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Abstract

The infamous teratogenic small molecule thalidomide, previously used as a seda-

tive and to relieve morning sickness during pregnancy, caused many miscar-

riages and led to the birth of thousands of children with abnormalities. How-

ever, owing to their pleiotropic properties, thalidomide and its analogues, called

immunomodulatory drugs (IMiDs), are indispensable today in the treatment of

various forms of cancer and autoimmune diseases. Generally, IMiDs are capa-

ble of binding to cereblon (CRBN), the substrate receptor of the CRL4CRBN ligase

complex. The natural substrates and functions of this ligase complex in absence

of IMiDs and its natural substrates remain largely elusive. However, binding

of IMiDs was found to modulate the substrate recognition interface of CRBN

to recruit neo-substrates to the E3 complex, which leads to ubiquitination and

proteasomal degradation of the latter. This mode of action dictates part of their

efficacy in multiple diseases and has also been linked to their teratogenic effects.

E3 binders, which are moieties that are capable of binding to E3 ligases, gained

even more attention with the development of a directed proteolysis approach.

In so-called PROTACs, an E3 binder and a warhead that binds to a protein of

interest (POI) are connected via a flexible linker, which leads to the formation

of a ternary complex. Close proximity within this ternary complex consisting of

PROTAC, E3 ligase and POI can then lead to the ubiquitination and subsequent

degradation of the latter. Current constraints of this approach include the limited

availability of E3-recruiting moieties.

To address this limitation, we have developed crystallographic and affinity-based

assays for the characterization of CRBN ligands. Constructs of the human CRBN

protein and of a single-domain bacterial homologue from Magnetospirillum gryphis-

waldense were designed and used to establish affinity assays based on Microscale
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Thermophoresis, which showed superior sensitivity and are orthogonal to previ-

ously established assays. In these assays and in angiogenesis assays, we investi-

gate the importance of CRBN binding on the anti-angiogenic effects of fluorinated

and un-fluorinated thalidomide analogues.

We have probed the chemical space of CRBN binding by using a high-throughput

screen and specifically designed de novo CRBN effectors. The latter was guided by

hydrolysis products of thalidomide and analogs, which we used to design more

compact CRBN-binders based on amido-succinimide as a scaffold. In affinity as-

says and X-ray crystal structures, we show that this scaffold allows the attachment

of almost arbitrary chemistry, while still retaining high affinity to CRBN. Without

further chemical optimization, several of these compounds already showed neo-

substrate degradation in cell culture.

In the high-throughput screen, we identified novel, chemically distant binding

moieties, showing that the substrate spectrum of CRBN is much bigger than pre-

viously thought. Validation in affinity assays and crystal structures showed that

some of the newly identified moieties have superior affinities and revealed previ-

ously unexplored regions of the ligand space, which can be used to expand the

geometrical and chemical space of CRBN binders. These results may guide the

design of more effective and selective protein degraders in the future.

Additionally, we characterized the binding of endogenous CRBN substrates in

affinity assays and in a high-resolution crystal structure with a substrate-derived

peptide. We identified a modification of this peptide, which points at a possible

connection between artificial small-molecule CRBN effectors and a degron that

might be recognized by CRBN in vivo.



Zusammenfassung

Der für seine teratogene Wirkung berüchtigte Wirkstoff Thalidomid wurde früher

als Schlafmittel und zur Behandlung von Schwangerschaftsübelkeit eingesetzt,

was zu vielen Fehlgeburten und embryofetalen Fehlbildungen führte. Heute sind

Thalidomid und seine Analoga, die auch ”immunomodulatory drugs“ (IMiDe)

genannt werden, aufgrund vielfältiger Wirkungsweisen jedoch unverzichtbar in

der Behandlung verschiedener Krebsarten und Autoimmunerkrankungen. Zu-

mindest einen Teil ihrer Wirkung entfalten sie durch die Bindung an das Prote-

in Cereblon (CRBN), den Substratrezeptor des CRL4CRBN E3 Ubiquitin-Ligase-

Komplexes. Die natürlichen Substrate und Funktionen dieses Ligase Komplexes

in Abwesenheit der IMiDe sind weitgehend unbekannt. Es wurde jedoch gezeigt,

dass die Binding von IMiDen die Substraterkennung so moduliert, dass soge-

nannte ”Neo-Substrate“ an die E3-Ligase rekrutiert werden. Neo-Substrate wer-

den dann ubiquitiniert und anschließend durch das Proteasom abgebaut. Dies

erklärt zumindest teilweise die Wirksamkeit dieser Moleküle bei verschiedenen

Erkrankungen und wurde auch in Verbindung mit ihren teratogenen Eigenschaf-

ten gebracht.

IMiDe und andere Liganden für E3-Ligasen (E3-Binder) erhielten in den letzten

Jahren besondere Aufmerksamkeit mit der Entwicklung eines zielgerichteten An-

satzes zum Abbau von Proteinen: Der Ansatz beruht auf sogenannten ”PROTAC“

Molekülen, welche auf einer Seite über einen E3-Binder eine E3-Ligase, und auf

der anderen Seite über einen Liganden oder Inhibitor an ein abzubauendes Ziel-

protein binden. In dem herbeigeführten Komplex aus E3-Ligase, PROTAC und

Zielprotein wird letzteres aufgrund der räumlichen Nähe durch die E3-Ligase

ubiquitiniert und anschließend durch das Proteasom abgebaut. Eingeschränkt

wird dieser Ansatz aktuell vor allem durch die geringe Anzahl an verfügbaren

E3-Bindern.
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Um diesen Mangel zu lindern haben wir kristallographische und affinitätsbasierte

Assays für die Charakterisierung von E3-Bindern entwickelt. Hierzu wurden

Konstrukte des humanen CRBN und eines homologen bakteriellen Proteins aus

Magnetospirillum gryphiswaldense entworfen und für die Entwicklung von auf Mi-

croscale Thermophoresis (MST) basierenden Assays verwendet. Diese sind ortho-

gonal zu bereits bestehenden Assays und überzeugen teils durch hervorragen-

de Sensitivität. In diesen und in Angiogenese-Assays haben wir untersucht, wie

bedeutsam die Bindung an CRBN für fluorierte und un fluorierte Thalidomid-

analoga für deren antiangiogenetischen Eigenschaften ist.

Zudem haben wir den chemischen Raum der CRBN-Bindung in einem Hoch-

durchsatz-Screen untersucht und zielgerichtet neue CRBN-Effektoren entworfen.

Bei Letzterem haben wir uns von Hydrolyseprodukten von Thalidomid und des-

sen Analoga inspirieren lassen, was uns zu deutlich kompakteren CRBN-Bindern

basierend auf Amido-Succinimid führte. In Affinitätsassays und Kristallstruktu-

ren zeigen wir, dass diese Binder mit fast willkürlichen chemischen Gruppen

verknüpft werden können, ohne wesentlich an Affinität zu CRBN zu verlieren.

Ohne weitere chemische Optimierungen zeigten einige dieser Verbindungen be-

reits einen Abbau von Neo-Substraten in Zellkultur.

Darüber hinaus identifizierten wir im Hochdurchsatz-Screen neue und chemisch

nicht mit Thalidomid verwandte Motive, was darauf hinweist, dass das Substrat-

spektrum von CRBN deutlich größer ist als bisher gedacht. Die Validierung in

Affinitätsassays und Kristallstrukturen zeigte bei einigen Motiven herausragen-

de Affinitäten und unerwartete Bindemodi, was dazu genutzt werden kann, den

geometrischen und chemischen Raum für CRBN-Binder zu erweitern. All diese

Ergebnisse können dazu beitragen, zukünftig effektivere und selektivere Verbin-

dungen für den Abbau von krankheitsrelevanten Proteinen zu entwickeln.

Schließlich charakterisierten wir die Bindung eines endogenen Substrates mit-

tels Affinitätsassays und in einer Kristallstruktur in Komplex mit einem Peptid,

das einem Teil des endogenen Substrates entsprach. Dieses Peptid wies eine Mo-

difikation auf, die auf einen möglichen Zusammenhang zwischen künstlichen

CRBN-Effektoren und natürlichen Erkennungsmotiven, die in vivo erkannt wer-

den, hindeutet.
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Chapter 1

Introduction

1.1 Small Molecule Drugs

A fundamental class of agents in pharmaceutical research are small molecule

drugs (SMDs). SMDs are organic compounds with typically less than 900 Da

molecular weight. This stands in contrast to large molecule drugs like nanobod-

ies or antibodies with molecular weights of typically 15 kDa and 150 kDa (IgG),

respectively. In addition to the low molecular weight, which facilitates their diffu-

sion across membranes [184] and usually allows for oral administration, several

other key properties have been identified which help in making a compound

“drug-like”. Several rules have been established that aim to predict the drug-

likeness of a compound, based on a few physicochemical features. For SMDs,

the Lipinski´s Rule of Five [105] has been considered the standard. This rule

describes that relatively small and moderately lipophilic molecules, which have

no more than 5 H-bond donors, 10 H-bond acceptors, a mass of less than 500

Da, and an octanol-water partition coefficient (log P) of less than 5, are likely to

be orally active in humans. However, assessing small molecules that have been

developed in recent years shows that the drug-likeliness extends further, referred

to as beyond rule-of-five (bRo5). The average physicochemical properties of a set

of such bRo5 compounds is shown in Figure 1. Compounds from the preclinical
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drug metabolism and pharmacokinetics (DMPK) database of AbbVie [32] show

higher values than previously suggested for orally active agents.

Prior to 1980, SMDs were mostly selected by in vitro potency and in vivo effi-

cacy in animal studies. Since then, efforts have been made in understanding and

building of models for the absorption, distribution, metabolism, and elimination

(ADME) of small molecules. Especially the development of xenobiotic-inducible

transcription of Cytochrome P450 (CYP) genes [34] has led to a paradigm shift.

About 75% of drug metabolism occurs through CYPs, which leads to bioactiva-

tion or deactivation and excretion of the drug [57, 140]. Since CYPs play such

a pivotal role in drug metabolism, they are increasingly important even in early

drug development. Effects of new molecular entitys (NMEs) on CYP could be

studied using high-performance liquid chromatography coupled to mass spec-

trometry (HPLC-MS), leading to a better understanding of DMPK. Until today,

DMPK and ADME build the foundation of small molecule drug discovery [82,

104]. The importance of SMD development is highlighted by the fact that of 48

FDA-approved NMEs in 2019 [47], 70% were SMDs.

Figure 1: Established boundaries for physicochemical properties of SMDs.
Boundaries of the rule of 3 established by Astex and the Lipinski´s Rule of Five
limits are plotted, as well as average values for a preclinical DMPK dataset from
AbbVie (DeGoey [32]). Average values calculated for previously reported PRO-
TACs using von Hippel-Lindau E3 ligase (VHL) and CRBN [41] are highlighted.
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1.2 Thalidomide and IMiDs

1.2.1 History

Immunomodulatory drugs (IMiDs) are a class of SMDs termed after their struc-

tural basis, which is an imid group, as well as abbreviation for immunomodu-

latory drugs. The latter term is coined by their pleiotropic effects including im-

munomodulatory, anti-inflammatory, anti-proliferative and anti-angiogenic. The

class of IMiDs started with the development of thalidomide. The company “Chemie

Grünenthal GmbH” sought after novel and cheaply synthesizable sedatives and

soon patented the SMD thalidomide [α-(N-phthalimido)glutarimide]. Treatment

with thalidomide showed strong sedative and hypnotic effects on mice and hu-

mans. Dosing experiments performed on several animal species had no consid-

erable side effects and the drug was therefore determined to be safe [83, 180],

even as an over-the-counter drug [118]. Thalidomide was marketed starting 1957

under the brand names Contergan and Softenon. Appreciated by its ability to re-

lieve morning sickness, thalidomide was also recommended to pregnant woman.

It was this widespread use of thalidomide during pregnancy that led to the birth

of ∼ 15.000 children [197] with malformations of limbs, inner organs, inner and

outer ears [119], and other abnormalities. These defects depended largely on

the time of thalidomide intake [179], while it also caused unknown numbers of

miscarriages. Animal trials at the time were not performed on pregnant animals

and teratogenic effects of thalidomide were missed. After linking thalidomide to

these severe birth defects, it was retracted from the market in 1961 [197].

1.2.2 The renaissance of thalidomide and its primary target

Although being retracted from the market and banned in several countries, re-

searchers and physicians continued to work with thalidomide. It was in 1965

when an Israeli physician serendipitously discovered that thalidomide quickly

relieves patients of the immune-mediated erythema nodosum leprosum (ENL)
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1.2 Thalidomide and IMiDs

[172], a complication of leprosy. It also showed efficacy in multiple myeloma

(MM) [66, 78, 87, 88, 96, 98, 176, 198]. Over the years, the analogs lenalidomide

(CC-5013) [8, 10, 39, 149, 188], pomalidomide (CC-4047) [71, 213], iberdomide

(CC-220) [4, 18, 162] and avadomide (CC-122) [24, 151] (Figure 2) have been devel-

oped and approved for the treatment of various diseases and clinical trials. They

are patented by Cellgene, which is why some effectors are still being referred to

by their code names starting with “CC”. Apart from apremilast, all current IMiDs

are based on glutarimide and typically a phtaloyl-based second moiety (2).

Thalidomide and its analogs have gained approval by the U. S. Food and Drug

Administration (FDA) and other agencies undeterred by the lack of understand-

ing for their mechanism of action (MOA). The molecular targets and MOA of

IMiDs remained completely unclear until 2010 when Ito et al. [72] were able

to pull down two proteins out of HeLa cell extract by tethering thalidomide to

ferrite-glycidyl methacrylate beads. The two proteins identified by mass spec-

trometry were DDB1 and CRBN. DDB1 and CRBN are part of an E3 ligase com-

plex. Within this CUL4–RBX1–DDB1–CRBN E3 ubiquitin ligase (CRL4CRBN) lig-

ase complex consisting of CRBN, Roc1, Cul4a and DDB1, CRBN serves as the

substrate receptor. Molecular functions of E3 ligases and their potential for ther-

apeutic drug development are discussed in the next sections.

Figure 2: Chemical structures of thalidomide, lenalidomide, pomalidomide,
avadomide and iberdomide with their glutarimide moiety shown in red.
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1.3 The ubiquitin-proteasome pathway

The ubiqutin-proteasome pathway (UPP) is one of the major pathways for pro-

tein catabolism in eukaryotes. Within the mammalian cytosol and nucleus, the

UPP affects and regulates almost all cellular processes. The UPP ensures degra-

dation of misfolded and regulatory proteins involved in cell cycle and division

[107, 152, 192], immune response, stress response, an apoptosis [36, 106, 112].

The UPP is divided in two distinct events: the conjugation of a substrate with

ubiquitin molecules, and the recognition of the ubiquitin signal and subsequent

degradation of the tagged protein by the 26S proteasome (Figure 3).

Figure 3: Overview of the UPP. After activation and transfer of ubiquitin from an
E1 to E2 enzyme, the ubiquitin-carrying E2 joins the E3-ligase complex. Bound
substrates are then mono-,di-,or polyubiquitinated and subjected to proteasomal

degradation

The conjugation of a substrate occurs via a three-way enzyme cascade. An E1,

the ubiquitin activating enzyme activates ubiquitin via its active site cysteine
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residue, before transferring it to a cysteine of one of over 35 ubiquitin conjugat-

ing enzymes, or E2. Finally, in one of over 600 E3 ligase complexes in human, a

ubiquitin-loaded E2 and a substrate protein are brought together and ubiquitin is

transferred to a surface lysine of the substrate. Conjugation of additional ubiqui-

tins onto the ε-amine of lysine residues on ubiquitin itself leads to polyubiquitin

chains of the substrate. This conjugation can also be reversed by specific deu-

biquitinating enzymes (DUBs) [31, 74, 106, 120, 139]. Intact polyubiquitin chain

linkage, however, directs the conjugated substrate to the 26S proteasome, which is

composed of the catalytic 20S proteasome and the 19S regulatory particles (RPs)

(Figure 5). Here, the substrate is subjected to proteolysis by the β-subunits of

the 20S core particle, which results in typically 2 – 24 residue long degradation

products [161].

1.3.1 E3 ligases

E3 ligases are the most heterogeneous class of enzymes in the UPP, as they are

responsible for substrate recognition. More than 600 E3s have been identified

in humans so far [35, 163]. Besides the smaller classes of homologous to the

E6AP carboxyl terminus (HECT) E3s [177, 202, 205] (around 30 in humans) and

RING-between-RING (RBR) E3s [38, 183, 193] (around 12 in humans), the family

of really interesting new gene (RING) E3s is the most abundant type of ubiq-

uitin ligase [21, 35, 38, 154, 183]. Members of this family are characterized by

the presence of a zinc-binding RING domain or by a U-box domain. The RING

and U-box domains bind the ubiquitin-charged E2 and stimulate ubiquitin trans-

fer. The spectrum of substrate recognition differs between the E3 ligases and

is determined by the substrate recognition subunit. In the subgroup of CUL4-

DDB1-based E3 ligases, the substrate recognition is mediated by one of about 60

DDB1-CUL4 Associated Factors (DCAFs) [21, 99]. One such DCAF is the protein

cereblon.
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1.4 Cereblon

The gene encoding for the human protein CRBN was initially found while study-

ing genes related to memory and learning [67]. Because of its apparent involve-

ment in brain development and the classification as a member of the Lon con-

taining protein family, it was termed “cerebral protein containing a Lon domain”

(cereblon). However, it has been shown that the 442 residue long protein is ubiq-

uitously expressed (in over 225 organs) in human [67, 208], and its orthologs are

highly conserved in bacteria and eukaryotes [111]. CRBN localizes in the cyto-

plasm, nucleus, and the peripheral membranes [72].

1.4.1 Structure of human cereblon

Human CRBN consists of an N-terminal LON-like domain and a C-terminal do-

main. The 236 residue long LON domain, contains an N- and C-terminal sub-

domain, separated by a helical-bundle domain, which is responsible for DDB1

binding [25, 50, 72] (Figure 4). The C-terminal domain of CRBN is referred to as

thalidomide binding domain, or Cereblon domain of Unknown activity, binding

cellular Ligands and Thalidomide (CULT). It consists of two four-stranded, anti

parallel beta-sheets and contains a structurally bound zinc, coordinated by the

cysteins 323, 326, 391 and 394. Moreover, it features a highly conserved aromatic

cage (W380, W386, W400, F402), that is responsible for IMiD binding [25, 50, 111].

The conserved glutarimide moiety of IMiDs (Figure 2) is able to bind to this aro-

matic cage, while the phtaloyl moiety is solvent exposed. Depending on the sol-

vent exposed moiety, that differs between IMiDs, the substrate spectrum of the

ligase complex changes [91–93, 116] upon binding of IMiDs. The high sequence

conservation of CRBN and especially of the TBD across species was shown in

bioinformatical analyses and high resolution structures [2, 111].
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1.4 Cereblon

Figure 4: Domain architecture and structure of human CRBN (PDB 6H0F). The
LON-N, HBD, LON-C and TBD are colored individually. The C-terminal TBD is

shown with the bound structural zinc ion and a pomalidomide molecule.

1.4.2 Magnetospirillum gryphiswaldense cereblon isoform 4

Amongst TBDs from different eukaryotes, the bacterial Magnetospirillum gryphis-

waldense cereblon isoform 4 (MsCI4) from Magnetospirillum gryphiswaldense was

found to be the most accessible in our lab. It is well expressed in Escherichia coli

(E. coli), soluble and can be purified to satisfactory levels. We used this protein to

produce crystals in complex with several small molecules. Co-crystallization with

thalidomide was found to be very reproducible, and was used to subsequently

soak in compounds to be studied into MsCI4 [20, 62, 63]. Extended soaking

in ground solution also showed that the binding pocket partially unfolds upon

wash-out of the ligand [62].
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1.5 Molecular glues, neo-substrates and PROTACs

We have also prepared mutants of MsCI4. The double mutant MsCI4YW/AA

(Y83A, W85A) is deficient in IMiD binding, which is analogous to the respec-

tive hCRBNYW/AA (Y384A,W386A) mutant [108]. The protein was also used to

construct a mutant MsCI4WW/FF, in which all tryptophans outside of the bind-

ing pocket were replaced by phenylalanines. These mutations (W-F) lead to a

minimized intrinsic fluorescence, which was used in a förster resonance energy

transfer (FRET) assay for the determination of binding affinities. Based on the

success of these mutations, we will use this protein for several mutated constructs

throughout this thesis.

1.5 Molecular glues, neo-substrates and PROTACs

1.5.1 Molecular glues

SMDs like thalidomide, that are capable of binding to E3-ligases and thereby

altering their substrate recognition interface, are called molecular glues. They al-

low for the association of two proteins that have not evolved to interact with each

other. In the case of thalidomide and other IMiDs, this can lead to the formation

of a ternary complex, bringing non-endogenous substrates, or neo-substrates into

close proximity (Figure 5) of the E3 ligase complex. Available lysine residues on

the neo-substrate surface can get ubiquitinated, poly-ubiquitinated, and the neo-

substrate then gets shuttled to the 26S proteasome, where it gets degraded. While

current IMiDs rely on glutarimide as CRBN binding-moiety (Figure 2), we have

identified succinimide as a minimal binding moiety in our FRET-assay [19].
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Figure 5: Binding of IMiDs (red hexagon) leads to a remodulation of the sub-
strate recognition interface of CRBN, which results in the binding, ubiquitination
and proteasomal degradation of neo-substrates. Binding of IMiDs and endoge-

nous substrates are exclusive of each other.

1.5.2 Neo-substrates

The serendipitously discovered phenomenon of molecular glues explains at least

parts of the MOAs of IMiDs. Binding of thalidomide provides a binding inter-

face on CRBN for the zinc finger transcription factors IKZF1 and IKZF3 [93, 109].

Binding to CRL4CRBN leads to their ubiquitination and degradation. This possi-

bly triggers multiple responses, including up-regulation of IL-2 expression in T

cells, which is detrimental for MM-cell survival. Lenalidomide, the only IMiD

effective in treating myelodysplastic syndrome (5q-), was shown to be able to tar-

get and degrade the neo-substrate CK1α [91]. In this subtype of myelodysplastic

syndrome (MDS), a deletion in the long arm of chromosome 5 results in removal

of regions including CSNK1A1 gene which encodes for CK1α, leading to a hap-

loinsufficiency. Structural analysis showed, that only lenalidomide, which lacks

a ketophtaloyl group, allows the protruding moiety to move about 2.5 Å towards

E377. This movement is necessary to accommodate a β-hairpin of CK1α (residues

35-41) onto the surface of CRBN [143]. Another critical residue is a glycine at the

base of the β-hairpin. It contributes to binding interactions and is in close contact

with CRBN. Consequently, mutations of glycine to bulkier residues completely
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abolished binding.

