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Teaser:

Open access to three-dimensional macromolecular structure information managed by the
Protein Data Bank facilitated discovery/development of more than 90% of new anti-
neoplastic agents approved by the US FDA 2010-2018.

Highlights

Protein Data Bank (PDB) provides open access to >160K 3D structures of biomolecules.
79 anticancer NMEs with known molecular targets were approved by US FDA 2010-2018.
PDB provides target structures for >90% of anticancer NMEs approved 2010-2018.

PDB provides target-NME co-structures for >50% of anticancer NMEs approved 2010-
2018.

PDB facilitated discovery/development of >90% of anticancer NMEs approved 2010-
2018.
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Open access to three-dimensional (3D) structure information from the Protein Data Bank
(PDB) facilitated discovery/development of more than 90% of the 79 new anti-neoplastic
agents (54 small-molecules, 25 biologics) with known molecular targets approved by the
US FDA 2010-2018. Analyses of PDB holdings, the scientific literature, and related
documents for each drug-target combination revealed that the impact of public-domain
3D structure data was broad and substantial, ranging from understanding target biology
(~95% of all targets), to identifying a given target as likely druggable (~95% of all
targets), to structure-guided lead optimization (>70% of all small-molecule drugs). In
addition to aggregate impact assessments, illustrative case studies are presented for
three protein kinase inhibitors, an allosteric enzyme inhibitor, and seven advanced-stage
melanoma therapeutics.
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Introduction

Over the past two decades, protein crystallography and structure-guided drug discovery
have become established tools used throughout the biopharmaceutical industry [1,2].
3D structures of biological macromolecules can inform our understanding of target
biology (reviewed in [3]). They can confirm that a given protein target is likely to be
druggable with small-molecule and/or biologic agents (reviewed in [4]). And, in the most
favorable cases, protein crystallography can enable structure-guided optimization of
affinity of small-molecule leads [1]. 3D structural data have also proven useful in
overcoming some of the other challenges (e.g., avoiding unwanted off-target binding)
inherent in turning biochemically active compounds into potent drug-like molecules
suitable for safety and efficacy testing in animals and humans [5]. In the realm of
biologics (~20% of approved drugs in the current era [6]), 3D structural information is
also used routinely to inform engineering of monoclonal antibodies and other protein-
based therapeutics [7,8].

Public-domain 3D structure information is distributed on an open-access basis by a single,
global data resource known as the Protein Data Bank (PDB [9]). Since 2008, publication
of new macromolecular structures in most scientific journals has been contingent on
mandatory deposition to the PDB of the 3D atomic coordinates constituting the structure
together with experimental data and related metadata. Many governmental/non-
governmental research funders also require PDB deposition of macromolecular structure
data by their grantees. When the PDB was established in 1971 as the first open-access
digital data resource in biology, it housed only seven protein structures [9].

Today, the PDB is regarded as a global public good vital to research and
education/training across the biological and biomedical sciences. At the time of this
publication, the PDB housed >160,000 experimentally determined, atomic-level 3D
structures of biological macromolecules (/e., proteins, DNA, and RNA), many of which
have been visualized in the act of binding one or more small-molecule ligands including
United States Food and Drug Administration (US FDA) approved drugs. Since 2003, the
PDB has been managed jointly according to the FA/RPrinciples of Findability-Accessibility-
Interoperability-Reusability [10] by the Worldwide Protein Data Bank (wwPDB)
partnership [11,12] (including the US Research Collaboratory for Structural
Bioinformatics Protein Data Bank or RCSB PDB [13,14], Protein Data Bank in Europe [15],
Protein Data Bank Japan [16], and BioMagResBank [17]).

The RCSB PDB (rcsb.org) recently published a quantitative overview of the impact of PDB

structures on 210 New Medical Entities (NMEs or new drugs) approved by US FDA 2010-
2016 [18]. This work built on previously published analyses of lessons learned from 20
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years of anti-cancer drugs [19] and went beyond individual case studies (e.g., [20]) and
presentations at scientific meetings that described the impact of structure-guided drug
discovery and of protein crystallographers working in industry. In all, we documented that
nearly 6,000 atomic-level 3D structures of molecular targets stored in the PDB archive
facilitated discovery and development of ~88% of the 210 new drugs approved 2010-
2016 across all therapeutic areas.

Given the large number of recent US FDA drug approvals for oncology indications, we
now review the ways that open access to PDB data facilitated discovery and development
of 79 anti-neoplastic agents with known molecular targets (54 small molecules, 25
biologics) approved 2010-2018. In addition to an aggregate review of PDB impact on
new drug approvals, we review three case studies illustrating the impact of PDB data,
including three hinge-binding CDK4/CDKG6 inhibitors (palbociclib, ribociclib, and
abemaciclib), an isocitrate dehydrogenase 2 (IDH2) allosteric inhibitor (enasidenib), and
seven therapeutic agents that have transformed clinical management of advanced-stage
melanoma (Protein Kinase Inhibitors: vemurafenib, dabrafenib, trametinib, and
encorafenib; Antibodies: ipilumumab, pertuzumab, and nivolumab).

Anti-neoplastic Drugs Approved by US FDA 2010-2018

A total of 81 anti-neoplastic NMEs were approved by US FDA 2010-2018. Two of these
newly approved drugs, trabectedin and ingenol mebutate, were not considered in this
review because their molecular targets are unknown. All but three of the 79 remaining
anti-neoplastic agents target human proteins. Nearly three-quarters (54/79, ~68%) of
the NMEs are of low molecular weight (<1000 Da, denoted LMW-NMEs), all targeting
human proteins. We classified the remaining NMEs (25/79, ~32%; >1000Da) as Biologic-
NMEs. Three of these Biologic-NMEs have small-molecule targets: dinutuximab, which is
a monoclonal antibody that recognizes glycolipid GD2; and two L-asparaginases that
hydrolyze L-asparagine yielding L-aspartate and ammonia. The remaining 22 Biologic-NMEs
(22/25, 88%) target extracellular human proteins.

