contrast, FTMap of the ligand-free PPARy structure (2HWR) finds 10 hot
spots: 0(23), 1(9), 2(9), 3(9), 4(9), 5(7), 6(6), 7(6), 8(6), and 9(6) in the binding site,
emphasizing that the protein has a complex hot spot structure (Table 2, Figure S3). The best
known PPARy ligands are the thiazolidinedione (TZD) class of full agonists that include
rosiglitazone (1ZGY:BRL, MW = 357.43 Da, K| = 1.0 nM, pBA = 9) and pioglitazone
(2XKW:P1B, MW = 356.44 Da, K; = 1320 nM, pBA = 5.88).50 The TZDs have been
clinically validated as anti-diabetic agents, but their use has been associated with serious
side effects, including weight gain, peripheral edema, hepatotoxicity, increased risk of
congestive heart failure, and bone fracture. Although the maximal efficacies of the partial
agonist, INT131, and full agonist, rosiglitazone, were similar with respect to improvements
in glucose tolerance, INT131 had less effect on heart and lung weights, weight gain,
hemodilution, and plasma volume. Thus, INT131 appears to selectively modulate PPARy
responses, showing antidiabetic efficacy while exhibiting an improved hemodynamic and
cardiovascular adverse effect profile compared to the full agonists.

The ligand binding profiles for all Complex | targets are shown in Figure S2. Overall,
Complex | targets can bind small ligands with high affinity, but additional affinity can be
gained by adopting eRo5/bRo5 ligands that reach to additional hot spots. While the
motivation for employing larger compounds is sometimes to improve potency, in many cases
it appears instead to be for the purpose of gaining additional binding energy that can be
traded off for improved pharmaceutical properties.

Complex Il Targets.

The Complex I1 group is comprised of the seven proteins that have complex hot spot
structures and show no correlation between affinity and MW (p > 0.05), which distinguishes
their ligand binding profiles from Complex | targets (Figure 2, Table S1, Figure S4). For
these targets, high affinity binding is usually achieved at low ligand molecular weights (i.e.
MW < 400 Da), however larger ligands have nonetheless been explored. Six of the seven
Complex Il targets are kinases. As mentioned previously, over 30% of FDA approved kinase
inhibitors have MW > 500 Da, placing them in the eRo5/bR05 category.12 Typically, small
kinase inhibitors bind at the ATP binding site, which is present in the DFG-in conformation
of the protein, whereas larger inhibitors often reach into the so-called “back pocket” present
only in the DFG-out conformation. The lack of increase in binding affinity with increased
molecular weight of the ligands for Complex Il targets indicates that the reason for using
bRo5 ligands is not for improved affinity. Indeed, it is well recognized that the reason for
developing eRo5/bR05 inhibitors for kinases is most often to improve selectivity.51 Since
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this statement applies to all kinases considered here in the Complex Il group, we discuss
only three examples in detail, as well as the only non-kinase member of this group, the
glucocorticoid receptor.

Tyrosine protein kinase ABL1.—Inhibitors of ABL1 variants represent first-line
therapy for most patients with chronic myelogenous leukemia (CML). We identified
numerous ABL1 inhibitors, with MW values ranging from 372 Da to 595 Da, that bind
either the DFG-in or DFG-out conformation. FTMap analysis of the DFG-out conformation
(3CS9) shows four hot spots, two near the ATP binding site 0(20), and 4(13), and two in the
DFG back pocket 2(15) and 3(14). In contrast, mapping the DFG-in conformation (4TWP)
reveals five hot spots:0(19), 2(11), 3(9), 4(7), and 6(5), all located near the ATP binding site.
Thus, in the DFG-in conformation the kinase has a higher density of hot spots than in the
DFG-out conformation (Figure 5a). Small ligands, such as the experimental inhibitor PPY-A
(2260:P3Y, MW=372.42, K| = 20.0 nM, pBA = 7.70) can bind the DFG-in conformation
with high affinity (Figure 6a), whereas larger drugs such as Nilotinib (3CS9:NIL MW =
529.52 Da, Kp = 4.9 nM, pBA = 8.31), usually bind the DFG-out conformation (Figure 6a).
Nilotinib utilizes all four hot spots in the DFG-out conformation by extending into the DFG-
out pocket, but it achieves only slightly higher binding affinity than smaller inhibitors.
Nilotinib is structurally related to imatinib, the first FDA approved Type Il kinase inhibitor.
The ABL.1 inhibitors dasatinib, bosutinib, and ponatinib, which were approved for the
treatment of imatinib resistant or intolerant CML, also bind to all four hot spots in the DFG-
out conformation and are bRo5 compounds. Thus, for ABL1, bRo5 compounds appear to be
most successful, yet all have comparable affinity to the smaller inhibitors (pBA versus MW
p-value > 0.05) (Table S1). This may be attributed to the overall shift in hot spots from the
ATP site in the DFG-in conformation to the back pocket in the DFG-out conformation
(Figure 5a).

Epidermal growth factor receptor (EGFR).—In the active, or DFG-in, conformation,
the binding site of EGFR is complex and includes 6 hot spots, 0(16), 1(15), 2(12), 3(9), 5(7),
and 6(7). Of the 59 compounds identified for EGFR, 55 bind the DFG-in conformation and
4 bind the DFG-out conformation. All structurally characterized ligands that bind in the
DFG-in conformation associate with the same trio of hot spots 0(16), 1(15), 5(7) in the ATP
site, and most extend in different directions to also engage with various combinations of the
remaining hot spots, or to regions between hot spots. For example, the smallest ligand
identified (5EDR:5N4, MW = 361.4 Da, K| = 34.3 nM, pBA = 7.46) binds only the core trio
of hot spots (Figure 6b). The FDA approved drug Lapatinib (1XKK:FMM MW = 581.06
Da, K| =3 nM, pBA = 8.52) also binds this core trio in the DFG-in conformation, but
additionally extends to hot spot 3(9) and toward Arg 803 on the other side of the ATP
binding site (Figure 6b). The four compounds that bind the DFG-out conformation (FTMap:
5HG5) only bind the strong hot spot 0(25) in the ATP site, and extend outwards toward to
the surface of the kinase. Thus, no additional hot spots are reached in these DFG-out binding
compounds and overall, there is no correlation between affinity and MW (p > 0.05; see
Figure 2, Table S1). Because high affinity can be accomplished with very small ligands, we
propose that the motivation for creating larger compounds for EGFR is to improve
selectivity rather than affinity.
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Anaplastic lymphoma kinase (ALK).—The clinical candidate Certinib (4MKC:4MK,
MW = 558.13 Da, K, = 3.7 uM, pBA = 5.43) binds to the hot spots 0(24), 3(8), and 7(5) in
the DFG-in conformation of ALK (Figure 6c¢). A smaller compound, a 7-azaindole based
inhibitor (4JOA:3DK, MW = 390.39 Da, IC5g = 29 nM, pBA = 7.54), also binds to the
DFG-in conformation, but a slight conformational change enables the compound to extend
deeper into the binding crevice towards hot spots 5(6) and 6(6), achieving fairly high affinity
with a low molecular weight (Figure 6c). Larger Inhibitors such as the pyrazolylamine
derivative (5IUH:34Y, MW = 556.66 Da, IC5y = 402 nM, pBA = 6.4) bind ALK in the DFG-
out conformation, which opens a large back pocket for binding. FTMap analysis of ALK in
the DFG-out conformation (51UH) reveals five new hot spots: 0(19), 1(11), 2(11), 3(10), and
5(7) concentrated around the DFG-out back pocket, and retains one hot spot 4(8) in the ATP
binding site (Figure 5b). Overall, the ligands that bind ALK do not show a positive
correlation between pBA and MW (p > 0.05), consistent with other kinases (Figure 2, Table
S1). The shift in the locations and strengths of the binding hot spots on ALK between the
DFG-in and DFG-out conformations is similar, but more exaggerated, than seen for ABL1
(Figure 5). Thus, a potential reason why a ligand that reaches the hot spots in the DFG-out
pocket yields similar affinity to smaller ligands that only are concentrated around ATP
binding site may be the weakened ATP binding site in the DFG-out conformation.

The kinases described above show that larger inhibitors generally do not result in improved
binding affinity. Similar patterns exist for the additional kinases in our study, namely the
hepatocyte growth factor receptor (HGFR), the vascular endothelial growth factor receptor 2
(VEGFR-2), and polo-like kinase 1 (PLKZ1). The ligand binding profiles are provided in
Figure S4, and corresponding statistics are provided in Table S1. Based on the observation
that kinases can typically bind small ligands with high affinity and do not gain substantial
additional affinity by adopting bRo5 ligands, we conclude that the reason for employing
larger compounds is likely not for the purpose of improving potency. Instead, the motivation
is to achieve greater selectivity, which is accomplished by occupying regions of the binding
site that are unique to the protein of interest. Although the fibroblast growth factor receptor
(FGFR) is a typical kinase, it has only one ligand with known structure and affinity, and
hence will be discussed in the Complex 111 group. As mentioned previously, the inhibitors of
MAP kinase P38 and MAP kinase kinase considered by Doak et al.2! are Type 111 kinase
inhibitors, and bind very differently from the Type | and Type Il inhibitors discussed for the
other kinases here. In addition to kinases, we discuss the glucocorticoid receptor here,
because based on its binding profile it belongs to the Complex I1 group.

