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Abstract

Analyses of publicly available structural data reveal interesting insights into the
impact of the three-dimensional (3D) structures of protein targets important for dis-
covery of new drugs (e.g., G-protein-coupled receptors, voltage-gated ion channels,
ligand-gated ion channels, transporters, and E3 ubiquitin ligases). The Protein Data
Bank (PDB) archive currently holds > 155,000 atomic-level 3D structures of biomol-
ecules experimentally determined using crystallography, nuclear magnetic resonance
spectroscopy, and electron microscopy. The PDB was established in 1971 as the first
open-access, digital-data resource in biology, and is now managed by the Worldwide
PDB partnership (wwPDB; wwPDB.org). US PDB operations are the responsibility
of the Research Collaboratory for Structural Bioinformatics PDB (RCSB PDB). The
RCSB PDB serves millions of RCSB.org users worldwide by delivering PDB data
integrated with ~40 external biodata resources, providing rich structural views of
fundamental biology, biomedicine, and energy sciences. Recently published work
showed that the PDB archival holdings facilitated discovery of ~90% of the 210 new
drugs approved by the US Food and Drug Administration 2010-2016. We review
user-driven development of RCSB PDB services, examine growth of the PDB
archive in terms of size and complexity, and present examples and opportunities for
structure-guided drug discovery for challenging targets (e.g., integral membrane

proteins).
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1 | OVERVIEW OF THE PDB
ARCHIVE, THE WWPDB, AND THE
RCSB PDB

The Protein Data Bank (PDB) archive was established in
1971 as the first open-access digital-data resource in the bio-
logical sciences with seven protein structures.'> Current PDB
archival holdings encompass >155,000 atomic-level struc-
tures of proteins, DNA, and RNA, experimentally determined
by macromolecular X-ray crystallography (MX: ~90%),
nuclear magnetic resonance spectroscopy (NMR: ~9%), and
three-dimensional electron microscopy (3DEM: ~1%). Nearly
three quarters (~73%) of PDB structures also include one or
more ligands (e.g., enzyme cofactors and inhibitors, US Food
and Drug Administration (FDA) approved drugs, and metals),
and ~10% of PDB structures include one or more carbohy-
drate components. Virtually, all of these public-domain struc-
tures were determined with the support of research funding
from governments or private philanthropies, and the PDB
archive is now widely regarded as an international public
good. Replacement value of current PDB archival holdings is
conservatively estimated at >15 billion US dollars.’

The PDB archive is jointly managed by the Worldwide
PDB partnership (wwPDB; wwPDB.org),* consisting of the
Research Collaboratory for Structural Bioinformatics (RCSB)
PDB,>® PDB Japan (PDBj),” PDB in Europe (PDBe),® and
BioMagResBank.” The wwPDB operates under an interna-
tional agreement (wwpdb.org/about/agreement). Adhering to
the FAIR principles of findability, accessibility, interoperabil-
ity, and reusability,'® under management by the wwPDB part-
ners, the single global archive of macromolecular data is
disseminated to the scientific community without charge or
restrictions on usage.

US PDB operations are the responsibility of the RCSB
PDB (RCSB PDB; RCSB.org) with financial support from
the National Science Foundation, the National Institute of
General Medical Sciences, the National Cancer Institute, the
National Institute of Allergy and Infectious Disease, and
Department of Energy. RCSB PDB team members are
hosted by Rutgers, the State University of New Jersey, the
San Diego Supercomputer Center at the University of
California San Diego, and the University of California San
Francisco. The RCSB PDB also serves as the global Archive
Keeper, responsible for ensuring disaster recovery of PDB
data and coordinating weekly archival updates among
wwPDB partners in Europe and Asia.

RCSB PDB serves millions of users worldwide, primarily
through the web portal at RCSB.org. The website, as
described in Nucleic Acids Research,6 provides tools and
services to access and explore PDB content. Each week, all
PDB structural data are integrated with ~40 external data
resources to provide rich, up-to-date structural views of
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fundamental biology, biomedicine, and energy sciences. Data
can be searched and explored through individual Structure
Summary Pages, or as groups of structures displayed in tabu-
lar reports.

Since RCSB PDB users extend well beyond experts in

structural biology,1 112

our website features are designed to
enable finding a variety of structures related to a particular
topic using search tools (e.g., by sequence, sequence similar-
ity, small molecule name). The website also offers alterna-
tives to searching, such as the Browse by Annotation tool
that organizes PDB structures into hierarchical trees based
upon several different classifications, including Anatomical
Therapeutic Chemical drug classification system developed
by the World Health Organization Collaborating Centre for
Drug Statistics Methodology (http://www.whocc.no/atc_
ddd_index/); protein residue modifications in the PDB
archive using the protein modification ontology from the
Proteomics Standards Initiative”; and Biological Process,
Cellular Component, and Molecular Function based upon
descriptions from the Gene Ontology (GO) Consortium'*
mapped to corresponding PDB structures by the SIFTS
initiative."”

