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Abstract 
Begnini, F. 2021. Discovery of Novel Macrocyclic Ligands for Difficult Targets. Applications 
to Natural Product Derived Keap1 Inhibitors. Digital Comprehensive Summaries of Uppsala 
Dissertations from the Faculty of Science and Technology 2079. 72 pp. Uppsala: Acta 
Universitatis Upsaliensis. ISBN 978-91-513-1304-7. 

The development of small-molecule ligands for biological targets that possess large, featureless 
or highly polar binding sites is a challenging task. This thesis is focused on a novel lead 
generation strategy to identify macrocyclic ligands for difficult-to-drug targets, as well as on 
the relationship between cell permeability and the conformations of macrocycles. 

A database of natural products was investigated to compile a set of macrocyclic cores to 
be used for in silico screening on difficult-to-drug targets. Docking of this set on Keap1, a 
target considered challenging due to its large and polar binding site, identified the core of the 
natural product cyclothialidine as a starting point for lead generation. Synthesis and evaluation 
of a small number of analogues provided a novel macrocyclic Keap1 inhibitor with potency in 
the low micromolar range that displayed cellular activity. Investigation of the structure-activity 
relationship of the lead inhibitor identified two positions amenable for optimization. In silico 
libraries were constructed at both positions using structure-based design to improve the affinity 
for Keap1. Subsequent synthesis of approximately 100 compounds led to an optimized lead 
series with potency in the low nanomolar range, providing a 100-fold improvement from the 
starting point. 

Additionally, the difference in passive cell permeability for a pair of diastereoisomeric 
macrocycles was rationalized on the basis of differences in their solution-phase conformations, 
that were determined by NMR spectroscopy. Moreover, for two sets of moderately 
flexible isomeric macrocycles, it was shown that the molecular descriptors predicted from 
conformational sampling correlated with cell permeability. This method may find use for 
prioritization of macrocycles prior to embarking on demanding synthetic routes. 
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“E anche se il vento ci soffia contro, 
abbiamo sempre mangiato pane e tempesta, 

e passeremo anche questa.” 

– STEFANO BENNI, PANE E TEMPESTA 
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Abbreviations 

ADME: Absorption, Distribution, Metabolism and Excretion 
B2pin2: bis(pinacolato)diboron 
Boc: Tert-butyloxycarbonyl 
cLogP: Calculated LogP 
Caco-2: Human colon adenocarcinoma 
Cul3: (Cullin 3). 
DBAD: Di-tert-butyl azodicarboxylate 
DNP: Dictionary of natural products 
DMSO: Dimethylsulfoxide 
FBDD: Fragment-based drug design 
GPCR: G protein-coupled receptor 
HBA: Hydrogen bond acceptor  
HBD: Hydrogen bond donor  
HTS: High throughput screening 
IKK: Inhibitor of nuclear factor κB kinase 
IL-2: Interleukin-2 
IL-2R: Interleukin-2 receptor 
ITC: Isothermal titration calorimetry 
Keap1: Kelch-like ECH-associated protein 1 
MD: Molecular dynamics 
MDCK: Madin−Darby canine kidney 
MEC: Minimum energy conformation 
MW: Molecular weight 
NAMFIS: NMR analysis of molecular flexibility in solution  
NEMO: Nuclear factor κB essential modulator 
NOE: Nuclear Overhauser effect 
Nrf2: Nuclear factor erythroid 2-related factor 2 
NRotBs: Number of rotatable bonds 
PAMPA: Parallel artificial membrane permeability assay 
Papp AB + inh: efflux-inhibited permeability across a Caco-2 cell monolayer 
PDB: Protein data bank 
Pd G3: Third generation palladacycle pre-catalyst 
PPI: Protein-protein interaction 
PROTAC: Proteolysis targeting chimera 
Rgyr: Radius of gyration 



 

 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

   

 

 

 

 

  
 
 
 
 

RMSD: Root-mean-square deviation 
Ro5: Rule of five 
ROS: Reactive oxygen species 
SA 3D PSA: Solvent-accessible 3D polar surface area 
SAR: Structure-activity relationship 
SPR: Surface plasmon resonance 
TPSA: Topological polar surface area 

20 naturally occurring amino acids: 

Amino Acid full name Three letter One Letter 

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic Acid Asp D 

Cysteine Cys C 

Glutamic Acid Glu E 

Glutamine Gln Q 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 



 

 

 
   

      
 

   

  
  

 
    

     

 
   

 
    

   
 
 

 
   

  

  

1 Introduction 

In the context of medicinal chemistry, a target is defined as the macromole-
cule or organelle to which a drug binds.[1] Upon binding, a cellular response 
typically occurs, leading to a modification of a physiological function and 
translation into the desired therapeutic effect. To efficiently deliver its action, 
a compound has to bind with sufficient potency to its target and reach it in a 
reasonable concentration. With respect to intracellular targets, the drug needs 
to permeate through the cell membrane, thereby requiring proper physico-
chemical properties as well as the ability to bind its target. If oral delivery is 
desired, a compound also needs to be dissolved in the gastrointestinal tract, be 
absorbed in the intestine and be metabolically stable.[2] For targets possessing 
an extended binding site, such as protein-protein interactions (PPIs) or class 
B G-protein-coupled receptors (GPCRs), the development of compounds pos-
sessing a good balance between potency and physicochemical properties is 
considerably challenging.[3] As these targets are the object of great interest 
due to their relevance in biological process, gathering knowledge on how to 
obtain ligands that satisfy the potency and properties requirements is highly 
valuable. 

In this thesis it is described how the cores of macrocyclic natural products 
can be used for lead generation for challenging targets (Paper I). A novel  
chemotype of macrocyclic inhibitors of the Keap1-Nrf2 PPI was discovered 
and optimized, providing a lead series with nM potency and high metabolic 
stability (Paper I and II). Additionally, it is described how differences in cell 
permeability for isomeric macrocycles can be rationalized based on differ-
ences in their solution-phase conformations (Paper III). 
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1.1 Drugs classes and drug targets 
Small molecules 
The major class of drugs is constituted by small molecules, which are admin-
istered orally and often belong to the Lipinski´s Rule of 5 (Ro5) chemical 
space.[4]. The Ro5 is a set of in silico descriptors identifying a region of the 
chemical space where a compound is likely to be orally available. These de-
scriptors are: molecular weight (MW ≤500 Da), hydrogen bond donors and 
acceptors (HBDs ≤10 and HBAs ≤5) and calculated LogP (cLogP from 0 to 
5). The Ro5 was later complemented with other descriptors such as topologi-
cal polar surface area (TPSA ≤140 Å2) and the number of rotatable bonds 
(NRotBs ≤10) in the so called Veber´s rule.[5] 

Importantly, orally available drugs are suitable for the modulation of intra-
cellular targets, due to their ability of cross cell membranes. Oral bioavaila-
bility and cell permeation are two distinct features; it is however generally 
correct to assume that an orally available compound is suited to modulate in-
tracellular targets. 

Biologics and peptides 
The other main class is represented by biologics, compounds with MW >5000 
Da, typically protein-based. Biologics can bind to their target with exquisite 
potency and selectivity. However, due to the lack of cell permeability, they 
are generally limited to extracellular or transmembrane targets, often requiring 
parenteral administration.[6] 

Another drugs class is the one composed of peptides, defined as polypep-
tides containing up to 50 amino acid residues.[7] Peptides tend to be similar 
to biologics, showing high potency and specificity in binding, low cell perme-
ability and low metabolic stability.[7, 8] However, considerable efforts and 
research has been devoted towards oral peptide therapeutics.[9] 

Beyond the rule of 5 
It is important to remark that oral bioavailability can be achieved for com-
pounds with MW > 500 Da. Recent years have seen a growing interest in the 
systematic analyses of orally bioavailable drugs that violate the cut-offs of the 
Ro5, including drugs that were in use before the Ro5 was enunciated as well 
as compounds that were approved later.[2, 10] This led to the definition of the 
larger beyond Ro5 chemical space (Table 1), where a compound is possibly 
orally bioavailable.[2, 10, 11] A rigorous classification would place com-
pounds with MW between 500–700 Da in the extended Ro5 class, while be-
yond Ro5 compounds are considered as such when MW >700 Da.[2] 

Notably, the development of orally available beyond Ro5 drug is a demand-
ing task.[12] With the increase of MW, syntheses become more complicated 
and finding the best balance between potency and absorption, distribution, 
metabolism and excretion (ADME) properties becomes complex. However, 
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as more than 50 oral beyond Ro5 drugs have been approved, there is evidence 
that oral bioavailability can be achieved in this chemical space.[10, 13] 

Table 1. Comparison of threshold of descriptors in the Ro5 vs the beyond Ro5 chem-
ical spaces. 

Ro5 Chemical space[4, 5] 

Likely to be oral 

MW (Da) ≤ 500 

cLogP 0 to 5 

HBDs ≤ 5 

HBAs ≤ 10 

NRotBs ≤ 10 

TPSA (Å2) ≤ 140 

Beyond Ro5 Chemical space[2] 

Possible to be oral 

MW (Da) ≤ 1000 

cLogP – 2 to 10 

HBDs ≤ 6 

HBAs ≤ 15 

NRotBs ≤ 20 

TPSA (Å2) ≤ 250 

Other emerging drug modalities worth mentioning are proteolysis targeting 
chimeras (PROTACs) and oligonucleotides.[14-17] As an accurate descrip-
tion of these modalities is outside the scope of the thesis, this topic will not be 
discussed further. 

The aforementioned classification is not meant to distinguish strictly be-
tween drug classes, but rather to summarize the general features of each class. 
Overlap can exist between these modalities, e.g. PROTACs or certain peptides 
can fall within the definition of beyond Ro5 drugs. 

Main drug targets 
Among the four major families of macromolecules that small molecules can 
interact with – nucleic acids, lipids, polysaccharides and proteins – the latter 
is the most amenable to drug discovery.[18] Currently, the known drug targets 
are represented by only 130 protein families, half of which are enzymes. The 
other half is constituted mainly by GPCRs, nuclear receptors and ion channels. 
These targets typically possess pocket-like and internal binding sites, for  
which small molecules drugs can be excellent binders.[10, 19] 

The denomination druggable is intended as the likeliness of identifying 
small molecules that can act on a disease upon binding to a target.[20] Drug-
gability is difficult to assess except if there are known compounds in the clinic 
acting on that target. The term ligandability is useful to distinguish the ability 
of a protein to bind small-molecule ligands with high affinity from the com-
plex phenomenon of modulation of a disease as a result of the binding of a 
small molecule to the target, i.e. druggability. However, the two terms are of-
ten used interchangeably in the literature. 
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Features of a “difficult-to-drug” target 
There are several features of a biological target that may hamper the develop-
ment of a ligand with good potency, physicochemical properties and selectiv-
ity.[3] These includes large or shallow binding sites, lack of HBDs and HBAs 
as well as the need for conformational changes to configure the binding site. 
Moreover, the presence of highly polar binding sites increase the challenge of 
developing a ligand with good permeability.[21, 22] The presence of metal 
ions – typically in enzymes – may pose problems in developing selective lig-
ands.[3] 

It has been shown that beyond Ro5 compounds can modulate difficult tar-
gets as they can combine some advantages of small molecules and biologics 
drugs (Figure 1).[10, 23] In fact, a higher proportion of beyond Ro5 drugs and 
clinical candidates interact with flat or groove-like binding sites, opposed to 
Ro5 compounds which preferably bind to internal or pocket-like ones. 