Such β-hairpin motifs with key glycine residues have subsequently been found

to be important structural elements, that are common for several neo-substrates.

The modified IMiD CC-885 shows anti-tumor activity that is mediated by re-

cruitment to CRL4CRBN and subsequent degradation of translation termination

factor GSPT1. Binding of GSPT1 is facilitated by a similar β-hairpin, and key in-

teractions are largely conserved [116]. Moreover, crystal structures with the zinc

fingers ZFP91 and spalt-like transcription factor 4 (SALL4) show the same degron

containing a key glycine. Considering that most interactions are only formed by

the backbone of the neo-substrate, it seems possible that a wide range of neo-

substrates can be recruited, as long as the structural feature is present.

1.5.3 PROTACs

Figure 6: PROTAC scheme. Overview of the PROTAC principle Ub, ubiquitin;
POI, protein of interest; E3, E3 ubiquitin ligase complex; E2,E2 ubiquitin transfer

enzyme

In the 21st century, the strategy of bringing neo-substrates into close proximity to

an E3 ligase for their ubiquitination and subsequent degradation was advanced

in a more directed manner. This was realized in an approach called proteolysis

targeting chimera, where virtually any protein of interest (POI) can be targeted

for proteasomal degradation by linking an E3-recruiting moiety and a binder of

the POI by a linker (Figure 6). The term PROTAC was coined by Craig Crews and
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coworkers who started using peptide ligands coupled to a VHL-recruiting moi-

ety. Since these first proof-of-concept PROTACs were reported in 2001, ligands

for a variety of targets have been developed into PROTACs in order to deplete

endogenous proteins. From BET bromodomains [145, 173, 206, 211], estrogen

[69, 80, 103, 141, 157, 160] and androgen receptor [60, 148, 174], various kinases

like CDK9 [16, 155] and even tau proteins [28, 81, 110]. Notably, the functional-

ity and efficiency of a PROTAC not only depends on the choice of the E3 ligase,

but also on the linker length and the exit vector of the ligand for the POI [178].

These factors pose an enormous challenge in the development of new PROTACs,

as small changes in PROTAC-structure can completely abolish degradation ef-

fects. Current efforts are focused on understanding and predicting the affinity

of PROTACs, the formation of ternary complexes, ubiquitination of the POI, and

the depletion of the POI by proteasomal degradation. The goal is to move away

from serendipity by combination of linker, E3-recruiting moiety and ligand for

the POI to targeted PROTAC-design. Figure 1 shows the average physicochemi-

cal properties of recently published PROTACs that utilize VHL and CRBN [41].

Because of their chimeric origin, PROTACs are large in size and do not adhere to

the classical Rule-of-five (Ro5).

1.6 Endogenous substrates of CRL4CRBN

In the absence of IMiDs, CRBN exerts multiple functions in different cells and

organs. It has been shown to play a role in the modulation of 5’ AMP-activated

protein kinase (AMPK), and acetylation-dependent recognition of glutamine syn-

thetase (GS). CRBN was further suggested to interact directly with the cytosolic

C-terminus of the alpha-subunit of large-conductance Ca2+-activated K+ (BK(Ca))

channels. The transcription factor MEIS2 and amyloid precursor protein (APP)

have also been found to be recognized by the human TBD, hTBD. However, the

mechanism by which CRBN recognizes these proteins remains largely elusive so

far.
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1.6.1 5’ AMP-activated protein kinase

CRBN plays a role in the regulation of proteins and signal pathways as well as

having impact on cell proliferation and apoptosis. CRBN knockdown in MM

cells showed decreased cell viability [214], whereas CRBN overexpression pro-

moted cell proliferation [6]. One enzyme that plays essential roles in cell energy

homeostasis is AMPK. The AMPK enzyme is a heterotrimeric αβγ-complex [210].

It is expressed in multiple tissues and conserved from yeast to humans. It plays

a role in multiple pathways related to fatty acid oxidation, glucose uptake and

adipocyte lipolysis [30, 61]. As such, inactivation of AMPK caused by CRBN

has been found in different cardiovascular diseases and obesity. In contrast, high

AMPK activity can potentially protect cells from disorders of lipometabolism and

alcoholic liver damage [86, 185].

1.6.2 Myeloid Ecotropic Insertion Site 2

The transcription factor (TF) Myeloid Ecotropic Insertion Site 2 (MEIS2) belongs

to the highly conserved three-amino acid extension loop (TALE) homeobox pro-

tein superfamily [1]. TALE TFs have been shown to play essential roles in tran-

scription regulation, embryogenesis and other developmental programs [166, 201].

MEIS2 has been identified as an endogenous CRBN substrate in an on-chip ubiq-

uitination assay. It is assumed that IMiDs and MEIS2 compete for the same bind-

ing site. Therefore, the prevention of ubiquitination of MEIS2 has been proposed

as a major MOA of IMiDs anti-MM activity [1].

1.6.3 Glutamine Synthetase

CRBN was also found to be involved in the glutamine metabolism, which is dys-

regulated in many diseases. The essential glutamine-regulating protein GS was

found to interact with CRBN directly. This binding leads to the ubiquitination

and degradation of GS [129, 130]. It was shown that this functions as a negative
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feedback when high glutamine concentrations are present in the cell. Responsi-

ble for the recognition through CRBN seems to be the acetylation of two lysine

residues, K11 and K14. In contrast to other substrates such as MEIS2, where small

molecule and endogenous substrate binding are mutually exclusive, IMiDs were

reported to enhance the binding of CRBN and GS [85].

1.6.4 Amyloid Precursor Protein

Amyloid-beta precursor protein APP is an integral membrane protein that has

been shown to play a role in neurite growth, adhesion and axiogenesis, neural

plasticity, antimicrobial activity, and iron export [17, 64, 68, 182]. Most promi-

nently, APP has been shown to be the precursor of beta amyloid (Aβ), which is

the most abundant component of amyloid plaques found in Alzheimer´s disease

[3, 14, 53, 70, 84]. Alternative cleavage of APP leads to the release of Aβ (con-

taining 37 to 49 amino acids). Accumulation of Aβ can lead to the formation

of oligomers which are neural toxic [58] and can ultimately lead to Alzheimer

[136, 171, 199]. It was shown in pull-down experiments that the intracellular

domain of APP (AID) directly interacts with CRBN, DDB1 and Cul4a [33, 94],

however no mechanism has been shown. A detailed description of the domain

organization of APP is shown in Chapter 7.

1.7 Cereblon-mediated teratogenicity

Albeit being the first IMiD and first-line therapy for MM [131], thalidomide is

most prominently known for its teratogenic side effects. The use of thalidomide

showed the biggest risk of miscarriage and malformations when used especially

in the early stage of pregnancy, with no apparent damages after 36-42 days of

gestation [126, 179, 196]. Malformations include absence and shortening of limbs,

called phocomelia and other defects to heart, ear, eyes, and other internal or-

gans. Treatment with thalidomide today is conditioned to tight regulations in
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order to prevent exposure during pregnancy. However, even 22 years after the re-

approval of thalidomide for ENL, the underlying mechanisms of teratogenicity

are still not fully uncovered. Early hypotheses suspected reactive oxygen species

that damage DNA [204], and inhibition of angiogenesis, because it was found

that antiangiogenic derivatives of thalidomide also showed teratogenic effects

[134, 187]. Thalidomide itself also undergoes spontaneous hydrolysis into more

than 12 products, which potentially mediate side effects [45, 167]. However, it

was the discovery of CRBN as the main target of thalidomide, that sparked struc-

tural investigations. Notably, it was shown that mouse and rat CRBN, which are

95% homologous to the human protein [42, 72], do also bind thalidomide, but

thalidomide does not exert teratogenic effects in these rodents. Crystal structures

of CRBN in complex with neo-substrates (zinc fingers, GSPT1) showed that the

interaction between the two proteins is mediated through a common β-hairpin

structure with a glycine residue at the base [37]. A key residue of murine CRBN,

I391, blocks this structural motif from binding to the CRBN surface. Mutation

to valine, which is present in the human protein, induced degradation of neo-

substrate, and also showed thalidomide-induced fetal loss in mice [49]. This

led to the hypothesis, that a neosubstrate is likely to be responsible for the ter-

atogenic effects. Like IKZF1 and zinc-finger transcription factor Aiolos (IKZF3),

SALL4 belongs to the same class of C2H2 zinc finger transcription factors. SALL4

is enriched in embryonic stem cells, and loss-of-function mutations result in phe-

notypes similar to thalidomide. Paradoxically, some patients with mutations in

SALL4 genes have even been misdiagnosed for thalidomide embryopathy. Fur-

ther studies have shown that mice, that were expressing human CRBN, were

still resistant to teratogenic effects of thalidomide. However, it was also shown

that mouse SALL4 cannot be degraded through human CRBN, while humanized

SALL4, with mutations in the zinc finger domain can. This observation led to the

conclusion, that the degradation of SALL4 through CRBN is the main driver of

thalidomide teratogenicity [37, 115].
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1.8 Aim of this thesis

We have previously shown that CRBN is able to accommodate more chemically

diverse moieties than glutarimide, which is the basis for thalidomide and its ana-

logues. This raises the question of what the molecular determinants of CRBN-

binding are, and what mediates the interactions of effectors and non-endogenous

substrates? An important goal of this study was therefore the identification of

binding moieties that might be chemically distant from known binders. To this

end, we planned to use high-throughput screening and chemical modifications

of identified binders. Their characterization was enabled by structural and bio-

physical assays, that we planned to establish based on CRBN constructs from

bacterial and human origin. Here, the aim was to identify novel and potentially

more potent binders that can aid in the design of future generation therapeutics.

Moreover, fluorinated analogues of thalidomide have been shown to exert an-

tiangiogenic properties, possibly independent from CRBN-binding. We aimed

to characterize such analogues for their antiangiogenic properties and determine

their affinities to CRBN.

Finally, we aimed to understand the binding of natural ligands. The role of CRBN

in the absence of drugs remains largely elusive so far, however given the high

sequence conservation of the C-terminal domain of CRBN and its homologues,

common natural ligands seem plausible. We therefore set out to characterize the

binding of suspected natural ligands and proteins, which could give additional

clues about conserved functions of the thalidomide-binding domain.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Chemicals

Table 1: Chemicals

Chemical Manufacturer

Ammonium persulfate (APS) Roth

Beta (β)-mercaptoethanol Merck

Bromphenol blue Sigma-Aldrich

Bovine serum albumin (BSA) fraction V Roth

Coomassie brilliant blue G-250 Serva

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Roth

Dimethyl sulfoxide (DMSO) Sigma-Aldrich

Disodium hydrogen phosphate, Na2HPO4 Roth

Ethanol absolute Sigma-Aldrich

Glycerol Roth

Glycine Roth

Hydrochloric acid, HCl Roth

Isopropyl β-d-1-thiogalactopyranoside (IPTG) Roth
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Magnesium chloride, MgCl2 Sigma-Aldrich

Methanol absolute Sigma-Aldrich

Monosodium phosphate, NaH2PO4 Roth

Non-fat dry milk Roth

Potassium chloride, KCl Roth

Potassium dihydrogen phosphate, KH2PO4 Roth

Potassium hydroxide, KOH Roth

Protease inhibitor cocktail Thermo Scientific

RIPA buffer Thermo Scientific

RNase A Sigma-Aldrich

Rotiphorese Gel 30 (37,5:1),

30% acrylamide/bis-acrylamide solution Roth

Sodium chloride, NaCl Roth

Sodium hydroxide, NaOH Roth

Sodium dodecyl sulfate (SDS) Roth

Tris(2-carboxyethyl)phosphine (TCEP) Sigma-Aldrich

Tetramethylethylanediamine (TEMED) Fluka

Tris(hydroxymethyl)aminomethane (Tris) Roth

Triton X-100 Roth

Tween-20 (polysorbate 20) Roth

2.1.2 Enzymes

Table 2: Enzymes

Enzyme Manufacturer

BamHI (FD) Thermo Scientific

Benzonase® Nuclease Sigma-Aldrich

DNase I Sigma-Aldrich

Phusion (HF) DNA Polymerase Thermo Scientific

T4 DNA Ligase Roche Diagnostics GmbH
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Taq DNA Polymerase New England Biolabs

XhoI (FD) Thermo ScientificTM

2.1.3 Cell culture

Table 3: Cell culture media

Media or supplement Manufacturer

Dulbecco’s Modified Eagle Medium

(DMEM)

Sigma-Aldrich

RPMI 1640 Gibco Life Sciences

DMEM: F-12 Medium (ATCC

30-2006)

LGC Standards GmbH

Fetal bovine serum (FBS) Gibco Life Sciences

ExpiSf CD Medium Gibco Life Sciences

ExpiFectamine Sf Transfection

Reagent

Gibco Life Sciences

ExpiSf Enhancer Gibco Life Sciences

Opti-MEM Gibco Life Sciences

Penicillin Sigma-Aldrich

Phosphate-buffered saline (PBS) in-house media kitchen

Penicillin - Streptomycin Sigma-Aldrich

Trypsin-EDTA (0.05 %) Gibco Life Sciences

Table 4: Cell lines

Cell line Description Supplier

OPM-2 human MM cell line DSMZ (ACC 50)

M059J human malignant

glioblastoma cell line

ATCC (CRL-2366)
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NAMALWA.CSN/70 human Burkitt

lymphoma cell line

DSMZ (ACC 70) LOT 2

HEK293T human embryonal

kidney cell line

stock

ExpiSf9 Cells high density Sf9 insect

cells

gibco LOT 2010958

2.1.4 Antibodies

Table 5: Antibodies

Antibody Species Manufacturer

anti-CK1α ab108296 rabbit Abcam

anti-FLAG F7425 rabbit Sigma-Aldrich

anti-His DIA-900-200 mouse dianova

anti-IKZF3 15103S rabbit Cell Signaling Technology

anti-MEIS2 H00004212-M01 mouse Abnova

HRP conjugate 111-035-144 goat anti-rabbit Jackson Immuno Research

HRP conjugate 115-035-003 goat anti-mouse Jackson Immuno Research

IRDye 680LT Donkey anti-Mouse LI-COR

IRDye 800CW Goat anti-Mouse LI-COR

2.1.5 Bacteria

Table 6: Bacteria

Cells Origin

DH10EMBacY chemically competent cells generous gift from Weir group
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C41 (DE3) chemically competent cells stock

Rosetta 2 pLysS chemically competent cells stock

TOP10 chemically competent cells stock

2.2 Methods

2.2.1 Cloning, expression, purification of CRBN constructs and

mutants

2.2.1.1 MSCI4 and mutants

Proteins were expressed in E. coli C41 (DE3) cells grown in LB media unless

otherwise specified. Protein expression was induced with isopropyl β-D-1- thio-

galactopyranoside (IPTG) at log phase A600 ~0.6 for 4 to 6 h at 37 °C. Cells

were pelleted, resuspended in 20 mM Tris, pH 7.5, 100 mM NaCl, 5 mM β-

Mercaptoethanol, 4 mM MgCl2 , DNase I and Protease Inhibitor Cocktail. After

lysis with ultrasonication, soluble protein was separated via ultracentrifugation

and loaded onto NiNTA affinity column. Column was washed with 20 mM Tris,

pH 7.9, 300 mM NaCl, 5 mM β-Mercaptoethanol and protein was eluted with a

gradient of 0 - 0.5 M imidazole. Fractions containing target protein were pooled,

TEV protease was added and dialyzed overnight against 20 mM Tris, pH 7.5, 150

mM NaCl, 5 mM β-Mercaptoethanol. The HIS-tag was removed via a second

NiNTA column and flow through was collected and concentrated to 17 mg/mL.

For the MsCI4 humanized construct, with the mutations A52H, M54Y, F56H,

R68N, A72R, I87V and L89Q, codons were optimized for expression in E. coli and

synthesized (Eurofins). From the commercial carrier vector, humanized MsCI4

was then subcloned via BamHI and XhoI restriction sites into pETHis 1a leading

to GFP-MsCI4 humanized construct. Round-the-horn PCR was used to remove

GFP and the final MsCI4 humanized construct was expressed and purified as

described for WT MsCI4.
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2.2.1.2 hTBD

Gene encoding for hTBD (residues 319–425) [2] was synthesized and subcloned

via BamHI and XhoI into pGEX4T1. Vector was used to transform chemically

competent E. coli Rosetta 2 pLysS cells. A 5 mL pre-culture that was grown for

16 h at 37 °C was then used to inoculate 25 mL TB media for 16 h at 37 °C.

Finally, this starter culture was transferred to 1.5 L TB media that was supple-

mented with 50 µM ZnCl2. Protein expression was induced with 0.5 mM IPTG

at 16 °C for 20 h. Cells were pelleted by centrifugation and stored at -80 °C.

Cell pellet was resuspended in lysis buffer (50 mM Tris pH 8.0, 500 mM NaCl,

1 mM Tris(2-carboxyethyl)phosphine (TCEP), 0.1% Triton X-100, 10 µM ZnCl2,

DNase I, Protease Inhibitor Cocktail). After homogenization by ultrasonication

and separation of soluble protein by ultracentrifugation, protein was loaded onto

a GSTrap FF column (25 mL), and washed with several column volumes of 50

mM Tris pH 8.0, 500 mM NaCl, 1 mM TCEP, 10 uM ZnCl2 until a stable baseline

was reached. Protein was eluted with wash buffer supplemented with 10 mM

reduced glutathion and pooled. After cleavage with thrombin for 4 h at 4 °C,

hTBD and GST tag were separated via SEC (Superdex 75). Protein was pooled,

concentrated and stored at -80 °C.

2.2.1.3 DDB1-CRBN

Based on previously published structures [114, 143, 175], genes encoding for His-

DDB1∆BPB and Twin-Strep-CRBN were synthesized and cloned into a pFastBac

dual vector. With the aim to further stabilize the protein, PCR reactions were

used to delete the first 40 residues of CRBN, which are predicted to be unstruc-

tured. The final construct pFastBac dual His-DDB1∆BPB-Twin-Strep-CRBN∆N40

was used to transform DH10EMBacY cells. Blue/white screening was used for

selection, and baculovirus shuttle vector (bacmid) was purified from these cells.

Transposition occurs through the mini-Tn7 element on the pFastBac vector and

the mini-Tn7 site on the bacmid. Recombinant bacmid further included a YFP

gene, which was used to follow the subsequent transfection of ExpiSf9 cells via
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cell fluorescence detection. Transfection was performed using the manufacturer´s

protocol. The high density of ExpiSf9 cells led to high virus titer, and P1/P2 were

used for recombinant protein expression. Protein was expressed for 72h before

pelleting of the cells at storage at -80 °C. Cell pellet was resuspended in buffer XT

(100 mM potassium phosphate buffer (pH 7.8), containing 150 mM sodium chlo-

ride) and subjected to ultrasonication (3 x 30s). Soluble protein was extracted by

ultracentrifugation (40.000 g, 45 min, 4 °C) and subject to Strep-Tactin XT affinity

chromatography. Bound protein was eluted with buffer XT containing additional

50 mM biotin. Fractions containing protein were pooled and flash frozen.

2.2.2 NanoDSF

For stability measurements, a modified technology based on differential scanning

fluorimetry was used. NanoDSF relies on intrinsic fluorescence of tryptophan

and tyrosin. These amino acids are excited at 280 nm and emission is recorded

at 330 and 350 nm. Upon heating the sample, the protein undergoes structural

rearrangements which change the local conformation and environment around

the fluorophore. This leads to a change in the emission maximum and intensity,

which can be used to determine the temperature at which 50% of the protein is

denatured [Tm]. These data were recorded on a Prometheus NT.48 (Nanotemper

Technology), with heat ramps <2 °C/min. Initial experiments (Table 7) were

performed on a Tycho NT.6 (Nanotemper Technology), where the heating rate

was 20 °C/min. These fast heating rates lead to inflection temperatures [Ti],

rather than melting temperatures.

2.2.3 FRET assay

In order to identify possible CRBN ligands, we have developed a FRET-based

binding assay. This relies on a reporter ligand, 1-(N-2-MANT-imidoethyl)-uracil

(MANT) (Figure 7), that binds specifically to the thalidomide-binding pocket and

builds a FRET pair with the tryptophans inside the binding pocket [19]. For

23



2.2 Methods

this assay, the MsCI4WW/FF mutant was used, in which tryptophans outside the

binding pocket are replaced by phenylalanines, which led to a lower inner filter

effect. Stock solutions for MANT-uracil (1 M), and test compounds (400 and 200

mM) were prepared in DMSO. Master dilution series were performed in DMSO

and diluted in assay buffer (20 mM Tris, pH 7.5, 150 mM NaCl, and 0.5 mM β-

mercaptoethanol), in order to keep final DMSO concentration below 0.02%. Mea-

surements were performed in black 96-well plates. Upon excitation at 295 nm,

the MsCI4-MANT complex showed high fluorescence at 440 nm (recorded via

top optics, read height 8 mm), which declined upon displaced of the reporter by

compound. Measurements were done in triplicates and fluorescence as a func-

tion of compound concentration was fitted as one-binding site model (SigmaPlot

12.3). Obtained IC50 from these curves were calculated to Ki values using Cheng-

Prusoff equation.

Figure 7: Chemical structure of MANT-Uracil reporter

2.2.4 MST assays

Microscale Thermophoresis relies on the principle, that a fluorescently labeled

molecule moves along a temperature gradient based on its molecular properties

like size, hydration, charge and conformation [75]. Therefore, induced changes

by binding to small molecules or protein alters the movement significantly. Mea-

surements are performed by inducing a temperature change with an IR-laser and

recording variations of fluorescence in dependence of ligand concentration. Two

main drivers of these variations can be used to determine affinities: One is the

temperature related intensity change (TRIC), which only occurs in the first few

seconds after a temperature gradient is applied. And the second effect, ther-

mophoresis, which usually reaches its equilibrium after around 20s, describes
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the physical movement of a fluorescent molecule along the applied temperature

gradient. The influence of individual effects has to be determined empirically.

2.2.4.1 Labeled MST assay

MsCI4 protein was covalently labeled using the Labeling Kit RED-NHS 2nd Gen-

eration (Nanotemper Technology) according to the manufacturer´s protocol with

a few optimizations. Buffer exchange into labeling buffer was performed using

30 µM protein and diluted to 10 µM for labeling. TCEP was included in the

buffer at a final concentration of 0.1 mM in order to minimize oxidation of the

protein. Since it was known that DMSO also binds to the protein, the labeling

dye was reconstituted in labeling buffer immediately before mixing with diluted

protein. Fractions after a SEC column were collected and concentration/degree

of labeling were measured using a microvolume spectrophotometer NP-80 (Im-

plen). Aliquots were flash frozen in LN2 and diluted 1:100 in MST buffer before

measurements, which resulted in assay concentrations of ~20 nM.

