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Nuclear Receptors (NRs) are multi-domain proteins, whose natural regulation occurs via ligands for a classical,
orthosteric, binding pocket and via intra- and inter-domain allosteric mechanisms. Allosteric modulation of NRs
via synthetic small molecules has recently emerged as an interesting entry to address the need for small mo-
lecules targeting NRs in pathology, via novel modes of action and with beneficial profiles. In this review the
general concept of allosteric modulation in drug discovery is first discussed, serving as a background and in-

spiration for NRs. Subsequently, the review focuses on examples of small molecules that allosterically modulate
NRs, with a strong focus on structural information and the ligand binding domain. Recently discovered nano-
molar potent allosteric site NR modulators are catapulting allosteric targeting of NRs to the center of attention.
The obtained insights serve as a basis for recommendations for the next steps to take in allosteric small molecular

targeting of NRs.

1. Introduction
1.1. Structural organization of nuclear receptors

The nuclear receptor (NR) superfamily consists of 48 members that
are structurally related, but have functions in all kinds of physiological
processes and, in connection with that, diseases. Their key role in these
processes makes them a very attractive drug target. NRs have a con-
served domain organization starting at the N-terminus with the highly
variable N-terminal domain (NTD). For most NRs this domain contains
a ligand-independent activation function (AF1). The NTD is in-
trinsically disordered (ID), but the interaction with binding partners
can induce folding which can enhance transcriptional activity (Kumar
and Litwack, 2009; Helsen and Claessens, 2014). The NTD is followed
by the DNA binding domain (DBD) which uses its two zinc fingers to
recognize specific hormone response elements (HREs). The affinity for
specific HREs is dependent on the NR subtype and NR homo- or het-
erodimerization, or in some cases monomeric binding to extended HREs
(Helsen et al., 2012a). The DBD is connected to the ligand binding
domain (LBD) via a hinge region that typically contains a nuclear lo-
calization signal and undergoes posttranslational modifications (PTMs)
(Haelens et al., 2007). The LBD is a highly conserved domain typically
consisting of 12 helices which are organized in an antiparallel, globular
arrangement (Bourguet et al., 1995). The classical “mouse-trap” model
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states that when an agonistic ligand binds in the ligand binding pocket
(LBP), helix 12 (H12) covers the pocket and creates a surface suitable
for coactivator binding (Renaud et al., 1995). Nowadays, this model is
under debate and an alternative “dynamic stabilization” model is
evoked (Pissios et al., 2000). This concept states that the LBD in its apo
form is in a partially molten state and can adopt a wide range of con-
formations. Agonist binding stabilizes the fold of H12 and the surface
elements required for coactivator binding in the active conformation
(Rastinejad et al., 2013). Inverse agonists, on the other hand, can in-
crease corepressor recruitment which represses transcription in con-
stitutively active NRs (Kojetin and Burris, 2013). Antagonists do not
cause cofactor recruitment, but do prevent agonist binding and there-
fore passively repress transcription (Kojetin and Burris, 2013). C-
terminal to the LBD, certain NRs have an additional F-domain that has a
variable length and has functions ranging from interacting with other
proteins to stabilizing the ligand bound conformations of the LBD (Patel
and Skafar, 2015).

1.2. Inter-domain allosteric regulation of nuclear receptor activity

Up until a few years ago, NR structural information was only
available for certain separate domains. This did give a lot of informa-
tion on ligand- and DNA binding as well as on dimerization of separate
LBDs or DBDs, but left a demand for information on the implications of
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inter-domain communication (Rastinejad et al., 2013). Since 2008,
multi-domain structures obtained via different scattering techniques
started appearing (Chandra et al., 2008; Orlov et al., 2012; Rochel
et al., 2011). These structures provided more insight into the interplay
between the different NR domains. In particular, it became clear that
the different domains within a NR act and communicate via mod-
ulatory, allosteric mechanisms. Allostery, in general, is the process
where binding of an interaction partner, e.g. ligand or protein, at one
site of a protein results in a functional change at another, topo-
graphically distinct, site (Motlagh et al., 2014; Nussinov & Tsai, 2013).
This means that there is communication over a distance between the
binding site, ‘input’, and the site of the biological response, ‘output’, via
a conformational change in the protein structure (Changeux and
Christopoulos, 2016). Different endogenic types of allosteric regulatory
mechanisms have been described for NRs as conceptually summarized
in Fig. 1.