Figure 1. Comparison of molecular weight, properties and targets for Ro5 compliant 
(e.g. bumetanide), beyond Ro5 (e.g. erythromycin) and biologics (e.g. insulin) drugs. 

1.2 Protein-protein interactions 
The human interactome is defined as the ensemble of binary interactions be-
tween proteins and it is estimated to contain between 100,000 and 1,000,000 
PPIs.[24, 25] This network is of key importance in the regulation of biological 
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processes, and it includes cell survival, growth and signaling. For these rea-
sons, PPIs represent a wide source of unexplored biological targets for drug 
discovery. PPIs often show less defined and larger binding sites than GPCRs, 
ion channels and enzymes. For this reason, PPIs have traditionally been re-
garded as challenging, if not undruggable targets. Nonetheless, recent studies 
show that some types of PPIs can be modulate by small molecules.[26] 

Classification of protein-protein interactions 
The interactome comprises several types of PPIs which can be classified ac-
cording to structural features or binding affinity. The surface area buried in 
PPIs varies between 1,000 and 6,000 Å2, deriving from peptide segments be-
longing to one or both of the participating proteins.[26] Binding interactions 
are not spread uniformly across the surfaces of PPIs, but certain regions, de-
fined as hot spots, account for most of the binding affinity, which varies from 
high micromolar to picomolar.[27] 

As the complexity of their interface increases, PPIs become more challeng-
ing drug targets, and fewer examples of small-molecule ligands are found.[28] 
In a simplified manner, PPIs can be classified as shown in Figure 2: 

(A) Interactions between two peptide chains. This class is challenging from 
the drug discovery perspective, as the two peptides may be disordered 
when uncomplexed and lack a well-defined binding site. 

(B) Interactions between pairs of globular proteins, with either one or both 
proteins undergoing adjustments of conformation on binding. These 
PPIs are often difficult to modulate with small molecules, due to the 
large and flat binding interfaces.[26] 

(C) An interaction between a globular protein and a peptide, which shows 
direct and matching interactions on the hot spot region. This class has 
been suggested to be more druggable than the previous types.[26] 

15 



  

 
 

 
   

   
 

 

   
   

  
 

 
 

  
 

  

Figure 2. Simplified representation of various types of PPIs and selected examples. 
(A) Interaction between two peptides chains; e.g. nuclear factor κB essential modu-
lator (NEMO), red, and inhibitor of nuclear factor κB kinase (IKK), teal, (PDB ID: 
3BRT). (B) Interaction between two globular proteins; e.g. Interleukin-2 (IL-2), teal, 
and Interleukin-2 receptor (IL-2R), red, (PDB ID: 1Z92). (C) Interaction between a 
globular protein and a peptide chain; e.g. kelch‐like ECH‐associated protein 1 
(KEAP1), teal, and nuclear factor erythroid 2‐related factor 2 (NRF2), red, (PDB ID: 
4IFL). Adapted from [26]. 

Opportunities and challenges of targeting PPIs 
One of the main hurdles in the discovery of a small-molecule PPI modulator 
is the need for the ligand to bind into different pockets at the same time, as 
multiple hot spots may exist and tend to be spread over a large surface area. 
In addition to this, proteins may show significant conformational differences 
between the bound and unbound state, thereby rendering it difficult to obtain 
reliable data for structure-based design.[3, 26] 

The application of high throughput screening (HTS) to find small-molecule 
ligands for PPIs is in general challenging, as screening libraries are typically 
biased towards classical drug targets and are not tailored for PPIs.[26, 29] Fur-
thermore, given the complexity and differences of their interfaces, each PPIs 
is likely to require an unique chemotype.[29] 

16 



 

  
   

  
  

 
   

 

  
  

 
 

 

 
 

 
 

   
  

 

   
  

   

 
   

  
  

  
  

  
     

 
 

The use of fragment-based approaches has proved to be effective for PPIs,  
provided that structural information is available and that one of the involved 
proteins is well structured. Fragments do not usually show bias towards one 
target class over the other,[30] and can therefore provide optimal starting 
points for unexplored biological targets. However, obtaining the protein target 
may be problematic, due to instability, flexibility or unfolding in the absence 
of the interacting counterpart. 

As mentioned above, certain class of PPIs are more amenable for modula-
tion with small molecules. Some examples where HTS has achieved good re-
sults include the ZipA-FtsZ[31] and MDM2-p53[32] complexes. Fragment-
based drug design (FBDD) proved useful for the Keap1-Nrf2[33] and RAD51-
BRCA2[34] complexes, among others. Notably, several small-molecule in-
hibitors of PPIs have entered clinical trials and Venetoclax, an orally available 
inhibitor of the BCL2 protein family, was approved in 2016 for the treatment 
of chronic lymphocytic leukemia.[35-37] 

1.3 The Keap1-Nrf2 complex 
The nuclear factor erythroid 2-related factor 2 (Nrf2) is the major transcription 
factor responsible for the expression of antioxidant enzymes in response to 
reactive oxygen species (ROS).[38, 39] Given its important biological role, 
the activation of Nrf2 provides an interesting opportunity for drug discovery, 
in particular when considering the centrality of ROS in inflammatory, neuro-
degenerative diseases and cancer.[40-42] 

Regulation of Nrf2 by Keap1 
Under basal conditions, the level of Nrf2 is regulated by Kelch-like ECH-as-
sociated protein 1 (Keap1), the adaptor protein responsible for Nrf2 ubiquiti-
nation (Figure 3). After ubiquitination, Nrf2 is degraded by the 26S pro-
teasome complex. 

Structurally, Keap1 forms a homodimer via the N-terminal BTB domain, 
which is the adaptor site for the scaffold protein Cullin 3 (Cul3). Cul3 ensures 
that certain lysine residues from Nrf2 that are involved in the ubiquitination 
mechanism are properly oriented, thereby promoting Nrf2 ubiquitination.[41] 
At the other end Keap1 associates with a single Nrf2 unit via its two Kelch 
domains. Nrf2 possesses two binding motifs, both of which are necessary for 
the Keap1-mediated degradation: the high affinity ETGE (KD = 19 nM) and 
the low affinity DLG (KD = 1 M) motifs.[41, 42] The sequence of the DLG 
motif involved in binding has later been found to be more extended than ini-
tially considered and was redefined as “DLGex”.[43] 
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Figure 3. Simplified representation of the Keap1-Nrf2 PPI under basal conditions. 
Adapted from[42]. 

Covalent inhibition of Keap1 
Keap1 contains specific cysteine residues acting as sensor for electrophiles. 
Their covalent modification under oxidative stress conditions induces confor-
mational changes in the Keap1-Nrf2 complex. This results in the dissociation 
of the complex and in the increase of Nrf2 levels, followed by Nrf2 transloca-
tion to the nucleus promoting expression of antioxidant enzymes (Figure 
4).[44] Several models have been proposed to explain this process. Despite 
differences in the mechanism, the models agree that the increased level of 
Nrf2 derives from the inhibition of the Keap1-mediated degradation of Nrf2 
as well as from newly synthesized Nrf2.[41, 42] 

This mechanism has inspired the development of several covalent inhibi-
tors mimicking the electrophilic ROS pathway.[45] As this thesis focuses on 
the non-covalent inhibition of the Keap1-Nrf2 PPI, the electrophilic approach 
will not be discussed further. 

Figure 4. Simplified representation of the Keap1-Nrf2 PPI under stress conditions. 
Adapted from[42]. 
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Non-covalent inhibition of the Keap1-Nrf2 PPI 
In the last decade, the non-covalent inhibition of Keap1 has received great 
interest as a strategy for Nrf2 activation (Figure 5).[41, 42, 46] It has not been 
yet clarified whether non-covalent inhibitors bind to free Keap1, thereby pre-
venting Nrf2 binding and subsequent ubiquitination, or displace Nrf2 from the 
Kelch domain binding site, directly increasing Nrf2 levels. Additionally, it has 
been suggested that the inhibition of the weak Keap1-Nrf2(DLGex) interac-
tion may be sufficient to achieve Nrf2 activation,[41, 42] and a recent study 
provided experimental support to the latter hypothesis.[47] Nevertheless, the 
activation of Nrf2 by non-covalent inhibitors of Keap1 has been demon-
strated.[33, 48-50] 

Figure 5. Simplified representation of non-covalent inhibition of the Keap1-Nrf2 PPI. 
Adapted from[42]. 

The development of non-covalent inhibitors of the Keap1-Nrf2 PPI with a 
good balance of potency and physicochemical properties is challenging. Alt-
hough well defined, the binding site of Keap1 is large and contains three argi-
nine residues that render it highly polar (Figure 6). This favors the binding of 
negatively charged ligands – e.g. containing carboxylic acids – which are  
likely to display poor cell permeability.[51, 52] Since Keap1 is an intracellular 
target, lack of permeability in a ligand is a major obstacle.[42]
   Interestingly, R415 is the most energetically important residue for the 
Keap1-Nrf2 PPI, as its mutation to alanine led to a 5000-fold loss of binding 
activity of the complex.[52] Other residues of key importance for binding af-
finity are R380, R483 and S508, whose mutation to alanine resulted in a 40 to 
60-fold decrease of potency.[52] 
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Figure 6. Keap1-Nrf2(ETGE) motif binding site (PDB ID: 1X2R); Keap1 is shown as 
a white surface with oxygen atoms in red and nitrogen atoms in blue; selected Keap1 
residues are shown as orange sticks; Nrf2 is shown as teal ribbon with selected resi-
dues shown as sticks; polar contacts (as detected by PyMol) are shown as yellow 
dashed lines. 

