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ABSTRACT: Protein misfolding is a process in which proteins are unable to attain
or maintain their biologically active conformation. Factors contributing to protein
misfolding include missense mutations and intracellular factors such as pH changes,
oxidative stress, or metal ions. Protein misfolding is linked to a large number of
diseases such as cystic fibrosis, Alzheimer’s disease, Parkinson’s disease, amyotrophic
lateral sclerosis, and less familiar diseases such as Gaucher’s disease, nephrogenic
diabetes insipidus, and Creutzfeldt−Jakob disease. In this Perspective, we report on
small molecules that bind to and stabilize the aberrant protein, thereby helping it to
attain a native or near-native conformation and restoring its function. The following
targets will be specifically discussed: transthyretin, p53, superoxide dismutase 1,
lysozyme, serum amyloid A, prions, vasopressin receptor 2, and α-1-antitrypsin.

■ INTRODUCTION

In order for a protein to be functional, it needs to be correctly
folded into its tertiary structure. Almost all proteins that
contain an amino acid mutation or mutations have a tendency
to improperly fold, i.e., misfold. However, mutations are not the
only culprit leading to protein misfolding, as more than 30
known wild type proteins also have an intrinsic propensity to
misfold. Intracellular factors such as pH, oxidative stress, and
metal ions can also play a critical role in protein misfolding.
Protein misfolding is currently linked to more than 25
diseases,1 including well-known diseases such as cystic fibrosis,
Alzheimer’s disease, Parkinson’s disease, and ALS (amyotrophic
lateral sclerosis or Lou Gehrig’s disease), as well as less familiar
diseases such as Gaucher’s disease, nephrogenic diabetes
insipidus, and Creutzfeldt−Jakob disease. Protein misfolding
diseases are becoming increasingly more common as the
population ages. This is due to a variety of factors including
mutations, thermodynamics, and external stress factors, all
contributing to a significant increase in the number of protein
misfolding incidences.
The diseases caused by protein misfolding are believed to

occur via a loss or gain of protein function (Figure 1).2 For
instance, loss of function (LOF) occurs if the misfolding results
in the inability of the protein to achieve its functional
conformation. Alternatively, a LOF disease can occur if the
misfolded protein cannot reach its required site of action in the
cell. For instance, if the misfolded protein is not recognized by
transport proteins and is unable to traffic to its functional
location within the cell, it will not be able to exert its biological
function. The loss of function diseases are generally caused by
inherited or somatic mutations and include cystic fibrosis,
lysosomal storage diseases such as Gaucher disease, α1-
antitrypsin deficiency, and certain cancers. On the other
hand, gain of function (GOF) toxicity is often caused by the
aggregation (amyloids or fibrils) of a misfolded protein that can

adversely affect cell function. Proteins mutated in GOF diseases
turn on cellular processes that normally do not occur in a
healthy cell, thus triggering disease pathology.3 Several subsets
of neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, ALS, and a wide range of amyloidoses can
be categorized as GOF diseases. The gain of function diseases
are often age-related and are caused by the accumulation of
amyloid or amyloid-like aggregates of the pathogenic protein.
Folding in the cell occurs in a highly crowded environment

containing 200−300 mg/mL protein.4 The cellular machinery
has evolved to assist and control proper protein folding,
trafficking, and turnover. Cells have developed a diverse set of
molecular chaperones that interact and stabilize nonfolded
proteins to reach their native conformation.5 Chaperones
typically recognize the exposed hydrophobic side chains of non-
native conformations and shield these features from the solvent,
thus suppressing aggregation and promoting folding. Many of
these natural chaperones are heat shock proteins (Hsps) whose
synthesis is up-regulated under conditions of stress, elevated
temperatures, or oxidative conditions.6 Down-regulation of
chaperone activity can result in the accumulation of misfolded
proteins that may lead to aggregation and cell toxicity.7

The molecular chaperones, proteases, and accessory factors
that work together to refold or remove proteins are known
collectively as protein quality control systems. Protein quality
control systems consist of two parts: one that supervises and
supports folding/refolding and protects folding intermediates
from aggregation and one that eliminates proteins with a
decreased or abolished capacity to fold to the native state. The
protein quality control system responsible for the maintenance
of protein structure and function is also known as protein
homeostasis (i.e., proteostasis). Both LOF and GOF protein
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misfolding diseases could be remedied through this route.
Examples of proteostasis modulators are HSF1 activators, HSP
inducers and inhibitors, ubiquitin targeted proteins, and
proteosome inhibitors.
Protein misfolding covers a wide range of diseases and

biological pathways and cannot be covered in a single
Perspective because of space constraints. Therefore, we decided
to focus our attention on small molecules that directly target
proteins that undergo misfolding and aggregation. Protein
misfolding topics not covered in this Perspective because of
space constraints or because of recently published reviews
include (1) mechanisms and strategies related to post-
translational modifications that modulate protein misfolding
and aggregation, (2) proteostasis pathways that modulate
protein misfolding and aggregation,6,7 (3) cystic fibrosis,8

lysosomal storage diseases,9 and Alzheimer’s disease,10 (4)
small molecules that prevent aggregation in GOF diseases or
restore function in LOF diseases without a clear mechanism of
action.11

We are reporting below on small molecules that restore a
native or seminative conformation and function by binding to
and thereby stabilizing the misfolded protein. Specifically, this
paper will describe compound modulation of the following
proteins: transthyretin, p53, superoxide dismutase 1, lysozyme,
serum amyloid A, prions, vasopressin receptor 2, and α-1-
antitrypsin, all of which are prone to misfolding. We included
examples of small molecules that alter protein misfolding as
well as structural and biophysical information about the binding

modes of these molecules. We hope that the reader will learn
more about this exciting area of research. Additionally, we aim
to demonstrate to the medicinal chemistry community that
small molecule modulation of protein misfolding not only is
possible but also offers innovative opportunities for drug
discovery.

■ TRANSTHYRETIN (TTR)
Transthyretin (TTR) is a 55 kDa homotetrameric protein in
which each of the 4 identical subunits comprises 127 amino
acids. TTR is synthesized in the liver and the choroid plexus of
the brain and is then secreted into the blood or cerebrospinal
fluid (CSF). TTR has two thyroxine, or T4 (1, Figure 2),
binding sites within each tetramer and is the primary
transporter of thyroxine in the CSF. However, TTR rarely

Figure 1. (A) Schematic representation of normal protein function. The translated protein sequence in the endoplasmic reticulum (ER) in the
unfolded state under protein homeostasis condition folds to its native form via intermediate partially folded state(s). The folded native protein
migrates to the site of action and performs its normal function. After fulfilling its functional role, the protein is degraded to individual amino acids by
various proteases in the lysosomes. (B) Loss of function arises from the inability of a misfolded protein to perform a necessary function because of a
failure to fold to the native conformation or high clearance of the partially folded or misfolded protein. (C) Gain of function arises because of toxic
protein aggregates and/or hyperactivation of signaling pathways by unfolded protein response (UPR).

Figure 2. Structure of thyroxine (T4), 1.
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transports thyroxine in the blood, leaving >99% of the
thyroxine binding sites unoccupied.12,13 In the blood, the
major carriers of T4 are thyroid-binding globulin (TBG) and
albumin. The main role of peripheral TTR is transporting
retinol (vitamin A) through its association with retinol binding
protein (RBP). The thyroxine and RBP binding sites do not
overlap,14 and there is no evidence that occupancy of the RBP
sites influences the affinity for thyroxine binding of TTR.15

TTR protein can cause a GOF disease, as it can misfold and
consequently form amyloid fibrils in humans.16,17 There are
many known single point mutations that initiate TTR
misfolding/aggregation. However, it is important to note that
WT TTR itself is also amyloidogenic. TTR amyloid fibrils
deposit in a variety of organs including the nerves, heart, and
kidneys, thus interfering with normal organ function. Wild type
TTR aggregation causes senile systemic amyloidosis (SSA), a
cardiomyopathy that affects up to 20% of the population over
age 65.18,19 Variant TTR deposition leads to familial amyloid
cardiomyopathy (FAC) for those with the V122I-TTR
mutation,20,21 familial amyloid polyneuropathy (FAP) for
those with the V30M-TTR mutation,22 and central nervous
system amyloidoses (CNSA) for people having the D18G and
A25T mutations.23,24 There are also over 100 other known
single point mutations of TTR that lead to FAP.25,26

There is great variation in TTR-FAP severity and age of
onset, though the factors that influence these variations are
unknown.27 It is estimated that there are 5000−10 000 patients
worldwide with TTR-FAP.28 The disease is characterized by
progressive sensory, motor and autonomic impairment, which
typically leads to death around a decade after diagnosis, often
due to cachexia.27 Although the exact number of V122I-
associated cases of FAC is unknown, it is estimated that there
are ∼100 000 to 150 000 symptomatic patients above the age of
65 in the U.S. alone.21,29 Until recently, the only available
treatment for FAP was liver transplantation to replace the
mutant TTR secreting liver with a WT-TTR secreting liver.

