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ABSTRACT 
Protein-protein interactions (PPIs) are targets of outstanding interest in drug discovery, 

because of their ubiquitous involvement in virtually all biological processes, where they 

influence cellular signaling and regulation, both in physiological and pathophysiological 

mechanisms. Thus, modulating PPIs has become an appealing approach to target a number of 

diseases. The discovery of small molecule protein-protein interaction modulators (PPIMs) 

remains a big challenge, due to the dissimilarity of PPIs to classical drug targets, and to a still 

incomplete understanding of the mechanisms regulating the interactions between proteins. 

However, the intense research dedicated to PPIs in the last years led to the development of 

several PPIMs, some of which are being studied in advanced clinical trials, or are already 

marketed drugs. 

Since the last decades, the heat shock protein of 90 kDa (Hsp90) emerged as a highly 

attractive target for cancer therapy, due to its involvement in a myriad of regulatory processes, 

and in the development and progression of several types of tumor. Several Hsp90 inhibitors 

have been developed that validated the chaperone as a druggable cancer target, and some of 

these are currently in advanced phases of clinical trials. However, most of the discovered 

inhibitors abolish Hsp90 activity by competing with ATP for binding in the N-terminal 

domain (NTD) binding site. Just a few inhibitors have been discovered that bind in the 

Hsp90’s C-terminal domain (CTD), and none of those reported to date target the CTD 

dimerization interface. 

The goal of this thesis is to investigate the human Hsp90 (hHsp90), with the ultimate 

objective of rationally identifying novel modulators that inhibit this chaperone by targeting 

the CTD dimerization, as an unprecedented approach to target hHsp90 for cancer therapy. 

First, the salient structural and functional characteristics of PPIs are described, with a 

particular focus on their potential as drug targets, i.e. their druggability. Second, hot spot 

amino acids in the CTD interface that determine the stability of hHsp90 are predicted by 

computational means and experimentally validated. These findings are the essential starting 

point for what follows in the study, focused on the development of peptidic and non-peptidic 

molecules interfering with hHsp90 CTD dimerization. Accordingly, the hot spots information 

guides the design and experimental testing of peptidic inhibitors targeting the hHsp90 CTD. 

Finally, trispyrimidonamides are investigated as potential novel α-helix mimetics, and for 

their ability of mimicking the previously identified hHsp90 hot spots.  
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ZUSAMMENFASSUNG 
Auf der Suche nach neuen Wirkstoffen sind Protein-Protein-Interaktionen (PPIs) Targets von 

größtem Interesse. Dies ist darauf zurückzuführen, dass sie nahezu in allen biologischen 

Prozessen involviert sind und hier einen großen Einfluss auf zelluläre Signaltransduktion und 

Regulation sowie in physiologischen und pathophysiologischen Mechanismen haben. Dies 

macht die Modulierung von PPIs zu einem interessanten Ansatz in der Therapie verschiedener 

Krankheitsbilder. Aufgrund des unterschiedlichen Charakters von PPIs zu klassischen 

Zielmolekülen und des unvollständigen Verständnisses der Mechanismen, die Interaktionen 

zwischen Proteinen regulieren, ist die Entdeckung neuer niedermolekulare Modulatoren von 

Protein-Protein-Interaktionen (protein-protein-interaction-modulators, PPIMs) eine große 

Herausforderung. Nichts desto trotz sind heutzutage, nach jahrelanger intensiver Forschung, 

PPIMs entwickelt worden, von denen sich einige in den letzten klinischen Phasen befinden 

und andere sogar schon auf dem Markt sind. 

In den letzten Jahrzenten kristallisierte sich das heat shock protein 90 kDA (Hsp90) als 

attraktives Target in der Krebstherapie heraus, was darauf zurückzuführen ist, dass es sowohl 

in unzähligen regulatorischen Prozessen, als auch in der Tumor-Entstehung und der 

Progression involviert ist. Bis zum heutigen Tage wurden mehrere Hsp90-Inhibitoren 

entwickelt, die dieses Chaperon als ein geeignetes Target in der Krebstherapie bestätigen 

konnten. Einige dieser Inhibitoren  befinden sich schon in den späten Phasen der klinischen 

Studien. Die Mehrheit dieser Moleküle bindet in der N-terminalen Bindestelle und konkurriert 

dabei mit ATP. Bis jetzt wurden nur wenige Hsp90 Inhibitoren beschrieben, die an den C-

Terminus (C-terminal domain, CTD) binden, und unter ihnen befindet sich keiner, der an der 

CTD Dimerisierungs-Interaktionsfläche angreift. 

Das Ziel dieser Arbeit ist es, humanes Hsp90 (hHsp90) mit dem Bestreben einer rationalen 

Identifizierung neuer Modulatoren zu untersuchen, die die CTD-Dimerisierung blockieren, 

und somit, als neuartiger Ansatz in der Krebstherapie, das Chaperon in seiner natürlichen 

Funktion zu inhibieren. 

Zunächst werden die strukturellen und funktionellen Charakteristiken von PPIs mit einem 

besonderen Fokus bezüglich ihres Potentials als pharmakologische Zielmoleküle 

(druggability) beschrieben. Im nächsten Schritt werden die hot spot Aminosäuren des CTD, 

die für die Stabilität des hHsp90 essentiell sind, durch computergestützte 

Berechnungsmethoden vorhergesagt und experimentell bestätigt. Diese Ergebnisse stellen den 

Ausgangspunkt der nachfolgenden Studien dar, die sich auf die Entwicklung von peptidischen 
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und nicht peptidischen Molekülen fokussieren, die mit der CTD Dimerisierung von hHsp90 

interferieren. In einer ersten Untersuchung werden die Hot-Spot Information für die 

Entwicklung und die experimentelle Testung von peptidischen hHsp90 CTD Inhibitoren 

verwendet. Zum Schluss werden Trispyrimidonamide zum einen als potentielle, neue α-helix 

Mimetika und zum anderen auf ihre Fähigkeit, die zuvor identifizierten hHsp90 hot spots 

nachzustellen, untersucht. 
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1 INTRODUCTION  

Drug discovery is an extremely complex and multifaceted process that requires enormous 

efforts and investments in terms of time and resources, and involves a number of players 

across academia and industry. Estimates from several independent studies converge on that 

the whole process of development of a new drug, from early stages to access into the market, 

requires an average time of 13 years and expenditures ranging from $US 800 million up to 1.8 

billion (1-3). Recently, many experts pointed out the critical circumstances the whole drug 

development machinery is undergoing (4,5), as evidenced particularly by a pronounced 

decrease in both pharmaceutical productivity and introduction of new molecular entities 

(NME) into the market (6). Surprisingly, the remarkable attrition in the number of drug 

candidates that eventually entered the market observed in the last years occurred in spite of 

the steadily increasing investments in drug development (5,7,8). The drastic reduction of the 

pharmaceutical industry’s productivity is also in evident contrast with the unprecedented 

advances in the biomedical sciences achieved during the same period of time (7). On average, 

less than 5 % of all the compounds screened for a certain target eventually enter preclinical 

investigations, and just 2 % of these hits progress to clinical trials (8). The underlying causes 

of this phenomenon are a matter of intense debate, and a variety of solutions has been 

proposed to overcome the present alarming situation of “drug drought”(6). Since most drug 

candidates fail at later stages of clinical trials due to scarce efficacy or high toxicity, target 

identification and validation are among the most important factors conditioning the success of 

a drug discovery campaign. Accordingly, as also rationalized in an economic model of drug 

discovery developed by Paul et al. (6), intensifying research and investment efforts in the 

early “target to hit” stages is expected to lead to a substantial increase of the NME 

successfully becoming marketed drugs (8). As a consequence, since the last decade, several 

pharmaceutical companies are concentrating their efforts on the early stages of drug discovery 

(8). Unraveling the mechanisms that regulate disease-relevant biologic processes is the first 

step for the identification of new drug targets and therapeutic opportunities. The human 

genome contains approximately 22000 protein-encoding genes, and it is estimated that 2-7 % 

of the gene products (~600-1600 proteins) might have a direct association to human diseases, 

hence are potential targets for pharmacological intervention (9-12). Only ~100 of these 

proteins are current drug targets (9). Including also non-genes related targets, the total number 

thereof currently exploited by marketed drugs ranges from 200 to 400 (9,13,14). Clearly, 

there is a significant discrepancy between the number of potential drug targets and the ones 



 Introduction  

2 

currently exploited in pharmacotherapy. This must be ascribed to an insufficient or partial 

characterization of most of the drug targets potentially available, as demonstrated by the fact 

that more than 50 % of the current drugs act on products of just four gene families: class-I 

G protein-coupled receptors (GPCRs), nuclear receptors, ligand-gated ion channels, and 

voltage-gated ion channels (Figure 1 A) (9). Furthermore, it has been evidenced that on 

average, ~78 % of the NME introduced into the market from 1983 to 2010 that act on targets 

encoded by the human genome address a previously drugged target, whereas just the 

remaining ~22 % address novel targets (Figure 1 B) (14). 

 
Figure 1. Targets of current drugs and drugs addressing novel targets. (A) Percentage of drugs currently 
approved from the FDA (US Food and Drug Administration) for each of the most drugged gene-families. The 
“Others” category includes further 120 domain families or singletons for which only a few drugs have been 
successfully launched (9). (B) Total number of new molecular entities (NME) acting on targets encoded in the 
human genome approved as drugs by the FDA from 1983 to 2010 (black), and those acting on novel targets (red) 
(14). 

Altogether, these evidences suggest that discovering novel drug targets is a fundamental 

premise for obtaining significant advances in drug development. In this scenario, protein-

protein interactions (PPIs) offer exceptional opportunities for targeting a number of diseases. 
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Approximately 100,000 to 650,000 PPIs are present in humans (15-17), where they represent 

control switches in signaling and regulation pathways and are involved in numerous 

physiological mechanisms. Additionally, PPIs are implicated in a number of diseases, such as 

cancer (18-20), neurodegenerative diseases (notably in Parkinson’s and Alzheimer’s diseases) 

(21), and many others (22,23). As such, modulating PPIs has emerged as a new paradigm for 

pharmacological intervention in a number of pathological conditions (22,24,25). However, 

pioneering drug discovery attempts toward these innovative targets have not been successful, 

and PPIs have been long classified as undruggable systems (11,26,27). The reasons for this 

initial defeat are to be ascribed to the novelty of PPI targets, and to their remarkable 

dissimilarity to “classic” drug targets. As a matter of fact, the conventional molecular 

recognition model where a rather large receptor (e.g. enzymes, ion channels) accommodates a 

relatively small ligand (endogenous or xenobiotic) in a pronounced and complementary 

cavity, explaining drug-receptor interactions, typically does not apply to PPIs. Hence, 

successfully exploiting PPIs’ exceptional therapeutic potential requires gathering new 

knowledge, and the development of alternative methodologies. Although for certain aspects 

this field is still considered to be at its infancy, a number of success stories demonstrate that 

pharmaceutical intervention on PPIs is a feasible and very valuable approach for addressing 

several therapeutical needs (28-30). 

In this thesis, the heat shock protein of 90 kDa (Hsp90) is investigated, with the aim of 

rationally identifying novel modulators that inhibit this chaperone by targeting the C-terminal 

dimerization domain (CTD). This study resulted in four publications. 

First, in Publication I (31), the state of the art in the realm of PPIs is reviewed. Here, the 

salient structural and functional characteristics of these systems are described, with a 

particular focus on their potential as drug target, i.e. their druggability. Second, in 

Publication II (32), hot spots amino acids in the CTD that determine the stability of human 

Hsp90 (hHsp90) are predicted by computational means and experimentally validated. These 

findings are the foundation of the following investigations aimed at the development of 

peptidic and non-peptidic molecules interfering with hHsp90 dimerization. In Publication 

III, the hot spot information guides the design and experimental testing of peptidic inhibitors 

targeting the hHsp90 CTD. Finally, a novel trispyrimidonamide scaffold is investigated for its 

α-helix mimetic potential, and for its capability of mimicking the previously identified 

hHsp90 hot spots, as reported in Publication IV (33). 
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2 BACKGROUND 

2.1  PPIs IN DRUG DISCOVERY – PUBLICATION I ** 
Recently, multiprotein complexes have become attractive targets for drug discovery (34,35) 

due to the essential role of non-covalent association of proteins in the communication of cell 

components (24). This is highlighted by the importance of these systems in signaling (36-39) 

and the regulation of, e.g., cellular growth (34) and apoptosis (40,41). It does not come as a 

surprise then that protein-protein interactions (PPIs) are involved in many diseases, such as 

cancer (18), neurodegenerative diseases (21), and viral and bacterial infections (23). For this 

reason, interfering with PPIs has a great therapeutic potential, providing attractive 

opportunities for pharmacological intervention (22-25,42). However, modulating PPIs is a 

daunting task. First, in contrast to “classical” targets such as enzymes or receptors, much less 

experience has been gained so far due to the novelty of many protein-protein targets. Second, 

the intrinsic complexity of PPIs requires innovative methodological approaches. 

Encouragingly, extensive investigations have proved the general feasibility of interfering with 

PPIs as a valuable approach for treating a number of diseases (22-25,42,43). Here, the most 

important goal is to identify small molecules protein-protein interaction modulators (PPIMs) 

that efficiently and selectively affect processes involving protein-protein binding. These 

successes have benefited from remarkable steps towards an understanding of PPI properties, 

the determinants of binding to protein-protein interfaces, as well as the implications of 

modulating PPIs for biological systems. This knowledge originates from an interdisciplinary 

approach, including the fields of structural biology, biochemistry, genomics, medicinal 

chemistry, and computational chemistry. 

2.1.1 PPIs: Functional and structural aspects 

“Classical” targets versus PPIs. In the case of protein-ligand binding, an enzyme or receptor 

(hereafter together referred to as “receptor”) interacts with a small molecule or a peptide 

within a relatively small and well-defined binding site located in a cavity on the receptor 

surface. When there are no conformational changes on the binding site of the receptor, this 

situation can be described by the simplistic “lock-and-key” model already suggested by Emil 

Fischer (44). According to this model, high affinity and specificity are achieved through 

shape and chemical complementarity, leading to a compact and tight fit between the binding 

                                                
** Section 2.1 is an adapted and re-elaborated version of Publication I (Metz, A., Ciglia, E., and Gohlke, H. 
Modulating Protein-Protein Interactions: From Structural Determinants of Binding to Druggability Prediction to 
Application. Current Pharmaceutical Design, 2012; 18: 4630-4647). 
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partners (45). When trying to interfere with such a system, the most direct and obvious 

approach is to develop small molecules resembling the natural ligand, i.e., bearing chemical 

groups that can be accommodated by and form interactions with the binding site of the 

receptor. Especially for enzyme targets, it is possible to identify protein families that share the 

same biological function (42). Usually, members of the same protein family have common 

interaction mechanisms and binding pocket architectures. This allows exploiting information 

gained on one enzyme when trying to identify small-molecule ligands for other targets of the 

same family (46-50). As discussed in the following, PPI targets are intrinsically different from 

“classical” targets, such as enzymes and G protein-coupled receptors. This makes it difficult 

to target protein-protein interfaces by approaches established for classical targets. 

Surface size and shape of PPIs. Structural characteristics provide the biggest challenge 

when aiming at modulating PPIs. First, on a global level, protein-protein interfaces are 

generally much larger than binding site regions of classical targets. In fact, ligand-receptor 

contact areas are typically about 300 to 1000 Å2 in size (51-53), while protein-protein contact 

areas can range from ~1500 to 3000 Å2 or even be larger (54,55). Second, protein-protein 

interfaces are often shallow and lack deep grooves or indentations, especially in the unbound 

conformation (Figure 2 A), that are usually present in classical targets (Figure 2 C). Third, 

interactions between protein binding partners often occur through several, not necessarily 

sequentially connected spots, thus leading to a discontinuous epitope. All of the above make 

identification of a spatially defined region within the interface that is responsible for binding a 

difficult task. Encouragingly, counterexamples have been presented that benefited from a 

deep knowledge of the respective protein-protein interface (23). Finally, proteins are usually 

promiscuous molecules (56,57) that are able to bind more than one binding partner, possibly 

even at the same site. While this allows proteins to take part in intricate interaction networks, 

it increases the level of difficulty for finding a small molecule that modulates a specific 

protein-protein interaction only. 

Specificity and complementarity. Cells are crowded environments and, hence, potentially 

all molecules populating the same cellular compartment can contact each other (58,59). 

Accordingly, it is especially important for proteins that essential interactions maintain a high 

degree of specificity and occur only when needed, limiting the myriad of possible contacts 

(58,60). Thus, identifying the determinants of binding at protein-protein interfaces is an 

important goal in molecular biology with high relevance also in related fields, notably in 

pharmacology, genomics, and biological chemistry. 
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Figure 2. Classical vs PPIs binding sites. (A) Protein-protein interfaces usually lack deep pockets in the 
unbound state, as depicted for the unbound conformation of IL-2 (PDB code 1M47). (B) Surface flexibility can 
allow for the formation of druggable pockets, as depicted for a PPIM-bound conformation o IL-2 (PDB code 
1PY2). (C) In contrast, classical targets present narrow and deep binding pockets, as depicted for carbonic 
anhydrase in complex with an inhibitor (PDB code: 3P25; Zn2+ ion highlighted in purple). Figure adapted from 
Publication I, Reference (31). 

Although no common strategy can be devised to achieve binding affinity and specificity in 

PPIs, one can nevertheless identify some mechanisms that occur preferentially in PPIs. First, 

proteins are marginally stable molecules (61) forming an ensemble of conformational states, 

each of which could potentially interact with a binding partner (59). These conformational 

changes can result in the formation of cavities in the interfaces that could not be detected by 

visual inspection of the static representation of a crystal structure (62,63). That way, proteins 

can exhibit grooves that allow for molecular recognition and binding (64). Therefore, it is 

worth investigating conformational ensembles in solution by analyzing the dynamics of the 

protein of interest in detail. Several tools can assist in this task, among them NMR and 

scattering techniques (65,66) for determining protein structures in solution and molecular 

dynamics (MD) simulations for exploring the dynamic behavior of the system by 

computational means (62,67-73). The importance of accounting for receptor flexibility to 

identify adequate receptor conformations complementary to a PPIM is demonstrated in a 

study by Isvoran et al. (74) combining both experimental and computational approaches. 

Here, docking into multiple crystallographic and NMR receptor structures in connection with 

complex relaxation and rescoring identified binding poses of a terphenyl PPIM with 

calmodulin and human centrin 2 that are considerably closer to the native one than those from 

docking into individual, non-relaxed, and non-complementary structures. 