Different visualization options are available. Protein Fea-
ture View offers graphical summaries of full-length UniProt'®
protein sequences and how they correspond to PDB entries,
together with annotations from external databases (such as

Pfam),'” homology model information,'*'?

predicted regions
of protein disorder, and hydrophobic regions. Rapid 3D visu-
alization of structures large and small is possible using the
NGL viewer,>® which includes specialized options for view-
ing ligand interactions and electron density maps. Many
RCSB PDB features available on RCSB.org are also provided
as Web Services supporting programmatic access by increas-
ing numbers of users.

A separate website, PDB101.rcsb.org (“101,” as in an
entry-level course), hosts educational materials that encourage
learning about proteins and nucleic acids in 3D. A main focus
is the Molecule of the Month series,”" currently in its 20th year
of “telling molecular stories” about structure and function.
Other materials include molecular origami paper models,
posters, animations, and curricular materials. A “Guide to
Understanding PDB Data” is built around more PDB-specific
information: PDB data, visualizing structures, reading coordi-
nate files, and potential challenges (including biological assem-
bly versus asymmetric unit).

All RCSB PDB activities are supported by robust infra-
structure that ensures 24/7/365 support of millions of PDB
data depositors and users worldwide. A full description of
RCSB PDB services has been published,® along with various
analyses of the impact of structural biologists, the PDB
archive, and the RCSB PDB.'**>**
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2 | GROWTH IN THE SIZE AND
COMPLEXITY OF THE PDB
ARCHIVE

Figure 1 illustrates the growth in the PDB archive since
2000. Atomic coordinates for >11,200 new structures
together with experimental data/metadata (~7.6% year-on-
year growth) were made available in 2018. Most of these
new structures were determined using MX (~88.8%), with
the remainder determined by 3DEM (~7.6%), and NMR
(~3.5%). The number of 3DEM structures populating the
archive has been growing rapidly since structural biologists
24 (Figure 1b). Starting
in 2016, annual 3DEM structure depositions now exceed

ushered in the “resolution revolution

NMR structure depositions. Global data deposition statistics,
maintained from 2000 onwards, are updated on a weekly
basis (http://www.wwpdb.org/stats/deposition).

The global structural biology community has also been
depositing increasingly more complex structures into the PDB
archive. Figure 2a,b reflects the size and diversity of structures
deposited to the PDB archive versus time. Growth in the num-
ber of distinct small-molecule ligands represented in the
PDB chemical component dictionary (CCD)* is illustrated
in Figure 2a (2,498 new ligands were added in 2018,
corresponding to year-on-year growth of 7.7%). Entries in the
PDB CCD include amino acids; nucleosides and nucleotides;
carbohydrates; metals and other ions; crystallization and
buffer solutes; enzyme cofactors, substrates, and products;
prosthetic groups (e.g., heme); oligopeptides; small organic
molecules; and pharmacologic agents. In parallel with the
growth of the CCD, the average size of each PDB entry, as
gauged by mean aggregate molecular weight of the biological
assembly, is also growing (Figure 2b). Not surprisingly,
3DEM has contributed disproportionately to the growth in the
number of larger PDB structures since early 2014 (Figure 2c¢).
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3 | DRUG TARGET STRUCTURES
IN THE PDB

Structure-guided drug discovery is a well-established tool
for large and small biopharmaceutical companies alike.?® 3D
structural studies frequently aid in optimizing small-
molecule ligand affinity and selectivity for target proteins
(e.g., vemurafenib approved for treatment of the 50% of late-
stage metastatic melanoma patients with the Val600—>Glu
mutation that activates the BRAF protein kinase, PDB struc-
ture 30g7%’). A recent RCSB PDB analysis> documented
that US FDA approval of 88% of 210 new molecular entities
(NMEs or new drugs from 2010 to 2016) was facilitated by
open access to ~6,000 PDB structures containing the protein
targeted by the NME and/or the new drug itself. More than
half of these structures were described in the scientific litera-
ture and publicly released >10 years before final drug
approval. Moreover, these structures were cited in a signifi-
cant fraction of more than 2 million papers reporting pub-
licly funded, precompetitive research on the drug targets that
influenced drug company investment decisions, leading ulti-
mately to the US FDA approvals and patient access to new
life-altering drugs. Finally, the impact of structural biologists
and the PDB archive on US FDA new drug approvals was
similar across all therapeutic areas.