Keap1-Nrf2 inhibitors 
Relevant examples of reported Keap1 inhibitors and corresponding lead gen-
eration strategy are reported in Figure 7. The tetrahydroisoquinoline I-1, dis-
covered by HTS, was the first Keap1-Nrf2 inhibitor to be reported.[53, 54] 
The naphthalene-sulfonamide I-2, discovered by optimization of a HTS hit 
was the first small-molecule inhibitor of Keap1 to reach activity in the low 
nanomolar range in a biochemical screen.[48] Compounds I-1 and  I-2 have 
been the object of several follow-up studies with the aim to improve physico-
chemical properties or metabolic stability.[55-58] Compound I-3 was devel-
oped by fragment-based discovery and constitutes one of the most potent 
small-molecule inhibitors of Keap1 reported so far.[33] Compound I-4 was  
recently discovered by deconstruction of known Keap1 inhibitors into frag-
ments and subsequent reconstruction.[59] Compound I-5 was identified by 
virtual screening of an ultra-large library of commercially available com-
pounds (~ 1.4 billion of compounds).[60] Cyclic peptide I-6 was developed 
by modification of the linear Nrf2 ETGE peptide.[61] Other non-peptidic in-
hibitors have been reported, identified mainly by HTS or virtual screening, but 
the activity of several of them was found not to be reproducible.[62] 

The majority of the reported inhibitors contains one or two carboxylic ac-
ids, required to reach high potency but also responsible for limited cell per-
meability or oral bioavailability. Recently, a Keap1 inhibitor resembling some 

20 



 

     
  

 

  
  

 
  
 

 
 

structural features of compound I-3, was reported to have 20% oral bioavail-
ability in rats.[49] 

Figure 7. Examples of reversible inhibitors of Keap1 reported in the literature. 

Emerging non-canonical substrates of Keap1 
Another group of proteins (defined as non-canonical substrates) containing 
the ETGE motif has been found to interact with Keap1 in a similar way as 
Nrf2 does.[63] Concern has been raised about potential off-target actions, as 
current Keap1-Nrf2 inhibitors seem to be unable to distinguish canonical and 
non-canonical Keap1 substrates.[64] However, as this topic has not yet been 
investigated systematically, the impact of the off-target actions on the devel-
opment of Keap1-Nrf2 inhibitors remains unclear.[64] 

1.4 Macrocycles 
Macrocycles are defined as compounds possessing a cyclic framework of at 
least 12 atoms and currently constitute a subject of great interest in medicinal 
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chemistry. Macrocycles have historically been underexplored as a class: due 
to their complex structure, synthesis is likely to be challenging. Additionally, 
as the MW of macrocycles typically range from 500 to 1500 Da, oral bioa-
vailability may be difficult to achieve. However, several reviews and books 
concerning the application of macrocycles in drug discovery have emerged in 
the last 10–15 years [65-71]. Approximately 80 macrocycles have been ap-
proved as drugs, 30 of which are administered orally: this composes a signif-
icant fraction of the oral beyond Ro5 drugs, although not all macrocyclic drugs 
belong to the beyond Ro5 space.[10] 

General features of macrocycles 
Macrocycles are conformationally restricted compared to their linear counter-
parts, while generally possessing enough flexibility to adapt their confor-
mation to the surrounding environment. The balance between restriction and 
flexibility imposes conformational preferences that are determinants of mac-
rocycles properties.[67, 72] 

Cyclization can improve the binding affinity by reducing the entropic pen-
alty associated with ligand binding to a target.[73] Potency improvement fol-
lowing macrocyclization can also be enthalpy-driven, due to strengthened in-
tramolecular interactions.[73, 74] In addition to potency increase, macrocy-
clization can provide improvements in target selectivity.[75] 

With respect to ADME properties, it has been shown that macrocyclization 
can improve membrane permeability,[76, 77] or improve bioavailability.[78] 
However, achieving oral availability is challenging for peptides, as the only 
approved oral macrocyclic peptide drugs are cyclosporine A and few related 
compounds.[71] Cyclization can also improve the resistance of peptides to-
wards enzymatic degradation, as macrocyclic structures typically deviate from 
the secondary structures recognized by protease structures (mainly -
strands).[69, 79] Additionally, macrocyclization can provide access to confor-
mational space that would be difficult to cover otherwise.[80] 

It is important to point out that macrocyclization is not universally associ-
ated with advantages. For example, if cyclization restricts the ligand to a con-
formation that is unfavorable for binding, potency will be affected negatively. 
As for physicochemical properties, many examples where macrocyclization 
reduced the cell permeability of a linear peptide have been reported.[81] 

Macrocycles for difficult targets 
In recent years there has been a growing interest in macrocycles as a new mo-
dality for PPIs.[19, 82, 83] Macrocycles can bind targets with increased sur-
face area compared to conventional small molecules for two main reasons: 
first, macrocycles bind to targets with larger binding sites, and importantly 
they do so while occupying a higher fraction of the available area of the bind-
ing site.[84]. Even if the ligand surface area that is buried upon binding is 
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smaller than the area buried by large PPI interfaces, macrocycles may possess 
the optimal size to target the hot spots that are responsible for the binding  
affinity of PPIs.[10] 

A detailed analysis of protein-macrocycles binding interfaces showed that 
large macrocycles (MW > 600 Da) bind to their target in either a side-on or 
face-on mode (Figure 8A, B).[84] These binding modes are suitable for targets 
with large, flat or groove-like binding sites. For example, cyclosporin A binds 
its target in a side-on mode, while pectenotoxin 2 binds in a face-on mode. 
Smaller macrocycles (MW < 600 Da) tend to adopt a compact binding mode, 
e.g. macbecin (Figure 8C).[84] 

Figure 8. Representative binding modes of macrocycles: (A) side-on binding mode 
for cyclosporin A (PDB ID: 1CWA); (B) face-on binding mode for pectenotoxin 2 
(PDB ID: 2Q0R); (C) compact binding mode for macbecin (PDB ID: 2VWC). Ligands 
are shown as orange sticks while corresponding targets are shown as white surfaces. 

Importance of 3D molecular descriptors to investigate macrocycle 
cell permeability 
Cell permeability across the intestinal wall is a key requirement for a com-
pound to achieve oral bioavailability. A common in vitro model of the intes-
tinal barrier is the human colon adenocarcinoma (Caco-2) cell line, as the per-
meability across this cell line correlates well with the in vivo data for absorp-
tion.[85, 86] The Caco-2 line expresses most of the drug transporters found in 
intestinal epithelial cells, allowing determination if a compound is subjected 
to efflux. Additionally, the assay can be performed in the presence of efflux 
inhibitors for the measurements of passive permeability. Other models com-
monly used to study the cell permeability are the Madin−Darby canine kidney 
(MDCK) cell line,[87] and the parallel artificial membrane permeability assay 
(PAMPA).[88] 

Permeation across the intestinal barrier is a complex process that involves 
desolvation as well as interactions with the negatively charged phospholipid 
head groups. These steps are influenced by the size, polarity and lipophilicity 
of the compound, which determine the kinetics of desolvation and the rate or 
thermodynamics of permeation. In the case of macrocycles, these properties 
depend on the adopted conformations, the allowed degree of flexibility, and 
the presence of intramolecular interactions.[76, 89-93] 
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TPSA[94] and MW are molecular descriptors used to portray the polarity and 
size of a compound, widely used due to the easiness of calculation. However, 
these descriptors are 2D-based and therefore unsuitable for appreciating con-
formation-dependent properties.[95, 96] Additionally, 2D-based descriptors 
are unable to describe the different properties of isomeric compounds.[97] 

The solvent-accessible 3D polar surface area (SA 3D PSA)[89, 95] and the 
radius of gyration (Rgyr)[98] are better suited to describe the physicochemical 
properties of structurally complex molecules. The SA 3D PSA has been found 
to correlate well with trends in permeability for small sets of macrocyclic 
drugs.[89, 90] 

Conformational analysis of macrocycles 
As previously mentioned, the physicochemical properties of macrocycles are 
determined by their conformational preferences. However, the analysis of 
such conformational behaviour can be a challenging task. In addition to high 
MW and complex structures, a specific feature of macrocycles is that local 
conformational changes can influence the geometry of other distal groups.[72] 
Additionally, intramolecular interactions may significantly modify the ring 
conformation or the orientation of the side chains.[72, 99] This renders the 
analysis, and in particular, the computational prediction of a macrocycle con-
formation a complex problem.  

With regards to a set of macrocyclic drugs, studies from our group high-
lighted that computational sampling struggles in identifying the relevant con-
formations.[100] In detail, the calculated minimum energy conformations 
(MECs) were typically not matching to the experimentally determined ones, 
which were instead found at energies significantly higher than the calculated 
global minimum. This was due to the inability of force-fields to correctly iden-
tify the low energy conformations for structurally complex compounds, rather 
than an incomplete sampling of the conformational space.[100] 

Another study by our group focused on the conformational sampling of 
macrocycles in terms of 3D molecular descriptors, instead of root-mean-
square deviation (RMSD) or energy-based parameters.[91] It was found that 
the SA 3D PSA could be accurately predicted for a set of macrocycles with a 
Kier flexibility index (Φ)[101] < 10, while predictions were not accurate for 
more complex and flexible macrocycles. 

1.5 NMR analysis of molecular flexibility in solution 
(NAMFIS) 

Amongst the available experimental or computational techniques, NMR spec-
troscopy constitutes an important tool to investigate the solution confor-
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mations of macrocycles. Flexible organic molecules exist in solutions as mix-
tures of rapidly interconverting conformers, present in different molar frac-
tions. As a consequence, the existing conformers contribute to different ex-
tents to the overall properties of the considered molecule. With regards to 
NMR spectroscopy, population-averaged signals are observed.  

The NAMFIS algorithm[102] deconvolutes NMR data into the single com-
ponent contributions, and it has been successfully applied to study the solution 
conformations of small molecules, peptides and macrocycles.[90, 100, 102-
104] The NAMFIS algorithm compares experimental and theoretical inputs, 
and suggests the conformational ensemble that provides the best fitting solu-
tion (lowest RMSD) between the two datasets (Figure 9). 

Figure 9. Exemplification of the conformational analysis via the NAMFIS method. 
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The NAMFIS protocol followed by our group[90, 100, 104] is performed in 
the following way: 

1) Seven NOESY experiments are run in a queue with varying and alter-
nated mixing time. 

2) Nuclear Overhauser effect (NOE) build-up curves are obtained by 
plotting the intensities as a function of the mixing time. Only linear 
build-up curves (at least four points) are selected. 

3) The values of the slope of the NOE build-up curves are compared to
a reference proton-pair (e.g. 1.78 Å for the distance between geminal 
CH2 protons) for the calculation of the NOE-derived distances. 

4) The NOE-derived distances, with the addition of potential scalar cou-
pling constants – which relate to dihedral angles between protons – 
complete the experimental input. 

5) The theoretical input is generated by an unrestrained Monte Carlo 
conformational search, using different force fields and solvation mod-
els. This is performed to cover the broadest available conformational 
space. Crystal structures of the considered compounds are also added, 
if available. 

6) The NAMFIS algorithm fits the theoretically available conformations 
to the experimental data and selects a combination of the best fitting 
conformations, provided that certain error thresholds are respected. 

1.6 Aims of the thesis 
The overall aim of the work presented in this thesis is to contribute to expand-
ing the knowledge on how to modulate targets with a difficult-to-drug binding 
site. In order to address this, the following points are investigated: 

- If sets of macrocycle cores, obtained from the pool of natural products, can 
be used in in silico screening to identify novel starting points for modulation 
of difficult-to-drug targets. 