Impact of PDB Structures on Anti-neoplastic Drug Approvals

We searched the entire PDB archive using corresponding reference amino acid sequences
from UniProt (uniprot.org [21]) to identify 3D structures that include all or part of the
known macromolecular target for each of the 79 anti-neoplastic NMEs (Table 1). As of
September 2019, the archive contained one or more structures for 74 of the 79 NME
targets (~95%). Every LMW-NME has at least one target structure present in the PDB
(54/54, 100%). The LMW-NMEs themselves are also well represented in the PDB. For
more than three-quarters of the LMW-NMEs (41/54, ~76%), one or more public-domain
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PDB structures reveal at the atomic level precisely how the drug binds to the
corresponding NME target protein, and, in some cases, to other so-called off-target
proteins. Eighty percent of the Biologic-NMEs (20/25) have one or more target
structures in the PDB. For approximately one-half of the Biologic-NMEs (13/25, 52%),
the PDB archive houses one or more 3D structures of the drug itself and/or the drug-
target complex. For both the LMW-NMEs and the Biologic NMEs, >95% of the target
structures were deposited to the PDB at least a decade before the drug was approved
for clinical use by US FDA.

Small-molecule NMEs. The 54 LMW-NMEs target 13 distinct classes of proteins (Table
2). Without exception, known protein targets of every one of the 54 LMW-NMEs were
represented in the PDB archive. In all, we identified 2,115 “Relevant Structures,” which
include PDB structures containing the following: (a) a reference or a mutant/variant form
of the target protein; (b) a LMW-NME bound to a reference or mutant/variant form of
its target protein; (c) a LMW-NME bound to a potential alternative target protein; or
(d) a LMW-NME bound to a possible off-target protein. The number of Relevant
Structures identified for each target or target class ranges from <10 for IDH2 to 1,136
for the protein kinases.

More than 98% of the 2,115 Relevant Structures were deposited to the PDB well before
the LMW-NME was approved for clinical use by US FDA. The median time between PDB
deposition and approval exceeded 14 years (data not shown). The vast majority of the
2,115 Relevant Structures (1,807/2,115; ~85%) were reported in a PubMed-indexed
publication around the time of PDB deposition. These 1,807 papers had garnered a total
of 172,653 literature citations as of September 2019, giving an average of >95
citations/primary publication. For reference, the average number of literature
citations/primary publication across the entire PDB archive is ~50 [22].

Review of PDB archival holdings and the scientific literature pertaining to each NME
target/LMW-NME combination summarized in Tables 2 and 3 revealed that public domain
3D structure data facilitated discovery and development of all 54 LMW-NMEs in the
following ways:

(i) Target Biology: Atomic-level 3D structures provide functional insights that are not
always readily apparent from amino acid sequence (reviewed in [22]).

In every case, the PDB provides one or more experimentally determined structure
of each unique NME target.
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(i) Target Druggability: 3D structures enable visualization of surface features deemed
likely to bind small organic compounds for inhibition of enzymatic action or other
biochemical or biological function (reviewed in [4]).

In every case, a PDB structure(s) revealed one or more potential small-molecule
binding sites, either on the surface of the NME target or within a protein-protein
interface (e.g., the homodimeric enzymes IDH1 and IDHZ2).

(iii) Small-molecule Binding: Co-crystal structure studies permit 3D assessment of binding
of tool compounds or small-molecule hits coming from biochemical, biophysical [23], or
fragment [24] screening campaigns, thereby aiding medicinal chemistry decision making

(e.g., [25]).

For more than 41 of 54 of cases (>76%), one or more structures of a small
molecule bound to the NME target were freely available from the PDB.

(iv) Structure-Guided Lead Optimization: Co-crystal structures are widely used across
the biopharmaceutical industry to guide optimization of potency (reviewed in [1]). In the
most favorable cases, knowledge of co-crystal structures with potential off targets
(e.g., GSK-3B, inhibition of which causes hyperglycemia) can also be employed to help
ensure the desired selectivity profile and reduce the likelihood of off-target toxicity. In
the absence of experimental co-crystal structures of the target protein, /n silico docking
tools are typically used to guide lead optimization (reviewed in [26]). Where an
experimental 3D structure of the target protein is not available, homology models are
routinely combined with these same /n silico docking tools. Machine learning approaches
are also being used with increasing frequency to drive medicinal chemistry campaigns
(reviewed in [27]).

In 39/54 (~72%) of cases, there is direct or indirect evidence from the PDB archive
and the scientific literature that structure-quided lead optimization with the target
protein or computational tools with public domain PDB structures have been
employed by one or more biopharmaceutical companies prosecuting the NME
target (Table 3).

Not surprisingly, the vast majority of the 39 LMW-NMEs identified as confirmed or
probable products of structure-guided discovery correspond to 28 of the LMW-
NMEs targeting one or more protein kinases (Table 3).

24 of the kinase inhibitors were confirmed as products of structure-guided drug

discovery (“Yes” in Table 3) on the basis of direct evidence from the scientific
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literature (or private communications) that the sponsor company or its
predecessor (for acquired programs) or a competitor company used
crystallography and/or computational modeling to study how each LMW-NME
bound to its target protein [28-46].

4 kinase inhibitors were identified as probable products of structure-guided drug
discovery (“Prob” in Table 3) on the basis of indirect evidence. In these cases, a
PDB structure of the target protein was publicly available 10 or more years prior
to approval and an academic research group used crystallography to study each
LMW-NME bound to its target protein. We classified these four less clear-cut cases
as probable, because we think it highly likely that the sponsor company was in
possession of the same or similar data given the ubiquity of expert protein
crystallography and computational chemistry teams across the industry [47-49].

4 kinase inhibitors for which a PDB structure of the target protein was publicly
available less than 10 years prior to approval were identified as possible products
of structure-guided drug discovery (“Poss” in Table 3). In these cases we were
unable to find direct or indirect evidence that they were products of structure-
guided drug discovery.

1 kinase inhibitor, midostaurin, was identified as a natural product derivative (“Nat
Prod” in Table 3).

The remaining 11 LMW-NMEs identified as confirmed or probable products of
structure-guided discovery target other classes of proteins (Table 3).

3 LMW-NMEs, including two isocitrate dehydrogenase inhibitors (ivosidentib,
enasidenib) and venetoclax (targeting BCL-2) were confirmed as products of
structure-guided drug discovery (“Yes” in Table 3) on the basis of direct evidence
from the scientific literature (or private communications with industry experts)
that the sponsor company used crystallography to study how each LMW-NME
bound to its target protein [50,51].