4 | INTEGRAL MEMBRANE
PROTEIN STRUCTURES IN THE PDB

Contemporary successes enjoyed by structural biologists
studying integral membrane proteins document that the PDB
archive will represent an increasingly important source of
precompetitive information supporting ongoing and future
drug discovery campaigns directed at these challenging
targets. More than 50% of the targets of current US FDA
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Growth of PDB archive, 2000-2018. (a) Total number of structures publicly available each year by experimental method and

(b) new structures released annually by experimental method, shown using logarithmic scale
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FIGURE 2  Growth in the complexity of PDB archival holdings
2000-2018. (a) Cumulative number of unique ligands maintained in
the Chemical Component Dictionary each year. In 2018, 2,498 new
entries were added. (b) Average molecular weight (solid purple line)
and average number of polymer chains (solid orange line) of structures
released each year. (c) Growth in available EM structure data, shown
by annual accumulation of number of chains and molecular weight

approved drugs are integral membrane proteins.”® The vast
majority of these drug targets fall within four well-studied
protein families (G-protein-coupled receptors [GPCRs]:
~30%; voltage-gated ion channels [VGICs]: 8%; ligand-
gated ion channels [LGICs]: 7%; and transporters: 7%;
examples of each are displayed in Figure 3). The following
sections briefly review current PDB holdings and highlight
opportunities for structure-guided drug discovery for each of
these major classes of target proteins.

B o WILEY-L =
4.1 | G-protein-coupled receptors

PDB archival holdings of GPCRs at the time of writing are
summarized in Table 1. The landmark structure of bovine
rhodopsin (PDB 1f88) gave the first view of the class in
2000,? and initially, GPCR structure depositions to the PDB
were restricted to the Rhodopsin subfamily, many of them
crystallized using lipidic mesophases.® Progress in this
arena was accelerated by advances in protein engineering of
the beta-adrenergic receptor, creating chimeras with entire
proteins or smaller protein domains inserted into extra-
membranous loops (e.g., T4 phage lysozyme®') that facilitate
crystal lattice formation without perturbing the structure of
the 7-transmembrane helix domain.>? Currently, more than
300 GPCR structures from four of the five GPCR subfam-
ilies have been determined and deposited in the archive,
including A-rhodopsin, B1-secretin, C-glutamate, and F-friz-
zled/taste 2 (but not B2-adhesion).”® The vast majority of
these structures were determined using MX (~91%), with a
small number coming from NMR (~2%), and a growing
number coming from 3DEM (~7%). At present, the PDB
archive contains structures for more than 60 unique GPCRs
(representing examples or orthologs of ~15% of the entire
complement of more than 800 GPCRs encoded by the human
genome). GPCR structures have been elucidated in both
active and inactive conformational states, some including
bound small-molecule ligands or drugs, bound peptide/pro-
tein ligands, bound heterotrimeric G proteins, and in some
cases stabilizing Fab fragments and/or camelid-nanobodies.>*
Structure-guided drug discovery for GPCRs (particularly
Class A members) using MX is currently being pursued
within many of the large biopharmaceutical companies,
targeting both receptors represented within the PDB and
novel receptors, exclusive to one or more companies.

The first 3DEM structure of a GPCR to become publicly
available (PDB 5vai)*® revealed the structure of glucagon-like
peptide 1 (GLP1) analog being recognized by the GLPI
receptor (GLP1-R: active conformation) that was embedded
in a detergent micelle and bound to a G-protein heterotrimer
(Figure 3a). Underscoring the power of cryo-EM to enable
structural studies of large/complex and very challenging sam-
ples, this Class B1 (secretin) GPCR was visualized at the
atomic level in the act of recognizing its peptide hormone
ligand, while engaging with a G-protein heterotrimer.

GLPI-R" is the target of six oligopeptide agonists
(exenatide [PDB 3c59, 3c9t],38 liraglutide [4apd],39 lixisenatide,
albiglutide, dulaglutide, and semaglutide [4zgm]*®) approved by
the US FDA for treatment of type II diabetes mellitus. These
biologic agents, the newest of which was approved in 2017,
mimic endogenous GLP1 and slow gastric emptying/increase
secretion of insulin by the patient's own pancreas in response to
elevated blood glucose levels. The principal advantage of this
treatment strategy versus older/cheaper small-molecule insulin
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(@) (b)

FIGURE 3 Ribbon drawings of exemplar structures from each of the four classes of membrane-bound proteins of pharmacologic interest, viewed

parallel to the lipid bilayer (shaded grey rectangle). (a) GPCR (PDB 5vai)3 % GLPI-R (glucagon-like peptide-1 receptor, active conformation in green)
bound to GLP1 (red) and heterotrimeric G-protein (blue, yellow, and magenta). (b) VGIC (PDB 6j8i)106: Na,1.7 (green), betal and beta2 (blue), bound
to inhibitor tetrodotoxin (yellow). Voltage-sensing helices are shown in red. (c) LGIC (PDB 5uow)72: NMDA receptor (blue, green, and red) bound to
channel blocker MK-801 (magenta). An antibody Fab (grey) was used in the structure determination. (d) Transporter (PDB 602p)85 : CFTR (cystic fibrosis
transmembrane conductance regulator (blue) bound to ivacaftor (yellow), which interacts with a long transmembrane helix involved in gating (red)

TABLE 1 G-protein-coupled receptors in the PDB archive

Class A Class B1
All (rhodopsin) (secretin)
Structures 339 295 23
MX 311 278 15
(7.7-1.7 A) (3.3-1.9 A)
NMR* 6 6 0
3DEM 22 11 8
(resolution) (4.5-3.0 A) (4.1-3.0 A)
Unique receptors 62 52 6

One Solid State NMR entry (PDB 2Inl)**

Class B2 Class C Class F
(adhesion) (glutamate) (frizzled/taste 2)
0 8 13
0 6 12
(3.1-22 A) (3.9-2.4 A)
0 0 0
0 2 1
“0A) (3.8 A)
0 2 2

Note: Table generated in June 2019 using sequence searching with representative members of each class.

