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Molecular glues and bivalent inducers of protein degradation (also known as PROTACS)
represent a fascinating new modality in pharmacotherapeutics: the potential to knockdown
previously thought ‘undruggable’ targets at sub-stoichiometric concentrations in ways not
possible using conventional inhibitors. Mounting evidence suggests these chemical agents,
in concert with their target proteins, can be modelled as three-body binding equilibria that
can exhibit significant cooperativity as a result of specific ligand-induced molecular recog-
nition. Despite this, many existing drug design and optimization regimens still fixate on bi-
nary target engagement, in part due to limited structural data on ternary complexes. Recent
crystal structures of protein complexes mediated by degrader molecules, including the first
PROTAC ternary complex, underscore the importance of protein—protein interactions and
intramolecular contacts to the mode of action of this class of compounds. These discover-
ies have opened the door to a new paradigm for structure-guided drug design: borrowing
surface area and molecular recognition from nature to elicit cellular signalling.

It takes two to tango: the classical binary approach to
drug discovery

Protein structure is firmly regarded as a fundamental cornerstone of drug discovery platforms. Over the
last quarter century, this importance has been magnified by advancements in biophysical techniques, in-
cluding X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, surface plasmon reso-
nance (SPR) and isothermal titration calorimetry (ITC), and more recently the advent of cryo-electron
microscopy (cryo-EM). Despite the contribution these advances have made to furthering drug discov-
ery initiatives, structure-based drug design (SBDD) is still largely exemplified by approaches developed
following the first structures of haemoglobin [1,2], renin [3,4] and the HIV protease [5,6]. This classical
approach was often active-site directed, and involved large-scale screening of chemical libraries to iden-
tify compounds that elicit a desired activity against a biological target. Although the advent of modern
genomics and combinatorial chemistry fuelled an increase in the number of known biological targets and
available compounds, this did not translate to as many new drugs reaching the marketplace as was ini-
tially hoped for [7]. Even with restrictions imposed by Lipinski’s ‘rule of five’ [8], the number of possible
chemical compounds to screen from is estimated at approximately >10° [9].

A desire to reduce the breadth of chemical space available for drug screening motivated and under-
pinned the emergence of fragment-based drug discovery (FBDD), which typically relies on screening
and evaluating compounds with mass <250 Da [7]. Although early efforts in FBDD relied heavily on
ligand-based or protein-based NMR to detect binding, X-ray crystal structures are necessary to guide
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Figure 1. Comparison of binary and ternary therapeutic approaches

appropriate growth and/or linking of fragment hits into optimized molecules. Most modern FBDD platforms em-
ploy a mixture of NMR, X-ray crystallography and various biophysical/biochemical techniques for monitoring the
typically weak interactions seen with fragments [10].

Whereas FBDD sought to reduce the size of chemical libraries for screening, many drug platforms, until recently,
suffered from a low number of druggable targets. Here druggability refers to targets with a well-defined binding site
- notably members of conventional target classes such as protein kinases and GPCRs - which can be targeted with
intermediate or transition-state analogues as well as low-molecular weight drug-like small molecules [6]. To expand
the scope of the druggable genome, numerous drug discovery programmes now aim to exploit protein regulatory
elements, including allosteric sites and surfaces that mediate interactions between two or more proteins.

Molecular glues and the modulation of protein-protein
interactions

An increasing understanding of the role of protein-protein interactions (PPIs) has paved the way for a new paradigm
in molecular therapeutics, one that focuses on agents that stabilize/induce interactions between proteins, rather than
disrupting them or blocking their enzymatic activity [11,12]. In contrast with conventional active-site directed inhi-
bition, these so-called PPI modulators bind protein surfaces or interfaces and stabilize interaction(s) with a second
protein, ultimately resulting in the activation or suppression of a cellular response [13]. Although targeting PPIs can
prove difficult due to the large, shallow, and often solvent-exposed surfaces that comprise them, PPI modulators are
attractive to drug development. Firstly, compounds stabilizing PPIs often do not need to compete with endogenous
ligands, allowing some leeway in the potency required for biological activity. Secondly, and perhaps more importantly,
PPI modulators have the potential to target proteins deemed undruggable because it is not necessary to target a con-
ventional active site. Several key differences between the conventional binary approach and the new ternary approach
provided by PPI modulators — here sub-classified as molecular glues and bivalent ligands - are shown in Figure 1.

Molecular glues refer to small-molecule PPI stabilizers that bind a protein and modify its molecular surface, thus
enabling it to recruit a new protein (Figure 1) [14]. Several examples of molecular glues can be found in nature, in-
cluding some macrocyclic agents initially thought to act via conventional inhibition. The immunosuppressive drug
cyclosporin A (CsA) was originally identified as an inhibitor of the peptidyl-prolyl isomerase cyclophilin A (CyPA),
but it was later discovered that the immunosuppressive activity results from interactions between ligand-isomerase
CyPA:CsA complex and calcineurin A (CaN), a Ser/Thr phosphatase involved in T-cell activation. In this de novo
complex, the CsA forms interactions with both CyPA and a homodimer of CaN, the net result of which is to block the
catalytic site of CaN [15-18]. Similarly, the macrolide rapamycin has been shown to promote binding of the mam-
malian target of rapamycin (mTOR) FRB domain and the immunophilin FKBP12. The resulting ternary complex
of FRB:rapamycin:FKBP12 shows de novo interactions between the FRB domain and FKPB12 in addition to inter-
actions between rapamycin and both proteins [19,20]. The precise mechanism of action is still unknown, but it is
suggested that FKB12 may impede access to the mTOR catalytic site [14].

(© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).
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Figure 2. Molecular glues

(A) Crystal structure of DDB1:CRBN:CC-885:GSPT1 (PDB ID: 5HXB) [36] and (B) crystal structure of
DDB1:CRBN:lenalidomide:CK1a (PDB ID: 5FQD) [37]. (C) Chemical structures of several IMiDs. (D) Schematic illustrating
the modification of binding surfaces by molecular glues.