- If macrocycles can provide novel ligands for targets with a highly polar bind-
ing site, i.e. the Keap1-Nrf2 PPI. 

- How focusing on macrocycle cores can provide simplified analogues of the 
original natural product that are easier to synthesize. 

- How structure-activity relationships and structure-based design can be used 
to optimize the potency of macrocyclic inhibitors of the Keap1-Nrf2 PPI 

- How cell permeability can be rationalized by physicochemical descriptors 
calculated from the solution conformations of isomeric macrocycles. 
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2 Mining natural products for macrocycles to 
drug difficult targets (Paper I) 

Lead generation for difficult-to-drug targets has not been systematically in-
vestigated, despite the expanding number of beyond Ro5 compounds entering 
into clinical trials. Moreover, lead generation in beyond Ro5 space is chal-
lenging as the chemical space expands rapidly with the increase of MW. As 
mentioned previously in paragraph 1.4, macrocycles constitute an interesting 
opportunity for the modulation of difficult targets such as PPIs. 

Traditionally, natural products have been the main source of macrocyclic 
drugs, discovered by bioassay-guided fractionation of natural product ex-
tracts.[105] This strategy of discovery is not specific to macrocycles, but valid 
for natural products in general. Currently, de novo designed compounds are 
the main source of novel macrocyclic drugs, typically deriving from structure-
based optimization of an acyclic precursor.[106] Neither of these approaches 
aimed at the generation of a macrocyclic lead per se, but instead identified a 
macrocycle as the pharmacologically active component or that cyclization of 
a linear precursor provided a lead compound with improved properties. Strat-
egies focused on the use of macrocycles to find leads for difficult targets have 
been less explored and are thereby of interest for lead generation, target vali-
dation and drug discovery. 

2.1 Investigation of the dictionary of natural products. 
Natural products constitute a major source of drugs or lead compounds for 
drug discovery,[107] and provide a unique structural diversity that can hardly 
be reached by synthetic libraries [108]. The natural products chemical space 
is vast, covering the one of oral drugs and spanning much further.[109] We 
mined the dictionary of natural products (DNP), which contains more than 
150,000 entries,[110] for cores of macrocyclic natural products, proposing 
that the macrocyclic cores would fall within the oral drug space while at the 
same time providing structurally novel starting points for lead generation. 

Following a previously reported protocol,[111] duplicates and compounds 
containing know toxicophores or highly reactive groups (acyl halides, anhy-
drides or diazo groups) were removed from the DNP (Figure 10). The remain-
ing compounds were filtered to remove non-macrocyclic compounds, large 
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polysaccharides and peptides. The side chains of the resulting 3567 macrocy-
cles were pruned and a second filtering step followed by clustering provided 
217 representative cores. By visual inspection, cores with highly synthetic 
complexity, oligomers and cores containing some remaining reactive groups 
(peroxides, alkyl halides) were excluded. This provided a set of 41 cores 
judged to be suitable starting points for lead generation and used for in silico 
screening on difficult targets. 

Figure 10. Description of the filtering and clustering of the DNP to identify the two 
sets of macrocyclic cores. 

The Keap1-Nrf2 PPI was chosen as target for the docking of the set of mac-
rocyclic cores. In addition to the biological relevance of this PPI, the large and 
polar binding site of Keap1 renders it a difficult target, as described previously 
in paragraph 1.3. Macrocycles are known to be suitable ligands for targets 
with flat and groove-shaped binding site,[10, 84] therefore we chose to inves-
tigate their usefulness for a target with a large, polar, pocket-shaped binding 
site. 

2.2 Docking of the 41 cores into Keap1 
The side chain of R415 in Keap1 is somewhat flexible and adopts various 
conformations depending on the chosen crystal structure. For the docking of 
the macrocyclic cores, four different crystal structures of Keap1 showing var-
iation in the binding site were selected: two apo structures (PDB ID: 4IFJ and 
1ZGK) and two with a bound small-molecule ligand (PDB ID: 4IQK and 
3VNG). 

The ten cores with the best docking scores from each crystal structure were 
then listed. Five cores were found in the top-ten scoring list for all four or 
three crystal structures and were selected for further considerations, including 
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their synthetic tractability and reported biological activity. The core of cyclo-
thialidine, in which a lactone and a functionalized aromatic ring connects the 
side chains of a cysteine-serine dipeptide to form a 12-membered macrocycle 
(1), was chosen as the starting point for the design of a first set of analogues 
to be synthesized and evaluated as inhibitors of the Keap1-Nrf2 PPI (Figure 
11). The reduction of the complexity of the natural product was key to simplify 
the synthesis and to allow rapid access to a first set of compounds that pro-
vided initial structure-activity data.  

Figure 11. Left: core of cyclothialidine with pruned side chains in grey. Right: gen-
eral structure of simplified analogues and explored structural modifications. 

2.3 Keap1 binding affinity for compounds 6–18 
Simplified analogues such as stereoisomers 6–9, for which additional docking 
studies suggested the possibility of Keap1 binding, were prepared and evalu-
ated by surface plasmon resonance (SPR) as shown in Figure 12. Interestingly, 
compound 9 displayed KD = 237 M, while the other diastereoisomers 6–8 
were inactive. Inversion of the proline stereocenter led to the inactive com-
pound 10, while hydroxylation had no effect on potency (compound 11). The 
cysteine C-terminus was investigated by preparing amides 12–15 and com-
pound 14, showing a 50-fold increase in potency (KD = 4 M) was discovered. 
This improvement in potency was also confirmed by isothermal titration cal-
orimetry (ITC). The linear control 16 and the ring-expanded compounds 17 
and 18 showed a 100-fold loss in potency and complete lack of activity, re-
spectively. 
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Figure 12. Structures and binding affinity of compounds 6–18. Dissociation constants 
were obtained by SPR and also by ITC for compound 14. Mean values ± standard 
deviation derived from a minimum of three experiments are reported. 

2.4 Synthesis of compounds 6–18 
The synthesis of compounds 6−18 (Scheme 1) was accomplished using a mod-
ification of the procedure used for the total synthesis of cyclothialidine.[112] 
Starting from commercial building blocks, the compounds were accessed in 
five to seven steps. The 2,2,2-trichloroethyl (Tce) protected benzyl bromide 
19 was used to alkylate the thiol of H-(D/L)-Cys-OMe. Then, the obtained 
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compounds 20a,b were coupled with both enantiomers of Boc-Ser-OH, yield-
ing dipeptides 21a–d. Cleavage of the Tce-ester followed by an intramolecular 
Mitsunobu reaction provided the diastereoisomeric macrocycles 22a–d. Fi-
nally, Boc cleavage followed by coupling with Ac-L-Pro-OH provided com-
pounds 6−9. 

Scheme 1. Synthesis of compounds 6–9. Tce = 2,2,2-trichloroethyl; DBAD = di-tert-
butylazodicarboxylate. 

The intermediate 23d was used for the synthesis of compounds 10–15 
(Scheme 2). Boc deprotection, followed by amide coupling with the respective 
proline analogue provided compounds 11 and 12. Methyl ester cleavage from 
23d, followed by amide coupling with four different amines generate macro-
cycles 24–27. The corresponding compounds 12–15 were accessed by Boc 
removal and subsequent amide coupling with Ac-L-Pro-OH. 
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Scheme 2. Synthesis of compounds 10–15. 

Compounds 16–18 were prepared following a sequence of reactions similar to 
the one described above (Scheme 3). Linear control 16 was prepared from D-
cysteine methyl ester. The ring-expanded macrocycles 17 and 18 were ac-
cessed from 2-bromomethyl methyl benzoate. The homologated version of 
Boc-D-Ser-OH was employed for the preparation of 17 while a glycine residue 
was inserted between the cysteine and the serine residue for compound 18. 

Scheme 3. (A) Summarized synthesis of compound 16. (B) Summarized synthesis of 
compounds 17 and 18. 

32 



 

  
  

 

 
    

 

 

    
      

 
  

    
 

  

2.5 Target-bound crystal structure of compound 14 
The target-bound crystal structure confirmed that compound 14 binds in the 
same site of Keap1 as Nrf2 (Figure 13). The complex is stabilized by only a 
few polar interactions, with the phenyl ring of the macrocycle wedged be-
tween A556 and R415 and facing towards the Kelch channel. The bis-methyl 
amide of 14 stacks against Y572 and the carbonyl group of serine is involved 
in a hydrogen bond with S602. Another hydrogen bond is formed between the 
carbonyl oxygen of the ester group and a crystallized water molecule. Addi-
tionally, a chloride ion is found bridging R415 and N382 with the NH of serine 
of compound 14. 

Figure 13. Keap1-compound 14 binding site (PDB ID: 6Z6A); Keap1 is shown as a 
white surface with oxygen atoms in red and nitrogen atoms in blue; selected Keap1 
residues are shown as orange sticks; compound 14 is shown as teal sticks; polar con-
tacts (as detected by PyMol) are shown as yellow dashed lines; Cl− ion is shown as 
green sphere; bound water molecule shown is as red sphere. 

Compound 14 showed cellular activity in a Nrf2 translocation assay as well 
as high solubility, moderate permeability across Caco-2 cell monolayers, and 
a moderate clearance (Table 2).  
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Table 2. Characterization of macrocycle 14. Solubility in phosphate-buffered saline 
at pH 7.4, efflux-inhibited permeability across a Caco-2 cell monolayer (Papp AB + 
inh), human microsomal metabolism (Intrinsic clearance), and induction of Nrf2 
translocation into the nucleus (Nrf2 transl) at 256 μM. Values obtained from the av-
erage of at least three measurements. 

Papp AB + Intrinsic
Solubility Nrf2 transl

Inh clearance
(M) 

(x10-6 cm/s) (L/min/mg) 

805 ± 15 1.6 ± 0.42 36.5 ± 2.5 40% @ 256 M 

The chemical diversity of compound 14 was compared with a set of validated 
Keap1 inhibitors[62] in addition to a set of compounds reported as active in 
the PubChem Bioassay databases. This was done using the Tanimoto coeffi-
cient[113] and a network-like similarity graphs derived from structure finger-
prints.[114] We found that macrocycle 14 is placed in an unique position of 
the chemical space with no structurally related compounds in proximity. 

2.6 Conclusions 
In this work, the DNP database was analyzed to identify novel starting points 
for lead generation for difficult-to-drug targets. Two set of macrocyclic cores 
to be used for in silico screening on difficult-to-drug targets were obtained. A 
first, larger set of 217 cores with higher structural complexity, and a second, 
smaller set of 41 lead-like cores.  

By docking of the second set on Keap1 and synthesis of only 13 com-
pounds, the novel inhibitor 14 was discovered (Figure 14). Compound 14 
shows a good balance of physicochemical properties as well as cell activity. 
In addition to this, macrocycle 14 is structurally different from the previously 
reported inhibitors. These features render this novel Keap1 inhibitor a lead 
compound suitable for further optimization. 