Abbreviations: 3DEM, three-dimensional electron microscopy; MX, macromolecular X-ray crystallography; NMR, nuclear magnetic resonance.

secretagogues is that it carries a lower risk of hypoglycemia. At
present, there are no publicly available structures of any of the
approved GLP1-R agonists bound to full-length GLP1-R. With
open access to PDB structure 5vai, detailed knowledge of how
Svai and related structures were determined, and recent acquisi-
tions of state-of-the-art 3DEM instrumentation by biopharma-
ceutical companies, the stage is now set for structure-guided
discovery of the next generation of GLPI-R agonists with
improved pharmacologic properties (i.e., longer half-lives that
will permit less frequent dosing and improve the likelihood of

compliance). It also appears highly likely that 3DEM will
shortly reveal one or more structures of Class B2 (Adhesion)
GPCRs, some of which are drug discovery targets,*'** and all
of which have thus far eluded 3D structure determination by
any experimental method.

4.2 | Voltage-gated ion channels

VGICs open and close ion-selective pores in response to
small changes in membrane potential, playing central roles
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in nerve signal transmission. They form a large superfamily

that includes voltage-gated sodium (Na,), calcium (Ca,), 5 _ '%
potassium (K,), and other ion channels, encoded by at least 2 ‘é 2 ‘g
143 human genes,***** making them the third largest family §D S = g § g < <
of signaling proteins after GPCRs and protein/lipid kinases. % E’ E b5 %‘ £ SP z;
Rod MacKinnon's pioneering work on the homotetrameric § % E SO“? é = oo ‘é‘/ ~ B g o =
potassium channel KcsA from S. lividans*® and A. pernix
K,AP* revealed the mechanistic bases for ion selectivity -
and gating at the atomic level, but structural information for '3 E‘ -
Na, and Ca, channels, which lack the structural fourfold ‘:a; § g 3 '§_ 2 2
symmetry seen in KcsA, is relatively new to the archive. & E § '% a E | 2

Voltage-gated sodium channels give rise to the rapid action % 5 R *é E :LE B <+ - B - B .
potentials that mediate nerve transmission, making them tar- PSAERAEA S =C g
gets for natural and designed toxins, inhibitors, and drugs.‘”’48 _ g
Many examples are found in nature, including the potent and ?% E _ _ ;
exquisitely selective tetrodotoxin, a neurotoxin found in puffer g 8 f i ii“
fish (and other organisms) with a lethal dose being less than a g 5 E i i S
milligram. Many anticonvulsants, antiarrhythmics, and local R - i Y Rs ° T e
anesthetics, such as lamotrigine, flecainide, and lidocaine, also ;
act by blocking these channels.** The PDB currently contains ° 2 < §
>750 VGIC structures (Table 2). <25% S 2 g

The human genome encodes nine voltage-gated sodium % *g ? .. I N oW o o §
channels (Na,, designated Na,1.1 to Na,1.9), which support Zme&s = %< "2 5
a range of cellular and biological functions. Na, 1.1, Na,1.2, _ %
Na, 1.3, and Na,1.6 are expressed primarily in the central T % ;
nervous system; Na,1.4 is found in the skeletal muscle; S .f:: < <
Na,1.5 is found in cardiac muscle; and Na, 1.7, Na, 1.8, and g“ g ? § %
Na, 1.9 are typically found in the peripheral tissues. Much of E E ‘:z:a o == - o - . B
the early structural work on Na, channels was performed g
using bacterial homologs, which have a simpler homo- ] =;
tetrameric structure and proved relatively easy to express, 5, 2 %
purify, and crystallize. These first MX structures were gn _;:v 2 _ ?
reported in 2011 for A. butzleri Na,Ab (PDB 3rvy, 3rvz, and e ] ; = < i E
3rw0).%* In contrast, the mammalian channel is composed of 3 = E N - o jr - I _ = ;53
one long alpha chain, which forms four membrane-spanning :ég Eg8 8 =22 v *d - 3 g
domains similar in arrangement to the four identical bacterial % % g

. ... . . . = > =

subunits. In addition, the alpha subunit associates with one E 3 ‘E g E
or more copies of five beta-subunits (betal, betalB, beta2, £ §n £ ‘g e 2 ‘g 5
beta3, and betad4). 3DEM structures have been determined = § 2 E *® S %3
for human Na,1.4/beta2 (PDB 6agf).’! Na,1.2/beta2 with a = 1 PR S~ 5 5
conotoxin (PDB 6j8e),’% and Na,1.7/betal/beta2 with tetro- ‘E - B e 2 ;
dotoxin and saxotoxin (PDB 6j8i and others, Figure 3b).>* § - i" EE