Molecular glues hijacking E3 ubiquitin ligases

A rapidly growing application of PPI modulation is targeting proteins for degradation by the proteasome. This ap-
proach typically involves hijacking the activity of specific Cullin RING E3 ubiquitin ligases (CRLs), the largest family
of E3 ligases in the ubiquitin-proteasome system (UPS) that serve as scaffolds between a substrate protein and a
ubiquitin-conjugating enzyme (E2) [21]. This allows the transfer of ubiquitin (Ub) to the substrate, thereby initiating
the proteasomal degradation of the latter. Modulation of E3 activity is observed with several natural molecules of vary-
ing size and character, including the plant hormones auxin and jasmonate, and viral proteins such as Vif and SV5. In
both cases, the catalytic proximity-driven activity of CRLs is hijacked by the molecular glue in order to target a protein
for degradation [14,22-24]. Plants use auxin to promote the ubiquitin-dependent degradation of Aux/IAAs, a family
of proteins that regulate the activity of the auxin responsive factor (ARF) family of transcription factors. The precise
mechanism behind this targeted degradation involves an auxin-dependent interaction between the SCF-TIR1 ubig-
uitin ligase complex and the Aux/IAA recognition motif. Here, auxin binds to TIR1 and provides the contact surface
for which Aux/IAA can bind [25,26].

The immunomodulatory drugs (IMiDs), including the infamous teratogenic thalidomide and its
second-generation derivatives pomalidomide and lenalidomide, have also been identified as acting as molecu-
lar glues (Figure 2C). Despite their sullied history, these early IMiDs have been approved for the treatment of
multiple myeloma due to their anti-proliferative, anti-angiogenic and immunomodulatory properties [27-29].
Indeed, lenalidomide (trade name Revlimid) is currently the top oncology product 2017 according to IgeaHub
(https://igeahub.com/2017/09/23/top-30-oncology-drugs-2017/), and is expected to be the top-selling cancer drug
by 2022 (FiercePharma: http://www.fiercepharma.com/special-report/special-report-top-15-best-selling-cancer-
drugs-2022). However, the mode of action of the IMiDs remained elusive until 2010, when the molecular target was
identified as cereblon (CRBN), the substrate receptor that forms part of the CUL4-Rbx1-DDB1-CRBN E3 ubiquitin
ligase complex (CRL4“REN) [29,30]. The resulting CRBN-IMiD complex is able to form novel protein-protein
interactions with several proteins, including the Ikaros (IKZF1) and AIOLOS (IKZF3) transcription factors [31,32]
and CKle [33]. As a result of this small-molecule mediated recognition event, these proteins become so-called
neo-substrates to the CRBN E3 ligase, resulting in their ubiquitination and subsequent degradation. Interestingly,
only lenalidomide leads to the degradation of CK1«, suggesting that variations in phthalimide group present in the

(© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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different IMiDs results in distinct modifications to the molecular surface of CRBN and thus differing preferences for
substrate recognition (Figure 2D).

Crystal structures of DDB1-CRBN bound to thalidomide, pomalidomide and lenalidomide were solved and pub-
lished in 2014 [34,35]. These structures help to explain this difference in CRBN E3 ligase substrate specificity. The
glutarimide moieties of all the IMiDs bind to a hydrophobic pocket defined by three tryptophan residues — called
the ‘thalidomide-binding pocket’ — within CRBN. In contrast, the phthalidomide/isoindolone rings are solvent ex-
posed and alter the molecular surface of CRBN, thereby modulating substrate recognition. Two recent ternary struc-
tures of DDBI-CRBN in complex with IMiD-like molecules and neo-substrate protein provide a unique look at
de novo binding interfaces that result from different molecular glues with different substrates [36,37]. A structure
of CRBN-lenalidomide with bound CK1le (PDB code: 5FQD; Figure 2B) confirms that the small molecule is re-
quired for CK1lx binding, as both CRBN and lenalidomide form interactions with a key 3-hairpin loop of CKlx
[37]. A second structure describes the ternary complex between CRBN, lenalidomide analogue compound CC-885
and neo-substrate protein GSPT1 (PDB code: 5SHXB; Figure 2A) [36]. CC-885 is a newer generation IMiD and the
first to display anti-tumour activity in both epithelial and haematological cancers. Although CC-885 is able to in-
duce CRBN-mediated degradation of Ikaros, its anti-tumour properties stem from de novo interactions between
CRBN-CC-885 and the translation termination factor GSPT1. Indeed, the crystal structure of the ternary complex
reveals that a surface turn on GSPT1 interacts with both CC-885 and a ‘hotspot’ on CRBN [36]. Comparison of the
two ternary crystal structures reveal the striking similarities in shape between the (3-hairpin of the two neo-substrates,
despite poor sequence identity. Structural comparison also identified conservation of a key Gly residue at the interface
with the molecular glue, which was confirmed by site-directed mutagenesis. The interactions between GSPT1 and the
extended urea moiety of CC-885 may also explain the selectivity, as both lenalidomide and pomalidomide lack this
moiety. Interestingly, the two neo-substrates dock to the ligase from distinct directions, highlighting the permissivity
of E3 ligases to diverse spatial orientations and presentations of neo-substrates for ubiquitination [38].

Proteolysis-targeting chimaeras (PROTACS): a bivalent

approach to PPl modulation

Although the molecular glues can modify the substrate affinity and selectivity profiles of an E3 ligase, typically they
are found to bind either weakly to one or both of the two proteins individually or to one protein alone, usually the
E3 ligase. By contrast, a bivalent approach to protein degradation contemplates two-headed small molecules that are
able to bind to each of the two proteins individually. A synthetic and potentially modular bivalent approach to pro-
moting selective degradation of a target protein was proposed in 2001 by Crews, Deshaies and Sakamoto, which was
named ‘Proteolysis-Targeting Chimaeras’ (PROTACs) [39]. PROTACs are heterobifunctional compounds that are
designed to bind both a target protein and an E3 ligase at the same time, via two separate heads, to target a particu-
lar protein for degradation by the proteasome (Figure 3A). Due to the scarcity of suitable ligands for E3 ligases, the
first-generation PROTAC:s utilized known peptidic epitopes of E3 ligase substrates. For example, a portion of NF-kB
inhibitor- o containing phosphor-serine as key recognition degron was used to recruit the S-phase kinase-associated
protein 1 (SKP1)-cullin 1-F-box E3 ligase complex (SCFP™RC?) [40]. This was later replaced with the minimal recog-
nition sequence ALA-Hyp-YIP, from the hypoxia-inducible factor 1o« (HIF-1a), which specifically binds to the von
Hippel-Lindau (VHL) Cullin2 E3 ligase (CRL2"!) [41]. The major limitations of these early peptide-based PRO-
TACs were their peptidic nature and high molecular weight, meaning the compounds suffered from poor cell per-
meability, low cellular stability and, consequently, limited cellular activity [42]. To address these limitations, it was
recognized the need to replace such peptidic E3-targeting ligands with small molecules of lower molecular weight
and more drug-like properties.