Nussinov et al. pointed out that in protein-protein interfaces unfilled pockets and 

complemented pockets can be distinguished (75). Unfilled pockets are present both before and 

after protein-protein association. They are not crucial for complex formation, but are 
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important for the overall flexibility. In contrast, complemented pockets are detectable at the 

interface before binding, but disappear after association. These pockets are then filled by the 

binding partner, being responsible for tight and highly complementary binding of the proteins 

involved. The same authors also demonstrated that pre-existing pockets do not undergo 

significant rearrangement after binding. This means that complemented pockets offer a 

favorable setting for binding interactions. Interestingly, they also found that there is a weak 

correlation between the conservation of residues and their frequency of occurrence in 

complemented pockets (75). Such residues are often also hot spots because of their enlarged 

contact area and the exclusion from solvent (75,76). Conversely, this implies that it should be 

possible to identify hot spot and, hence, complemented pockets through the identification of 

conserved amino acids (77). 

Hot spots. A fundamental characteristic of protein-protein interfaces is their energetic non-

homogeneity (78). Evidence from alanine scanning experiments shows that the binding 

energy is not equally distributed among all amino acids participating in the interaction (79-

82). Within the large surfaces involved in the interaction, generally some patches suffice for 

complex formation, the so-called hot regions (Figure 3 A and B) (83). These often have a 

conserved residue composition for binding similar proteins but can also differ in composition 

for promiscuous binding by the same interface (84). Furthermore, only some of the residues 

belonging to these regions account for most of the binding energy. These amino acids are 

called hot spots if, by definition, a mutation to alanine leads to a change in the binding free 

energy of ≥ 2 kcal mol-1 (85). Hot spot amino acids on one face of the complex are usually 

located in correspondence to hot spots on the other face, forming interactions that lead to 

complex stabilization (Figure 3 B) (56). Within the hot regions, there is a very tight geometric 

and energetic complementarity between the binding partners. Thus, bulky side chains on one 

protein are accommodated in indentations on the other protein, hydrophobic groups on one 

protein form close contacts with hydrophobic groups on the other protein, and polar residues 

establish hydrogen bonds or salt bridges between the two proteins. Rajamani et al. showed 

that anchor residues, which are highly buried, preordered in the unbound state, (structurally) 

conserved, and often energetic hot spots of PPIs, are present in many protein-protein 

interfaces and can possibly be exploited as starting points for PPIM development (86). 

Similarly, Yogurtcu et al. found that hot spots are more rigid than the surrounding interface in 

MD simulations (87). Hot spots within one hot region work together in a cooperative fashion, 

thereby stabilizing the protein complex (59,83,88). In contrast, energetic contributions from 

different patches are additive (89-91), suggesting that hot regions are independent from each 
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other. As a consequence, protein-protein interfaces appear to have a hierarchical and modular 

architecture being formed by separate patches, within which each hot spot amino acid 

strongly depends on the other close-by amino acids for an efficient interaction (59). 

Interestingly, hot spots are among the most conserved residues (75,76,92,93). This relation 

has also been proposed to be a way to distinguish between binding interfaces and otherwise 

exposed protein surfaces (76). This hypothesis is strengthened by the observation that no 

residue conservation was found within solvent exposed surfaces (76). Overall, this highlights 

the importance of hot spots for protein-protein complex formation, and explains why 

evolutionary changes rarely lead to a significant modification in hot spot composition (92). 

 
Figure 3 Hot spots in the human growth hormone-human growth hormone receptor PPI complex. (A) 
Surface representation of the crystal structure of the human growth hormone (grey) and its receptor (wheat) 
(PDB code 1AA2). (B) The interface between the two proteins reveals a functional epitope of complementary 
hot spots on each of the interaction partners. Amino acids are colored according to their energetic contribution to 
the binding energy, as calculated by experimental alanine scanning (blue: < 1 kcal mol-1, green: 1 < 2 kcal mol-1, 
red > 2 kcal mol-1) (81,94). 

Although the leading role in driving the interaction between protein binding partners relies on 

hot spots, the surroundings amino acids are also important. According to the O-ring theory 

(79), surrounding residues have the function to protect hot spots from solvent molecules, 

favoring hydrophilic or even hydrophobic interactions that would be otherwise disturbed by 

the presence of water. A high degree of complementarity between the binding partners is 

sometimes also achieved through water-mediated interactions (95-97). Such structural water 

molecules are particularly important in regulating hydrogen bond networks within the 

interface: I) By bridging interactions between the binding partners or II) by favoring the 

formation of a dry core in the interface that maximizes the interactions between hot spots 

surrounded by a rim of amino acids and water molecules (53). 

Interaction types and amino acid composition. Given that protein-protein interfaces have 

considerable areas of hydrophobic residues, resembling cores of globular proteins (82), it has 
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been suggested that the hydrophobic effect is the driving force leading to protein-protein 

association (98-100). However, a careful analysis shows a situation similar to protein folding: 

the hydrophobic effect is a leading force but the proteins do not necessarily adopt a 

conformation with optimally buried non-polar surface area (101-104). This hints at further 

mechanisms being involved. In fact, even though hydrophobicity is important in this context, 

the role of electrostatic interactions cannot be neglected (105-108). Accordingly, the 

hydrophobicity of protein-protein interfaces is usually intermediate between the one found for 

a protein core and a solvent exposed protein surface. The amino acid composition in the hot 

spots, which has been shown to be non-random (109), reflects this situation. As a matter of 

fact, it has been observed that hot spots are enriched in tryptophan, tyrosine, arginine, and, to 

a lesser extent, isoleucine (78), whereas leucine, serine, threonine, and valine were found 

slightly depleted (76,79). One could argue that large side chains just contribute more, but 

functional considerations prevail. In particular, tyrosine and tryptophan allow establishing 

stacking and hydrophobic interactions owing to their aromatic, non-polar side chains, but at 

the same time offer the possibility to create hydrogen bonds due to the phenolic OH group 

and the indolic nitrogen. On the contrary, arginine, being a polar amino acid bearing a 

charged guanidinium group, is mostly involved in hydrogen bonds and salt bridges across the 

interface, although the electron delocalization of the guanidinium-system also confers a 

pseudo-aromatic character (79). This dual side chain behavior exemplifies the two-faced 

chemical nature of protein-protein interfaces. As a word of caution, even though the 

mentioned residues are the most frequent ones in PPIs, this knowledge should lead neither to 

neglecting the importance of other amino acids for binding nor to uncritically considering 

these residues hot spots just because of their occurrence in an interface. 

2.1.2 Druggability of PPIs 

PPIs are far from being widely exploited targets in drug development. Although there are 

some examples of marketed small-molecule drugs acting on PPIs (24,110-113) and some 

further molecules are in advanced clinical trials (Figure 4) (34,114-119), PPIs are usually 

considered high risk targets by pharmaceutical companies (26,35). This is for two reasons: 

First, initial attempts to identify PPIMs by high-throughput screening (HTS) were mostly 

unsuccessful, particularly when using chemical libraries designed for traditional targets (23). 

Second, the wideness of protein-protein interfaces, the lack of defined binding pockets, and 

the stability of PPIs led to PPIs being considered difficult to target if not undruggable (26,27). 

Also due to this overgeneralization, there is still a large gap between the knowledge gathered 

on these systems (22,24,25,34,42) and its actual use in the development of therapeutics. Yet, 
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some prominent counterexamples, such as the well-studied systems p53/MDM2 (23,42) (see 

Paragraph 2.1.4) and Bcl-xL/Bak (23), have contributed significantly to expose the myth 

depicting PPIs as undruggable systems (27,56,120) (Table 1). 

A big challenge associated with PPIs is the high degree of diversity in terms of the molecular 

recognition properties encountered. Each interface is unique, bearing its own particular 

characteristics and, thus, requiring a specifically tailored approach. In fact, binding sites at 

protein-protein interfaces are often not well conserved, which is different from enzymes that 

bind the same type of substrate and, therefore, share many common features in the binding 

regions if they belong to the same family (42). Nevertheless, as the amount of structural data 

of bound PPIMs increases, approaches that exploit PPIM binding information from 

homologues (121) will become increasingly applicable. Furthermore, there are differences 

between protein-protein interfaces and the non-interacting surface of a protein that allow the 

sequence- and structure-based prediction of residues in the interface and an enrichment of hot 

spots, which often stand out in such analyses (122-127). 

For establishing the suitability of a protein-protein interface as a target for drug discovery, 

first, one needs to define what is meant by “druggability” in this context. In the 

straightforward definition of Egner and Hillig, druggability can be considered as the 

likelihood of finding a selective, low molecular weight molecule that binds with high affinity 

to the target (128). But what are the characteristics of a PPI that allow targeting the interface? 

Due to the inherent complexity of the issue, it seems impossible to answer this question 

unambiguously. Aside from the particular characteristics of protein-protein interfaces, as 

presented earlier, it is important to consider that druggability is not an absolute property of a 

target molecule such as chemical class, molecular weight, or logP, but always refers to a 

specific application. Accordingly, authors have provided different concepts for assessing 

druggability both qualitatively and quantitatively (42,51,128-133). Utilizing computational 

techniques to assess a target’s druggability is appealing. An important reason for this is that it 

should permit to cut down research costs relating to experimental investigations that 

otherwise must be carried out in a more extensive fashion. However, despite large research 

efforts, initial progress is only emerging in this field (134,135). 

Even though a unified approach for unambiguously establishing the druggability of a certain 

PPI is not available yet, there are some general considerations valid for all PPIs, which can be 

used for a preliminary assessment. An interesting approach to select protein-protein interfaces 

suitable for drug discovery is the decision tree proposed by Chene (42). The author showed 

that considerations on the physicochemical properties of an interface allow assessing whether 
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a PPI could be a suitable target for the design of modulators. A first point concerns the natural 

binding state of the protein of interest, i.e., whether it falls within the obligate or non-obligate 

class of protein-protein complexes. In the former class, the monomers involved do not exist in 

the non-associated form in the cell, while in the latter class the protein binding partners can be 

bound or dissociated at different times or conditions. Consequently, targeting a permanent PPI 

should be much harder than a transient one, though not impossible. Other important factors to 

be considered are the availability of structural information, the presence of cavities, the degree 

of interface hydrophobicity, and the size and complementarity of the interface. In an ideal 

case, there is a detailed characterization of the PPI by structural studies that clarifies the 

determinants of binding. Next, there should be cavities on the surface with appropriate sizes 

to accommodate PPIMs and to allow specific targeting. In addition, the overall hydrophobic 

character of the interface should be intermediate, permitting to develop molecules with an 

adequate trade-off between optimal binding and favorable pharmacokinetic properties. 

Another important factor influencing the druggability of PPIs is the presence of helices at the 

interface (29). With α-helices being the most frequently occurring type of secondary structure 

both in the protein core and in exposed regions (136,137), helices located on accessible 

surfaces are often responsible for molecular recognition. Along these lines, a survey on the 

Protein Data Bank (PDB) (138) by Arora et al. revealed that 62 % of the protein-protein 

complexes present in the database have helical interfaces (129,132). Furthermore, the authors 

divided these interfaces into three categories according to the helical character: I) receptors 

containing a cleft for helix binding, where a minimum of two close amino acids contribute 

importantly to the interaction (as in the p53/MDM2 complex (23,42,139)); II) extended 

interfaces where strong binding is achieved through multiple contacts between two- to five-

turn helices and a higher number of residues; III) proteins featuring both of the described 

characteristics and showing quite weak interactions (132,136). From a drug discovery point of 

view, it appears obvious that complexes belonging to the first category offer better chances 

for developing PPIMs than complexes falling in the second and third categories. In addition, 

knowledge about how amino acids are arranged within interfacial helices can guide the design 

of α-helix mimetics with different chemical scaffolds (136). This may be a first step in the 

development of PPIMs. 

Any analysis of a protein-protein interface should take these aspects into account in order to 

assess the druggability of the system. In addition, (computer-aided) binding pocket (here not 

described, see original Publication I: Ref. (31)) and hot spot detection have a great impact for 

characterizing the PPI and assessing the druggability of a protein-protein interface. 
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2.1.3 Methods for hot spot detection 

Spatially clustered hot spots are crucial for the binding of small drug-like PPIMs in a large 

protein-protein interface (23,78). Thus, methods for the detection of hot spots (125) do not 

only provide a more detailed understanding of the energetic determinants of binding, but also 

yield information that complements the one derived from binding pocket detection. Initially, 

experimental methods for hot spot determination will be briefly introduced, followed by a 

more detailed discussion of two computational methods that are particularly relevant for the 

work presented in this thesis. 

Experimental hot spot detection. Mutagenesis of interface amino acids is the most 

significant method to detect and validate hot spots. Mutating selected or, seldom, all such 

amino acids to alanine is called alanine scanning, and yields a fingerprint of the amino acids 

important for a PPI (81,140). A mutation to alanine is usually chosen because it has a small 

neutral side chain devoid of polar interactions and does not significantly influence the protein 

backbone as, e.g., glycine would do. Still, even a mutation to alanine can potentially introduce 

larger structural changes in the complex or influence the unbound state of a protein such that 

changes in relative binding free energies observed between wild type and mutant complex do 

not necessarily originate from interactions lost in the interface (140). In addition, even if 

alanine partially carries over interactions of the original amino acid, e.g., in terms of backbone 

interactions or because the original amino acid is similar to alanine, the change of affinity 

upon mutation will be less than the total contribution of the original amino acid. Furthermore, 

alanine scanning is very laborious because it requires protein purification and analysis. This 

bottleneck can be alleviated by combinatorial alanine scanning using phage display (141,142) 

or combinatorial solid-supported peptide libraries (143). Alternatively, methods of fragment-

based drug design, including covalent tethering (144-147), co-crystallization (148), SAR by 

NMR (149,150), and SOS-NMR (151), can identify binding fragments of rather low affinity 

and, thereby, probe druggability (120,152). Also, solvent mapping by MSCS (153) and 

chemical shift perturbation (CSP) NMR experiments (154,155) are methods that suggest 

where organic molecules will preferably bind and so have been exploited in data-driven 

docking (134,156). All these methods can help identify a smaller, druggable, and hot spot-

containing sub-region of the interface, even if there is no open binding pocket detectable in 

the unbound state of the receptor (157). Information about experimentally determined hot 

spots are available in several databases (85,158-162), although the coverage is low when 

compared to the number of PPIs considered to be interesting drug targets. 
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Computational hot spot detection. Since experimental methods for detecting hot spots are 

laborious, there is a high demand for computational prediction methods. Methods for 

performing in silico hot spot detection can be categorized into in silico alanine scanning,  

non-perturbing fully atomistic approaches, machine learning approaches, and approaches 

using nothing but unbound protein structures. A detailed description of all of these methods is 

beyond the scope of this thesis, and it was reviewed elsewhere by others and us (31,125,163). 

Here, I only focus on two methods that were critical to the characterization of the hHsp90 

CTD dimerization described in the following (Chapter 4, Publication II) (32). 

In silico alanine scanning. Among the computational alternatives for hot spot detection that 

require experimentally determined or modeled structures of protein-protein complexes as 

input, in silico alanine scanning (78,140,164) is the most straightforward analogue of the 

above described experimental method. Here, a relative binding (free) energy (ΔGbind) is 

calculated for a wild-type complex and one with alanine mutants in the interface. Afterwards, 

the change in relative binding free energy (ΔΔGbind) upon mutation of each amino acid to 

alanine is calculated, providing a quantification of the impact of each residue on the overall 

protein-protein binding. Usually, intermolecular energy and (de)solvation free energy terms 

are included in the calculations; sometimes, intramolecular energies and entropic 

contributions are also taken into account. Generally, in silico alanine scanning uses simple 

physical models or empirical (scoring) functions for assessing the energy change (78). 

Therefore, in silico alanine scanning is usually fast and computationally modest, allowing a 

rapid detection of binding determinants. As a downside, this method relies on approximations 

that often reduce its accuracy. Notably, many methods for hot spot prediction are applied to 

single experimental or modeled structures of a protein-protein complex. However, caution is 

needed because the hot spot detection outcome from a single complex structure may be less 

representative, especially if the proteins are flexible in vivo. Therefore, it is preferable to 

perform calculations on conformational ensembles of the proteins, e.g., obtained from MD or 

coarse-grained simulations. Krüger and Gohlke recently developed a webservice 

(http://cpclab.uni-duesseldorf.de/dsppi) for hot spot prediction in PPIs by in silico alanine 

scanning that uses the scoring function DrugScorePPI. This method is founded on knowledge-

based potentials derived according to the DrugScore formalism (165), adapted for use with 

PPIs by including information from experimental alanine scanning results. DrugScorePPI 

consists of distance-dependent pair potentials derived from atom type-specific pair 

distribution functions from 851 experimental protein-protein complex structures. The weights 

of the pair potentials have been adapted by partial least squares regression on relative binding 
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affinities for the so far largest set of 309 alanine scanning results (166). The degree of 

buriedness of each interfacial amino acid is also included in the scoring function. The ΔΔGbind 

is calculated according to Eq. 1 (see reference (166) for the equation of the DrugScorePPI 

scoring function). DrugScorePPI efficiently predicted affinity changes for an external set of 22 

alanine mutants of the Ras/RalGDS complex showing higher correlation to experiment 

(R = 0.66) than FoldX (R = 0.52) (167), Robetta (R = 0.43) (168-170), and CC-PBSA 

(R = 0.23) (171). 

∆∆Gbind =�DrugScorePPI R�=�Ala �-�DrugScorePPI R�=�wildtype aa  (Eq.1) 

MM-GB(PB)/SA calculations. As a complementary alternative to in silico alanine scanning, 

there are methods that calculate the contribution of individual amino acids to the binding free 

energy without mutating them, collectively referred to as non-perturbing fully atomistic 

approaches. Among them, the molecular mechanics-generalized Born surface area  

(MM-GB/SA) and the molecular mechanics-Poisson Boltzmann surface area (MM-PB/SA) 

methods predict the total binding free energy (ΔGbind) by means of endpoint free energy 

calculations (172,173). These methods are advantageous as they provide accurate results at a 

relatively reduced computational cost, and have been widely applied to different systems for a 

variety of purposes, such as to evaluate docking poses, predict binding affinities, and identify 

hot spots. The MM-PBSA approach has been recently reviewed in detail, also with respect to 

its applications in PPI systems (174). The ΔGbind is calculated as the difference of the free 

energy of the bound (Gcomplex) and unbound proteins (Greceptor, Gligand) (Eq. 2), averaging the 

free energy of binding over an ensemble of statistically independent conformations extracted 

from MD simulations (indicated by the angle brackets in Eq. 2). This way, the conformational 

flexibility of the system is properly taken into account. 

∆Gbind = Gcomplex �- Greceptor �- Gligand    (Eq. 2) 

The absolute free energy (Gtot) of complex, receptor, and ligand is calculated as the sum of 

gas-phase energy (EMM), solvation free energy (GGB and GSA), and configurational entropy 

contribution (-TS) (Eq. 3). The gas-phase energy term includes bond, angle, dihedral, 

electrostatic, and van der Waals contributions from a molecular mechanics (MM) force field. 