Glucocorticoid receptor.—Glucocorticoid receptor (4P6W) has a complex hot spot
structure with six hot spots, 0(25), 1(21), 2(13), 3(7), 4(7) and 5(6). We do not observe a
correlation between pBA and MW (p > 0.05), and thus the binding profile of the
glucocorticoid receptor is similar to those of kinases (Figure S4). All ligands identified bind
three core hot spots 0(25), 1(21), and 3(7), while larger ligands also extend to the more
distant secondary hot spots 4(7) and 5(6) in one direction and 2(13) in another direction. For
example, the small FDA-approved agonist of the glucocorticoid receptor, dexamethasone
(1P93:DEX MW = 392.46 Da, Kp =19 nM, pBA = 7.72), binds only to the three core hot
spots (Figure 6d). Dexamethasone is a typical corticosteroid with many side effects,
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including fluid retention, increased appetite, mood changes, skin rash, bruising or
discoloration. The larger FDA-approved drug mometasone furoate (4P6W:MOF, MW =
521.43 Da, K| = 0.7 nM, pBA = 9.15), which is used as a topical corticosteroid in ointments
and nasal spray, extends beyond the three hot spots to overlap with hot spot 2(13) (Figure
6d). It has a glucocorticoid receptor binding affinity 22 times stronger than dexamethasone
and higher than many other corticosteroids as well.52 A much larger compound (3K23:JZN,
MW = 655.68 Da, ICgg = 6.3 nM, pBA = 8.2), which also extends towards hot spot 2(13),
similar to mometasone furoate, and towards hot spots 4(7) and 5(6), however, does not gain
more affinity (Figure 6d).

Targets in the Complex Il Group.

Eight proteins with complex hot spot structures have been co-crystallized with fewer than 9
ligands of known binding affinity, and hence we were unable to confidently construct ligand-
binding profiles. However, the small ligand-binding profiles are shown in Figure S5, where
possible. Although we believe that some of these targets behave similarly to Complex |
targets while others to Complex I, without substantial binding profiles they cannot be added
to these groups, and hence are defined to form the Complex 111 group. In addition, some of
the targets can benefit from eRo5/bRo5 drugs or drug candidates for very specific reasons,
and hence each of the nine targets is individually discussed here, without any attempt of
trying to find an overarching motivation.

Cyclophilin A.—Cyclophilin A has a complex hot spot structure, including four strong hot
spots: 0(27), 1(16), 4(11), and 5(6). The drug considered by Doak et. al.2L is cyclosporine A
(1CWA:PRD_000142, MW = 1,202.61 Da, Kp = 36.8 nM, pBA = 7.43) which is a
macrocycle that reaches all four hot spots, and extends outward; the complex has been
shown to inhibit calcineurin, acting as an immunosuppressant (Figure 7a).53 64 Smaller
compounds, such as (3RDD:EA4, MW = 251.28 Da, KI = 16800 nM, pBA = 4.77), bind
only three of the hot spots on cyclophilin A and have very weak affinity. In addition, such
compounds do not competitively inhibit calcineurin and hence have no biological
significance (Figure 7a). Reaching all four hot spots creates a span of 19 A (between 0(27)
and 5(6)), and requires a very long molecule. However, the main reason for the high MW is
that the cyclophilin-bound cyclosporine directly contributes to the binding of calcineurin,
and this function requires additional atoms expanding the macrocycle.53

DOT1-like histone H3 methyltransferase.—This protein binds a clinical candidate,
EPZ-5676 (4AHRA:EP6 MW =562.71 Da, K, = 0.08 nM, pBA = 10.1), with very high
affinity at hot spots 1(17), 2(12), 3(11), and 4(6) (Figure 7b). While the primary hot spot of
17 probe clusters is slightly weaker than in typical complex targets, the hot spot structure is
still relatively complex, with four hot spots. The smallest ligand, EPZ000004 (4EK9:EP4,
MW = 294.31 Da, K; =9 uM, pBA = 5.04), only binds hot spots 2(12) and 4(6), and has
very low affinity (Figure 7b). A slightly larger ligand, S-adenosyl-L-homocysteine
(3QOX:SAH, MW = 384.4 Da, K| = 0.27 uM, pBA = 6.57), binds to three hotspots, 2(12),
3(11) and 4(6), with higher affinity. However, the three highest affinity inhibitors, including
EPZ-5676 which is currently in clinical trials for advanced leukemia,5® bind to all four hot
spots (46 total probe clusters), and all have MW > 500 Da. EPZ-5676 has both the highest
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MW and affinity. Thus, for this protein it appears that a bRo5 compound that binds all hot
spots is required to achieve high affinity binding.

Lanosterol 14a-demethylase.—Lanosterol 14a-demethylase (SEQB) has a large,
complex binding site consisting of five hot spots: 0(23), 1(17) 2(10), 4(7), and 6(5) located
inside a large cavity, with an additional three hot spots buried even deeper inside the cavity.
The bRo5 drug identified by Doak et al.,21 is itraconazole (5SEQB:1YN, MW = 705.63 Da,
ICs0 = 19.4 nM, pBA = 7.71), a high affinity antifungal medication®® that binds to all five
hot spots in the binding site (Figure 7c). The distance between 4(7) and 6(5) is over 18.5 A,
too large to bridge by a Ro5 ligand. Of the three ligands found to bind lanosterol 14a.-
demethylase with known structure and affinity, itraconazole is the largest, protruding out of
the cavity, and has the highest binding affinity.

However, there exist smaller inhibitors such as fluconazole (AWMZ:TPF, MW = 306.27 Da,
K =30 pM, pBA = 4.52) that binds only to 2(10) and 4(7), and voriconazole (5HS1:VOR,
MW = 349.31 Da, K| = 174 uM, pBA = 3.76) that binds to 0(23), 2(10), and 6(5) (Figure
7c). All three are azole compounds, with the heterocyclic nitrogen atom binding to the heme
iron atom and a halogenated phenyl ring interacting with a hydrophobic pocket of the
enzyme binding site. Itraconazole has a broader spectrum of activity than fluconazole, and is
better for antifungal prophylaxis®’, but is less well tolerated58. These differences are limited,
and it is not clear whether itraconazole has advantages over the smaller compounds, or
simply was the first lanosterol 14a-demethylase inhibitor developed.

Bcl-2.—The unique hot spot structure of Bcl-2 (4LVT) has two groups of hot spots 0(22),
4(10) and 2(17), 5(5) separated from one another on the surface of Bcl-2 by approximately
16 A, requiring a relatively large ligand in order to bind all hot spots. The FDA-approved
Navitoclax (4LVT:1XJ, MW = 974.61 Da, K| = 0.044 nM, pBA = 10.36) binds all hot spots
and achieves very high affinity (Figure 7d). All but one of the compounds identified to bind
Bcl-2 are very large, bridge the gap between the two sets of hot spots, and have high affinity
(pBA > 7). We only identified one smaller inhibitor (2W3L:DRO, MW = 576.09 Da, I1C5q =
30 nM, pBA = 7.52) which binds half of the hot spots: 2(17) and 5(5), but the MW > 500 Da
and affinity is reduced relative to Navitoclax (Figure 7d).

Isoleucyl-tRNA Synthetase.—Aminoacyl-tRNA synthetase is an enzyme that catalyzes
the binding of an amino acid onto tRNA via ATP. The binding site of the isoleucyl-tRNA
synthetase is narrow crevice that accommodates both isoleucine and ATP,%° and contains six
relatively weak hot spots 0(14), 1(14), 2(14), 3(11), 4(8), and 7(5). The inhibitor
pseudomonic acid A (1QU2:MRC, MW =500.6 Da, KD = 0.14 nM, pBA = 9.85),
considered by Doak et al.2! binds to all six hot spots (Figure S5). The maximum distance
between hot spots is over 18 A, thus a relatively long ligand is required to bind to all hot
spots. In addition, the 9-hydroxynonanoic acid moiety of the pseudomonic acid A extends
beyond the hot spot ensemble to a hydrophobic surface region, resulting in a molecule that is
over 20 A long. Nevertheless, it is almost within the 500 Da range.

FK506 Binding Protein.—The FK506-binding protein 12 (FKBP12) binds the
immunosuppressant drug rapamycin (4ADRI:RAP, MW = 914.17 Da, K; = 1.0 nM, pBA = 9),
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which works by inducing inhibitory protein complexes with the kinase mTOR.”0 The hot
spots between FKBP12 and mTOR are 0(27), 1(20), 2(16), 3(13), 4(6), and 5(5), and
rapamycin interacts with all of them (Figure S5). In principle, 0(27) and 4(6) alone may
support a Ro5 ligand of FKBP12 with moderate binding affinity. However, the main
biological function of rapamycin is to interact with both with FKBP12 and the FRB
fragment of mTOR, so additional moieties are needed for interaction with both proteins, and
rapamycin is able to achieve that as a fairly large macrocyclic compound.

Toll-like Receptor 4.—Toll-like receptor 4 (TLR4) detects lipopolysaccharides found in
most Gram-negative bacteria, and hence plays a fundamental role in pathogen recognition
and activation of innate immunity. Eritoran is a TLR4 antagonist (2265:E55, MW = 1313.7
Da, ICsg = 1.5 nM, pBA = 8.82).” The natural substrates of TLR4 are large
lipopolysaccharides that bind to four major hot spots 0(22), 1(20), 2(13), 3(12) in a deep
cavity. Eritoran, a lipid derivative, interacts with these hots spots (and additional four hot
spots) to compete with the substrate, resulting in a very large molecule with four long
“arms” reaching into the hot spots (Figure S5). Thus, in this case, it appears a large
compound may be needed to compete with the natural substrate.

Fibroblast growth factor receptor 1 (FGFR1).—Small molecular inhibitors target the
ATP site of the kinase domain of FGFR1, which includes the hot spots 0(18), 1(17), 3(12),
5(6), and 6(5). A number of Ro5 kinase inhibitors such as dovitinib (5A46: 380, MW =
392.43 Da, no binding affinity data) strongly overlap with the hot spot 0(18), and lightly
overlap with the hot spots 1(17), 3(12), and 5(6) located deeper in the ATP binding site. All
such compounds showed toxicities related to VEGFR inhibition, such as hypertension,
cardiovascular events, and proteinuria.’2 In contrast, the compound studied by Doak et al.,21
BGJ398 (3TT0:07J, MW = 560.5 Da, K| = 13 nM, pBA = 7.89) associates with all hot spots,
including a strong overlap with 1(17), 3(12), and 5(6) deep in the pocket, and is a selective
fibroblast growth factor receptor (FGFR) inhibitor that does not bind to VEGFR.”2 Similar
to other kinases, the use of an eRo5 compound substantially improves selectivity, but there
are not enough compounds with structure and affinity data to generate a ligand binding
profile.