A considerable leap forward in the field came out of the development of non-peptidic drug-like small-molecule
binders of VHL with crystallographically defined binding modes. A first-generation of VHL ligands with micromo-
lar binding affinities to VHL were reported in 2012 as the product of a collaboration between the Ciulli (Cambridge)
and the Crews (Yale) laboratories [43-45]. Extensive and careful SBDD and FBDD optimization around the key hy-
droxyproline residue, supported by co-crystal structures and biophysics-driven SAR, ultimately led to the discovery
of potent ligands with binding affinity in the nanomolar range. This series was later optimized within the Ciulli lab
(Dundee) into compound VH298, a highly potent, selective and cell-active VHL inhibitor in its own right [46-48].
These potent and drug-like VHL ligands allowed the PROTAC field to begin to move from an initial chemical biol-
ogy proof-of-concept, into the realm of lead discovery for therapeutic purposes. Amongst the first PROTACs to make
use of these non-peptidic VHL ligands — MZ1 (first VHL-based BET degrader disclosed in 2015 by the Ciulli Lab
[49], see Figure 3B) and ARV-771 (2016, from Yale spin-off Arvinas [50]) — were conjugates of JQ1, a pan-selective

(© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
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Figure 3. Proteolysis-targeting chimaeras
(A) PROTACSs hijack E3 ligases to trigger the ubiquitination and subsequent proteasomal degradation of a target protein. Ub -
ubiquitin. (B) Chemical structures of PROTACSs that recruit BET proteins and either VHL (MZ1) or CRBN (dBET1 and ARV-825).

inhibitor of bromo- and extra-terminal (BET) domain family of proteins (K4 ~ 100 nM equally against the bro-
modomains of BET proteins Brd2, Brd3 and Brd4). Degradation of BET proteins was observed in several cell lines
following treatment with VHL-based BET degraders. Notably, MZ1-mediated degradation of BET proteins in can-
cer cell lines was shown to be preferential for Brd4 over paralogous proteins Brd2 and Brd3 [49], with an observed
selectivity window of >10-fold in protein degradation activity, or DC50, for Brd4 [51]. This observation was intrigu-
ing and important, as it demonstrated for the first time an added layer of target depletion selectivity over the binary
target engagement selectivity of the target warhead ligand. As the derivatization of JQ1 into MZ1 did not result in
differences in target engagement selectivity with the different BET bromodomains, it was postulated that the choice
of the E3 ligase recruited could play an important role, together with the conjugation position and choice of linker,
in dictating the enhanced target degradation selectivity. Indeed, differential target depletion selectivities were later
reported with PROTAC molecules designed to target the Abl kinase proteins to degradation via conjugation of CRBN
and VHL targeting ligands [52]. Moreover, BET-targeting PROTAC:s recruiting CRBN were reported at the same time
of MZ1 and were shown to be pan-selective degraders of all BET proteins at nanomolar concentrations [53,54]. Two
compounds, ARV-825 (from Arvinas) and dBET1 (from the Bradner Lab at Dana Farber), were designed as conju-
gates of a pomalidomide derivative and an analogue of JQ1 (Figure 3B), and induced complete degradation of Brd2,
Brd3 and Brd4 in different cell lines. Not only could highly potent PROTACs now be designed to be active in cells at
concentrations that were orders of magnitudes lower than the binary binding affinities of the constitutive warheads,
but they could also exhibit exquisite target degradation selectivities.

The bicameral design and optimization of PROTACs
Despite the ever-growing number of targets recruited to E3 ligases using PROTACs, the majority of them are derived
using classical binary SBDD approaches - similar to the pioneering examples targeting BET bromodomains and
protein kinases, described above. In many cases, existing inhibitors/binders that may or may not have therapeutic
efficacy on their own are being re-purposed as PROTACs. This has led to the design of VHL-recruiting PROTACs
that target c-ABL, RIPK2, BET proteins and ERR« [49,50,52,55], and CRBN-recruiting PROTAC:s that target BET
proteins, FKBP12 and c-ABL [52-54]. Other E3 ligases that have been recruited by PROTACs include cIAP, also
termed specific and non-genetic IAP-dependent protein erasers (SNIPERs) [56,57], and MDM2 [58].

To date, the design and subsequent optimization of PROTACs have been largely guided by a fixation on the binary
interactions between each protein and the respective warhead of the PROTAC (Figure 4). This is driven by the abun-
dance of crystal structures of binary complexes, many of which are available in the Protein Data Bank (PDB). However,
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Target Protein E3 Ligase

Figure 4. Existing mindset in PROTAC design and optimization
The prevailing approach to developing new PROTACs views ligands targeting the E3 Ligase (blue) and the Target Protein (green)
as separate entities that can be joined by a linker.

recent studies have demonstrated the drawbacks to this approach, as improved binary affinity does not necessarily
translate to improved degradation of target protein [51]. Initially, linkers were little more than a means to conjugate
two ligands together to form a PROTAC. Typical linker design employs varying lengths of polyethylene glycol (PEG),
but there are some notable examples that deviate from this template, including the pure alkyl chains of dBET1 and
dFKBP-1 [54]. The site of attachment is often based on analysis of ligand-bound structures, where available, to look
for regions that are solvent exposed. In this way, linker attachment was handled much like biotinylation or the addi-
tion of a fluorophore. However, several studies have attempted to systematically examine linker properties, including
length and attachment site, and have demonstrated that they do influence protein degradation. ER-degrading PRO-
TAC:s that recruit VHL were shown to promote greater degradation with an optimal linker length of 16 atoms [59].
Degradation was also enhanced when the linker was derivatized from the C-7a position of oestradiol rather than via
ester linkage to O-17 [42]. In this latter case, the enhanced degradation may stem from the carbon-carbon derivatives’
reduced susceptibility to esterases. Other studies have explored selective coupling chemistries e.g. click chemistry to
assemble PROTAC in cell and as libraries [60,61]. More recently, the role of linker length in PROTAC:s that degrade
TANK-binding kinase 1 (TBK1) was investigated [62]. Once again, the study demonstrated remarkable differences
in degradation solely due to varied linker length. Thus, although linker properties clearly have a marked effect on the
ability for PROTAC: to induce degradation, how this occurs has remained poorly understood.