Evaluation of binding data was performed by plotting concentrations against ei-

ther initial fluorescence or difference in MST behavior (Δ Fnorm ‰). Nonlinear

Regressions were calculated using the variable slope model (4PL) integrated into

Prism (Graphpad). Data was calculated using asymmetrical (profile-likelihood)

models at a confidence level of 95%. Data is reported throughout this thesis as

mean ± sem, unless otherwise stated.

2.2.4.2 Competitive MST assay

A BODIPY-uracil coupled reporter (Figure 8) was designed and synthesized for

the development of a competitive MST assay. The BODIPY 493/503 fluorophore

is coupled to the known binder of MsCI4, uracil. BODIPY 493/503 absorbs at 493

nm and emits at 503 nm, and this fluorescence is recorded in the blue channel of

the Monolith NT.115 (Nanotemper). The two moieties are coupled via an amide

bond to form the reporter ligand (BU). BU powder was dissolved and diluted to

25



2.2 Methods

2 mM in DMSO and further to 2 µM in MST buffer. Native protein was diluted

to 14 µM in protein buffer and mixed 1:1 with 2 µM BODIPY-uracil to gener-

ate final assay concentrations of 3.5 µM protein and 500 nM BODIPY-uracil. For

the hTBD, BU was used at final concentrations of 200 nM and 10 µM protein.

Upon displacement of the fluorescent reporter by compounds, a shift in the ther-

mophoretic behavior is observed which was used to determine affinities.

For the competitive MsCI4 assay, quantitative evaluation of Ki is difficult, and

data is reported as IC50 values only.

For the competitive hTBD assay, IC50 values are reported, as well as their respec-

tive Ki values. Calculation is based on previously reported correlations shown in

equation 1 [132].

Figure 8: Chemical structure of uracil BODIPY 493/503 reporter (BU)
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·

 EC50
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√
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2.2.5 Crystallography

For crystallization, MsCI4 and humanized MsCI4 protein solution generally was

concentrated to 17 mg/mL and mixed with 3 mM of effectors (thalidomide, or
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7d in Chapter 4). Crystallization trials for humanized MsCI4·thalidomide, which

turned out to be humanized MsCI4·CBG, and MsCI4 ·7d were performed via the

vapor diffusion technique at 20 °C in sitting-drops. 400 nL of protein solution

were mixed with 400 nL of reservoir solution with the Honeybee 963 robot (Ge-

nomic Solutions Ltd). Diffraction-quality crystals of humanized MsCI4·CBG were

obtained in a condition containing 20 % PEG 3350 and 0.2 M ammonium acetate,

and crystals of MsCI4·7d were obtained using 15 % PEG 6K and 5 % glycerol.

For all other compounds that were studied via soaking experiments, crystals were

prepared in sitting drop experiments by mixing 0.4 µL 0.4 M (NH4)2HPO4 ground

solution with 0.4 µL MsCI4·thalidomide solution. Crystals grown in this set-up

were transferred to 3 µL ground solution spiked with individual compounds for

soaking. After 36 - 72 h, crystals were cryoprotected by the addition of 20 %

PEG 3350 solution. Crystals were flash-cooled in liquid nitrogen and diffrac-

tion data was collected at 100 K and a wavelength of 1 Å on beamline X10SA

at the Swiss Light Source using a PILATUS 6M-F, or Eiger2 16M (Dectris Ltd.).

Data was processed and scaled using XDS [77]. Structures were solved based

on the MsCI4·thalidomide coordinates (PDB 4v2y). The co-crystal structures of

the complexes with CBG and 7d were of other crystal forms and were solved

using molrep [194] with 4v2y as a search model, locating four and two chains in

the asymmetric unit (ASU), respectively. All structures were rebuilt using Coot

[44] and the integrated suite Lidia for chemical structures and generation of re-

straints. The models were finalized via cyclic modeling in Coot and refinement

using REFMAC5 [123]. Molecular figures were generated using PyMOL [165].

Data collection and refinement statistics are summarized in Tables 8, 10, 22 which

are shown in the respective chapters.

2.2.6 Cell culture

All experiments conducted on/with cell cultures were done using aseptic tech-

niques. Cell counting was performed using a Neubauer chamber or automated

cell counter, and cell viability was determined by trypan blue exclusion.
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2.2.6.1 Mammalian cell culture

The suspension cell lines OPM-2, M059J and the adherent cell line HEK293T

were cultured in a humidified incubator with a constant atmosphere of 37 °C and

5% CO2. All cell lines were passaged to a maximum of 20 cycles to avoid genetic

drift. Cells of the MM-cell line OPM-2 were cultured in RMPI 1640 media supple-

mented with 10% h.i. FBS and 1% penicillin - streptomycin. Cells were passaged

every 2 - 3 days by splitting 1:2 – 1:4, depending on cell growth to maintain a cell

density of 0.5 x 106 cells/mL. Adherent M059J cells were routinely cultivated

in a 1:1 mixture of DMEM:F-12 Media supplemented with 2.5 mM L-glutamine

and 10% h.i. FBS. For passaging and harvesting, media was removed, and cells

were washed once with PBS. Cell monolayer was incubated with Trypsin-EDTA

for a few minutes at 37 °C to remove adherent cells. Trypsin was inactivated by

the addition of fresh media and resuspended in 1:6 – 1:8 ratios depending on cell

growth. NAMALWA.CSN/70 cells were cultivated in RMPI 1640 media, supple-

mented with 10% h.i. FBS. Cells were split 1:3 – 1:4 every 2 - 3 days, keeping them

at a density of 0.5 x 106 cells/mL. OPM-2 cells 4 mL of culture per well were

pipetted in a sterile environment. Stock solutions of lenalidomide were prepared

at concentrations of 80 mM and 400 mM, stock solutions of test compounds were

prepared at a concentration of 400 mM. For the assay, 10 µL of stock solutions

were added to 4 mL cell culture. DMSO controls were prepared in the same man-

ner, leading to a final DMSO concentration of 0.25%. After 24 h of incubation, cell

solution was centrifuged at 500 g. After one washing step with ice cold PBS, cell

pellets were resuspended in 35 µL of lysis buffer (20 mM Hepes, 175 mM NaCl,

1 % NP40, 2mM MgCl2) on ice and supplemented with 0.5 µL benzonase.

2.2.6.2 Insect cell culture

ExpiSf cells (a high density cell line based on Sf9 cells) were initially seeded

in 25 mL CD media and grown at 27 °C until a density of >5 x 106 cells/mL.

Cells were split to approx. 0.6 - 1.0 x 106 cells/mL for routine cell culture. For

cryopreservation, cell suspension was centrifuged at 300 g for 5 min and adjusted
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to 1 x 107 cell/mL using conditioned media (supernatant). DMSO was added to a

final concentration of 7.5% and cooled down at - 80 °C for 24 h before transferring

to liquid nitrogen vapor phase.

2.2.7 Endothelial cell tube formation assay

The endothelial cell tube formation assays were conducted in the lab of William D.

Figg, NIH, USA and in principle work as following [127]. Human umbilical vein

endothelial cells were seeded at 30,000 cells/well in EGM-II, containing DMSO

or compounds, in eight-well slide chambers layered with 150 µL Matrigel. After

16 h at 37 °C, slides were washed with PBS and fixed in 100% Methanol for 10s.

DiffQuick solution II (Dade Behring, Inc.) was used to stain samples and images

were recorded. Area was measured as the number of pixels using the MetaMorph

software (Universal Imaging, Downingtown, PA).

2.2.8 Rat aortic ring angiogenesis assay

The rat aortic ring angiogenesis assay was conducted in the lab of William D.

Figg, NIH, USA and follows the previously published protocol [101]. Twelve-

well plates were covered with 250 µL Matrigel and incubated at a constant at-

mosphere of 37°C and 5% CO2. Thoracic aortas from male Sprague Dawley rats

(6- to 8 weeks old) were excised and fibroadipose tissue was used for further

experiments. 1 mm cross-sections were placed into wells and coated with Ma-

trigel. Tissue was cultured for 24 h in 1 mL EGM-II (EBM-II + EGM-II Bulletkit,

Clonetics). Media was removed and 1 mL fresh EBM-II, supplemented with FBS

(2%), amphotericin B, 10 µg/mL gentamicin, and DMSO or compound dissolved

in DMSO was added. Media was renewed daily for 4 days, before quantifying

vascular outgrowth (growth in pixels of treated ring/growth in pixels of control

ring) on day 5 based on digital photographs.
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2.2.9 Western Blotting

Proteins were separated by using SDS PAGE gels (Life Technologies) or Mini-

PROTEAN TGX gels (BIO-RAD) and transferred to low-fluorescence PVDF mem-

branes. Additionally, TGX gels were activated under UV light before transfer and

imaged before blocking. Depending on the primary antibody, either 5 % milk in

PBS-T or 4 % BSA in PBS-T were used to block membranes for at least 2 h before

incubating with primary antibody overnight. For chemiluminescence detection,

horseradish peroxidase conjugated secondary antibodies were used at 1:20.000 di-

lutions for detection of bands by chemiluminescence (ECL Vilbert). Protein bands

were detected and integrated using FUSION Xpress (Peqlab) or the BioRad anal-

ysis suite. Protein levels were normalized using either housekeeping proteins

(actin) or Stain-Free Technology and analyzed by one-way ANOVA according

to Holm-Sidak method integrated into SigmaPlot. For IR-detection, membrane

blocking and final washing steps were performed without the addition of deter-

gent. Fluorescently labeled antibodies were used to image protein bands via 700

nm/800 nm channel directly.
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Chapter 3

Design and characterization of

bacterial and human CRBN

constructs

3.1 Introduction

The identification of CRBN as the primary target of thalidomide sparked strong

interest into its three-dimensional structure. As such, multiple labs have since

worked with CRBN variants from human, mouse and chicken, and determined

their structure. In our lab, we have predominantly been using the single do-

main bacterial homologue Magnetospirillum gryphiswaldense cereblon isoform 4

from Magnetospirillum gryphiswaldense [19, 20, 62, 63, 65]. Human and bacterial

protein are highly similar with 35% sequence identity and < 1Å over 100 Cα in

structure. Sequence alignment and structural superposition (Figure 9) visualize

this high conservation. The thalidomide binding pocket within MsCI4 is formed

by the three conserved tryptophan residues W79, W85 and W99, which corre-

spond to W380, W386 and W400 in the human protein. Binding of compounds

based on glutarimide form the following canonical interactions: The glutarimide

ring forms two hydrogen bonds, one between the amino group and F77 (H378

31



3.1 Introduction

hCRBN) and the other between the distal keto group and W79 (W380 hCRBN). A

third hydrogen bond is specific for organisms carrying a mutation at the base of

the aromatic cage. The distal keto group of glutarimide and the hydroxyl group

of the tyrosine Y101 form this interaction which is absent in the human protein

as the corresponding residue is F402.

Besides MsCI4, we are also working with the isolated C-terminal domain of hu-

man CRBN, which will be referred to as hTBD. The much larger construct of

human CRBN (ΔN40) in complex with DDB1 (ΔBPB) will be referred to as DDB1-

CRBN. Each protein construct holds several advantages and disadvantages.

The bacterial protein MsCI4 has extensively been used in our lab. It tolerates

mutations like Y101F, by which an aromatic cage that is chemically equivalent

to hCRBN is created. Moreover, a mutant with W36F and W59F was used in a

FRET assay, in order to reduce intrinsic protein fluorescence. Besides biophysical

assays, MsCI4 was used to establish a crystal soaking system. Crystals grown

in complex with thalidomide were used to soak multiple dozen compounds and

characterize their binding at a molecular level. However, differences between

human and bacterial protein become prominent as compounds get bigger and

extend further out of the binding pocket [20]. Here, interaction can potentially

deviate between species. To this end, several humanized MsCI4 constructs were

designed and will be shown in the next sections.

The human construct, DDB1-CRBN could only be expressed in insect cells and is

therefore more laborious than constructs that can be expressed in E. coli. More-

over, due to its size and flexible regions, crystal structures with DDB1-CRBN are

of lower resolution than MsCI4 (>2.45 Å PDB 5FQD vs. 1 Å PDB 6R1D, respec-

tively). Binding affinities of IMiDs and other small molecules to DDB1-CRBN

were found to be up to 100 fold higher than to single domain CRBN constructs

[2]. This is possibly due to N-terminal stabilization of compound interactions

[2], and has to be kept in mind when comparing affinities shown throughout this

thesis. In contrast, the hTBD is similar in size to MsCI4 and could be expressed

in E. coli. It was also found to have similar affinities to IMiDs as MsCI4 [2, 20].

However, no crystal structure with hTBD has been released so far.
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Figure 9: Sequence alignment of MsCI4 and hTBD (left) and a structural super-
position of both proteins. Shown in stick representation is the tri-Trp cage and a

bound thalidomide molecule. Numbering refers to amino acids of hCRBN

3.2 Mutations of MsCI4

MsCI4 has been used in our lab to study the binding of small molecules to CRBN.

Crystal structures in complex with these compounds allowed us to delineate not

only minimal moieties but also rules for avoiding unintended cereblon binding.

However, during these studies it became also apparent that the MsCI4 binding

pocket had its limitations in regard to compound length. While MsCI4 repre-

sented an ideal model system for studying minimal moieties, extended com-

pounds can potentially interact with residues that are not conserved between

human and bacterial protein. Therefore, several mutants of MsCI4 were designed

during the course of this thesis. An overview of the designed constructs is shown

in Figure 10. Colored amino acids show residues that are different from the wild-

type construct.
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Figure 10: Sequence alignment of MsCI4 constructs designed during this project.
Colored amino acids show residues that are different from the wild-type con-

struct

3.2.1 Truncation of MsCI4

For the majority of crystal structures that our lab has obtained since working

with MsCI4, the first 19 residues were usually not resolved in the electron den-

sity map. This is also in agreement with secondary structure predictions where

the N-terminus is expected to be unstructured. Unstructured residues or even

domains are generally a hindrance when attempting to crystallize a protein. In

an effort to aid crystallization, we designed a construct in which the first 18 N-

terminal residues were truncated. Expression and purification yields were in the

expected range, however the protein was very unstable in solution and crystal-

lization attempts could not be performed. Therefore, we designed a less truncated

construct in which only the 12 N-terminal residues were omitted. We saw high

yields for this construct and used previously established purification protocols to

obtain highly pure protein, which also crystallized in a variety of commercially

available crystal screens. It can therefore be concluded that this truncated con-

struct can be used for further structural characterizations where the full-length

construct does not lead to adequately diffracting crystals.
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3.2.2 Humanization of MsCI4

During the early phases of this project, a crystal structure of hCRBN in com-

plex with lenalidomide and CK1α was published, which showed that CRBN and

lenalidomide jointly provide an interface for the binding of CK1α [143]. This

interface is in direct proximity of the binding pocket on the CRBN surface and

allows a β-hairpin-loop to bind. Moreover, binding experiments and structural

alignment suggested that other neo-substrates like IKZF1 and IKZF3 could show

a similar binding mode. Based on this data, we set out to construct “humanized”

MsCI4 mutants based on structural superposition (Figure 11). Mutations of sev-

eral surface exposed residues should allow for neo-substrate binding to MsCI4

in a related mode as seen for hCRBN. A construct carrying seven mutations was

synthesized, cloned and expressed in E. coli. This humanized MsCI4 was well

expressed, soluble, and could be purified to high levels by affinity chromatog-

raphy. After His-tag cleavage, the mutant was also set up for co-crystallization

with thalidomide which led to a high resolution structure. Interestingly, during

crystallization, this construct apparently selectively bound a hydrolysis product

of thalidomide that is of high pharmacological interest. This finding inspired ad-

ditional experiments which build the basis of the work shown in Chapter 4, in

which the crystal structure of this humanized version is described.
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Figure 11: Structural superposition of MsCI4 (shown as ribbon) and hCRBN
(omitted for clarity) in complex with CK1α (pink, PDB 5FQD) and IKZF1 ZF2
(brown, PDB 6H0F), both shown as cartoon. Highlighted residues show muta-

tions of humanized MsCI4 versus WT

As all side-chains were clearly resolved within the complex, we could verify

that mutated residues adopted a similar orientation as seen in hCRBN struc-

tures. Therefore, this construct can be used to study not only IMiD binding, but

possibly also canonical neo-substrate recruitment. With this ”humanized” pro-

tein at hand, the goal was to further characterize the binding of neosubstrates

via X-ray crystallography. Based on superposition of the available structure of

CRBN· lenalidomide · CK1α, we designed a short peptide motif of zinc finger

2 from IKZF1. Initial attempts to crystallize complexes of humanized MsCI4·

IMiD· IKZF1 (ZF2) yielded crystals diffracting to 1.3 Å. Their structure was

solved via molecular replacement using previous MsCI4 structures as a search

model, however no electron density was seen for the zinc finger peptide. Fur-

ther crystallization trials were not attempted after the publication of the DDB1·

CRBN· pomalidomide· IKZF1(ZF2) /ZNF692(ZF4) structures [175]. These struc-

tures confirmed the related binding mode of the neosubstrates CK1α and zinc

fingers IKZF1 and IKZF3 (included in the superpostion in Figure 11).
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3.2 Mutations of MsCI4

The invariability of the core aromatic cage allowed us to use MsCI4 as a model

system for small molecule binding to CRBN. We have established biophysical as-

says for small molecule binding [19], established purification and crystallization

protocols for MsCI4 [19, 20, 62, 63], which allowed us to delineate the chemical

space of CRBN binding. However, with the expansion of chemical space and

elongation of protruding moieties, the need arose for additional mutations of dis-

tant residues that differ between bacterial and human protein. Further analysis

of these species-specific differences in complex with small molecules led us to de-

sign an additional construct, MsCI4 α with a F77H mutation. In some instances,

this histidine in the human protein was involved in additional interaction with

the proximal keto group of glutarimide and was therefore also included in our

model system. Evaluation of surface-exposed residues surrounding the binding

pocket showed F49, I114 and R117 as residues that could potentially be in close

distance of elongated compounds such as PROTACs. Round the horn PCR was

used to mutate these residues for MsCI4 humanized β construct (Figure 10). The

last construct, MsCI4 humanized σ, was designed to improve stability by keeping

mutations to a minimum. Here, mutations are focused on surface-exposed and

potentially compound-accessible residues around the IMiD-binding site, without

regards to neo-substrate binding.

3.2.3 Stability of MsCI4 and mutants

In addition to purity analysis by SDS-PAGE, constructs mentioned above were

also characterized by their apparent melting points via NanoDSF. In general, all

constructs with the exception of ”MsCI4 WT truncated” were highly expressed,

soluble and showed high melting temperatures. Melting temperatures are in-

dicative for the stability of a protein and confirms that MsCI4 tolerates the mu-

tations introduced in the humanized versions. Interestingly, His-tagged MsCI4

constructs generally showed a lower Tm and are hence less stable. Resulting from
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3.2 Mutations of MsCI4

these measurements, cleavage of the His-tag was henceforth performed in paral-

lel with dialysis and improved overall protein yields.

Table 7: Inflection temperature [Ti] and melting temperatures [Tm] of MsCI4
WT, mutants and the influence of ligands

Construct Inflection temperature Ti [°C]

MsCI4 WT HIS 71.3

MsCI4 WT 82.7

+ pomalidomide 86.8

+ succinimide 85.9

+ 0.5% DMSO 85.2

Construct Tm [°C]

MsCI4 WT

1x freeze-thaw 76.2 ± 0.04

2x freeze-thaw 75.9 ± 0.73

+ thalidomide 74.0 ± 0.17

+ avadomide 74.8 ± 0.02

+ 0.1% DMSO 71.9 ± 0.03

+ 0.5% DMSO 73.7 ± 0.08

+ 1% DMSO 74.5 ± 0.26

+ 5% DMSO 77.2 ± 0.11

MsCI4 humanized HIS 63.1 ± 0.53

MsCI4 humanized 67.9 ± 0.05

MsCI4 Y101F 65.2 ± 0.24

Furthermore, NanoDSF measurements were also used to detect and confirm lig-

and binding. Binding within the aromatic cage stabilizes the protein and hence

raises its inflection temperature Ti [°C], and melting temperature Tm [°C]. Both

of these temperatures are indicative of the stability of a protein. However, the

fast temperature ramps performed via the Tycho NT.6 (NanoTemper Technolo-

gies) lead to inflection points rather than melting temperatures. As expected,

these stabilizing effects were seen for the classical IMiDs thalidomide, pomalido-

mide and avadomide. It was also apparent that the second and third genera-

tion IMiDs pomalidomide and avadomide have a bigger impact on the Tm, most

likely due to their superior affinity. These measurements were performed via the

Prometheus NT.48 (NanoTemper Technologies) with heat ramps <2°C/min, from

which melting temperatures Tm [°C] were fitted using a 2-state model integrated
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3.2 Mutations of MsCI4

into MO.Affinity Analysis (NanoTemper Technologies). A similar stabilizing ef-

fect was seen for increasing concentrations of DMSO, which confirms our previ-

ous observations that DMSO can bind to MsCI4 WT, and to a much lower extent

to Y101F mutants. Generally, we found that humanization of MsCI4 did clearly

affect the stability of the protein, however the melting temperatures were still

above 65°C and still higher than the previously used [63] single point mutation

Y101F (65.2°C).

(a) (b)

(c) (d)

Figure 12: Thermal unfolding curves as functions of F350nm/F330nm plotted
against temperature gradient from which Ti and Tm values were derived. (A)
Melting curves at a thermal ramp of 30°C/min from which Ti values were de-
rived. (B) Melting curves for MsCI4 WT and humanized constructs, with and
without His-Tag, and the previously used Y101F mutant. (C) First derivative
of melting curves for MsCI4 WT and increasing concentrations of DMSO. (D)

Melting curves for MsCI4 WT at different storage conditions.
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3.3 Structural characterization of novel immunomodulatory drugs

3.3 Structural characterization of novel immunomod-

ulatory drugs

It has been shown that treatment with thalidomide and its second generation

analogues, lenalidomide and pomalidomide in diseases such as MM can lead

to resistances, which can be caused by CRBN mutations, chromosomal deletion,

and low CRBN expression [215]. For these cases, new generations of IMiDs have

been developed that show a much higher potency for neo-substrate degradation.