TARGETS WITH SIMPLE HOT SPOT STRUCTURE

Targets with “simple” hot spot structures have three or fewer hot spots in the ligand binding
site. The total number of probes in the binding site is generally less than 50 probe clusters
(Figure 1) and the primary hot spot is weak, with less than 20 probe clusters, which places
the targets at or below the threshold for druggability, based on our previous study.3 These
weak binding sites are often located in a deep cavity, narrow canyon, or are otherwise
isolated from additional hot spots. Generally, all ligands that bind these proteins must
contact all hot spots in the ensemble, and then reach outward for increased binding affinity,
and possibly increased selectivity, by interacting with the surrounding surface regions, which
do not have additional hot spots. As a result, some proteins with simple host spot structure
show a positive correlation between pBA versus MW while others do not (Figure 2, Figure
S6, Table S1).
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The binding site of kinesin Eg5 consists of three hot spots, 0(17), 2(17) and 3(12), that lie
close together in a fairly deep pocket. The primary hot spot has sufficient strength, at 17
probe clusters, to render the binding site weak but druggable.3? As a result of kinesin Eg5’s
weak and compact hot spot ensemble, every ligand with known structure and affinity binds
to all three hot spots in the binding site. Among these compounds, MW ranges from 274 to
517 Da, and a positive correlation exists between pBA and MW (p < 0.01, see Table S1 and
Figure 2). The smallest compound, (S)-enastron (2X7C:KZ9, MW = 274.34 Da, ICgq = 2
UM, pBA = 5.7) lies within 3 A of all three hot spots in the cavity, but does not strongly
overlap with the hot spots and has low affinity (Figure 8a). However, the clinical candidate
ispinesib (4A5Y:G7X, MW =517.06 Da, K| = 2.3 nM, pBA = 8.64), which has the largest
molecular weight of all drugs identified for kinesin Eg5, has stronger overlap with the hot
spots, extends deeper into the binding pocket, and interacts with the walls of the cavity,
resulting in a much higher binding affinity (Figure 8a). While we found only 28 kinesin Eg5
inhibitors with known structure and affinity, over 100 different inhibitors have been
described in the scientific literature and there have been at least 35 Phase 1 or Phase 2
clinical trials initiated.”* Some of the compounds brought to clinical trials have MW < 500
Da, but ispinesib shows promise as being one of the most advanced drug candidates.’®

Soluble acetylcholine receptor.

Similar to kinesin Eg5, most ligands that bind the soluble acetylcholine receptor bind to all
three hots spots in the site: 0(19), 3(13), and 5(9), totaling 41 probe clusters (Figure 2). The
site is located in a deep inter-chain crevice, and the larger ligands form significant
interactions with the sides of the crevice, increasing the binding affinity, as shown by the
positive correlation between pBA versus MW (p < 0.01, see Table S1 and Figure 2). One of
the smallest compounds to bind (2WNL:AN5, MW = 178.23 Da, K; = 120 uM, pBA = 6)
only barely touches the three hot spots, whereas one of the largest compounds, the
macrocyclic neurotoxin pinnatoxin A (4XHE:40P, MW = 711.92 Da, Kp < 0.05 nM, pBA =
10.3) extends deeper into the crevice and interacts significantly with the walls of the protein,
resulting in a much higher binding affinity (Figure 8b). The FDA-approved inhibitor
tubocurarine (3PMZ:TUB MW = 609.73 Da, K| = 3.48 uM, pBA = 5.46) is a macrocycle
that also extends into the crevice and interacts with the walls of the protein, but with much
weaker affinity (Figure 8b).

HMG-CoA reductase.

As was the case with kinesin Eg5 and soluble acetylcholine receptor, all ligands of HMG-
CoA reductase, the target of statins,’® bind to the same three hot spots, 0(13), 1(13), and
6(6). The MW of the 19 HMG-CoA reductase ligands in the PDB ranges from 408 Da to
655 Da, and there is no correlation between pBA and MW (p > 0.05, see Table S1 and
Figure 2). The best known FDA-approved statin, Atorvastatin (LHWK:117, MW = 558.64
Da, K| = 6.2 nM, pBA = 8.21), interacts with the cavity walls and has acceptable binding
affinity (Figure 8c), similar to the other approved statins that have MWs between 420 Da
and 580 Da. The smallest known statin, an experimental compound called Mevastatin
(1HW8:114, MW = 408.53 Da, IC5¢ = 23 nM, pBA = 7.64) also binds to the three hot spots
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and extends up the cavity wall, resulting in sufficient binding affinity (Figure 8c). However,
the side effects of Mevastatin include those of other statins, such as myalgias, abdominal
pain, and nausea, and this compound additionally has a higher chance of giving more severe
side effects related to myotoxicity and hepatotoxicity.”” The increased toxicity is most likely
associated with reduced selectivity, and Mevastatin was never marketed as a drug. We note
that the inhibitor binding site of HMG-CoA reductase is very large and includes two
additional hot spots, 4(9) and 5(7), that are far from the three main hot spots and are not
utilized by any of the ligands (Figure S7). It is plausible, based on a structural analysis, that
a very large ligand might extend to reach the additional hot spots at the other end of the
cavity. However, since the additional hot spots are weak, doing so would likely result in at
best a modest improvement in affinity, leaving little scope to trade excess affinity for
improved pharmaceutical properties.

Hepatitis C Virus subunits.

The Hepatitis C Virus (HCV) NS5b RNA Polymerase has only one very weak hot spot,
2(10), located in a shallow cavity on the surface of the protein. There are no other hot spots
nearby and all eight ligands identified that bind to HCV NS5b with known structure and
affinity overlap with this one hot spot (Figure S6). The ligands’ MW ranges from 339 to 659
Da and extend around the hot spot in multiple directions, but overall there is no increase in
pBA with MW (p-value > 0.05; Table S1, Figure S6). Small compounds, such as
(2WCX:VGC, MW = 339.45 Da, ICsq = 25 nM, pBA = 7.6), do not reach into the
surrounding area to the same extent as larger ligands such as Beclabuvir (ANLD:2N7, MW =
659.84 Da, 1C5q = 20 nM, pBA =7.7), which is currently in phase 1 clinical trials (Figure
8d). Sofosbuvir (MW = 529.45 Da) has been approved as a drug, but there is no structure of
the Sofosbuvir-HCV NS5B complex in the PDB. Similar to HCV NS5b RNA Polymerase,
HCV NS3/4a protease also presents a simple hot spot structure of 1(16) and 3(10), and drugs
extend significantly outside of the shallow binding pocket, yet there is no correlation
between pBA and MW (p > 0.05; Table S1, Figure S6). Notably, all five drugs identified to
bind the NS3/4a subunit have MW > 740 Da and high affinity (pBA > 8.4; Table 1, Figure
S6). In the case of these two targets, therefore, the motivation for using bRo5 ligands is not
for greater affinity, but likely to achieve greater selectivity by interacting with regions of the
protein beyond the very simple hot spot ensemble.

Protein Farnesyltransferase.

Farnesyltransferase post-translationally modifies proteins by adding an isoprenoid lipid
called a farnesyl group to the -SH of the cysteine near the end of target proteins to form a
thioether linkage. This process causes farnesylated proteins to become membrane-associated
due to the hydrophobic nature of the farnesyl group. Farnesyl transferase inhibitors inhibit
farnesylation of a wide range of target proteins, including Ras. It is thought that these agents
block Ras activation through inhibition of the enzyme farnesyl transferase, ultimately
resulting in cell growth arrest. Lonafarnib (105M:336, MW = 638.8 Da, K| = 8.3 nM, pBA
=8.08)78 considered by Doak et al.,2! is a farnesyltransferase inhibitor that has been
investigated in a human clinical trial as a treatment for progeria. The hot spots in the binding
site are 0(19) and 2(15), but 0(19) overlaps with the location of farnesyl diphosphate. The
latter also interacts with most ligands, including Lonafarnib. The current version of FTMap
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does not enable mapping in the presence of farnesyl diphosphate, and hence may not provide
valid information on the hot spots. However, we note that Ro5 farnesyltransferase inhibitors
have also been developed. For example, tipifarnib (4LNG:JAN, MW = 489.4 Da, no binding
affinity data) was submitted to FDA. Although the application was rejected, the drug is still
under development.

Phosphoinositide-3 Kinase.

Phosphoinositide 3-kinases (PI3Ks) are a family of enzymes involved in cellular functions
such as cell growth, proliferation, differentiation, motility, survival and intracellular
trafficking, which in turn are involved in cancer. Several inhibitors of PI3Ks have been
reported in the literature, such as wortmannin (1IE7U:KWT, MW = 428.4 Da, K; = 4.2 nM,
pBA = 8.38).7° While these compounds have been widely used to elucidate the functional
role of PI3K, their toxicity and lack of selectivity have limited their therapeutic potential. A
number of pharmaceutical companies have thus developed PI3K isoform-specific inhibitors
that are FDA approved, including the PIK3CD inhibitor, idelalisib (4XE0:40L, MW =
415.42 Da, ICgy = 19 nM, pBA =7.72), and the dual PIK3CA and PIK3CD inhibitor,
copanlisib (5G2N:6E2, MW =480.52 Da, no binding affinity data). In contrast, pictilisib, a
pan PI3K inhibitor considered by Doak et al.,2! is still in clinical trials. All inhibitors have
substantial toxicity issues, and it is not yet clear whether pictilisib (3DBS:GD9, MW =
513.63 Da, K; = 3.0 nM, pBA = 8.52) will provide advantages.® PI3K is a large protein that
substantially differs from protein kinases. Mapping finds only the hot spot 4(8) at the ligand
binding site, while the stronger hot spots are placed deeper in the protein. However, mapping
the unbound structure (1E8Y) places 0(16) at the inhibitor binding site, but overall, the site
is weak, and needs fairly large molecules for strong binding.