The TTR misfolding to aggregation pathway has been
studied in great depth.30 From this work, it was discovered that
TTR tetramer dissociation is the rate-limiting step in the
amyloid formation cascade. Tetramer dissociation is followed
by dimer dissociation yielding unstable TTR monomers. The
TTR monomers easily unfold leading to spontaneous self-
assembly into TTR amyloid fibrils,31 as depicted in Figure 3.
As shown in Figure 3, the natural TTR ligand thyroxine

binds at pockets formed by the interfaces of the two dimers. It
was hypothesized that the binding of thyroxine, or a mimetic,
would stabilize the dimer−dimer interface, thereby reducing
tetramer dissociation and preventing fibril formation. A small
molecule “kinetic stabilizer” should stabilize the tetramer over
the dissociated dimers by selectively binding to the tetramer. In
turn, this binding increases the free energy of activation
required for dissociation by lowering the energy of the
tetramer, slowing the conversion rate of starting material
(tetramer) to product (amyloid).32 In a proof of concept study,
it was shown that both thryoxine and its analogue 2,4,6-
triiodophenol (2,33 Figure 4) inhibited TTR amyloid
formation, supporting the kinetic stabilizer hypothesis.33

There have been vigorous screening efforts and structure
based drug design (SBDD) programs to identify small molecule
stabilizers of the TTR tetramer. Over 1000 aromatic small
molecules have been designed and synthesized that kinetically
stabilize the TTR tetramer.34 The majority of these compounds
were designed by taking advantage of the thyroxine-TTR

Figure 3. Representation of the transthyretin amyloid formation cascade. TTR amyloid formation requires slow tetramer dissociation (top center) to
a pair of dimers (top right), which then quickly dissociate to form folded monomers (bottom right). Monomer conformational change (bottom
center) results in an aggregation-prone amyloidogenic intermediate. The amyloidogenic intermediate can misassemble to form a variety of aggregate
morphologies, including spherical oligomers, amorphous aggregates, and fibrils (bottom left).

Figure 4. Structure of 2, the first ligand to show reduction in TTR
amyloid formation by stabilization of TTR tetramer.
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structural information, as shown in Figure 5A. In order to
mimic thyroxine, binders in this pocket typically have two
differentially substituted aromatic rings connected by a variety
of linkers. One aryl ring has polar substituents enabling
electrostatic interactions, while the other aryl group tends to
have halogen or alkyl substituents that complement the
hydrophobic halogen binding pockets (HBPs) in the inner or
outer cavity of the thyroxine binding site, as shown in Figure
5B. It is not surprising that thyroxine mimetics have a bis-aryl
motif resembling the natural ligand. However, the vast degree
of structural diversity that is tolerated in the aryl linking region
is remarkable. Molecules with a wide variety of linker lengths,
bond types, and heteroatoms maintain affinity in this region.32

Interestingly, most compounds binding in the thyroxine
pockets of TTR bind with negative cooperativity, meaning that
the first molecule binds more tightly than does the second
molecule to the tetramer. Furthermore, it has been
demonstrated that binding to a single thyroxine binding site
imparts enough stability to the TTR tetramer to reduce
dissociation.35 In addition to potency, compound selectivity to
the thyroxine binding site on TTR is critical so as not to disrupt
its normal binding to and transport by albumin.36

The TTR kinetic stabilizer work has culminated in the
advancement of two compounds into clinical trials. Diflunisal37

(3, Figure 6) is an FDA approved non-steroid anti-
inflammatory drug (NSAID) that has high structural similarity
to thyroxine. Acting as a thyroxine mimic, diflunisal was found
to bind to TTR with negative cooperativity (Kd1 = 75 nM; Kd2
= 100 nM)38 and is currently in phase III to test its efficacy in
the treatment of FAP, FAC, and SSA. However, diflunisal
shows only modest selectivity for TTR over other plasma
proteins. Diflunisal is being dosed at 250 mg b.i.d. in patients in
the TTR amyloidosis trials. The second TTR kinetic stabilizer,
tafamidis39 (4, Figure 6), was discovered at Scripps40 and was
developed by FoldRx (acquired by Pfizer). Tafamadis (trade
name Vyndaqel) also binds to TTR with negative cooperativity
(Kd1 = 2 nM; Kd2 = 200 nM) and shows excellent selectivity for

TTR over other plasma proteins.36 Tafamidis meglumine was
recently approved by the European Commission for the
treatment of TTR-FAP41 in adult patients with stage 1
symptomatic familial polyneuropathy. Tafamidis is the first
disease modifying pharmacological treatment available to treat
TTR-FAP.
Recently, covalent small molecule stabilizers such as 542

(Figure 7) that bind to the thyroxine binding site of the TTR
tetramer were disclosed.42 Compound 5 was shown to react
chemoselectively with Lys-15, one of eight lysine amino groups
in TTR. The binding site of these molecules was confirmed
unambiguously by the use of X-ray crystallography. This class of

Figure 5. One possible binding interaction of thyroxine with the WT-TTR between two monomers A and B is illustrated. Panel A shows one
representation of the 3D interaction of thyroxine (ball and stick) at the dimer interface and the TTR side chains (wire). Hydrogen bond interactions
between the Glu54 and Lys15 with the amide and the acid groups in thyroxine, respectively, are highlighted by red dashed dots. Monomer A and B
carbon atoms are represented in green. Panel B provides a 2D interaction diagram of thyroxine with TTR. The structure of the complex was
generated from its X-ray coordinates (PDB code 2ROX) and was produced using Discovery Studio.49

Figure 6. Clinical candidates for the treatment of TTR amyloidosis.

Figure 7. Structure of covalent kinetic stabilizer 5.
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compounds was found to reduce TTR amyloid fibril formation
in vitro by a greater amount than the corresponding
noncovalent analogues. It is possible that taking advantage of
the chemoselective reactivity of the active site lysine could
provide an alternative strategy for the treatment of TTR
amyloidosis using covalent small molecule kinetic stabilizers.
Another new and promising approach to treat TTR

amyloidosis is with the use of bivalent kinetic stabilizers. A
bivalent kinetic stabilizer is a molecule that binds to both of the
T4 binding sites in the TTR tetramer at the same time. Kolstoe
and co-workers have designed and synthesized palindromic
ligands such as 643 (Figure 8A) that bind with high affinity to

TTR tetramers under physiological conditions.43 A cocrystal
structure of the bivalent stabilizer 6 with TTR (Figure 8B)
confirmed the original proposal by Green44 who suggested that
two biaryl ligands linked by a 7−10 Å alkyl chain would fit
comfortably into both thyroxine binding sites on TTR. A few of
the bivalent analogues have demonstrated bioavailability (F =
12% in mice when dosed at 5 mpk po) and could represent a
new avenue of exploration for the treatment of TTR
amyloidoses.

■ p53
The tumor suppressor protein p53 is a transcription factor that
has an essential role in guarding the cell in response to various
stress signals through the induction of cell cycle arrest and
apoptosis as well as effects that are independent of its ability to
transactivate gene expression.46 Mutation of the tumor
suppressor p53 is the most frequent genetic alteration in
human cancer. p53 inactivation in tumors occurs through two
general mechanisms: inactivation by point mutations in p53
itself or through the inactivation of signaling pathways that

regulate p53 activity. Most p53 mutations are missense
mutations and cause single amino acid changes at many
different positions. These mutations are diverse in their type,
sequence context, position, and structural impact.47

p53 is biologically active as a homotetramer comprising 4
units containing 393 amino acid residues each. The p53
structure contains an amino terminal transactivation domain
(TAD), a proline-rich region (PRR), a folded DNA-binding
domain (DBD), and tetramerization domains connected with a
flexible linker region (Figure 9). The majority of the mutations

occur in the DNA-binding domain of the p53 protein (residues
102−292), and they result in loss of DNA binding. The crystal
structure of a complex containing the core domain of human
p53 and a DNA binding site has been determined at 2.2 Å
resolution. The core domain structure consists of a β sandwich
that serves as a scaffold for two large loops and a loop−sheet−
helix motif. The two loops, which are held together in part by a
tetrahedrally coordinated zinc atom, and the loop−sheet−helix
motif form the DNA binding surface of p53.