8 LMW-NMEs, including four poly ADP-ribose polymerase (PARP) inhibitors, two
non-steroidal antiandrogens, and two histone deacetylase (HDAC) inhibitors, were
identified as probable products of structure-guided drug discovery (“Prob” in
Table 3) on the basis of indirect evidence. In these cases, a PDB structure of the
target protein was publicly available at least 10 prior to approval. With the
exception of the two antiandrogens an academic research group had used
crystallography to study each LMW-NME bound to its target protein. We classified
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these eight less clear-cut cases as probable, because we think it highly likely that
the sponsor company or its predecessor (for acquired programs) was in possession
of the same or similar data given the ubiquity of expert protein crystallography
and computational chemistry teams across the industry [52,53].

e 6 LMW-NMEs were identified as unlikely to be products of structure-guided drug
discovery (“Unl” in Table 3). In these cases, a PDB structure of the target protein
was either not publicly available at the time of approval or only became available
shortly before approval.

e 4 LMW-NMEs were identified as a natural product derivatives (“Nat Prod” in Table
3).

The breadth and depth of PDB structures and publications coming from industry
revealed by our analyses confirm that 3D structures are impacting discovery of
LMW-NMEs in real time. Conservative estimates suggest that X-ray crystal
structures of proteins held as trade secrets inside company firewalls across the
biopharmaceutical industry are comparable in aggregate to PDB archival holdings
(r.e., ~160,000 structures). Willingness on the part of industry to share a subset
of these data with academic researchers is essential for the long-term health of
the experimental and computational eco-systems that support structure-guided
drug discovery. It is encouraging that approximately two-thirds (27/41, ~66%) of
the PDB structures of the anti-neoplastic LMW-NMEs bound to their targets
enumerated in Table 3 were deposited by industrial protein crystallography teams.
(N.B.: Given the highly competitive nature of biopharmaceutical industry, PDB
deposition of structures from biopharmaceutical companies often lags the actual
research.) Equally encouraging is the fact that a number of biopharmaceutical
companies generously contributed “post-competitive” co-crystal structures and
affinity data that enabled blinded computational docking/scoring challenges
organized over the past five years by the Drug Design Data Resource (D3R,
https://drugdesigndata.org; [54-56]).

(v) Optimization of ADME Properties: Finally, 3D structures of proteins are also used to
overcome ADME (Absorption-Distribution-Metabolism-Excretion) issues (reviewed in

[SD).

Of particular relevance are PDB structures of cytochrome P450 enzymes (earliest
PDB ID: Tog2 [57]), the P-glycoprotein multi-drug transporter (earliest PDB ID:
395u [58]), and the human ether-a-go-go related potassium channel (earliest PDB
ID: 5val [59]). Notwithstanding availability of 3D structures for these and other
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ADME related proteins in the PDB, we were unable to find evidence in the scientific
literature that 3D structure was per se used to overcome ADME issues for any of
the 54 LMW-NMEs enumerated in Table 3.

Biologic NMEs: The 25 Biologic-NMEs approved by US FDA 2010-2018 were divided into
three types (Table 4). Most (20/25, 80%) are either monoclonal antibodies (16/25,
64%; 12 unique targets) or antibody-drug conjugates (ADCs: 4/25, 16%; 3 unique
targets), which consist of a monoclonal antibody linked to either a protein toxin
(Moxetumomab pasudotox-tdfk) or a small-molecule drug (Brentuximab vedotin, Ado-
trastuzumab emtansine, and Inotuzumab ozogamicin). Five “Other” Biological-NMEs
(Table 4) include two L-asparaginases (Calaspargase pegol-mknl; Asparaginase Erwinia
chrysanthemi), extracellular portions of Vascular Endothelial Growth Factor Receptor
(VEGFR) 1 and VEGFR 2 fused to human IgG1 immunoglobulin Fc domains (Ziv-aflibercept,
targeting VEGF1 and VEGF2), Human Interleukin 3 (IL3) fused to Diphtheria Toxin
(Tagraxofusp-erzs, targeting the IL3 receptor), and a radiolabeled oligopeptide that
targets Somatostatin Receptors (Lutetium Lu 177 dotatate).

For 24 of the 25 Biologic-NMEs (96%), we identified more than 479 “Relevant
Structures” in the PDB, which include the following: (1) the reference or mutant/variant
form of the protein targeted by the Biologic-NME; (2) all or part of the Biologic-NME
itself; or (3) all or part of the Biologic-NME bound to a reference or mutant/variant form
of its target protein.

All 479 Relevant Structures were deposited to the PDB well before the NME was approved
by US FDA for clinical use (data not shown). The median time between PDB deposition
and FDA approval exceeded 9.5 years. The vast majority of the 479 Relevant Structures
(415/479, 87%) were reported in a PubMed-indexed publication around the time of PDB
deposition. These 415 papers had garnered 42,115 literature citations as of September
2019, giving an average of >101 citations/primary publication versus the average across
the entire PDB archive of ~50 [22].

Review of PDB archival holdings and the scientific literature pertaining to each NME
target/Biologic-NME combination summarized in Table 4 revealed that public domain 3D
structure data facilitated discovery and development of more than 90% of the 25
Biologic-NMEs as follows:

(1) Target Biology: Atomic-level 3D structures provide functional insights that are not
always readily apparent from amino acid sequence (reviewed in [22]).

For the 22 Biologic-NMEs with known protein targets, the PDB archive contains one
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or more experimentally determined structure for all but two of the targets (20/22,
90%).

(2) Protein Engineering: Across the biopharmaceutical industry, antibody engineering
depends critically on our knowledge of 3D structures (reviewed in [7,8,60]). X-ray
crystallographic studies of human and mouse antibodies began to bear fruit as early as
the 1970s and continue to do so. The first human protein structure in the PDB was that
of a Bence-Jones immunoglobulin light-chain dimer (PDB ID: 1rei [61]). The first PDB
structure of an Fab fragment was that of McPC603, a phosphocholine-binding mouse
myeloma protein (PDB ID: Tmcp [62], deposited in 1985). The first PDB structure of
single chain Fv was that of Se155-4 bound to a trisaccharide ligand (PDB ID: Tmfa [63],
deposited in 1994). Today, thousands of antibody structures are represented in the PDB,
ranging from entire immunoglobulins to Fab fragments and single chain Fvs.