Two such effectors that modulate cereblon E3 ligase activity and exhibits po-

tent anti-tumor and immunomodulatory activities are avadomide (CC-122) and

iberdomide (CC-220). Both are currently in clinical trials against advanced solid

tumors, non-Hodgkin lymphoma (NHL), and multiple myeloma [4, 18, 24, 151].

Like the canonical binders thalidomide, lenalidomide and pomalidomide, iberdo-

mide and avadomide also rely on glutarimide as the E3 binding moiety, however,

their protruding moieties are fundamentally different. Avadomide (CC-122) has

a compact 5-Amino-2-methyl-4-oxoquinazolin group solvent exposed, whereas

iberdomide (CC-220) extends far out of the binding pocket with its morpholin

and phenyl group that are connected via a methoxy linker to isoindol (Figure 2).

One of the goals of this study was to determine their binding modes at a molec-

ular level. As co-crystallization trials were unsuccessful, we quickly resorted to

our previously established MsCI4-soaking system. This led to a 1.5 Å structure

with CC-122 and a 1.9 Å structure with CC-220.

Avadomide (CC-122) was found to be present in chain C, while thalidomide

molecules remained in chain A and B of the ASU. The glutarimide moiety of

avadomide shows the conserved IMiD interactions, whereas the geometry of the

protruding quinazolinone leads to a slight shift towards the tri-Trp cage com-

pared to the phtaloyl moiety in thalidomide. No additional interactions of the

protruding moiety with MsCI4 were seen for this compound. The high potency

reported for the degradation of IKZF1 and IKZF3 [59] is therefore likely due to
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3.3 Structural characterization of novel immunomodulatory drugs

additional interactions with the neo-substrate, potentially mediated by the sol-

vent exposed primary and secondary amine group (Figure 13A).

Iberdomide (CC-220) was found to be present in all three chains. However, the

orientation of the protruding moiety in chain A was different from chains B and

C. Electron density in all chains was clearly defined (Figure 13 D). The ligand in

chain A is oriented similar to that in the human complex (Figure 13 B). While

the glutarimide moiety shows the canonical interactions with the tri-Trp pocket,

the phenyl ring is harbored in a channel formed by E76, F77, and P51 of MsCI4.

The human CRBN possesses an additional H353 which contributes to this groove.

This corresponds to A52 in MsCI4, which cannot contribute to this interaction.

In chain B and C, the ligand is oriented such that the protruding moiety, includ-

ing the phenyl ring connected to the isoindolinone also collapses onto the MsCI4

surface, however, upwards towards W99. It was previously concluded that in-

crease in potency for neo-substrate degradation of CC-220 is most likely due to

the increase in affinity to CRBN [113]. The additional binding mode of CC-220

observed here, could either be an alternative conformation that was not present

in the human crystal structure (PDB 5V3O), or species-specific amino acid substi-

tutions did not allow for the same interactions.

These results clearly highlight the advantages and disadvantages of using MsCI4

as a soaking system. MsCI4 crystals can be grown reproducibly in a variety of

conditions and generally diffract to high resolutions, even after extensive soak-

ing trials. Furthermore, the solvent accessible binding pockets of three subunits

per ASU allow us to potentially capture alternative binding modes in one crys-

tal structure, such as seen for iberdomide. However, species-specific amino acid

differences can interfere with their binding modes. This becomes prominent for

elongated compounds and can be circumvented by using the presented human-

ized versions of MsCI4.
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3.3 Structural characterization of novel immunomodulatory drugs

Figure 13: Interactions of CC-122 and CC-220 with MsCI4. (A) CC-122 (orange)
inside the aromatic cage of MsCI4. For reference, a thalidomide molecule (pur-
ple) is superimposed transparently. (B) Superposition of CC-220 in complex with
MsCI4 (shown in blue) and hCRBN (shown in green, PDB 5V3O). (C) FO − FC
omit map of CC-122 at 2 σ. (D) FO − FC omit map of CC-220 at 1.5 σ in chain A,

2 σ in chain B and 1.5 σ in chain C
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3.4 hCRBN

Table 8: Data collection and refinement statistics of novel IMiDs avadomide and
iberdomide in complex with MsCI4.

MsCI4 · avadomide MsCI4 · iberdomide

Data Collection

Space group P212121 P212121

Unit cell

a, b, c (Å) 56.60 60.16 88.40 56.00 58.85 88.58

α, β, γ (°) 90, 90, 90 90, 90, 90

Resolution range, Å 47.66 - 1.60 (1.70- 1.60) 44.29-1.89 (2.01-1.89)

Redundancy 12.6 (12.5) 12.6 (12.4)

Completeness % 99.9 (99.4) 98.3 (95.8)

Rmerge % 6.3 (81.3) 12.7 (91.5)

CC(1/2) 99.9 (91.1) 99.8 (89.4)

I/σ(I) 21.37 (2.48) 12.19 (1.92)

Refinement

Number of reflections (total/test) 40519 (3990) 23545 (2197)

No. of atoms 2747 2650

Protein 2518 2375

Solvent 157 173

Ligand 72 102

Rwork% 0.18 0.20

Rfree% 0.21 0.24

Ligand in chain

A thalidomide iberdomide

B thalidomide iberdomide

C avadomide iberdomide

3.4 hCRBN

Due to the species-specific differences seen for MsCI4 and the human CRBN in

the previous section, it was also desirable to have the human protein available.

Based on recently published data [2, 114, 143, 175], we were able to obtain the

protein hTBD and the DDB1-CRBN complex. The hTBD could be expressed in
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3.4 hCRBN

E. coli Rosetta 2(DE3)pLysS after modification of existing protocols and mild pro-

tein expression conditions. An expression protocol based on high density Sf9

cells was established for DDB1-CRBN, because this construct was unsuitable for

bacterial expression. Both constructs could be expressed and purified to satisfac-

tory levels. GST affinity, followed by size exclusion was used for the purification

of hTBD. For the DDB1-CRBN complex, an N-terminal Twin-Strep-tag of CRBN

was used to capture the complex via a Strep-Tactin XT column. Initial charac-

terization of DDB1-CRBN by nanoDSF showed that the complex is folded and

melts at 47.2 °C (Table 9). Stabilization upon ligand binding as seen for MsCI4

was not observed. Incubation and measurement of Tm with water-soluble suc-

cinimide showed no significant effect. Thalidomide seemed to lower the Tm of

the complex, however this effect could be contributed to the co-solvent DMSO,

which showed similar effects.

(a) (b)

Figure 14: F350nm/F330nm and first derivatives of DDB1-CRBN plotted against
temperature gradients from which Tm values were derived. (A) Thermal unfold-

ing curves of DDB1-CRBN. (B) Thermal unfolding curves of hTBD
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3.5 Conclusions

Table 9: Melting temperatures for human CRBN-constructs
measured by NanoDSF (n=3)

Tm [°C] native DMSO thalidomide succinimide

DDB1-CRBN 47.2 ± 0.0 44.9 ± 0.3 45.3 ± 0.3 47.0 ± 0.3

hTBD 50.2 ± 0.1 - 53.5 ± 0.3 -

As expected, the single hTBD expressed in Rosetta cells showed a higher yield

than the DDB1-CRBN insect cell expression. HTBD was well folded and showed

higher melting temperatures than DDB1-CRBN as measured by NanoDSF. Lig-

and binding to hTBD further stabilized the protein as indicated by the shift in

melting temperature (Table 9). These initial data, availability and accessibility of

the hTBD make this construct highly promising for further in vitro characteriza-

tions.

3.5 Conclusions

MsCI4 has proven to be a stable protein for in vitro and structural character-

ization of CRBN-binders. It has allowed us to characterize the chemical ligand

space of CRBN and identify minimal binding moieties [19, 20] and is further used

throughout this thesis. Based on MsCI4, we have designed several constructs that

show advantages over the WT for specific tasks. Truncated constructs of MsCI4

show potential to be utilized in instances where the full-length protein does not

lead to adequately diffracting crystals. Using subsequently humanized constructs

allows us to assay for binders that rely on species-specific mutations. Residues

identified to be important for neo-substrate recruitment in human CRBN have

been introduced in MsCI4 and should allow for further studies of this neomor-

phic substrate recognition interface. Constructs carrying F77H mutation (MsCI4

α) and surface-exposed residues surrounding the binding pocket (MsCI4 human-

ized β) allow us to study the binding of small molecules and larger compounds

such as PROTACs, with a chemically equivalent binding mode to human CRBN.
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3.5 Conclusions

Advantages of the WT protein such as high yields in E. coli, stability and access

to structural characterization via X-ray crystallography also apply for the mutant

constructs.

Besides MsCI4, we have also designed constructs of human CRBN. For the ex-

pression of DDB1-CRBN, a high-density insect cell expression and purification

protocol was established that led to well folded protein. This constructs allows

for in vitro studies that are close to the native complex. One disadvantage com-

pared to MsCI4 is the achievable resolution of x-ray crystal structures. Due to

the size and flexibility of the DDB1-CRBN complex, crystal structures are usually

below 3 Å resolution, while MsCI4 crystals typically diffract to high resolution

(<2 Å). A possible alternative here is the use of the TBD of human CRBN. A

construct for this hTBD was designed, expressed in E. coli, purified and used for

biophysical assays. Further experiments will include the attempt to crystallize

hTBD, however it must be mentioned that no crystal structure of the human TBD

alone has been released yet. Together, the presented work allows us to resort to

optimal constructs of CRBN, depending on the task at hand, which will be used

throughout this thesis.
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Chapter 4

De-novo design of cereblon (CRBN)

effectors guided by natural

hydrolysis products of thalidomide

derivatives

This Chapter was, with small modifications, published in J. Med. Chem. 2019,

62, 14, 6615-6629, June 28, 2019 [65]. Additional experiments conducted on the

displacement of endogenous substrates were added under section 4.5.

4.1 Introduction

Classical IMiDs like thalidomide and its second and third generation analogs

lenalidomide, pomalidomide, avadomide (CC-122) and iberdomide (CC-220) have

constantly emerged to new therapeutic areas. Originally developed as a sedative

[181] and banned in 1961 for its catastrophic effects on newborns when used dur-

ing pregnancy [100, 195], thalidomide and a number of newly developed analogs

are approved for the treatment of MM [76], Erythema nodosum [46] and MDS

[15, 79]. Because of their pleiotropic and especially anti-angiogenic properties,
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4.1 Introduction

IMiDs have further been reported effective in many off-label indications as for

Hodgkin’s lymphoma [54, 95, 207], Light chain-associated (AL) amyloidosis [168]

and Acute myeloid leukemia (AML) [7, 190].

Currently, IMiDs share a common glutarimide moiety (Figure 2), which is con-

nected to a second moiety that is typically derived from phthaloyl. Via the glu-

tarimide moiety, they are able to bind to a tri-tryptophan pocket within the TBD

[25, 62, 63] of CRBN. CRBN is the substrate receptor of the Cullin RING E3 ubiq-

uitin ligase CUL4-RBX1-DDB1-CRBN (CRL4CRBN) [50] and responsible for the

recognition of endogenous substrates such as GS [129], MEIS2 [50] and APP [33].

In presence of IMiDs, however, its substrate specificity is changed. The solvent-

exposed second moiety, the protruding moiety that is unique to each IMiD, re-

cruits novel substrates to the CRBN surface for ubiquitination. The degradation

of these neo-substrates accounts for most of the efficacy of IMiDs in multiple

myeloma (IKZF1 and IKZF3) [93], 5q-deletion associated myelodysplastic syn-

drome (CK1α) [91] and acute myeloid leukemia (GSPT1) [113]. Recently, it could

also be shown that the degradation of the neo-substrate SALL4 is linked to de-

velopmental malformations caused by thalidomide [37, 113].

Crystal structures of the neo-substrate complexes CRBN · lenalidomide ·CK1α,

CRBN · pomalidomide · IKZF1, and CRBN · pomalidomide · ZNF692 provided

first insights into the binding mode of neo-substrates [143, 175]. Many of the

identified neo-substrates possess no obvious sequence homology, but they all

exhibit a structurally analogous β-hairpin, which binds to the surface around

the IMiD-binding site, involving interactions with both surface residues and the

IMiD itself. A potential prerequisite for the recruitment is the presence of a

glycine at the tip of this β-hairpin; this glycine was found to be conserved for

many neo-substrates, like CK1α [143] and GSPT1 [116], and appears in the com-

mon C X(2)-C-G motif [37] in many transcription factors belonging to the C2H2

zinc finger class, including IKZF3 [143], IKZF1 [143], ZFP91 [37] and SALL4 [37].

While IMiDs seem to generally recruit several members of the C2H2 zinc finger

family, only lenalidomide was proven to recruit CK1α, indicating that the pro-

truding moiety imparts substrate specificity. The CRBN-binding ability of IMiDs
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4.1 Introduction

has further been exploited for targeted protein degradation in an approach called

Proteolysis Targeting Chimera (PROTAC), coined in 2001 by Craig Crews and

co-workers [97, 159]. PROTACs are bifunctional small molecules which possess a

binding moiety for a target protein fused to a binding moiety for an E3 ubiquitin

ligase, thus inducing ubiquitination and proteasomal degradation of the target

protein. Recent examples of successful PROTACs target the Estrogen [69] and the

Androgen receptor [60] via a VHL E3 ligase ligand, but also BET bromodomains

via linkage to thalidomide as a CRBN ligand [206]. Notably, also PROTACs with

a VHL ligand on one, and thalidomide as CRBN ligand on the other end have

been designed, leading to unidirectional degradation of CRBN [186]. In general,

the PROTAC approach has high potential to target the undruggable; a particu-

larly illustrative example for its potential is exemplified by the recent discovery

of a PROTACs targeting the Tau protein. To date, essentially all CRBN effec-

tors, IMiDs and CRBN-based PROTACs, are derived from thalidomide and its

derivatives. However, the chemical space of CRBN ligands ranges far beyond

thalidomide: In a first systematic characterization we have revealed that a large

range of lactams and cyclic imides are potent binders, including several marketed

drugs [20]. Specifically, we have shown succinimide to exhibit higher affinity than

glutarimide, using the single-domain bacterial CRBN homologue from Magne-

tospirillum gryphiswaldense (MsCI4) in a FRET assay [63]. In this study, we set out

to further explore and exploit the chemical space of CRBN binding by design-

ing effectors based on succinimide and glutarimide, which we characterize with

regard to their affinity, their structural binding mode, and their ability to induce

proteasomal degradation of neo-substrates. Guided by hydrolyzed metabolites of

thalidomide and of three of our designs, we present novel minimalistic motifs that

are able to recruit and degrade neo-substrates, and may serve as E3-recruiting lig-

ands for future PROTACs.
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4.2 Biophysical and structural characterization of IMiD

analogs and their hydrolysis products

As a starting point for new effectors we chose the classical IMiD scaffold. Based

on the finding that succinimide is able to bind to CRBN with a higher affin-

ity than glutarimide (Ki values of 4.3 µM vs. 28 µM for MsCI4 [20]), we de-

signed a first panel of derivatives based on glutarimide and succinimide, in

which we probed the effect of different substitutions in the phthaloyl moiety

(Figure 16). The respective compounds 2a-5b were prepared by the synthetic

route shown in Figure 15. The imides 3a and 3b were synthesized from the

commercially available Nα-(tert-butoxycarbonyl)-L-asparagine (1a) and Nα-(tert-

butoxycarbonyl)-L-glutamine (1b) respectively via an imide formation using N,N-

carbodiimidazole (CDI) and 4-dimethylaminopyridine (4-DMAP) in THF as well

as a deprotection reaction in the presence of trifluoracetic acid (TFA). Compounds

4a-4d were obtained through a coupling between the imides 3a or 3b and the com-

mercially available 3-nitrophthalic anhydride or 4-nitrophthalic anhydride. Cat-

alytic hydrogenation of the molecules 4a and 4b using 10 wt% Pd/C in EtOAc

produced the derivatives 5a and 5b.

Figure 15: Reagents and conditions: (a) CDI, 4-DMAP, THF, reflux, 17-48 h; (b)
TFA, RT, 30 min; (c) CDI, 4-DMAP, THF, reflux, 5-20 h; (d) 10 wt. % Pd/C,

EtOAc, RT, 20 h
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The binding affinities of these compounds for MsCI4 were assessed in the FRET

assay, starting with the glutarimide-based compounds 4c and 4d in compari-

son to the commercial thalidomide derivatives lenalidomide and pomalidomide.

Lenalidomide (Ki = 3.1 µM) and pomalidomide (Ki = 0.8 µM), both carrying an

additional amino group in the R2 position, show improved affinity to MsCI4 as

compared to thalidomide (Ki = 4.4 µM). When we exchanged this amino group

for a nitro group (4c), we saw a significant drop in affinity, into a range in which

a precise value could not be obtained (Ki > 40 µM) [20]; moving this nitro group

to the R1 position (4d) had less impact on the affinity (Ki = 8.9 µM, Figure 16A).

Similar effects were observed in a recent study that was published during the

preparation of this manuscript [23]. As both compounds, 4c and 4d, retained

affinity to MsCI4, their overall binding mode is supposedly conserved and com-

parable to thalidomide, which is consistent with previous studies showing that

small modifications on the protruding moiety have little influence on the overall

affinity to CRBN [50, 63]. The binding modes of lenalidomide and pomalidomide

have previously been reported to be virtually identical to thalidomide [25, 143].

For the succinimide-based compounds 4a, 4b, 5a and 5b, we obtained a similar

picture as for the glutarimide-based compounds. Although they showed overall

weaker binding in the FRET assay (Figure 16 B), substitutions in the R2 position

are less favorable for the affinity as substitutions in R1. For 4a and 5a, which have

a nitro or an amino group in R2, respectively, we obtained Ki values of > 40 µM.

For 4b and 5b, which have the respective groups in the R1 position, the obtained

Ki values are 11 µM and 12 µM, respectively.
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Figure 16: The first panel of chemical structures, five- and six-ring based thalido-
mide analogs and their affinity to MsCI4 determined as Ki values in the FRET

assay.

In a next step, we determined the molecular binding determinants of the succin-

imide-based compounds via X-ray crystallography. To this end, crystals of the

MsCI4 · thalidomide complex were reproduced [20] and subsequently used for

soaking experiments, in which the thalidomide molecules bound to MsCI4 may

be displaced by the compound of interest. There are three chains, i.e. three MsCI4

· thalidomide complexes, in the asymmetric unit (ASU) of these crystals, in which

the bound thalidomide molecules can potentially be displaced. However, as the

three chains form different crystal contacts and differ slightly in their conforma-

tion, it is possible that thalidomide is only replaced in one or two chains of the

ASU, depending on the particular compound [20]. These experiments yielded

crystal structures for the four compounds tested, 4a, 4b, 5a and 5b, all showing

the classical IMiD binding-mode with the basal main-chain interactions of the

succinimide amino-group with F77 and the carbonyl group with W79 of MsCI4.

Also the orientation of the protruding moieties of 4a, 5a and 5b are very similar

to that of thalidomide, despite the different ring size of glutarimide and succin-

imide. As a result, the hydrogen bond that is typically observed between the

conserved N50 and a carbonyl group of the phthaloyl moieties for the classical

glutarimide-based compounds is also found for 5b.

However, the crystal structures also held surprises. They did not only reveal

the binding modes of the pure compounds, but also that of hydrolysis products
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of 4a, 4b and 5a with unambiguous electron density; only 5b was exclusively

observed in non-hydrolyzed form (Figures 17, 18). For 4a and 5a, hydrolyzed

metabolites were only observed in one chain of the ASU, with the second chain

occupied with a non-hydrolyzed version and the third chain with thalidomide.

For 4b, which showed the highest affinity with a Ki of 11 µM, all three binding

pockets in the ASU were occupied by a hydrolyzed metabolite, so the binding

mode of non-hydrolyzed 4b could not be studied. In all cases, for the hydrolysis

products of 4a, 4b and 5a, ring opening of the phthaloyl group had led to the

formation of a secondary amide and a carboxyl group, which are clearly resolved

in FO-FC omit maps (Figure 17). Both of these form important interactions with

the binding pocket: Firstly, the secondary amide rescues the hydrogen bond to

the conserved N50, which is typically formed by a carbonyl of the phthaloyl moi-

ety. Secondly, the additional carboxyl group replaces a conserved water molecule

previously coordinated by W99 and engages in direct hydrogen bonding with the

W99 side chain. In contrary, the primary amino group of hydrolyzed 5a and the

solvent exposed nitro groups of hydrolyzed 4a and 4b do not show additional

interactions.
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Figure 17: Overview of the thalidomide binding mode and electron densities
of thalidomide analogs and their hydrolysis products bound to MsCI4. Left:
Cartoon representation of thalidomide-bound MsCI4 with key residues of the
binding pocket shown as sticks. Right: FO - FC maps of CBG (PDB 6R0Q), 4a
and hydrolyzed 4a (PDB 6R0S), hydrolyzed 4b (PDB 6R0V), 5a and hydrolyzed
5a (PDB 6R0U) and 5b (PDB 6R11) in the MsCI4 binding pocket, contoured at 2σ.