Figure 8. (A) Structure of 6, a bivalent kinetic stabilizer. (B) Cocrystal
structure of palindromic ligand, 6, with TTR. Only the TTR dimer of
the tetramer is shown. Monomers are colored in green and cyan, and
the carbon atoms of 6 are shown in yellow. 2FLM PDB coordinates
were used to generate the figure using the PyMOL software package.45

Figure 9. Structural schematic of p53 interaction with DNA. 1TUP
PDB coordinates were used to generate this structure. Zinc is
represented in magenta CPK. The DNA double helix backbone is
represented as a light brown arrow, and base pair side chains are
shown as different colored rings. p53 is shown as a solid ribbon. p53
residues that interact with the DNA and bind the zinc are shown as
stick representation. Helices are shown in red, sheets in cyan, loops in
white, turns in green. The Tyr220 mutation in the crystal structure is
shown in stick representation. The picture was generated using
Discovery Studio, version 3.1.49
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Zinc binding (coordinated by His179, Cys176, Cys238, and
Cys242) is critical for correct folding and requires reduction of
thiol groups on cysteines. Residues from the loop−sheet−helix
motif interact in the major groove of the DNA, while an
arginine from one of the two large loops interacts in the minor
groove. The loops and the loop−sheet−helix motif consist of
the conserved regions of the core domain and contain the
majority of the p53 mutations identified in tumors.48

Types of p53 Mutants. p53 mutant proteins are classified
as contact mutants or structural mutants. DNA-contact mutants
retain the overall architecture of the DBD with loss of a critical
DNA contact. They may actively prevent DNA binding if a
large hydrophobic side chain is introduced. Examples of such
mutations include S241F, R248W, and C277F. Zinc-binding
mutants affect the zinc coordination sphere. Examples include
C176F, H179R, and C242F. This category includes R175H, the
most frequent hotspot mutant, because introduction of
histidine causes distortions that directly interfere with zinc
binding. Structural mutants cause distortions that create
internal cavities or surface crevices in the protein scaffold,
inducing conformational changes in the DNA binding surface.
This highlights the structural heterogeneity of mutant proteins,
with consequences for their biochemical and biological
properties.3

Destabilized mutants of p53 can be stabilized by the binding
of other molecules. This has been shown by the binding of a
specific double-stranded DNA,50 heparin,51 or a synthetic
peptide.52 Those molecules bind to the wild-type p53 core
domain and should bind generically to most mutants. Other
molecules have been proposed to stabilize the folded state of
the core domain of p53 such as CP-3139853 and will be
discussed below.
Small Molecules That Stabilize and Reactivate Mutant

p53. Screening approaches and rational drug design have led to
the identification of mutant p53-targeting compounds with
different structures and properties. We focus in this section on
compounds that were shown to bind and stabilize mutant p53.
One of the first small molecules identified to reactivate p53 was
compound 7 (CP-31398).53 Upon screening of a library of over
100 000 compounds and further optimizing of the hits,
compound 7 was shown to promote the conformational
stability of wild-type p53 DBD and that of full-length p53.
However, follow-up studies suggest that the molecule does not
directly bind to p53 but intercalates with DNA and destabilizes
the DNA-p53 core domain complex.51

Screening of the diversity set from the National Cancer
Institute led to the discovery of two small molecules with
mutant p53-reactivating capacity: compound 854 known as
PRIMA-1 (p53 reactivation and induction of massive
apoptosis) and compound 954 known as MIRA-3 (mutant
p53 dependent induction of rapid apoptosis), as shown in
Figure 11. Additional screening of small compound libraries
also identified compound 1055 (Figure 10) known as STIMA-1
(SH group-targeting compound that induces massive apopto-
sis), Figure 11.
The exact mechanism by which compound 8 stabilizes

mutant p53 is not clear; however, compounds 9 and 10 share
the ability to alkylate thiol groups. Zache et al.56 proposed that
alkylation of one or several of the 10 cysteine residues in the
p53 core domain may be responsible for the mutant p53-
dependent effect of these compounds.
Fersht et al.57 solved high-resolution crystal structures of

several p53 oncogenic mutants to investigate the structural

basis of inactivation and provide information for designing
drugs that may rescue inactivated mutants. They found a variety
of structural consequences upon mutation including the
creation of large, water-accessible crevices or hydrophobic
internal pockets with a large loss of thermodynamic stability,
suggesting that some mutants have the potential of being
rescued by a stabilizing drug. Following up on this finding,
Fersht et al.58 performed an in silico analysis of the crystal
structure of the Y220C mutant using virtual screening and
rational drug design. Compounds were screened for binding to
p53 using NMR spectroscopy. Compound 1158 (Figure 12)

was shown to bind to the mutation-induced cleft of p53C-
Y220C mutant with a Kd of 213 μM but did not bind to the
wild type. Additional screening led to the identification of
compound 1258 (Figure 12) with a binding Kd of 140 μM. This
compound stabilizes the Cys220 mutant in a concentration-
dependent manner, raising the melting temperature by almost 2
°C and increasing the half-life from 3.8 to 15.7 min.
Fersht et al. also described the use of fragment screening and

molecular dynamics (MD) simulations to further explore the
druggable surface of the p53-Y220C mutant.59 The authors
attempted to identify all possible ligand interaction sites (i.e.,
“hot spots”) on the surface of the mutational cavity, which
collectively provide a blueprint for the design of molecules that
bind to p53-Y220C with good affinity (Figure 13). Compound
1359 (Figure 12) was shown to have the tightest binding affinity

Figure 10. Structure of quinazoline 7.

Figure 11. Structures of small molecules, 8, 9, and 10, reported as p53
reactivators.

Figure 12. Small molecules binders of Y220C-p53 mutant.
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with a Kd = 105 μM. These findings could provide starting
points for the design of more potent molecules that rescue
mutant p53 proteins.
More recently, compound 1460 (SCH529074, Figure 14) was

identified from a chemical library using a screen based on p53

DNA binding. Compound 14 was shown to bind specifically to
the p53 DBD in a saturable manner with an affinity of 1−2 μM.
Compound 14 promotes the DNA binding activity of mutant
p53 both in cell-free systems and in tumor cells. Using a 3H-
radiolabeled analogue of compound 14, it was shown that this
compound binds to the p53 core domain, leading to an increase
in the stability and rigidity of p53 DBD which interferes with
HDM2 docking, thus inhibiting HDM2-mediated ubiquitina-
tion. Interestingly, the authors reported that general ubiquiti-
nation was not inhibited by compound treatment.

■ SOD1
Copper−zinc superoxide dismutase (SOD1) is a detoxifying
enzyme localized in the cytosol, nucleus, peroxisomes, and
mitochondria. SOD1 exists as a 32 kDa homodimer held
together with a hydrophobic surface area that reduces the
solvent accessible surface area, thus increasing dimer stability.61

SOD1 is one of the most stable proteins known with a reported
protein melting point of 85−95 °C for the fully metalated
form.62 Each SOD1 monomer also contains two metal ions,
one copper and one zinc. Both metals play structural and
catalytic roles in the enzyme activity (Figure 15).
Over 100 mutations in SOD1 have been identified and are

believed to be responsible for about 20% of all familial
amyotrophic lateral sclerosis (FALS) cases. The clinical and
pathological features of FALS and sporadic ALS (amyotrophic

lateral sclerosis or Lou Gehrig’s disease) are similar and result
in progressive muscle loss and paralysis. Currently, there is only
one FDA-approved treatment for ALS (riluzole), and that drug
extends life, on average, by only 2−3 months.
Evidence suggests that mutant SOD1 protein is neurotoxic

and leads to familial ALS via a GOF.64 Studies with transgenic
mice suggest that familial ALS may result from a gain of toxic
function due to aggregation of the mutant form of SOD1.65

Recent findings from Agar et al. showed that SOD1 loss of
stability and propensity to aggregate are correlated with
increased disease severity.66 However, whether the final protein
aggregates are themselves toxic or whether some soluble
precursor is the major toxic species is the subject of hot
debate.67 SOD1 familial ALS mutations are distributed
throughout the primary sequence and tertiary structure, and
this is likely to affect the structural stability of SOD1. Additional
SOD1 mutations have been linked to decreased metal
binding,68 decreased formation of a stabilizing intramolecular
disulfide,69 decreased structural stability, and increased
propensity to monomerize70 and aggregate both in vitro and
in vivo.71,72

The most frequent familial ALS mutation in human SOD1,
A4V, accounts for almost 50% of SOD1 linked cases and is
associated with the most rapid disease progression. Interest-
ingly, comparison of the A4V and the wild type structures
revealed no significant differences in overall folding. However,
it was shown that small changes at the dimer interface result in
a substantial reorientation of the two monomers.70

Stabilization of the SOD1 dimer interface through the use of
small molecules preventing protein aggregation is being
pursued as a therapeutic strategy and will be discussed herein.