First of all, and most obvious, the majority of NR ligands bind to the
LBP, which causes a conformational change in the LBD and as a result
regulates cofactor recruitment elsewhere on the LBD, outside of the LBP
(Fig. 1A). (Hilser and Thompson, 2011) As an illustration, Folkertsma
et al. showed that by clustering correlations between the ligand binding
mode and peptide recruitment can be delineated (Folkertsma et al.,
2007). This can be helpful to identify compounds which cause the an-
ticipated cofactor recruitment (Folkertsma et al., 2007). Besides this
prime NR allosteric mechanism, other and frequently more subtle al-
losteric mechanisms can be found in endogenous NR regulation.

The interplay of the specific HRE with the cofactor binding site of a
NR is an allosteric mechanism via inter-domain communication
(Fig. 1B). This interplay has been studied, amongst others, in the es-
trogen receptor (ER). Using a phage ELISA assay, cofactor recruitment
in response to various estrogen response elements (EREs) was tested by
Hall et al. (2002). They showed that the structure of the coactivator
pocket is influenced by the type of ERE, pointing to the ERE as a reg-
ulator of biological activity (Hall et al., 2002). A similar example was
found for the glucocorticoid receptor (GR). The GR binding sequence
(GBS) affinity and transcriptional activity could not be directly corre-
lated and it was found that the only structural difference in the DBD
upon binding of different GBSs occurs in the “lever arm” loop that
connects the DNA recognition helix and the dimerization domain
(Meijsing et al., 2009). Helsen et al. proposed that these subtle differ-
ences are propagated through the full-length receptor (Helsen et al.,
2012b). Molecular dynamics (MD) simulations of the GR DBD in its
DNA bound and free state by Frank et al. gave an explanation of the
allosteric behavior since conformational sampling of the lever arm is
observed to be reduced by DNA binding and dimerization (Frank et al.,
2018). The small number of distinct conformations the DNA-bound
DBD can adopt, might provide recruitment of different co-regulators
(Frank et al., 2018).

Several additional studies have been performed to obtain a better
understanding of the allosteric communication between DBD and co-
factor binding site, e.g. for the thyroid receptor (TR) (Putcha and
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Fig. 1. Conceptual modes of endogenous NR allosteric reg-
ulation. A) From the Ligand Binding Pocket to the cofactor
binding site B) From the DNA to the cofactor binding site C)
Between the DNA Binding Domain and the Ligand Binding
Domain D) Via post-translational modifications within and
over NR domains E) From the N-terminal domain to the co-
factor binding site F) Between NR dimerization partners.

Fernandez, 2009), VDR-RXR heterodimer (Zhang et al., 2011) and
PPARy-RXRa complex (de Vera et al., 2017). In these studies, iso-
thermal titration calorimetry (ITC) and hydrogen/deuterium exchange
(HDX) techniques were used, showing an enhancement of cofactor re-
cruitment upon binding of the receptor complex to its HRE.

The LBD and DBD can also allosterically influence each-others li-
gand affinity, as exemplified by Helsen et al. (2012b) (Fig. 1C). By
overlaying the androgen receptor (AR) LBD and DBD crystal structures
with the full-length heterodimeric PPARy-RXRa crystal structure, re-
sidues in the LBD-DBD interaction surface were identified (Helsen et al.,
2012b; Chandra et al., 2008). Residues from this surface that are known
to correlate with pathologies were mutated and their effect on ligand
and DNA binding was analyzed (Helsen et al., 2012b). Four of these
mutations in the LBD led to reduced DNA binding and transactivation
while not affecting ligand binding, conversely three DBD mutations
reduced ligand binding and transactivation, but not DNA binding
(Helsen et al., 2012b).

Another example of allosteric mechanisms in NR regulation is their
mediation via post-translational modifications (PTMs) present at one
site of the protein that can have various effects, including modifying
cofactor interactions, changing cellular localization, regulating protein
stability and influencing DNA binding at a different site (Fig. 1D).
(Becares Salles et al., 2016) The most intensively studied PTMs on NRs
are phosphorylation, acetylation, ubiquitinylation and SUMOylation.
Examples of these are known for almost all NRs and their functioning,
including allosteric modes, has been reviewed elsewhere (Becares Salles
et al., 2016; Faus and Haendler, 2006; Anbalagan et al., 2012; Brunmeir
and Xu, 2018).