4.3 Binding mode of CBG, a major hydrolysis prod-

uct of thalidomide

Admittedly unintentionally, in addition to the hydrolysis products of 4a, 4b and

5a, we were able to characterize the binding mode of a major hydrolyzed thalido-

mide metabolite. It is known that IMiDs can rapidly racemize in bodily flu-

ids and water [9], and spontaneously hydrolyze under physiological conditions

[27, 153, 167]. For thalidomide, being eliminated mainly by spontaneous hy-

drolysis in blood and tissues, a half-life of about 5.5 to 7.3 h at the physiolog-

ical pH of 7.4 was reported [189]. Among several proposed hydrolysis prod-

ucts, the two main urinary metabolites are 2-phthalimidoglutaramic acid ( 50%)

and α(2-carboxybenzamido) glutarimide (CBG) ( 30%) [12]. Of these, CBG has

an unmodified glutarimide moiety, and is also one of three major metabolites
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4.3 Binding mode of CBG, a major hydrolysis product of thalidomide

in human plasma [29]. As CBG was also reported to possess higher TNF-α

production-inhibitory activity (80%) than thalidomide (32%) at concentrations of

3 µM [29, 124], it is of great pharmacological interest, but its mode of interaction

remained elusive so far [137]. During the course of this study, we obtained a

crystal structure of CBG in complex with a humanized mutant form of MsCI4

(Figures 17, 18). This structure was the result of a co-crystallization trial of this

mutant with thalidomide, which aimed at the characterization of the mutant pro-

tein. However, the mutant selectively bound CGB that was presumably present

in traces in our crystallization setup with thalidomide. This mutant has a num-

ber of non-conserved residues in the direct vicinity of the thalidomide binding

pocket mutated to the residues in the human protein, including the substitution

F56H. While this residue is not directly involved in classical IMiD binding in

MsCI4 or the human protein, it plays an important role in the binding of CBG:

Together with N50, it coordinates one oxygen of the carboxyl group in the CBG

protruding moiety; the other oxygen of this carboxyl coordinates the conserved

water molecule bound to W99. However, in contrast to the hydrolysis products

of the succinimide-based compounds 4a, 4b and 5a, the amide moiety resulting

from ring-opening is not found to be involved in defined hydrogen bonding –

although superposing approximately with the phthaloyl moiety of thalidomide,

it does not form the canonical hydrogen bond with N50, as the latter is engaged

in the hydrogen bond to the carboxyl group.
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4.3 Binding mode of CBG, a major hydrolysis product of thalidomide

Figure 18: The binding mode of the initial compounds and their hydrolysis
products inside the binding pocket. Thalidomide, 4a and 5a are shown with their
respective hydrolysis products. Ring opening of the phtaloyl moiety that leads
to the observed hydrolysis product is indicated in red in the chemical drawings.
5b was exclusively found in non-hydrolyzed form, whereas 4b was exclusively

found as a hydrolysis product.
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4.4 Rational design of novel succinimide effectors

guided by hydrolyzed metabolites

In a next step, we aimed to exploit our knowledge on the binding mode of

hydrolyzed metabolites for the design of novel effectors. The fact that the hy-

drolysis products were selected against their parent compounds in several co-

crystallization or soaking experiments suggested that they pose binders of simi-

lar, if not superior affinity. Comparing the binding modes of CBG and hydrolyzed

4a, 4b and 5a, we further hypothesized that the difference seen for the hydrogen

bonding of their amide linkers should yield increased affinity for succinimide-

based effectors. Consequently, we used this amide linker to connect different

functional groups as protruding moieties to succinimide as the binding moiety. To

this aim, we prepared derivatives 7a-7h as shown in Figure 19, by treating imide

3a with the corresponding acyl chlorides 6a-6h and N, N-diisopropylethylamine

(DIPEA) in THF.

Figure 19: Reagents and conditions: (a) CDI, 4-DMAP, THF, reflux, 48h; (b) TFA,
RT, 30 min; (c) 6a-h, DIPEA, THF, 0 °C to reflux, 2 h

All derivatives of this second panel were tested in the FRET assay. Only for

compound 7e, with a 3,5-dinitrobenzol group, the affinity was decreased under

the detectable levels of the FRET assay. For the compounds with an isobutylene

(7a), benzyl (7b) or chlorobenzothiophene group (7g) as the protruding moiety,
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binding was well detectable but could not be quantified (Ki > 40 µM). Better bind-

ing was observed for compounds with a styryl (7f) and dichloro-benzothiophene

(7h) group, both showing Ki values of 20 µM (Figure 20 A). Finally, the highest

affinities were achieved with a 2,4,6-trichlorobenzol moiety (7c, Ki = 9 µM) and

benzyloxy group (7d, Ki = 4 µM), rendering 7d the highest-affinity binder in this

study, with a Ki value comparable to unmodified succinimide [20] (Figure 20 A).

Figure 20: Compounds inspired by hydrolysis products of thalidomide analogs
and their affinity data. (A) Second panel of compounds, based on the 3-

amidosuccinimide scaffold. (B) Third panel of compounds, inspired by 7d.
∗ 20a could not be purified to satisfactory levels for affinity testing.

We continued with characterizing the binding modes of compounds 7a-c and 7f

via crystallography. For the best binder 7d we performed a co-crystallization

screen, which yielded a new crystal form diffracting to 1.1 Å resolution; the other

compounds were successfully evaluated in soaking experiments. All compounds

revealed the expected binding mode as observed for the hydrolyzed metabolites

of 4a, 4b and 5a, with the succinimide moiety forming the canonical interaction

58



4.4 Rational design of novel succinimide effectors guided by hydrolyzed metabolites

within the binding pocket, and the amide linker forming the hydrogen bond with

N50. Besides these hydrogen bonds of the binding and linking moiety, no defined

interactions with the protein were found for the protruding moieties of any of the

five compounds, including the best binder 7d. Figure 21 shows a superposition of

the compounds of this panel and their conserved binding mode in the aromatic

cage.

Figure 21: Binding modes of compounds from the second and third panel.
(A) Superposition of all compounds bound to MsCI4. (B) Detailed side and top
view of bound effectors based on the 3-amidosuccinimide scaffold: 7a (yellow,
PDB 6R1X), 7b (sand, PDB 6R12), 7c (pink, PDB 6R1K), 7d (green, PDB 6R1D), 7f
(blue, PDB 6R13) and the water soluble 11a (cyan, PDB 6R18) and 12a (light blue,
PDB 6R1C), indicating interactions with N50. (C) Side and top view of com-
pounds based on 3-amidoglutarimide, 16b (brown, PDB 6R1W) and 20b (dark
green, PDB 6R1A). Although the depicted instances for this scaffold do not show
the interaction with N50, this interaction was observed in one other instance for

16b.

Based on these data, we hypothesized that the planar benzene connected via an

oxygen as in 7d is favorable for the affinity. Consequently, we designed a third

panel of derivatives carrying this feature based on succinimide and glutarimide

(Figure 20 B). In this panel, in addition to affinity improvement, we also sought

to increase the solubility in water via additional polar or charged groups. As

described in 22, reaction of the intermediates 8, 13 and 17 with phosgene so-

lution (15 wt% in toluene) in THF yielded to the corresponding chloroformates
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9, 14 and 18. Derivatives 11a, 11b, 16a, 16b, 20a and 20b were prepared by a

coupling reaction between the imides 3a or 3b and the aforementioned chlorofor-

mates 9, 14 and 18 using N,N-diisopropylethylamine (DIPEA) in THF followed

by a deprotection using trifluoracetic acid (TFA). Treatment of the derivatives 11a

and 11b with succinic anhydride and triethylamine (Et3N) in DMF produced the

molecules 12a and 12b, respectively.

Figure 22: Reagents and conditions: (a) Phosgene solution 15 wt. % in toluene,
THF, 0 oC to RT, 20 h; (b) 3a or 3b, DIPEA, THF, 0 oC to reflux, 20 h; (c) TFA,
DCM, 0 oC to RT, 2 h; (d) Et3N, DMF, 0 oC to RT, 20 h. Note that 13 and thereby

also 14-16 are in cis conformation.

Indeed, the final compounds with terminal amino groups were water soluble
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(11a, 11b, 16a, 16b), while 12a and 12b, with a terminal succinyl group, were

highly soluble in bicarbonate buffer (>200 mM). The compounds were subse-

quently tested in the FRET assay, apart from 20a, which still contained impurities.

The assay indicated that all derivatives retained high affinity for CRBN indepen-

dent of binding moiety and planarity of the substituent; a clear preference for

either binding moiety was not recognizable. In soaking experiments, we obtained

crystal structures with the 5-ring members 11a, 12a, 20a, and the 6-ring members

16b and 20b, all forming the canonical interactions within the aromatic cage. As

expected, the 5-ring effectors form the interaction of the amide linker with N50,

which is also observed in one instance for the 6-ring effector 16b. Further inter-

actions of the protruding moieties are not observed for any of the compounds.

Consequently, the prolonged extensions are less resolved in the electron density

map, which is especially evident for 12a (Figure 23). As these prolonged com-

pounds still retain high affinity, this confirms that the amidosuccinimide scaffold

can serve as universal CRBN-binding moiety allowing great chemical variability

on the protruding moiety.
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Figure 23: FO – FC maps of bound compounds shown in Figure 21. All com-
pounds are clearly defined by their electron density maps with the exception
of the prolonged extension in 12a. Crystallographic structures were refined to

resolutions between 1.1 Å and 1.8 Å, the maps are contoured at 2σ.
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Table 10: Data Collection and Refinement Statistics of crystal structures with
novel succinimide effectors and thalidomide hydrolysis product

MsCI4 · 4a MsCI4 · 4b MsCI4 · 5a MsCI4 · 5b MsCI4 · 7a

Data Collection

Space group P212121 P212121 P212121 P212121 P212121

Unit cell

a, b, c (Å) 56.46, 58.82, 88.23 56.75, 58.82, 88.57 56.95, 59.58, 89.05 56.66, 58.71, 88.01 56.33, 58.68, 89.27

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution range, Å 44.1 - 1.55 (1.64 - 1.55) 44.28 - 1.6 (1.7 - 1.6) 44.53 - 1.7 (1.8 - 1.7) 47.64 - 1.75 (1.85 - 1.75) 49.03 - 1.8 (1.86 - 1.8)

Redundancy 12.7 (11.8) 12.9 (12.9) 12.4 (12.8) 12.8(12.8) 12.86(12)

Completeness % 99.8 (98.9) 99.9 (99.4) 99.0 (98.2) 99.6 (97.7) 99.6 (97.6)

Rmerge % 9.0 (98.2) 5.3 (82.8) 7.3 (94.6) 6.6 (98.5) 7.2 (89.0)

CC(1/2) 99.9 (85.4) 100 (90.4) 99.9 (87.8) 100 (87.6) 100 (84.6)

I/σ(I) 15.09 (1.78) 25.88 (2.73) 20.22 (2.02) 20.47 (2.27) 22.12(2.39)

Refinement

Number of reflections (total/test) 43370 (4254) 39841 (3904) 33803 (3354) 30301 (2985) 28122 (2771)

No. of atoms 2871 2787 2767 2709 2544

Protein 2572 2519 2504 2523 2338

Solvent 223 173 185 134 175

Ligand 76 95 78 52 31

Rwork% 0.17 0.19 0.18 0.19 0.17

Rfree% 0.20 0.22 0.23 0.23 0.22

Ligand in chain

A thalidomide hydrolyzed 4b thalidomide 5b 7a

B 4a hydrolyzed 4b hydrolyzed 5a 5b 7a

C hydrolyzed 4a hydrolyzed 4b 5a - -

PDB ID 6R0S 6R0V 6R0U 6R11 6R1X
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MsCI4 · 7b MsCI4 · 7c MsCI4 · 7d MsCI4 · 7f MsCI4 · 11a

Data Collection

Space group P212121 P212121 P21 P212121 P212121

Unit cell

a, b, c (Å) 56.42, 58.80, 88.23 56.33, 58.68, 89.27 31.63, 52.39, 59.29 56.87, 58.55, 88.28 56.63, 59.59, 88.90

α, β, γ (°) 90, 90, 90 90, 90, 90 90.0, 95.8, 90.0 90, 90, 90 90, 90, 90

Resolution range, Å 48.93 - 1.73 (1.84 - 1.73) 49.03 - 1.85 (1.96 - 1.85) 39.2 - 1.1 (1.16 - 1.1) 44.14 - 1.65 (1.75 - 1.65) 44.45 - 1.35 (1.43 - 1.35)

Redundancy 12.5 (12.0) 12.9 (13.0) 6.3(5.3) 12.9 (13.2) 12.7 (12.4)

Completeness % 98.8 (92.4) 99.8 (98.6) 99.1 (95.1) 99.9 (99.6) 99.9 (99.3)

Rmerge % 14.2 (88.8) 6.1 (102.8) 5.3 (39.4) 6.9 (81.5) 7.4 (96.3)

CC(1/2) 99.6 (85.7) 99.9 (78.1) 99.8 (92.4) 99.9 (86.6) 99.9 (83.2)

I/σ(I) 10.55 (1.73) 21.46 (2.25) 17.67 (3.64) 20.72 (2.35) 17.62 (1.97)

Refinement

Number of reflections (total/test) 30582 (2948) 28122 (2771) 77822 (7458) 36182 (3558) 66738 (6544)

No. of atoms 2778 2675 2082 2464 2977

Protein 2521 2468 1768 2229 2619

Solvent 187 123 276 166 281

Ligand 70 84 38 69 77

Rwork% 0.17 0.18 0.12 0.20 0.16

Rfree% 0.23 0.22 0.15 0.22 0.19

Ligand in chain

A thalidomide 7c

Co-crystal with 7d

thalidomide thalidomide

B 7b 7c 7f 11a

C thalidomide 7c - thalidomide

PDB ID 6R12 6R1K 6R1D 6R13 6R18
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MsCI4 · 12a MsCI4 · 16b MsCI4 · 20a MsCI4 · 20b MsCI4 · CBG

Data Collection

Space group P212121 P212121 P212121 P212121 P21

Unit cell

a, b, c (Å) 56.66, 59.02, 88.59 56.53, 59.44, 88.36 56.56, 59.23, 88.43 56.56, 59.3, 88.0 61.7, 59.1, 61.7

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 105.6, 90

Resolution range, Å 49.12 - 1.5 (1.59 - 1.5) 47.62 - 1.35 (1.43 - 1.35) 49.21 - 1.45 (1.50 - 1.45) 49.18 – 1.54 (1.64-1.54) 49.17 - 1.50 (1.59 – 1.50)

Redundancy 12.6 (12.6) 12.6 (12.7) 12.8 (12.9) 12.6 (12.1) 3.4(3.1)

Completeness % 99.5 (97.2) 99.8 (99.1) 99.8 (98.5) 99.5 (96.7) 99.0 (97.5)

Rmerge % 11.4 (78.6) 7.9 (98.8) 9.5 (89.4) 13.1 (81.5) 8.0 (88.0)

CC(1/2) 99.8 (86.5) 99.9 (84.0) 99.8 (86.2) 99.7 (83.8) 99.8 (55.6)

I/σ(I) 14.29 (2.32) 16.63 (1.85) 14.83 (2.11) 10.28 (1.71) 9.70(1.15)

Refinement

Number of reflections (total/test) 48282 (4739) 66083 (6516) 53344 (5211) 44026 (4112) 68399 (6707)

No. of atoms 2995 3057 3074 2928 3985

Protein 2665 2638 2634 2617 3480

Solvent 252 338 339 232 421

Ligand 78 81 101 79 84

Rwork% 0.21 0.16 0.17 0.18 0.16

Rfree% 0.24 0.20 0.20 0.21 0.20

Ligand in chain

A thalidomide thalidomide thalidomide thalidomide

Co-crystal with CBGB 12a 16b 20a thalidomide

C thalidomide 16b thalidomide 20b

PDB ID 6R1C 6R1W 6R19 6R1A 6R0Q

4.5 Displacement of endogenous substrates

After assessing the biophysical and structural parameters of our designs, we

tested their potential for the displacement of endogenous substrates. By us-

ing on-chip ubiquitination, Fischer et al [50] identified several possible endoge-

nous substrates of CRBN. Treatment of M059J cells (previously found to have

high expression levels of MEIS2) with IMiDs and proteasome inhibitors showed

increased steady-state levels. We hypothesized that endogenous substrates of

CRBN, independent from the nature of the ligand, should be displaced from

the E3-complex and thereby protected from proteasomal degradation. Having

confirmed high affinity binding of several 5- and 6-ring analogs, we aimed to

test their potential to displace various endogenous CRBN-substrates. To this end,

M059J cells were cultured in our lab and subjected to increasing concentrations of
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small molecules and proteasome inhibitors. Antibody test blots were performed

and initially showed good intra-blot variability (CV<5%)

Cells were incubated with different concentrations of diluent (DMSO), protea-

some inhibitor (bortezomib), classical IMiDs and compounds 7a, 7b and aminosuc-

cinimide (Figure 20). After incubation, cells were lysed and subjected to gel elec-

trophoresis and transferred onto membranes. After overnight incubation with

primary antibody, blots were either subjected to HRP-conjugated secondary an-

tibodies and developed using ECL-substrate, or IR-labeled (800 nm) secondary

antibodies. Blots using ECL (upper panel Figure 24) showed sufficient resolu-

tion and transfer of endogenous MEIS2 protein. However, detection limits of

MEIS2 appeared to be much higher than for actin. Although this is to be ex-

pected for housekeeping proteins, the detection limit for MEIS2 appeared to be

too high for reliable read-out. Chemiluminescence detection in western blots

only has very narrow linear ranges which makes them not suitable for quanti-

tative immunoassays. Here, detection based on fluorescently labeled secondary

antibodies is usually the method of choice which shows improved read-out sta-

bility and linear range for target protein and normalization signal. As expected,

MEIS2 immunoblots using IR fluorescence showed improved linear range and

signal-to-noise (bottom panel Figure 24).

Figure 24: Densiometric analysis of endogenous MEIS2 levels of M059J cells
upon treatment with the indicated compounds

However, quantitative analysis showed only minor changes of MEIS2 levels inde-

pendent of compounds treatment (Figure 25). Significant changes were seen for
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7a and 10 µM thalidomide, however in a negative manner. In this assay, com-

pound treatment did not seem to protect MEIS2 from proteasomal degradation.

Figure 25: Relative MEIS2 levels of M059J cells upon treatment with proteasome
inhibitor and small molecule effectors, detected via (A) chemiluminescence and

(B) IR-detection

These finding can be due to several reasons. Due to the nature of cell-based as-

says, standard deviations are usually higher than in other in-vitro experiments.

However, control measurements performed with DMSO in this assay are in ac-

ceptable ranges and comparable to previously reported data [50]. Comparing

published data with our initial results indicates that the low expression of MEIS2

seems to be of general difficulty. Even in M059J cells, which were characterized to

have high levels of MEIS2 messenger RNA [50], detection of endogenous MEIS2

was rather difficult. Comparison of different antibodies (monoclonal and poly-

clonal) only showed the detection of additional protein bands, but did not lead

to lower detection limits for MEIS2. Western blot workflow in the lab and in gen-

eral has since been improved by the usage of pre-made stacks for the transfer of

protein to membrane, the usage of cross-adsorbed IR-labeled secondary antibod-

ies, and the usage of total protein loading control and will be repeated in future

experiments. However, for this study the scientific impact did not justify longer

assay development. In the meantime, further studies showed that MM-derived

cell lines show altered expression levels of MEIS2 upon IMiD treatment [1], sug-

gesting a more complex interplay in MEIS2 turnover than previously thought.
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4.6 Degradation of neo-substrates

After testing our designs for the displacement of endogeneous substrates, we

tested their potential for the degradation of neo-substrates in the MM-derived hu-

man cell line OPM-2. To this end, we have selected the established neo-substrates

IKZF3, which is targeted via a variety of IMiDs [92, 93, 113, 162], and CK1α,

which is so far only targeted via lenalidomide [91], as two complementary tar-

gets. We therefore treated OPM-2 cells for 24 h with the different compounds

and assayed for the endogenous levels of both neo-substrates; for comparison,

the classical IMiDs thalidomide, lenalidomide and pomalidomide were included

in the test set. As anticipated, the results for the two neo-substrates were very dif-

ferent. None of the marketed IMiDs apart from lenalidomide was able to reduce

the levels of CK1α significantly [91], but also none of our compounds showed any

effect on CK1α. This indicates that our compounds could neither supersede nor

sufficiently mimic the interface for CK1α recruitment formed by lenalidomide,

substantiating the notion of a very narrow specificity window for this substrate

[91]. However, the situation was completely different for IKZF3. Here, in addition

to all classical IMiDs, multiple of our designs were successful: Significant effects

were observed for 5a, 7d and 7f, which are all compounds with a rather compact

structure from our first and second panel (Figure 26). The only successful com-

pound from the first, phthaloyl-based panel, 5a, represents a direct succinimide

analog of pomalidomide. It reduced IKZF3 levels by almost 40%. Comparison

of its structural binding mode to that of thalidomide or pomalidomide already

suggested that it may be a possible functional substitute for pomalidomide. The

fact that the other compounds of that panel did not show similar effects indicate

that substitutions larger than an amino group in the R2 position of the phthaloyl

moiety, as for 4a and 4c, or any substitution in R1, as for 4b, 4d, and 5b, abolish

IKZF3 recruitment.
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Figure 26: Compound-mediated IKFZ3 degradation in vitro.
(A) Immunoblot analysis of IKZF3 levels in OPM-2 cells after treatment with in-
dicated compounds (100 µM) for 24 h, compared to DMSO (control) and lenalido-
mide (20 µM) (n=3). Lenalidomide at 100 µM reduced IKFZ3 levels effectively
by 100% (not shown). (B) Averaged IKZF3 levels from the three independent
experiments, normalized against total protein loading control (see supplemen-
tary [65]). The significance of the data was tested comparing IKZF3 levels in the

presence of the compounds and DMSO (p > 0.05).

Most interesting is the analysis of the successful compounds of the second panel,

7d and 7f, which are not derived from classical IMiDs, but from the hydrolysis

products of the first panel. 7d, which is also the highest-affinity binder in this

study, reduced IKZF3 levels by about 20%. Moreover, the analogous 7f, which is

a weaker binder that only differs from 7d in one heavy atom in the linker, reduced

IKZF3 levels by even 40%. Both compounds are more flexible and elongated than

5a, so it appears impossible that their protruding moieties adopt a conforma-

tion mimicking the classical IMiDs at the interface between CRBN and IKZF3.

Their terminal benzyl groups inevitably project further away from the thalido-

mide binding pocket, requiring another mode of interaction with the zinc finger

motif than characterized for classical IMiDs [175]. This interaction mode is also

very sensitive to chemical changes: Shortening of the linker by only one atom, as

for 7b, further modifications on the benzyl group, as for 11a or 12a, or any other
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variant we designed in the second or third panel abolished IKZF3 recruitment,

which is indicative for a highly specific interaction. Therefore, 7d and 7f are the

first representatives of a novel type of CRBN effectors with a recognition mode

that is clearly distinct from that of the classical thalidomide-based IMiDs.

4.7 Conclusions

The development of novel CRBN effectors is a rapidly growing field, with ever

expanding therapeutic areas. For both main thrusts of this field, IMiDs and PRO-

TACS, novel compounds are reported frequently. To date, essentially all of these

CRBN effectors are based on the classical thalidomide scaffold, which signifi-

cantly restrains the chemical space available for the recruitment of neo-substrates.

Here, following on from our previous characterization of CRBN-binding moieties,

we have probed the chemical space for the linking and protruding moiety, taking

advantage of the structural binding modes of hydrolyzed metabolites. Although

not in the focus of this work, the apparent specificity of CRBN for these hydrol-

ysis products, especially for the major thalidomide metabolite CBG, may inspire

further research towards the understanding of their pharmacological relevance.