The solvation free energy is computed as the sum of polar (based on the generalized Born 

(GB) or Poisson-Boltzmann (PB) continuum models) and non-polar (surface area-dependent, 

GSA) contributions. Finally, a configurational entropy term can be included, calculated from 

normal mode or quasi harmonic analysis. However, the entropic term is often neglected, since 
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the resulting effective energy generally provides satisfactory predictions with the advantage 

of avoiding costly entropy calculations. 

Gtot�=  EMM + GGB + GSA - TS     (Eq. 3) 

If an effective energy is calculated, Gtot can be decomposed into contributions of individual 

residues, which allows identifying hot spots. Both MM-GB/SA and MM-PB/SA allow a per-

residue decomposition of the binding free energy. It is also possible to further decompose the 

binding free energy into pairwise contributions, which highlights important interactions 

between pairs of amino acids. The method is usually used for post-processing ensembles from 

MD simulation trajectories. If the unbound proteins and the protein-protein complex are 

sampled individually, this leads to the conceptually rigorous three-trajectory approach 

(Eq. 2), which takes into account energetic differences caused by conformational changes 

upon complex formation, but is also computationally demanding. A widely used alternative is 

the single-trajectory approach (Eq. 4), in which the unbound structures are extracted from the 

trajectory of the complex without further relaxation. 

∆Gbind = Gcomplex�- Greceptor�- Gligand    (Eq. 4) 

The latter approach, besides being faster, was shown to reproduce accurately experimental 

alanine scanning data. Indeed, the single-trajectory approach often proved to be superior to 

the three-trajectory alternative due to the cancellation of errors (63,80). However, it has to be 

mentioned that the MM-PB(GB)/SA energy function has also been applied for in silico 

alanine scanning on structural ensembles from MD simulation (164,175). In this context, 

Moreira et al. found improved predictions when using different dielectric constants to account 

for the varying extent of relaxation upon mutating charged, polar, and non-polar residues to 

alanine (176). 

2.1.4 Modulating PPIs for targeting cancer: success stories 

During the last two decades, many studies have investigated PPIs and identified PPIMs using 

both experimental and computational approaches. The available experimental data has been 

integrated into PPI-specific databases (38,177,178). Antibodies are currently the most 

successful class of drugs (179) inhibiting PPIs (180,181). As conveniently accessible high 

affinity PPIs, they can help reveal druggable epitopes, understand binding mechanisms (182), 

and may even inspire PPIM design (183) by complementing insights from non-antibody PPIs. 

As a drawback, antibodies are in some cases not cell permeable and lack oral 

bioavailability (184). Small-molecule PPIMs are an attractive alternative, as they should 

enable fast and efficient synthetic protocols, and provide better pharmacokinetic (ADME) 
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properties. The identification of small molecule PPIMs acting on several therapeutical 

targets has been the subject of intense research since the last two decades, and has been 

extensively reviewed (23,24,117,134,185-189). In Figure 4, a survey of the so far identified 

PPIMs is reported, with their potency and a druglikeness measure (Drug-Score) calculated by 

the OSIRIS druglikeness server (http://www.organic-chemistry.org/prog/peo/). The score 

highlights that not all of the so far discovered PPIMs are drug-like; this also includes those 

being marketed or tested in clinical trials for their potential pharmacological relevance. On the 

contrary, often the physico-chemical properties of PPIMs are significantly different from 

those of currently marketed drugs. This points out the need of revising our current 

understanding of what is meant by drug-like in the context of PPIs, extending the chemical 

space of conventional drugs to include the distinctive physico-chemical features of PPIMs 

(see Paragraph 2.1.5). Nevertheless, notable exceptions are present: although not frequently, 

some PPIMs are molecules presenting characteristics similar to conventional drugs, or are 

even marketed drugs for which an additional pharmacological activity on a PPI system has 

been demonstrated (Figure 4).  

The modulation of PPIs has emerged as a particularly promising therapeutical approach for 

the treatment of cancer (Table 1). This is evidenced by: I) A thorough biological and 

structural characterization of a number of PPIs whose activity is linked to tumor development; 

II) the discovery of several small-molecule, potent PPIMs modulating cancer-related PPIs, 

some of which are currently being tested in clinical trials. In the following, three case studies 

that highlight the great potential of targeting PPIs for treating several types of cancer are 

presented. First, I describe PPIMs design for p53/HDM2, one of the most thoroughly 

investigated PPI systems. Then, I describe a retro- and a prospective study concerning 

interleukin-2 (IL-2) and nervy homology region 2 (NHR2) proteins. 

HDM2 

In many tumors, p53 acts as a tumor-suppressor protein (190-192). However, binding of the 

human double minute 2 (HDM2) protein (or the mouse analog MDM2), which is 

overexpressed in many tumors, blocks transactivation by p53 and increases p53’s 

degradation. Thus, the p53/HDM2 interaction is an important pharmaceutical target for cancer 

treatment. Crystallographic structures revealed that the key interaction in the p53/MDM2 

complex arises from the binding of a 15-residue α-helix of p53 into a hydrophobic cleft of 

MDM2 (Figure 5 A) (139). Furthermore, alanine scanning revealed three hot spots on the 

helix, F19, W23, L26 (Figure 5 A, Table 1) (193). Notably, this binding site suits most of the 

criteria in the decision tree proposed by Chene (42). 
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Figure 4. A survey of protein-protein interaction modulators. Labels contain the PPIM name followed by a 
reference detailing the potency. The references are reported in the Appendix (Page 196). Below, (PPI target/PPI 
competitor) and (potency; Drug-Score) are given in the first and second parentheses, respectively. Labels of 
marketed drugs or compounds that have been the subject of clinical trials are highlighted in bold.  
The Drug-Score was calculated by OSIRIS Property Explorer Drug-Score (http://www.organic-
chemistry.org/prog/peo/druglikeness.html). Figure from Publication I, Reference (31). 

Initially, PPIMs binding to HDM2, e.g., nutlins (Figure 5 B) (117,194), benzodiazepinediones 

(195), and others (Figure 4) (185,196-198), were identified via HTS. Structure-based design 

and molecular modeling were then used for ligand screening and optimization (199-203) 

leading to in vitro activities down to IC50 = 3 nM (201). Several computational techniques 

have helped designing and screening for ligands of HDM2 or MDM2. (I) MD simulations and 

computational alanine scanning could accurately predict the hot spots of the p53/MDM2 

interaction already by efficiently post-processing wild-type trajectories (164). In the same 

study, also the change in binding affinity due to other covalent modifications, e.g., 
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methylation of the hot spot tryptophan of p53, could be confirmed in good agreement with 

experimental data. Finally, the opening or widening of the binding pocket into a PPIM 

binding-competent conformation could be sampled by MD and detected computationally 

(62,70). (II) The molecular diversity of compound libraries (e.g., benzodiazepinediones) was 

maximized to optimize molecules for HTS and synthesis strategies (203,204). (III) Molecular 

docking (205,206), also in combination with de novo design (198,201,205), was applied to 

predict binding modes and optimize the design of PPIMs. (IV) Virtual Screening (202,207), 

QSAR (202), and receptor-based pharmacophore models using ensembles of receptor 

structures (208) were also applied. In general, these studies suggest that if there is no binding-

competent pocket in the apo or protein-bound structure of a PPI target, such structures can 

potentially be found if multiple receptor conformations from NMR ensembles or 

crystallography are available (74). Alternatively, a conformational ensemble can be generated 

by molecular simulations, e.g., MD simulations, preferentially in solvent less polar than water 

(70), or constrained geometric simulation (63,70). Furthermore, post-processing schemes 

including complex relaxation and rescoring have been demonstrated to improve the ranking 

and identification of native like binding poses (74). In summary, many computational 

methods used in conventional computer-assisted drug design could be applied successfully to 

HDM2, also as a consequence of the deep binding cleft that is already preformed in the 

unbound HDM2 structure. 

 

Figure 5 Crystal structures of p53- and Nutlin2-HDM2 complexes. (A) Native interaction of HDM2 (surface 
representation) with p53 (cartoon). The hot spot residues F19, W23, and L26 are shown as lines (PDB code 
1YCR) (139). (B) PPIM Nulin-2 interacts with HDM2 by binding in the same pocket as p53, mimicking the 
molecular interactions of the native ligand (PDB code 1RV1) (194). 
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INTERLEUKIN-2 

IL-2 is a key cytokine involved in the regulation of the immune system with relevance for 

immunological diseases, transplant medicine, and cancer (209). Binding of the α-helical IL-2 

to the trimeric IL-2 receptor is initiated by the association of IL-2 to the extracellular domain 

of the receptor’s α subunit (IL-2Rα). The IL-2/IL-2Rα complex has been the subject of 

extensive studies that provided crystallographic structures and thermodynamic 

characterization of the protein-protein complex and five IL-2/PPIM complexes (Figure 4), 

rendering this system a perfect test case for structure-based computational methods on PPIM 

design. For the binding of a PPIM, a pocket in the flat but flexible interface of unbound (or 

receptor-bound) IL-2 has to open (Figure 2 B). The absence of such a pocket is a major 

obstacle for structure-based design if based solely on the unbound or receptor-bound structure 

of IL-2 (Figure 2 A). Additionally, it is difficult to decide which part of the large IL-2/IL-2Rα 

interface (~2500 Å2) to address with a small molecule. Thus, it is not surprising that the first 

known PPIMs binding to IL-2 were not found by structure-based design but rather by HTS. 

Later, IL-2 PPIMs were designed using structural knowledge obtained by tethering 

experiments and/or fragment-based ligand design (144). This resulted in PPIMs with affinities 

down to the nanomolar range (210). Metz et al. were able to show that conformational 

sampling of the unbound IL-2 structure by a constrained geometric simulation method 

resulted in the opening of transient pockets, whereas MD simulations in explicit water failed 

in doing so, probably due to the hydrophobicity of these pockets (63). Using no knowledge 

about known IL-2 PPIMs, the same authors were then able to identify these pockets from the 

ensemble structures based on geometric criteria as provided by PocketAnalyzerPCA (211). 

Notably, molecular docking into these pockets closely reproduced the bound state of the 

known IL-2 PPIMs, as could these PPIMs be successfully ranked by MM-PB(GB)/SA 

calculations and enriched in a large set of decoys. A narrow cluster of hot spots, forming a hot 

region, was predicted (63) by MM-PB(GB)/SA effective binding free energy decomposition 

(173) starting from the IL-2/IL-2Rα complex (Table 1). Performing such decomposition for 

IL-2/PPIM complexes showed that essentially the same hot spots are also used for PPIM 

binding, pointing to a mimicry of the PPI by the small molecules. Being able to accurately 

predict transient pockets from an unbound structure, hot spot positions, and binding energetics 

from complex structures strongly suggests that the strategy and methods used here (Figure 6) 

will also be applicable in a prospective manner where nothing else than a protein-protein 

complex structure is known. Hence, this approach can provide a first step in any structure-

based endeavor to identify PPIMs. 
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Figure 6 Strategy for PPIMs identification. (A) First, starting from a crystal structure (or homology model) of 
the target PPI, a conformational ensemble is generated by means of MD or geometric simulations. (B) Second, 
hot spots and pockets detection is performed. Surface coloring of hot spots (red) are shown on a linear color 
scale, as calculated by per-residue free energy decomposition; pocket volume depicted as blue surface. (C) 
Third, the hot spots information is transferred to a pharmacophore model used for virtual screening (VS) and 
subsequent docking of the identified hits. (D) Finally, the identified small molecules are ranked with respect to 
their predicted ability of mimicking the molecular interactions of the hot spots in the native PPI. Figure adapted 
from Publication I, Reference (31). 

NHR2 

NHR2 (nervy homology region 2) is the α-helical oligomerization domain of the RUNX1-

ETO fusion protein present in approximately 12 % of all acute myeloid leukemia (AML) 

(212). The formation of NHR2 homotetramers from dimers has been shown to be essential for 

the leukemogenic activity of RUNX1-ETO (213). In a prospective study, spatially clustered 

hot spots in the tetramer interface were predicted by MM-GB/SA free energy decomposition 

(Figure 7 A, Table 1), and were subsequently validated by in vitro and in vivo experiments 

(213). These results reveal that alanine mutants of the hot spots prevent tetramerization of 

NHR2 and abolish AML formation in a mouse transplant model, thereby validating NHR2 as 

a promising cancer therapy target. A shallow, elongated cavity was detected next to the hot 

spots (Figure 7 B), suggesting that it could be a potentially druggable site in this PPI. The 

anti-parallel orientation of helices C1 and C2 in the NHR2 dimer places D533, E536, and 

W540 (Figure 7 C) in close proximity to residues W498 and W502 (Figure 7 D), which 

results in a spatially compact arrangement of the hot spot residues. Furthermore, these 

residues are not located in the center of the interface, which is rather flat, but at its edges. 

Starting from these findings, Metz et al. developed a 18mer peptide derived from the wild-

type NHR2 sequence as an initial tetramerization inhibitor. Interestingly, this peptide showed 

in vitro inhibitory activity on NHR2 tetramerization, with an IC50 ~390 μM measured in an 

ELISA assay (214). Based on this proof-of-principle, a virtual screening for small molecules 

was performed on the ZINC database (215), exploiting the knowledge about the predicted and 

validated hot spots. Convincingly, some of the top-ranking small molecules from this 

screening exhibited in vitro PPIM activity in NHR2 tetramerization assays. Additionally, a 
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fingerprint similarity search for structural analogs of the most promising compound deriving 

from the virtual screening allowed to identify the first small molecule inhibitor of NHR2 

tetramerization, active in cells at micromolar concentration (EC50 < 10 μM) (214). 

In summary, it was possible to (I) identify hot spots of the tetramerization of NHR2 that could 

be confirmed experimentally. These hot spots were (II) transferred to a peptide that is 

currently further optimized. After identifying a potent peptidic PPI modulator (III) virtual 

screening for molecules exhibiting an arrangement of pharmacophoric groups as found in the 

peptide was carried out. These results demonstrate that the mutual integration of experimental 

and computational techniques is a promising approach to cope with the challenges of protein-

protein interfaces in PPIM identification and design. 

 

Figure 7 NHR2: structure and determinants of binding. (A) Hot spots (W498, W502, D533, E536, and 
W540) in the dimer/dimer interface of NHR2 (PDB code: 1WQ6) calculated by per-residue MM-PBSA free 
energy decomposition. The dotted line represents the border between the two antiparallel-helices C1 and C2. (B) 
Potentially druggable pocket in the dimer/dimer interface of NHR2. The blue dots mark the location of the 
largest indentation in the binding epitope. Intermolecular contacts involving (C) hot spots D533, E536, and 
W540 on helix C2 as well as (D) hot spots W498 and W502 on helix C1. Figure adapted from Publication I, 
Reference (31). 
 

2.1.5 Perspectives of modulating PPIs 

Targeting protein-protein interfaces is currently a topic of outstanding interest in drug 

discovery. Since these targets offer great opportunities to interfere with PPI networks, and 

consequently for the development of new therapeutics, considerable effort has been 

undertaken for the discovery of PPIMs. As a result, the detailed characterization of many PPIs 
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brought us remarkably closer towards an understanding of PPIs and their druggability (27). 

While many PPIMs have been discovered by HTS, the structural insight into PPIs from 

experimentally determined protein-protein complexes, and the experimental and 

computational methods for the identification of clustered hot spots and binding pockets has 

accelerated the rational design of PPIMs. Indeed, there are already a few examples of 

marketed small-molecule drugs acting on PPIs (24,110-113,181,216). However, PPIs are 

different from classical targets in that binding pockets are often less pronounced, and hot 

spots are not in all cases arranged in a manner that they can easily be addressed by a small 

molecule. As pointed out by Morelli et al. along with the observation that there is not yet a 

unified approach for PPIM discovery, it appears that any such attempt has to be tailored for a 

specific PPI (217). Nevertheless, the wealth of reported PPIMs shows that many PPIs are at 

least ligandable (27) (Figure 4). With respect to the druggability of PPIs, it has to be 

mentioned that many of the so far developed PPIMs address PPIs that are predisposed by 

having preformed pockets and clustered hot spots and, accordingly, are more druggable than 

other PPIs (Table 1). Additionally, it has to be mentioned that many of the reported PPIMs are 

not drug-like in the sense of Lipinski’s rules, leaving considerable space for improvement and 

optimization to achieve the desired specificity and ADME properties. With the increasing 

number of known PPIMs, it is becoming clear that their chemical space is not identical to that 

of the majority of marketed drugs (218,219). In fact, many of the PPIMs with 

pharmacological and clinical relevance do not exhibit the characteristics classically 

considered to be preferable for a drug-like molecule. Rather, PPIMs are generally larger and 

more hydrophobic molecules (28,220-222), often violating Lipinski’s rule of five (223), 

although notable exceptions have been reported (Figure 4). Sperandio et al. performed a 

statistical analysis on 66 PPIMs and 557 regular drugs, in order to identify molecular 

descriptors able to discriminate between the two classes of ligands. These authors reported an 

average MW of 421 Da for PPIMs versus 341 Da for regular drugs, and an average AlogP of 

3.58 versus 2.61, respectively. Furthermore, they evidenced that the number of rings and 

aromatic moieties are higher in PPIMs than in conventional drugs (188). The same authors 

performed a similar analysis on a larger database (115 PPIMs and 1730 enzyme inhibitors) 

and confirmed this trend (218). Consequently, it is evident that most currently available 

screening compounds libraries are predominantly comprised of molecules with characteristics 

appropriate for classical targets, and therefore are not ideal for the identification of PPIMs. 

Accordingly, the development of methods for tailoring libraries that are specifically suitable 

for PPIM identification is highly needed (224). 
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Table 1. Examples of druggable PPIs involved in cancer. 

[a] Affinity of the PPI complex, in nM (177). 
[b] Hot spots residues revealed from experimental alanine scanning/computational methods. 
[c] Volume of the binding pocket, in Å3 (177,214). 
[d] References of the most important known inhibitors for the respective PPI, as reported in Figure 4 and in the 
Appendix, page 196. For NHR2, this refers to the case study reported in Chapter 2.1.4 (214,225). 
[e] Crystal structure of the PPI complex available in the PDB. 

* Estimated KD in nM, as described in Reference (225). 

Note, however, that the trend in recently approved NME shows that the traditional criteria for 

drug-like properties, though desirable, are not a strict criterion for exclusion (219). In 

addition, there are several examples for the optimization of non-drug-like molecules (226) 

and novel drug-delivery approaches (227) with which some of the barriers for non-drug-like 

PPIMs may be overcome. 