Drug discovery efforts have focused considerable % <3 ~ _ :,-2 =
resources on Na,1.7.°% This work began in earnest following 8 ; E ; j 2 §

. . . . ) s 5 ¥ wp 2§

the 2004 discovery that a Na,1.7 gain-of-function mutation g S e xd g — g SE
causes persistent pain.”* In 2006, a loss-of-function mutation o S R = - :? 8
was identified in several Pakistani street performers, who ‘%D . _E ;
show no sensitivity to pain while walking on hot coals, and so > e § A
forth.>> Selectivity remains an elusive challenge in this arena. « % Bl Bl g g 2
Pair-wise sequence identities among the nine human Na, ﬁ % £ v S £ 2 % é é
VGICs exceed 70%. To complicate matters further, multiple 2 g E é E E é % S : g
functional-binding sites for both large and small molecules = =<
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are present on the solvent-accessible surfaces of these integral
membrane proteins. Prior to the availability of 3DEM struc-
tures of Na, VGICs, much of the early drug design work was
performed using homology models based on distantly related
bacterial proteins.

Today, medicinal chemists are sifting through multiple
sites of action of natural toxins and poisons with the aim of

involved in regulation
45
(3.8-16.5 A)

of presynaptic
membrane potential

Ligand-gated ion
159
115

channel activity
(1.24-3.96 A)

finding druggable sites with potential for specificity, and then
targeting them with small molecules, peptides, or antibodies.
Notwithstanding insights from these new structures, serious
challenges remain for structure-guided drug discovery. Na,
VGICs are conformationally dynamic, existing in multiple
functional states (e.g., closed/resting, open, and closed/
inactivated), each of which will need to be structurally charac-
terized. Single-particle 3DEM, however, offers a critical

cation channel

activity

Ligand-gated
865
612

(1.15-7.4 A)
47

203 Q

(2.94-50 A)

(3.54-3.8 A)
69

o
o

(3.04-6.6 A)

advantage versus MX in that multiple conformations of a
macromolecular assembly can be accommodated via focused

anion channel

Ligand-gated
activity

(1.55-3.8 A)

classification procedures®® to reveal multiple structural states
on the EM grid.”’

88
59
11

4.3 | Ligand-gated ion channels

o
3

LGICs mediate transmission of signals across nerve synap-
ses in response to binding of neurotransmitters. There are
three major structural classes of these channels (Table 3):

18
98
(2.94-8.5 A)

Intracellular
ligand-gated ion
channel activity
(1.21-7.4 A)
(3.54-3.8 A)

24

241
122

pentameric “Cys-loop” receptors, ionotropic glutamate
receptors (iGluRs), and P2X receptors.”® The pentameric
Cys-loop receptors include excitatory cation-selective chan-
nels, such as the nicotinic acetylcholine receptors and inhibi-
tory anion-selective channels (e.g., the GABA, receptor). In
2005, Nigel Unwin's ground-breaking EM structure of the
nicotinic acetylcholine receptor from the marbled electric
ray (PDB 2bg9) revealed at the atomic-level both ligand-
binding subunits and channel geometry.”® A large collection

channel activity
45

Extracellular
ligand-gated ion
(1.15-4.79 A)
(2.95-50 A)

647
506

29
112

of toxins, poisons, and drugs act through these pentameric
receptors, including the two well-known poisons curare and
strychnineGO; anesthetics and alcohol61; benzodiazopine anti-
depressants®?; and the antiparasitic agent ivermectin.®?
iGluRs fall into four main classes, based on their small-mol-
ecule-binding properties: AMPA receptors (GluA1-4), kainate
receptors (GluK1-5), NMDA (N-methyl-D-aspartate) receptors
(GluN1, GIuN2A-D, and GIuN3A-B), and delta receptors
(GluD1-2).°*% These polypeptide chains can form both
homo- and heterotetramers, and associate with a variety of
modulatory auxiliary subunits. They are modular in structure.
An N-terminal domain (homologous to bacterial periplasmic-
binding proteins) mediates dimerization between subunits of

Cyclic nucleotide-gated
5
4

(3.4-3.51 A)

ion channel activity

(1.65-3.28 A)
(3.54-3.8 A)

38
26

(1.15-7.4 A)
84

(2.94-50 A)
(3.54-3.8 A)

Al
968
685

57
223

the same iGIuR class. The C-terminal portion contains the
extracellular agonist-binding domain, which consists of two
polypetide chain segments separated by the portion that forms
the membrane-spanning ion channel pore. Structures of

Electron crystallography

Structures
(resolution)
(resolution)
(resolution)
Unique genes

MX
NMR
3DEM

Abbreviations: 3DEM, three-dimensional electron microscopy; MX, macromolecular X-ray crystallography; NMR, nuclear magnetic resonance.

“N.B.: PDB structures may appear in multiple LGIC classification categories.
Note: Table generated in July 2019 based on gene ontology or GO#0015276.