As a consensus from the binding modes of our initial designs and their hydroly-

sis products, we derived an amidosuccinimide scaffold as a minimal binding and

linking moiety. 3-amidosuccinimide can be used to mount almost arbitrary chem-

istry as the protruding moiety, while retaining affinities to CRBN in the range of

classical IMiDs, rendering it an attractive CRBN-binding moiety for future PRO-

TACs. However, the most relevant aspect of our study concerns the versatility of

the 3-amidosuccinimide scaffold for the design of IMiD-like CRBN effectors. As

a minimal binding and linking moiety, it does not restrain the chemical space of

protruding moieties, allowing for the design of substrate-recruiting motifs that

cannot be realized on a classical IMiD scaffold. In our attempt to probe the ef-

fect of different protruding moieties mounted on the amidosuccinimide scaffold,

two out of twelve compounds were able to recruit the neo-substrate IKZF3 with-

out further optimization. Although we do not have structural insight into the

70



4.7 Conclusions

IKZF3 recognition mode of these effectors, it is clearly incompatible with that

of the classical IMiDs, which points at a large unexplored chemical space for

the recruitment of neo-substrates. For the ongoing characterization of the pro-

teome druggable via the IMiD approach, novel CRBN effectors are needed both

for probing the space of neo-substrates, as well as for future pharmacological ex-

ploitation. With this work, we contribute first steps towards the rational design

of a post-thalidomide generation of such effectors, towards unlocking the full

potential of the IMiD approach.
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Chapter 5

On the anti-angiogenic properties of

thalidomide and its analogs

5.1 Introduction

The exact MOAs of IMiDs remain far from being fully characterized. Their

pleiotropic effects, including anti-inflammatory, anti-fibrotic, anti-angiogenesis,

and immune regulation effects however are appreciated in many clinical settings

[15, 76, 79, 95, 207]. Effects observed in MM include co-stimulation of T and NK

cells, and the inhibition of inflammatory cytokines TNFα and IL-6 [147, 191]. One

of the main drivers of efficacy, however, seems to be the inhibition of vascular en-

dothelial growth factor (VEGF) [102, 146]. VEGF plays a major role in the physio-

logical process of new blood vessel formation, which is called angiogenesis. This

process is tightly controlled by the interplay of chemical signals and proteins like

VEGF and essential for growth and healing [48]. However, in many pathologi-

cal conditions and especially cancer, this process is miss-regulated. Solid tumors

have an abnormally high demand of blood supply [150] that can only be met by

releasing angiogenesis signaling molecules and even healthy surrounding cells

can be stimulated to do so [170]. With enough supply of oxygen and nutrients,

the newly formed blood vessels allow the growing tumor to move and form
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metastases. Inhibiting angiogenesis as a form of cancer therapy was proposed

in the early 1970s [51], with the first FDA approval for bevacizumab, an anti-

body against VEGF, in 2004 [122]. Since then, many molecular targets have been

identified and treatment with anti-angiogenic small molecules has shown to lock

cancers in a static state.

Thalidomide and its analogues have been demonstrated to have anti-angiogenic

properties. In-vitro experiments and patient data suggest that it is the formation

of an active metabolite rather than thalidomide itself that exerts these properties

[11]. The structural characterization of one such metabolite (CBG), that shows

higher TNFα-inhibitory activity than thalidomide itself, was shown in the pre-

ceding chapter. Earlier research also suggests that tetrafluorinated thalidomide

analogues have improved anti-angiogenic properties, which operate via a differ-

ent mechanism than cereblon modulation [101]. Based on these observations, we

set out to characterize the anti-angiogenic properties of thalidomide analogues

and whether their efficacy is dependent on CRBN-binding. To this end, we use

two cell-based assays and an in vitro binding assay. A rat aortic ring angiogen-

esis assay and an endothelial cell tube formation assay allow us to quantify the

impact of compound treatment on the vascular outgrow and cell formation. A

third assay is used to determine binding of these compounds to CRBN. We have

developed an alternative to the previously used FRET-assay, because measure-

ments of the IMiDs iberdomide and avadomide showed high autofluorescence.

This interfered with the read-out wavelength, to a point where affinities could

not be determined. In order to circumvent problems with autofluorescence in

our test compounds, we establish a binding assay based on MST. In this assay,

fluorescently labeled MsCI4 is used to quantify the binding of our compound

designs. Our results support the hypothesis that anti-angiogenic properties of

thalidomide analogs do not rely on the binding to CRBN.
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5.2 Design of compounds

To study the influence of CRBN-binding and tetrafluorination on anti-angiogenic

properties, we designed a set of fluorinated and un-fluorinated compounds (Ta-

ble 14). Our designs are based on two scaffolds: The first scaffold is based on

canonical IMiDs (Table 14 A), in which a phtaloyl-based moiety is linked directly

to glutarimide. A second scaffold is inspired by hydrolysis products like CBG

and features a benzyl-based scaffold that is linked to glutarimide via an amide

linker (Figure 14 B). Furthermore, we introduced three chemical substitutions

for each scaffold, leading to a test set of 8 compounds. The un-fluorinated par-

ent molecules (thalidomide, Gue3408) which should be able to bind to CRBN,

an N-isopropyl and keto substitution at positions R1 and R2 (Gu991, Gu3407),

respectively, which should obstruct binding to CRBN due to steric clashes, and

tetrafluorination at R4 for these designs (Gu3041, Gu3364, Gu993, Gu1032). This

set of compounds should allow us to delineate the contribution of tetrafluorina-

tion on (i) CRBN-binding and (ii) inhibition of angiogenesis, and demonstrate

possible correlations between (i) and (ii).

5.3 Development of an MST based assay

In order to assay for the affinity of test compounds, and to avoid problems with

auto-fluorescence as seen for the novel IMiDs iberdomide and avadomide, an as-

say based on MST was developed. A small molecule dye (<1kDa, exact structure

proprietary to Nanotemper Technologies) was covalently linked to MsCI4 pro-

tein via amine-reactive crosslinking. Measurements are performed by inducing

a temperature change with an IR-laser and recording variations of fluorescence.

For this labeled MsCI4 assay, fluorescence variations based on TRIC were used to

assess affinities.

In order to verify the suitability of this approach for MsCI4, we performed ref-

erence measurements with known binders that were previously characterized in
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orthogonal assays. A general complication of MsCI4-based assays is the invol-

untary binding of DMSO, which is often the only solvent able to dissolve small

molecules. Therefore, the impact of DMSO had to be studied. For this, affini-

ties of water-soluble compounds thiohydantoin, N-methylhydantoin, uridine and

succiminide dissolved in water (Figure 27 A), and dissolved in DMSO (Figure 27

B) were assessed. Affinities determined in water can be considered KD values,

whereas measurements performed in DMSO lead to IC50 values, due to the com-

petition of small molecule and DMSO for the same binding site. When comparing

KD (H2O) and IC50 values (0.5% DMSO), a constant ratio for these compounds

can be seen, which will be referred to as F (Table 11). This factor allows for cor-

rection of MST measurements that are performed in the presence of 0.5% DMSO,

and calculate their respective affinities, which we termed K∗
i .

(a) (b)

(c)

Figure 27: MST dose-response curves for water soluble compounds, which were
used to quantify the influence of DMSO. (A) compounds dissolved in water. (B)
water-soluble compounds dissolved in DMSO. (C) MST dose-response curves for

reference compounds. All measurements were performed in triplicates.
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With this setup and correction factor in place, measurements of reference com-

pounds were performed to further validate this assay. The canonical binders

avadomide, iberdomide, pomalidomide, lenalidomide and thalidomide were cho-

sen and assayed for their affinity (Figure 27 C). Overall, measurements showed

high signal-to-noise ratios and data was fitted, leading to IC50 values. IC50 and

their corrected K∗
i values (Table 11) are in accordance with previously published

data for single domain TBDs, using ITC, FRET, and TR-FRET [2, 19, 121].

Table 11: Binding affinities of reference compounds measured by labeled MST.
(Top Table) Binding affinities of water soluble compounds shown in Figure 27 A,
27 B and the calculated correction factor F are shown. (Bottom Table) Binding

affinities of canonical binders

compound thiohydantoin N-methylhydantoin uridine succinimide mean
KD[µM] 146 ± 12 262 ± 21 137 ± 12 49.2 ± 4.8
IC50[µM] 283 ± 15 417 ± 28 319 ± 16 83.2 ± 8.8
F 0.515 0.628 0.430 0.592 0.541

compound IC50 [µM] K∗
i [µM]

avadomide 4.85 ± 0.3 2.63
iberdomide 0.41 ± 0.03 0.22
pomalidomide 3.02 ± 0.2 1.64
lenalidomide 3.08 ± 0.2 1.67
thalidomide 4.75 ± 0.6 2.57
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5.4 Characterization of Gu compounds

Having confirmed the applicability of this labeled MST assay setup for DMSO-

soluble compounds, we set out to determine IC50 and calculate K∗
i values of our

thalidomide analogues, and tested for their anti-angiogenic potential in an en-

dothelial cell tube formation assay (tube formation, lattice assay) and rat aortic

ring assay (RAR assay). Representative pictures and results for the tube forma-

tion assay are shown in Figure 29. Results and representative pictures for the RAR

assay, for compounds tested at their highest assay concentrations, are shown in

Figure 30. Table 14 summarizes IC50 values for binding affinities and angiogenic

assays.

Evaluation of MST experiments shows that several of our thalidomide analogues

bind to MsCI4 (Figure 28), with thalidomide showing the highest affinity (K∗
i =

2.57 µM). Tetrafluorination of thalidomide, Gu3041, lowered its affinity almost

18-fold to 45.7 µM. Compounds based on scaffold B showed overall lower affini-

ties compared to A, however tetrafluorination further decreased affinities, as seen

for Gu3408 and Gu3364 with K∗
i values of 42.7 and 103 µM, respectively. As

expected, N-isopropylation of the barbituric acid moiety rendered compounds

unable to bind to MsCI4, independent of fluorination (Gu991, Gu993, Gu3407,

Gu1032). This is due to steric constrains, which we have previously established

for barbiturates [20].
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Figure 28: MST binding curves for thalidomide analogues Gu3408, Gu3346,
Gu3041 (Table 14), which were found to bind to MsCI4 (n=3). Compounds
Gu991, Gu993, Gu3407 and Gu1032 did not show detectable binding and are

omitted.

In the tube formation assay, anti-angiogenic potency of a compound is measured

by its ability to inhibit endothelial cells from forming tubelike structures. Com-

pared to vehicle (0.5% DMSO), thalidomide did not show any potency at a maxi-

mum assay concentration of 100 µM (Figure 29 A), which is quantitatively evalu-

ated as the mean lattice area (Figure 29 B). Our compounds were initially assayed

at a concentration of 10 µM, prior to concentration-dependent testing. Here,

high potency was shown for both tetrafluorinated versions of scaffold A (Gu3041,

Gu993) to inhibit cell-outgrowth. Comparison with vehicle (0.5% DMSO) showed

inhibitions of 83% and 88% at an assay concentration of 10 µM, which is com-

parable to the positive control CPS49 (c = 30 µM) with 89%. Gu3041 and Gu993

further showed concentration-dependent inhibition of tube formation in the con-

centration range of 0.1 - 10 µM. No other designs, including the tetrafluorinated

counterparts of scaffold B, were able to inhibit this tube formation of endothelial

cells.
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(a)

(b)

Figure 29: Results for endothelial cell tube formation assay. Vehicle and treat-
ment with thalidomide showed no anti-angiogenic effects, while positive control
(CPS-49), Gu993 and Gu3041 showed strong inhibition of tube formation at the
indicated concentrations. (A) Representative tube formation images for vehicle
(DMSO), positive control (CPS-49), thalidomide, Gu993 and Gu3041. (B) Mean
lattice area for vehicle, positive control, and increasing concentrations of Gu993

and 3041 (n=3)
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In the rat aortic ring assay (RAR assay), compounds were tested for their ability to

inhibit vascular outgrowth at initial screening doses of 50 µM. Compounds that

demonstrated >50% inhibition were selected for further testing at concentrations

between 5 - 100 µM. Similar to the tube formation assay, thalidomide did not dis-

play significant effects on the outgrowth of microvessels, even at concentrations

of 100 µM. Several of our analogues showed inhibition to varying degrees (Figure

30 A). Compounds Gu3041 and Gu993, which also showed potency in the other

angiogenesis assay, inhibited cell outgrowth with IC50 values of 70 and 50 µM,

respectively. Compared to the positive controls TNP-470 (92%) and CAI (95%),

Gu3041 and Gu993 showed a reduction of cell outgrowth by 61% and 94% at 100

µM concentrations (Figure 30 B). The un-fluorinated version of Gu993, Gu991,

showed no significant inhibition. The also un-fluorinated compounds Gu3407

and Gu3408 showed lower potency to inhibit microvessel outgrowth, with reduc-

tion by 41% and 65% at assay concentrations of 100 µM. The respective IC50 value

for Gu3407 is therefore above the tested concentrations (>100 µM). Interestingly,

tetrafluorination of this compound, Gu1032, was found to be the strongest in-

hibitor of angiogenesis in this assay, with an IC50 value of 25 µM. Concentration-

dependent inhibition of outgrowth for this analogue was also shown (up to 88%

at 50 µM).
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(a)

(b)

Figure 30: Results for rat aortic ring assay. Relative outgrowth Vehicle and treat-
ment with thalidomide showed no anti-angiogenic effects, while positive controls
(TNP-470 and CAI), Gu993, Gu1032, Gu3041, Gu3407 and Gu3408 showed inhi-
bition of outgrowth at the indicated concentrations. (A) Exemplary pictures of
outgrowth for vehicle (DMSO), positive controls (TNP-470 and CAI), and Gu993,
Gu1032, Gu3041, Gu3407, Gu3408 at the highest tested assay concentrations. (B)
Relative outgrowth for vehicle (DMSO), positive controls (TNP-470 and CAI) and

Gu compounds (n=3)
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Table 14: Markush structures of thalidomide analogues, their affinities to MsCI4
and anti-angiogenic potential. (A) chemical structure of scaffold A. (B) chemical
structure of scaffold B. (C) Affinities of Gu compounds to MsCI4 and their anti-

angiogenic effects in tube formation and RAR assay.
n.b. no binding; n.i. no inhibition.

(a) (b)

Compound Scaffold R1 R2 R3 R4
MST Tube formation RAR assay

K∗
i [µM] IC50 [µM] [µM] [µM]

Thalidomide

A

CH CH H H 2.57 4.75 ± 0.6 n.i. n.i.

Gu3041 CH CH H F 45.7 84.4 ± 5.6 3 70

Gu991 N-CH(CH3)2 C=O CH3 H n.b. n.i. n.i.

Gu993 N-CH(CH3)2 C=O CH3 F n.b. 3 50

Gu3408

B

CH CH H H 42.7 78.9 ± 7.9 n.i. 70

Gu3364 CH CH H F 103 191 ± 50 n.i. n.i.

Gu3407 N-CH(CH3)2 C=O CH3 H n.b. n.i. >100

Gu1032 N-CH(CH3)2 C=O CH3 F n.b. n.i. 25

(c)

5.5 Conclusions

Inhibiting angiogenesis has become a standard therapy for various forms of can-

cer [212] by “starving” tumors of their high demand in blood and nutrients. How-

ever, limitations in efficacy and lack of understanding for their MOA fuels the

need for novel and potent agents with less side-effects. Thalidomide has been

used in MM for many decades now, however, research has predominantly shown

that metabolites rather than thalidomide itself mediate anti-angiogenic effects in
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MM [144]. Based on thalidomide metabolites, N-substituted and fluorinated ana-

logues have been investigated and shown to possess high potency to inhibit an-

giogenesis [13, 127]. Several thalidomide analogues in our test set showed affinity

to MsCI4 and inhibited angiogenesis in two assays. The most potent inhibitors in

this test set are the tetrafluorinated analogues Gu3041 and Gu993. They showed

similar high inhibition in tube formation and rat aortic ring assay. Moreover,

these compounds show tendency for higher potency than previously reported

analogues [101, 128]. Similar to previous reports [26, 43, 127, 133], thalidomide

did not show any anti-angiogenic potency in our assays at concentrations of up

to 100 µM. While Gu3041 showed rather low affinities to MsCI4, Gu993 did not

show any binding. This suggest a CRBN-independent MOA for the inhibition of

angiogenesis. This is further supported by our finding that besides Gu993, the

tetrafluorinated compounds Gu3041 and Gu1032 also showed effects in the RAR

assay, albeit not showing detectable binding to MsCI4. Tetrafluorination only

showed effects in the tube formation assay when the phthalimido group (scaffold

A), but not the phenyl-ring (scaffold B) was substituted. In return, tetrafluorina-

tion of the latter in Gu1032 showed the highest potency in the rat aortic assay.

Although CRBN-binding was reduced or impaired for compounds in our test set,

anti-angiogenic properties were significantly enhanced compared to thalidomide.

These effects could partially be mediated by the bioavailability of compounds,

as carbon–fluorine bonds are more hydrophobic than carbon–hydrogen bonds,

which increases their lipophilicity as well as potentially strengthening the bind-

ing with their target molecules [133]. Moreover, differences in potency seen for

the tube formation and RAR assay show that the compound susceptibility differs

between cell types and assay set-ups. For these reasons, multiple assays should

be considered when assessing efficacy, but also potential side effects of agents in

preclinical development.

MOA of thalidomide and analogues have not been elucidated fully yet. The iden-

tification of downstream targets of Gu993 and Gu1032 might be useful here in

order to elucidate the mechanisms by which such analogues mediate their ef-

fects. It was shown that for TNFα-inhibition, fluorinated and non-fluorinated
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compounds exert their effects through different pathways [133]. Inhibition of an-

giogenesis was therefore suggested to be mediated through TNFα-independent

pathways [101]. Another possible pathway is via selective inhibition of Cyclooxy-

genase (COX) enzymes, most prominently known to be inhibited by non-steroidal

anti-inflammatory drugs (NSAIDs). COX-2 promotes angiogenesis and inflam-

mation, and has been associated with various tumors. Thalidomide was found

to be a weak COX-2 inhibitor while other analogues where highly specific and

potent [135]. The exact contributions coming from TNF-α, COX-2 inhibition, or

even other unidentified downstream targets will have to be investigated. In this

study, we demonstrate that several analogues exert significant anti-angiogenic ef-

fects in-vitro. The most potent compound, Gu993 did not bind to MsCI4, which

highlights that CRBN-binding is most likely not a prerequisite to mediate anti-

angiogenic effects.
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Chapter 6

Novel binding motifs for cereblon

and assays for their characterization

6.1 Introduction

We have previously probed the ligand space of CRBN and established chemical

requirements for CRBN binding [20]. Based on a test set of imides and lactams of

different size and chemical modifications, we have outlined a set of rules using a

pharmacophore-based nomenclature with up to six positions a-f (Figure 31) for 5-

and 6-membered rings. Position a is generally branched to the protruding moiety

in canonical IMiDs. Positions b, c, and d correspond to the distant carbonyl,

the secondary amine and the inward-oriented carbonyl group, respectively. We

have established that at least one carbonyl group at position d is required for

binding, while a second carbonyl at b increases affinity. Additional heteroatoms

within the ring lowered affinities to MsCI4. Polar groups at position e and larger

substitutions at position f abolished binding.
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Figure 31: Previously established pharmacophore-based nomenclature for
CRBN-binding

Inspired by these findings, we also wondered if there are other, chemically dis-

tant moieties that could also bind to the aromatic cage of CRBN. To explore this

on a broad scale, we resorted to a high throughput approach. Enabled by the

MsCI4 FRET assay, a high throughput screening (HTS) based on this FRET assay

was initiated. Due to interference of compound absorption with FRET read-out

wavelength, initial hits from the HTS were filtered manually and a complemen-

tary assay based on MST was developed and employed to validate these hits. By

designing a fluorescent MST-reporter, we established a competitive MST-assay

that ensures compound specificity for the tri-Trp pocket of MsCI4. Moreover, a

reliable MST-based assay using the hTBD was developed using the same reporter.

By using X-ray crystallography, we then characterized the binding mode of sev-

eral novel motifs and rationalize their binding affinities. Surprisingly, several of

these moieties did not comply with our previously established rules for CRBN

binding.

6.2 Affinities and structural characterization of HTS

hits

The HTS was based on the displacement of the ligand UMANT (Figure 7), which

builds a FRET pair with tryptophans inside the binding pocket of MsCI4. The

bound complex is excited at the protein tryptophan fluorescence and shows

an emission maximum at around 430 nm. This signal is decreased when the

UMANT is displaced by a ligand. Approximately 40.000 compounds on 122
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384-well plates were screened and analyzed, resulting in about 373 initial hits.

Because of the nature of the FRET assay, compounds which absorb around the

FRET emission spectra can show up as positive binders. These potentially false

positives were filtered out manually, and in a first round, a total five individual

compounds and the class of glucocorticoids were selected for further experiments

(Figure 32).

Figure 32: Chemical structures of HTS hits. Compounds were used as identified
in the HTS with exception of BS4, which originally had an additional dioxabi-
cyclooctanone moiety (FMPD library ID 209819), and additional glucocorticoid

derivatives.

The previously established MST assay based on NHS-labeled MsCI4 (Chapter 5)

was used as an orthogonal assay to validate these hits from the HTS and quan-

tify binding affinities. IC50 values were determined from their respective binding

curves and converted to K∗
i values for MsCI4 WT by employing the empirical

correction factor (F=0.541; Table 11) that compensates for DMSO. This correction

was not necessary for the Y101F mutant, which is used to create a chemically

equivalent aromatic cage of MsCI4 to human CRBN. In this construct, DMSO

affinity was significantly decreased, similar to hCRBN [19].

MST data shows that all tested compounds bind to MsCI4 WT protein with high

affinities, confirming the initial hits from the HTS. IC50 values and their respective

K∗
i values were in the low micromolar range, with the exception of BS5 (K∗

i = 628

nM), which shows one the highest affinities reported to date. Second highest
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affinity was observed for BS4 (K∗
i = 7.8 µM), which is in the same range as thalido-

mide. BS1, BS2 and BS3 show lower affinities (K∗
i = 29.3, 41.7, 20.7 µM, respec-

tively). Affinities to the MsCI4 Y101F mutant are reduced for all compounds and

no binding was detected for BS2 (Table 15).