Any attempt to identify or optimize PPIMs can greatly benefit from integrating computational 

and experimental methods of pocket and hot spot detection, screening, and rational design 

(228). However, even though the success of several such attempts has been reported, it is hard 

to decide which computational methods will work best for a specific PPI because many of 

these methods have only been applied to one or a few targets. Furthermore, the performance 

of general strategies for the prediction of pockets and hot spots is hardly comparable, for two 

reasons. First, the datasets used to validate many methods vary considerably, often as a 

consequence of the prerequisites each individual method has. Second, the definition of 

pockets and hot spots often varies, thus complicating a statistical comparison of the prediction 

performance. To overcome this situation there is a high demand for common benchmarking 
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datasets and a comparative database with experimental data, as well as predictions from 

various methods for enabling a comparison amongst subsets of known targets and to 

extrapolate to new ones. Furthermore, adapting the content of (virtual) screening libraries in 

order to cover the chemical space of PPIMs (217,224), e.g., by including large but pre-

organized scaffolds containing hydrophobic/aromatic groups as often found in PPIMs and 

privileged scaffolds such as peptidomimetics, will facilitate the identification of new PPIMs. 

In fact, the amount of available data on PPIs is still very low in comparison to classical 

targets. However, with the expected progress in experimentally determined PPI structures, 

targets, and affinity data thereof and of PPIMs it will eventually be possible to compare PPI 

targets, transfer successful strategies, and exploit the potential of modulating PPIs to its full 

extent. 
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2.2 HSP90 AS A NOVEL TARGET FOR CANCER THERAPY  
In the intricate cellular environment, abnormal protein folding and aggregation may occur 

because of constitutive macromolecular crowding or upon stress events, resulting in protein 

malfunction and eventually pathological conditions (229). For this reason, molecular 

chaperones and other proteins are committed to help newly synthetized polypeptides to adopt 

their functional conformation, assemble macromolecular complexes, and prevent misfolding 

and aggregation. Among them, the heat shock proteins (HSPs) are a large family of 

evolutionary conserved chaperones present in most organisms from bacteria to mammals that 

are particularly activated upon exposure to elevated temperatures. 

2.2.1 Biology and pathophysiology of Hsp90 

The heat shock protein of 90 kDa (Hsp90) is a prominent member of the HSPs family, being a 

highly conserved and ubiquitously expressed molecular chaperone. In humans and eukaryotic 

organisms, the protein is essential for cell’s viability, and it constitutes 1-2 % of the total 

cellular protein content (229). Hsp90 plays an essential role in maintaining protein 

homeostasis in the cell, being involved in (re)folding, stabilization, maturation, intracellular 

transport of its substrates (or clients) (230-232), not to mention post-translational signal 

transduction, epigenetic regulation, chromatin remodeling, and proteasomal degradation 

(230). In physiological conditions, Hsp90 is characterized by a high basal expression, which 

ensures the correct de novo protein folding and prevents misfolding and aggregation 

(233,234). Conversely, its expression and activity are increased in response to environmental 

stress events (e.g. heat, hypoxia, acidosis, exposure to heavy metals, etc.), exerting a 

protective effect for the exposed cells (235). However, the importance of the chaperone goes 

beyond the response to environmental stress, influencing a number of pathways and processes 

(Figure 8) (229,236), and an estimated 10-30 % of the proteome (237,238). Hsp90 is in fact a 

protagonist of a very complex protein network, as evidenced by an interactome consisting of 

hundreds of putative clients including kinases, transcription factors, and a large range of 

structurally unrelated proteins (236,239,240). Typical Hsp90’s substrates are signal transducer 

proteins that are central to growth control, cell survival, and developmental processes (241). 

In contrast to enzymes such as kinases, which covalently modify their substrates upon 

interaction, Hsp90 (and chaperones in general) interacts with its clients forming transient 

complexes in a cyclical manner. These recognition and binding processes are driven by ATP 

binding and hydrolysis, and involve considerable conformational rearrangements (235) (see 
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Paragraph 2.2.3). In its active form, Hsp90 builds up large macromolecular complexes by 

association with clients and a wide variety of auxiliary proteins (co-chaperones) (Figure 8). 

Four Hsp90 family members have been reported in humans, which differ in the cellular 

localization: two cytosolic isoforms (α and β), and the homologues glucose-regulated protein 

94 (GRP94) and tumor necrosis factor receptor-associated protein-1 (TRAP-1), found in the 

endoplasmic reticulum and mitochondrion, respectively (242). The β isoform is constitutively 

expressed, whereas the α isoform is inducible, “cytoprotective”, and overexpressed in stress 

conditions. However, a well-defined functional distinction between the two cytosolic isoforms 

has not been elucidated yet (243,244). 

 
Figure 8. Hsp90’s network of client proteins, co-chaperones and corresponding cellular processes 
controlled. Hsp90 interacts with the essential co-chaperone p23, HOP and the Hsp70-Hsp40 chaperone systems 
(orange). The interaction with client proteins (blue) elicits a cellular response, and it is often mediated by adaptor 
co-chaperones (green). Interactions mediated by an unknown adaptor are indicated by an x. Abbreviations used: 
AHR, aryl hydrocarbon receptor; AR, androgen receptor; CDK4, cyclin-dependent kinase 4; EGFR, epidermal 
growth factor receptor; eNOS, endothelial nitric oxide synthase; ERα, estrogen receptor-α; FKBP, FK506-
binding protein; GR, glucocorticoid receptor; HAP1, haeme activator protein 1; HCK, haemotopoietic cell 
kinase; HCV, hepatitis C virus; HIF, hypoxia-inducible factor; HSF1, heat shock factor 1; LRR, Leu-rich repeat; 
MR, mineralocorticoid receptor; N, nucleoprotein; NALP, NACHT, LRR and PYD domains-containing protein; 
NLR, nucleotide-binding LRR; NOD1, nucleotide-binding oligomerization domain-containing protein 1; 
PPARα, peroxisome proliferator-activated receptor-α; PR, progesterone receptor; PRF, Pseudomonas resistance 
and fenthion sensitivity; PXR, pregnane X receptor; RPS2, resistance to Pseudomonas syringae 2; STAT3, 
signal transducer and activator of transcription 3; TERT, telomerase reverse transcriptase; TOM70, translocase 
of outer membrane 70 kDa. Figure adapted from Reference (229). 

Along its multiple physiological functions, Hsp90 has an essential role in favoring cancer. 

The chaperone is found overexpressed in tumors, where it helps the survival of malignant 
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cells by maintaining their homeostasis and tolerating mutations in crucial signaling molecules 

that would normally lead to apoptosis (235). This way, Hsp90 contributes to promoting 

oncogenesis and metastasis in several types of cancer (e.g. leukemia, melanoma, multiple 

myeloma, breast cancer, non-small-cell lung carcinoma), and it is associated with higher 

invasive potential and poor prognosis (235,245,246). On a molecular basis, this is due to the 

fact that several oncoproteins are among Hsp90’s clients. The chaperone-mediated 

stabilization of substrates such as kinases, steroid hormone receptors, telomerase, AKT, 

hypoxia-inducible factor 1-α (HIF1α), and matrix metalloproteinase-2 (MMP2) favors in 

malignant cells uncontrolled proliferation, immortalization, impaired apoptosis, angiogenesis 

and metastasis (235). Furthermore, Hsp90 can be secreted into the extracellular matrix 

enclosing cancer cells, this way contributing to tumor invasiveness (247). For these reasons, 

cancer cells are highly dependent on Hsp90 for sustaining and propagating the malignant 

characteristics typical of a tumor (246). Consequently, in the last two decades, big efforts 

have been dedicated to the development of modulators of Hsp90 activity as drug candidates 

for the treatment of cancer (see below Paragraph 2.2.4). 

2.2.2 Structure of Hsp90 

Hsp90 is a large and flexible protein that exists principally as a homodimer. Although several 

authors showed that Hsp90 can also form higher oligomeric complexes, both in physiological 

and in stress conditions (248-251), the functional form of the protein is the homodimeric one. 

Each monomer consists of three major functional domains: amino terminal domain (NTD), 

middle domain (M), and carboxy terminal domain (CTD) (233,252,253) (Figure 9 A). The 

NTD encloses an adenine-nucleotide-binding pocket, and it is responsible for the hydrolysis 

of ATP, which is essential in the chaperone’s activity cycle (see below Paragraph 2.2.3, 

Figure 10) (254,255). This domain is very well characterized at the molecular level, with 

several X-ray structures available in the Protein Data Bank (PDB). Most of the Hsp90 

inhibitors reported up to date bind in the NTD ATP pocket (see below Paragraph 2.2.4 and 

Figure 11) (256-258). In eukaryotes, a charged region (CR) serves as flexible linker between 

NTD and M domain. The M domain constitutes the main interaction site for client proteins, 

and modulates ATP hydrolysis by direct interaction with the γ-phosphate of ATP bound to the 

NTD (Figure 9 A) (233,235,255). The CTD is the protein’s principal dimerization site, and it 

is involved in the regulation of the ATPase activity (234,259), likely through a second 

putative nucleotide-binding site (235,260,261). The CTD is also the site of action of few 

Hsp90 inhibitors (260,262,263), which bind in a region peripheral to the dimerization 

interface (Figure 9 A and B, Figure 11 D) (264). The CTD dimerization occurs through the 
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interaction of two pairs of helices (from each monomer) forming a characteristic four-helix 

bundle (Figure 9 B) (233,265). Helices H4 and H5 form most of the dimerization interface, 

which consist principally of hydrophobic contacts (Figure 9 B and C). The corresponding 

amino acids are considerably buried upon dimerization, with a buried surface area of 

~1267 Å2 per monomer in the human Hsp90 (251,265). Finally, the C-terminal end of the 

CTD carries a highly flexible, charged 35-amino acids tail that seems to be involved in the 

recruitment of co-chaperones through a conserved MEEVD motif (235). 

 
Figure 9 Domain organization of Hsp90. (A) Surface representation of the full-length S. cerevisiae Hsp90 
(PDB code 2CG9). The three protein domains are shown in the structure and in the adjacent schematic 
representation: N-terminal domain: orange, middle domain: green, C-terminal domain: blue, charged region 
(CR): black. In the boxes, the main biological functions of each domain are given. In bold, Hsp90 inhibitors 
binding in the respective protein domains are mentioned. (B) Cartoon representation of the hHsp90 CTD crystal 
structure (PDB code 3Q6M), showing how the monomers (blue and grey) interact and form the characteristic 
four-helix bundle. The red circle indicates the putative binding region of Novobiocin (264). (C) Representation 
of the same domain highlighting the shape complementarity between the two monomers, and the groove at the 
interface (surface) that accommodates helices H4 and H5 (cartoon). The surface representation underlines the 
high hydrophobicity of the dimer interface (white: hydrophobic; blue: polar). 

2.2.3 Mechanism of Hsp90‘s function 

Hsp90 is an intrinsically highly flexible protein, whose chaperone function is dependent on 

ATP binding and hydrolysis, and accompanied by complex conformational rearrangements. 

This conformationally coupled ATPase cycle is conserved among Hsp90 homologs, and a 

number of structural and biochemical studies on full-length and isolated Hsp90 domains from 

human and other organisms (e.g. E. coli and S. cerevisiae) contributed to assemble an 

extensive picture of the mechanism regulating Hsp90’s function (233,251,266-268). ATP 
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binds in the NTD, in a highly conserved pocket that is delimited by two α-helices, and 

extends from the surface to the buried face of a twisted antiparallel β-sheet (Figure 11 A) 

(233,252). Early studies led to the observation that ATP binding and consequent Hsp90 

activity are coupled with the transition from an open, hydrophobic state, to a closed one 

(233,269). Accordingly, in the apo state, Hsp90 adopts an open, V-shaped conformation, 

where the protein is dimerized via the CTD, and the NTDs are apart from each other (Figure 

10 A and E) (230,267). Through a complex series of events, binding of a molecule of ATP in 

the NTD of each monomer triggers significant structural rearrangements that eventually lead 

to the association of the NTDs, allowing the hydrolysis of the substrate and, consequently, 

activation of the chaperone (Figure 10 B). 

 
Figure 10 Hsp90’s ATPase/conformational cycle. (A) Hsp90 apo conformation, where the protein is 
associated via the CTD. The lid region (black circles) is open, allowing the binding of ATP. This conformation 
is physiologically in equilibrium with a CTD-open conformation (A’) (270). (B) Upon ATP binding, Hsp90 
adopts a closed conformation, where both NTD and CTD are associated. The lid region is closed over the 
binding pocket. (C) ATP hydrolysis yields a compact conformation, where the NTDs are projected towards the 
M domain. The release of phosphate (D), and subsequently ADP (E), leads the protein back to an open 
conformation, ready for another hydrolytic cycle. Hsp90’s domains are indicated in the scheme as: N-terminal 
domain: orange, middle domain: green, C-terminal domain: blue. 

During this process, at first the binding of ATP initiates the motion of two α-helices in the 

NTD, the so-called lid region (residues 100-125), which close over the nucleotide binding 

site, promoting ATP hydrolysis and association of the two NTDs via strand exchange (Figure 
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10 A and B) (266). Interestingly, ATP binds in the NTD in a kinked conformation that 

allowed the design of very specific inhibitors mimicking this characteristic orientation (Figure 

11 A and B). Afterwards, residues from a flexible loop of the M domain contact the NTD, 

leading to a twisted, closed conformation, and favoring ATP hydrolysis. Small angle X-ray 

scattering (SAXS) and electron microscopy experiments revealed that before ADP release, 

Hsp90 transiently adopts a very compact conformation where the NTDs are projected toward 

the M domains, in the inner part of the complex (Figure 10 C) (267,271-273). This 

conformation is thought to favor the maturation and release of the clients. Finally, the lid 

opens again, the chaperone returns to an open conformation, and ADP and client(s) are 

released (Figure 10 D and E). The rate-limiting step of the whole process is the large 

conformational rearrangements leading to the NTD dimerization (266). Initially when the 

mechanism behind Hsp90’s function was first elucidated, it was assumed that the CTD is 

permanently dimerized, and the motions associated with the transition between open and 

closed conformations can be compared to the opening and closing of a clamp. This early 

hypothesis was supported by a variety of experiments, among which were biochemical and 

electron microscopy evidences (233). The very stable Hsp90 dimerization (KD = 60 nM and 

24 nM for S. cerevisiae and E. coli Hsp90, respectively (265,274)) did not easily allow to 

investigate NTD and CTD dimerization equilibria separately. However, Ratzke et al. recently 

showed with single-molecule fluorescence resonance energy transfer (smFRET) experiments 

that the CTD can open and close with fast kinetics (270) (Figure 10 Aˈ). Interestingly, these 

authors showed that CTD and NTD dimerization are anti-correlated, suggesting the existence 

of long-range communication between these domains, and are strongly influenced by the 

presence of ATP and ADP (270). Signal propagation mechanisms and long-range 

communication pathways between CTD and NTD have been also described at a molecular 

level in a comprehensive computational study by Morra et al. (275). These recent findings 

evidence novel mechanicistics aspects of Hsp90 activity, and the elucidation of the CTD 

opening suggests that inhibiting the CTD dimerization is a feasible strategy to modulate 

Hsp90’s activity. 

2.2.4 Targeting Hsp90 for cancer therapy 

Since its role in favoring malignant transformation and progression was recognized, already 

in the early 1990’s, Hsp90 has been proposed as a promising target for cancer therapy (244). 

Considering the large variety of mechanisms controlled by the chaperone in cancer cells, 

Hsp90 inhibition is expected to provide a simultaneous alteration of multiple oncogenic 

pathways. Although addressing a single target was proven extremely successful in the case of 
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some current chemotherapy agents (276,277), interfering with large parts of molecular 

pathways is emerging as a novel attractive concept for developing drugs (13,278). As such, 

interfering with Hsp90 activity should yield a broader efficacy, and provide an interesting 

alternative to the classic “single-drug, single-target” approach (235,269). Accordingly, the 

initial skepticism toward the notion of targeting a regulatory protein involved in a myriad of 

cellular processes was largely overcome, also due to the development of several NME, some 

of which showed clinical activity as Hsp90 modulators (Figure 11 C and D, Table 2) (244). 

 
Figure 11 Small-molecule Hsp90 inhibitors. (A) Crystal structure of the hHsp90 NTD, showing the binding 
pocket with the native ligand, ATP (PDB code 3T0Z) (279) (B) Blow-up of the NTD ATP binding pocket with 
the inhibitor Geldanamycin bound. The residues of Hsp90 involved in important interactions with the ligand are 
represented as sticks; hydrogen bonds as dashed lines; a water molecule forming a salt bridge as pink sphere 
(PDB code 1YET) (280) (C) Chemical structures of some extensively investigated Hsp90 NTD inhibitors, and 
(D) of a CTD inhibitor. 

The latter was a fundamental milestone that validated Hsp90 as pharmacological target for the 

treatment of different types of tumors (230,235,281-284). Currently, the druggability of this 
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chaperone is no longer questioned, and Hsp90 is in fact one of the most intensively 

investigated cancer drug targets from academia and industry (244,285). On a cellular level, 

inhibition of Hsp90 activity causes an increased degradation of oncogenic clients and 

depletion of their cytosolic levels. Consequently, Hsp90 inhibition antagonizes uncontrolled 

replication, insensitivity to growth suppression signals, avoidance of apoptosis mechanisms, 

increased angiogenesis, invasion, and metastasis, which are typical characteristics of 

malignant cells (246). 

Table 2. Representative members of various classes of Hsp90 inhibitors subjected to clinical trials (286-
288). 