Small Molecule Approaches. There are no natural ligands
of SOD1 to serve as a molecular scaffold for the design of small
molecule stabilizers. Therefore, an in silico screening approach
was applied using a library of 1.5 million commercially available
small molecules to select for compounds that could potentially
bind at the dimer interface and stabilize the dimer (Figure
16).73 It was hypothesized that stabilization of the SOD1 native
dimer will inhibit its aggregation regardless of the exact pathway
because it will deplete the population of the aggregating species,
which may be a partially unfolded apo-monomer.
Several compounds were identified by this method and

displayed the ability to stabilize the A4V mutant and prevent its
aggregation in vitro. In the presence of these compounds, less
than 25% of the dimer had disappeared after 12 h, whereas 50%

Figure 13. Binding site of carbazole derivatives in p53 pocket shown
in yellow sphere. Residues lining this binding site are shown as brown
sticks. The zinc atom is shown in brown CPK representation. Helices
are shown in red, sheets in cyan, loops in white, turns in green. The
picture was generated using Discovery Studio, version 3.1.49

Figure 14. Structure of 14.

Figure 15. SOD1 WT dimer crystal structure. Monomers are
represented in different colors. Cu is shown in metallic brown and
Zn in magenta. All the known mutations are shown in ball and stick in
monomer A. Schrodinger’s Maestro63 was used for generating this
figure using PDB 1HL5 coordinates.

Journal of Medicinal Chemistry Perspective

dx.doi.org/10.1021/jm301182j | J. Med. Chem. 2012, 55, 10823−1084310829



was lost in their absence. Compounds 1573 and 1673 are
examples of the reported hits and are shown in Figure 17.

A model for the binding of these molecules was proposed on
the basis of restricted docking calculations and site-directed
mutagenesis of key residues at the dimer interface.74 A set of
hydrogen bonding constraints obtained from these experiments
was used to guide docking calculations of the compound library
around the dimer interface. In a follow-up publication,
additional hits were predicted and experimentally tested for
their ability to block aggregation.74 Six out the 14 molecules
exhibited significantly high specificity of binding toward SOD1
over blood plasma components. Compound 1774 (Figure 17) is
a representative example from the reported hits. The authors
concluded that these molecules represent a new class of
molecules for further optimization that could deliver potential
candidate therapeutics for familial ALS.
More recently, a cellular model was developed in which cell

death depended on the expression of G93A-SOD1, a mutant
form of SOD1 that is found in familial ALS patients and
produces toxic protein aggregates.75 This cellular model was
optimized for high throughput screening to identify protective
compounds from a 50 000 member chemical library. Two hits,
1875 and 1975 (Figure 18), were identified from an
arylsulfanylpyrazolone scaffold and were shown to block
SOD1 aggregation in high content screening assays.
Compound 18 showed rapid clearance and poor microsomal

stability. Compound 19 was found to be blood−brain barrier
penetrant with a brain/plasma ratio of 0.19. The optimization
of this scaffold led to the generation of analogue 2075 with an
EC50 of 170 nM. Metabolite identification was performed to
address the rapid clearance, and the sulfur linker was identified
as a metabolic soft spot. The in vitro potency and
pharmacological properties of these hits were further improved
by switching to the corresponding ether analogues.76 One of

the ether analogues 2176 showed improved potency and ADME
properties with IC50 = 67nM and human microsomal stability
half-life of 93 min. Compound 21 also showed sustained brain
levels in vivo (194 μM in brain tissue after 4 h) and a
statistically significant extension in survival in the G93A ALS
mice in a dose dependent manner in comparison to untreated
G93A mice. The most efficacious dose (20 mg/kg) resulted in a
life span extension of 13.3%.
Another scaffold was identified from the same high

throughput screening assay reported above.77 Cyclohexane-
1,3-dione derivatives exemplified by compound 2277 (EC50 =
4.5 μM) are shown in Figure 19.

Additional structural modifications of the cyclohexanedione
hits led to the discovery of a slightly more potent analogue 2377

(EC50 of 700 nM) (Figure 19). 23 showed good ADME
properties, such as solubility (≥500 μM), high human and
mouse microsomal stability (both T1/2 ≥ 180 min), and high
oral bioavailability (89% in Sprague−Dawley rats). 23 was also
found to penetrate the blood−brain barrier. However,
compound 23 did not exhibit any significant life span extension
in the ALS mouse model. Although 23 was active in PC12 cells,
it had poor activity in other cell types, including primary
cortical neurons. Further structural modifications aimed at

Figure 16. SOD1 dimer interface binding pocket is represented by the
Connolly surface map. Cu and Zn are represented in metallic brown
and magenta. Schrodinger’s Maestro63 was used to generate this figure
using 1HL5 PDB coordinates.

Figure 17. Examples of SOD1 hits from in silico screening.

Figure 18. Examples of hits from a cell-based screen using the G93A
mutant form of SOD1.

Figure 19. Cyclohexane-1,3-dione hits from a cell-based screen using
the G93A mutant form of SOD1.

Journal of Medicinal Chemistry Perspective

dx.doi.org/10.1021/jm301182j | J. Med. Chem. 2012, 55, 10823−1084310830



improving the profile of compound 23 yielded racemic
analogues 2477 and 2577 (Figure 19) both with IC50 = 700
nM in the PC12-G93A cell-based assay. 24 and 25 were
reported to show consistent positive results in cortical neurons.
Compound 25 was reported to have a microsomal stability T1/2
= 71 min, good plasma stability (T1/2 > 60 min), and an
attractive efflux ratio. These cyclohexanedione analogues are
being considered further as potential novel therapeutic
candidates for ALS.47

Agar et al. presented an alternative approach to stabilize the
SOD1 dimer by chemically cross-linking two adjacent cysteine
residues on each respective monomer.78 By use of two different
SOD1 mutants (G93A and G85R), maleimide and thiol−
disulfide exchange-mediated stabilization was observed with an
optimum chain length of 8 to 14 Å (see compound 2678 in
Figure 20).

Stabilization was measured as a function of thermal shifts. A
thermal shift of 20−45 °C was observed, which represents
some of the largest increases in SOD1 stability reported in the
literature. The reported maleimide analogue 26 does not
display favorable druglike properties which may complicate the
interpretation of the data. However, the impressive increase in
the thermal stability of SOD1 could pave the way to novel
strategies for the stabilization of SOD1 and potentially offer
opportunities for the development of new ALS treatments.