Taken together, mainstream approaches to PROTAC design have so far appeared to view complex formation as
two binary interactions. Warheads are initially designed and optimized against their respective target, then conju-
gated using linkers that vary in length and flexibility. Multiple derivation sites from each ligand may also be explored
to further expand the PROTAC series. While these three stages have yielded potent PROTACs that promote degra-
dation of a variety of protein targets, the process still had remained somewhat unguided at the level of structural
understanding of the key catalytic ternary complex. Moreover, no rational approach to the design of linkers seems to
include the possibility of inter- and intramolecular interactions. However, similar to the CRBN-IMIiD ternary struc-
tures described above, the linker may be able in many cases to interact favourably with both proteins, the warheads
and, given an appropriate length and flexibility, even with itself.

We argue that the binary plug-and-play approach to PROTAC design (Figure 4) has been largely the result of a
major limitation in the field - the lack of structural data regarding the ternary complex. Although there are some
examples of crystallizing PROTACs bound to one of their target proteins in a binary complex e.g. Brd4/DB-2-190
(PDB ID: 4ZC9) [54], these structures are not guaranteed to capture the correct conformation of the linker/second
warhead due to the absence of the partner protein. In silico modelling of the ternary structure has been attempted,
as in the case of the CRBN:PROTAC:SIRT2 complex [63] amongst others, but again this may not mirror reality due
to the difficulty in accurately predicting protein—protein complexes computationally, let alone complexes that are
formed only in the presence of an artificial ligand.

(© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).
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Figure 5. PROTAC-induced ternary complexes and their biophysical properties
(A) Crystal structure of VHL:MZ1:Brd48P2 (PDB ID: 5T35). (B) Conformation of MZ1 when bound to the ternary complex. (C) Ternary
(T) complex equilibria for protein A, protein B and PROTAC (P). (D) Simulation showing amount of ternary complex formation and
its relationship with cooperativity. K4* and K4B are maintained constant for all three cases.

The molecular glue approach exemplified by the IMiD-mediated recruitment of CRBN demonstrates the require-
ment to promote de novo PPIs between the two targeted proteins in the ternary complex. In contrast, the biva-
lent nature of PROTACs with two independent ligands present in the same molecular entity was deemed to im-
ply that PROTACs would merely act by bringing the two proteins into spatial proximity, in a fashion independent
of protein-protein interactions. This incorrect notion was soon to be debunked as the first structural image of a
PROTAC-mediated ternary complex emerged in early 2017.

The whole is greater than the sum of the parts: emergence

of a ternary model

In a recent crystal structure of PROTAC MZI1 bound in complex with both VHL and the Brd4 bromodomain
(Brd4®P?), Gadd et al. [64] provide the first glimpse into a PROTAC-induced ternary species, and a complete PRO-
TAC binding site (Figure 5A). MZ1 binds to a bowl-shaped pocket formed by extensive PPIs between VHL and
Brd4®P2. The base of the bowl arises from two sets of non-polar interactions, whereas the rim of the bowl is largely
formed through complementary electrostatic interactions and salt bridges between side chains on Brd42°? and VHL.
The total buried surface area for the ternary complex, including PPIs and surface area buried due to ligand fold-
ing, was estimated at >2600 A2. For comparison, the total buried surface areas in CRBN:lenalidomide:CK1a and
CRBN:CC-885:GSPT1 structures were estimated at 1830 A% and 2390 A2, respectively.

In addition to the JQ1 and VH032 warheads forming expected binary interactions with their respective protein
target, MZ1 also forms a variety of inter- and intramolecular contacts within the ternary complex. The PEG linker
is heavily buried and forms interactions with both Brd4®P? and VHL, resulting in very little solvent-exposed linker
compared with many prevailing models at the time. Similarly, regions from each warhead that are solvent-exposed
in the respective binary complexes are instead buried in the ternary complex. This may play a key role in stabilizing
the complex, as JQ1 forms interactions with VHL and VH032 forms interactions with Brd4®P2, Beyond the extensive
protein-ligand interactions, the linker also folds up to allow sandwiching between JQ1 and VHO032. Due to this linker
collapse, it was posited that the points of linkage could be optimized so as to rigidify the PROTAC and reduce its
conformational freedom. Given the proximity between the tert-Leu group of VH032 and the JQ1 ligand, this position

(© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 51 1
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Figure 6. The process of PROTAC development
The chart highlights the various steps involved from administration to intracellular degradation and the biophysical techniques used
to study them. In bold are common parameters to characterize PROTACs at each stage.

was chosen for a new linkage (Figure 5B). The resulting PROTAC series, AT1-6, displayed enhanced selectivity for
Brd4, albeit with reduced potency relative to MZ1 due to a slight reduction of binding affinity at the VHL warhead
[64].