Design of the Ilimited repertoire of molecular scaffolds used across the
biopharmaceutical industry utilized knowledge of PDB structures, making all 20 of
the recently approved antibodies or ADCs indirect products of 3D structure. It was
not possible from public domain information to determine whether or not project-
specific structure data directly drove engineering of a particular antibody or ADC.
Consultation with industry experts revealed that proprietary 3D structures held
inside company firewalls are used in a substantial number of cases but by no means
the majority (private communications). In a limited number of cases, structures of
these antibody frameworks have been publicly disclosed and deposited to the PDB
(e.qg., PDB ID: 4kmt [64], 5i15, 5/16, 517, 518, 5i19, 5i1a, 5ilc, 514, 5ile, 5i1g,
5i1h, 5i1i, 5i1j, 51k and 5i1/ [65]).

Going beyond conventional antibody scaffolds, PDB structure data are also in
routine use across the biopharmaceutical industry to guide design of various
bispecific and trispecific agents. Three such molecules were approved by US FDA
2010-2078.

Blinatumomab approximates T-cells to the surfaces of malignant B-cells by
simultaneously targeting CD3 on the T-cell and CD19 on the B-cell using two
antibody variable region heterodimers (V.-Vi,) fused together by a linker between
the two V), segments [66].

Tagraxofusp-erzs consists of interleukin 3 (IL3) fused to a truncated form of the

diphtheria toxin (DT) protein. First PDB structures of IL3 (PDB ID: 1jli [67]) and
DT (PDB ID: 1ddt [68]) were both made publicly available in the mid 1990s, well
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before approval in 2018. Frankel el al. (2000) [69] described use of
PDB ID: 1ddt [68] to guide design of various IL3-DT fusions.

Ziv-aflibercept is a triple-fusion protein consisting of extracellular portions of
VEGFR]1 fused to corresponding extracellular portions of VEGFRZ fused to an
lgG1-Fc domain. The dimeric assembly targets free VEGF1 and VEGFZ growth
factors for internalization and degradation by cells bearing Fc receptors. The first
PDB structures of lgG Fc (PDB ID: 1fcl [70]) and VEGFR1 (PDB ID: 1flt [71])
were made publicly available in 1981 and 1995, respectively, well before US FDA
approval in 2012.

(3) Molecular Recognition: Use of 3D structures to understand how antibodies bind their
target proteins has contributed to biologic drug discovery in various ways. For example,
structural studies of anti-HER2 antibodies showed that they bind to distinct antigenic
epitopes, revealing the molecular underpinnings of effective combination antibody
therapy for breast cancer (reviewed in [72]) with pertuzumab (PDB ID: 1s78 [73]) and
trastuzumab (PDB ID: 1n8z [74]). Co-crystal structures of monoclonal antibodies
recognizing their targets and other biophysical findings also provide detailed maps of
target binding sites. This information is frequently used in patent applications to
strengthen intellectual property protection claims for Biologic-NMEs [75].

PDB structures provide insights into how 8 of 16 (50%) antibodies and
1 of 4 (25%) antibody-drug conjugates bind to their protein targets.

Case Studies

Going beyond these aggregate analyses, we now review three case studies illustrating
the impact of PDB data: (i) three CDK4/CDKG6 inhibitors; (ii) an IDH2 inhibitor; and (iii)
seven therapeutic agents for treatment of advanced-stage melanoma. The following
considerations influenced selection of NMEs for inclusion in these three case studies.

The CDK4/CDKG6 inhibitors were selected because they exemplify parallel use of
structure-guided drug discovery by three large biopharmaceutical companies that
competed head-to-head on targeting precisely the same binding site in two closely
related protein kinases (/.e., the hinge regions), building on PDB structure data for many
protein kinases including one of the targets (human CDK6 [76]) that entered the public
domain ~17 years prior to US FDA approval.
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The IDH2 allosteric inhibitor was selected because it exemplified use of structure-guided
drug discovery by a small biotechnology company, building on a lone PDB structure of a
highly similar mammalian homolog of human IDH2 (/e., porcine IDH2 [77]) that entered
the public domain ~15 years prior to US FDA approval. The PDB structure of the LMW-
NME bound to IDH2 was deposited by the sponsor company ~1 year in advance of
approval [50]).

Finally, seven NMEs that have transformed clinical management of advanced-stage
melanoma were selected for detailed review, including four protein kinase inhibitors and
three monoclonal antibodies targeting five distinct human proteins in aggregate. They
were discovered and developed by six companies competing intensively in the same
clinical arena to address very considerable unmet medical needs. These seven
discovery/development efforts built on understanding of target biology and target
druggability in 3D, which was facilitated by open access to thousands of PDB structures
of cellular signaling proteins and the four target proteins and their complexes with
proteins and small-molecule ligands. Three of the four LMW-NMEs were the product of
structure-guided drug discovery campaigns targeting BRAF. PDB structure data preceded
US FDA approval by only seven years in the earliest instance (/.e., vemurafenib, approved
in 2011). The relatively short timeline reflects the combined impact of understanding
target biology and target druggability on target selection (/e., mutant BRAF), structure-
guided lead compound discovery/optimization, and highly focused clinical trial design
that together with a companion diagnostic supported accelerated approval by US FDA.
Protein engineering of the three Biologic-NMEs was, at a minimum, indirectly facilitated
by open access to the extensive collection of antibody structures housed within the PDB
archive. Co-crystal structures of all three Biologic-NMEs with their target proteins are
also freely available from the PDB.

CDK4/CDK6 Case Study: Two closely related cyclin-dependent kinases, CDK4 and CDK®6,
are responsible for controlling progression through the G1 phase of the cell cycle, playing
central roles in cell proliferation and tumorigenesis. The first PDB structures of human
CDK4 and human CDK6 both entered the public domain more than a decade ago (CDK4-
PDB ID: 2w96 [78]; CDK6-PDB ID: 1bi8 [76]). Efforts to discover and develop CDK4 and
CDK®6 inhibitors as targeted cancer therapies began in the early 1990s (reviewed in
[79]), culminating in US FDA approval of three dual CDK4/CDK6 inhibitors for treatment
of breast cancer (palbociclib, ribociclib, and abemaciclib). All three of these LMW-NMEs
came from structure-guided drug discovery efforts carried out independently by different
sponsor companies. Each discovery team could rely on open access to tens of CDK
structures and thousands of other protein kinase structures previously archived in the
PDB. Co-crystal structures of each new drug bound to CDK6 were generously deposited
to the PDB by Pfizer. Figure 1 compares the earliest structures of CDK4 (PDB ID: 2w96)
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and CDK6 (PDB ID: 1bi7) with co-crystal structures for palbociclib (PDB ID: 5I2i [31]),
ribociclib (PDB ID: 512t [31]), and abemaciclib (PDB ID: 512s [31]) bound to CKD6. Close
inspection of the modes of inhibitor binding reveals both common (e.g., hydrogen
bonding engagement of the hinge region) and disparate features of CDK6-ligand
interactions for the three inhibitors (Figure 1D).