TABLE 3 Ligand-gated ion channels in the PDB archive

extracellular fragments of iGluR proved instrumental in
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characterizing some functionally important properties of these

channels.®® Beginning in 2009 with publication of the MX g "
structure of GluA2 AMPA receptor (PDB 3kg2),%” work in E‘ g
this area has moved rapidly. Today, multiple 3DEM structures § E‘ & o< o
of iGluR and their complexes with ligands, toxins, and acces- : % §_ 3 o
sory proteins are also publicly available.®**° 2 g § N - E o I VOL .
As seen for the VGICs, the iGluRs display multiple sites CS& & 8¢ ™ 7¢ &
for binding of toxins and poisons, and many of these LGICs
are currently the focus of structure-guided drug discovery 2
efforts (see the 2019 special issue of ACS Med. Chem. Lett. % T -
on Allosteric Modulation of iGluR).70 For example, 2 E §_ é g
memantine, an NMDA receptor channel blocker, has been o'g é % -B i’ " g’ -
approved for treatment of moderate-to-severe Alzheimer's E858 2 Qx5 S5 9@
patients.”! A 3DEM structure of the heterotrimeric GluN1/ SR - — © <
GluN2A/GIuN2B NMDA receptor with a similar agent (MK-
801, PDB 5uow,’? Figure 3c) revealed the ligand-binding site % 4
within a vestibule of the ion channel. Preclinical characteriza- -E E 2 =
tion of MK-801 underscores both the promise and the chal- o g g EN —
lenges posed by targeting these receptors. Neuroprotection 2 g § lo\l £
was observed in animal models of stroke, traumatic brain Se< &S Rcec 2 Yo ¢ §
injury, and Parkinsonism, accompanied by side effects of g
induced psychotic behavior oand neuronal degeneration. A & _ ;
subsequently determined 3.6 A resolution MX structure of an 5 s i 2 g
N-terminal truncated form of the receptor enabled molecular ¥ g ilr' = g
dynamics simulations of MK-801 and memantine binding g é 3 ch ;g
(PDB 5unl),” further advancing structure-guided drug design SE & Gca "R j,
efforts aimed at improving side-effect profiles. §
@ .,
i: = =2 |
4.4 | Transporters & g $ gl . T%“
The transporters constitute a large, heterogenous class of E é % é E 2 2 E < E ;é %
membrane-spanning proteins involved in trafficking of small D = g ?
cargo molecules across lipid bilayers. Sequence mapping of g ;
PDB structures to the Transporter Classification Database E § u; :§
(www.tcdb.org)’* identified 9,834 transporter structures in the E .-5 ﬁ < < é g
PDB archive (as of July 2019, Table 4). Membrane trans- 2 § -Té ‘g_‘ Sl c?lv g g
porters play central roles in ADME (absorption, distribution, & 3 £ é i~ ) n oo g = % o
metabolism, and elimination) and pharmacodynamic proper- 2 R - [ = | E i
ties of drugs.”” The human genome encodes >400 membrane E’ g g
transporters that fall into two superfamilies: ATP-binding cas- 2 § _ _ % é
sette (ABC) superfamily and solute carrier (SLC) family. All ~ 5- : ;ﬂ g g
ABC transporters and many SLC transporters function as f = & pas — 2 3
. . . . = 28 — T o xd x 273
active transporters, using either ATP or electrochemical E S8 2 8§v 5 %9 S - Bk
gradients to drive transport. £ B N 5 3
ABC transporters were first identified in bacterial nutri- ;‘; = g
ent import systems, bearing a characteristic ATP-binding g -2 S 23z 3 F3
domain with a phosphate-binding loop (commonly known Z B <i| & :
as the P-loop or Walker A motif) and a short “Leu-Ser-Gly- = § =
Gly-Gln” consensus sequence.’® Similar motifs were later < " g 6 df)ﬂc;
found in the bacterial multidrug-resistance export pump P- E é _‘5 - _‘5 % _%; :%
glycoprotein (P-gp). Subsequent studies revealed that 1-3% ﬁ E E é E f@j é S : g
of bacterial genomes encode ABC transporters, which act as = 2 <
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variously as importers or exporters. In all, the human
genome encodes 48 ABC exporters, which fall into seven
subfamilies (designated A—G). Multiple MX structures of
bacterial/archaeal ABC transporters are available from the
PDB archive, with some bound to periplasmic-binding
proteins responsible for delivering substrates to the trans-
porter.”” These structures revealed various conformational
states that cycle between inward- and outward-facing config-
urations. Instructive examples include an early structure of
the vitamin b12 transporter (BtuCD, PDB 117V),78 and three
states of the E. coli maltose transporter MalEFGK?2 (inward-
open, PDB 3th6”%; pretranslocation, PDB 3pV080; and
outward-open, PDB 2r6g®").