■ LYSOZYME
Human lysozyme was discovered in 1922 by Fleming when he
noted a substance in the nasal mucus of a patient suffering from
a common cold that could kill certain bacteria.79 Since then,
lysozyme has been widely studied and has been a model for
investigations on protein structure and function. In fact,
lysozyme isolated from hen egg-whites was the first enzyme
to succumb to three-dimensional structure elucidation.80,81 The
human lysozyme contains 130 residues and is highly expressed
in hematopoietic cells and is also found in granulocytes,
monocytes, and macrophages.82 It is widely distributed in a
variety of tissues and body fluids, including the liver, articular
cartilage, plasma, saliva, tears, and breast milk.81 The function
of lysozyme is to hydrolyze the β-1,4 glycosidic linkages
between N-acetylmuramic acid and N-acetylglucosamine that
occur in the peptidoglycan cell wall structure of micro-
organisms, particularly of Gram-positive bacteria.83

In 1993, Pepys and co-workers discovered that point
mutations in human lysozyme correlated with hereditary
systemic amyloidosis.84 Hereditary systemic amyloidosis is a
GOF disease, since it is caused by the aggregation of misfolded
lysozyme into amyloids. Amyloidosis represents a disorder
where there are extracellular protein aggregates that form a
distinctive fibrillar structure, namely, amyloid. Systemic
amyloidosis means that the amyloids can be seen in any or

all of the viscera, connective tissue, and walls of blood vessels.
Some forms of hereditary systemic amyloidosis are caused by a
mutation in the amyloid-prone protein85 and are characterized
by the deposition of lysozyme fibrils in the kidneys,
gastrointestinal tract, lymph nodes, blood vessels, spleen, and
liver, sometimes in kilogram quantities.86 Renal dysfunction83

and hepatic hemorrhage87 are two severe clinical features. The
distribution of amyloid throughout the tissues and the age at
which the amyloids forms are highly variable both within and
between families, but the outcome of hereditary systemic
amyloidosis is always serious and usually fatal. Therefore, an
understanding of how the point mutations lead to misfolding
and amyloid formation is crucial for the design of small
molecules to treat this disease.
There have been numerous lysozyme crystal structures

exploited to assist in the elucidation of the mechanism of
mutant lysozyme aggregation.88−91 The native structure of
human lysozyme comprises two closely interacting domains,
the α-helical domain and the β-sheet domain. Additionally,
there are four disulfide bonds, two of which are located in the
α-helix region, one in the β-sheet region, and one that connects
the two domains. The active site of lysozyme is the cleft that is
formed between the two domains.92 To date, there have been
six natural lysozyme mutations or combinations of mutations
that have been linked to the development of hereditary
systemic amyloidosis, namely, I56T, F57I, F57I/T70N, W64R,
D67H, and T70N/W112R. All but one of these mutations are
located on the β-sheet domain, and the locations of these
mutations are shown in Figure 21.
Liu and colleagues have shown that the human lysozyme

variants I156T, D678H, and T70N, the most common mutants
associated with hereditary systemic amyloidosis, are more
sensitive to acid or heat destabilization than is the wild type
protein.93 Additionally, these mutants unfold 3−160 times
faster than WT lysozyme.94 X-ray crystallography has shown

Figure 20. Maleimide analogue 26 stabilizes mutant SOD1.

Figure 21. Representation of the wild type lysozyme structure showing
location of the naturally occurring mutations. The α-domain is
represented in green consisting for four α-helices labeled A−D and
three 310-helices. The β-domain is represented in magenta. Intra-
molecular disulfide bonds between C65−C81, C77−C95, C30−C116,
and C6−C128 (from top to bottom) are highlighted by red sticks. The
blue spheres represent naturally occurring mutants. Note: T70N and
W112R are not associated with disease. PDB code 1LOZ was used to
generate the representation in Discovery Studio.49

Journal of Medicinal Chemistry Perspective

dx.doi.org/10.1021/jm301182j | J. Med. Chem. 2012, 55, 10823−1084310831



that the overall folding of the mutant proteins I156T, D678H,
and T70N is very similar to that of WT, with all the disulfide
bonds formed correctly.95 However, these mutations cause a
loss in a number of long-range interactions that bridge the α/β
domain interface, suggesting that the interface region of these
mutant proteins is significantly destabilized when compared
with WT.96 Hydrogen−deuterium exchange experiments
followed by NMR and MS analyses show that both the I56T
and the D67H variants, but not the WT protein, populate a
partially unfolded species under physiological conditions.97 It is
hypothesized that these partially unfolded intermediates can
then interact with each other to initiate the aggregation
phenomenon that ultimately leads to the formation of amyloid
fibril.98 This mechanism was originally proposed by Booth,96

who suggested that a partially unfolded transient population of
mutated lysozyme protein undergoes a helix-to-sheet transition
and creates the first template (or seed) for further fibril
formation.
To correct lysozyme aggregation, a pharmacological

chaperone approach has been considered. This method
involves identifying a small molecule that could enter the cell
to serve as a molecular scaffold for the misfolded mutant
intermediate. The goal of the “pharmacological chaperone” is to
help the protein fold correctly and then traffic efficiently. The
use of small molecules to correct lysozyme misfolding was
examined in Gazova’s laboratory,99,100 and compounds
hypothesized to bind to the β-sheets of misfolded lysozyme
were investigated. Gazova and co-workers followed up on
acridine-based compounds that had previously been reported in
the literature as defribillization molecules.101 Their group
screened 19 acridines for their ability to prevent lysozyme
aggregation at 200 μM. The acridines were divided into three
groups based on their structures: planar acridines, spiroacri-
dines, and tetrahydroacridines. The only class that was found to
inhibit lysozyme aggregation was the planar acridines, while the

spiro- and tetrahydroacridines were found to have no effect on
inhibiting lysozyme fibrillization. The ability of the planar
acridines to prevent amyloid formation was measured using a
thioflavin T (ThT) fluorescence assay. The two most potent
compounds, 28101 and 30,101 were found to have IC50 < 10
μM, as shown in Table 1.
The authors presume that the flat heterocyclic skeleton of the

planar acridine allows it to intercalate between the hydrophobic
residues, thereby interrupting the interface between the two
neighboring β-sheets of misfolded lysozyme proteins. Addi-
tionally, since the compound with the lowest IC50 is the
acridine dimer, 30, it is proposed that the duplication of
heterocycles simply increases the capacity of the compound to
interact with protein, leading to a more effective blockage of β-
sheet formation.98 This theory is supported by the loss of anti-
amyloid activity when moving from planar acridines to the
more bulky, three-dimensional spiroacridines. In a more recent
manuscript by these authors, the two most efficacious planar
acridines were also evaluated in a cell viability assay and a DNA
intercalation assay.99 Not surprisingly, some of the acridines
were found to interact with DNA, and yet the most potent
inhibitor of lysozyme aggregation, 30, did not show any DNA
intercalation. These planar acridines have proven to be useful
tools to study the aggregation of lysozyme.
Currently, there are no small molecules that correct lysozyme

misfolding in the clinic. Perhaps the most advanced molecule
known to inhibit lysozyme aggregation is a camelid antibody
that binds to the amyloidogenic variants of human lysozyme.102

Original studies showed that a nanobody, namely, cAb-HuL22,
bound to the active site of human lysozyme. In order to
increase the stability, a variant containing an extra disulfide
bridge was designed and synthesized. This extra disulfide bond
increased the stability so that the antibody was functional under
the conditions used to form lysozyme fibrils in vitro. The
engineered antibody was found to completely inhibit the

Table 1. Acridine Analogues with Reported Inhibition of Lysozyme Aggregation
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aggregation and fibril formation of both the I56T and D67H
lysozyme variants in vitro. This work supports the notion that
molecular targeting of amyloidogenic lysozyme is an effective
strategy for inhibiting its self-assembly process. The cocrystal
complex of the camelid antibody with hen lysozyme, as shown
in Figure 22, confirms that the antibody binds in the enzyme

active site of the mutant lysozyme. Camelid antibodies103 can
be used as structural probes for investigating the mechanism of
lysozyme aggregation and may potentially have use as
therapeutics to inhibit fibril formation.

■ SERUM AMYLOID A (SAA)
Human serum amyloid A (SAA) is an apolipoprotein
comprising 104 amino acids that is predominantly produced
by the liver. It associates with the carrier protein, high-density
lipoprotein (HDL), for transport into the serum where it plays
an important role in cholesterol circulation.104 Some isoforms
of SAA are expressed only in response to inflammatory stimuli:
these are known as acute phase SAA. Acute phase serum
amyloid A proteins are secreted during inflammation, as they
are produced in response to inflammatory cytokines such as IL-
1, IL-6, IL-8, and TNF-α.105 SAA’s role in response to
inflammation includes both the recruitment of immune cells to
inflammatory sites and macrophage lipid handling.106