The NR NTD has also been described to be involved in allosteric
communication (Fig. 1E). Khan et al., for example, showed that when
the TATA box binding protein (TBP) binds the GR NTD, this induces an
increased helical content, as observed in circular dichroism, and the
interactions with coactivators and transcriptional activity were, as a
result, enhanced (Khan et al., 2011). Similar observations were found
for the mineralocorticoid receptor (MR) and progesterone receptor (PR)
which supports the notion that there is a common mechanism of reg-
ulation via the NTD, despite its poorly conserved sequence (Fischer
et al., 2010; Kumar et al., 2013).

Homodimerization or heterodimerization with the retinoid X re-
ceptor (RXR) is a common phenomenon for NRs. These processes, si-
milar to the binding of other protein partners, change the structural
plasticity, and thereby the behavior of a NR (Jin and Li, 2010). This, in
turn, can allosterically affect the recruitment and binding of ligands. As
an example, the retinoic acid receptor B (RARP) is known to be a
monomer in solution, but upon binding of cofactors, it forms a homo-
dimeric assembly (Venepally et al., 1997). Similar behavior was found
for VDR and TR when bound to coactivators (Takeshita et al., 2000;
Velasco et al., 2007). In order to dimerize, the receptor has to undergo a
conformational change, which can lead to asymmetry in the dimer
complex. For both RARf and the estrogen receptor a (ERa) it was
observed that in the homodimer complex, this asymmetry was altering
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the binding mode of the ligand, as revealed for example via two dif-
ferent poses of the same ligand in each the two monomers (Delfosse
et al., 2012; Billas and Moras, 2013). Furthermore, it has been reported
that also in the absence of a ligand, the NR homodimer can be asym-
metric. The crystal structure of the apo-PPARy LBD contains two
monomers in the asymmetric unit forming a homodimer, with only one
of the monomers present in its active conformation (Nolte et al., 1998).

The above summary acts to illustrate that NR regulation involves
several allosteric mechanisms. For a more detailed review on this
subject the reader could consider an extensive review by Fernandez
(2018). Despite these various endogenous allosteric mechanisms, the
number of actual endogenic molecules known to act via allosteric
pockets on the NR, is extremely limited. In this review, allosteric pro-
cesses in NR modulation using small molecules will be discussed. Al-
losteric NR modulation by synthetic small molecules is a relatively new
area of research, in contrast to the classic targeting of the orthosteric
LBP (Moore et al., 2010). While extremely successful, targeting NRs via
the orthosteric LBP also brings along certain limitations and challenges
(Caboni and Lloyd, 2013). Selectivity issues can arise due to a high
degree of similarity in the LBP between certain NRs, which can lead to
side effects. Furthermore, mutations can occur in the LBP upon pro-
longed drug-treatment, which can lead to drug resistance or even
agonist/antagonist switching (Caboni and Lloyd, 2013; Lu et al., 2014;
Liu et al., 2016). Allosteric modulation of NRs with small molecules, via
targeting binding sites beyond the orthosteric pocket, could therefore
be a valuable alternative way of targeting NRs that could potentially
overcome some of the described shortcomings of orthosteric ligands.

In this review, first the general concept of allosteric modulation in
drug discovery is discussed, specifically focused on the different types
of receptor classes, as a background setting and inspiration for future
NR focused work. The body of the review will then focus on examples of
small molecules that allosterically modulate the NR LBD. Finally, the
obtained insights will be translated into recommendations for future
research.