ABC transporters are also relevant to human health and
therapies. For example, P-gp and breast cancer resistance
protein, found on the luminal surfaces of cells in the gut, mod-
ulate oral bioavailability of drug, and are, therefore, key deter-
minants of ADME properties.”>** For example, increased
expression of P-gp in cancer cells confers resistance to various
chemotherapeutic agents. 3DEM  structures, beginning
with the complex of P-gp with cyclic peptide inhibitors
(PDB 3g61),83 are revealing the mechanism(s) of action of
these transporters and modes of targeted inhibition.®* The cys-
tic fibrosis transmembrane conductance regulator (CFTR)
transporter (Figure 3d) is an ABC chloride ion transporter.®
More than 2000 CFTR gene variants have been identified in
humans. Many of these differences are causative of cystic
fibrosis, the most common autosomal recessive genetic dis-
ease affecting Caucasians. Inadequate chloride transport cau-
ses accumulation of mucus in lung and pancreas, leading to
chronic pulmonary inflammation/infection and exocrine pan-
creatic insuffiency.®® The most common disease-causing
CFTR variants include deletion of Phe508, which accelerates
protein degradation, and Argl17->His and Gly551-> Asp,
which yield transporters with gating defects. The US FDA-
approved drug ivacaftor acts as a potentiator of these gating
variants, yielding increase chloride transmission.”” A 3DEM
structure of human CFTR (PDB 602p)85 revealed that the
drug binds at the protein-lipid interface within the transmem-
brane region, at a hinge site known to be involved in gating. It
has been hypothesized that ivacaftor, which was discovered
via phenotypic screening, stabilizes the open configuration of
the transporter. With an EM structure in hand and a druggable
site identified, the door is now open to structure-guided drug
discovery of second-generation drugs targeting a broader
spectrum of mutations causative of cystic fibrosis in affected
individuals with superior side-effect profiles.

The SLC superfamily is highly heterogeneous, with 52 dis-
tinct human protein families that show little sequence or struc-
tural similarity, sharing simply their roles in intake and/or
efflux of small molecules and inorganic ions across mem-
branes.®® A 2017 review® tabulates atomic-level 3D structure

determinations for members of 23 SLC families, largely pro-
karyotic proteins, such as the long-awaited and much-
anticipated structure of lactose permease (PDB 1pv6).”® These
structures revealed much diversity in the mechanism(s) of
substrate recognition (as might have be expected), but also
commonalities in the local conformational changes responsi-
ble for opening and closing “gates” on either side of the mem-
brane to regulate transport. SLC proteins are only now being
explored as drug discovery targets. A recent perspective
issued a “call-to-arms” to explore this diverse and functionally
important subset of transporters.”’ Successes to date include
various US FDA-approved drugs, such as selective seroto-
nin reuptake inhibitors (SSRIs) for treatment of depression,
and sodium/glucose cotransporter inhibitors for treatment of
type 2 diabetes.”® Recent structure-guided development of
SSRIs built on MX studies of a bacterial homolog LeuT,”
first determined in 2005 (PDB 2a65).”* Other structures of
human serotonin transporters (PDB 5i6x and others)” will
almost certainly improve the impact of this approach for dis-
covery and development of new pharmacologic agents
targeting neuropsychiatric disorders.

S | E3UBIQUITIN LIGASE
STRUCTURES IN THE PDB

Successes enjoyed by structural biologists studying complex
multiprotein assemblies show that the PDB archive will come
to represent an increasingly important source of precompetitive
information facilitating structure-guided drug discovery of
other challenging targets that are not integral membrane pro-
teins. Some of the most exciting new drug targets among the
large macromolecular machines can be found within the large
family of E3 ubiquitin ligases. These enzymes confer substrate
selectivity on the ubiquitin-proteasome system (UPS) for
degrading cytosolic proteins.”® The UPS pathway is regulated
by sequential action of three classes of activating enzymes: E1l
(two human enzymes), E2 (~40 human enzymes), and E3
(>600 human enzymes) (Figure 42).°" The end result of this
combinatorial three-step enzyme cascade is an ubiquitinated
substrate that is in turn recognized and degraded by the 26S
proteasome.

E3 ubiquitin ligases include components, respectively,
responsible for catalysis (i.e., ubiquitination) and substrate
recognition. In some cases, both functionalities are embedded
within a single polypeptide chain. In many others, E3 is made
up of multiple protein chains. As might be expected from the
many types of substrate proteins that undergo targeted
ubiquitination, E3 substrate-recognition components are
highly heterogenous, and variously recognize short substrate
peptides called “degrons” or larger protein surface features.
Ubiquitination machines have been classified into three major
families: Really Interesting New Gene (RING), Homologous
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FIGURE 4 (a)Early (a)
structures of the components of
the ubiquitin ligase system (E1,'%’
EZ,IOS and ES"OQ’“O). Image from
PDB-101's Molecule of the
Month.%! (b) Ribbon structure of
the PROTAC (proteolysis
targeting chimera) degrader MZ1
(yellow) linking cancer target
Brd4 (red) to a ubiquitin ligase
complex of pVHL:ElonginC:
ElonginB (blue and green) from
PDB 6bn7'”

TABLE 5 Ubiquitin-like structures in the PDB archive

Boos-WiLey L -

Ubiquitin-like protein NEDDS ligase SUMO ligase Ubiquitin protein
ligase activity (all) activity activity ligase activity
Structures 984 113 5 979
MX 804 104 3 801
(resolution) (0.8-8.3 A) (1.1-33 A) (1.7-2.4 A) (0.8-8.3 A)
NMR 138 9 2 136
3DEM 42 0 0 42
(resolution) (2.9-16 A) (2.9-16 A)
Unique E3 ubiquitin 123 1 4 119

ligases by gene names

“N.B.: PDB structures may appear in multiple ubiquitin-like classification categories.