The homeostatic concentration of SAA in serum is typically
1−3 mg/L. Yet during inflammation, the concentration of SAA
can increase up to 1000-fold to a final concentration of over
1000 mg/L.107 SAA levels return to baseline within a week of
an inflammatory stimulus but will remain high for as long as the
inflammatory cytokines remain active. Therefore, SAA levels
are high in patients with a long-standing inflammatory disorder,
such as rheumatoid arthritis, inflammatory bowel disease, and
familial Mediterranean fever. In a small proportion of
inflammatory disease patients (∼10% or 17 000 patients in
the U.S.), these sustained elevated levels of SAA can lead to
misfolding of SAA. Misfolded SAA forms amyloids, a GOF
disease known as amyloid A (AA) amyloidosis.84 AA
amyloidosis is also known as “secondary” or “reactive” systemic
amyloidosis, since it is secondary to the underlying
inflammatory disease. It is not known why only a small

percentage of patients with prolonged elevated SAA levels
develop AA amyloidosis. Understanding of this phenomenon is
the focus of much research. The effects of genetic factors such
as certain polymorphisms of SAA,108 the involvement of
mannose-binding lectin 2,109 and the role of apolipoprotein
E110 are currently being investigated as potential contributing
factors of AA amyloidosis.
The development of AA amyloidosis is always serious and is

considered the most severe complication of chronic inflamma-
tory disorders, particularly rheumatoid arthritis.111 The main
cause of morbidity and mortality of AA amyloidosis is amyloid
deposition in the kidney, leading to a decline in renal
function.112 However, there is also nonselective proteinuria
due to glomerular deposition, and therefore, nephrotic
syndrome can develop before the progression to endstage
kidney failure. SAA amyloid fibril deposits are almost always
widespread at the time of symptom presentation and can be
found in the gastrointestinal tract, spleen, liver, and autonomic
nervous system.
The mechanism of SAA aggregation is not known. However,

it has been discovered that the SAA amyloids consist mostly of
N-terminal fragments, indicating that proteolytic cleavage is
involved in pathogenesis. Additionally, these fragments are
almost exclusively derived of the SAA1 isoform, suggesting that
specific amino acids may be contributing to the misfolding
propensity.110 SAA binds to the heparin sulfate glycosamino-
glycan (GAG) complex which is a common constituent of
many different kinds of amyloid deposits. The SAA-heparin
sulfate GAG assemblage is also believed to promote AA
fibrillogenesis by serving as a scaffold for further fibril
assembly.113 Recent work has uncovered that SAA2 (92%
homologous to SAA1) can be denatured from a stable hexamer
to form multiple oligomeric species that then refold into a less
stable but more accessible octameric species.114 Further
research is needed to elucidate the mechanism of SAA
misfolding to form AA amyloids.
Since excessive amounts of SAA continue to be produced as

long as the underlying inflammatory disease persists, the
treatment for AA amyloidosis has typically been to control the
inflammation and reduce the concentration of SAA in the
blood. It has been established that if the SAA concentration in
the blood is less than 10 mg/L, the level of amyloid deposits in
the organs decrease and the 10 year survival rate is excellent at
∼90%. On the other hand, if patients have SAA levels of 10
mg/L or higher, the 10 year survival rate was poor at ∼40%.115
It is clear that the suppression of SAA levels is the most
important parameter in the treatment of AA amyloidosis.116

The National Amyloidosis Centre in London recommends
monthly monitoring of SAA levels in the blood for AA
amyloidosis sufferers, since this is a vital guide to treatment.
Current treatments for AA amyloidosis reduce SAA load
through the use of anti-inflammatory/immunosuppressive
therapies or anti-cytokine (TNF-α, IL-1β, or IL-6 blockade)
therapies.117

For those cases where adequate suppression of SAA is not
possible, an emerging treatment strategy is evolving. This
approach uses a small molecule that will interact with the
glycosaminoglycan (GAG) component of the SAA amyloid
deposits, as it is believed that interfering with the interaction of
SAA and GAG will inhibit amyloid formation. This was proven
using a negatively charged sulfonated molecule that is a heparin
sulfate mimetic, namely, eprosidate (35,118 Figure 23). In a
phase II/III trial, eprosidate was shown to prevent the

Figure 22. Ribbon diagram of lysozyme interacting with the antibody
between the α and β domains. α- and β-Domains are represented by
green and magenta ribbons, respectively. Camelid antibody is shown in
white, and CDR3 and CDR2 loops that interact with the lysozyme are
highlighted in red and yellow. The structure of the complex was
generated from its X-ray coordinates (PDB code 1MEL) and was
produced using Discovery Studio.49
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progression of nephropathy associated with AA amyloidosis
without affecting SAA levels.118 Although the treatment group
showed a 42% reduction in renal decline compared to the
placebo group, the amount of urinary protein excretion was not
decreased. Additionally, the treatment arm had significantly
more patients with chronic infections, compared with the
placebo arm (21 vs 9). Therefore, the FDA requested further
efficacy and safety data through additional clinical trials before
approval could be given for the use of eprosidate in the
treatment of AA amyloidosis. An additional international phase
III study was initiated in 2010, with an estimated completion
date of May 2014. The primary outcome measures of the trial
will be the percent increase of serum creatinine levels in
addition to percent decrease in progression to end-stage renal
disease.119

■ PRIONS
Prion diseases are a group of fatal, untreatable, neuro-
degenerative protein-misfolding disorders, including Creutz-
feldt−Jakob disease (CJD) and Gerstmann−Straüssler−
Scheinker syndrome (GSS) in humans, scrapie in sheep and
goat, and bovine spongiform encephalopathy (BSE) in cattle. A
hallmark of prion diseases is the formation and accumulation of
an aberrantly folded protein denoted scrapie prion protein
(PrPSc), which is insoluble in nonionic detergents and partially
resistant to proteolytic digestion and characterized by a high
content of β-sheet secondary structure. Furthermore, PrPSc has
the propensity to form amyloid plaques in the diseased brain.120

Formation of aberrantly folded protein conformers is also a
hallmark of other neurodegenerative diseases, including
Alzheimer’s disease, Parkinson’s disease, and polyglutamine
disorders. However, prion diseases are unique because the
pathology can be transmitted by an infectious process. The
widely accepted prion hypothesis suggests that PrPSc is the
main component of the infectious agent and propagates by
autocatalytically converting the native protein (PrPC) into the
misfolded form (Figure 24A and Figure 24B).121 Furthermore,
PrPSc is able to induce misfolding of PrPC in vitro resulting in
the generation of prion infectious material in a test tube in the
absence of living cells.122

No effective therapy currently exists for the prevention of
infection or disease progression;123 however, several ap-
proaches have been considered to potentially interfere with
this process. Compounds that stabilize the native protein PrPC

and make the conformational change energetically less
favorable124 could be useful in blocking the formation of
PrPSc. Alternatively, compounds that destabilize PrPSc by
rendering it protease sensitive and enhance its clearance or
compounds that bind to PrPSc and prevent it from serving as a
template for replication could be effective. This scenario has
been suggested as the mechanism of action of Congo red.125

Another strategy might be to prevent the formation of
molecular complexes by interfering with the interactions
between PrPC and PrPSc (Figure 24C and Figure 24D).
Several medicinal chemistry programs reported small

molecules that bind to PrPC and stabilize it against conversion

to PrPSc, with the aim of identifying novel prion disease
therapeutics. Prusiner et al.126 conducted a computational
search on the Available Chemicals Directory for molecules that
mimic the dominant negative inhibition of prion replication by
polymorphic variants of PrP. These authors previously
showed127 that residues Q168, Q172, T215, and Q219 on
the surface of the PrPC molecule contribute most prominently
to the stability of the molecular complex between PrPC and
partner proteins, thus defining a plausible pharmacophore
target for mimetic design. The compounds were screened in a
cellular assay for prion replication. Pyridine dicarbonitriles 36−
39127 (Figure 25), inhibited PrPSc formation in a dose-
dependent manner, albeit at high concentrations (IC50 range
from 18 to 60 μM).
Additional optimization around this scaffold led to the

identification of compounds 40, 41, and 42128,129 (Figure 26)

Figure 23. Structure of 35.

Figure 24. (A) Representation of PrPc and PrPSc protein−protein
interaction leading to a conformational change and amyloid plague
formation. (B) Small molecule binding to PrPc, stabilizing the native
protein PrPC and making the conformational change energetically less
favorable. (C) Compounds binding to the non protein−protein
interaction site of PrPSc, thereby destabilizing the conformation or
tagging them for clearance. (D) Compounds binding at the protein−
protein interaction site and preventing interaction with PrPc.

Figure 25. Pyridine dicarbonitriles with activity in cells derived from
mouse ScN2a.
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with improved potency compared to compound 36 and were
found to reduce PrPSc levels to below 30% relative to an
untreated control at 50 nM.