Table 1 lists six additional simple targets that have three or fewer ligands with known
structure and affinity, and thus do not provide data for the construction of meaningful ligand
binding profiles. In summary, the motivation for adopting bRo5 compounds for targets with
simple hot spot structure can be to achieve improved affinity, selectivity, or perhaps other
pharmaceutical properties, by contacting additional regions of the protein around the
relatively small and weak hot spot ensemble. Thus, while for Complex | and Complex |1
targets the use of bRo5 compounds was driven mainly by the need to improve selectivity or
other pharmaceutical properties, for targets with simple hot spot structure bRo5 ligands may
be a means to compensate for borderline or poor druggability. Importantly, simple and
complex targets can easily be distinguished based on their binding site hot spot structure, as
identified using FTMap.

CONSERVATION OF HOT SPOTS: BOUND VERSUS UNBOUND PROTEIN
STRUCTURES

The structural analysis performed above was completed by mapping the proteins from the
protein-ligand complexes selected by Doak et. a/.21 However, the number, strength, and
arrangement of binding hot spots are properties of the target protein itself, and hence can be
determined by the analysis of ligand-free protein structure. Here, the FTMap hot spot
calculations were repeated with the unbound structures corresponding to the drug-target
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complexes selected by Doak et a/21 whenever such were available. Using a threshold of
95% sequence similarity, we identified unbound structures for 21 of the 37 protein targets
and applied FTMap. Since ligand binding may promote pocket formation by induced fit or
conformational selection, we expected to find weaker hot spots in the ligand-free structures,
and a few cases confirmed this expectation (Table 2). However, apart from a slight decrease
in the number of probe clusters and minor shifts in hot spot locations, our results show
remarkable conservation of major hot spots in ligand binding sites across the unbound and
bound structures (Table 2).

Unbound structures were found for 12 proteins that have complex hot spot structures in the
bound form. The “complex” classification was conserved in the unbound form for 9 of these
proteins: MAPK p38, thrombin, PPAR-vy, renin, cyclophilin A, EGFR, HGFR, VEGFR-2,
and polo-like kinase 1. The “complex” classification of the hot spot structure was lost in
three of the 12 targets, however, due to a drop in the number of hot spots below four. For
ABL1 and ALK the number of hot spots in the binding site dropped from four to three and
two hot spots, respectively, yet the primary hot spot remained strong, with a strength of 26
and 23 probe clusters, respectively. As a result, these targets are still distinct from those
designated as having a “simple” hot spot structure because the primary hot spot is so strong,
and most simple hot spot structures have only a weak (< 20 probe clusters) primary hot spot
(Table 2). In the case of Bcl-2, the number of hot spots dropped from 4 in the bound
structure to 2 in the unbound structure, and the strength of the primary hot spot dropped
from 22 probe clusters to 20 (Table 2). However, the geometry of the hot spots for Bcl-2 was
conserved across the unbound and bound structures, as both show two distinct hot spot
regions separated from each other by about 11 A.

The nine targets with a “simple” hot spot structure that had also crystallized in the unbound
form also showed good conservation of hot spots between the bound and unbound
structures. Specifically, seven of these targets, PI3K, protein farnesyltransferase, kinesin
Eg5, tubulin-alpha chain, integrin alpha 11-B, Na-K ATPase, and a-amylase show very
close conservation of hot spots, keeping one to three hot spots in total with the strongest hot
spot below 20 probe clusters (Table 2). However, the already weak hot spots for the two
hepatitis C virus proteins, NS3/4a and NS5b, were lost in the unbound structure. Thus, the
weak sites in these proteins remain weak or become even weaker in the unbound
conformation, and their “simple” binding site classification is retained. Overall, while the
agreement between FTMap results for unbound and bound structures is not perfect, in most
cases the binding site structure is sufficiently conserved, and is useful in determining if and
how a target may benefit from bRo5 ligands.

LIGAND-BASED ANALYSIS

The structure-based analysis suggests that most of the targets studied from Doak et al.2! can
bind both Ro5 and eRo5/bRo5 compounds with high affinity, however some of the larger
compounds tend to be more successful in clinical trials for the reasons outlined above. A
number of targets (11 of 37) have very limited structure-based ligand profiles however, with
fewer than five ligands identified, and thus analysis of their ligand binding profiles was not
possible. To check whether these targets generally follow the same pattern of binding both
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Ro5 and eRo5/bRo5 ligands and are considered druggable, we pulled all ligands for each
target from ChEMBL,2 including those that do not have a structure deposited in the PDB.
The results of our ChEMBL ligand-based analysis are shown in Table 3; only targets with
more than 40 high affinity ligands were considered. As the result of this condition, 8 of the
37 targets were excluded. Generally, the number of ligands in each ChEMBL profile greatly
increased relative to the structure based profile, especially for the targets that had fewer than
five ligands in the structure-based analysis, namely FK506 binding protein and FGFR1
(Complex I1), and hepatitis C virus NS34A protease, integrin alpha-11B, smoothened
homolog, and Na-K ATPase (Simple).

Overall, the ChEMBL ligand analysis confirms that the targets selected by Doak et al.?! bind
both Ro5 and eRo5/bRo5 compliant ligands. Across all targets, ligands were composed of an
average of ~43% Ro5 compliant ligands, and ~ 46% eR05/bRo5 ligands (i.e. MW > 500
Da), see Table 3. Furthermore, we assessed the ligandability of each target with the recently
defined LIGexp3 index,81 which is defined as the proportion of compounds tested against a
target with a pKi > 7, our “high affinity” threshold discussed previously. Our results confirm
that on average, about half (~45%) of ligands bind the target with high affinity. Lastly, we
assessed the chemical tractability of each target by calculating the percentage of each
target’s compounds that have a ligand efficiency greater than 0.3 and lipophilic ligand
efficiency greater than 5, where LE = pBA/Number of Heavy Atoms and LLE = pBA-clogP
(i.e. LE > 0.3 and LLE > 5).82 We note that this concept is used to assess the tractability of a
target for drug discovery, and is not related to synthetic tractability — i.e. the ease of
synthesis of particular chemotypes.82 While some targets show high ligand efficiency, the
majority actually have fairly low ligand efficiency, which is not surprising since these targets
favor eRo5/bRo5 ligands.

There are a few targets in our set with ligands that are especially skewed towards eRo5/
bRo5. For example, Bcl-2 has only 7 ligands in the structure-based ligand profiles and all
have MW > 500 Da and high affinity. The ChEMBL-based ligand profile confirms that
Bcl-2 most likely requires a bRo5 drug, as the percentage of Ro5 compliant ligands is very
low (9.6%), the percentage of eRo5/bRo5 ligands is very high (84.5% of ligands has MW >
500 Da), and tractability is very low (LE > 0.3 and LLE > 5 for 0.7% of ligands), see Table
3. Very similar profiles exist for HIV-1 protease and E3 ubiquitin-protein ligase XIAP
(Complex 1), cyclophilin A (Complex I11) and hepatitis C virus NS34a (Simple), thus
confirming that the limited structure-based ligand profiles are representative of the greater
ChEMBL-based ligand profile. We note that PPAR-y presents somewhat of an exception as
the chemical tractability appears very low (0.1%) because ligands generally satisfy the LE >
0.3 criteria, but notoriously fail the LLE > 5 criteria because the binding site is highly
lipophilic.

It was shown that Complex Il targets, comprising mostly kinases, have strong hot spots
resulting in a highly druggable active site, with the motivation for using bRo5 ligands being
improved selectivity rather than potency or druglikeness. For the Complex 1l targets that are
kinases, the results of the ligand based analysis are in full agreement with these findings.
More than 10% of the ligands of each kinase fulfil the LE/LLE criteria (Table 3). At least
85% and 55% of the ligands of these kinases (except for those targeting ALK) fulfil the
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Ro5_3 and Ro5_4 criteria. ALK ligands, however, are typically larger and more lipophilic
than other kinase ligands in this set. The only non-kinase target in this class considered here
is glucocorticoid receptor, which has the lowest LE/LLE compliance at 8.5%. Most of the
ligands of the glucocorticoid receptor fulfil the LE criterion; however, they notoriously fail
the LLE criterion. This is in line with our previous study classifying nuclear hormone
receptors as challenging targets for druglike molecules.>® Notably, glucocorticoid receptor
has the highest ligandability of all type Il targets (0.74).

CONCLUSIONS

The goal of this study has been to understand why some targets benefit from drugs which
violate the traditional Ro5 criteria. To investigate this question, we started with a set of 37
proteins which have eRo5/bRo5 drugs or clinical candidates from Doak et. al?. Each of the
drugs and clinical candidates in this set has MW > 500 Da, thus we focused on the MW
criteria of the Ro5, but also calculated all other Ro5 properties. Initial analysis of these
targets and all ligands that bind to them revealed that, in addition to eRo5/bRo5 compounds,
22 targets can also bind multiple small compounds (MW < 500 Da) with high affinity. Thus,
in these cases the need for ligands outside the Ro5 is not driven by poor druggability per se.
Structural analysis of the targets revealed that the targets of eRo5/bRo5 drugs have one of
two distinct hot spot structures, referred to as “complex” and “simple”, and both differ from
the hot spots structures seen in most proteins that bind FDA approved Ro5 drugs.3? Analysis
of how small and large ligands engage with the hot spot ensemble at the binding site shed
light on why eRo5/bRo5 ligands are often more successful than their smaller alternatives
even when these also have high affinity. Specifically, from the 37 proteins studied here,
different mechanisms by which expanding to bRo5 improved drug properties emerged.
Among the targets with complex hot spot structure, the proteins within the Complex I group
have similar motivation for eRo5/bRo5 ligand development, as supported by the binding
profiles. We also find a common motivation among the targets classified as Complex 11, but
not for the targets in the Complex I11 group that are discussed individually. However,
improving binding is a common motivation for targets with simple hot spot structure.