Figure 14. Discovery of the novel Keap1 inhibitor 14. 
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The discovery of compound 14 shows that the pool of natural products con-
stitutes a valuable source to identify novel chemotypes with good physico-
chemical properties for the modulation of difficult targets. In addition, we  
have shown that macrocycles can be used to deliver starting points for targets 
with highly polar binding sites, in addition to targets with large and flat sites.  

The screening of ultra-large libraries of course provides a great opportunity 
for lead generation, but our investigation highlights the importance of the 
quality and the structural diversity of a virtual screening library. The modest 
number of the 41 cores set should not limit the application as the cores are 
meant to be starting points for the design of other compounds. For instance, 
as the cores in the set contain one or more stereocenters, the effective number 
of compounds can quickly grow if stereoisomers are considered. Focusing 
only on the core of the macrocycles and on simplification of their structure 
provides access to them via short synthetic routes, mitigating one of the major 
disadvantages of natural products, i.e. the need for long and complex synthe-
ses. 

Several strategies for the generation of macrocyclic libraries have been de-
scribed in the last years, based either on chemical or biological ap-
proaches.[115, 116] Recently, some approaches for the generation of macro-
cyclic inhibitors with focus on PPIs have been reported. Sindhikara et. al de-
veloped an approach for the automated design of macrocycles and suggested 
its viability for PPIs.[117] Gueret et al. have developed an approach to mimic 
hot-loops of PPIs, combining the native peptide epitopes with natural product 
fragments as rigidification elements.[118] The method we have described 
adds to these reports, reiterating the interest in macrocycles as modulators of 
PPIs and difficult-to-drug targets. In addition to this, we stress the importance 
of identify starting points for lead molecules with suitable physicochemical 
properties. 
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3 Structure-based optimization of a 
macrocyclic inhibitor of the Keap1-Nrf2 
protein-protein interaction (Paper II) 

The enumeration of compounds in this chapter is following the one of Paper 
II, which differs from Paper I. 

In the previous chapter, the discovery of a novel macrocyclic inhibitor of the 
Keap1-Nrf2 PPI was described. The compound possesses KD = 4 M, displays 
cellular activity as well high aqueous solubility, low-to-moderate permeability 
across Caco-2 cell monolayers and a medium in vitro clearance. Additionally, 
the target-bound crystal structure of the novel inhibitor was obtained, and it 
was shown that the compound occupies a unique chemical space, compared 
to previously reported Keap1 ligands. 

In this paper, the structure-activity relationship (SAR) investigation and 
optimization of compound 1 into a ligand with double digit nanomolar po-
tency is described (summarized in Figure 15). First, modification of the mac-
rocycle ring was explored, probing variations at the thioether and the lactone 
moieties. Then, modification of the proline ring and replacement of its N-ac-
etyl group with several substituents was investigated. Finally, the substitution 
pattern on the phenylene ring was explored. The information obtained from 
the SAR study was then used for the structure-based design of compound li-
braries for potency optimization.  

Figure 15. Summary of how the SAR of compound 1 was investigated. 
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3.1 Investigation of the macrocyclic ring 
The modification of the thioether moiety was investigated first. Oxidation of the 
sulfur atom afforded sulfoxide 2, for which a 3-fold increase in potency was 
obtained according to ITC, while sulfone 3 and sulfoximine 4 were 20- and 100-
fold less potent, respectively (Figure 16). Replacement of the sulfur with an ox-
ygen atom provided the inactive compound 6. Binding affinity was retained for 
the CH2-isostere 7 while a double bond provided the inactive compound 8. 

Figure 16. Investigation of the role of sulfur and potency of compounds 2–4 and 6–8. 
Dissociation constants were obtained by SPR, and by ITC for compounds 1, 2 and 7. 
Mean values ± standard deviation derived from a minimum of three experiments are 
reported 

Compounds 2–4 were prepared by oxidation of the sulfur atom of compound 
1 using different reaction conditions (Scheme 4A). Compound 6 was accessed 
by alkylation of serine derivative 93 with a substituted benzyl bromide 
(Scheme 4B), followed by a sequence of reactions to construct the macrocycle 
similar to what was described in Paper I (see paragraph 2.4). The synthesis of 
compounds 7 and 8 was instead initiated by a Heck reaction between methyl 
2-iodobenzoate and allylglycine derivative 98 (Scheme 4C). 
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Scheme 4. (A) Synthesis of compounds 2–4. (B) Summarized synthesis of compound 
6. (C) Summarized synthesis of compounds 7 and 8. 

The last modification of the macrocyclic ring involved replacement of the es-
ter linkage with an amide, providing lactam 5, which showed a complete loss 
of binding activity (Scheme 5). The compound was prepared by coupling of 
the liberated amine of 89 with the carboxylic acid of Alloc-protected amino 
acid 88, followed by a sequence of reactions that constructed the macrocycle 
ring. 
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Scheme 5. Summarized synthesis and binding affinity of compound 5. 

To address the steep difference in potency between compounds 1, 6 and  7, 
variable temperature NMR studies were performed to investigate if the intra-
molecular hydrogen bond (IMHB) pattern of the three compounds presented 
any differences. DMSO was chosen as solvent to mimic the polar extra- and 
intracellular environment. The experiment showed a remarkably low temper-
ature coefficient of the NHB proton of compound 6, compared to compounds 
1 and 7 (Figure 17A). This indicates that the NHB proton of compound 6 is 
involved to a significant extent in IMHB-formation, while the corresponding 
ones of compounds 6 and 7 are not.[119, 120] This trend was confirmed by 
the determination of the ANMR coefficient[121] for each NH proton (Figure 
17A). Although these studies cannot provide detailed information on the con-
formations of compounds 1, 6 and 7, the results suggest a qualitative differ-
ence in the solution-phase behaviour of the inactive compound 6. 

To further investigate the binding affinity differences between 1, 6 and 7, 
molecular dynamics (MD) simulation of their complexes with Keap1 and of 
the three compounds in aqueous solution were performed. Using the target-
bound conformation of 1 as starting point, free energy perturbation[122, 123] 
calculations correctly captured a loss of affinity for compound 6 relative to 
compounds 1 and 7 (Figure 17B). Analysis of the MD simulations suggested 
that compound 6 occupies different conformations than 1 and 7 (Figure 17C) 
with the highest difference (according to RMSD) when unbound in water. The 
outcome of the computational study was therefore in agreement with the ex-
perimental NMR studies, i.e. indicating conformational differences for the in-
active compound 6. 
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Figure 17. Rationalization of the difference in potency for compounds 1, 6 and 7. (A) 
Temperature shift and ANMR coefficients for the NH protons. Variable temperature 
NMR experiments were performed in DMSO-d6. ANMR coefficients were determined 
from the chemical shift difference between DMSO-d6 and CDCl3.[121] (B) Free-en-
ergy perturbation calculations. (C) Boxplots of RMSD values (Å) for the macrocyclic 
ring atoms of compounds 1, 6 and 7 in MD simulation snapshots with respect to those 
in the bound conformation of compound 1. 

3.2 Conformational analysis of compound 1 
The SAR investigation of compounds 1, 6, and 7 suggested a strong depend-
ence of the binding affinity on the conformation adopted by the macrocyclic 
ring. The conformational ensemble of compound 1 was then determined by 
NMR using the NAMFIS[102] algorithm (see also paragraph 1.5 for details 
on NAMFIS). This was done to investigate if the target-bound conformation 
was significantly populated in solution and if rigidification of said confor-
mation could be a feasible strategy to improve binding activity. A mixture of 
DMSO-d6 and water was used as solvent to mimic the polar, intracellular en-
vironment. 

Five conformational families were identified for the macrocycle core, using
an RMSD cutoff of 0.5 Å for the heavy atoms in the macrocyclic ring. Nota-
bly, the Keap1-bound X-ray structure of 1 is one of the major conformations 
(19% of the total) and it is part of a conformational family that populates the 
25 % of the ensemble. The other four major conformations constitute the re-
maining 75% (Figure 18). 
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Figure 18. Conformational ensemble of 1 in solution as determined by NAMFIS anal-
ysis. Left: conformational family containing the target-bound conformation. Right: 
remaining conformational families. 

As the target-bound conformation constitutes a significant fraction of the over-
all solution ensemble, the preparation of conformationally restricted ana-
logues of compound 1 was not pursued. Instead, substitution at the proline 
ring or N-terminus and at the aromatic moiety was investigated for the opti-
mization of its binding affinity. 

3.3 Investigation of the proline substitution 
Replacement of the proline residue with either a N-acetyl or a N-acetyl glycine 
group to give compounds 9 and 10 led to a 100-fold loss in potency (Figure 
19A), confirming the importance of this moiety for binding affinity. Modifi-
cation of the proline ring such as contraction, expansion or incorporation of 
heteroatoms were tolerated to some extent, as a 5 to 10-fold decrease in bind-
ing activity was observed for compounds 11–13 (Figure 19B). 

Variation of the proline N-terminus was slightly better tolerated, with com-
pounds 14–23 showing 2 to 9-fold losses in potency compared to compound 
1 (Figure 19C). In detail, the variations involved the steric or electronic prop-
erties of the substituents as well as replacement of selected amides with sul-
fonamide matched pairs. All the compounds of this set were prepared from a 
common N-Boc protected macrocycle intermediate, by a sequence of Boc 
deprotection and amide coupling or acylation/sulfonylation reactions (See de-
tails in Paper II). 

It was therefore concluded that the proline ring should be kept, while its N-
terminus could be replaced with a variety of substituents. 
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Figure 19. Investigation of the proline role by (A) ring removal/opening; (B) ring 
expansion/contraction; (C) N-terminus substitution. 

3.4 Investigation of the phenylene ring substitution 
To investigate the positions amenable for substitution on the phenylene ring, 
a halogen scan with a bromine atom was performed, providing compounds 
24–27 (Figure 20A). This revealed that substitution was allowed either para 
or ortho to the thioether moiety, while introduction of a bromine atom on the 
other two positions led to a dramatic reduction of binding affinity. The two 
positions were further investigated with the preparation of compounds 28–37. 
Substitution at the para position was tolerated only to a certain extent. Func-
tional groups such as methyl or hydroxyl provided a 5 to 10-fold decrease in 
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potency, while a methoxy or a nitrile group led to 50-fold decrease or complete 
loss of activity, respectively (compounds 28–31, Figure 20B). On the other 
hand, substitution at the ortho position appeared to be better tolerated (com-
pounds 32–37, Figure 20C). Introduction of a hydroxyl or a methoxy group 
provided compounds almost equipotent to 1, while other groups such as me-
thyl or cyclopropyl led to a 5 to 10-fold loss in binding affinity. Interestingly, 
electron withdrawing groups such as a nitrile or carboxylate group provided a 
large decrease in potency, just as for the para-position. From the investigation 
of the phenylene moiety, it was concluded that the ortho-position would be 
suitable for further derivatization. 