Drug Type of cancer 
Phase of 

clinical studies 
Route 

Geldanamycin analogues    

Tanespimycin (17-AAG) 

HER2-positive breast cancer, myeloma, 

melanoma, ovarian, prostate, renal cell 

cancer 

1-2 IV 

Alvespimycin (17-DMAG) 
HER2-positive breast cancer, AML, 

melanoma, prostate cancer, ovarian cancer 
1 IV, oral 

Retaspimycin HER2-positive breast cancer, GIST, NSCLC  1-3 IV 

Resorcinol derivatives    

Ganetespib (STA-9090) 
Rectal cancer, melanoma, AML, CML, 

NSCLC 
1-3 IV 

NVP-AUY922 (VER52296) HER2-positive breast cancer, NSCLC 1-2 IV 

AT-13387 GIST 1-2 IV, oral 

Purine analogues    

BIIB021 (CNF 2024) CLL, HER2-positive breast cancer 1-2 Oral 

Abbreviations: AML = acute myeloid leukemia; CML = chronic myeloid leukemia. CLL = chronic lymphocytic 
leukemia; GIST = gastrointestinal stromal tumor; IV = intravenous; NSCLC = non-small-cell lung cancer 

Interestingly, it has been observed that in cancer cells the affinity of Hsp90 for its inhibitors is 

~100-fold higher than in normal cells (235,289). This selectivity relies on three principal 

factors: I) Cancer cells are “addicted” to the uncontrolled activity of oncogenic proteins that 

promote malignancy. Consequently, pharmacological antagonism of oncogenic processes has 

a higher influence on tumor cells. II) In cancer cells, many oncoproteins are mutated, and 

consequently more labile and more dependent on Hsp90 for their stability and activity. III) 

Cancer cells depend on Hsp90 (and other chaperones) to establish and maintain the non-

physiological microenvironment typical of tumors (hypoxia, acidosis and nutrient 
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deprivation) (269). The high selectivity of Hsp90 inhibitors should be advantageous 

particularly with respect to the toxicity profile of the potential drugs developed. Several 

Hsp90 inhibitors drug candidates are currently in clinical trials for the treatment of leukemia, 

melanoma, multiple myeloma, breast cancer, non-small-cell lung carcinoma, and other types 

of tumor (Table 2) (236,242,256,286-288). In particular, as of February 2015, Hsp90 

inhibitors were reported to be in different stages of a total of 104 clinical studies worldwide 

(https://clinicaltrials.gov) (244). Most of the reported inhibitors act by targeting Hsp90’s NTD 

ATP binding pocket, and this approach led to the development of several interesting drug 

candidates (Table 2) (244,256-258). Only few Hsp90 inhibitors have been reported acting at 

the CTD (e.g., Novobiocin and related coumarin antibiotics) (Figure 11 D) (260,263). While 

the investigation on the latter class of compounds is still at a preclinical phase, Hsp90 CTD 

inhibition is considered an attractive alternative approach to interfere with the chaperone for 

cancer therapy. As such, Hsp90 CTD inhibition has been shown to trigger a significantly 

lower activation of the heat shock transcription factor 1 (HSF1), a typical cellular adaptive 

response to NTD inhibitors that limits their activity (244). To the best of my knowledge, none 

of the CTD inhibitors reported until now target the chaperone’s dimerization interface. This 

provided me with the incentive to pursue a novel approach for interfering with Hsp90 activity 

aimed at rationally developing Hsp90 inhibitors targeting the CTD dimerization interface. In 

the following, an overview of the strategy and the outcome of this study is reported. 
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3 SCOPE OF THE THESIS 

During the last decades, a growing number of studies evidenced the enormous importance of 

PPIs in controlling many biological functions, and remarkable steps have been made toward 

the understanding of these novel systems. Today, several success stories demonstrate the 

feasibility of targeting PPIs for pharmacological intervention in a number of pathological 

conditions (Section 2.1, Publication I). The Hsp90 chaperone is a PPI whose function is 

essential in numerous critical cellular physiological functions, but also implicated in the 

development and malignant propagation of cancer. For this reason, Hsp90 is an attractive 

target for cancer therapy, and intensive research efforts from academia and industry led to the 

discovery of several Hsp90 inhibitors, most of which target an ATP binding site located in the 

NTD of the protein. Although a limited number of CTD inhibitors have been identified, to 

date no Hsp90 inhibitors have been reported that act by targeting the Hsp90 CTD 

dimerization interface (Section 2.2). 

In the present work, I first described the structural and functional characteristics of PPIs, and 

strategies that allow to advantageously exploit some of these features for the rational design 

of PPIMs. Additionally, I presented three case studies of PPIs that are involved in the 

development of human tumors, and for which a thorough structural and biological 

characterization, combined with computational investigations, permitted to successfully 

develop PPMIs (Section 2.1, Publication I (31)). Second, I investigated the hHsp90 

molecular chaperone, with the aim of rationally identifying novel modulators that inhibit this 

PPI by targeting the CTD dimerization, following a strategy previously devised by Metz et al. 

(63,225). As a first step to address this objective, I computationally predicted hot spot amino 

acids in the CTD that determine the stability of hHsp90, by performing a per-residue 

decomposition of the effective dimerization energy with the MM-GB/SA approach (173), and 

in silico alanine scanning with the software DrugScorePPI (166). These calculations revealed a 

hydrophobic functional epitope in the CTD interface composed by four hot spots that account 

for most of the dimerization energy. A subset of the hot spot amino acids was mutated to 

alanine, and size exclusion chromatography, differential scanning fluorimetry, and multi-

angle light scattering experiments† revealed a significant loss in stability, and a reduced 

                                                
† The experiments were performed in the laboratories of Prof. Dr. G. Groth and Prof. Dr. L. Schmitt at the 

Heinrich Heine University, Düsseldorf. In particular, mutagenesis, differential scanning fluorimetry, and size 
exclusion chromatography were performed by Janina Vergin in the Institute for Biochemical Plant Physiology. 
Multi-angle light scattering experiments were performed by Sven Reimann and Dr. Sander H. J. Smits in the 
Institute for Biochemistry. 
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stoichiometry of the of mutants versus wild type CTD, which could be clearly linked to a 

transition from a dimeric to a monomeric state (Chapter 4 and 10, Publication II (32)). 

Once hot spot amino acids in the CTD interface have been identified and experimentally 

validated, I used this information as a starting point to design peptides as potential hHsp90 

inhibitors targeting the CTD dimerization. To this aim, I investigated the secondary structure 

propensity of three peptides derived from the hHsp90 CTD interface by performing MD 

simulations, starting from the assumption that the magnitude of the α-helical content of the 

unbound peptides in solution will affect their binding affinity to the dimerization interface of 

the CTD. The MD simulations were found in agreement with CD experiments. The designed 

peptides were subsequently experimentally tested in a newly established dimerization assay, 

and two of them showed in vitro inhibition of hHsp90 dimerization. Furthermore, microscale 

thermophoresis experiments revealed an in vitro affinity of one of the peptides toward the 

hHsp90 CTD in the low micromolar range (KD= 3.35 μM)‡. The results suggest that this 

peptide acts very likely as a competitive dimerization inhibitor by binding at the CTD 

interface. To the best of my knowledge, this results in the first reported hHsp90 inhibitor 

targeting the CTD dimerization (Chapter 5 and 11, Publication III). 

Finally, I investigated trispyrimidonamides as a potential, novel α-helix mimetic scaffold, and 

for their capability of mimicking the previously identified hHsp90 hot spots. MD simulations 

suggested that the conformational preferences of trispyrimidonamides are strongly dependent 

on the solvent, and two alternative conformations prevail in apolar or polar solvents, 

respectively. Importantly, the MD simulations are in excellent agreement with 2D NMR and 

crystallographic experiments§. This study revealed that in polar solvents trispyrimidonamides 

can adopt a conformation that allows to address the spatial and angular arrangement of amino 

acid side chains at positions i, i + 4, i + 8, and, with a lower propensity, i, i + 4, i + 7 of an α-

helix. This suggests that trispyrimidonamides may be able to mimic hHsp90 hot spots, and 

hence inhibit the CTD dimerization (Chapter 6 and 12, Publication IV (33)).  

                                                
‡ The experiments were performed in the laboratories of Prof. Dr. G. Groth and Prof. Dr. J. Jose at the 

Heinrich Heine University, Düsseldorf and Westphalian Wilhelms-University, Münster, respectively. In particular, 
expression and purification of the hHsp90 CTD were carried out by Anissa Ouald-Chaib in the Institute for 
Biochemical Plant Physiology. Autodisplay assay, microscale thermophoresis and CD spectroscopy 
measurements were performed by Bertan Bopp in the Institute for Pharmaceutical and Medicinal Chemistry. 

 
 

§ The experiments were performed in the laboratories of Prof. Dr. T. Kurz and Prof. Dr. W. Frank at the 
Heinrich Heine University, Düsseldorf. In particular, synthesis and NMR studies were performed by Lukas 
Spanier and Dr. F. K. Hansen in the Institute for Pharmaceutical and Medicinal Chemistry. Crystallographic 
studies were performed by Prof. Dr. W. Frank in the Institute for Inorganic Chemistry and Structural Chemistry. 
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Experimental testing of trispyrimidonamides substituted with side chains analogues of 

hHsp90 hot spots, aimed at evaluating their ability of inhibiting hHsp90’s CTD dimerization, 

is currently in progress. 
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4 RESOLVING HOT SPOTS IN THE C-TERMINAL 

DIMERIZATION DOMAIN THAT DETERMINE THE 

STABILITY OF THE MOLECULAR CHAPERONE HSP90 – 

PUBLICATION II  

Ciglia, E.§ (30 %), Vergin, J.§, Reimann, S., Smits, S.H.J., Schmitt, L., Groth, G., Gohlke, H. 

PLOS ONE (2014) 9(4): e96031 

Original publication, see page 59 
§ Both authors contributed equally to this work. 

4.1  Background 
Since the fundamental role of PPIs in the control of a vast array of biological processes and 

diseases has been recognized, targeting protein-protein complexes has emerged as a new 

paradigm in drug discovery. After discouraging early drug discovery attempts, multiple 

success stories demonstrate that PPIs can be suitable drug targets, opening a new avenue for 

the treatment of a broad range of pathological conditions (22-25,42,43,214). A distinct trait of 

PPIs of particular significance from a drug design standpoint is their energetic non-

homogeneity. Accordingly, PPIs often feature large interaction surfaces, but only few hot spot 

residues account for most of the binding affinity (79,81,173). Identifying such amino acids 

offers a very valuable way to develop PPIMs targeting the functional epitope containing the 

hot spots (29,63,214,290,291) (see Paragraphs 2.1.2, 2.1.4). 

Hsp90 is an evolutionary conserved and widespread molecular chaperone essential in 

numerous cellular functions, particularly protein (re)folding, cytosolic transport, prevention of 

aggregation, proteasomal degradation and many others (230,237). Hsp90 is found over-

expressed and activated in many human tumors where, through interaction with oncogenic 

proteins, it favors malignant transformation, tumor progression, and metastasis (see 

Paragraph 2.2.1). Targeting Hsp90 is a validated approach for cancer therapy and has been 

the focus of several drug discovery campaigns in the last decades. Several Hsp90 inhibitors 

have been developed, some of which are currently in advanced phases of clinical trials. Most 

of these inhibitors modulate the chaperone activity competing for ATP at its NTD binding 

site, whereas just a few molecules bind at the protein’s CTD (Figure 12 A). None of the CTD 

inhibitors reported to date target the protein-protein dimerization interface (see Paragraph 

2.2.4). 
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Here, we set out to identify hot spot residues in the CTD that are crucial for the dimerization 

of hHsp90. This will provide insights into the energetics of this PPI, uncovering the functional 

epitope in the CTD that account for most the dimerization energy. Furthermore, it will be a 

crucial starting point for the following structure-based rational identification of novel hHsp90 

inhibitors targeting the CTD dimerization. 

4.2 Computational identification of hot spots in the hHsp90 CTD 
First, I generated a structural model of the hHsp90 CTD, since a crystal structure of the full-

length protein or of its CTD were initially not available. Crystal structures of hHsp90 

homologues from S. cerevisiae and E. coli available in the PDB with sufficient sequence 

similarity (74 % and 43 %, respectively) allowed me to generate a homology model with the 

software MODELLER (292). The homology model provided a good starting structure for the 

following calculations, as assessed, first, with the PROCHECK software (293) (Supporting 

Information, page 72), and, second, by comparison with a crystal structure of a M-CTD 

construct of the hHsp90 reported later by Lee et al. (PDB code 3Q6M) (251). A very good 

agreement between the two structures is evidenced overlaying the homology model with the 

crystal structure, with a root mean square deviation (RMSD) calculated for all Cα atoms (for 

Cα atoms located in the four-helix bundle: helices H4, H4’ and H5, H5’) of ~0.8 Å (~0.7 Å) 

(Figure 12 B and C). The homology model and the crystal structure were subjected to 

molecular dynamics (MD) simulations of 100 ns length in explicit water with the AMBER 11 

software and standard procedures (TIP3P water, PBC, PME, SHAKE, time step of 2 fs) (294). 

 
Figure 12 Homology model. (A) Surface representation of the full-length S. cerevisiae Hsp90 (PDB code 
2CG9), showing the three different protein domains (N-terminal domain: orange, middle domain: green, 
C-terminal domain: blue). (B) Homology model of hHsp90 C-terminal domain (blue) overlaid with a crystal 
structure (PDB code 3Q6M) of the same domain (red). (C) Blow-up of the overlay highlighting the side chain 
orientation of residues located at the interface of helices H5 and H4’. Figure from Publication II, page 59. 

This way, I generated a conformational ensemble for the following hot spot prediction, which 

was performed using two independent methods: a per-residue decomposition of the effective 
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dimerization energy calculated by the MM-GB/SA approach (173), and in silico alanine 

scanning carried out with the webserver DrugScorePPI developed in our group (166,295) 

(Methods described in Paragraph 2.1.3). Amino acids contributing to the effective 

dimerization energy with ΔG < −2 kcal mol-1 are considered hot spots (79). Calculations with 

both methods, and regardless if performed starting from the homology model or from the 

CTD crystal structure, revealed two principal clusters of hot spots located in the interior of the 

CTD dimerization interface, on helices H4 and H5, and a single hot spot on H3 (Figure 13 A). 

The most relevant cluster is located on H5 and is formed by residues I688, Y689, I692, and 

L696 (Figure 13 A-C). 

 
Figure 13 Hot spot and cold spot prediction. (A) Contribution to the dimer stabilization of each amino acid 
within the hHsp90 CTD. ΔG values are calculated by the MM-GB/SA approach (174,296) starting from the 
homology model, employing a structural decomposition of the effective energy (173). The standard error in the 
mean is < 0.1 kcal mol-1 in all cases. Amino acids contributing to the dimerization with ΔG < -2 kcal mol-1 are 
considered hot spots and are indicated in the graphic by red dots. In addition, two ‘‘cold spots’’ mentioned in the 
text are marked with blue dots. In the upper part of the panel, the secondary structure of the CTD is shown. The 
amino acids are numbered according to the full-length hHsp90 α isoform (UniProt code: P07900). (B) Hot spot 
residues localized on H5 (red) and interacting residues on H4 (green). (C) Helical wheel representation showing 
the position of hot spots (red) and cold spots (blue) on helices H5 and H4. Figure from Publication II, page 59. 

These aliphatic and aromatic residues constitute a rather hydrophobic epitope, and establish 

hydrophobic and stacking interactions with non-polar residues located on H4’ (Figure 13 B). 

In addition, Y689 is flexible and can engage in hydrogen bonding with several residues 
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located on H4’ and H3, depending on the orientation of its side chain (Figure 13 B). Hot spots 

simultaneously able to establish stacking and polar interaction (tryptophan, tyrosine and 

arginine) are recurrent in PPIs (see Paragraph 2.1.1) (78). This dual behavior is favorable 

when designing inhibitors mimicking such hot spots, because it allows a good balance 

between hydrophobic contacts and polar interactions conferring specificity of binding 

(217,297). Interestingly, Y689 is accommodated by an indentation in the binding epitope of 

H4’. The predicted hot spots are spatially clustered, and feature i, i + 4, i + 7 and i, i + 4, i + 8 

patterns. This appears advantageous in the perspective of using them as pharmacophoric 

models in the development of α-helix mimetics or small-molecule hHsp90 inhibitors. 

Additionally, the calculations suggested that some residues, although located at the CTD 

interface on helices H4 and H5 adjacent to the hot spot clusters, should not contribute 

significantly to the dimerization energy. Among them, I selected residues S658 and Q682 as 

“cold spots” as a negative control for the following experimental validation (Figure 13 A and 

C). Finally, I observed that the hot spots are considerably buried in the protein complex, and 

therefore I assessed if a simpler calculation would have provided similar results in terms of 

identified hot spots. Interestingly, considering only the residue-wise relative change in the 

solvent-accessible surface area upon complex formation suggests that almost all residues at 

the CTD interface would be hot spots (Supporting Information, page 72). This demonstrates 

that a better specificity in the prediction is achieved by our energy-based approach, rather than 

taking into account geometric criteria only.  

The hot spot prediction was validated with three independent experimental techniques: 

differential scanning fluorimetry (Thermofluor assay) (298), size exclusion chromatography 

(SEC), and multi-angle light scattering (MALS).*** To this end, hot spot alanine triple 

mutants CTDY689A/I692A/L696A, CTDI688A/Y689A/I692A, single mutants CTDI688A, CTDY689A, 

CTDI692A, CTDL696A, and a cold spot mutant CTDS658A/Q682A were generated. The Thermofluor 

assay showed that upon mutation of the hot spots to alanine (both in single and triple 

mutants), the melting temperature (Tm) of the hHsp90 CTD decreases drastically. The 

pronounced shift in the melting temperature observed (ΔTm ≥ 13°C) indicates a significant 

loss in protein stability. Conversely, the cold spot mutant showed a melting temperature 

almost identical to the wild type protein, revealing that substitution of cold spots to alanine 

                                                
*** The experimental validation was carried out by our cooperation partners in the laboratories of Prof. Dr. G. 
Groth and Prof. Dr. L. Schmitt at the Heinrich Heine University, Düsseldorf. In particular, mutagenesis, 
Thermofluor assay, and SEC experiments were performed by Janina Vergin in the Institute for Biochemical 
Plant Physiology. MALS experiments were performed by Sven Reimann and Dr. Sander H. J. Smits in the 
Institute for Biochemistry. 
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does not markedly affect the stability of the CTD. Similar results were obtained when 

analyzing the CTD wild type and mutants by SEC. With this technique, we could establish 

that the decrease in stability upon mutation of the hot spots relates to a change in the relative 

molecular mass and thus, in the stoichiometry of the complex. However, it was not possible to 

distinguish unarguably if the change observed is due to a shift from a tetramer to a dimer, or 

from a dimer to a monomer. This information was provided from MALS experiments, which 

clearly demonstrated that the wild type CTD exists predominantly as a dimer (~100 %), 

whereas mutating the hot spots to alanine triggers a substantial shift towards a monomeric 

form (77 % and 69 % for the triple mutants CTDY689A/I692A/L696A and CTDI688A/Y689A/I692A, 

respectively). 

4.3  Conclusions and significance 
In this study, I predicted hot spot amino acids at the hHsp90 CTD dimerization interface by 

two independent computational approaches. The predictions have been tested and validated 

with three experimental techniques. The experiments allowed me to confirm the importance 

of the identified hot spots on the stability and stoichiometry of the protein-protein complex. 

This analysis revealed the presence of a rather hydrophobic functional epitope in the hHsp90 

protein-protein interface, which has advantageous characteristics with respect to being used as 

a starting point for developing novel inhibitors targeting the CTD dimerization. 

The principal results of this study are: 

• Hot spot residues at the hHsp90 CTD interface were predicted by MM-GB/SA 
calculations and in silico alanine scanning. 
 

• The hot spot prediction was validated by three independent experimental approaches, 
which revealed that mutating these residues to alanine disrupts the CTD dimerization. 
 

• The identified hot spots are spatially clustered, and have favorable properties with 
respect to exploiting them as pharmacophoric template for identifying and designing 
small-molecule inhibitors of hHsp90 dimerization. 

 

In the following of this work, I will make use of these findings to guide the design of peptidic 

inhibitors of the hHsp90 dimerization (Chapter 5, Publication III), and to evaluate the 

potential of trispyrimidonamides as α-helix mimetic scaffolds targeting the hHsp90 CTD hot 

spots (Chapter 6, Publication IV). 
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5 DESIGN AND BIOLOGICAL TESTING OF PEPTIDIC 

DIMERIZATION INHIBITORS OF HUMAN HSP90 THAT 

TARGET THE C-TERMINAL DOMAIN – PUBLICATION III  

Bopp, B.§, Ciglia, E.§ (30 %), Ouald-Chaib, A., Groth, G., Gohlke, H., Jose, J. 