Complex I targets have a “complex” hot spot structure, and most bind both small compounds
(MW < 500 Da) and bRo5 compounds with high affinity, yet the bRo5 compounds are
generally more successful. In these targets we observe that there is an increase in binding
affinity with increased molecular weight. However, small ligands with fairly high affinity
generally exist, and so it does not seem that enhanced binding affinity is the main driver for
why bRo5 ligands have been more successful in clinical trials. As shown for thrombin, many
smaller drug candidates had problems due to inherent toxicity, high-plasma protein binding,
poor metabolic stability, rapid elimination from the blood, and low in vivo activity, while the
bRo5 compound Argatroban has improved properties. These improved pharmaceutical
properties are presumably not inherent in the use of larger compounds; indeed, the opposite
might be expected. But good properties were evidently not achieved with Ro5-compliant
compounds. A potential explanation is that in moving to the bRo5 range, the extra binding
energy gained by engaging more hot spots provides scope for pharmaceutically problematic
functionality on ligand to be substituted with more benign structures that individually bind
less well, while retaining sufficient overall binding affinity for the compound as a whole. In
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addition, the higher complexity of the compounds may reduce the likelihood of off-target
binding. We emphasize that these observations are based on only a small set of targets, and it
is possible that other targets with complex hot spot structures do have pharmaceutically
optimized Ro5 ligands. However, in previous work we have mapped a substantial number of
proteins that have only Ro5 drugs, and in most cases we have found at most three hot spots,
albeit strong ones, in the ligand binding site.39 This finding supports the notion that binding
sites with more than three strong enough hot spots can provide means to overcome poor
pharmaceutical behavior by trading off extra binding energy for property improvements in
the context of a bRo5 compound.

Complex Il targets also have complex hot spot structure, but they benefit from bRo5
compounds for a different reason than Complex | targets, since binding affinity does not
improve with ligands of increased molecular weight. All but one Complex I targets are
protein kinases, with small ligands (i.e. MW < 400 Da) that bind with high affinity, and we
conclude that the primary motivation for expanding to eRo5/bRo5 ligands for Complex Il
targets is to obtain improved selectivity rather than higher binding affinity. In addition, we
have discussed eight targets that have a complex hot spot structure, but too few ligands to
see whether or not a correlation exists between MW and binding affinity. In spite of only
five ligands, a positive correlation suggests that DOT1-like histone H3 methyltransferase
could be classified as Complex I, whereas FGFR1 is a typical kinase and behaves like a
Complex Il target. Nevertheless, in view of the limited data, we placed these proteins in a
separate group called Complex Ill, together with six more targets that benefit from eRo5/
bRo5 drugs for various reasons.

In contrast to the targets that have complex binding hot spot structures with many strong hot
spots, targets with simple hot spot structures only contain three or fewer relatively weak hot
spots, in many cases rendering the target only barely druggable.3® Almost all ligands which
bind such targets utilize all hot spots, and then expand beyond to interact with additional
surface regions of the protein, likely to increase binding affinity and/or selectivity. The
binding sites of proteins with Simple hot spot structure are frequently located in deep
pockets or narrow crevices, and hence modest increases in MW can significantly increase
the protein-ligand interface area and improve binding affinity, particularly if the interacting
surfaces are hydrophobic. As a result, for some proteins with simple hot spot structure the
binding affinity of the ligands increases with increasing molecular weight, while in other
cases the binding affinity is not affected.

Since only a small fraction of ligands of the target proteins considered here have been co-
crystallized with the proteins, we also studied all ligands available in the ChREMBL?27
database. Results confirmed general agreement between the ligand profiles, indicating that
the limited structure-based ligand profiles were representatives of the true ligand profiles
based on all ligands without co-crystalized structures. Specifically, for targets that appeared
druggable with both small and large ligands, we often identified a substantial number of
small (MW < 500 Da) ligands with high affinity (pBA > 7) in the general ligand dataset. In
contrast, for many targets with no co-crystallized high affinity Ro5 ligands, the fraction of
large ligands (MW > 500 Da) was very high in the general ligand dataset.
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Importantly, the hot spots of most proteins can be found, without major differences, by
mapping either unbound or bound protein structures. Thus, once the X-ray structure of a
protein is available, one can map the unbound structure or a structure co-crystallized with
any ligand to determine the hot spot structure of the binding site. The hot spots structures
will then indicate if it may be useful to consider bRo5 ligands for the target in question. In
particular, our results reveal the somewhat counterintuitive finding that bRo5 ligands can be
beneficial for targeting complex binding sites on highly druggable proteins, as well as
proteins with simple binding sites that are only borderline druggable. Moreover, we
highlight that bRo5 drugs can show benefits through a number of different mechanisms and
not just increased binding affinity, including improved selectivity along with other improved
pharmaceutical properties such as reduced toxicity. Thus, the data encourage the
consideration of bRo5 ligands in drug discovery against chemically tractable targets, in cases
where achieving selectivity or good pharmaceutical properties is problematic, in addition to
being an approach for low druggability targets.

METHODS

FTMap of protein structures.

The FTMap server (http://ftmap.bu.edu)?? was used to identify the binding hot spots for the
37 holo structures listed in Table 1, and the 21 apo structures in Table 2. Domain splitting
was performed by Protein Domain Parser8 on four of the holo structures prior to FTMap
hot spot identification: DNA-directed RNA-polymerase (4KMU), Integrin Alpha-11B
(2VDN), Smoothened Homolog (4JKV), Isoleucyl-tRNA Synthetase (1QU2).

Data set for structure-based ligand analysis.

The set of ligands which bind each target with known structure and binding affinity were
identified by the following procedure. For any given target, all structures in the PDB which
have 90% or greater sequence similarity were identified. These structures were aligned to
the protein target of interest using the PyMOL ™:85 align function, and the het atoms in the
PDB file were isolated and analyzed to extract only the ligands which bind within 15 A of
the drug / clinical candidate of interest. The ligands were further filtered by eliminating any
ligands which do not have known binding affinity in either the PDB Bind Database??,
Binding MOAD Database?®, or The Binding DatabaseZ. We accepted binding affinity data
in the form of Kp, K|, and 1Csp, however, where multiple binding affinity data is available
for one ligand, we set priority as: Kp > K| > ICgq. Moreover, if multiple affinities of the
preferable measurement exist, the highest affinity was selected. Furthermore, when two or
more PDB IDs presented the same ligand (i.e. same ligand name in the PDB) and had the
same binding affinity, we arbitrarily selected one representative and discarded the duplicate
ligands. Notably, all but five protein-ligand complexes were solved with x-ray
crystallography (resolution: mean = 2.08A and standard deviation=0.45A); the distribution is
plotted in Figure S8.

Binding site identification by FTMap.

The binding hot spots of each target represent the available hot spots for drug development
in the binding region of the drug / clinical candidate of interest. The most intuitive definition
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of the binding site is simply a collection of all hot spots utilized by the ligands identified in
the PDB. This definition is superb for targets with many similar ligands identified. However,
for targets where very few ligands are identified, a more robust rule for the binding site is
necessary. Based on the targets with many ligands, the ligand-based binding site generally
corresponds to all hot spots within ~8 A of the drug / clinical candidate of interest. Manual
filtering is necessary to ensure all hot spots are in the same cavity (i.e. a hot spot around the
other side of the protein is not actually within 8 A) Therefore, in the absence of ligands, the
binding site for any given target can be estimated as all hot spots within 8 A of any atom of
the drug / clinical candidate of interest. The binding site listed for each target in Table 1
consists of all the hot spots utilized by the ligands identified with known structure and
affinity via the procedure above.

Hot spot — ligand proximity analysis.

For each target protein, the aligned ligands were assessed for their proximity to each of the
hot spots identified by FTMap. If any atom in the ligand was within 3 A of the high density
probe center of the hot spot, it was considered an associated hot spot and the number of
probe clusters in the hot spot was added to the total number of probe clusters associated.
Only FTMap hot spots with five or more probe clusters were considered, for simplicity.

ERo05/bRo5 property calculation.

Physiochemical descriptors for the extended and beyond Ro5 classification were calculated
using the open-source cheminformatics software RDK:it (https://www.rdkit.org/).
Specifically, the molecular weight (MW), number of hydrogen bond donors (HBD), number
of hydrogen bond acceptors (HBA), calculated octanol-water partition coefficient (CLogP),
topological polar surface area (TPSA), and the number of rotatable bonds (NRotB) were
calculated from the SMILES string given for each ligand in the PDB. The eRo5 and bRo5
definitions by Doak et al.2 were used to classify the ligands. For reference, ligands that
satisfy all of the following were classified eRo5: MW 500-700 Da, ClogP < 7.5, HBD < 5.
HBA < 10, TPSA < 200, NRotB < 20. Ligands that have MW > 500 Da and satisfy one of
the following were classified as bRo5: MW > 700 Da, ClogP > 7.5 HBD > 5, HBA > 10,

PSA > 200, NRotB > 20, in agreement with the classification used by Doak and colleagues.
21

Data set for ligand-based analysis.