Figure 20. Investigation of the aromatic part by (A) bromine scan; (B) substitution at 
the para position; (C) substitution at the ortho position. Dissociation constants were 
obtained by SPR and by ITC for compound 27. Mean values ± standard deviation 
derived from a minimum of three experiments are reported. 
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Compounds 28–37, with the exception of the ortho-phenol 33, were accessed 
from the corresponding aryl bromides 25 and 27 (Scheme 6A). Interestingly, 
the reaction conditions employed for the synthesis of some compounds of the 
para substituted set were not generally successful for the preparation of the 
ortho substituted ones. A Suzuki cross coupling was used to prepare methyl-
containing compounds 28 and 32 (and cyclopropyl-containing compound 35, 
see Paper II for details). The phenol group of compound 29 was introduced by 
a palladium catalyzed borylation followed by oxidation of the boron species. 
This sequence of reactions was not successful for the preparation of compound 
33, for which the boronate was introduced via a sulfur-directed, iridium cata-
lyzed C–H borylation (Scheme 6B). The nitrile-containing compound 31 was 
prepared by a palladium catalyzed cyanation, while copper cyanide was used 
to introduce the nitrile in the ortho position of 36. 

The methoxy-containing compounds 30 and 34 were prepared by methyla-
tion of the corresponding phenol, while the carboxylic acid of compound 37 
was introduced by a palladium catalyzed carbonylation reaction (See details 
in Paper II). 

Scheme 6. (A) Comparison of reaction conditions used in the preparation of com-
pounds 28, 29, 31 and compounds 32, 33 and 36. (B) Synthesis of compound 33. Pd 
G3 = third generation palladacycle pre-catalyst; B2pin2 = bis(pinacolato)diboron. 
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From the SAR investigations it was observed that modifications on the mac-
rocycle ring could lead to dramatic losses of binding activity. When sulfur was 
replaced by oxygen in the ring, follow-up NMR and MD investigations linked 
this drop of potency to changes in the conformation of the inactive compound. 
Additionally, it was found that the N-acetyl group of the proline moiety could 
be replaced without a dramatic loss of potency. With regards to the phenylene 
ring, huge differences were observed depending on the positions that  were  
functionalized. However, the position ortho to the thioether on the phenylene 
ring was found to be amenable for substitution. 

These learnings were employed for the structure-based design of additional 
sets of compounds, with the aim to increase the potency of the series for inhi-
bition of the Keap1-Nrf2 PPI. 

3.5 Preliminary attempts of structure-based design 
From the Keap1-bound crystal structure of compound 1 (see also paragraph 
2.5) it can be seen that the N-terminus position of the proline is oriented to-
wards R415 (Figure 21). Other residues such as R483 and S508 may also be 
reached by functionalization of this position. Compounds 38–45, which con-
tain an alkyl linker with hydrogen bond acceptors/donor groups at the end 
were then prepared, to probe the possibility of reaching towards R415. 

The Keap1-bound crystal structure was obtained for compound 43, which 
showed a slight increase in potency in comparison to compound 1. From the 
crystal structure it can be seen that a hydrogen bond is formed between the 
methylamide carbonyl and R415, confirming the possibility of forming addi-
tional interactions with Keap1 by growing from the proline N-terminus. 
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Figure 21. Preliminary attempts of structure-based design from compound 1. Left: 
close-up view of the N-acetly group of compound 1 (teal) in its Keap1-bound crystal 
structure (PDB ID: 6Z6A). Right: close-up view of the proline N-terminus substituent 
of compound 43 (magenta) in its Keap1-bound crystal structure; compound 1 (teal) 
from PDB ID: 6Z6A is overlapped with 43. In both cases, Keap1 is shown as a white 
surface with oxygen atoms in red and nitrogen atoms in blue; selected Keap1 residues 
are shown as orange sticks; polar contacts (as detected by PyMol) are shown as yel-
low dashed lines; Cl− ion is shown as green sphere. 
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3.6 Design and evaluation of libraries grown from the 
proline N-terminus 

We then proceeded to the structure-guided design of additional compounds, 
with the aim of increasing potency by targeting important residues on Keap1 
such as R415, R483 and to a minor extent R380. A virtual library – here re-
ferred as the “proline library” – based on amide coupling reactions between 
the liberated amine of compound 1 and in-stock carboxylic acids from chem-
ical vendors was designed and docked into our previously obtained Keap1 
crystal structure (Figure 22A). Approximately 20,000 compounds were 
docked, and after visual inspection of the top 50% scoring ones, 38 com-
pounds were selected for synthesis.  

Some examples of the prepared compounds are reported in Figure 22B (See 
Paper II for details). The compounds were selected as docking suggested that 
they could either interact with R415 via hydrogen bonding (e.g. compound 
48), extend interactions to other residues such as R483 (e.g. compound 58) or 
interact with the various residues via ionic interaction (e.g. compound 61). 

Of the 38 compounds that were synthesized, approximately 20 showed a 
KD < 10  M, showing that substitution at that position was well tolerated. 
However, no substantial increase in binding affinity was obtained with this 
approach. The target-bound crystal structure was obtained for pyridone 48 
(Figure 22B). Despite a good overlap of the macrocyclic ring between the 
docked pose and the crystal structure, the pyridone moiety was twisted away 
from R415 and the hydrogen bond expected from the docking pose was not 
observed. Further inspection of the crystal structure suggested that the orien-
tation of pyridone ring may be influenced by the crystal packing interactions 
with an adjacent molecule of Keap1.  
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Figure 22. Design and evaluation of the proline library. (A) Description of the design. 
(B) Selected examples of the evaluated compounds including the comparison between 
the target-bound crystal structure of 48 (magenta) and its docked pose (green); com-
parison between the crystal structure of 1 (teal, PDB ID: 6Z6A) and docked poses of 
58 and 61 (green); Keap1 is shown as white surface with oxygen atoms in red and 
nitrogen atoms in blue; selected Keap1 residues are shown as orange sticks; polar 
contacts (as detected by PyMol) are shown as yellow dashed lines. 
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Considering that no significant improvement in activity was obtaining by thor-
ough exploration of the proline N-terminus, efforts were redirected towards 
optimization at the position of the phenylene ring ortho to the thioether, pre-
viously identified as an additional site amenable for substitution. 

3.7 Design and evaluation of libraries grown from the 
phenylene moiety 

In a similar way to the virtual amide library, the ortho-halogenated macrocycle 
was reacted in silico with a set of commercially available boronic acids or 
derivatives (Figure 23A). This generated a virtual library of approximately 
1,750 biaryl compounds – here referred as the “ortho library” – that was then 
docked into our previously obtained Keap1-bound crystal structure. Following 
visual inspection of the docked poses, a first set of six compounds was syn-
thesized and evaluated (Figure 23B). Compounds 69–72 were selected based 
on their potential to interact with R415, R483 and S508 while compound 73 
was chosen as regioisomer of 72 despite its lower docking score. In contrast 
to what was observed for the “proline library”, this first set revealed a pro-
nounced SAR, with the para-benzoic acid 73 providing almost a 100-fold in-
crease in potency. It is worth mentioning that the neutral oxadiazole 69 pro-
vided approximately a 5-fold improvement in binding affinity in comparison 
to compound 1. 

A follow-up set of 15 compounds was then prepared, first exploring ana-
logues and isosteres of compound 73. This revealed the importance of the car-
boxylic acid for activity, as the methyl ester and a homologated analogue were 
more than 10,000 and 100-fold less potent, respectively (Figure 23C, see Pa-
per II for details). Additionally, the introduction of small substituents ortho to 
the benzoic acid proved to be well tolerated, providing the slightly more potent 
compounds 86 and  87. Attempts to introduce functional groups in the meta 
position to the benzoic acid proved unsuccessful.  
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Figure 23. Design and evaluation of the ortho library. (A) Description of the design. 
(B) First set of evaluated compounds. (C) Follow-up set and SAR of the para benzoic 
acid moiety of compound 73. 

3.8 Target-bound crystal structures of compounds 69, 
71 and 73 

The Keap1-bound crystal structures of compounds 69, 71 and 73 were ob-
tained and the comparison of 73 with compound 1 is shown in Figure 24. A 
nearly complete overlap of the common parts of the two ligands is found, with 
minor differences only in the orientation of the proline ring. Thus, the phe-
nylene moiety of 73 is wedging between R415 and A556 while the serine car-
bonyl of the macrocycle is involved in a hydrogen bond with the hydroxyl  
group of S602. Another hydrogen bond is formed by the ester carbonyl oxygen 
and the amide proton of G364. A chlorine ion is found bridging the serine NH 
protons with several residues on Keap1 while the bismethylamide group is 
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stacking against Y572, as observed for all the crystal structures obtained so 
far (See Paper II for details). In addition to this, new interactions are formed 
between the carboxylate group, R483 and S508. 

Figure 24. Keap1-bound structure of compound 73. Keap1 is shown as a white surface 
with oxygen atoms in red and nitrogen atoms in blue; selected Keap1 residues are 
shown as orange sticks; compound 73 is shown as magenta sticks; polar contacts (as 
detected by PyMol) are shown as yellow dashed lines; a chloride ion is shown as a 
green sphere. Compound 1, shown as teal sticks (from PDB ID:6Z6A) is overlapped 
on 73. 

Further comparison of the two structures revealed that the crystallized water 
molecule observed interacting with S508 and R418 in the crystal structure of 
compound 1 (Figure 25A) has been displaced in the structure of 73 (Figure 
25B). This was also observed in the Keap1-bound crystal structures of the 
other ortho-substituted compounds 69 and 72 (see Paper II for details). Other 
groups reported the displacement of water molecules co-crystalized in this re-
gion of the Keap1 binding site, although pointing out that its contribution to 
ligand binding may vary with the type of ligand bound.[49, 124]. 

Inspection of the target-bound structures of compounds 1, 69, 72 and 73 
revealed differences in the orientation of the residues R415 and R483 for com-
pound 73 (Figure 25C). In contrast, the orientation of R415 for compounds 1, 
69 and 72 shows a high similarity, while the one of R483 is slightly different 
for 69. 

The network of polar contacts between compounds 72 and 73 and residues 
R483 and S508 in their respective target-bound crystal structures was then  
compared (Figure 25D). This revealed that both oxygen atoms of the carbox-
ylate group of 73 are interacting with R483. It has been shown that such bi-
dentate interaction, defined as “side-on” orientation is one of two preferred 
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modes of interactions in arginine-carboxylate pairs.[125] Additionally, com-
pound 73 is also hydrogen bonded with the side chain of S508 by one of the 
carboxylate´s oxygen atoms. On the other hand, only one of the two oxygen 
atoms of the carboxylate of compound 72 is interacting with R483, in a less 
frequent “backside” orientation.[125] Futhermore, it appears that the other ox-
ygen atom is oriented towards the hydrophobic side chains of I461 and F478. 