Submitted, (2015) 

Manuscript, see page 86 
§ Both authors contributed equally to this work. 

5.1 Background 
In the previous study, we identified a functional epitope of spatially clustered hot spot amino 

acids in the CTD interface that determine the stability of the hHsp90 chaperone (Chapter 4, 

Publication II). Earlier, several authors showed that the knowledge of the essential molecular 

interactions of a PPI given from the hot spots can be successfully exploited to design PPIMs 

(214,299,300). Furthermore, the design of peptides that mimic the hot spots of a PPI as proof-

of-concept, intermediate probe molecules is a viable approach prior to pursuing the design of 

small molecule PPIMs with improved pharmacokinetic properties (139,301-304). Following 

this strategy, we make use of the hot spots information gained in the previous publication 

(Chapter 4, Publication II) to design and experimentally test peptidic inhibitors of hHsp90 

dimerization. 

5.2 Design and testing of peptidic hHsp90 inhibitors 
Our previous results showed that the stability of hHsp90 is critically influenced by two hot 

spots clusters located in the four-helix bundle, at the dimerization interface of the CTD: I688, 

Y689, I692, and L696 on helix H5, and T669 and L672 on helix H4 (Figure 14 A and B, and 

Figure 13 A-C in Chapter 4, Publication II). I assumed that peptides enclosing the hot spots 

that account for most of the dimerization energy should act as competitive inhibitors by 

binding to the CTD dimerization interface. Consequently, I proposed three peptides as 

potential hHsp90 dimerization inhibitors: H5, a 16mer containing the residues of the first hot 

spots cluster; H4, a 20mer containing the residues of the smaller hot spot cluster; H6, which 

combines H5 and H4 together with residues of the loop connecting the two (Figure 14 C). I 

decided to include in the peptides all of the amino acids of the respective native α-helices 

(Figure 14 B and C) in order to improve their secondary structure stability, as I expected that 
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they should bind in a helical form to the dimerization interface. Accordingly, I set out to 

investigate the secondary structure propensity of the three peptides by means of MD 

simulations, as I assumed that this will be crucial for their binding affinity to the CTD 

monomer. H5, H4, and H6 were each simulated in explicit water in the unbound form, and in 

complex with the corresponding hHsp90 CTD monomer, for 1 μs and 500 ns, respectively 

(Figure 14 C). 

 
Figure 14. Peptides derived from the dimerization interface of the hHsp90 CTD (A) Surface representation 
of the full-length S. cerevisiae Hsp90 (PDB code 2CG9) showing the three protein domains (N-terminal domain: 
light blue, middle domain: red, C-terminal domain: wheat). (B) Homology model of the hHsp90 CTD dimer 
(blue), generated as described in (32). The pair of helices from which the interface peptides investigated by MD 
simulations, CD spectroscopy, and FACS assay were derived are colored in wheat in the box. (C) Blow-up of the 
starting structures for the MD simulations: single peptides (H5, H4 and H6, upper panel) and peptides in 
complex with the Hsp90 CTD monomer (H5-CTD, H4-CTD, and H6-CTD, lower panel). Figure from 
Publication III, page 86. 

The length of the MD simulations performed is 5-fold longer than the experimentally 

determined time required for α-helix formation (305-307), and this is expected to provide a 

satisfactory conformational sampling to predict the secondary structure propensities of the 

peptides, as shown in earlier studies (308). Furthermore, three independent simulations of 

each peptide and peptide-CTD complex were performed, in order to evaluate the statistical 

significance of the results, and whether convergence was achieved with respect to the 

calculated secondary structure content. This was confirmed by the standard error of the mean 

(SEM) calculated for the residues’ average α-helical content (Figure 15, Figure 16, and Figure 

17, A and B). Additionally, in the course of the MD simulations, pronounced and repeated 

changes in the per-residue secondary structure could be observed for most of the residues, 

showing that a thorough sampling of the conformational space was achieved. In the MD 

simulations, H5 has a very low average residue-wise α-helical content (~7.0± 1.2% (SEM), 

Table 1 in the original publication, page 86), and does not show any other dominating 

secondary structure element (Figure 15 A). This peptide appears to be largely unstructured in 

the unbound state: it quickly unfolds and loses its initial α-helical secondary structure, which 

is partially replaced by 310 helical stretches later in the simulations (Figure 15 A). In contrast, 
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H5 in complex with the CTD has a significantly higher average α-helical content 

(~54.7 ± 10.2% (SEM)), and almost all of the amino acids retain their α-helical character 

during the complete simulation (Figure 15 B). Conversely, MD simulations of H4 and H6 

reveal very different secondary structure propensities for these peptides, which are predicted 

to have a significantly higher α-helical content both in the bound and unbound states. 

 
Figure 15. Secondary structure of H5 in MD simulations and CD spectroscopy. In the upper panels, 
representative conformations of the peptide simulated by itself (A) or extracted from the peptide-CTD complex 
(B) are shown at different times during the MD simulations. In the lower panel, the secondary structure of each 
peptide residue (as indicated by the color scale below) is given as a function of the simulation time. The 
histograms on the right show the α-helix content of each peptide residue averaged over the three independent 
MD simulations; the standard error of the mean (SEM) is indicated by the red bars (see Experimental Procedures 
in the original publication, page 86). (C) CD spectrum of the peptide in aqueous solution in the range 180-250 
nm. Figure from Publication III, page 86. 
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The calculated average α-helical content of the unbound H4 and H6 is ~21.1 ± 5.6% (SEM) 

and ~34.6 ± 6.0% (SEM), respectively (Table 1 in the original publication, page 86), and 

when the peptides are bound to the CTD ~31.6 ± 9.1% (SEM) and ~69.2 ± 2.7% (SEM), 

respectively (Figure 16 and Figure 17 A and B). Additionally, amino acids located in the 

central region of peptides H4 and H6 can show a very high (up to 100%) α-helical content 

(Figure 16 and Figure 17 A and B), whereas no α-helical content is observed in the loop 

region of H6, as expected. 

 

Figure 16. Secondary structure of H4 in MD simulations and CD spectroscopy. For further details, see 
Figure 15. Figure from Publication III, page 86. 

These findings are in good agreement with CD spectroscopy measurements of the unbound 

peptides in aqueous solution, which did not reveal any secondary structure content for H5 

(Figure 15 C), whereas H4 and H6 showed minima at ~208 nm and ~220 nm that indicate a 
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predominantly α-helical secondary structure (Figure 16 and Figure 17 C) (Table 1 in the 

original publication, page 86). 

 
Figure 17. Secondary structure of H6 in MD simulations and CD spectroscopy. For further details, see 
Figure 15. Figure from Publication III, page 86. 

In order to test whether the designed peptides are able to inhibit hHsp90 dimerization, a novel 

flow cytometry-based Autodisplay competition assay was developed. Testing the peptides in 

this assay revealed that H4 and H6 are both able to inhibit hHsp90 dimerization, and 

analyzing the dose-dependency of the inhibition produced by H6 revealed an IC50 value of 

8.96 µM. Additionally, in order to resolve whether the peptides inhibit hHsp90 by binding at 

the CTD, as expected, microscale thermophoresis experiments were performed with H6 and 
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the purified CTD. †† These experiments demonstrated that H6 binds to the CTD of hHsp90, 

with a KD value of 3.35 µM. Interestingly, Gavenonis et al. synthesized and tested analogues 

of a peptide derived from the CTD dimerization interface that differs from H5 only by having 

two additional residues, one Asp in the N-terminus, and one Gly in the C-terminus (299). 

Although the authors showed that these peptides inhibit hHsp90’s chaperone activity, and 

they could exclude a NTD-mediated mode of action, they did not provide evidence that the 

peptides inhibit hHsp90 dimerization by binding at the CTD. Thus, to the best of my 

knowledge, H6 is the first peptidic hHsp90 inhibitor reported that targets the CTD 

dimerization. Testing H5 in the flow cytometry-based Autodisplay competition assay revealed 

no inhibitory activity for this peptide. This appeared initially surprising, since H5 contains the 

bigger cluster of hot spots. However, this could be explained by the very low α-helical content 

of the unbound peptide in aqueous solution, as predicted by MD simulations and confirmed 

by CD spectroscopy measurements (Figure 15 A and C, Table 1 in the original publication, 

page 86). Accordingly, I argue that the high energy cost needed for the unbound H5 to adopt 

an α-helix conformation prevents its binding to the hHsp90 CTD, and consequently its 

inhibitory activity. Conversely, since unbound H4 and H6 present a more stable secondary 

structure, they can more easily establish native-like molecular interactions with the CTD and, 

hence, inhibit hHsp90 dimerization. Finally, we aimed at investigating the inhibitory activity 

of a peptide H6mut, in which the amino acids of the main cluster of hot spots are mutated to 

alanine. However, we observed a strong tendency of H6mut to form aggregates, which may 

result from an unstructured peptide in solution. This is also supported by CD spectroscopy 

measurements, which did not reveal any secondary structure content for H6mut (Figure 17 

D). For this reason, it was not possible to further investigate H6mut in our experimental 

setting. 

 

 

 

 

  

                                                
†† The experiments were performed by our cooperation partners in the laboratories of Prof. Dr. G. Groth and 

Prof. Dr. J. Jose at the Heinrich Heine University, Düsseldorf and Westphalian Wilhelms-University, Münster, 
respectively. In particular, expression and purification of the hHsp90 CTD were carried out by Anissa Ouald-
Chaib in the Institute for Biochemical Plant Physiology. Autodisplay assay, microscale thermophoresis, and CD 
spectroscopy measurements were performed by Bertan Bopp in the Institute for Pharmaceutical and Medicinal 
Chemistry. 
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5.3 Conclusions and significance 
In this study, the design and experimental testing of peptidic inhibitors of hHsp90 

dimerization was presented, based on the hot spots information gained in the previous 

publication (Chapter 4, Publication II). 

The principal results of this study are: 

• Three peptides derived from the CTD interface have been proposed as hHsp90 
dimerization inhibitors, and their conformational preferences were investigated by MD 
simulations and CD spectroscopy. 
 

• Two of the peptides inhibited hHsp90 dimerization in a new flow-cytometry-based 
Autodisplay assay. Furthermore, one peptide was shown to bind the hHsp90 CTD with 
a low micromolar affinity. 
 

• This study resulted in the first peptidic hHsp90 dimerization inhibitor targeting the 
CTD, very likely by competitively binding at the CTD interface. 

 

These results validated our previous study, and importantly, provided a proof-of-concept of 

the feasibility of inhibiting hHsp90 CTD dimerization by molecules that mimic the native 

molecular interactions of the hot spots. Accordingly, the designed peptides can be used as a 

starting point to design new small molecules that inhibit the CTD dimerization of hHsp90, 

which could open a new route for cancer therapy. 
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6 DESIGN, SYNTHESIS, AND CONFORMATIONAL 

ANALYSIS OF TRISPYRIMIDONAMIDES AS α-HELIX 

MIMETICS – PUBLICATION IV 

Spanier, L.§, Ciglia, E.§ (30 %), Hansen, F.K., Kuna, K., Frank, W., Gohlke, H., Kurz, T. 

J. Org Chem. (2014), 79, 1582-1593. 

Original publication, see page 114 
§ Both authors contributed equally to this work. 

6.1 Background 
Despite the large interfaces involved, often PPIs are mediated by small secondary structure 

domains, which project hot spot amino acid side chains into the complementary surface of an 

interacting protein (309). As a consequence, the design of peptidomimetics, i.e. molecules 

able to act as structural and functional mimics of protein secondary structure elements, has 

been the subject of extensive investigation in medicinal chemistry during the last decade. In 

particular, since α-helices are the prevailing recognition motifs in protein-protein interfaces 

(129), a large variety of scaffolds that target this type of secondary structure (i.e., α-helix 

mimetics) have been designed and studied, following the pioneering work of Horwell and 

Hamilton (309-312) (Figure 18). This resulted in the development of a number of α-helix 

mimetic classes, which have proven valuable as biophysical probes or modulators of PPIs 

(23,313-316). Additionally, they provide an attractive alternative to peptides, which often 

suffer from poor pharmacokinetics properties. However, the synthesis of several α-helix 

mimetics still presents limitations with respect to amino acid patterns targeted, side chains 

that can be included, and physicochemical properties. In this study, we report the design and 

synthesis of trispyrimidonamides as a novel class of α-helix mimetics (Figure 18, III). First, 

we extensively analyze the conformational properties of this scaffold by molecular modeling, 

2D NMR, and X-ray crystallography. Additionally, we describe the characteristics that make 

this unprecedented α-helix mimetic scaffold potentially suitable for targeting PPIs, and for 

mimicking the hot spots in the dimerization interface of the hHsp90 CTD previously 

described (see Chapter 4, Publication II). 
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Figure 18. (I) Terphenyl, (II) trispyridylamide, and (III) trispyrimidonamide. Scaffold rings of III are labeled A, 
B, C. Figure from Publication IV, page 114. 

6.2 Conformational analysis of trispyrimidonamides 
First, using a dimethyl-substituted bispyrimidonamide as model molecule (Figure S4 A in the 

Supporting Information of the original publication, page 127), I parameterized based on ab 

initio calculations the torsion angles ϕ and ψ, expected to be decisive for the inter-ring 

orientation, and for the projection of substituents R1, R2, and R3 in the space (Figure 18, III). 

The energy minima of the calculated potentials are in good agreement with ϕ and ψ values 

found in the crystal structure of a tri-substituted trispyrimidonamide (Figure S4 B in the 

Supporting Information of the original publication, page 127). Afterwards, I subjected a 

trimethyl-substituted trispyrimidonamide (IV, Figure 19 A) to MD simulations of 1.5 μs 

length, in explicit chloroform and methanol, and generated relative free energy maps of IV as 

a function of the orientation of the methyl substituents of ring A and B (torsion angle Ω1), and 

B and C (torsion angle Ω2) (Figure 19 A and B). The frequent rotations around the ϕ and ψ 

angles observed in the MD simulations, as well as the symmetry of the relative free energy 

maps strongly suggest that equilibrium was reached with respect to the sampled 

conformations. The relative free energy maps reveal that, in chloroform, IV predominantly 

adopts a conformation C1, where R1 and R3 are oriented on the same side, whereas R2 points 

in the opposite direction (Ω1 ~ ± 165°; Ω2 ~ ± 155°, Figure 19 B and C). In contrast, an 

alternative conformation C2, which presents all side chains on one side (Ω1 ~ ± 55°; 

Ω2 ~ ± 55, Figure 19 B and D) is energetically disfavored by a ΔG ~ 2.5 kcal mol-1. In the 

conformational ensemble at 300 K from the MD simulations, conformers C1 and C2 are 

populated with a ratio of 98.5/1.5. The MD simulations of IV in methanol reveal a reversed 
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situation: C2 is now the energetically favored conformer, and C1 is disfavored by a 

ΔG ~ 1 kcal mol-1 (Figure 19 B). Here, the ratio of the populations of C1 versus C2 in the 

conformational ensemble at 300 K from MD simulations is 19/81. 

 
Figure 19. Relative free energy of trispyrimidonamide IV as a function of the orientation of the methyl 
substituents of rings A and B, or B and C, with respect to each other. (Ω1 and Ω2 torsion angles as defined 
by the point quadruples (1, 2, 3, 4) and (4, 3, 5, 6) in the structure shown in panel A). The relative free energy of 
each conformation is calculated from the frequency of the conformation’s occurrence during a MD simulation of 
1.5 μs length in explicit chloroform, explicit methanol, and explicit water (see respective plots in panel B) via 
ΔG = -RT ln Px/Pref (where R is the gas constant, T = 300 K, Px is the frequency of occurrence of conformation x, 
and Pref is the frequency of occurrence of the most frequently represented conformation). The white spots 
indicate Ω1 and Ω2 angle combinations not found in the MD simulations. Energetically favorable conformations 
of IV in the different solvents are shown in panel C (chloroform; C1) and D (methanol and water; C2); their 
locations on the relative free energy maps are marked by triangles. Figure from Publication IV, page 114. 

Remarkably, these results are in excellent agreement with 2D NMR experiments performed in 

chloroform and methanol, which showed the same conformational preferences for two 

differently substituted trispyrimidonamides (see original publication, page 114). Furthermore, 
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the almost coplanar orientation of the pyrimidone rings of C1 in the MD simulations is 

reminiscent of the ring orientation found in the crystal structure of a trisubstituted 

trispyrimidonamide (see Figure 1 A in the original publication, page 114). These results 

validated the setup of MD simulations and force field parameters used, and allowed me to 

extend the study to investigate the conformational preferences of trispyrimidonamides in 

water, for which it was not possible to obtain experimental data. MD simulations of 1.5 μs 

length of IV in explicit water revealed that, in aqueous solution, C2 becomes even more 

favored over C1. The latter is energetically disfavored by ΔG ~ 3 kcal mol-1, which relates to a 

ratio of <1/99 for the populations of C1 versus C2 in the MD conformational ensemble at 

300 K. Once the conformational preferences of trispyrimidonamides in polar solvents were 

resolved, I set out to evaluate the potential of this scaffold to project substituents in a way that 

mimics the orientation of amino acid side chains of a α-helix. 

 
Figure 20. Overlay of Cβ atoms of a canonical α-helix onto corresponding methyl groups of IV. In 
conformation C2 (A), this results in an i, i + 4, i + 8 pattern, whereas in conformation C1 (C), in an i, i + 8 
pattern. Ring C is oriented towards the C-terminus of the helix. (B), (D): Equivalent superimpositions when IV 
is reversed with respect to the helix axis. The magenta dots highlight the Cβ atoms addressed by the 
trispyrimidonamide’s R groups. In the lower panel the overlays are rotated by 90°, with the peptide C-terminus 
oriented in the direction of the viewer. Figure from Publication IV, page 114. 

Trispyrimidonamides are found to closely mimic the spatial arrangement of amino acid side 

chains at positions i, i + 4, i + 8, as evidenced by superimposing the methyl groups of IV in 

the conformation C2 with the Cβ atoms of a canonical α-helix (Figure 20 A and B). When ring 

C is oriented toward the helix’s C-terminus, the RMSD of the coordinates of the respective 
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atom pairs is 0.69 Å, and the average angle deviation between the bond vectors is ~20 ° 

(Figure 20 A); these values increase to 0.73 Å and ~30 °, respectively, when IV is reversed 

with respect to the helix axis (Figure 20 B). In the case of conformation C1, two methyl 

groups can address Cβ atoms of a canonical α-helix at positions i and i + 8. The RMSD and 

average angle deviation between bond vectors are 0.2 Å (0.55 Å) and ~10 ° (~38 °), 

respectively, when ring C is oriented towards the C(N)-terminus of the helix (Figure 20 C and 

D). To the best of my knowledge, the side chain pattern i, i + 4, i + 8 is currently addressed 

just by another class of α-helix mimetics (317). These results suggest trispyrimidonamides as 

an interesting novel scaffold when aiming at mimicking side chains of a PPI located on the 

same side of an α-helix, but more distant than in the classical case of i, i + 4, i + 7 (136). 