As the final step of our study, we examined the properties of all ligands with pBA > 7, which
bind each of the 39 proteins. Ligands of the selected 39 protein targets were collected from
ChEMBL.27 The database has been searched by the target and gene name and ligands with
definite target activity were downloaded. Here we considered both K; and 1Cgq values for
this analysis and converted the affinities to pBA values. According to the activity threshold
used in the target based analysis we considered only ligands with pBA > 7, however, the
total number of measured ligands is also shown in Table 3. For statistically meaningful
results the ligand based analysis was restricted to targets having at least 40 qualified ligands
in ChREMBL. Eight targets (soluble acetylcholine receptor, Lanosterol 14-alpha demethylase,
DNA-directed RNA-polymerase, tubulin-alpha Chain, toll-like receptor 4, alpha-amylase,
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isoleucyl-tRNA synthetase and glutamate-gated chloride channel) have less than 40 qualified
ligands and therefore were not considered.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

Ro5 Rule of five

eRo5 extended Rule of Five

bRo5 beyond Rule of Five

MW Molecular Weight

FDA Food and Drug Association

PPI Protein-Protein Interaction

PDB Protein Data Bank

CSs Consensus Sites

BA Binding Affinity

pBA negative logarithm of binding affinity in form of Kp, K|, or ICgp,

NRotB number of rotatable bonds

TPSA topological polar surface area
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a) COMPLEX Hot Spot Structure
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PU-H71

2 Hot Spot 5 2 Hot Spot 6 2 Hot Spot 7

Complex versus simple binding site hot spot structure, determined by FTMap. The hot spots
are labeled according to rank (starting at 0) and colored according to the standard FTMap
output (http://ftmap.bu.edu). The color of each hot spot ranked 0 though 7 is shown
explicitly at the bottom of the figure. a) A complex hot spot structure consists of four or
more hot spots. Heat Shock Protein 90 (PDB: 2FW2Z) has the hot spots 0(25), 1(21), 2(16),
4(6), 5(6), and 6(5). The hot spots are labeled on the left, and the compound PU-H71 is
overlaid on the right. b) A simple hot spot structure has three or fewer hot spots. HMG-CoA
Reductase (PDB: 1HWK) has the hot spots 0(13), 1(13), and 6(6). The hot spots are labeled

on the left, and Atorvastatin is overlaid on the right.
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Examples of characteristic structure-based ligand profiles for Complex I, Complex I, and
Simple protein targets which bind eRo5/bRo5 drugs and clinical candidates. Examples of
Complex | targets shown are the heat shock protein 90, thrombin, renin, and PPAR-y.
Examples of Complex Il targets shown are EGFR, HGFR, ABL1, and ALK. Examples of
targets with simple hot spot structure are kinesin Eg5, soluble acetylcholine receptor, HMG-
CoA reductase, and HCV NS5b. Only ligands that bind to the above proteins with known
structure and binding affinity are shown (see Methods). Plots with ligands in blue (left) show
the pBA [pBA = -log(KD or KI or IC50)] versus molecular weight, and green (right) show
pBA versus total number of probe clusters.
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a) Thrombin \ b) Renin

Figure 3.
FTMap determined hot spot structure of Complex I targets with example ligands bound.

Blue ligands represent the eRo5/bRo5 drug/clinical candidate identified by Doak et al.,
whereas pink ligands represent smaller compounds, and white ligands (where applicable)
show compounds larger than the Doak et al. identified ligand. FTMap hot spots are colored
according to standard output, shown in Figure 1. a) Hot spot structure of thrombin (1DWC).
Argatroban (1DWC:MIT, MW = 509.64 Da, KI = 39 nM, pBA = 7.41) and GR157368
(1QHR:157, MW = 226.31 Da, IC50 = 130 nM, pBA = 6.89) are shown in blue and pink,
respectively. b) Hot spot structure of renin (2v0Z). Aliskiren (2V0Z:C41, MW = 551.76 Da,
Kl =0.6nM, pBA = 9.22) and N-piperidin-3-ylpyrimidine-5-carboxamide (5S29:74Y, MW
=313.39 Da, IC50 = 38 uM, pBA = 4.42) are shown in blue and pink, respectively. ¢) Hot
spot structure of E3 ubiquitin-protein ligase XIAP (4KMP). Birinapant (4KMP:GT6, MW =
806.94 Da, KD = 45 nM, pBA =7.35) and (2JK7:BI6, MW = 486.61 Da, KI = 67 nM, pBA
=7.17) are shown in blue and pink, respectively. d) Hot spot structure of MAP kinase p38
(2YI1S). PF03715455 (2YIS:YIS MW = 700.27 Da, IC50 = 1.7 nM, pBA = 8.77) and
(3P7B:P7B, MW = 464.58 Da, IC50 = 18 nM, pBA = 7.74) are shown in blue and pink,
respectively.
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Figure 4.

HIV-1 Protease binding hot spots. a) FTMap hot spots of HIV-1 Protease (30XC): 0(21),
1(18), 2(18), 3(13), 2(111) 5(8), 6(5). b) Hot spot structure of HIV-1 Protease (30XC).
Saquinavir (3EL4:ROC, MW = 670.84 Da, KD = 67.4 nM, pBA = 7.17) and XK216
(IHWR:216, MW = 406.52, KI = 4.6 nM, pBA = 8.34) are shown in blue and pink,
respectively. FTMap hot spots are colored according to standard output, shown in Figure 1.
¢) Three plots showing data on ligands that bind HIV-1 protease with known structure (90%

or greater similarity) and binding affinity.
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Figureb5.
FTMap hot spot structure of kinase DFG-in versus DFG-out conformations. Hot spots in

pink represent the FTMap results for the DFG-in conformation, whereas blue represent
DFG-out hot spots. The protein cartoon shows the DFG-out conformation. a) Hot spots of
tyrosine protein kinase ABL1 in DFG-in (4TWP) and DFG-out (3CS9) conformations. b)
Anaplastic Lymphoma Kinase in DFG-in (4MKC) and DFG-out (51UH) conformations.
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a) Tyrosine Protein Kinase ABL1

Figure 6.
FTMap determined hot spot structure of Complex Il targets with example ligands bound.

Pink ligands represent smaller compounds, whereas blue ligands represent the eRo5/bRo5
drug/clinical candidate identified by Doak et. al. White ligands (where applicable) show
alternative compounds. FTMap hot spots are colored according to standard output, which is
described in the supplementary information. a) Hot spot structure of tyrosine protein kinase
ABL1 (3CS9). Nilotinib (3CS9:NIL MW =529.52 Da, KD = 4.9 nM, pBA =8.31) and
(2Z60:P3Y, MW=372.42, K| = 20.0 nM, pBA = 7.70) are shown in blue and pink,
respectively. b) Hot spot structure of epidermal growth factor receptor (1XKK). Lapatinib
(AIXKK:FMM MW = 581.06 Da, KI =3 nM, pBA =8.52) and (5EDR:5N4, MW = 361.4
Da, Kl = 34.3 nM, pBA = 7.46) are shown in blue and pink, respectively. c) Hot spot
structure of anaplastic lymphoma kinase (4MKC). Certinib (4AMKC:4MK, MW = 558.13 Da,
Kl = 3.7 uM, pBA = 5.43) and 7-azaindole based inhibitor (4JOA:3DK, MW = 390.39 Da,
IC50 = 29 nM, pBA = 7.54) are shown in blue and pink, respectively. d) Hot spot structure
of glucocorticoid receptor (4P6W). Mometasone furoate (4P6W:MOF, MW = 521.43 Da, KI
= 0.7 nM, pBA = 9.15), (1P93:DEX MW = 392.46 Da, KD =19 nM, pBA =7.72), and
(3K23:JZN, MW = 655.68 Da, IC50 = 6.3 nM, pBA = 8.2) are shown in blue, pink, and
white, respectively.
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a) Cyclophilin A b) DOT1-like Histone H3 Methyltransferase

C) Lanosterol 14a-demthylase d) Bcl-2

Figure7.
FTMap determined hot spot structure of Complex Il targets with example ligands bound.

Pink ligands represent smaller compounds, whereas blue ligands represent the eRo5/bRo5
drug/clinical candidate identified by Doak et al. White ligands (where applicable) show
alternative compounds. FTMap hot spots are colored according to standard output as shown
in Figure 1. a) Hot spot structure of cyclophilin A (LCWA). Cyclosporine A
(1CWA:PRD_000142, MW = 1,202.61 Da, KD = 36.8 nM, pBA = 7.43) and (3RDD:EA4,
MW = 251.28 Da, Kl = 16800 nM, pBA = 4.77) are shown in blue and pink, respectively. b)
Hot spot structure of DOT1-like histone H3 methyltransferase (4HRA). EPZ-5676
(4HRA:EP6 MW =562.71 Da, KI = 0.08 nM, pBA = 10.1) and (4EK9:EP4, MW = 294.31
Da, KI =9 uM, pBA = 5.04) are shown in blue and pink, respectively. ¢) Hot spot structure
of lanosterol 14a-demethylase (5EQB). Itraconazole (5EQB:1YN, MW = 705.63 Da, IC50
=19.4 nM, pBA = 7.71) and voriconazole (5HS1:VOR, MW = 349.31 Da, Kl =174 pM,
pBA = 3.76) are shown in blue and pink, respectively. d) Hot spot structure of Bcl-2 (4LVT).
Navitoclax (4LVT:1XJ, MW = 974.61 Da, KI = 0.044 nM, pBA = 10.36) and (2W3L:DRO,
MW = 576.09 Da, IC50 = 30 nM, pBA = 7.52) are shown in blue and pink, respectively.
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a) Kinesin Eg5

Figure 8.
FTMap determined hot spot structure of Type Il targets with example ligands bound. Pink

ligands represent smaller compounds, whereas blue ligands represent the eRo5/bRo5 drug/
clinical candidate identified by Doak et al. White ligands (where applicable) show
compounds larger than the Doak et al., identified ligand. FTMap hot spots are colored
according to standard output as shown in Figure 1. a) Hot spot structure of kinesin Eg5
(4A5Y). Ispinesib (4A5Y:G7X, MW =517.06 Da, KI = 2.3 nM, pBA = 8.64), and (S)-
enastron (2X7C:KZ9, MW = 274.34 Da, IC50 = 2 uM, pBA = 5.7) are shown in blue and
pink, respectively. b) Hot spot structure of soluble acetylcholine receptor (3PMZ).
Tubocurarine (3PMZ:TUB MW = 609.73 Da, Kl = 3481.0 nM, pBA = 5.46), (2WNL:ANS5,
MW = 178.23 Da, KI = 120 pM, pBA = 6), and pinnatoxin A (4XHE:40P, MW = 711.92 Da,
KD < 0.05 nM, pBA = 10.3) are shown in blue, pink, and white, respectively. ¢) Hot spot
structure of HMG-CoA reductase (IHWK). Atorvastatin (IHWK:117, MW = 558.64 Da, Kl
= 6.2 nM, pBA = 8.21) and mevastatin (1HW8:114, MW = 408.53 Da, IC50 = 23 nM, pBA
= 7.64) are shown in blue and pink, respectively . d) Hot spot structure of Hepatitis C Virus
NS5b Subunit (4NLD). Beclabuvir (4NLD:2N7, MW = 659.84 Da, IC50 = 0.02 pM, pBA =
7.7) and (2WCX:VGC, MW = 339.45 Da, IC50 = 0.025 pM, pBA = 7.6) are shown in blue
and pink, respectively.