Figure 25. (A) Close-up view of the Keap1-bound crystal structure of compound 1 
(PDB ID: 6Z6A) and the crystalized water molecule (red sphere) interacting with 
S508 and R415. (B) Close-up view of the Keap1-bound crystal structure of compound 
73. (C) Overlap of compounds 1 (teal), 69 (orange), 72 (green) and 73 (magenta) in 
a close-up view of their ortho substituents. (D) Overlap of compounds 72 (green) and 
73 (magenta) providing a close-up view of their interactions with R483 and S508. For 
panels A, B and D polar contacts (as detected by PyMol) are shown as yellow dashed 
lines. For panel C and D selected Keap1 residues from the different structures are 
shown as sticks matching the color of the corresponding ligand. 

3.9 Thermodynamics of ligand binding to Keap1 
Significant differences in the enthalpy and entropy components of binding be-
tween compound 1 and compound 73 were found by ITC experiments (Table 
3). The binding of compound 1 to Keap1 is entirely enthalpic (−14.05 
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kcal/mol) with an unfavorable entropy component (6.50 kcal/mol). For com-
pound 73, entropy is much less unfavorable (1.30 kcal/mol). Interestingly, the 
enthalpy is reduced for compound 73 in comparison to compound 1 (−11.10 
vs −14.05 kcal/mol). It is possible that the improvement in the entropy contri-
bution for compound 73 originates from the displacement of the water mole-
cule previously found interacting with S508 and R415 in the complex of 
Keap1 and 1. The loss of enthalpy observed for compound 73 may instead be 
due to the loss of interaction between S508, R415 and the displaced water 
molecule, which is not compensated by the newly formed interaction between 
R483 and the carboxylate.  

It is noteworthy that the same trend in thermodynamics is observed for all 
the compounds containing a para-benzoic acid derivative, including com-
pounds 73, 86 and 87 (Table 3, see Paper II for details). On the other end, 
compounds which are not substituted on the aromatic ortho position, show 
thermodynamics data similar to compound 1 (see Paper II for details). 

Table 3. SPR, ITC and thermodynamics data for selected compounds. Values ob-
tained from the average of at least three measurements. 

Cmpd 
KD SPR 

(nM) 

KD ITC 

(nM) 

G 

(kcal/mol) 

H 

(kcal/mol) 

−TS 

(kcal/mol) 

1 4100 ± 300 3700 ± 800 −7.59 ± 0.14 −14.05 ± 0.06 6.50 ± 0.06 

73 41 ± 10 68 ± 18 −9.80 ± 0.16 −11.10 ± 1.27 1.30 ± 1.50 

86 97 ± 6 29 ± 15 −10.33 ± 0.21 −9.10 ± 0.35 −1.23 ± 0.11 

87 27 ± 4 29 ± 10 −10.31 ± 0.42 −11.50 ± 0.21 1.19 ± 0.66 

3.10 In vitro ADME properties of compounds 73, 86 
and 87 

Compounds 73, 86 and 87 possess low lipophilicity (LogD7.4 <−0.2), high  
aqueous solubility (>500 M) and low permeability across a Caco-2 cell mon-
olayer (0.15–0.30 x 10-6 cm/s) reflecting that they contain a carboxylic acid 
(Table 4). Interestingly, these compounds show low efflux ratio and low in 
vitro metabolism, providing an improvement over compound 1. 
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Table 4. Comparison of ADME properties for compounds 1, 73, 86 and 87. The values 
for solubility, LogD, cell permeability, efflux ratio and the clearance in human micro-
somes and rat hepatocytes are mean values + standard deviation from >three repli-
cates, unless otherwise specified; aSolubility in phosphate-buffered saline at 25 °C 
and pH 7.4; bPermeability across a Caco-2 cell monolayer in the apical-to-basolat-
eral direction; cER = Efflux ratio (BA/AB) for permeability across a Caco-2 cell mon-
olayer; dIntrinsic clearance from human liver microsomes; eIntrinsic clearance from 
rat hepatocytes; fMean value from two measurements. 

73 86 87 1 

LogD7.4 −1.5 <−1.1 <−0.2 0.43 +0,05 

Solubilitya (M) >559  987  f >1000 805 +106 

Papp ABb 0.16 +0.01 0.29 f 0.26  f 0.19 +0.07 

(x10-6 cm/s) 

ERc 1.19 +0.15 0.66 f 0.61f 52.2 +28.0 

Clint, human <3.0 <3.0 <3.0 36.5 +2.5 

mics.d 

(L/min/mg) 

Clint, rat heps.e <1.0 <1.0 <1.0 7.47 +4.88 

(L/min/mg) 

3.11 Summary and Conclusions 
The previously obtained lead compound 1 was optimized into a compound 
with double digit nanomolar potency. This constitutes a 100-fold improve-
ment in potency over 1, obtained after the preparation of approximately 100 
compounds. 

The SAR exploration (Figure 26) revealed steep differences in the binding 
affinity upon seemingly minor modifications of the thioether and lactone moi-
eties. Differences between compounds in which the sulfur of the thioether had 
been replaced by oxygen or by a methylene group, were investigated by NMR 
and MD simulations. The results suggested that the inactive oxygen analogue 
would adopt a different conformation than the target-bound conformation of 
compound 1. This is in agreement with a recent publication, which showed 
that conformational changes led dramatic differences in potency for a set of 
cyclic peptides inhibitors of Keap1, without changing any Keap1 interacting 
residue.[61] Additionally, the determination of the conformational ensemble 
of 1 in a polar environment revealed that the Keap1-bound conformation pop-
ulates 19% of the total ensemble, a value in line with conformational analyses 
of other macrocyclic compounds.[90] This suggested a certain level of ligand 
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pre-organization and that structural rigidification should not be a primary 
strategy for potency optimization. 

Variation of the proline ring size and replacement of the N-termini with 
different amides or sulphonamides indicated that substitution was tolerated 
around that moiety, provided that the proline ring was kept. 

Investigation of the phenylene moiety revealed that the positions ortho and 
para to the thioether were the most amenable for derivatization, the former 
allowing for a broader range of modifications. Interestingly, reaction condi-
tions used to functionalize the para position were generally found unsuccess-
ful for the ortho one, requiring the use of different conditions or synthetic 
strategies. 

Figure 26. Outcome of the SAR investigation of compound 1 performed in this work. 

Preliminary attempts of structure-based design indicated that growing from 
the proline N-terminus allowed to form novel interactions with important res-
idues in the Keap1 binding site (e.g. R415). However, follow-up work includ-
ing structure-based design, docking of >20,000 compounds and synthesis of 
approximately 40 compounds did not deliver any significant increase in po-
tency. 

Design and synthesis of a set of biaryl compounds, growing from the aro-
matic “ortho” position, led to compound 73 which displayed an almost 100-
fold improvement in potency (Figure 27). Exploration of the SAR of 73 re-
vealed that the carboxylic acid interacting with R483 is necessary for high 
potency, as previously reported for other Keap1 inhibitors.[33, 49, 59] Syn-
thesis of a second set of biaryls derived from 73 provided the equipotent com-
pounds 86 and 87, with a KD of 29 nM, as determined by ITC. 
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Figure 27. Structure and binding activity of compounds 73, 86 and 87. 

Comparison of the target-bound structures of 69, 72 and 73 showed displace-
ment of a water molecule, previously found interacting with S508 and R415 
in the Keap1-bound crystal structure of 1 (this was observed also for com-
pounds other than 1, see Paper II for details). This may be the cause of the 
difference in the thermodynamic data between the biaryl set and the com-
pounds unsubstituted at the aromatic “ortho” position. Additionally, compar-
ison of the target-bound structures of 72 and 73 revealed that major differences 
in binding affinity are accompanied by variations of the orientation of R415 
and R483. This difference could not be predicted by the rigid docking per-
formed during the design step. In this regard, flexible docking may be useful 
in the lead optimization phase to account for the reorganization of certain 
Keap1 residues. 

Finally, evaluation of the ADME properties showed that the most potent 
compounds 73, 86 and 87 possess a high aqueous solubility, low LogD7.4 and 
low cell permeability. However, these compounds show an improved efflux 
ratio and intrinsic clearance in comparison to compound 1. 
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4 Cell permeability of isomeric macrocycles: 
predictions and NMR studies (Paper III) 

The enumeration of compounds in this chapter is following the one of Paper 
III, which differs from Paper I and Paper II. 

As described in paragraph 1.4, the cell permeability of macrocycles is a com-
plex phenomenon, influenced by properties that depend on the conformation 
of a compound. For this reason, 3D molecular descriptors provide a better de-
scription of macrocycles properties than 2D descriptors. In this regard, dia-
stereomers pairs are ideal to evaluate methods for the investigation of struc-
ture-property relationships. 

Diastereomeric macrocycles 1 and 2 display a  7-fold  difference in their 
passive, efflux inhibited cell permeability, while possessing the same logD7.4 

value (Figure 28). 

Figure 28. Structures of compounds 1 and 2 as well as their passive permeability 
across a Caco-2 cell monolayer (Perm: efflux-inhibited permeability across a Caco-
2 cell monolayer, ×10−6 cm/s) and their lipophilicity (LogD7.4) determined at pH 7.4. 
Values obtained from the average of at least three measurements. 
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4.1 Conformational ensembles of compounds 1 and 2, 
experimental and sampled 

The conformations that compounds adopt in chloroform can be used to inves-
tigate their differences in cell permeability, as chloroform has a similar die-
lectric constant to the interior of a lipid layer.[89, 90, 100, 126] Therefore, we 
experimentally determined the conformational ensemble of compounds 1 and 
2 in a CDCl3 solution, using the NAMFIS[102] algorithm (Figure 29, see par-
agraph 1.5 for details on NAMFIS). For each compound, seven conformations 
were found, four of which were considered as major (>10% of the total). Com-
pound 1 shows a smaller overall variation between conformers than compound 
2, with the main difference coming from the side chains alignment or the ester 
carbonyl orientation (see Paper III for details). The population-weighted mean 
values for Rgyr and SA 3D PSA were then calculated for the determined con-
formations ensembles. 

Figure 29. Experimentally determined conformational ensembles for compound 1 and 
2. 

Additionally, conformational sampling of compounds 1 and 2 was performed 
using OMEGA,[127] to investigate the possibility to independently predict the 
ensembles relevant for cell permeability. Comparison of the two ensembles 
revealed that the experimental conformations were not identified amongst the 
minimum energy conformations of the sampled ensembles. Instead, they were 
reproduced by sampled conformations having energies significantly higher. 
This is in agreement with previous findings that current molecular mechanics 
based force fields struggle to correctly identifying relevant conformations, us-
ing energy-based criteria.[100] 
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4.2 Calculation of 3D molecular descriptors 
Rgyr and SA 3D PSA were calculated for the sampled ensembles and compared 
to the ones calculated for the experimentally determined conformations. Inter-
estingly, mean values calculated for the sampled ensemble showed excellent 
agreement with the population-weighted mean values determined for the ex-
perimental conformations (Figure 30). Moreover, differences in the calculated 
descriptors match the observed difference in permeability, i.e. the more per-
meable compound possesses lower values for Rgyr and SA 3D PSA.         