However, although with a lower propensity, trispyrimidonamides can address also an 

i, i + 4, i + 7 pattern. In this case, for conformer C2 the RMSD and the average angle 

deviations between bond vectors are 1.1 Å (1.5 Å) and 22 ° (39 °), respectively, when ring C 

is oriented towards the C(N)-terminus of the helix. For conformer C1, these values deteriorate 

to RMSD = 1.2 Å (1.7 Å) and average angle deviations between bond vectors = 54 ° (70 °) 

when ring C is oriented towards the C(N)-terminus of the helix (Figure S6 in the Supporting 

information, page 127). ‡‡
 

6.3 Conclusions and significance 
In this study, I investigated the conformational preferences of trispyrimidonamides in 

different solvents, and their potential as α-helix mimetics for addressing different amino acid 

side chain patterns. Trispyrimidonamides preferentially adopt conformations that can lead to 

i, i + 4, i + 8 and i, i + 8 patterns of side chain orientation. As a consequence, I expect that 

trispyrimidonamides may be able to mimic hHsp90 hot spots I688, I692 and L696, and Y689, 

I692 and L696, and hence to inhibit the CTD dimerization. 

The principal results of this study are: 

• The conformational preferences of trispyrimidonamides in chloroform and methanol 
have been computationally predicted by means of MD simulations, and showed an 
excellent agreement with 2D NMR and X-ray crystallography experiments. 
 

                                                
‡‡ Synthesis, NMR, and crystallographic studies were performed by our cooperation partners in the laboratories 
of Prof. Dr. T. Kurz and Prof. Dr. W. Frank at the Heinrich Heine University, Düsseldorf. In particular, synthesis 
and NMR studies were performed by Lukas Spanier and Dr. F. K. Hansen in the Institute for Pharmaceutical and 
Medicinal Chemistry; crystallographic studies were performed by Prof. Dr. W. Frank in the Institute for 
Inorganic Chemistry and Structural Chemistry. 
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• The same computational setup has been used to investigate the conformational 
preferences of trispyrimidonamides in water, for which experimental data could not be 
obtained. 
 

• In polar solvents, trispyrimidonamides preferentially adopt conformations that make 
them suitable scaffolds to mimic the spatial arrangement of amino acid side chains at 
positions i, i + 4, i + 8 or i, i + 8. Targeting a i, i + 4 i + 7 pattern appears to be less 
likely, although it cannot be excluded. 

 

This study presents trispyrimidonamides as novel α-helix mimetics, which extend the arsenal 

of scaffolds currently available to modulate PPIs. Low energy conformations of 

trispyrimidonamides can address the spatial and angular orientation of hot spots located at the 

CTD dimerization interface of hHsp90. Trispyrimidonamides substituted with hHsp90’s hot 

spots are currently being tested for their in vitro ability of disrupting the chaperone 

dimerization, and consequently inhibiting its activity (unpublished results). 
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7 SUMMARY AND PERSPECTIVES 

In this thesis, I investigated the hHsp90 chaperone, aiming at rationally identifying novel 

inhibitors targeting the CTD dimerization interface, as an alternative, unprecedented approach 

for targeting this PPI for cancer therapy. 

Following a strategy previously devised by Metz et al. (63,225), I first aimed at resolving the 

determinants of binding of hHsp90, and computationally predicted seven hot spot amino acids 

at the CTD interface that critically influence the stability of the protein, and whose mutation 

to alanine disrupts the native dimeric state. A comprehensive validation by independent 

experimental techniques confirmed the predictions, providing insights into the energetics of 

Hsp90 CTD dimerization, and the basis for the following rational design of hHsp90 

dimerization inhibitors (Chapter 4, Publication II). 

In a first effort toward this goal, I designed three peptides derived from the CTD interface as 

potential hHsp90 inhibitors, and computationally investigated their secondary structure 

propensities. Experimental testing showed that two of these peptides inhibit hHsp90 

dimerization in the low micromolar range, and one of them was shown to bind in the hHsp90 

CTD, likely at the dimerization interface, with a KD = 3.35 µM. This led to the first peptidic 

hHsp90 dimerization inhibitor targeting the CTD, and provided the important proof-of-

concept that inhibition of hHsp90 can be achieved by molecules that target the chaperone’s 

CTD dimerization and mimic the hot spots (Chapter 5, Publication III). 

Finally, I investigated trispyrimidonamides as potential novel class of α-helix mimetics. An 

extensive computational and experimental study provided insights into the conformational 

preferences of this scaffold in different solvents, showing that trispyrimidonamides can 

address an amino acid side chains pattern suitable to mimic hHsp90’s hot spots. 

Trispyrimidonamides substituted with hHsp90’s hot spots are currently undergoing 

experimental testing aimed at investigating their in vitro ability of inhibiting hHsp90’s 

activity (Chapter 6, Publication III). 

In all, the results presented in this thesis evidence that integrating computational and 

experimental methods for hot spot detection, rational design, and screening provides a 

successful strategy for the identification of PPIMs. Furthermore, this study significantly 

validates the concept of inhibiting hHsp90 by disrupting the CTD dimerization, providing the 

basis for future investigations aimed at the identification of small molecules PPIMs targeting 

hHsp90 as a new route for targeting the chaperone in cancer therapy. 
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Supplemental Tables

Comparison of hot spot predictions with MM-GB/SA and DrugScorePPI

Table S1: Predicted hot spot residues of the hHsp90 CTD.[a]

Residue
MM-GBSA

[b]

DrugScorePPI

[c]

I642 -2.52 -1.85

T669 -2.66 -0.41

L672 -2.04 -0.92

I688 -2.63 -1.23

Y689 -2.80 -1.52

I692 -3.20 -1.57

L696 -2.50 -0.81

[a] In kcal mol-1.

[b] Mean values of effective energy contributions to the dimerization of hHsp90 CTD as 

computed with MM-GB/SA calculations starting from the homology model [1]. The standard 

error in the mean is < 0.1 kcal mol-1.

[c] In silico alanine scanning results with DrugScorePPI [2].
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hHsp90 CTD single alanine mutants

Table S2: Single alanine mutants of the CTD of hHsp90 investigated in this study.

Variant Abbreviation MW[a] Extinction coefficient

Alanine mutant I CTDI688A 21427.2 13075

Alanine mutant II CTDY689A 21377.3 11585

Alanine mutant III CTDI682A 21427.2 13075

Alanine mutant IV CTDL696A 21427.2 13075

[a] Computed molecular weight in Da.

Table S3: Mutagenesis primers for single alanine mutants.[a]

I688A:

nt (5’-3’)

Forw.: CATGCCAACCGTGCATACCGCATGATCAAA

Rev.: TTTGATCATGCGGTATGCACGGTTGGCATG

Y689A:

nt (5’-3’)

Forw.: ATGCCAACCGTATTGCGCGCATGATCAAACT

Rev.: AGTTTGATCATGCGCGCAATACGGTTGGCAT

I692A:

nt (5’-3’)

Forw.: ATTTACCGCATGGCGAAACTGGGCCTGGGT

Rev.: ACCCAGGCCCAGTTTCGCCATGCGGTAAAT

L696A:

nt (5’-3’)

Forw: ATCAAACTGGGCGCGGGTATTGATGAAGATG

Rev: CATCTTCATCAATACCCGCGCCCAGTTTGAT

[a] The primers were obtained by Sigma-Aldrich Chemie GmbH Steinheim, Germany. Bold 

nucleotides indicate the newly introduced alanines.
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Table S4: Tm of hHsp90 CTD wild type and single alanine mutants.

CTD wt CTDI688A CTDY689A CTDI692A CTDL696A

Tm
[a] 73.0 0.7 66.7 1.8 65.4 0.9 66.1 1.3 65.1 0.7

Tm
[b] 0.0 -6.3 -7.6 -6.9 -7.9

[a] The detected fluorescence signal corresponds to the denaturation state of hHsp90. The 

melting temperature Tm of hHsp90 CTD single alanine mutants was determined from the 

derivative of the fluorescence data by the implemented software (qPCRsoft V2.0.37.0, 

Analytik Jena AG, Germany). The mean value and standard deviation were calculated from at 

least three independent measurements in reaction buffer with 100 mM Tris at pH 7.5 in °C.

[b] Difference in the Tm with respect to the wild type in °C.

Thermofluor analysis of hHsp90 CTD with ligands

Table S5: Tm of hHsp90 wild type in the presence of ATP or MgCl2.

pH 7 pH 7.5 pH 8 pH 8.5

wt Tm
[a] 73.5±0.5 73.0±0.7 71.5±1.1 71.8±0.4

ATP Tm
[a] 75.5±0.9 74.8±0.4 73.8±0.4 73.5±1.1

Tm ATP[b] +2.0 +1.3 +1.5 +2.3
MgCl2 Tm

[a] 75.0±0.0 75.0±0.7 74.5±0.5 73.8±0.8
Tm MgCl2

[b] +1.5 +1.5 +2.3 +2.3
[a] The detected fluorescence signal corresponds to the denaturation state of hHsp90. The 

melting temperature Tm of hHsp90 CTD wild type in the presence of ATP or MgCl2 was 

determined from the derivative of the fluorescence data by the implemented software 

(qPCRsoft V2.0.37.0, Analytik Jena AG, Germany). The mean value and standard deviation 

were calculated from four independent measurements in reaction buffer with 100 mM Tris at 

pH 7, 7.5 8 and 8.5 in °C.

[b] Difference in the Tm with respect to the wild type in °C.
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Supplemental Figures

Sequence alignment

Figure S1: Multiple sequence alignment of Hsp90 CTD from S. cerevisiae (2CG9 and 

2CGE), E. coli (1SF8), and H. sapiens. The sequence identity is represented with color on the 

sequences, ranging from blue (100%) to white (0%). The histograms located below the 

alignment show the overall consensus between the four sequences.
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Validation of the homology model

Figure S2: Ramachandran plot showing the 

homology model. 91.4% of the residues are located in the most favorable regions of the plot 

(A, B, L), 6.2% of the residues are located in additionally allowed regions (a, b, l, p), and

2.3% in generously allowed regions (~a, ~ b, ~ l, ~ p) [3].
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Structural deviations during MD simulations

Figure S3: Root mean square deviations (RMSD) of backbone atoms during MD simulations 

of 100 ns length of hHSP90 CTD. (A) RMSD of the dimer (black) and single domains (Chain 

A, blue; Chain B, red). (B) RMSD of backbone atoms of dimer, chain A, and chain B (black, 

blue, red, respectively) calculated excluding helices H2 and H2‘.
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Predicted hot spots for a CTD dimer of the crystal structure of an M-CTD construct of 
hHsp90

Figure S4: Contribution to the dimer stabilization of each amino acid within the hHsp90 CTD 

crystal structure G values are calculated by the MM-GB/SA approach [1,4] starting 

from the CTD dimer of the crystal structure of an M-CTD construct of hHsp90 (PDB code: 

3Q6M) [5] and employing a structural decomposition of the effective energy [6]. The 

standard error in the mean is < 0.1 kcal mol-1 in all cases. Amino acids contributing to the 

G < -2 kcal mol-1 are considered hot spots and are indicated in the graphic 

by red dots. The “cold spots” are marked with blue dots.
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Hot spot prediction based on buried surface area

Figure S5: Residue-wise relative change in the buried surface area upon formation of the 

hHsp90 CTD dimer. For the calculations, the surface area values of the MM-GB/SA 

calculations starting from the CTD dimer of the crystal structure were used.
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Thermofluor analysis of single alanine mutants of hHsp90 CTD

Figure S6: Thermofluor assay for investigating the stability of single alanine hHsp90 CTD 

mutants: Melting curves of measurements at pH 7.5 with the average Tm standard deviation 

are shown below the curves for the alanine single mutants I688A (A), Y689A (B), I692A (C), 

and L696A (D). The mean value (dotted black line) was calculated from three to four 

independent measurements (yellow, red, blue, green lines) in reaction buffer with 100 mM 

Tris.
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CD spectroscopy measurements

Figure S7: CD spectra of the hHsp90 CTD wild type and hHsp90 CTD mutants in the range 

198-260 nm. The two pronounced peaks at about 207 and 225 nm reveal in all the cases the 

existence of a well-defined and mostly -helical secondary structure. 
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Thermofluor analysis of hHsp90 CTD with ligands

Figure S8: ATP and MgCl2 effect on wild type hHsp90 CTD: Addition of 5 mM ATP 

(hatched) or 10 mM MgCl2 (black) compared to the CTD of hHsp90 wild type (white). The 

mean value and standard deviation were calculated from four independent measurements in 

reaction buffer with 100 mM Tris at pH 7, 7.5 8 and 8.5 in °C.
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Purification of CTD of hHsp90 variants

Figure S9: SDS-PAGE of Ni2+-NTA purified CTD of hHsp90 variants: After expression and 

purification 1000 ng of wild type (1), CTDY689A/I692A/L696A (2), CTDI688A/Y689A/I692A (3), and 

CTDS658A/Q682A (4) were solved in 5x LAP buffer [7]. Protein variants were analyzed on a 

18% polyacrylamide gel with 2 μL of a protein standard (PageRuler™ Prestaind Protein 

Ladder; Thermo Scientific) and stained with colloidal Coomassie Blue [8]. Appearing protein 

bands (arrow) correspond to the molecular weight of 21.5 kDa (Table 1) for the CTD of 

hHsp90 variants indicating a pure protein solution.
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Background: The homodimeric chaperone Hsp90 
is a validated target for cancer therapy. 
Results: Hsp90 dimerization is blocked by 
peptides identified with computational analysis, 
tested with a novel autodisplay-based dimerization 
assay. 
Conclusion: The peptidic inhibitors identified here 
provide a valuable starting point for the design of 
small molecule Hsp90 inhibitors. 
Significance: Blocking the dimerization of Hsp90 
opens a new route for cancer therapy. 

ABSTRACT 
The homodimeric human Hsp90 (Hsp90) is a 
ubiquitous molecular chaperone, essential for 
the maturation of numerous proteins. Some of 
these proteins are involved in tumor formation 
and growth, which makes Hsp90 an interesting 
drug target for cancer treatment. To date, 
many Hsp90 inhibitors are known that target 
the ATP-binding pocket in the N-terminal 
domain, and some inhibitors targeting the C-
terminal domain (CTD) have also been 
reported, but none of them has been shown to 
bind at the C-terminal dimerization interface. 
We previously identified hot spot amino acids 
important for the C-terminal dimerization of 
Hsp90. Based on this information, three 

peptides were designed, with the aim of 
inhibiting Hsp90 C-terminal dimerization. 
Computational and biophysical methods 
indicated an α-helical structure for two of the 
three peptides. A novel dimerization assay was 
developed based on the Autodisplay technology, 
and in this assay these two peptides were shown 
to inhibit Hsp90 dimer formation. For peptide 
H3, an IC50 value of 8.96 µM was determined. 
Dimer formation of the C-terminal 
dimerization domain (CTD) was analyzed by 
microscale thermophoresis (MST) and a KD of 
1.29 nM was determined. Furthermore, MST 
studies demonstrated a high affinity binding of 
H3 to the CTD with a KD of 1.46 µM. H3 is the 
first inhibitor of C-terminal Hsp90 dimerization 
shown to bind to the CTD with a low 
micromolar affinity. These results can be used 
to design and screen for small molecules that 
inhibit the CTD dimerization of Hsp90, which 
could open a new route for cancer therapy. 

The heat shock protein of 90 kDa (Hsp90) is a 
chaperone that influences critical cellular 
processes in eukaryotic organisms, such as signal 
transduction, vesicular transport, immune 
response, steroid signaling, viral infections, and 
cancer development (1-3). It does so by interacting 
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with a broad range of client proteins involved in 
these processes (3,4), thereby directing their 
folding, stabilization, and maturation. Here, 
dimerization of Hsp90 is essential for the 
interaction with client proteins (5,6). 

Hsp90 is overexpressed in cancer cells, and is 
essential for the malignant transformation and 
progression of several tumor types (3,7,8). 
Accordingly, inhibiting Hsp90 activity is an 
attractive strategy for cancer therapy. The recent 
discovery of several small molecule Hsp90 
inhibitors, some of which are currently in clinical 
trials, provided an important validation of this 
concept (9-16). 

Hsp90 is a large and flexible homodimer; each 
monomer is organized in three major functional 
domains: amino terminal domain (NTD), middle 
domain (M), and carboxy terminal domain (CTD) 
(Figure 1, A) (17). Hsp90’s activity is coupled 
with binding and hydrolysis of ATP, which takes 
place at the NTD. The M domain is involved in the 
recognition of clients and co-chaperons, and 
connects the NTD to the CTD. The latter mediates 
Hsp90 dimerization; the dimerization interface is 
formed by one pair of α-helices from each 
monomer creating a characteristic four helix 
bundle (Figure 1, B) (17,18). Thus, inhibiting the 
dimerization of Hsp90 will open up a new avenue 
for interfering with Hsp90 function for treating 
cancer. 

Targeting protein-protein interactions (PPIs) is 
considered difficult, due to the size, 
hydrophobicity, and lack of deep binding pockets 
at the interfaces. Yet, a number of success stories 
demonstrate that these hurdles can be overcome 
(19-22). One strategy to identify small molecule 
mimetics of the molecular interactions essential for 
protein-protein binding starts from identifying hot 
spot amino acids at the interface (19,22-27), makes 
use of this information to design peptidic inhibitors 
as an intermediate proof-of-principle, and finally 
utilizes the gained knowledge for the rational 
discovery of small molecules with the same mode 
of action but improved pharmacokinetic properties 
(22,28). 

Following this strategy, we recently resolved 
hot spots in the dimerization interface of the Hsp90 
CTD by a combined computational and 
experimental approach (29). Our results were 
subsequently confirmed by an independent 
computational study (30). Additionally, Gavenonis 
et al. identified peptides derived from the 

dimerization interface that inhibit Hsp90 activity 
(31); however, the authors did not provide 
evidence that the peptides target the CTD. More 
generally, to the best of our knowledge, none of 
the so far reported Hsp90 inhibitors (32) was 
shown to target the CTD dimerization interface. 

Here, peptidic inhibitors of Hsp90 
dimerization were designed and experimentally 
tested, making use of the identified amino acids in 
the CTD of Hsp90 (29) with a maximum 
contribution to the dimer formation. First, the 
conformational preferences of the designed 
peptides were analyzed by molecular dynamics 
(MD) simulations and circular dichroism (CD) 
experiments. Then, a novel flow cytometric Hsp90 
dimerization assay based on the Autodisplay 
technology (33,34) was developed, which revealed 
in vitro inhibitory activity of two of the designed 
peptides. Additionally, it was demonstrated by 
means of MST that the best inhibitor peptide H3 
binds to the Hsp90 CTD with micromolar affinity. 