J Med Chem. Author manuscript; available in PMC 2020 November 27.



Page 40

Egbert et al.

(99 '(9)s ‘(em)e ‘D) T'(8T)0
(9)2'(9)9'@®) s(o1) ¥(e1) € (€T) 2 (02) T (22) 0
©Qs‘@rEne@ne@dr(ao

Qs @®r'anewnewnT®no
(9)9 (¥ "(om)z ‘(1) T '(€2)0

@v'ne ‘@z T

(9)s (01 ‘(T2 ‘(22)0
9)s 'ty '(91) T ‘(L2)0

@s'Wr'Wenz(tadT'(s2)0

(9)2'(2)e ‘(eT)z (61) T '(82)0
@°L'@®9'@ v e'ne )T (020
(1 ‘(w1)e ‘(sT)Z (02)o
(9)2'(@9'(@s'@® €W o

9 2'@®s'GrOnenz)T'¥No

Wos'eenz @GNt (@ONO0

(D5 ')y ‘(t1)e “(9T)2 '(91) T '(8T)0

(en)y ‘(eT)e “(?T)2 ‘(LT) T (8T)O
(98'9'@®s'@®r'6)e
@Wo's'®r@®@e'kne @t W20
(8)2 ()9 (L)s (8 ‘(8 ‘(TT)z ‘(81) T ‘(12)0
(L)e ((omz '(12) T '(92)0

(8)2'(9)9 (9)s ‘(¥T)e ‘(92)0
(9'@s'@v'ne(at(so
(9)9'®)s ‘(TT)v ‘(€T)e '(8T)Z (8T) T (T2)0

spuebi| Aq pazi|1in s10ds 10H

Author Manuscript

T T

T T

4 4

T 4

T T

€ €

L L

€ €

€ €

9 L

L 8

6 0T

L 6
9T 8T
0T 4
14 L

L L
T A4
1’4 9
14 0T
[44 LC
(01 124
9 8
¢le  GTE

ey
N QZ
00S < MIN

0 0

0 0

0 o0

0 o0

0 2
0z

0 0

0 s

9 9

£ ¥
oot
9T 81
Tz €2
e ot
8 v
z et
T8l
0T op
0z 9
6T €0T
99 LI1
59 60T
8 T
9

ey

s NN
005 > MW

11
144
8¢
43

¥S

65
0¢
S¢
4]
[4¢]
€11
144’
0ST
§S1
Lcg

eN

111 Xadwo)
111 xajdwo)

111 xajdwo)

111 x81dwo)

111 x81dwo)

111 x8jdwo)

111 Xadwo)

111 x81dwo)
11 XadwoDd

11 Xajdwo)d
11 Xadwo)d
11 xajdwo)

11 XadwoDd
11 XadwoDd

11 XadwoDd
| xa1dwo)
| xajdwo)
| xa1dwo)
| xa1dwo)
| xajdwo)
| xa1dwo)
| xa1dwo)
| xajdwo)

| xa1dwo)

goye
S04q
§04q

goYo

§S04q

GoYe

5049
§S04q

GoYo

GoYd
GoYo
GoYd
GoYd

GoYo

GoYd
G0Hq
GoYd
GOH3
GoYo
GoYd
§G04q
G0Hq
GoYd
GOH3

2InPN IS 10ds 10H  sse|D bnuqg

PaJaPISUOD $8IMANIIS punog-puebi| freuonippe pue paddew sainjonns

‘TalqeL

Author Manuscript

Author Manuscript

<

1]

o
<< IT CCC 0O CICICC C €« CCC « « <«

1]

sureyo

0Ll1€
§97¢
1aay

LcnoT
ad3s

VdHY

ANV
VMOT

M9dYy

[40=13
0L0¢
6S0¢€
IANY

¢8d€

MAXT
dAMY
¢NVY
dnde
ZO0NC
ooy

SIAC
oMmat
ZM4¢
o) (e}

aladad

86€-r99 / T Y494
ueJollT / ¢ 4010808y 8I|-||0L
uroAwedey / uteloid Buipuig 905M

YV PRV
21UOWOPNBS / 8SLIBYIUAS N HI-1AoNa)os]

3|0zeuoden|
/ ase|Aylawaq eyde-#T |04a1soueRT

9/95 - Zd3
/ aseIaysURNIAUIBIL EH BUOISIH &11-T10A

Xe|o0}IARN / Z-1o9
Vv 8uLI0dsojaAD / v uljiydojoAD

ajeony
3UOSEIBWO / J01d808Y PI0d11I000N|D

QIMASIOA / T aSeury| a1j-0]od

qiuepauIN / 2-4493A
QIUNO|IN / TGV 9SBUI] UI3101d BUISOJAL
qiunua) / aseury ewoydwA onsedeuy

109L2/-SING
/ J01d828y 101984 Yimois a1AaojedaH

qiunede] 7 101da2ay 1019e4 Ymolo [ewsapid3

uedeutig / dvIX asebi| utsoid-uinbign €3
qIunaWIgoD / 8seuly aseury dv/IN
TET-ONY / A-dvdd

UsIPisi|V / ulusy

qiuneipa / QY9 urewopowolig
GGVSTLEOdd / 8Ed 3SBUIM dVIN
ueqourebly / ulquiosy L

T.¥T-Nd / 06 U18101d 00yS JeaH

JineuInbes 7 asea10d T-AIH

aweN 1bre|

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2020 November 27.



Page 41

Egbert et al.

$9Sed B 00S< PUe A 005> 8y} 40} puehi| punog yym sainoniis Auige ybiy Jo Jsquinu <IZQ

$8JN1ONAIS puUNog-puebl| 0 Jaquinu ZQ

‘Anuiyge Buipuig umous| pue puebil punog Yim saannls Jo Jaquinu N,

(spoyrai 9ss) dejn 14 031 Joud pawloyiad sem Bumids urewop sayedipu|
¥

e @no
(BN enr
(ezne'T) T'(02) 0
(e

(8s'n¢

(mo

(one'(omT

(om) ¢
@9'nT'Eno
(ezne'mz'mo
(sT)z'(6T) 0

B)s‘(€n)e‘6T) 0

®v

spueb| Aq pazi|1in s10ds 10H

Author Manuscript

€T €1

L5 A

0T ¢t

00§ < MIN

0 0 T
0 0 T
0 0 T
0 T 4
0 0 4
0 0 €
0 0 S
€ % 8
S 9 61
el ve 8¢
ST LT vE
(1) L 9€
9€ €5 99

00s> MW N

Author Manuscript

a|dwis
ajdwis
a|dwis
a|dwis
a)dwis
a|dwis

a|dwis

a|dwis
a|dwis
ajdwis
a|dwis

a|dwis

ajdwis

G0Hq
G0Hq
GoYo
§S04q
G0Hq
S04q

G049

GOHd
Goyo
GOH3
GoYo

G0Yd

G049

2inPN IS 10ds 104  sse|D bnug

Author Manuscript

O M mn < < <

av

av

3a

v

suryd

1ddT
AEVE
LIty
Nanz
4401
NINSY

*
J3IME

aTNy
AMHT
ASVY
NSOT

ZINdE

sdadc

dalgaad

3500JBIY/-€ / ase|AWY-D

ureqenQ / 8sed1v M-eN

qibapejel / HojowoH pauayioows
apieqund3 / gil-eyidy ulibsiuj

[8XeN[oBd / ureyDd eydjv-utngn L

urdrdwresry / esesswAjod-yNy paloalip-vNAd

Jinaadawis
| 95ER101d WHESN SNIIA D shiredaH

JIANge|a8g / HUNGNS GSSN SNIA O siiedaH
UITRISBAIONY / 85B10NPaY YOD-OINH
qsauids] / 663 uisauryy

giuejeUOT / 9SeJa)suenAsaule Uig0id

auleINd0gNnL
/ 101323y au1joyd|A180Y 3|gNn|0S

(1¥60-009)
qIsl|nold / 8seury| g-apuisoutoydsoyd

aweN b el

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2020 November 27.



Page 42

(spoyra 8ss) de 14 031 Joud pawloyiad sem Bumids urewop sayedipu|
*

Egbert et al.