2. Small molecule allosteric modulation in drug discovery

2.1. Allosteric small molecule modulators and their potential in drug
discovery

The vast majority of receptor classes possess endogenous ligands
that bind to a defined site, typically termed the orthosteric binding site.
Most drugs on the market are similarly targeting these orthosteric
pockets and are in essence thus competing with the endogenous ligands
(Moore et al., 2010; Caboni and Lloyd, 2013; Tice and Zheng, 2016).
Allosteric ligands bind to sites on proteins that do not overlap with the
orthosteric site and are therefore potentially resistant to orthosteric
competition (van Westen et al., 2014). For multiple receptor classes,
such as GPCRs and ligand-gated ion channels, but also for enzymes, a
significant number of allosteric modulators have already been identi-
fied with considerable success (Foster and Conn, 2017; Taly et al.,
2014; Changeux and Christopoulos, 2017; Thal et al., 2018; Gentry
et al., 2015). Especially for GPCRs and proteins kinases, multiple al-
losteric ligands have been identified with some being approved by the
FDA, such as Sensipar and Gleevec, and multiple drugs are undergoing
clinical trials (Changeux and Christopoulos, 2017; Block et al., 2004;
Buchdunger et al., 1996). For some of these proteins, allosteric mod-
ulation might be the sole option to selectively target them because of
the evolutionarily conserved nature of their orthosteric site, such as the
ATP binding site of kinases (Ghoreschi et al., 2009). Within the last two
decades, an increasing number of connected publications can be ob-
served, demonstrating the growth in interest and development of al-
losteric modulators (Fig. 2). During this time, multiple excellent review
articles have been published for receptor classes that can be targeted by
allosteric modulators (Changeux and Christopoulos, 2016; Foster and
Conn, 2017; Taly et al., 2014; Thal et al., 2018; Gentry et al., 2015; Lisi
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Fig. 2. Results of a SciFinder search showing the number of publications on
‘allosteric receptor modulators’ (shown in grey) between 1983 and 2018. The
subset of these publications focusing on ‘allosteric ligands for nuclear receptors’
is shown in blue.

and Loria, 2017). NRs have similarly seen an increase in attention re-
garding the identification of allosteric ligands, but here the number of
publications is still lagging strongly behind that of other receptor
classes.

The rapid increase in the attention for allosteric modulators can be
explained by several key advantages such ligands have in comparison
with orthosteric ligands. First, allosteric sites show greater structural
diversity compared to the more conserved orthosteric sites. This could
thus lead to a higher degree of selectivity for closely related proteins
(Lu et al., 2014; Dixon et al., 2016; Nussinov and Tsai, 2013). Second,
as mentioned earlier, allosteric compounds are typically not in com-
petition with the receptor's endogenous ligand. Therefore, allosteric
modulators could eventually be used at lower concentrations resulting
in reduced side effects. Furthermore, in the case of drug-resistant mu-
tations in the orthosteric binding site, allosteric ligands can pose a
promising alternative entry. In addition, since the binding of the al-
losteric ligand can potentially modulate the binding affinity and effi-
cacy of the orthosteric ligand, a pathway is provided to fine-tune the
physiological response of the both. Finally, the chemical structure
properties of allosteric ligands are slightly more beneficial over or-
thosteric ones, as explored by Westen et al. (van Westen et al. (2014))
Most importantly here, allosteric modulators appear to be more rigid
and they adhere slightly better to Lipinski's rule of 5 which gives a
higher potential for good oral drug uptake (van Westen et al., 2014).
Despite these favorable characteristics, the challenge of discovering
allosteric drugs is a highly relevant current limitation, since allosteric
sites are often not identified or lack specific assay formats for target
ligand screening (Nussinov and Tsai, 2013). At present, the majority of
potential drug molecules are identified using high-throughput
screening (HTS), for which the binding affinity of the ligand is often a
hallmark to define the quality of the hit. The orthosteric site can,
however, be expected to be dominant in this aspect, limiting the
identification of ligands with allosteric binding modes. In addition,
especially allosteric ligands for GPCRs are notorious to have a flat ‘SAR’,
meaning that minor modifications on the modulator scaffold lead to a
complete loss of activity, further complicating the discovery and opti-
mization of these ligands (Conn et al., 2012).

The different modes-of-action of allosteric modulators described in
literature, as well as the different assay techniques developed for the
identification of such allosteric ligands, can serve as inspiration for
allosteric targeting of NRs. A compact summary of these concepts,
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Fig. 3. Schematic representation of six different modes of allosteric modulation of receptor activity.

illustrated with selected highlights, as described for other receptor
classes is therefore discussed below.

2.2. Mechanisms of action of allosteric receptor modulators

The mechanisms by which allosteric modulators exert their function
have been investigated in molecular detail, especially using crystal- and
solution-based structural data. Allosteric modulators can induce an al-
tered physiological response in multiple ways, because their binding
changes the preference of populating certain protein conformations,
alone or in consort with an endogenous ligand for the orthosteric site
(Fig. 3). The section below is geared mostly to membrane proteins and
specifically GPCRs as the studies of these proteins serve as important
illustrative examples for the much less investigated small molecule NR
allosteric modulation.