(a) (b)

(c)

Figure 33: Labeled MST experiments of identified compounds in the HTS.
(A) MST binding curves for compounds BS1-5 to MsCI4 (n=3). (B) MST binding
curves for compounds BS3-5 (n=3), BS1 (n=1), BS2 (n=2) to MsCI4 Y101F. (C) MST
binding curves for hydrocortisone (HC), hydrocortisone hemisuccinate (HC-HS),

cortisone, prednisone and prednisolone to MsCI4.
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Table 15: Affinities determined by labeled MST assay for BS1-5 and glucocorti-
coids and their respective K∗

i values

compound BS1 BS2 BS3 BS4 BS5

MsCI4 WT
IC50 [µM] 54.1 ± 8.4 77.1 ± 24 38.2 ± 2.8 14.4 ± 1.4 1.26 ± 0.12

K∗
i [µM] 29.3 41.7 20.7 7.80 0.682

MsCI4 Y101F Ki [µM] >1000 n.b. 155 ± 35 98.0 ± 11 14.8 ± 2.2

compound cortisone HC HC-HS prednisone prednisolone

MsCI4 WT
IC50 [µM] 27.0 ± 1.9 49.1 ± 2.9 21.2 ± 1.4 >1000 321 ± 228

K∗
i [µM] 14.6 26.6 21.2 - 174

Examination of the structures of compounds BS2, BS3, BS4 and the class of gluco-

corticoids showed no obvious similarities with canonical binders and previously

established rules for CRBN-binding. It was therefore highly desirable to investi-

gate their binding at a molecular level. By employing our MsCI4 crystal-soaking

system, we successfully captured the binding modes for all compounds (Figure

35). Compounds were clearly resolved in at least on chain of the ASU, which is

reflected by their respective FO-FC omit maps (Figure 34).

BS1 represents the most compact compound of this screen. The crystal struc-

ture (Figure 35 A) shows the 5-membered ring bound within the aromatic cage,

engaging in hydrogen bonding with Y101 and the amide backbone, similar to

canonical binders like thalidomide. However, due to its branching at the b po-

sition, the protruding moiety exits the binding pocket at a different exit vector.

Overall, the 5-ring binding moiety is tilted upwards towards W99 in order to al-

low the branching of the methylbenzoyl group. This protruding moiety however

does not engage in interactions with the protein, which explains the moderate

affinity to MsCI4 (K∗
i = 29.3 µM). BS5, which exhibits a similar binding moiety to

BS1, also engages in similar binding interactions (Figure 35 E) within the bind-

ing pocket. However, the ester carbonyl-group of the protruding moiety interacts

with two water molecules which engage themselves in hydrogen bonding with

the secondary amine of W99 and the amide of N50. Additionally, the terminal

benzyl group engages in π−π stacking with F77, which bends outwards to enable
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this interaction. Taken together, these interactions most likely contribute largely

to the sub-micromolar affinity seen for BS5 (Table 15), which supersedes first and

second generation IMiDs. The crystal structure of BS2 (Figure 35 B) shows that

the compound, which lacks an intact ring system for binding, engages in the

canonical interactions within the tri-tryptophan pocket through the acetamide

group. The protruding moiety branches out in the b position. Even though

the distal acetamido group shows hydrogen bonding with a water molecule and

the sulfonyl-group engages in additional interactions with the species-conserved

N50, the affinity to MsCI4 is rather low. For BS3, it is seen that the hydroxyl

group most likely tautomerizes with the neighboring imine to form a carbonyl

group and a secondary amine group. Here, the classical interactions with Y101

and the amide of the protein backbone are formed. Additionally, the sulfonyl

group engages in an interaction with N50, contributing to the affinity of K∗
i =

20.7 µM. For BS4, the binding mode was highly unexpected. It has to be noted,

that BS4 was not the compound that was identified in the HTS. The identified hit

featured an additional bulky moiety attached to the unbranched nitrogen next to

the sulfur. According to our previously established CRBN-binding rules, using

the pharmacophore-based nomenclature (Figure 31), no chemical moiety within

this parent compound would have qualified for binding. We therefore expected

BS4 to interact through the now accessible tetrazole-thione group. To our sur-

prise, the crystal structure showed the bulky phthalide moiety inside the binding

pocket. The carbonyl group in the lactone ring engages in H-bonding with the

backbone and the ether group engages with the hydrogen of Y101. Y101 slightly

moves aside in order to facilitate optimal binding geometry.

As for BS4, the class of glucocorticoids seemed incompatible with previously es-

tablished binding rules. However, cortisone, hydrocortisone and hydrocortisone

hemisuccinate (HC-HS) bound with good affinities. Their K∗
i values of 14.6 µM,

26.6 µM and 21.2 µM, respectively, are comparable to uracil and similar com-

pounds measured via the FRET assay.

The crystal structures of cortisone and hydrocortisone hemisuccinate (Figure 35

F and G) show that corticosteroids bind via ring A to the binding cage, which
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is comparable to canonical binders, albeit lacking a nitrogen in position C. The

carbonyl group here occupies position d, and the double bond is found between

positions b and c. Binding seems to rely almost exclusively on the interaction

between this carbonyl group in ring A and Y101 and the backbone. The sec-

ond canonical backbone interaction cannot be formed here due to the missing

nitrogen in position C. This binding mode contradicts the rules previously es-

tablished [20], where the minimal binding moiety was determined to be lactams.

Additional interaction with W99 were seen for the keto group of cortisone while

hydrocortisone hemisuccinate interacts with W99 via a bridging water. This dif-

ference might be part of the reason why cortisone showed a 2-fold higher affin-

ity than hydrocortisone. The additional double bond in prednisone and pred-

nisolone greatly decreased binding to a point where data could not be fitted for

prednisolone. This could be due to the change in geometry of the ring A, which

is more planar for these two synthetic corticosteroids. Affinities for hydrocorti-

sone and HC-HS are very alike, which is easily explained when examining the

crystal structure. The terminal hemisuccinate group is solvent exposed and does

not engage in additional interactions. This again, shows the applicability of the

correction factor F: The water-soluble HC-HS shows a comparable Ki value to the

DMSO corrected K∗
i value of hydrocortisone.

Figure 34: FO − FC omit maps of HTS hits. Additional contour levels clearly
locate sulfur atoms. (A) compound BS1 (2.0 σ), (B) compound BS2 (1.0 and 5.0
σ), (C) BS3 (1.5 σ), (D) BS4 (2 σ), (E) compound BS5 (1.5 and 5.0 σ), (F) cortisone

(2.0 σ), (G) HC-HS (2.0 σ).
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Figure 35: Binding mode of HTS hits. (A) BS1, (B) BS2, (C) BS3, (D) BS4, (E) BS5,
(F) cortisone, (G) HC-HS.
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Table 16: Data collection and refinement statistics of crystal structures of MsCI4
and HTS hits

MsCI4 · BS1 MsCI4 · BS2 MsCI4 · BS3 MsCI4 · BS4

Data Collection

Space group P212121 P212121 P212121 P212121

Unit cell

a, b, c (Å) 56.95 59.93 87.97 56.35 59.75 88.02 57.15 59.52 88.06 57.01 60.33 88.38

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution range, Å 47.8 - 2.28 (2.42 - 2.28) 49.43 - 2.79 (2.96 - 2.79) 47.94 - 2.69 (2.85 - 2.69) 41.43 - 2.0 (2.07 - 1.95)

Redundancy 13.1 (13.6) 12.9 (13.6) 13 (13.5) 6.87 (6.04)

Completeness % 99.8 (98.6) 99.9 (99.7) 99.94 (99.52) 99.9 (99.7)

Rmerge % 12.0 (95.3) 18.5 (100.09) 13.5 (99.9) 6.9 (104.0)

CC(1/2) 99.9 (84.0) 99.7 (92.5) 99.8 (79.2) 99.9 (74.3)

I/σ(I) 16.27 (2.54) 12.29 (2.08) 15.48 (2.43) 14.24 (1.26)

Refinement

Number of reflections (total/test) 14188 (1370) 7816 (756) 8767 (837) 21229 (2096)

No. of atoms 2809 2574 2652 2644

Protein 2557 2521 2557 2479

Solvent 222 23 57 130

Ligand 30 30 38 35

Rwork% 0.18 0.20 0.17 0.19

Rfree% 0.25 0.26 0.25 0.24

Ligand in chain

A BS1 BS2 BS3 BS4

B BS1 BS2 BS3 BS4

C - BS2 - -

MsCI4 · BS5 MsCI4 · Cortisone MsCI4 · HC-HS

Data Collection

Space group P212121 P212121 P212121

Unit cell

a, b, c (Å) 56.25 59.52 88.11 57.52 61.09 88.11 57.57 60.82 87.76

α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90

Resolution range, Å 44.05 - 1.8 (1.91 - 1.8) 30.35 - 2.24 (2.37 - 2.24) 48.14 - 2.59 (2.75 - 2.59)

Redundancy 6.9 (6.9) 13.00 (13.35) 12.9 (13.2)

Completeness % 99.9 (99.1) 98.4 (90.6) 99.8 (98.6)

Rmerge % 10.3 (84.9) 7.2 (71.5) 11.2 (98.6)

CC(1/2) 99.8 (80.9) 100 (93.7) 99.9 (87.4)

I/σ(I) 10.67 (1.62) 22.76 (3.37) 17.46 (2.46)

Refinement

Number of reflections (total/test) 28082 (2755) 14325 (1417) 10033 (953)

No. of atoms 2761 2345 2532

Protein 2551 2199 2416

Solvent 169 91 47

Ligand 41 55 69

Rwork% 0.18 0.19 0.18

Rfree% 0.22 0.26 0.26

Ligand in chain

A BS5 CO HC-HS

B BS5 CO HC-HS

C - - -
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6.3 Development of a competitive MST assay for CRBN

variants

We have successfully used the labeled MST assay to detect and quantify binding

of anti-angiogenic compounds (Chapter 5) and to validate HTS hits (Section 6.2).

This assay was found to be generally applicable and highly reproducible. How-

ever, in order to ensure specificity to the aromatic binding cage, we developed a

competitive MST-based assay. To this end, a reporter molecule based on uracil

and the fluorescent BODIPY 493/503 was designed, which will be referred to as

BU (Figure 8). This reporter should be applicable for all binding assays using

MsCI4 and hCRBN, without the need for further labeling. For the assay itself, the

reporter is pre-incubated with protein, here MsCI4, hTBD or DDB1-CRBN. Com-

pounds in question then compete for the same binding site and ensure specificity

for the thalidomide binding pocket.

6.3.1 Establishment of the competitive MST assay based on MsCI4

In a first step, we determined the affinity of the reporter BU. The reporter was

kept at a constant concentration while the native MsCI4 protein was titrated.

Reporter affinity was determined from this experiment by assessing the initial

fluorescence which was quenched depending on the protein concentration (Fig-

ure 37 B). The affinity of the reporter BU was 3.8 µM, and thus almost identical

to that of the MANT-uracil reporter [19] employed in the FRET assay (3.3 µM).

Again, as in previous assays, the influence of DMSO on the measurements had to

be determined. A 2:1 serial dilution series shows the displacement of BU reporter,

leading to a DMSO affinity that agrees well with previous assays. Furthermore,

IC50 value for succinimide is also in good agreement with the FRET assay and

measurements performed using the labeled MST assay. Moreover, this set-up

showed a strong advantage over the labeled assay: Displacement of the small re-

porter ligand from MsCI4 led to a reversion in thermophoretic behavior (Figure
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6.3 Development of a competitive MST assay for CRBN variants

36 A,C,E), which leads to a superior signal-to-noise ratio compared to the labeled

assay. However, evaluation of affinities for MsCI4 in this assay were difficult be-

cause of the competition between labeled reporter, test compound, and DMSO,

hampering the determination of a simple experimental conversion factor as for

the labeled MST assay.

Table 17: Results of competitive MST measurements for MsCI4. IC50 values were
determined from their respective MST curves.

Compound IC50 [µM]

BU 3.76 ± 0.3

DMSO (1.61 ± 0.2) · 104

succinimide 1.72 ± 0.36
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(a) (b)

(c) (d)

(e) (f)

Figure 36: Fluorescence and MST data of competitive MsCI4 assay. (A) Repre-
sentative MST traces of BODIPY-uracil upon binding to MsCI4. (B) Initial flu-
orescence of BODIPY-uracil upon binding to MsCI4 (n=6). (C) Representative
MST traces of DMSO replacing BU. (D) Competitive MST displacement of re-
porter BODIPY-uracil by DMSO in a 2:1 serial dilution (n=3). (E) Competitive
MST displacement of reporter BU by succinimide. (F) Representative MST traces

of succinimide replacing BU.
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6.4 Establishing the competitive MST assay based on

human CRBN

We set out to establish the competitive MST assay for human CRBN also, which

potentially holds several advantages. Affinities to human CRBN are directly rel-

evant in a human context without the need for humanized constructs. Mea-

surements via FRET have previously shown much lower affinities of DMSO [19],

potentially eliminating the need for correction factors. We used the reporter BU,

which was successfully used for MsCI4, to establish this competitive assay.

First, the DDB1-CRBN construct was assessed: Serial dilution of BU against

DDB1-CRBN showed significant changes in MST behavior and evaluation of

binding showed a Ki ∼ 500nM. This 7.5-fold increase in affinity compared to

MsCI4 was expected, based on previous reports for canonical binders. Full length

CRBN constructs in complex with DDB1 showed up to 10-fold higher affinities

for small molecules as their single domain TBDs [2, 121]. Initial measurements,

using thalidomide to displace BU from the complex, however, did not lead to

significant changes in MST behavior, such that the experiment could not be eval-

uated properly. To exclude problems with this combination of protein construct

and reporter, an additional reporter based on thalidomide and Cy5 as a fluo-

rophore was designed and will be used in future experiments.

To circumvent the problems encountered for the DDB1-CRBN construct, we tried

to establish the competitive MST assay for hTBD. First, the affinity of reporter to

protein was determined, like previously via change in initial fluorescence upon

protein titration (Figure 37 A). Affinity of the reporter (KD= 10.9 ± 1.2 µM) was

in the expected range and comparable to that observed for the MsCI4 constructs.

Moreover, the reversion in MST behavior seen for BU in the bound and unbound

state with MsCI4 was also observed here (data not shown). This led to similarly

high signal-to-noise ratios. Assessing the binding of DMSO to hTBD showed

much weaker affinities than those observed for MsCI4 (Figure 37 B). Lower DMSO
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6.4 Establishing the competitive MST assay based on human CRBN

affinities to hCRBN constructs were previously shown [19] and result in the pos-

sibility to directly convert IC50 values determined via MST to Ki values, without

accounting for DMSO. The lower affinity of DMSO (Ki = 0.24 ± 0.02 M) resulted

in no significant change in MST behavior at the concentrations used in our assay

(typically 0.5% DMSO).

(a) (b)

(c) (d)

Figure 37: Binding curves for competitive MST assays with hTBD. (A) Initial
fluorescence of BODIPY-uracil (n=3). (B) MST binding curve for DMSO (Ki =
0.24 ± 0.02 M, corresponds to 1.7% DMSO. (C) MST binding curves for marketed
IMiDs (n=3). (D) MST binding curves for water soluble compounds glutarimide

and succinimide (n=3).

Next, we tested this assay using classical IMiDs (Figure 37 C). We were so far

unable to determine the affinities of avadomide and iberdomide because of auto-

fluorescence of these compounds in the FRET assay. In this MST assay, however,

measurements could be performed with excellent signal to noise ratios. Binding

affinities for all canonical binders are in accordance with MsCI4 and previous

studies done via ITC [2]. Moreover, it was clearly seen that newer generations of
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6.5 Affinities of HTS hits to hCRBN

Table 18: Affinities of commercially available IMiDs and minimal binders to
hTBD

compound IC50 ± SEM Ki [µM]
thalidomide 20.9 ± 1.0 7.47
lenalidomide 18.7 ± 1.0 6.32
pomalidomide 13.7 ± 0.9 3.71
avadomide 17.5 ± 0.8 5.70
iberdomide 8.31 ± 0.3 0.920
succinimide 26.1 ± 1.1 10.8
glutarimide 150 ± 8.1 74.8

IMiDs also increase in affinity (Table 18). Interestingly, the significant difference

in affinity between succinimide and glutarimide to MsCI4, that inspired experi-

ments presented in Chapter 4, was also seen for hTBD (Figure 37 D). These data

show the accuracy and reliability of this assay in determining the specific binding

of compounds to the aromatic cage of hTBD.

Unexpectedly, the robustness of the competitive MST assay was used to identify

a false positive binder. Nitrofurantoin, which is commercially marketed as an

antibiotic medication to treat bladder and kidney infections previously yielded

a binding curve indicative for considerable affinity in the FRET assay. Nitrofu-

rantoin also showed effects in the thermophoretic behavior in the labeled MsCI4

MST assay with low signal-to-noise ratio. This was already indicative that bind-

ing might be non-specific, as all other binders were evaluated through changes in

TRIC and not thermophoresis. In this competitive assay, no displacement of the

reporter was seen for MsCI4 or hTBD, meaning that nitrofurantoin is probably

able to bind to CRBN, however not into the binding pocket directly.

6.5 Affinities of HTS hits to hCRBN

This competitive approach was then used to verify the HTS hits found in the bac-

terial homologue MsCI4, in the human protein hTBD. We assessed the affinities of
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6.5 Affinities of HTS hits to hCRBN

BS1-BS5 and corticosteroids by measuring the displacement of BU. Interestingly,

almost all compounds bound to the human protein (Table 20). BS5 was again

the tightest binder tested in this panel; the IC50 value (6.26 µM) exceeded the

reporter affinity considerably, to a point where the Ki conversion model (Equa-

tion 1) is no longer applicable. We reason that most interactions seen for BS5

and the bacterial protein are conserved for hTBD. The keto and amide group of

thiazolidin probably interact only with the amide backbone, since Y101 in MsCI4

is here a phenylalanine. Of the secondary interactions, only the carbonyl-group

with two water molecules could be formed here, because the π-π stacking of the

terminal benzyl group relies on F77, which corresponds to a histidine in hCRBN.

BS4 showed good affinities (Ki = 25.9 µM), which is slightly lower compared to

MsCI4 (Ki = 7.8 µM). The crystal structure of BS4 with MsCI4 previously showed

the bulky phthalide moiety inside the binding pocket. Of the two interactions

formed, we expect the H-bond between the ether group and the hydrogen of

Y101 not be present here as the corresponding residue is F402 in hCRBN. BS2,

which only showed weak binding to MsCI4, did not show measurable binding to

hTBD. This is not surprising, because the corresponding residue present in hu-

man CRBN (F402) abolished binding for the MsCI4 Y101F mutant. BS1 and BS3,

showed lower but considerable affinities.

Finally, we were surprised by the affinity data of the corticosteroids. In contrary

to MsCI4 Y101F, hTBD bound cortisone, hydrocortisone and HC-HS with good

affinities (20). These affinities are even comparable to MsCI4. Analysis via X-ray

crystallography suggested that glucocorticoid binding strongly relies on the in-

teraction of the keto group of ring A with Y101, of which the latter is not present

in the human protein. Further crystallographic studies are needed to determine

whether binding is reinforced through interactions with distant residues that dif-

fer between MsCI4 and hTBD.
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(a) (b)

Figure 38: Binding curves of HTS hits with hTBD. A MST binding curves for
compounds BS1-5 to hTBD (n=3). B MST binding curves for glucocorticoids to

hTBD (n=3).

Table 20: Affinities determined by competitive MST assay for BS1-5 and gluco-
corticoids and their respective Ki values to hTBD.

compound BS1 BS2 BS3 BS4 BS5

hTBD
IC50 [µM] 365 ± 279 n.b. 145 ± 29 56.2 ± 8.2 6.26 ± 0.27

Ki [µM] 187 ± 145 n.b. 72.0 ± 15 25.9 ± 4.3 << 10∗

compound cortisone HC HC-HS prednisone prednisolone

hTBD
IC50 [µM] 21 ± 0.9 78.2 ± 4.4 46.2 ± 4.6 275 ± 78 595 ± 1339

Ki [µM] 7.84 ± 0.5 37.3 ± 2.3 20.6 ± 2.4 140 ± 41 -
∗IC50 value of BS5 was significantly higher than the BU reporter, which would

lead to negative Ki values using Equation 1.

6.6 Conclusions

We have used our labeled MST assay to verify binders from the HTS. Even though

several compounds deviated from previously established rules for CRBN bind-

ing, all hits were confirmed to bind to MsCI4. The labeled MST-based assay has

proven to be a reliable assay here as well. By employing an empirical correction

factor, affinities of a reference set of DMSO-soluble compounds could be deter-

mined which are consistent with literature data. Furthermore, we have estab-

lished a competitive MST assay, that showed superior signal-to-noise ratios, while
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ensuring specificity for the tri-Trp cage. With this assay, we show that the BU re-

porter is usable across different CRBN constructs. The reversion of MST behavior

in the bound and unbound state of BU resulted in high amplitudes of binding

events and allows for reproducible and highly sensitive binding assays. This was

again confirmed in the competitive MST assay for hTBD, which has proven to

be a reliable and well-suited assay for the identification of CRBN-binders. Here,

due to the lower affinity of DMSO, no correction for the solvent had to be done

and Ki values could be calculated directly. In high-resolution crystal structures,

we show the binding of novel, non-canonical binders. Foremost, the high affin-

ity of BS5 for MsCI4 and hCRBN shows the potential to use this binding moiety

for the design of next generation molecular glues and PROTACs. In contrast to

our previous work on novel binders (Chapter 4), BS5 ranked among the tightest

binders that we have assayed so far, which could have advantages in regards to

e.g. dosing of compound and potential side effects. Albeit not adhering to our

previously established rules for CRBN-binding, BS2, BS3, BS4 and several corti-

costeroids were found to bind to MsCI4 and human CRBN. This shows that the

ligand space of CRBN might be much broader than previously thought, which is

not only of interest for the development of new E3-binders, but could also play a

role for identification of natural and universal ligands.
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Chapter 7

Investigation of possible endogenous

substrates and recognition motifs

7.1 Introduction

The inadvertent binding of IMiDs to CRBN, that leads to the degradation of neo-

substrates clearly has not evolved naturally. A long-standing question has been

what the natural substrates of the CRL4CRBN ligase complex are. Moreover, given

the conservation of the aromatic cage of CRBN, it seems likely that its target re-

cruitment is also conserved throughout species. Some endogenous substrates of

the hCRBN have been identified, like GS, MEIS2 and APP (Section 1.6), however

their mechanism of binding remains elusive so far. Possible scenarios include

binding of natural small molecules that mediate binding of endogenous sub-

strate, similar to molecular glues (Section 1.5). Possible also seems the recognition

of post-translational modifications (PTMs) through the aromatic cage of CRBN.