Bolognesi et al. reported the identification of novel
bifunctional diketopiperazine (DKP) derivatives 43 and 44130

(Figure 27), with an EC50 of 4 and 15 μM, respectively, against

prion replication in ScGT1 cells while showing low cytotoxicity.
The planar conformation of this scaffold was believed to be the
major determinant for activity in this class of compounds.
Studies aimed at assessing the mechanism-of-action showed
that 43 might interact directly with recombinant prion protein

to prevent its conversion to the pathogenic misfolded prion
protein (PrPSc)-like form.

■ ARGININE VASOPRESSIN RECEPTOR 2 (AVPR2 OR
V2R)

Arginine vasopressin receptor 2 (abbreviated as AVPR2 or
V2R) is a receptor for arginine vasopressin (AVP).131 AVP is a
pituitary gland nonapeptide hormone (sequence,
CYFQRNCPRG-NH2). AVP is released from the posterior
pituitary and has two principal sites of action: the kidney and
the blood vessels. AVP’s most critical function is to regulate free
water reabsorption in the kidney, as the binding of AVP to V2R
stimulates mechanisms that concentrate the urine and maintain
water homeostasis in all organisms.132−135

V2R is a 371 amino acid protein belonging to the subfamily
of G-protein-coupled receptors (GPCRs), class A. This
receptor is a typical representative of this superfamily, built of
seven transmembrane helices assembled by three extracellular
loops and three intracellular loops.136 There is no crystal
structure of V2R, though several molecular models have been
proposed.137,138 To date, there have been more than 200
distinct V2R mutations identified.139 Approximately 50% of the
mutations are missense (a single amino acid swap), and the
remainders comprise deletion or premature termination codon
(PTC) mutations. No matter the genetic mutation, the
resulting mutant V2R is nonfunctional and is therefore not
able to relay the antidiuretic action of vasopressin. It has been
determined that the reason for mutant V2R’s lack of function
(LOF) is due to an insufficient concentration of cell-surface
V2R.140 Because of the misfolding of mutant V2R, it is unable
to traffic from the ER to the Golgi apparatus, and therefore,
mutant V2R does not reach the cell surface, its site of action.141

The LOF of mutant V2R causes a disease known as
nephrogenic diabetes insipidus (NDI), which occurrs in ∼1 in
250 000 individuals.142 Affected patients are unable to
efficiently concentrate their urine, resulting in the excretion
of large volumes of hypotonic urine (up to 25 L/day).

Figure 26. Structures of 40, 41, and 42.

Figure 27. Structures of prion replication inhibitors 43 and 44.

Figure 28. Structures of V2R antagonists 45−50.
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Additionally, if sufficient quantities of water are not consumed,
NDI patients can have severe episodes of dehydration with
serious clinical manifestations.143 The occurrence of repeated
episodes of dehydration in children may lead to mental
retardation and growth disorders.
Recently, a review that compiles all of the V2R mutations

and their propensity to cause NDI was published.144 These
researchers found three types of V2R mutations that result in
LOF and hence cause NDI. Type I mutations result in
receptors that reach the cell surface but display impaired ligand
binding and are unable to induce normal water absorption.
Type II mutants have defective intracellular transport so that
they cannot reach the cell surface and are trapped in the
interior of the cell. Type III mutant receptors were
inappropriately transcribed, leading to unstable mRNA that
was rapidly degraded. It was determined that the vast majority
of the mutations causing NDI are type II or trafficking
mutations.132,145

In order to increase the trafficking of a misfolded protein
from the ER to the required site of action, a pharmacological
chaperone approach may be used. A pharmacological
chaperone is a cell permeable, small molecule that has the
potential to specifically bind to folding intermediates of
mutated proteins, conferring enhanced thermodynamic stability
and facilitating proper transport through the secretory pathway
to the correct site of action.146 With this in mind, it was
hypothesized that known V2R binders may act as pharmaco-
logical chaperones. In the first study probing this hypothesis,
the rescue of cell surface mutant V2R for several mutants
studied was achieved using a known V2R binder and
antagonist, SR121463, 45144 (Figure 28). Since then, additional
V2R antagonists SR49059 (46),147,148 VPA-895 (47),149 OPC-
31260 (48),149 OPC-41061 (49),149 and YM087 (50)149

(Figure 28) have been found to act as pharmacological
chaperones, increasing functional cell surface V2R for several
NDI V2R mutants.150−152

These V2R antagonists are believed to function as selective
pharmacological chaperones by binding to the mutant receptor,
stabilizing it, and thereby allowing it to traffic to the cell
surface.153 Other membrane-permeable GPCR antagonists that
do not bind to V2R did not rescue cell surface expression of the
NDI V2R mutants, corroborating that the compounds need to
bind to the mutant receptor to promote its release from the ER.
A broad subset of V2R mutations, 25 to date, have been
rescued by these pharmacological chaperones.152 Importantly,
these small molecule chaperones have been shown to rescue
V2R functional activity in MDCK kidney cells.154

V2R antagonists can restore cell surface concentration and
function of NDI V2R mutants, suggesting clear therapeutic
implications for NDI patients. In fact, the use of pharmaco-
logical chaperones for the treatment of NDI was recently
validated in a clinical trial using 46.147 This study examined
whether administration of 46 could restore vasopressin
responsiveness in five NDI patients harboring three distinct
mutations (del62-64, W164S, and R137H). After 3 days of
treatment with 46, there was a 30% reduction in urine output
and up to a 40% increase in urine osmolality, without affecting
sodium, potassium, creatinine excretion, or plasma sodium
levels. Unfortunately, the trial was cut short because of a
potential hepatoxicity observed in a separate clinical trial being
conducted with 46 for a different indication. Despite the trial
ending prematurely, this study provided a clear proof of
concept that vasopressin antagonists may be used as

pharmacological chaperones to restore mutant V2R function
and treat NDI.

■ α-1-ANTITRYPSIN (A1AT)
α-1-Antitrypsin (A1AT) is a 55 kDa glycoprotein and is a
member of the serine proteinase inhibitor (serpin) family of
proteins. A1AT is mainly synthesized in the liver and is
subsequently released into the plasma, where it is the most
prevalent circulating protease inhibitor. It provides an
antiprotease shield throughout the body. However, A1AT is
most important in the lungs, since uncontrolled neutrophil
elastase (NE), a proteolytic enzyme from the neutrophil, is
capable of degrading most of the connective tissue components
in the lung. A1AT is the key inhibitor of NE in the blood, and
therefore, A1AT deficiencies cause serious lung disorders.
It is estimated that there are ∼200 000 patients worldwide

with A1AT deficiency.155 The deficiency of circulating A1AT is
due to the misfolding of a mutated variant of A1AT, with the
most common mutation being the Z variant, glutatamic acid to
lysine at position 342 (E342K) of the mature protein. This
single point mutation causes the protein to fold incorrectly and
accumulate as a polymer in the endoplasmic reticulum (ER) of
liver cells instead of being trafficked to the plasma as a
functional enzyme. ZA1AT accumulation results in an 85−90%
reduction of serum concentrations of A1AT.156 The aggregates
in the ER, specifically called periodic acid Schiff (PAS) positive
inclusions, cannot be degraded and therefore cause serious liver
damage. Currently the only curative treatment for this cirrhosis
is liver transplantation. Therefore, the mutation causing A1AT
deficiency results in both gain and loss of function (GOF and
LOF) consequences, i.e., juvenile hepatitis, cirrhosis, or
hepatocellular carcinoma due to the liver aggregates, and
COPD or early onset emphesyma due to the lack of
antiprotease protein in the plasma/lung.157

The mechanism of ZA1AT protein polymerization has been
studied and characterized in detail.158,159 Nonmutated A1AT
has 3 β-sheets (A−C) and an exposed mobile reactive center
loop (RCL) that presents a peptide sequence to the protease,
NE, as shown in Figure 29A. After cleavage by NE, A1AT is
inactivated by a remarkable conformation change that moves
the RCL 70 Å, where the loop becomes an extra strand in β-
sheet A (Figure 29B).160 This extraordinary mobility is central
to the inhibitory activity of A1AT. The Z mutation occurs at
the head of the fifth strand of the A-sheet and the base of the
mobile RCL, perturbing the relationship between the mobile
loop and the β-sheet A, which results in an unstable
intermediate. The unstable intermediate then forms polymers
when the RCL of one A1AT molecule inserts into the β-sheet A
of another A1AT protein (Figure 29C). This process continues
until large polymers have been formed.
The current standard of care for A1AT deficiencies is enzyme

replacement therapy (ERT).162 There is currently no long-term
clinical data showing that AIAT ERT reduces the rate of decline
of lung function, and therefore additional phase IV studies are
ongoing.163 More importantly, ERT does not address the
accumulation of polymer in the liver. Therefore, there have
been efforts to identify small molecules that prevent polymer
formation and allow ZA1AT to enter the serum, where it still
retains ∼80% of its functional utility.164,165