IDH2 Case Study: The first 3D structure of a mammalian IDH2 (porcine, 96% identical in
amino acid sequence to human) was deposited to the PDB in 2002 by academic
researchers (PDB ID: 1lwd [77]). IDH2 is a homodimeric, NADP(+)-dependent,
mitochondrial enzyme responsible for catalyzing oxidative decarboxylation of isocitrate
to 2-oxoglutarate. Certain IDH2 gene mutations confer a gain-of-function on malignant
cells, resulting in accumulation and secretion of the oncometabolite (R)-2-
hydroxyglutarate (reviewed in [80]). As of September 2019, the PDB archive housed six
X-ray structures of human IDH2, all of which were contributed by biopharmaceutical
companies (Novartis or Agios). Agios deposited the earliest human IDH2 structure (PDB
ID: 4ja8 [81]), which revealed the allosteric mechanism by which one of their proprietary
compounds (AGI-6780) inhibited the R140Q form of IDH2 by binding within the dimer
interface (data not shown). A structure-guided drug discovery campaign at Agios
subsequently yielded enasidenib (Figure 2, PDB ID: 5i96 [50]). This LMW-NME was
approved by US FDA in 2017 for relapsed or refractory acute myeloid leukemia in
individuals with specific mutations of the IDH2 gene confirmed by an FDA-approved
diagnostic test.

Advanced-stage Melanoma Case Study: Changing clinical management paradigms for
advanced-stage (Stages 3 and 4) melanoma provide compelling evidence for the
transformative impact of 3D structure information and structure-guided drug discovery
on US FDA drug approvals. Ten years ago, treatment options for this disease were
decidedly limited and of marginal benefit (/.e., median overall survival ~9 months). Today,
median overall survival exceeds 2 years [82], and is expected to increase further with
optimization of standard-of-care using these and other recently approved agents.

Seven NMEs were approved for treatment of unresectable or metastatic melanoma by
US FDA 2010-2018. Four of these new drugs are LMW-NMEs that inhibit protein kinases
(vemurafenib, approved 201 1; dabrafenib, 201 3; trametinib, 201 3; encorafenib, 2018).
The remainder are Biologic-NMEs that target cytotoxic T lymphocyte protein-4 (CTLA-4)
(ipilimumab, approved 2011) or programmed death receptor-1 (PD-1) (pembrolizumab,
2014; nivolumab, 2014) and block downregulation of T-cell function by tumor cells.

The first PDB structure of the catalytic domain of wild-type human BRAF (PDB ID: Tuwh
[83]) was deposited by academic researchers in 2004. At that time, >30 BRAF gene
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mutations had been associated with human cancers. Most of these mutations mapped to
the activation segment or the P-loop within the catalytic domain, where they were
thought to destabilize the inactive conformation of the enzyme. A second PDB structure
of mutant BRAF (PDB ID: Tuwj [83]) contributed by the same group revealed a tool
compound (BAY43-9006) binding to the inactive conformation of the enzyme. It was
subsequently documented that the V60OOE mutant form of BRAF is present in ~50% of
late-stage, metastatic melanomas (reviewed in [84]), making this mutant enzyme a
highly attractive discovery target.

Vemurafenib was discovered by Plexxikon in the course of a well-publicized fragment-
based, structure-guided lead-optimization campaign targeting V60OE BRAF (PDB ID:
3c4c, 3c4d, 3c4de, 3c4f, and 4fk3 [85]). The Plexxikon structure of vemurafenib bound
to V60OOE BRAF (PDB ID: 30g7 [43]) is illustrated in Figure 3A. Dabrafenib was discovered
by GSK with the aid of computational docking into one of the PDB structures of V60OE
BRAF determined by Plexxikon [86]. Two PDB structures of dabrafenib bound to other
mutant forms of BRAF were subsequently contributed to the PDB by Boehringer Ingelheim
(PDB ID: 5¢cs2 [87]) and Genentech (PDB ID: 5hie [88]). Vemurafenib binding to V60OE
BRAF is compared in Figure 3B to that of dabrafenib (PDB ID: 4xv2 [34]). Close inspection
of the modes of inhibitor binding reveals both common (e.g., hydrogen bonding
engagement of the hinge region) and disparate features of BRAF-ligand interactions for
the two inhibitors (Figure 3B).

BRAF V600E mutations result in constitutive activation of the signalling pathway that
includes the mitogen-activated protein kinases MEK1 and MEK2 (reviewed in [89]),
making these enzymes attractive drug discovery targets for advanced-stage melanoma.
The earliest public-domain human MEK1 (PDB ID: 1s9j [90]) and MEK2 (PDB ID: 1s9i
[90]) structures were deposited to PDB in 2004 by Pfizer. Trametinib was discovered by
Japan Tobacco using medicinal chemistry optimization of a high-throughput screening hit
[91]. Trametinib is not represented in the PDB. Unlike the three ATP-competitive
inhibitors of BRAF (vemurafenib, dabrafenib, and encorafenib), trametinib is an allosteric
inhibitor of MEK1/MEK2 [92]. Trametinib inhibits BRAF V600 mutation positive
melanoma cell growth /n vitro and /n vivo. (N.B.: Trametinib was approved for the
treatment of patients who have not received prior BRAF inhibitor therapy.)

Vemurafenib and dabrafenib were each initially approved for single-agent treatment of
patients with unresectable or metastatic melanoma with BRAF V600E mutation
confirmed by an FDA-approved test. Initial results were promising, with objective tumor
responses in approximately half of patients with advanced-stage melanoma. However,
the duration of responses proved limited in most patients, with progression-free survival
of ~6 months due to emergence of acquired resistance following activation of MEK1
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and/or MEK2 [93]. In 2015, cobimetinib, an additional MEK inhibitor, was approved in
combination with vemurafenib for treatment of unresectable or metastatic melanoma
with a BRAF V60OE or V600K mutation. Cobimetinib was discovered by Exelixis during
the course of a structure-guided drug discovery campaign (PDB ID: 4an2 [40]).