The majority of the allosteric ligands present in literature bind to
pockets in an area surrounding the canonical binding site. This, in turn,
influences the binding affinity and efficacy of the orthosteric ligand
(Fig. 3A). (Changeux and Christopoulos, 2017; Kenakin, 2014) Benzo-
diazepines are a group of very successful modulators that bind to the
Gamma-aminobutyric acid A (GABA,) receptor on the extracellular
domain (ECD) (Lu et al., 2014; Smith and Olsen, 2000). Binding induces
a significant conformational shift in the protein, leading to a greatly
enhanced affinity for the natural ligand GABA (Williams and Akabas,
2000). Nevertheless, an allosteric molecule does not have to be in close
proximity of the orthosteric site to alter the binding kinetics of the
endogenous ligand. Multiple examples are known in literature where
allosteric ligands bind to a distant site while still exerting an influence
on the endogenous ligand (Changeux and Christopoulos, 2017;
Smerdon et al., 1994; Horn and Shoichet, 2004; Oikonomakos et al.,
2000). This arises from the fact that allosterically induced conforma-
tional shifts can be at one part of the protein, but can also change the
conformation of the entire protein (Oikonomakos et al., 2000; Pargellis
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et al., 2002).

The dimerization behavior of a protein can also be altered by al-
losteric ligands (Fig. 3B). Allosteric modulation of receptor tyrosine
kinases (RTKs) primarily involves monoclonal antibodies targeting the
ECD (Cho et al., 2003; Franklin et al., 2004; Hicklin et al., 2001). The
function of the RTK HER2/neu, which is involved in breast cancer, can
be inhibited by antibodies using specifically two approaches. Trastu-
zumab binds to subdomain IV of the HER2/neu RTK thereby inhibiting
its activation. Pertuzumab, on the other hand, interacts with subdomain
11, which inhibits the activation by blocking dimerization (Cho et al.,
2003; Fendly et al., 1990). Also, for the insulin RTK antibodies were
identified that influence dimerization behavior (Bhaskar et al., 2012;
Corbin et al., 2014). Very recently, the covalent modulator JZ-5209 was
identified to bind to the [B-Glucocerebrosidase (GCase). This small
molecule covalently binds to a lysine residue which is present at the
dimerization interface of the GCase, enhancing dimerization and ex-
posing the active site (Zheng et al., 2018).

Intrinsically disordered (ID) protein domains have also come to the
forefront for allosteric regulation with small molecules (Fig. 3C). The
absence of a defined secondary structure in these domains makes them
devoid of a classical binding pocket (Dunker et al., 1998; Wright and
Dyson, 2015). Nevertheless, small molecules and macromolecules have
been shown to be capable of binding to these regions and of subse-
quently inducing a defined secondary structure (Motlagh et al., 2012,
2014). The protein tyrosine phosphatase 1B is a therapeutic target for
both diabetes and obesity. This protein contains an ID domain at its C-
terminus which is located close to the catalytic domain. The small
molecule MSI-1436 binds to this ID site with high affinity, thereby
locking the protein into an inactive conformation and reducing the
phosphatase activity (Smith et al., 2017).

Bitopic ligands, also known as dualsteric ligands, are allosteric
modulators in which the orthosteric and allosteric pharmacophore are
covalently linked, allowing them to bind to both pockets
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simultaneously (Fig. 3D). Apart from ensuring a stronger binding of the
bitopic ligand to the receptor, the additional allosteric pharmacophore
can lead to an improved selectivity and a nuance in receptor activation
(Catterall et al., 2007; Lane et al., 2013; Mohr et al., 2010). The bitopic
ligand THRX160209 targets the muscarinic M, acetylcholine receptor,
which is a member of the GPCR protein family. For this receptor, the
orthosteric site, located in the narrow cavity formed by the seven
transmembrane helices, and the allosteric site, located in the ECD, are
in close proximity of each other. By combining both pharmacophores,
the binding affinity was enhanced with several orders of magnitude.
Interestingly, THRX160209 showed to have a superior specificity for
the M, subtype over other four very homologous subtypes (Steinfeld
et al., 2007). A similar mode of action is observed for the bitopic ligand
SB269652, which binds to both D2 and D3 dopamine receptors with
high affinity. In the DR dimer, SB269652 binds to one monomer which
reduces the binding of the orthosteric agonists and inverse agonists in
the other monomer (Lane et al., 2014).