One approach has been to identify a small molecule that
binds strand 4 of β-sheet A of ZA1AT in order to prevent the
binding of a second ZA1AT’s RCL, hence preventing
polymerization. Toward this end, several groups have worked
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to identify β-sheet A binders/stabilizers. In 2000, Perlmutter
and co-workers identified that glycerol reduced the polymer-
ization of ZA1AT and increased the secretion of the Z variant
in a cell culture model of disease.166 This work was confirmed
by the Lomas group, who also discovered additional alcohols
conferring that same activity.167 As shown in Figure 30, they

found that glycerol (51),167 erythritol (52),167 glucose (53),167

and trehalose (54)167 could all similarly reduce the rate of
polymerization by approximately 2.5-fold when added to the
experimental buffer at ∼1 M.
The mechanism of polymer reduction by these polyols is

hypothesized to be the result of binding to the β-sheet A of
ZA1AT. Support for this comes from a report describing how
flash-cooling antithrombin crystals with glycerol introduced a
glycerol molecule into the protein, where it was found to bind
to β-sheet A.168 This work served as a proof of concept for
targeting the β-sheet A with a small molecule to prevent
polymerization. The potential binding site of glycerol in the β-
sheet A of Z A1AT is represented by the pink sphere in Figure
31.
A known chemical chaperone, 4-phenylbutyrate (4-PBA,

55,164 Figure 32), was found to increase secretion of ZA1AT
from cells in a tissue culture, as well as in a mouse model of

ZA1AT deficiency.164 4-Phenylbutyrate increases ZA1AT
secretion without increasing de novo protein synthesis or
decreasing ER degradation. Moreover, since 4-BPA had already
been approved by the FDA for the management of urea cycle
disorders, it was examined in a clinical trial to probe its efficacy
in treating A1AT deficiency. The trial monitored circulating
levels of ZA1AT in 10 A1AT deficient patients. In this trial, 55
was not found to be effective in increasing ZA1AT levels in
blood when dosed at 600 mg/day for 14 days.169

An alternative approach to increase circulating ZA1AT levels
was pursued by Lomas and co-workers.170 Their goal was to
discover a small molecule that could prevent polymerization by
binding to a region of ZA1AT that is completely distinct
(remote) from the 4 position of β-sheet A, since that binding
site is critical for the inhibitory function of A1AT.159 In crystal
structures of A1AT, a hydrophobic pocket had previously been
identified, as indicated by the blue sphere in Figure 29.171 Proof
that targeting this pocket could result in both a decrease of
polymerization and an increase of secretion of ZA1AT came
from mutating an amino acid in this region that filled the cavity
(T114F). With this mutation, less polymerization occurred and
an increase of ZA1AT was detected in the serum.172 However,
it was unknown if the allosteric pocket could be filled by a small
molecule in order to elicit the same effect.
Toward that end, Lomas conducted a virtual screen of 1.2

million commercial and druglike compounds in search of a

Figure 29. (A) Structure of the active form of α-1-antitrypsin. The
active loop that interacts with trypsin is shown in magenta. Five β
sheets are represented in the cyan, and the α helix is in red. The
structure of the active α-1-antitrypsin was generated from its X-ray
coordinates (PDB code 1HP7) and produced using Discovery
Studio.49 (B) Inactive stable form of α-1-antitrypsin structure. The
active loop integrates itself into the β sheets. The stable inactive
structure was generated from its X-ray coordinates (PDB code 3NDF)
and produced using Discovery Studio.49 (C) Inactive unstable
aggregate forming α-1-antitrypsin structure. The active loop is partially
integrated into the β sheet, and the other half extends to interact with
another α-1-antitrypsin to form aggregate. The structure was
generated from the simulation using MOE software package161 of
the inactive stable structure (derived from PDB code 3NDF) and
produced using Discovery Studio.49

Figure 30. Structures of glycerol 51, erythritol 52, glucose 53, and
trehalose 54.

Figure 31. α-1-Antitrypsin structure with selected binding pockets
highlighted. The pink region is the glycerol binding pocket, and the
blue sphere represents the allosteric pocket between the α-helix and β-
sheets. The active structure of α-1-antitrypsin was generated from its
X-ray coordinates (PDB code 1HP7). The binding sites were
identified, and the representation was generated using Discovery
Studio.49

Figure 32. Structure of 55, which failed to increase circulating ZA1AT
in the clinic.
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compound that would fit the hydrophobic allosteric cavity
identified on ZA1AT. From the screen, 68 small molecules
were selected for analysis in vitro. Most of the compounds
identified by the screen did not antagonize the polymerization
of ZA1AT in vitro, and some compounds even accelerated the
polymerization process. However, compound 56170 (Figure 33)

completely blocked polymerization in vitro at 200 100 50 ,and
20 μM. Although 56 reduced the retention of ZA1AT in
murine liver cells by 70% when compared with controls, it was
determined that there was no increase in the secretion of
ZA1AT from the ER. Moreover, the 56/ZA1AT complex was
deemed to be very stable, with a melting temperature of 100 °C
compared to 54.1 °C of ZA1AT alone, thus potentially
compromising the functional activity of ZA1AT.
Perhaps the most advanced approach to ameliorating ZA1AT

polymerization is the use of small peptides. A tetrapeptide, Ac-
Thr-Thr-Ala-Ile-NH2, has been reported as the most tight-
binding ligand for ZA1AT.173 Previous studies had shown that
11- to 13-mer synthetic peptides could bind to the β-sheet A of
ZA1AT to prevent polymerization.174 However, the molecular
size and promiscuity of these larger peptides limit their
therapeutic potential. The tetrapeptide was discovered using
combinatorial peptide synthesis library of 10 000 peptides and
was found to abolish ZA1AT polymerization in vitro. A model
has been able to predict the binding of Ac-Thr-Thr-Ala-Ile-NH2
to ZA1AT, and it is proposed that the peptide inserts into the
lower part of strand 4 in the β-sheet A. Unfortunately, even
though this peptide prevents ZA1AT polymerization, it also
precludes its activity. Therefore, as a therapeutic, such a peptide
could be used to prevent amyloidosis of the mutant A1AT but
would have to be coadministered with ERT in order to have the
requisite concentration of circulating functional A1AT. It is
believed that this peptide can serve as a template to develop
peptidomimetic tools (or drugs) for the treatment of ZA1AT
related disorders.
There are currently no small molecule stabilizers, correctors,

or traffickers in the clinic for the treatment of A1AT deficiency.

■ CONCLUSION AND OUTLOOK
Understanding the principles of protein misfolding has led to
increased insight into the underlying causes of a variety of
sporadic and genetic diseases associated with gain of function
and loss of function. Gaps still remain in our understanding of
folding intermediates and the conformational changes
associated with the transition from a native to a misfolded
state. Experimental characterization of the transient states of
proteins remains challenging because high-resolution structural
techniques such as crystallography and NMR are not suitable
for studying short-lived protein states. In either sporadic or
genetic diseases, the goal is to develop pharmacological small-

molecule chaperones that stabilize the proteins, restore their
function, and prevent them from aggregating. At the molecular
level, the type of small molecule chaperone required in a given
disease depends on the structure of the protein (monomer
versus dimer, tetramer, or oligomer) and on how misfolding
leads to loss or gain of function. Despite the challenges
mentioned above, small molecules that stabilize misfolded
proteins, restore protein function, and prevent aggregation have
emerged and continue to advance to the clinic and ultimately
will reach the patient. Tafamidis is a kinetic stabilizer of
transthyretin that addresses the underlying cause of a human
amyloid disease. Future advances will provide additional insight
into the exact mechanism of protein misfolding and will provide
new opportunities to tackle numerous, presently incurable
diseases.
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codon; RBP, retinol binding protein; SBDD, structure based
drug design; SSA, senile systemic amyloidosis; SAA, serum
amyloid A; RCL, reactive center loop; TAD, terminal
transactivation domain; TBG, thyroid-binding globulin; TTR,
transthyretin; ThT, thioflavin T; UPR, unfolded protein
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