DDB1 was first described in complex with another DCAF, DDB2, which plays an

important role in the recognition and repair of UV-induced DNA damage. Based

on this, we hypothesized that the DCAF CRBN could also recognize DNA-related

small molecules. Indeed, we were able to show that uracil binds to CRBN, form-

ing the canonical interactions with the tri-Trp cage. However, even though uracil
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showed teratogenic effects in vivo [63], a biological implication for this recogni-

tion could not be shown. Aromatic cages in other proteins were generally found

to bind methylated ammonium or guanidinium groups through interactions of

the cationic ligand and π systems of the aromatic cages [111]. This suggested

cationic ligands such as methylated lysine and arginine, which function as read-

out states for e.g. histone tails, directly influencing chromatin structure and gene

expression. However, previous studies investigating the binding of such PTMs

were ambiguous, showing no significant binding of cationic ligands such as be-

taines, carnitines, cholines and modified residues, including arginines or lysines

[20, 25, 63]. Unexpectedly, a chemically identical motif to acetyl modification was

found to bind to the aromatic cage of MsCI4 during this work. Compound BS2

was shown to form the canonical IMiD H-bonds between the acetamide group

and the binding pocket of MsCI4 (Figure 35). However, binding affinities were

rather low for MsCI4 and undetectable for hTBD. This suggests that the sec-

ondary interactions formed through BS2 contribute substantially to the binding.

Interestingly, it was shown that the binding of the endogenous substrate GS is de-

pendent on the acetylation of two lysine residues (K11 and K14). However, this

interaction seems to be enhanced by treatment with IMiDs, which contradicts

a direct recognition of this PTM by the aromatic cage. In contrast, the bind-

ing of MEIS2 and IMiDs was found to be mutually exclusive, thereby protecting

MEIS2 from proteasomal degradation upon IMiD treatment. For other proteins

like AMPK and APP, interacting domains or sequence sections have been identi-

fied, however structural characterization is still lacking. In this chapter, we exam-

ine the recruitment of APP. We present results on identifying important residues

for binding to MsCI4 via affinity and structural characterization, and uncover a

potentially universal recognition motif.
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7.2 Structure and functions of amyloid precursor pro-

tein

The amyloid precursor protein (APP) is best known for its role as a precursor

of Aβ, whose accumulation plays a major role in the formation of Alzheimer’s

disease [55, 169]. APP consists of a number of largely independently-folding

domains (Figure 39). The E1- and E2-domains, which are connected by an ex-

tension domain (ED) and a highly flexible acidic domain (AcD). The E1 domain

consists of a growth factor-like domain (GFLD) [158] and a copper binding do-

main (CuBD) [89] which are connected by an ordered linker. The E2 domain

consists of two coiled-coils connected through a continuous helix [40, 203]. Pos-

itively charged amino acid residues within this domain build a charged patch

that allows heparin to bind, which is potentially involved in the dimerization of

this domain in APP. APP695 is the most abundant isoform in neurons, whereas

the long isoform APP770, with a Kunitz-protease inhibitor (KPI) domain and an

OX-2 domain inserted between AcD and E2, is ubiquitously expressed [73]. The

flexible juxtamembrane region (JMR) connects E2 to the single transmembrane

helix. Located inside the cell is the amyloid precursor protein intracellular do-

main (AICD) [90]. AICD has also been implicated to contribute to Alzheimer’s

(reviewed [138]). Cutting by γ-secretase releases the AICD, which can translocate

to the nucleus and act as a transcriptional regulator. Over 20 gene targets have

been proposed, related to lipid metabolism [56], cell cycling and signaling [164]

and protein metabolism [22]. It was also suggested that APP gets recognized by

CRBN through this C-terminal domain. Using a proteomics approach and vali-

dation via pull-down experiments, the AICD was found to be directly interacting

with CRBN, DDB1 and Cul4a [33]. These pull-down experiments showed that the

12 C-terminal residues are sufficient as bait to retain full binding activity. Most

recently, it was confirmed through immunoprecipitation experiments that CRBN

interacts with APP via its C-terminal region, and that Lys751 of APP770 in SH-

SY5Y cells is being ubiquitinated [94].
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Figure 39: Domain organization and overall structure of APP protein. Domain
organization of APP695, which shows neuron-specific distribution, and the full-
length isoform APP770, consisting of an additional KPI and OX2 which is ubiq-
uitously expressed. The overall structure of APP shows the E1-domain (PDB
3KTM), E2-domain (PDB 3NYL), extension domain (ED), highly flexible acidic
domain (AcD), flexible juxtamembrane region (JMR), single transmembrane he-
lix (PDB 2LP1) and the amyloid precursor protein intracellular domain (AICD).
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7.3 Affinities and structural characterization of trun-

cated APP peptides

The goal of this study was to narrow down residues of APP that are required

for CRBN-recognition. With our previously established assays for the identifica-

tion and characterization of CRBN substrates, we set out to further characterize

the binding of APP. For this, N-terminally truncated peptides of the COOH-

terminus of APP were synthesized by solid-phase peptide synthesis (SPPS) (Table

21), assayed for their affinity via MST and characterization of their binding was

attempted via X-ray crystallography.

Table 21: Sequences of peptides resembling the C-terminus of APP and their
respective affinities to MsCI4 as determined by labeled MST assay. Underlined

is Lys751, previously found to be ubiquitinated by CRL4CRBN

construct sequence MsCI4 affinity [µM]

4mer QMQN 428 ± 93

8mer KFFEQMQN 85.2 ± 24

12mer ENPTYKFFEQMQN 24.1 ± 4.6

12merN−I ENPTYKFFEQMQI n.b.

31mer AAVTPEERHLSKMQQNGYENPTYKFFEQMQN 25.8 ± 5.9

Surprisingly, the tetra peptide (QMQN) already showed clear binding to MsCI4

in the labeled MST assay, however with low affinity. The affinity increased sig-

nificantly when adding four residues N-terminally. The 8mer peptide already

shows affinities in the range of previously tested small molecules. Finally, the

12mer and the 31mer show the highest affinities to MsCI4. Affinities of 12mer

and 31mer are almost identical, suggesting that no additional interactions be-

tween peptide and MsCI4 are formed beyond 12 residues. The 12mer peptide

with the C-terminal mutation N-I, which is present in the functionally redundant
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homologue amyloid-precursor like protein 2 (ALPL2), did not show any binding.

This suggests the essential need for an asparagine at the C terminus to mediate

binding.

Figure 40: MST binding curves of N-terminally truncated APP COOH-terminal
petides (n=3)

Having confirmed the binding of these peptides, the next step was to character-

ize their binding modes. While we were not able to obtain co-crystal structures,

soaking trials using our established MsCI4 system led to a high-resolution struc-

ture. Soaking was performed using the 4mer, 8mer, 12mer and 31mer, however

only the 4mer showed successful out-competition of thalidomide. This crystal

diffracted to 1.85 Å and showed a distinctly different electron density at the bind-

ing pocket.
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Figure 41: Crystal structure of MsCI4 in complex with quad peptide (QMQN)
containing a C-terminally cyclized Asn. (A) Overall structure of the peptide
with MsCI4. (B) Basal interactions between the cyclized asparagine and the aro-
matic cage of MsCI4 are identical to previous succinimide-based compounds.
Additional interactions are seen for the main-chain carbonyl of Q1 and Q3 with
N50. The main-chain carbonyl of M2 engages in hydrogen bonding with W99.
Residues involved in binding of this modified peptide are conserved in hCRBN,
which is superimposed in cyan. (C) FO-FC omit map of the QMQNcyc peptide

in the MsCI4 binding pocket at a contour level of 2σ.

Modeling of the tetra peptide QMQN into this density revealed that not the de-

signed peptide, but a modified form was bound (Figure 41). It appeared that

the C-terminal Asn had internally cyclized and bound to MsCI4, forming the

same basal interactions that were seen for other succinimide-based compounds

(Chapter 4). The peptide will therefore be referred to as QMQNcyc. Additional

interactions of QMQNcyc are exclusively formed with the peptide backbone and

MsCI4. The carbonyls of the two Gln engage in H-bonds with N50, and Met in-

teracts with W99 via H-bonds. These interactions are sequence independent and

should be possible for all peptides with a cyclized asparagine or glutamine at the

terminus. Interestingly, pull-down experiments also showed binding of APP pep-

tides containing Q instead of N at the terminus [33]. These observations inspired

our hypothesis that is discussed in the succeeding section.
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Table 22: Data collection and refinement statistics for MsCI4 · QMQNcyc

MsCI4 · QMQN

Data Collection

Space group P212121

Unit cell

a, b, c (Å) 56.98 59.04 88.68

α, β, γ (°) 90, 90, 90

Resolution range, Å 44.34 - 1.85 (1.96 -1.85)

Redundancy 12.8 (13.1)

Completeness % 99.9 (99.5)

Rmerge % 6.5 (80.8)

CC(1/2) 100 (90.1)

I/σ(I) 24.12 (2.89)

Refinement

Number of reflections (total/test) 26206 (2585)

No. of atoms 2495

Protein 2331

Solvent 141

Ligand 23

Rwork% 0.19

Rfree% 0.23

Ligand in chain

A QMQNcyc

B QMQNcyc

C -

7.4 A degron for CRBN-recognition?

The presented crystal structure of the APP C terminus in complex with MsCI4

bears multiple biological implications for CRBN. Besides the PTMs already de-

scribed in the preceding section, further enzyme-catalyzed modifications are used

in nature to extent the chemical space beyond the limit of the 20 standard amino

acids. Moreover, spontaneous non-enzymatic modifications can occur to Asn,

Asp, Gln and Ser and include the racemization, deamidation and cleavage, which

can lead to irreversible modifications or breakdown of proteins [52]. Asn residues
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can undergo slow cyclization to amidosuccinimide, which often results in deami-

dation of the side chain or its conversion to e.g. isoAsp. Alternatively, the ‘β-

amide nitrogen of asparagine can attack the peptide bond carbonyl, which results

in peptide bond breakage and the release of a C-terminal succinimide moiety

(Figure 42 B). This spontaneous peptide bond cleavage has been shown for Asn

and Gln, whereas the latter appeared to be much slower [156]. This process is

dependent on many factors such as the flanking residues, pH, or temperature. It

was found that especially long-lived proteins, such as α-crystallin can undergo

spontaneous peptide bond cleavage [200], which releases two peptides whereby

one carries a C terminal succinimide ring (Figure 42 B). Most recently, a similar

mechanism has been shown to lead to spontaneous cross-linking in aging pro-

teins [52].

Protein splicing is an essential mechanism by which proteins can be modulated

to yield a sequence that is not linear with the corresponding gene. This process is

self-catalyzed and involves an intervening peptide, the intein, which excises itself

from precursor proteins with the flanking C- and N-terminal external proteins,

the exteins. There are three classes of inteins based on sequence and splicing

mechanisms, with class 1 being the most abundant. This mechanism is depen-

dent on an Asn at the C-terminus of the intein, and occurs through four distinct

steps [142, 209]: 1) Reversible transition of the amino end of intein and extein

into an ester or thioester bond (N to S/O acyl shift). 2) The side-chain of the

C-terminal intein attacks the ester or thioester at the end of the intein (trans-

(thio)esterification). 3) The amide nitrogen atom of the Asn side chain cleaves

apart the peptide bond between intein and extein. This results in a free intein

with a terminal succinimide that slowly hydrolyzes to regenerate Asn or Iso-Asn

(Figure 42). 4) A second acyl shift occurs, which leads to the formation of an

amide bond between the two exteins. In rare cases, inteins were shown to have

Gln as their carboxy ends. Here, the same reaction proceeds through Gln cycliza-

tion into a glutarimide ring [5].

The above described mechanisms lead to C-terminal succinimide or glutarimide
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motifs, and have been found in prokaryotic and eukaryotic organisms. As es-

pecially the peptide bond breakage often results in damaged or non-functioning

proteins, recognition of these motifs could be a conceivable physiological function

of CRBN.

Figure 42: Schematic mechanisms leading to C-terminal succinimide motifs. (A)
The third step of protein splicing is shown. After N to S/O acyl shift and trans-
(thio)esterification, the amide nitrogen atom of the side chain cleaves apart the
peptide bond between the intein (green) and the extein (blue). (B) Spontaneous

peptide bond breakage through attack of the side chain amide nitrogen

Strikingly, sequence comparison of previously reported endogenous substrates

of CRBN shows that APP and GS have a C-terminal asparagine, and AMPK and

MEIS2 a C-terminal glutamine (Table 23). Having found the APP peptide to be

cyclized C-terminally and bound to MsCI4, led us to hypothesize that CRBN

potentially recognizes aged proteins which contain cyclized C-termini. To this

end, genes encoding for the endogenous substrates APP, GS and MEIS2 were

subcloned and used to transfect HEK293 cells. This was done for the wild-type

constructs and for variants carrying a C-terminal Ala mutation (APPN−A, GSN−A

and MEIS2Q−A). The goal was to follow the ubiquitination of these proteins

in cell culture. Potential differences for wild-type and mutant constructs, and

accumulation of both proteins upon treatment with proteasome inhibitors would

indicate that their cyclized moieties is recognized by CRBN.
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Table 23: Sequence comparison of C-terminal amino acids of the endogenous
CRBN-substrates APP, GS, AMPK and MEIS2

APP ...TYKFFEQMQN 770

GS ...TGDEPFQYKN 373

AMPK ...MCANLIKILAQ 559

MEIS2 ...GGQVMDIHAQ 477

Figure 43: Initial GS pull-down experiment. HEK293 cells were co-transfected
with GS WT and C-terminal N-A mutation. GS constructs carried a FLAG Tag
that was used to pull down the protein. Chemiluminescent detection of protein
bands showed clear expression and enrichment after the IP. However, no higher

molecular bands were detected that would correspond to ubiquitination.

Initial experiments showed clear expression levels of GS and GSN−A. However,

no ubiquitination ladder was seen for either construct (Figure 43). This is poten-

tially due to the high expression of the proteins, for which not enough E3 ligase

machinery is available, or the time-frame of the experiment was too short for

the formation of cyclic residues. Detection of ubiquitin did not show prominent

bands, besides two faint bands which most likely correspond to IgG antibodies

which were stripped off the beads used for pull-down experiments (not shown).

These initial results do not show an effect of C-terminal amino acid mutations

from asparagine or glutamine to alanine. We can therefore not make any state-

ments about the potential influence of terminal amino acid cyclization on the

recognition of substrates through CRBN. However, we also did not observe any

detectable ubiquitination of wild-type GS (Figure 43). Here, careful optimization
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is required in follow-up experiments. Since ubiquitin antibodies were found to

have high detection limits, a possible solution is to resort to HA-tagged ubiquitin

that can be co-transfected in HEK293 cells. Subsequently, HA-antibodies coupled

with fluorescence detection can be used in future experiments to quantitatively

evaluate protein levels, and study the influence of the C-termini of endogenous

CRBN substrates.

7.5 Conclusions

Targeting unwanted proteins and removing them by proteasomal degradation

has been developed to a useful tool that is investigated in many clinical settings.

IMiDs, and most recently PROTACs, are utilizing the E3 ligase CRL4CRBN for

this purpose. However, besides the identification of a handful of endogenous

substrates, little is still known about the function of CRL4CRBN in absence of arti-

ficial ligands. Furthermore, no conclusive structural information on the binding

of endogenous substrates has been presented. In this study, we show a high-

resolution crystal structure of MsCI4, which selectively bound a modified form

of an APP peptide. The peptide showed a cyclized Asn at the C-terminus, which

formed similar interactions to previously characterized succinimide moieties. We

found that APP peptides bound to MsCI4, as long as they carry an Asn at the

C-terminus. The sequence of preceding residues seems to be unimportant as all

interactions are exclusively formed via the peptide backbone. While the tetra pep-

tide showed weak affinities to MsCI4 (KD= 428 µM), they considerably improved

for the 8mer (KD= 85.2 µM), and peaked for the 12mer (KD= 24.1 µM) and 31mer

(KD= 25.8 µM). Observed interactions between the tetra peptide and MsCI4 are

expected to be similar for human CRBN, as all residues involved in the binding

are conserved. Binding is also expected for peptides carrying a cyclized Gln at the

N-terminus, which would correspond to an aminoglutarimide moiety that could

form the conserved IMiD-interactions. Recognition of such cyclized motifs by

an E3 substrate receptor could be physiologically relevant. Aging proteins were

shown to be susceptible to spontaneous peptide bond cleavage, which can not
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only lead to the formation of non-functioning and potentially toxic proteins, but

Asn residues were also implicated as sites of protein cross-linking in long-lived

proteins. These reactions could potentially be intercepted by the recognition of

cyclized residues by an E3 ligase. It must be noted, that the terminal cyclization

of the synthesized peptide is possibly an artifact of the SPPS. Imide formation

during SPPS has been shown to occur within a peptide chain and methods for its

prevention have been described [117, 125]. However, APP was originally identi-

fied as an interactor of CRL4CRBN through an unbiased proteomics approach, and

most recently confirmed by cellular expression and immunoprecipitation of APP

and CRBN [94]. This makes it seem unlikely that in all these cases, cyclization of

Asn was introduced artificially. As a consequence, APP is either recognized by an

alternative motif in the cellular context, or the observed cyclization indeed occurs

naturally. The potential influence of aging, cellular context, or whether the TBD

can actually promote cyclization remains to be investigated.
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Concluding Remarks

The discovery, that IMiDs work as molecular glues for the CRL4CRBN ligase com-

plex has opened new frontiers in developing novel therapeutics, including the

development of CRBN-directed PROTACs. The repurposing of E3 ligases for

therapeutic applications has been proven to be a game changing technology and

attracted attention from academia and the pharmaceutical industry. Disease-

related proteins lacking classical active sites, such as transcription factors, non-

enzymatic and scaffolding proteins, which were not accessible to treatment with

conventional small-molecule therapeutics, can be targeted using molecular glues

or PROTACs. Particularly for PROTACS, a major perspective for PROTACs is

the increasing problem of drug resistance, especially in cancers, caused by high

concentrations of classical inhibitors. The unique characteristic of efficient degra-

dation at only catalytic amounts instead of inhibition with higher doses of clas-

sical inhibitors makes PROTACs powerful therapeutic tools. Their clinical safety

is currently tested in clinical trials, but they are already used in academia as an

alternative to the RNAi approach or gene editing via CRISPR. However, PROTAC

development is currently empirical and limited by the availability of only a few

sufficiently characterized E3 ligases and E3 binders.
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Within this work, we have shown that the substrate receptor of CRL4CRBN can

bind more motifs than previously characterized. We identified additional, chem-

ically more distant binders in an HTS, and designed more minimalistic CRBN

effectors in a rational and modular approach guided by hydrolysis products of

thalidomide and its analogs. Thereby, we have established a novel amidosuccin-

imide motif as a minimal scaffold and showed its applicability in molecular glues

that led to degradation of neo-substrates. Further, several HTS hits could be val-

idated in a customized complementary MST affinity assay and in X-ray crystal

structures. We found that our previously established rules for CRBN binding

were insufficient to describe the binding of some of these novel binders, which

shows that the substrate spectrum of CRBN is much broader than previously

thought. Interestingly, some of the newly identified moieties are more compact

than thalidomide, were found to bind with exceptionally high affinity, and re-

vealed previously not described exit vectors. All these properties can aid the

development of potentially more potent molecular glues and PROTACs with im-

proved physicochemical properties.

The thalidomide binding pocket of CRBN is not only of high interest for phar-

maceutical development, but also from an evolutionary point of view. The high

sequence conservation of CRBN between species makes a common ligand very

likely and a final proof of such a ligand is still missing. The binding modes of

some non-canonical compounds identified in this study could be a hint that nat-

ural ligands might be more chemically distant from thalidomide than previously

suggested natural ligands. Within this work, we uncover cyclized forms of the

amino acids Asn and Gln as potential natural degrons for CRBN. The formation

of these cyclized residues can occur upon peptide bond breakage after Asn and

Gln residues. This was reported to be especially prominent in long-lived proteins

such as α-crystallin. We have observed this motif in a crystal structure of MsCI4

in complex with a peptide that resembles the C terminus of the natural substrate

APP. Its C-terminal Asn was found to be cyclized to an amidosuccinimide mo-

tif, which formed the same basal interactions with MsCI4 as the minimal IMiD
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analogs that we designed. We found that the affinities of longer APP peptides

were comparable to those of classical IMiDs, supporting the idea of a similar

mode of interaction. However, not much is known about the incidence of termi-

nal succinimide motifs beyond long-live proteins and the physiological relevance

of their recognition through CRL4CRBN therefore remains to be determined.
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Contributions

The work of this PhD thesis was conducted in the department of Protein Evolu-

tion in the group of Dr. Marcus Hartmann, who initiated the project and super-

vised this study. I performed all experiments unless otherwise specified.

3 Design and characterization of bacterial and human CRBN constructs

I performed the analysis of conserved residues between human and bacterial

CRBN, designed the humanized construct, performed cloning and expression

in E. coli and cloning and expression of DDB1-CRBN in insect cells. I also de-

signed and performed PCR reactions for MsCI4 truncations, humanized α and β

constructs. Construct MsCI4 humanized σ was designed and cloned by Samuel

Maiwald under my supervision. I performed nanoDSF measurements of MsCI4,

humanized constructs and of DDB1-CRBN. I designed the construct for hTBD,

which was cloned, expressed and purified by Dr. Reinhard Albrecht and Maxim

Drömer.

4 De-novo design of cereblon (CRBN) effectors guided by natural hydrolysis prod-

ucts of thalidomide derivatives

MsCI4 protein was expressed by myself and by Kerstin Bär, who also performed

FRET experiments. Evaluation of FRET data was performed by Dr. Birte Her-

nandez. Compounds were designed in collaboration with the lab of Prof. Dr. A.

Giannis who synthesized the compounds. Crystallographic set-ups were done by
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Kerstin Bär, Dr. Reinhard Albrecht and myself. I performed all crystallography,

including soaking experiments, crystallographic measurements, structure solu-

tion and figure preparation. I performed all cell culture experiments and western

blots with initial help from Dr. Birte Hernandez.

5 On the anti-angiogenic properties of thalidomide and its analogs

The project was initiated by Prof. Dr. Michael Gütschow and his lab at the

Pharmaceutical Institute, University of Bonn, who synthesized the compounds.

MST experiments were performed by Samuel Maiwald under my supervision.

I evaluated the data and prepared all figures. Angiogenesis experiments and

figures thereof were performed by the lab of Dr. William D. Figg from the Center

for Cancer Research, National Cancer Institute, NIH, USA.

6 Novel binding motifs for cereblon and assays for their characterization The

project was initiated by Dr. Marcus Hartmann. The HTS screen was established

and performed by Dr. Jens Peter von Kries and Screening Unit at the Leibniz-

Forschungsinstitut für Molekulare Pharmakologie (FMP). I assessed the hit list

and designed follow-up experiments. MST experiments, crystallization set-ups,

soaking experiments and structure solution were done by Samuel Maiwald and

me.

7 Investigation of possible endogenous substrates and recognition motifs All ex-

periments in this Chapter were performed by me with support in MST measure-

ments by Samuel Maiwald.
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