Certain receptor proteins contain allosteric pockets featuring a re-
active group that can be addressed with a covalent ligand (Fig. 3E).
From a therapeutic point-of-view, such reactive groups are especially
relevant when they represent mutated residues correlated to disease
development. An example of a covalent modulator is the previously
discussed compound JZ-5209, which enhances the dimerization of
GCase (Zheng et al., 2018). In addition, the GTPase K-Ras can be tar-
geted mutant specifically, exploiting the oncogenic G12C mutation.
This mutation diminishes the GTP hydrolysis and is closely located to
both the nucleotide and the effector binding pocket. By covalently
linking compounds to this cysteine residue, the compounds allosteri-
cally control the GTP affinity and the normal function of the enzyme
can be restored. Since these compounds make use of a mutated residue,
the natural protein is not affected (Ostrem et al., 2013).

A final example of allosteric modulation relates to ion channels,
responsible for the ion exchange over the cell membrane and of parti-
cular relevance in the central nervous system. In general, ion channels
are either activated by ligand binding to the extracellular domain, in
the case of ligand-gated ion channels, or through a change in membrane
potential, in the case of voltage-gated ion channels (Waszkielewicz
et al., 2013; Niemeyer et al., 2001). Allosteric ligands and toxins tar-
geting this class of receptors can bind in the channel of the protein,
thereby physically blocking the ion influx (Fig. 3F). These so-called
“channel blockers” are predominantly found as the active substance in
animal venoms (Catterall and Swanson, 2015; Cestéle and Catterall,
2000). In recent years, these venoms were used as an inspiration to
synthesize synthetic ligands and peptides that target these channels,
some of which are used in the treatment of heart diseases and cancer
(Catterall and Swanson, 2015; Buchanan and McCloskey, 2016).

2.3. Techniques for the identification of allosteric ligands

The increase in focus on the modulation of proteins by allosteric
ligands comes with a concurrent demand for novel screening techniques
that both aid in the identification of allosteric pockets and in the dis-
covery of small molecules specifically targeting these pockets. Some of
the most promising techniques and examples, including computational
approaches, fragment soaking, tethering and phage display, are shortly
summarized mentioned here to act as a potential framework to be
translated to NRs.

Crystal structures of ligand-bound proteins provide high-resolution
information about the binding mode of the ligand. The resulting static
picture can be further refined with techniques providing dynamic in-
formation (Carvalho et al., 2010). Over the last decades, numerous
computational methods have been developed to provide a better un-
derstanding of the dynamic behavior of the protein, which is of high
relevance for the identification of allosteric sites (Huang et al., 2013,
2015; Lu et al., 2018; Greener and Sternberg, 2018; Lu and Zhang,
2017). The computer-aided drug design allows to help understand how
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allosteric modulators exert their function (Macalino et al., 2015).
Making use of molecular dynamics, ligands could successfully be
identified that allosterically bind to the B2-adrenergic class of GPCRs.
Also, a hidden allosteric site in the oncogenic K-Ras4B protein was
found using molecular dynamics by sampling a conformation of the
protein which was not observed in the crystal structure (Lu et al.,
2018).

Fragment-based drug discovery is achieving a strong impact for
discovering allosteric binding sites, for example via X-ray crystal-
lography based fragment soaking approaches (Kuo, 2011). Typically,
cocktails of 5-10 fragments are soaked into a crystal of the protein of
interest (Kuo, 2011; Bauman et al., 2014). When one or more fragments
bind to the protein the additional electron density directly reveals the
location of the fragment's binding pocket and the structure of the
fragment. As an example, for the HIV-1 reverse transcriptase enzyme,
three new binding sites were found that also proved to be inhibitory in
enzymatic assays (Bauman et al., 2014). Similarly, for tyrosine phos-
phatase 1B 11 binding sites outside the active site have been elucidated
(Keedy et al., 2018).

Tethering is not only a technique applied to discover covalent drug
binding or orthosteric drugs, but it could also be considered as a
technique to identify ligands for allosteric pockets. Different tethering
strategies have been developed, of which for example disulfide te-
thering is well-known. This technique involves the formation of a re-
versible disulfide bond via the linking of a thiol-containing fragment to
a, potentially genetically introduced, cysteine residue in a protein
(Erlanson et al., 2004; Hardy, 2008). At equilibrium, the mixture will
consist predominantly of the protein bound to the fragment with the
highest binding affinity. By use of the covalent bond formation between
the fragment and the protein, the affinity of the fragment for the target
protein is amplified, which can be useful for detection at lower con-
centrations. The 