The ternary complex structure also provided, crucially, insights towards an explanation for the preference for Brd4
degradation by MZ1 despite the pan-selective properties of JQ1. Specifically, the ternary structure suggested that se-
lectivity could be governed by cooperativity, itself a by-product of isoform-specific interactions. For ternary complex
[APB], cooperativity (represented as o) is a metric to describe favourable or repulsive interactions between ‘A’ and ‘B’
in the ternary complex. To measure cooperativity, Gadd et al. developed reversed ITC experiments to measure K4
and K4 (Figure 5C) and thus determine to what extent the binding of protein A to a PROTAC ‘P’ is altered by the
presence of protein B [64]. Negative cooperativity, here defined as o = K4* / K4* < 1, occurs when interactions
between A and B diminish the amount of ternary complex APB. Conversely, positive cooperativity, defined as &« =
Kq™ / K4 > 1, occurs when interactions between A and B enhance complex formation. All the BET bromodomains
showed positive cooperativity, with the strongest cooperativity observed for the crystallized target: Brd4®P2. Further-
more, strength of positive cooperativity and the amount of ternary complex formed experimentally were found to be
highly correlated (Figure 5D). Reciprocal mutations in residues at the VHL-bromodomain interfaces of Brd4®P? and
Brd2BP! - the bromodomains displaying the highest and lowest cooperativities, respectively - completely reversed the
biophysical phenotypes for each bromodomain, further suggesting a tight correlation between PPIs, cooperativity and
ternary complex formation. Importantly, the mutations did not affect the binary affinity for MZ1, demonstrating that
the change in cooperativity was not due to a change in binary target engagement [56].

Three’s company: the way forward

The future of PROTAC development must undoubtedly include ternary system thermodynamic and kinetic proper-
ties, including cooperativity, as well as an appreciation for the ternary structure as a whole. The PROTAC develop-
mental process can be illustrated as the path a PROTAC must follow from administration to intracellular degrada-
tion, with each stage characterized by specific parameters that can be monitored using tailored assays and techniques
(Figure 6). Briefly, the process begins with important regard for the chemical stability, solubility and permeability of
the PROTAC. Once intracellular, the PROTAC will undergo binary engagement with either the E3 ligase or the target
protein; this interaction can be described using ICs, values and Ky values, amongst other binary kinetic and thermo-
dynamic parameters, which can be obtained through biophysical techniques such as ITC, fluorescence polarization
(FP), SPR and BLI. While it is clear that binary target engagement primes ternary complex formation, characterizing
the ternary system is an additional important step. X-ray crystal structures of the ternary complex at this stage will
prove invaluable, but many other tools that have a prominent role in existing drug discovery platforms can, or have the
potential to, also be adapted to assess the properties of ternary systems, as depicted in Figure 6 and detailed in Table 1.
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Table 1 Application of biophysical techniques to study binary and ternary complex formation

Technique Binary Ternary
X-ray e |dentify ligand binding site and binding mode o |dentify folding and conformation of the bound PROTAC, particularly
the linker
e Compound optimization through visualization of protein-ligand e |dentify de novo protein—protein interactions to understand
interactions neo-substrate binding mode relative to E3 ligase
e Visualization of inter- and intramolecular interactions made by
PROTAC enables further optimization
NMR e Ligand-observed NMR can provide information on bound ligand e Ligand-observed NMR could provide information on bound
conformation conformation of PROTAC in ternary complex
e Protein-observed can map binding site on protein o Protein-observed can map protein—protein contacts in the ternary
complex
SPR/BLI e Binary Ky values. kon and ke rate constants e Ternary K values. kon and Ko rate constants for the dissociation of
the ternary complex
DSF e Small-molecule hit identification e Applicability remains to be demonstrated
ITC e Binary Ky values, thermodynamic parameters for a binary system e Ternary K4 values and cooperativity; thermodynamic parameters for
i.e. AH, AS and AC,, of binding a ternary system; ternary complex stabilities (AG)
Alphal ISA e Competition assays for hit validation e Assess capacity for forming ternary complex; evaluate relative
population of ternary complexes
o Generate bell-shaped curves typical for three-body binding equilibria
FP e Competition assays for hit validation o Applicability to be demonstrated
e Binary Ky values can be back-calculated from ICsq values
TR-FRET e Competition assays for hit validation e Assess capacity for forming ternary complex; evaluate relative

population of ternary complexes
e Generate bell-shaped curves typical for three-body binding equilibria

For example, ITC, as discussed above, is in our experience the most reliable technique for determining cooperativity,
but we envisage that other binding assays could be developed or configured for the same purposes. Table 1 highlights
how various gold-standard biophysical techniques can be repurposed to interrogate ternary systems. A recent study
from our lab has reported the application of ITC, size exclusion chromatography and AlphaLISA in combination to
monitor the 2:1 complexes formed between homo-bivalent VHL degrading molecules (also called Homo-PROTACs)
and the target protein VHL [65]. Crucially, the most potent VHL degrader, compound CM11, was found to induce
VHL dimerization with the greatest cooperativity effect, further underscoring the importance of this parameter in
driving ternary complex equilibria and PROTAC degradation efficiency [65 ]. Following ternary complex formation,
it is expected that the target will be ubiquitinated and targeted to the proteasome for degradation. These processes
can be monitored through a variety of biochemical approaches, including mass spectrometry and Western blot assays
following treatment of cells with PROTAC: in the presence and absence of inhibitors of ubiquitination and the pro-
teasome. Establishing a link between ternary complex formation and degradation is also warranted, as it illustrates
the importance of PROTAC geometry and the orientation of the proteins relative to one another.

Summary

e PROTACs and molecular glues are a rapidly growing application of PPl modulation that target proteins
for degradation by the proteasome.

e PROTACs and molecular glues represent a new paradigm in therapeutics, capable of targeting any
binding site and driven by ternary complex formation.

e Recent elucidation of the ternary complex structures reveals extensive inter- and intramolecular inter-
actions formed by the bound ligand that cannot be predicted solely from binary target engagement.

e The future of PROTAC development must include ternary system thermodynamic and kinetic prop-
erties, including cooperativity, as well as an appreciation for the ternary structure as a whole.

(© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

513



o = PORTLAND
09 rress

514

Essays in Biochemistry (2017) 61 505-516
https://doi.org/10.1042/EBC20170041

Funding

The authors are grateful to the organizations that provide funding support to the Ciulli Laboratory, including the European Re-
search Council (ERC-2012-StG-311460 DrugE3CRLs Starting Grant to A.C.), the European Commission, the Wellcome Trust
(Strategic Award 100476/2/12/Z for biophysics and drug discovery to the Division of Biological Chemistry and Drug Discovery),
and Boehringer Ingelheim. The authors thank Will Farnaby for helpful discussions related to Figure 6.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Abbreviations

BET, bromo- and extra-terminal; CaN, calcineurin A; CK1«, Casein Kinase 1«; CRBN, cereblon; CRL, Cullin RING E3 ubiqui-
tin ligase; CsA, cyclosporin A; CyPA, cyclophilin A; FBDD, fragment-based drug discovery; GSPT1, G1 To S Phase Transition

1; HIF-1, hypoxia-inducible factor 1¢; IMID, immunomodulatory drug; ITC, isothermal titration calorimetry; MDM2, Mouse
double minute 2 homolog; NF-kB, Nuclear Factor - kB; PEG, polyethylene glycol; PPI, protein—protein interaction; SBDD,
structure-based drug design; SCF, SKp, Cullin, F-box containing complex; SKP1, S-phase kinase-associated protein 1; SPR,
surface plasmon resonance; TIR1, Transport Inhibitor Response 1; UPS, ubiquitin-proteasome system; VHL, von Hippel-Lindau.