Note: Table generated in July 2019 based on gene ontology or GO#0061659, ubiquitin-like protein ligase activity.
Abbreviations: 3DEM, three-dimensional electron microscopy; MX, macromolecular X-ray crystallography; NEDDS8: neural precursor cell expressed, developmentally

down-regulated 8; NMR, nuclear magnetic resonance; SUMO: small ubiquitin like modifier.

with E6-associated protein C-Terminus (HECT), and the fam-
ily of hybrid RBR (RING-IBR-RING) E3s. Extensive struc-
tural studies (Table 5) have revealed the central role played by
flexibility in influencing interactions of E3s with E2-ubiquitin
conjugates. This work has also explored the mechanisms by
which multiple bacterial and viral proteins hijack the UPS.”®
An exciting new development in this arena is the prospect
of targeting the UPS to proteins of pharmacologic interest.
This work was inspired, at least in part, by natural products
(e.g., auxin, a well-characterized small-molecule plant hor-
mone) that stabilize interactions between an E3 ligase and its
degradation target.”” Similarly, immunomodulatory imide
drugs, such as the teratogen thalidomide, are being rep-
urposed on the strength of their ability to stabilize binding of
E3 ligases to several lymphoid transcription factors.'® A new

strategy is also being explored to design bifunctional mole-
cules, called proteolysis targeting chimera or degraders, that
recognize a common Ssite on the surface of an E3 and a
specific-binding site on the surface of a target protein, bring-
ing them together to promote targeted degradation.'®'
Recently deposited PDB MX structures have revealed at the
atomic level how such a degrader links the chromatin-reader
protein Brd4 (bromodomain-containing protein 4), a target for
cancer therapy, with ubiquitin ligase complexes, such as von
Hippel-Lindau disease tumor suppressor:ElonginC:ElonginB
(Figure 4b, PDB 5t35)'%* and DDBI:CRBN (PDB 6bn7).'%?
These proof-of-concept structures open the door-to-structure-
guided discovery of similar degraders selective for other pro-
tein targets, via engineering of linkers based on structures of
specific ligands bound to each of the partners.
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The success of the discipline we have come to know as
structural biology and the relentless growth of the open-
access PDB archive bode well for the continued impact of
3D biostructure data on basic and applied research across
the biological, medical, and energy sciences. Of particular,
importance looking ahead will be the explosive growth of
3DEM depositions to the archive. Since 2016, annual 3DEM
depositions have exceeded those coming from NMR spec-
troscopy. Notwithstanding whispers to the contrary in some
quarters, MX is actually “alive and well” and remains the
mainstay experimental method for atomic-level 3D structure
determinations of macromolecules, accounting for ~90% of
2018 PDB depositions. The precise role that 3DEM will play
in structure-guided drug discovery going forward remains to
be determined. It is clear, however, from private communi-
cations received from biopharmaceutical company col-
leagues that they are benefiting from even lower-resolution
3DEM structures of macromolecular machines wherein tool
compounds can be visualized bound to druggable surface
features, such as deep invaginations and protein—protein
interface clefts. Knowledge of the functional groups pres-
ented by the amino acid sidechains comprising putative
drug-binding sites is particularly helpful for hypothesis gen-
eration during synthesis of early lead compounds. MX is
likely to remain the method of choice for any drug-discovery
target that supports facile crystallization and production of
higher-resolution (i.e., better than 2.2 10%) cocrystal structures
with pharmaceutically acceptable lead compounds and even
drug candidates. Diffraction data in these cases are typically
obtained at modern synchrotron radiation sources in <1 min
of beam time, and refined structures therefrom can often be
generated with automated scripts within 1 hr following the
experiment. It is not unusual for structural biologists work-
ing in biopharmaceutical companies to deliver new, highly
informative cocrystal structures with 1-2 weeks of com-
pound synthesis. 3DEM will have to come a long way in
terms of efficiency before it can rival the speed and rela-
tively low cost of MX structure determination. The impact
of X-ray free electron lasers and serial femtosecond crystal-
lography in time-resolved studies of drug discovery targets
remains an open question.'®*'*> Whatever the outcome of
this “horse race,” the open-access PDB archive will continue
to play central roles in research and education, facilitating
discovery of new biomaterials, new drugs, and new diagnos-
tic tools around the world.
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