The remaining LMW-NME targeting BRAF (encorafenib) was approved in 2018 for use in
combination with the MEK inhibitor binimetinib for treatment of patients with
unresectable or metastatic melanoma with BRAF V600OE mutation confirmed by an FDA-
approved diagnostic test. Encorafenib was discovered by the Novartis Institutes for
Biomedical Research during the course of a structure-guided drug discovery campaign
[94]. Encorafenib is not represented in the PDB. Binimetinib is a mitogen-activated
protein kinase 1/2 (MEK 1/2) inhibitor discovered by Array Biopharma, Inc. during the
course of a structure-guided drug discovery campaign (private communication). The
encorafenib/binimetinib combination showed significant clinical benefit versus
encorafenib or vemurafenib used as single agents [95]. (See [96] for a comprehensive
review of the structural biology of small-molecule BRAF inhibitors.)

Modulation of T-cell mediated immunity is a medically important phenomenon that has
been significantly impacted by structural biologists and the PDB. The archive currently
houses >750 related PDB structures, which together reveal the molecular mechanisms
underpinning antigen presentation to T-cell receptors and also explain much of T-cell
regulation in 3D. The earliest such contribution was the landmark crystal structure of the
major histocompatibility complex (MHC) (PDB ID: Thla [97]). Subsequently deposited
PDB structures revealed how MHC presents linear peptide antigens to T-cells (e.g., PDB
ID: Thsa [98]) and in turn how MHC-peptide antigen complexes are recognized by T-cell
receptors (e.g., PDB ID: 1ao7 [99]). Thereafter, structural biologists revealed at the
atomic level many of the protein-protein interactions responsible for regulating T-cells.
Various biopharmaceutical companies acted on these insights by successfully targeting
immune checkpoints leading to US FDA approval of seven antibody therapeutics 2010-
2018.

The first of these Biologic-NMEs (ipilimumab, Bristol-Myers Squibb, approved 2011)
targets CTLA-4, thereby blockading negative regulation of T-cells by B7-1 or B7-2
proteins found on the surface of tumor cells. The PDB houses multiple structures of
CTLA-4 (earliest PDB ID: 1ah1 [100]), including those of CTLA-4 binding to B7-1 (PDB
ID: 1il8 [101]) and CTLA-4 binding to B7-2 (PDB ID: 1ah1 [102]). Publication of the co-
crystal structure of the Fab fragment of ipilumumab recognizing CTLA-4 followed some
years after drug approval (PDB ID: 5tru [103]).
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Nivolumab (Bristol-Myers Squibb) and pembrolizumab (Merck) were both approved in
2014. These antibodies target PD-1, thereby blockading downregulation of T-cells due
to PD-1 binding to programmed death receptor-ligand 1 (PD-L1) or PD-L2 found on the
surface of tumor cells (Figure 4). The PDB houses multiple structures of PD-1 (earliest
PDB ID: 1npu [104]), PD-L1 (earliest PDB ID: 3bis [105]), and PD-L2 (earliest PDB ID:
3bov [106]). In addition, the PDB contains structures of PD-1/PD-L1 complexes (earliest
PDB ID: 3bik [105]; Figure 4A) and PD-1/PD-L2 complexes (earliest PDB ID: 3bp5 [106];
Figure 4B). Structures of both nivolumab (earliest PDB ID: 5gggq [107]) and
pembrolizumab (earliest PDB ID: 5dk3 [108]) are similarly available from the PDB. The
PDB also contains multiple structures of nivolumab/PD-1 complexes (earliest PDB ID:
5ggr [107]) and pembrolizumab/PD-1 complexes (earliest PDB ID: 5jxe [109]; Figure
4C).

Current standard-of-care for advanced-stage melanoma [110,111] begins with either
pembrolizumab or nivolumab, particularly in individuals whose tumor cells do not possess
mutant BRAF. Both of these Biologic-NMEs can shrink tumors for long periods of time in
favorable cases (e.g., President Jimmy Carter, who benefited from pembrolizumab).
Ipilimumab is not typically used as first line treatment, although it can be combined with
nivolumab or pembrolizumab to improve the likelihood of a tumor response. If a BRAF
gene mutation is detected in the affected individual’s tumor, combination therapy with
a small-molecule BRAF inhibitor plus a MEK inhibitor (e.g., vemurafenib/cobimetinib,
dabrafeninb/trametinib, or encorafenib/binimetinib) can be used as an alternative first
line treatment strategy. At present, optimal choices as to first line treatment,
combinations of antibodies, and combinations of antibodies with targeted agents are
being evaluated in clinical trials. Prognoses for individuals with advanced-stage melanoma
appear likely to improve further as clinical oncologists and dermatologists gain more
experience using these new agents.

Concluding Remarks

This review documents that PDB structure data contribute broadly to oncology drug
discovery/development in the biopharmaceutical industry (and to a lesser extent in
academe). For the 54 LMW-NMEs analyzed, all of which have known protein targets, there
is evidence from the PDB and/or the scientific literature that discovery and development
of every one of these new drugs was facilitated by the availability of public-domain 3D
structure information. In >70% of cases, the LMW-NMEs were the product of
biopharmaceutical company structure-guided drug discovery efforts, involving co-crystal
structure studies and/or computational docking into crystal structures, etc. For the 25
Biologic-NMEs analyzed there is again evidence from the PDB and/or the scientific
literature that discovery and development of more than 90% these new drugs were
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facilitated directly or indirectly by the availability of public-domain 3D structure
information.

With year-on-year growth in the number of structures in the PDB approaching 10%, the
impact of the resource and structure-guided approaches on drug discovery/development
is destined to remain significant. Moreover, the growing number of PDB structures coming
from cryo-electron microscopy since the advent of the “Resolution Revolution” [112],
promises even broader 3D structural coverage of the human proteome. We can expect
deposition of new PDB structures of many of the integral membrane proteins and other
macromolecular machines that are currently being sub-optimally targeted with relatively
non-specific agents or are considered to be undruggable [113].

The long-standing requirement for PDB deposition of 3D atomic coordinates and
experimental data and metadata upon publication ensures that this valuable information
is made immediately available to basic and applied researchers around the world without
limitations on usage. Moreover, expert biocuration and standardized validation of the
experimental data and the atomic coordinates across the PDB help to ensure that the
archive as a whole can be mined for new knowledge using statistical tools [114,115] or
machine learning approaches [27].