References

1 Perutz, M.F,, Rossmann, M.G., Cullis, A.F., Muirhead, H., Will, G. and North, A.C. (1960) Structure of haemoglobin: a three-dimensional Fourier synthesis
at 5.5-A. resolution, obtained by X-ray analysis. Nature 185, 416422

2 Beddell, C.R., Goodford, P.J., Norrington, F.E., Wilkinson, S. and Wootton, R. (1976) Compounds designed to fit a site of known structure in human
haemoglobin. Br. J. Pharmacol. 57, 201-209

3 Rahuel, J., Priestle, J.P. and Grutter, M.G. (1991) The crystal structures of recombinant glycosylated human renin alone and in complex with a transition
state analog inhibitor. J. Struct. Biol. 107, 227-236

4 Dhanaraj, V., Dealwis, C.G., Frazao, C., Badasso, M., Sibanda, B.L., Tickle, I.J. et al. (1992) X-ray analyses of peptide-inhibitor complexes define the
structural basis of specificity for human and mouse renins. Nature 357, 466—472

5 Navia, M.A., Fitzgerald, P.M., McKeever, B.M., Leu, C.T., Heimbach, J.C., Herber, W.K. et al. (1989) Three-dimensional structure of aspartyl protease
from human immunodeficiency virus HIV-1. Nature 337, 615-620

6 Blundell, T.L. (2017) Protein crystallography and drug discovery: recollections of knowledge exchange between academia and industry. /UCrJ 4,
308-321

7 Erlanson, D.A., Fesik, S.W., Hubbard, R.E., Jahnke, W. and Jhoti, H. (2016) Twenty years on: the impact of fragments on drug discovery. Nat. Rev. Drug
Discov. 15, 605-619

8 Lipinski, C.A., Lombardo, F., Dominy, B.W. and Feeney, P.J. (2001) Experimental and computational approaches to estimate solubility and permeability
in drug discovery and development settings. Adv. Drug Delivery Rev. 46, 3—26

9 Bohacek, R.S., McMartin, C. and Guida, W.C. (1996) The art and practice of structure-based drug design: a molecular modeling perspective. Med. Res.
Rev. 16, 3-50

10 Renaud, J.P., Chung, C.W., Danielson, U.H., Egner, U., Hennig, M., Hubbard, R.E. et al. (2016) Biophysics in drug discovery: impact, challenges and
opportunities. Nat. Rev. Drug Discov. 15, 679-698

11 Milroy, L.G., Grossmann, T.N., Hennig, S., Brunsveld, L. and Ottmann, C. (2014) Modulators of protein-protein interactions. Chem. Rev. 114,
4695-4748

12 Thiel, P., Kaiser, M. and Ottmann, C. (2012) Small-molecule stabilization of protein-protein interactions: an underestimated concept in drug discovery?
Angew. Chem., Int. Ed. Engl. 51, 2012-2018

13 Pommier, Y. and Marchand, C. (2011) Interfacial inhibitors: targeting macromolecular complexes. Nat. Rev. Drug Discov. 11, 25-36

14 Fischer, E.S., Park, E., Eck, M.J. and Thoma, N.H. (2016) SPLINTS: small-molecule protein ligand interface stabilizers. Curr. Opin. Struct. Biol. 37,
115-122

15 Ho, S., Clipstone, N., Timmermann, L., Northrop, J., Graef, I, Fiorentino, D. et al. (1996) The mechanism of action of cyclosporin A and FK506. Clin.
Immunol. Immunopathol. 80, S40-S45

16 Kissinger, C.R., Parge, H.E., Knighton, D.R., Lewis, C.T., Pelletier, L.A., Tempczyk, A. et al. (1995) Crystal structures of human calcineurin and the human
FKBP12-FK506-calcineurin complex. Nature 378, 641-644

17 Griffith, J.P,, Kim, J.L., Kim, E.E., Sintchak, M.D., Thomson, J.A., Fitzgibbon, M.J. et al. (1995) X-ray structure of calcineurin inhibited by the
immunophilin-immunosuppressant FKBP12-FK506 complex. Cell 82, 507-522

18 Jin, L. and Harrison, S.C. (2002) Crystal structure of human calcineurin complexed with cyclosporin A and human cyclophilin. Proc. Natl. Acad. Sci.
U.S.A. 99, 13522-13526

19 Brown, E.J., Albers, M.W., Shin, T.B., Ichikawa, K., Keith, C.T., Lane, W.S. et al. (1994) A mammalian protein targeted by G1-arresting
rapamycin-receptor complex. Nature 369, 756—758

20 Choi, J., Chen, J., Schreiber, S.L. and Clardy, J. (1996) Structure of the FKBP12-rapamycin complex interacting with the binding domain of human
FRAP. Science 273, 239-242

(© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).