Figure 30. (A) Calculated Rgyr and (B) SA 3D PSA for the experimentally determined 
conformations of macrocycles 1 and 2. The size of each circle is proportional to the 
relative population of each conformer. (C) Calculated Rgyr and (D) SA 3D PSA for the 
sampled conformations of macrocycles 1 and 2. MECs are indicated as blue circles. 
Population-weighted mean values are given below panels A and B. Mean values are 
given below panels C and D. 
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4.3 Conclusions 
In this work, the underlying reasons for the difference in passive cell permea-
bility for a pair of diastereoisomeric macrocycles was investigated by deter-
mining their conformational ensembles by NMR spectroscopy in an apolar 
solvent. In addition, it was possible to independently estimate the SA 3D PSA 
and Rgyr values of the ensembles of the two compounds using medium 
throughput computational methods, allowing the correct ranking of their cell 
permeability. It was found that the more permeable compound populates con-
formations with lower SA 3D PSA and lower Rgyr, in agreement with previ-
ously published works.[89-91] This reiterates the importance of 3D  de-
scriptors for compounds showing conformation-dependent properties, such as 
macrocycles. 

We also described that is possible to correctly sample the 3D descriptors 
that correlate with the cell permeability of macrocycles and suggest that this 
may be used for ranking compounds. Computational tools providing infor-
mation that facilitates compounds selection in the lead optimization phase are 
of high value, particularly for macrocycles, whose synthesis is typically chal-
lenging and time consuming. Macrocycles 1 and 2 have Kier flexibility in-
dex[101] of 7.12, which is below the currently postulated flexibility limit of 
10. Attempts by our group to predict 3D molecular descriptors in order to rank 
cell permeability have not been successful for compounds possessing Φ 
>10.[91] 

In Paper III it is also shown that ranking of cell permeability based on con-
formational sampling was successful for of another set of diastereo- and regi-
oisomeric macrocycles possessing Φ = 9.32.[104] 
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5 Concluding remarks 

The overall aim of this thesis was to develop a novel lead generation strategy 
for targets with a difficult-to-drug binding site, based on macrocycles derived 
from natural products. The aim was also to investigate if the cell permeability 
of some of the developed macrocycles are related to their conformational pref-
erences. This was pursued in three related projects: 

 In the first project the dictionary of natural products was “mined” 
for macrocyclic cores, providing two sets to be used for in silico 
screening on difficult-to-drug targets. Keap1 was chosen as a target 
due to its large and polar binding site and the core of the natural 
product cyclothialidine was identified as a starting point. Synthesis 
of 13 analogues provided a macrocyclic inhibitor of Keap1 with 
potency in the low micromolar range and cellular activity. 

 In the second project we optimized the novel macrocyclic inhibitor 
of Keap1 into a compound with double digit nanomolar potency. 
This 100-fold improvement in potency was obtained by a thorough 
investigation of the SAR of the series followed by structure-based 
design. In this sense, NMR spectroscopy, X-ray crystallography 
and computational chemistry were employed to assist the interpre-
tation of the observed SAR as well for the design of additional 
compounds. 

 In the third project the difference in cell permeability for a pair of 
diastereoisomeric macrocycles was rationalized on the basis of 
their different conformations. This was done by the determination 
their conformational ensembles in apolar solution and by using 3D 
molecular descriptors calculated from the experimentally deter-
mined conformations. Additionally, we showed that it was possible 
to correctly predict the same 3D descriptors by conformational 
sampling.  

Overall, in this work it was shown that macrocycles can be used to modulate 
targets that have a large, polar and pocket-shaped binding site, in addition to 
flat and grove-shaped ones (Paper I). Using natural products as starting point 
we discovered a novel Keap1 inhibitor that occupied a region of the chemical 
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space different to that of other reported ligands. Focusing on the cores can also 
help mitigating the synthetic challenges associated with natural products. 

The compounds we have developed constitute a novel series with potency 
(in a biochemical assay) below 100 nM (Paper II). Other Keap1 inhibitors in 
the same range of potency have been reported, although with limited structural 
diversity. In fact, potent Keap1 inhibitors are based on a few reoccurring scaf-
folds. We also showed that the macrocyclic structure is necessary for this lead 
series, as the linear analogue displayed a 100-fold loss in potency. In the var-
ious crystal structures that were obtained, the macrocyclic ring of the com-
pounds adopts the same conformation at the same location in the Keap1 bind-
ing site. Thereby, the pharmacophores of the inhibitors are positioned to in 
orientations that allow productive interactions with Keap1 (Paper I and II). 

In paper III, we provided additional support that 3D molecular descriptors 
calculated from sampled conformational ensembles of moderately flexible 
macrocycles can be used for prospective ranking of their cell permeability. 
This method has potential for prioritization of compounds in the lead optimi-
zation phase of drug discovery. This is particularly important for complex 
molecules, including macrocycles, whose synthesis is likely to be time con-
suming. 

I believe that this new class of Keap1 inhibitors can be worthy of further 
investigations. For example, the position ortho to the carboxylic acid of com-
pound 73 (from Paper II) proved to tolerate further substitution. Lipophilic 
groups may be placed in that position, which points towards the hydrophobic 
side chains of I461 and F478. Increasing the lipophilicity may also help in 
increasing the cell permeability of the compounds, that was reduced after in-
troduction of a carboxylic acid. In alternative, compound 69 (from Paper II) 
provided approximately a 5-fold improvement in potency while being un-
charged. Its target-bound crystal structure has been determined and might be 
used for further optimization of the compound. 

With regards to the future perspective, it is relevant to point out that non-
covalent inhibitors of Keap1 have not yet progressed into the clinical phase. 
Therefore, whether or not activation of Nrf2 via this mechanism of action may 
have effect in diseases treatment remains an open question. For this reason, I 
believe that the development and evaluation of novel Keap1 inhibitors is of 
interest as additional knowledge can contribute to the advancement of future 
compounds into the clinic. 
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Sammanfattning på svenska 

Upptäckt av nya makrocykliska ligander för svåra målproteiner: 
Tillämpning på naturproduktlika Keap1-hämmare 
Vid sjukdomar som kronisk obstruktiv lungsjukdom, cancer eller neurodege-
nerativa sjukdomar kan reaktiva syreförening bildas som biprodukter vid den 
cellulära metabolismen. För att bli av med sådana biprodukter är kroppen ut-
rustad med försvarsmekanismer som är baserade på enzymer med antioxide-
rande förmåga. Studier av den här typen av enzymer är viktiga för förståelsen 
av hur reaktiva syreförening orsakar sjukdomar på molekylär och cellulär 
nivå. Dessutom är kunskap om hur enzymernas aktivitet kan slås på, eller 
stängas av, användbar för utveckling av nya läkemedel. Keap1, proteinet som 
studerats i denna avhandling, är involverat i reglering av antioxiderande enzy-
mer och intressant som målprotein för nya läkemedel. 

Inom läkemedelsindustrin kallas det protein som ett läkemedel påverkar 
och reglerar för "målprotein". Målproteiner kan ha olika strukturer, egen-
skaper, funktioner och plats i cellen. Det är mycket viktigt att strukturen hos 
en molekyl som ska utvecklas till ett läkemedel passar i ett bindningssäte, tex 
en ficka, i målproteinet. Så kallade ”besvärliga målproteiner” har bindnings-
säten som antingen är större och/eller har mindre väldefinierade fickor än van-
liga målproteiner. Om bindningssätet är laddat kommer det dessutom att bli 
svårare att utveckla läkemedel med god cellpermeabilitet. Keap1 ett besvärligt 
målprotein eftersom dess bindningssäte är både stort och laddat. Oftast krävs 
det molekyler som har en komplex struktur och större storlek krävs för att 
interagera med besvärliga målproteiner. Tillverkning (syntes) av sådana kom-
plexa molekyler, vilket utförs av organiska kemister, kan vara mycket svårt 
och tidskrävande. 

Var målproteinet finns i cellen är också ytterst viktigt vid utvecklingen av 
ett läkemedel – för att vara verksamt måste ju läkemedlet kunna ta sig fram 
till proteinet. Till exempel finns Keap1 inne i cellerna, vilket komplicerar ut-
vecklingen av ett läkemedel mot Keap1 eftersom endast molekyler som har  
specifika egenskaper kan nå in i celler. Ett potentiellt läkemedel måste också 
vara säkert och fritt från biverkningar, vilket gör att utvecklingen av nya läke-
medel är extremt krävande. 

I detta projekt utvecklade vi en ny metod för att identifiera molekyler som 
kan interagera med svåra målproteiner, genom att välja Keap1 som modell-
protein. Vi använde naturprodukter som inspirationskälla för utvecklingen av 
nya molekyler eftersom de utgör en viktig källa för läkemedel och ofta har 
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unika och intressant strukturer. ”Dictionary of Natural Products”, en databas 
som innehåller mer än 150 000 naturprodukter, undersöktes för att hitta mole-
kyler som är lämpliga som startpunkter för att utveckla nya läkemedel. En 
naturprodukt som kallas cyklotialidin identifierades som en utgångspunkt för 
framställning av Keap1-hämmare. Först syntetiserades och testades 13 förenk-
lade analoger av cyklotialidin som Keap1-hämmare. Detta ledde till identifie-
ring av en ny hämmare med medelmåttig potens samt att kristallstrukturen av 
hämmaren bunden till Keap1 kunde bestämmas. Dessutom var den nya före-
ningen aktiv i ett cellbaserat system, vilket visar att den kunde passera cell-
membranet och interagera med målproteinet Keap1. Därefter undersökte vi 
vilka delar av den nya molekylen som var betydelsefulla för bindning till 
Keap1, och använde information för design av ytterligare föreningar. Totalt 
sett framställdes cirka nya 100 föreningar, vilket ledde till en kraftig, 100-
faldig förbättring av förmågan att hämma Keap1. I ett sidoprojekt studerade 
vi även hur cellpermeabiliteten för ett par föreningar berodde av deras struk-
tur, och hittade korrelationer som överensstämmer med etablerade teorier. Vi 
kunde även förutspå permeabiliteten för föreningarna, och ett par snarlika 
makrocykler. Detta är av stor betydelse för prioritering av molekyler som har 
en komplex struktur, vars syntes ofta är komplex och tidskrävande som påpe-
kats ovan. 

Det är viktigt att notera att inget läkemedel som verkar på Keap1 har god-
känts som läkemedel än. Därför är det inte känt om inhibering av Keap1 kan 
användas för behandling av de sjukdomar som nämns ovan. Detta kan endast 
fastställas genom att utveckla föreningar med erforderliga egenskaper som se-
dan utvärderas i kliniska studier. 
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