As custodian of the PDB Core Archive, the wwPDB partnership is committed to the FAIR
Principles [10], which help ensure the broadest possible use of public domain biomedical
research data. The PDB has been recognized as a Core Certified Repository by
CoreTrustSeal (coretrustseal.org). This international, community-based, non-
governmental, non-profit organization promotes sustainable and trustworthy data
infrastructures of which the PDB is widely regarded as a gold-standard exemplar.
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Supplementary Information is provided describing the assembly and analysis of the data
set described in this review.
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Figure Legends

Figure 1. Hinge-binding inhibitors targeting two cyclin-dependent kinases.
(A) CDK4 (purple) bound to cyclin-D1 (green) (PDB ID: 2w96). (B) CDK6 (blue) bound
to multiple tumor suppressor (red) (PDB ID: 1bi7). (C) CDK6 (blue) bound to abemaciclib
(yellow) (PDB ID: 512s). (D) Active site of CDK6 (PDB ID: 512s) showing bound abemaciclib
(yellow; PDB ID: 512s), overlaid with palbociclib (red; PDB ID: 512i) and ribociclib (green;
PDB ID: 512t).

Figure 2. Allosteric inhibitor enasidenib (yellow) targeting homodimeric IDH2 (green and
blue) (PDB ID: 5i96).

Figure 3. Hinge-binding inhibitors targeting mutant BRAF. (A) V60OE BRAF Kinase (blue)
bound to vemurafenib (yellow) (PDB ID: 30g7). (B) Active site of V60OE BRAF kinase
(PDB ID: 30g7) showing vemurafenib (yellow; PDB ID: 30g7) overlaid with dabrafenib
(red; PDB ID: 4xv2).

Figure 4. Immune checkpoint blockade. (A) PD-1(red) bound to PD-L1 (blue)
(PDB ID: 3bik). (B) PD-1 (red) bound to PD-LZ2 (light blue) (PDB ID: 3bp5).
(C) PD-1 (red) recognition by pembrolizumab Fab (green) (PDB ID: 5ggs).
(D) PD-1 (red) recognition by nivolumab Fab (green) (PDB ID: 5ggr).
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Table Legends

Table 1. Overview of PDB holdings for anti-neoplastic NMEs and their known molecular
targets approved 2010-2018.

Table 2. PDB holdings for anti-neoplastic LMW-NMEs approved 2010-2018.

* Bold indicates the targets or target classes for which 3D structure information and
structure-guided drug discovery facilitated approval of 39/54 (~72%) newly approved
LMW-NMEs. Target Name Abbreviations - IDH1: isocitrate dehydrogenase 1;
IDH2: isocitrate dehydrogenase 2; BCL-2: B-cell lymphoma 2; PARP: poly ADP-ribose
polymerase; HDAC: histone deacetylase; and CYP17A1: cytochrome p450 17A1.

Table 3. Evidence summary for structure-guided drug discovery (SGDD) of LMW-NMEs
approved 2010-2018.

** indicates LMW-NMEs featured in the three case studies described at the end of this
review. Target Name Abbreviations - VEGFR: vascular endothelial growth factor receptor;
EGFR: epidermal growth factor receptor; ALK: anaplastic lymphoma kinase;
CDK: cyclin-dependent kinase; PI3K: phosphoinositide 3-kinase; BTK: Bruton’s tyrosine
kinase; TRK: and Tropomyosin receptor kinase.

Table 4. PDB holdings for anti-neoplastic Biologic-NMEs approved 2010-2018.

***  QOther: calaspargase pegol-mknl, asparaginase Erwinia  chrysanthemi,
ziv-aflibercept, tagraxofusp-erzs , lutetium Lu 177 dotatate.
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Figure 3. Hinge-binding inhibitors targeting mutant BRAF. (A) V600E BRAF Kinase (blue)
bound to vemurafenib (yellow) (PDB ID: 30g7). (B) Active site of V60OOE BRAF kinase
(PDB ID: 30g7) showing vemurafenib (yellow; PDB ID: 30g7) overlaid with dabrafenib
(red; PDB ID: 4xv2).

A

BRAF Kinase V600E (30g7) dabrafenib (4xv2)

Westbrook et al. (2020) Page 38 of 46



Figure 4. Immune checkpoint blockade. (A) PD-1(red) bound to PD-L1 (blue)
(PDB ID: 3bik). (B) PD-1 (red) bound to PD-LZ2 (light blue) (PDB ID: 3bp5).
(C) PD-1 (red) recognition by pembrolizumab Fab (green) (PDB ID: 5ggs).
(D) PD-1 (red) recognition by nivolumab Fab (green) (PDB ID: 5ggr).
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Table 1

NME Class Number | Number with Number Number with
Target with NME NME-Target
Structure(s) in Structure(s) | Complex
PDB in PDB Structure(s) in
(95% identity) PDB

Anti-neoplastic 79 74 (~94%) 53 (~67%) 47 (~59%)

agents

with known

molecular targets

LMW-NMEs 54 54 (100%) 40 (~74%) 38 (~70%)

Biologic-NMEs 25 20 (80%) 13 (52%) 9 (36%)
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Table 2

LMW-NME Number | Number with | Total Number with
Target Class in Target | target unique target/NME
Class structure(s) | PDB IDs for | complex
in PDB NME target | structure(s)

Structures |in PDB

(95%

Identity)
Protein 33 33 (100%) 1,136 26 (~76%)
Kinases*
IDH1 1 1 (100%) 40 0 (0%)
IDH2 1 1 (100%) 9 1 (100%)
BCL-2 1 1 (100%) 26 1 (100%)
PARPs 4 4 (100%) 89 4 (100%)
Androgen 2 2 (100%) 96 0 (0%)
Receptor
HDACs 2 2 (100%) 92 2 (100%)
Smoothened 3 3 (100%) 11 1 (~33%)
CYP17A1 1 1 (100%) 13 1 (100%)
E3 Ubiquitin 1 1 (100%) 50 1 (100%)
Ligase
Proteasome 2 2 (100%) 62 2 (100%)
Tubulin 2 2 (100%) 249 1 (50%)
Ribosome A 1 1 (100%) 134 1 (100%)
Site
All 54 54 (100%) 2007 41 (~74%)
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Table 3