Essays in Biochemistry (2017) 61 505-516
https://doi.org/10.1042/EBC20170041

21 Lipkowitz, S. and Weissman, A.M. (2011) RINGs of good and evil: RING finger ubiquitin ligases at the crossroads of tumour suppression and
oncogenesis. Nat. Rev. Cancer 11, 629-643

22 Ulane, C.M. and Horvath, C.M. (2002) Paramyxoviruses SV5 and HPIV2 assemble STAT protein ubiquitin ligase complexes from cellular components.
Virology 304, 160-166

23 Yu, X, Yu, Y, Liu, B., Luo, K., Kong, W., Mao, P. et al. (2003) Induction of APOBEC3G ubiquitination and degradation by an HIV-1 Vif-Cul5-SCF complex.
Science 302, 1056—1060

24 Sheard, L.B., Tan, X., Mao, H., Withers, J., Ben-Nissan, G., Hinds, T.R. et al. (2010) Jasmonate perception by inositol-phosphate-potentiated COI1-JAZ
co-receptor. Nature 468, 400-405

25 Tan, X., Calderon-Villalobos, L.I., Sharon, M., Zheng, C., Robinson, C.V., Estelle, M. et al. (2007) Mechanism of auxin perception by the TIR1 ubiquitin
ligase. Nature 446, 640-645

26 Gray, W.M., Kepinski, S., Rouse, D., Leyser, 0. and Estelle, M. (2001) Auxin regulates SCF(TIR1)-dependent degradation of AUX/IAA proteins. Nature
414, 271-276

27 Bartlett, J.B., Dredge, K. and Dalgleish, A.G. (2004) The evolution of thalidomide and its IMiD derivatives as anticancer agents. Nat. Rev. Cancer 4,
314-322

28 Marriott, J.B., Muller, G. and Dalgleish, A.G. (1999) Thalidomide as an emerging immunotherapeutic agent. Immunol. Today 20, 538-540

29 Lopez-Girona, A., Mendy, D, Ito, T., Miller, K., Gandhi, A.K., Kang, J. et al. (2012) Cereblon is a direct protein target for immunomodulatory and
antiproliferative activities of lenalidomide and pomalidomide. Leukemia 26, 2326—2335

30 Ito, T., Ando, H., Suzuki, T., Ogura, T., Hotta, K., Imamura, Y. et al. (2010) Identification of a primary target of thalidomide teratogenicity. Science 327,
1345-1350

31 Lu, G., Middleton, R.E., Sun, H., Naniong, M., Ott, C.J., Mitsiades, C.S. et al. (2014) The myeloma drug lenalidomide promotes the cereblon-dependent
destruction of Ikaros proteins. Science 343, 305-309

32 Kronke, J., Udeshi, N.D., Narla, A., Grauman, P., Hurst, S.N., McConkey, M. et al. (2014) Lenalidomide causes selective degradation of IKZF1 and IKZF3
in multiple myeloma cells. Science 343, 301-305

33 Kronke, J., Fink, E.C., Hollenbach, PW., MacBeth, K.J., Hurst, S.N., Udeshi, N.D. et al. (2015) Lenalidomide induces ubiquitination and degradation of
CK1alpha in del(5q) MDS. Nature 523, 183-188

34 Fischer, E.S., Bohm, K., Lydeard, J.R., Yang, H., Stadler, M.B., Cavadini, S. et al. (2014) Structure of the DDB1-CRBN E3 ubiquitin ligase in complex with
thalidomide. Nature 512, 49-53

35 Chamberlain, PP, Lopez-Girona, A., Miller, K., Carmel, G., Pagarigan, B., Chie-Leon, B. et al. (2014) Structure of the human
Cereblon-DDB1-lenalidomide complex reveals basis for responsiveness to thalidomide analogs. Nat. Struct. Mol. Biol. 21, 803—-809

36 Matyskiela, M.E., Lu, G., Ito, T., Pagarigan, B., Lu, C.C., Miller, K. et al. (2016) A novel cereblon modulator recruits GSPT1 to the CRL4(CRBN) ubiquitin
ligase. Nature 535, 252257

37 Petzold, G., Fischer, E.S. and Thoma, N.H. (2016) Structural basis of lenalidomide-induced CK1alpha degradation by the CRL4(CRBN) ubiquitin ligase.
Nature 532, 127-130

38 Lucas, X. and Ciulli, A. (2017) Recognition of substrate degrons by E3 ubiquitin ligases and modulation by small-molecule mimicry strategies. Curr.
Opin. Struct. Biol. 44,101-110

39 Ottis, P. and Crews, C.M. (2017) Proteolysis-targeting chimeras: induced protein degradation as a therapeutic strategy. ACS Chem. Biol. 12,
892-898

40 Sakamoto, K.M., Kim, K.B., Kumagai, A., Mercurio, F., Crews, C.M. and Deshaies, R.J. (2001) Protacs: chimeric molecules that target proteins to the
Skp1-Cullin-F box complex for ubiquitination and degradation. Proc. Natl. Acad. Sci. U.S.A. 98, 8554—-8559

41 Ohh, M., Park, C.W., Ilvan, M., Hoffman, M.A., Kim, T.Y., Huang, L.E. et al. (2000) Ubiquitination of hypoxia-inducible factor requires direct binding to the
beta-domain of the von Hippel-Lindau protein. Nat. Cell Biol. 2, 423-427

42 Cyrus, K., Wehenkel, M., Choi, E.Y., Lee, H., Swanson, H. and Kim, K.B. (2010) Jostling for position: optimizing linker location in the design of estrogen
receptor-targeting PROTACs. Chem. Med. Chem. 5, 979-985

43 Buckley, D.L., Van Molle, 1., Gareiss, P.C., Tae, H.S., Michel, J., Noblin, D.J. et al. (2012) Targeting the von Hippel-Lindau E3 ubiquitin ligase using small
molecules to disrupt the VHL/HIF-1alpha interaction. J. Am. Chem. Soc. 134, 4465-4468

44 Van Molle, 1., Thomann, A., Buckley, D.L., So, E.C., Lang, S., Crews, C.M. et al. (2012) Dissecting fragment-based lead discovery at the von
Hippel-Lindau protein:hypoxia inducible factor 1alpha protein-protein interface. Chem. Biol. 19, 1300-1312

45 Buckley, D.L., Gustafson, J.L., Van Molle, I., Roth, A.G., Tae, H.S., Gareiss, P.C. et al. (2012) Small-molecule inhibitors of the interaction between the E3
ligase VHL and HIF1alpha. Angew. Chem., Int. Ed. Engl. 51, 11463-11467

46 Galdeano, C., Gadd, M.S., Soares, P., Scaffidi, S., Van Molle, 1., Birced, I. et al. (2014) Structure-guided design and optimization of small molecules
targeting the protein-protein interaction between the von Hippel-Lindau (VHL) E3 ubiquitin ligase and the hypoxia inducible factor (HIF) alpha subunit
with in vitro nanomolar affinities. J. Med. Chem. 57, 8657-8663