(eme ‘vz @GN T v AT (tme‘en TG0 v IddT ajdwis asejAwy-o
(8) TT (99 ‘(0T)0 vV 8MVS ®¢c@nz'nt v AEVE ajduns ased 1V M-EN
(ene a  ane (e a L Nane ajdwis arT-eydly unbal
(omv'(L1) 2 9  duxe (®s'0m) ¢ g 4407 ajdwis ureyD eyd|v-ulngny
- v dxat (ome'(m T v EE NI ajdwis  8seajold WYESN SMIA O shiedaH
- a Mz (one v QN ajdwis uunans ggSN SMIIA O stiedsH
(6T) T v 8evy (ene'mzmo v ASVY ajduis b3 uisaury
(et | TL4T (s z'(T) 0 av  WSOT ajdwis aseJaysuen|Asaues ulaloid
(91) 0 N4 A83T ®v v sgas s|dwis aseury| g-apisouloydsoyd
(env'wn 1020 v HCOT (RN IR A VA FA44] v 1N 111 x31dwo) z-Pg
@9'(tm etz (920 v OAMS (9 s'(tmy ‘(91) T '(L2)0 Vv VMOT 111 x3|dwod W utjiydojoAd
() ¥ *(1T)e '(8T) T '(S2)0 v 0SAZ (9)2 ()¢ ‘(em)z '(6T) T '(82)0 v 2o4e 11 X3jdwod T 9seury aMij-0jod
@9o's'nr'ne ez w190 v 2IAT (@) L'(8)9'@®) v () € '(0T) 2 '(LT) T'(02) O v 0L0¢ 11 X3|dwod 2 -4493A
(tm)z ‘(67) T '(92)0 2 vZHe (N '(v1)e ‘(sT)e (02)0 v 6S0¢ 11 Xajdwo)d 1719V 9SBUI| UI8I0Id BUISOIAL
(02)T'(c2) 0 Vv XNdv (929 9'(@s@®¢e'Wwao v AP 11 X3jdwoDd aseury ewoydwA onsejdeuy
@6'G) L (9B s N e (ET) 2 (9T 0 Vo MIET (9)2°®) (e v on e TN g D T %) 0 v 451> 11 xe|dwiod 101084 JIMOID %%%w%m
@ (v1) £ ‘1) 2°(02) T(02)0 VoS W9 (Ws'@®e @z GO0 Vo ODIXT 11 xa1dwiod 1014 LIMOIS _m_mﬁwo_mw
19 9°()5'(6) v (6) £ '(6) va.nmv_ @,Aww,mmw g YMHZ 98'(9'®s@r'® e v ande | X3|dwod A-4vdd
(Do'@®s'@®veeme (6T T (€2) 0 v saar  W9's'@®r@e'Nez' T W0 o] Z0NZ | X3|dwod uruay
(oms ‘(em)z ‘(€)1 '(sT)o v as3y (D e'(or)z'(t2) 1 '(92)0 v SIAZ | Xajdwo) 8ed aseuiy dvIN
(TT)v (sT)z '(91) T '(82)0 3 19ST () 2'(9)9 (9)s ‘(¥1)z (92)0 H omat I X3jdwod ulquioly L
S100510H perelossy de 14 S100S10H pereioossy de | L
punoqun ureyo  alead punog ureyo  alead ®ote o] auwreN 16 L

sainjon.s 18h.ue) punoqun pue punog Jo Buiddew ayy uo paseq s1ods sjoH

‘¢ slqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Med Chem. Author manuscript; available in PMC 2020 November 27.



Page 43

Egbert et al.

8e'zy 82T 8eey 82T LTSL  lZz L8781 1S ¥8€C  20¢ 1921 adwis Hunans qgSN SnIIA O siiiedsH
91'Z€  ¥9 e€LSk 16 6€LL VST LOET 9z €69 66T 182 adwis ase1oNpay VYOO-ONH
68°€T S vz, 187 T¥T6  C9€ 2S9Z  SOT  9€LE  96E 0901 ajdwis B3 uisaury
TGy €S Vel 0LS 1888 00T 8605 €€ V66 ¥0CT TT¥2 adwis aseJajsuel)|Asauled utslold
182z 19T ST€L SIS W6 989 vLvy  GIE 289 ¥OL z16T adwis aseury g-apiisoutoydsoyd
G807y 0LC ¢8SS 69€ ¥¥6 29 9TET 18 8T'Ty 199 5091 11 x81dwod T4494
790L OTT 1S02  2€ ¥.6E 29  95C v LUTE  9ST 16V 111 xe1dwod urglold Buipuig 90534
G608  ve 6T S vzs6 Oy 1999 8¢ 002y T 00T 111 x31dwo)  aseJaysuel-3|\ EH BUOISIH !I-TLOA
vSv8  T9€ 96 Ty €56 60T L0 € 9gey LTy 598 11 x81dwod Z-1g
€L6L 65 TSET 0T 2291 [AR1on T €02 ¥l T€C 111 x3dwod v uljiydoaAd
T6Z 2¢G. 66GE 06 GO'€8 OvTz G998 T2 29€L ¥8ST 0TS¢ 11 x81dwod 101d399y P109110909N|D
L€ S0T  €.5 19T 606 Sz T vE €18 T8¢ LEL 11 x8|dwod T 8seury 1J-0jod
GGTZ 668 6999 /6GC 9076 G8GE L9LT 889 6¥'8y ¥68E €08 11 x8|dwod Z-d4493A
T€'/z 967 SS9 89 ¥8'B88 €96 6695 IO GEES ¥8OT 280z 11 x81dwod 719V 8Seuld| UI3101d SUISOIAL
GZ'/S ¥8G E€¥'8E  ¢6E 9818  GE8  8YT  TIST €409 020T 88971 11 x8|dwod aseury ewoydwA onsejdeuy
90 196 G2'SS 9TET €S8 Tv0z  LTE€  SGL S9T9  Z8ET 98¢ 11xe/dwoy  Jo1deday 1010 YOS slkdotedeH
10z 108 V€99 €96T €06 €/9Z €0LT YOS 66Ty 6S6C 1v0L 11 x81dwod 101d309y 103084 YIMOID [ewapld]
18, v SY0C €9 6Y9S ¥.T  SSY vT €92 80 89TT I X3jdwoD dVI1X 8sebi| utsroid-uninbign £3
8186  9/T G0'/S €92 ¥206 9T vSee  0ST LT€S  T9v 198 I xajdwod aseury| 9seury dv/IA
76246 1€6 8LTT 80T /[Tvr SO  TITO T l6°r  L16 veTe I xajdwoo A-dvdd
8,68 €Tvc 186 9/C 6T6G G99T V6ET  ¢6E 9969 E18Z 8E0¥ I xajdwod uluay
90°€T 62 CI'L9 6T Te6 02 991 LT 0voz 2z 8801 I xajdwod Q¥4 urewopowoig
98'6T 905 226G 60ST 6.°G8 98Tz TOOT  80F 6€€S 8KST Ly I xajdwoo 8ed 9seury dv/IAl
90vy 2ZIOT 209 /SOT 6268 TS0z GG'€S O0SCT 68 162 1265 I xajdwod ulquioay L
90z 69 €L€L lbZ TEL6  92E LT 76 €86  GEE V8 I xajdwod 06 UI8101d %00US 1eaH
7688 99T€  ¥T'S €8T /€S <226 ITC  GL 9T'€9 TOSE 8295 I xajdwoo asealold T-AIH
% ON %  ON %  ON % ©ON % ON

00G<MIN v God € 5o 377/31 dx9|1

aoue||dwod goyY Plqeie.iL Llqeuebl spuebi| 19 INTUD JO 'ON [e10L  34nNIIS 10ds 10H awreu pbre]
sisAjeue puebi| paseq-1gINIYD 8y} JO siNsey
‘€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2020 November 27.



Page 44

Egbert et al.

8]qepueb| 2101 UO paseq slusdlad ‘eLIsIL GOY ¥ 81 JO ¥ Bunesw spuehi| Jo Jsquinu - ¥ oY

q

‘eLIg]110 GoY 1 8y} Jo € Bunasw spuebi| Jo Jaquunu - mlmomm

a|qepueb| 10} uo paseq Jusdad ‘G < 377 pue £0 < 371 yum spunoduwiod Jo Jusdiad Usquuinu - a|qeloel L

q

1 < I>d yum spunodwiod Jo sdasad ‘Jaquinu - m_nmcmm_._m

o'ty ve
LY'TT 6€
wor Siv
€0'86 6v¢
% ‘ON
00S<MIN

o e
99, 192
L0€S  G¥S
650 T
%  ON

v God

S¥'G8
¥6'C6
G8'GL
9’8

%

Ly
91
6LL
21z
N

o€ oY

aoue||dwod goy

0z T 9912 qg
gLt 65 68L7  OYE
6965 €19 9Ty 20T
60 T 001§ ¥S¢
%  ON %  ON
ERRIEN! 9|1

€¢c
0T1L
9€ve
86Y

PlaerelL Dlqeuebi  spuebl| 79 INTYD JO ON [ei0L

a|dwis ased LV M-eN
a|dwis HojowoH pausyloows
ajduwis gl1-eyd|y uubauj
ajdwis 8589J01d VFESN SNUIA O shedaH

91NN 1S 1043 10H

awreu pb.re]

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2020 November 27.



	Abstract
	Graphical Abstract
	INTRODUCTION
	BINDING SITE ANALYSIS OF bRo5 PROTEIN TARGETS
	EXTENDED LIGAND DATA SET FOR bRo5 PROTEIN TARGETS
	TARGETS WITH COMPLEX HOT SPOT STRUCTURE
	Complex I Targets.
	Thrombin.
	Renin.
	HIV-1 aspartic protease.
	Heat shock protein 90 (Hsp90).
	Mitogen-activated protein kinase kinase (MEK1).
	Bromodomain-containing protein 4 (BRD4).
	Peroxisome proliferator-activated receptor γ (PPARγ).

	Complex II Targets.
	Tyrosine protein kinase ABL1.
	Epidermal growth factor receptor (EGFR).
	Anaplastic lymphoma kinase (ALK).
	Glucocorticoid receptor.

	Targets in the Complex III Group.
	Cyclophilin A.
	DOT1-like histone H3 methyltransferase.
	Lanosterol 14α-demethylase.
	Bcl-2.
	Isoleucyl-tRNA Synthetase.
	FK506 Binding Protein.
	Toll-like Receptor 4.
	Fibroblast growth factor receptor 1 (FGFR1).


	TARGETS WITH SIMPLE HOT SPOT STRUCTURE
	Kinesin Eg5.
	Soluble acetylcholine receptor.
	HMG-CoA reductase.
	Hepatitis C Virus subunits.
	Protein Farnesyltransferase.
	Phosphoinositide-3 Kinase.

	CONSERVATION OF HOT SPOTS: BOUND VERSUS UNBOUND PROTEIN STRUCTURES
	LIGAND-BASED ANALYSIS
	CONCLUSIONS
	METHODS
	FTMap of protein structures.
	Data set for structure-based ligand analysis.
	Binding site identification by FTMap.
	Hot spot – ligand proximity analysis.
	ERo5/bRo5 property calculation.
	Data set for ligand-based analysis.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Table 1.
	Table 2.
	Table 3.