Generic Sponsor Target Target Earliest >95% | US FDA Target/ Source of | SGDD
Drug Company Protein Protein Identical Approval | LMW-NME Target- (Yes,
Name Class Target Year Complex Drug Prob,
(Domain) PDB ID Complex Poss,
PDB ID/Year [Literature PDB ID Unl,
[Literature Citation] (Academe, | Nat
Citation] Industry) Prod)
vemurafenib** | Roche Kinase BRAF Tuwh/2004 2011 3097 [43] | Industry Yes
[83]
dabrafenib** GSK Kinase BRAF “ 2013 4xv2 [34] | Industry Yes
encorafenib** Novartis Kinase BRAF “ 2018 Yes
vandetanib AstraZeneca Kinase VEGFRs 1vr2/1999 2011 2ivu [49] Academe Prob
[116]
axitinib Pfizer Kinase VEGFRs “ 2012 4ag8 [38] | Industry Yes
lenvatinib Esai Kinase VEGFRs “ 2015 5zv2 [29] Industry Yes
bosutinib Pfizer Kinase SRC 1fmk/1997 2012 4mxo[48] Academe Prob
[117]
regorafenib Bayer Kinase KIT 1pkg/2003 2012 Poss
[118]
ponatinib Ariad Kinase T3151 ABL 1iep/2001 2012 3ik3[44] Academe/ | Yes
[119] Industry
neratinib Puma Kinase EGFRs 1m14/2002 2017 2jiv[121] | Academe Prob
[120]
dacomitinib Pfizer Kinase EGFRs “ 2018 4i23 [37] Industry Yes
osimertinib AstraZeneca Kinase EFGRs “ 2015 4zau [47] Academe Prob
afatinib Boehringer Kinase EGFRs “ 2013 495j [39] Industry Yes
Ingelheim
crizotinib Pfizer Kinase ALK 2yt2/2007 2011 2xp2 [41] | Industry Yes
[122]
ceritinib Novartis Kinase ALK “ 2014 4mkc [36] | Academe/ | Yes
Industry
alectinib Roche Kinase ALK “ 2015 3aox [42] Industry Yes
brigatinib Ariad Kinase ALK “ 2107 6mx8 [33] | Industry Yes
lorlatinib Pfizer Kinase ALK “ 2018 4cli [46] Industry Yes
palbociclib Pfizer Kinase CDK4/6 1bi8/1998 2015 512i [31] Industry Yes
[76]
ribociclib Novartis Kinase CDK4/6 “ 2017 51t2 [31] Industry Yes
abemaciclib Lilly Kinase CDK4/6 “ 2017 5125 [31] Industry Yes
cobimetinib Exelixis Kinase MEK 1s9j/2004 2015 4an2 [40] Industry Yes
[90]
binimetinib Array Kinase MEK “ 2018 Yes
Biopharma
trametinib** JapanTobacco Kinase MEK “ 2013 Poss
cabozantinib Bristol Myers Kinase MET 1rOp/2003 2016 31q8 [45] Industry Yes
Squibb [123]
idelalisib Gilead Kinase PI3Ks 2rd0/2007 2014 4xe0 [35] Industry Yes
[124]
copanlisib Bayer Kinase PI3Ks “ 2017 592n [32] | Industry Yes
duvelisib Intellikine Kinase PI3Ks “ 2018 Poss
ibrutinib Celera Kinase BTK 1btk/1997 2013 5p9i [30] Industry Yes
[125]
acalabrutinib Acerta Kinase BTK “ 2017 Yes
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larotrectinib Array Kinase TRKs 5jfw/2016 2018 Poss
Biopharma [126]
gilteritinib Astellas Kinase FLT3 1rjb/2004 2018 6jqr [28] Industry Yes
[127]
ivosidenib Agios Enzyme IDH1 1t09/2004 2018 Yes
[128]
enasidenib** Agios Enzyme IDH2 1lwd/2002 2017 5i96 [50] | Industry Yes
[77]
venetoclax Abbott Programmed | BCL-2 195m/2000 2016 600k [51] | Industry Yes
Cell Death [129]
olaparib AstraZeneca Enzyme PARPs 1uk0/2004 2014 4tvj [52] Academe Prob
[130]
rucaparib Clovis Oncology | Enzyme PARPs “ 2016 4rv6 [52] | Academe Prob
niraparib GSK Enzyme PARPs “ 2017 4r6e [52] | Academe Prob
talazoparib Pfizer Enzyme PARPs “ 2018 4und [52] | Academe Prob
enzalutamide Medivation Nuclear Androgen 1e39/2000 2012 Prob
Hormone Receptor [131]
Receptor
apalutamide Janssen Nuclear Androgen “ 2018 Prob
Hormone Receptor
Receptor
belinostat Spectrum Epigenetic HDACs 1t64/2004 2014 S5een [53] Academe Prob
Pharmaceuticals [132]
panobinostat Novartis Epigenetic HDACs “ 2015 5ef8 [53] | Academe Prob
vismodegib Roche GPCR Smoothened 4jkv/2013 2012 517i [133] | Academe Unl
[132]
sonidegib Sun Pharma GPCR Smoothened “ 2015 Unl
glasdegib Pfizer GPCR Smoothened “ 2018 Unl
abiraterone Apotex Cytochrome | CYP17A1 3ruk/2012 2011 3ruk [134] | Academe Unl
acetate P450 [134]
pomalidomide | Celgene Protein E3 Ubiquitin 2hye/2006 2013 6hOf [136] | Academe Unl
Degradation | Ligase [135]
ixazomib Millennium Protein Proteasome 4r30/2015 2015 51f7 [138] | Academe Unl
citrate Degradation [137]
carfilzomib Amgen Protein Proteasome “ 2012 4r67 [137] | Academe Nat
Degradation Prod
cabazitaxel Sanofi-Aventis Cell Division | Tubulin 1z5v/2005 2010 Nat
[139] Prod
eribulin Eisaai Cell Division | Tubulin “ 2010 Nat
Prod
omacetaxine Teva Ribosome A site 3j7y/2014 2012 3g6e [141] | Academe Nat
mepesuccinate [140] Prod
midostaurin Millennium Kinase Multiple N/A 2017 4nct [142] | Academe Nat
Kinases Prod
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Table 4

Types of | Number | Number of | Unique Biologic-
Biologic- | of Biologic- PDB IDs for | NME
NMEs Biologic- | NMEs with | Biologic- structure(s)
NMEs of | PDB target | NME target |in PDB
each structure(s) | structures
type (95%
Identity)
Antibodies 16 14 (~88%) 395 8 (50%)
ADCs 4 4 (100%) 30 1 (25%)
Other** 5 2 (40%) 48 4 (80%)
All 25 20 (80%) 405 13 (52%)
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