47 Frost, J., Galdeano, C., Soares, P., Gadd, M.S., Grzes, K.M., Ellis, L. et al. (2016) Potent and selective chemical probe of hypoxic signalling downstream
of HIF-alpha hydroxylation via VHL inhibition. Nat. Commun. 7, 13312

48 Soares, P., Gadd, M.S., Frost, J., Galdeano, C., Ellis, L., Epemolu, 0. et al. (2017) Group-Based Optimization of Potent and Cell-Active Inhibitors of the
von Hippel-Lindau (VHL) E3 Ubiquitin Ligase: Structure-Activity Relationships Leading to the Chemical Probe
(2S,4R)-1-((S)-2-(1-Cyanocyclopropanecarboxamido)-3,3-dimethylbutanoyl)-4-hydroxy -N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide
(VH298). J. Med. Chem., doi:10.1021/acs.jmedchem.7b00675

49 Zengerle, M., Chan, K.H. and Ciulli, A. (2015) Selective small molecule induced degradation of the BET bromodomain protein BRD4. ACS Chem. Biol.
10, 17701777

(© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

«. 2 PORTLAND
09 rress

515



Essays in Biochemistry (2017) 61 505-516

[ ]
’... FF:F? E%ELAND https://doi.org/10.1042/EBC20170041

516

50 Raina, K., Lu, J., Qian, Y., Altieri, M., Gordon, D., Rossi, A.M. et al. (2016) PROTAC-induced BET protein degradation as a therapy for castration-resistant
prostate cancer. Proc. Natl. Acad. Sci. U.S.A. 113, 7124-7129

51 Chan, K.H., Zengerle, M., Testa, A. and Ciulli, A. (2017) Impact of target warhead and linkage vector on inducing protein degradation: comparison of
bromodomain and extra-terminal (BET) degraders derived from triazolodiazepine (JQ1) and tetrahydroquinoline (I-BET726) BET inhibitor scaffolds. J.
Med. Chem., doi:10.1021/acs.jmedchem.6b01912

52 Lai, A.C., Toure, M., Hellerschmied, D., Salami, J., Jaime-Figueroa, S., Ko, E. et al. (2016) Modular PROTAC Design for the Degradation of Oncogenic
BCR-ABL. Angew. Chem. Int., Ed. Engl. 55, 807-810

53 Lu, J., Qian, Y., Altieri, M., Dong, H., Wang, J., Raina, K. et al. (2015) Hijacking the E3 ubiquitin ligase cereblon to efficiently target BRD4. Chem. Biol.
22, 755-763

54 Winter, G.E., Buckley, D.L., Paulk, J., Roberts, J.M., Souza, A., Dhe-Paganon, S. et al. (2015) DRUG DEVELOPMENT. Phthalimide conjugation as a
strategy for in vivo target protein degradation. Science 348, 1376—1381

55 Bondeson, D.P.,, Mares, A., Smith, L.E., Ko, E., Campos, S., Miah, A.H. et al. (2015) Catalytic in vivo protein knockdown by small-molecule PROTACs. Nat.
Chem. Biol. 11, 611-617

56 Itoh, Y., Kitaguchi, R., Ishikawa, M., Naito, M. and Hashimoto, Y. (2011) Design, synthesis and biological evaluation of nuclear receptor-degradation
inducers. Bioorg. Med. Chem. 19, 6768-6778

57 ltoh, Y., Ishikawa, M., Naito, M. and Hashimoto, Y. (2010) Protein knockdown using methyl bestatin-ligand hybrid molecules: design and synthesis of
inducers of ubiquitination-mediated degradation of cellular retinoic acid-binding proteins. J. Am. Chem. Soc. 132, 5820-5826

58 Schneekloth, A.R., Pucheault, M., Tae, H.S. and Crews, C.M. (2008) Targeted intracellular protein degradation induced by a small molecule: En route to
chemical proteomics. Bioorg. Med. Chem. Lett. 18, 5904-5908

59 Cyrus, K., Wehenkel, M., Choi, E.Y., Han, H.J., Lee, H., Swanson, H. et al. (2011) Impact of linker length on the activity of PROTACs. Mol. Biosyst. 7,
359-364

60 Wurz, R.P., Dellamaggiore, K., Dou, H., Javier, N., Lo, M.C., McCarter, J.D. et al. (2017) A “Click Chemistry Platform” for the rapid synthesis of bispecific
molecules for inducing protein degradation. J. Med. Chem., doi:10.1021/acs.jmedchem.6b01781

61 Lebraud, H., Wright, D.J., Johnson, C.N. and Heightman, T.D. (2016) Protein degradation by in-cell self-assembly of proteolysis targeting chimeras. ACS
Cent. Sci. 2, 927-934

62 Crew, A.P,, Raina, K., Dong, H., Qian, Y., Wang, J., Vigil, D. et al. (2017) Identification and characterization of von hippel-lindau-recruiting proteolysis
targeting chimeras (PROTACs) of TANK-binding kinase 1. J. Med. Chem., doi:10.1021/acs.jmedchem.7b00635

63 Schiedel, M., Herp, D., Hammelmann, S., Swyter, S., Lehotzky, A., Robaa, D. et al. (2017) Chemically induced degradation of sirtuin 2 (Sirt2) by a
proteolysis targeting chimera (PROTAC) based on sirtuin rearranging ligands (SirReals). J. Med. Chem., doi:10.1021/acs.jmedchem.6b01872

64 Gadd, M.S., Testa, A., Lucas, X., Chan, K.H., Chen, W., Lamont, D.J. et al. (2017) Structural basis of PROTAC cooperative recognition for selective
protein degradation. Nat. Chem. Biol. 13, 514-521

65 Maniaci, C., Hughes, S.J., Testa, A., Chen, W., Lamont, D.J., Rocha, S., Alessi, D.R., Romeo, R. and Ciulli, A. (2017) Homo-PROTACs: hivalent
small-molecule dimerizers of the VHL E3 ubiquitin ligase to induce self-degradation. Nat Commun 8, 830, 29018234,
doi:10.1038/s41467-017-00954-1

(© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).