EXPERIMENTAL PROCEDURES 

Molecular dynamics simulations – Peptides 
derived from the hHsp90 CTD interface, 
containing the previously identified hot spot amino 
acids that crucially influence the Hsp90 
dimerization (29), were subjected to MD 
simulations . The starting structures were extracted 
from a homology model of the Hsp90 CTD (29). 
The amino acid sequences of the peptides 
(corresponding to the Hsp90 α isoform, UniProt 
code P07900) were: H1: ACE-
PQTHANRIYRMIKLGL-NME; H2: ACE-
DKSVKDLVILLYETALLSSG-NME; H3: ACE-
DKSVKDLVILLYETALLSSGFSLEDPQTHANR
IYRMIKLGL-NME. ACE and NME denote acetyl 
and N-methylamino capping groups at the N and 
C-terminus, respectively. In addition, structures of 
the peptides in complex with a monomeric CTD 
(denoted H1-CTD, H2-CTD, and H3-CTD) were 
generated from the homology model of the Hsp90 
CTD dimer (29). All MD simulations were 
performed with the Amber 11 software package 
(35), using the GPU-version of pmemd (36) and 
the ff99SB force field (37). H1, H2, H3 and H1-
CTD, H2-CTD, H3-CTD were placed in an 
octahedral periodic box of TIP3P water molecules 
(38) where the smallest distance between the edges 
of the box and the closest solute atom is 11 Å. The 
SHAKE algorithm (39) was applied to constrain 
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bond lengths of hydrogen atoms to heavy atoms, 
and long-range electrostatic interactions were 
taken into account using the Particle Mesh Ewald 
(PME) method (40). The time step was set to 2 fs 
with a non-bonded cutoff of 8 Å. The starting 
structures were geometry-optimized by 10 rounds 
of energy minimization, where each round 
consisted of 50 steps of steepest descent 
minimization followed by 450 steps of conjugate 
gradient minimization. During the minimization, 
the solute atoms were restrained applying 
decreasing harmonic potentials, with a force 
constant of 25 kcal mol-1 Å-2 in the first five 
rounds, reduced to 5 kcal mol-1 Å-2 in the 
remaining. The systems were heated from 
respectively 100 K, 105 K, and 110 K to 300 K 
during three independent MD simulations of 50 ps 
length performed in the canonical (NVT) 
ensemble, applying harmonic restraints with force 
constants of 5 kcal mol-1 Å-2 to all solute atoms. 
Afterwards, MD simulations of 250 ps length, 
using the isothermal-isobaric ensemble (NPT) to 
accommodate the solvent density were performed, 
applying harmonic restrains with a force constant 
of 5 kcal mol-1 Å-2. Last, the force constants of the 
harmonic restraints on the solute atoms were 
constantly reduced to zero in MD simulations of 
100 ps length in the NVT ensemble. Finally, MD 
simulations of 1 μs length for H1, H2, H3 and 
500 ns length for H1-CTD, H2-CTD, H3-CTD 
were performed. For each system, three 
independent MD simulations were performed 
(following the independent heating steps), and the 
coordinates were stored every 20 ps. The 
distribution of secondary structure and the average 
α-helix content of the peptides were analyzed with 
the Amber module ptraj (41). 

Circular dichroism spectroscopy - Hsp90 CTD 
derived peptides H1, H2 and H3 were synthesized 
by JPT Peptide Technologies GmbH (Berlin, 
Germany). In addition, the control peptide H3mut, 
which differs from H3 by replacing four of the 
amino acids identified as hot spots (29) by alanine 
(see Results section) (ACE-
DKSVKDLVILLYETALLSSGFSLEDPQTHANR
AARMAKLGAG-NME) was also synthesized. 
The peptides were solubilized in H2O at a final 
concentration of 0.1 mol/l. Circular dichroism 
(CD) measurements were taken at RT with the 
J-815 Spectropolarimeter from JASCO Corp. 
(Hachioji City, Japan). The response time was set 

to 1 s and the data pitch to 0.1 nm, while the 
scanning speed was at 100 nm/min. Each peptide 
was measured 5 times, and the average was taken 
as result. The control measurement (H2O only) was 
subtracted from the average result. 

Bacterial strains and culture conditions - E. coli 
strain BL21 (DE3) [B, F-, dcm, ompT, lon, hsdS 
(rB- mB-), gal, λ(DE3)] was used for the 
expression of the fusion proteins needed for 
autodisplay. E. coli JM110 rpsL, (Strʳ), thr, leu, 
thi-1, lacY, galK, galT, ara, tonA, tsx, dam, dcm, 
supE44, Δ(lac-proAB), [F´, traD36, proAB, 
lacIqZΔM15] was used for preparative restriction 
of the plasmid pETSH-3 (42).  
Recombinant bacteria were routinely grown at 
37 °C in lysogeny broth (LB) containing 
carbenicillin (100 µg/ml). 

Recombinant DNA techniques - The coding 
sequence for Hsp90AA1 was obtained (catalog# 
GC-Z2581-10,� GeneCopoeia, Rockville, 
Maryland, USA), amplified via PCR using the 
primers BB010 (5’-AAA TCT AGA CAG ACC 
CAA GAC CAA CCG) and BB011 (5’-AAA 
AGA TCT GTC TAC TTC TTC CAT GCG TG) 
to add restrictions sites for 3’-BglII and 5’-XbaI 
laterally and to delete the start-codon. The 
insertion of the PCR fragment into pETSH-3 
cleaved with the same restriction enzymes resulted 
in plasmid pETSH-3 Hsp90 encoding a fusion 
protein consisting of a Sec-dependent CtxB signal 
peptide, Hsp90, and the AIDA-I autotransporter. 
Plasmid pETSH-3 SDH08 encoding CtxB signal 
peptide, AIDA-I autotransporter and sorbitol 
dehydrogenase, which was used as control, has 
been described earlier (43). Preparation of plasmid 
DNA, ligation, restriction digestion, and DNA 
electrophoresis were performed according to 
standard protocols. 

Membrane protein preparation - E. coli BL21 
(DE3) pETSH-3 Hsp90 or E. coli BL21 (DE3) 
pETSH-3 SDH08 cells were grown overnight, and 
1 ml was used to inoculate a fresh 40 ml culture. 
Cells were cultivated at 37 °C with vigorous 
shaking (200 rpm) until an OD600 of 0.5 was 
reached. Protein expression was induced by adding 
IPTG at a final concentration of 1 mM. Cultures 
then were incubated at 30 °C with shaking 
(200 rpm) for 1 h, and the induction was stopped 
by harvesting the cells and washing them with 
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buffer (0.2 M Tris-HCl, pH 8). Prior to membrane 
protein isolation by differential cell fractionation 
as described in detail elsewhere (44), cells were 
incubated at RT for 1 h with or without addition of 
proteinase K (25 mg/ml). The membrane proteins 
were washed, suspended in H2O, and prepared for 
SDS-PAGE. 

SDS-PAGE and Western blot analysis - Membrane 
preparations were diluted 1:2 with sample buffer 
(100 mM Tris/HCl pH 6.8 containing 4 % SDS, 
0.2 % bromophenol blue, 20 % glycerol with or 
without 200 mM dithiothreitol), boiled for 
5 minutes and separated on 12.5 % polyacrylamide 
gels. The gels were analyzed using the Gel iX 
Imager (Intas, Göttingen, Germany). The pictures 
of the gels were further analyzed to evaluate the 
density of the protein bands using the software 
ImageJ (ImageJ, U. S. National Institutes of 
Health, Bethesda, Maryland, USA, 
http://imagej.nih.gov/ij/). 
For Western blot analysis, proteins were 
transferred on a nitrocellulose membrane, and the 
membrane was subsequently blocked with TBS 
containing dried-milk powder (5 %) for 1 h at RT. 
The membrane was then incubated with mouse-
derived anti-Hsp90 monoclonal antibody, diluted 
1:2000 in TBS containing 0.05 % Tween-20 (TBS-
T), overnight at 4 °C. 
The membrane was washed three times with TBS-
T and incubated with the secondary antibody, a 
goat anti-mouse conjugate with horseradish 
peroxidase, diluted 1:5000 in TBS-T, for 1.5 hours 
at RT. Antigen-antibody conjugates were 
visualized by adding a solution consisting of 4-
chloro-1-naphthol and H2O2 in TBS.  

Expression and purification of p53 - E. coli BL21 
(DE3) cells were transformed with pET19b-p53wt 
encoding for human p53 (45). A single cell clone 
was incubated overnight in 40 ml LB-medium at 
37 °C. 2 l of LB-medium were inoculated with 
20 ml of the overnight culture, grown to mid-log 
phase, and then protein expression was induced 
with 1 mM IPTG (final concentration) for 6 h at 
30°C. Cells were harvested and suspended in 
20 ml of 20 mM Tris-HCl, 0.1 M KCl, 5 mM 
MgCl2, 0.1 % Tween-20, pH 8.0 (TMK) with 
addition of 1 mg/ml Lysozyme, 1 mM 
benzamidine and 1 mM 
phenylmethylsulfonylfluoride (PMSF) (final 
concentrations), incubated for 20 min on ice and 

subsequently sonicated. The lysate was cleared by 
centrifugation and loaded onto a pre-equilibrated 
Ni2+-chelate agarose column. The column was 
washed with 10 volumes of TMK-buffer, followed 
by 10 volumes of TMK-buffer containing 50 mM 
imidazole and 5 volumes of TMK-buffer 
containing 100 mM imidazole. p53 was eluted by 
TMK-buffer containing 500 mM imidazole and 
subsequently dialyzed overnight against PBS, pH 
7.5. The purification yielded a concentration of 
3.75 mg/ml in a total volume of 6 ml verified by 
SDS-PAGE and Bradford quantification according 
to standard protocols. 
Fluorescein-5-isothiocyanate (FITC) labeling of 
p53 was performed using a kit from Calbiochem 
(Merck, USA) according to manufacturer’s 
protocol. 

Autodisplay dimerization assay - E. coli BL21 
(DE3) cells displaying Hsp90 were grown to the 
mid log phase (OD600 = 0.5), harvested and 
suspended in identical volume of PBS. Protein 
expression was induced by adding 1 mM IPTG 
(final concentration) for 16 h at 30 °C. 
Subsequently, cells were washed three times and 
suspended in PBS to an OD600 = 0.35 in a final 
volume of 100 µl. Cells were incubated for 
15 minutes either with or without peptide. Cells 
were washed three times with PBS to avoid 
unspecific binding and FITC labeled p53 was 
added subsequently to the cells in a final 
concentration of 1 µM with or without addition of 
ATP or the non-hydrolysable ATP analogue 
Adenosine 5’-(β−γ-imido) triphosphate (AMP-
PNP) in a final concentration of 10 mM. Cells 
were incubated for 1 h in the dark and again 
washed three times with filter sterilized PBS 
containing 0.1 % Tween-20. Cellular fluorescence 
was measured with a FACS Aria III (BD, 
Heidelberg, Germany), using 488 nm as excitation 
wavelength, 530 nm for detection, and filter-
sterilized PBS as sheath fluid as described before 
(33). Solely intact cells were analyzed after 
background noise elimination. For each sample, at 
least 50,000 events were counted using a flow rate 
of 1000 events per s. 

Microscale Thermophoresis (MST) – The Hsp90 
CTD was purified as described before (29) and 
labeled with the Monolith NTTM Protein Labeling 
Kit RED-NHS (Amine reactive) of NanoTemper 
(NanoTemper Technologies GmbH, München, 
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Germany) according to the manufacturer’s 
protocol. This resulted in coupling of the 
fluorescent dye NT-647. For determination of the 
Kdim value of the Hsp90 CTD dimer, 10 µl of 
10 nM labeled Hsp90 CTD in PBS including 0.5 % 
BSA and 0.1 % Tween-20 were mixed with 10 µl 
unlabeled Hsp90 CTD in different concentrations 
ranging from 76.3 pM to 2.5 µM. These mixtures 
were incubated for 15 min at RT in the dark. 
Subsequently, thermophoresis of each 
concentration was measured at 1475 nm ± 15 nm 
using the Monolith NT.115 (NanoTemper 
Technologies GmbH, München, Germany) (46). 
Each measurement was performed at 25 °C for 
20 s at 95 % LED power and 80 % infrared laser 
power. The measurement was repeated 3 times 
independently for each sample. For determining 
the apparent KD of Hsp90 CTD and H3, 200 nM 
labeled Hsp90 CTD in PBS including 0.5 % BSA 
and 0.1 % Tween-20 were mixed with 10 µl 
peptide H3 in different concentrations ranging 
from 1.95 nM to 8 µM. The mixtures were 
incubated for 15 min at RT in the dark and 
thermophoresis was measured as described above. 
Each measurement was performed at 25 °C for 
20 s at 20 % LED power and 30 % infrared laser 
power. For each sample, the measurement was 
repeated 10 times independently. The fluorescence 
of each measurement was normalized and plotted 
against the different concentrations of the titrant. 
The KD Fit formula 
Y=E+(A-E)/2*(T+x+KD-sqrt((T+x+KD)^2-4*T*x)) 
was used to calculate the KD value using the
GraphPad Prism software (GraphPad Software, 
Inc. La Jolla, USA). T, the concentration value for 
the labeled protein CTD, was set to 5 nM for 
determining the KD of the Hsp90 CTD dimer, and 
200 nM for determining the KD of Hsp90 CTD and 
H3. 

RESULTS 

Design of inhibitory peptides and determination of 
their secondary structure content 

Recently, hot spots amino acids were identified in 
the CTD of Hsp90 that contribute markedly to the 
stability of the dimer (29). Based on these hot 
spots, three peptides were proposed as competitive 
dimerization inhibitors of hHsp90: H1, a 16mer 
formed by residues of helix α13 of the CTD, 
which contains the hot spot cluster I688, Y689, 

I692 and L696; H2, a 20mer from helix α12, 
which contains the smaller hot spot cluster L672 
and T669; and H3, which combines H1 and H2 
together with residues of the loop connecting the 
two (Figure 1, C). Since these peptides enclose the 
hot spot residues accounting for most of the 
dimerization energy, it was expected that they 
should act as competitive inhibitors by binding to 
the dimerization interface. As a structural 
instability of the peptides in the unbound form 
would have an adverse effect on their binding 
affinity (47), the secondary structure propensity of 
these peptides was investigated by means of MD 
simulations and CD spectroscopy. In the MD 
simulations, each peptide was simulated in explicit 
water by itself and in complex with the 
corresponding Hsp90 CTD monomer, for 1 μs and 
500 ns, respectively (Figure 1, C). Three 
independent simulations were performed (see 
Experimental Procedures) for evaluating the 
statistical significance of the results. In the course 
of the MD simulations, H1 rapidly unfolds and 
loses its α-helical secondary structure, which in 
part reappears as 310 helical stretches in later stages 
of the simulations (Figure 2, A). With an average 
residue-wise α-helical content of ~7.0 ± 1.2% 
(SEM) and the absence of any other dominating 
secondary structure element (Figure 2, A), the MD 
simulations suggest that H1 is largely unstructured 
if it is unbound. In contrast, H1 in complex with 
the CTD retains almost completely its α-helical 
secondary structure in the MD simulations (Figure 
2, B): The average α-helical content is 
~54.7 ± 10.2% (SEM), and almost all amino acids 
are in an α-helical conformation over the complete 
simulation time (Figure 2, B). CD measurements 
of unbound H1 in aqueous solution did not reveal 
any secondary structure content (Figure 2, C), as 
proposed by the MD simulations. 

In contrast to H1, both peptides H2 and H3 
revealed a higher α-helical content in the MD 
simulations, regardless if unbound or bound to the 
Hsp90 CTD: the average α-helical content of the 
unbound peptides was ~21.1 ± 5.6% (SEM) and 
~34.6 ± 6.0% (SEM), and ~31.6 ± 9.1% (SEM) 
and ~69.2 ± 2.7% (SEM) when bound to the CTD 
(Figure 3 and Figure 4, A, B). Especially in the 
core regions of the peptides, the α-helical content 
can reach between 50 and 100% (Figure 3 and 
Figure 4, A, B), whereas no α-helical content was 
observed in the loop region of H3, as expected. 
Note that the peptides showed pronounced and 
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repeated changes in the per-residue secondary 
structure for most of the residues over the time of 
the MD simulations, demonstrating a thorough 
sampling of the conformational space. The results 
of the independent simulations were in good 
agreement, as demonstrated by the standard error 
of the mean (SEM) calculated for the residues’ 
average α-helical content (Figure 2, Figure 3 and 
Figure 4, A and B), suggesting convergence in the 
predicted secondary structure content. To verify 
the predicted α-helical content of peptides H2 and 
H3, CD measurements were performed. CD 
spectra of unbound H2 and H3 exhibited minima at 
~208 nm and ~220 nm that indicate a 
predominantly α-helical secondary structure 
(Figure 3 and Figure 4, C). 

Finally, the secondary structure content of the 
control peptide H3mut, which differs from H3 by 
the replacement of hot spot residues I688, Y689, 
I692, and L696 of the larger cluster by Ala, was 
analyzed. The CD spectrum of free H3mut in 
solution exhibited only a minimum at 202 nm, and, 
hence, no secondary structure element (Figure 4, 
D). 
 
Autodisplay of Hsp90 on the surface of E. coli 

In order to display Hsp90 on the surface of E. coli 
BL21 (DE3), cells were transformed with 
pETSH-3 Hsp90 via heat-shock transformation 
(48), and expression of the protein (see 
Experimental Procedures) was verified by SDS-
PAGE and Western-blot analysis of the outer 
membrane protein fractions (Figure 5). Samples 
lacking the plasmid and samples containing the 
plasmid, but without induction of protein 
expression, served as controls. An expected band 
at 137 kDa indicated the correct expression of the 
Hsp90 monomeric fusion protein (Figure 5, A). A 
protein of similar size was not detectable in control 
cells without plasmid (Figure 5, A and B, lane 5). 
In non-induced E. coli cells containing the 
plasmid, a slight protein band of similar size was 
detectable. This band may arise from the known 
leakiness of the lac promoter used for these 
experiments, leading to a slight background 
protein expression without the addition of inducer. 

For verification of Hsp90 expression, Western-
blot analysis with the identical outer membrane 
preparations was performed. Interestingly, a 
second band at approximately 300 kDa appeared, 
when the proteins were prepared in sample buffer 

without reducing agent DTT (Figure 5, B, lane 1). 
In contrast, no such band is detectable when DTT 
is used in the sample buffer. These results gave a 
first hint that Hsp90 monomers displayed at the 
cell surface might also form dimers, as an Hsp90-
specific antibody was used for immunodetection. 
Dimer formation is probably facilitated due to the 
motility of the anchoring domain of Hsp90 in the 
plane of the outer membrane, as previously 
observed in the Autodisplay for other proteins 
(49,50). It is a special characteristic of the surface 
display of this system, that monomers of proteins 
forming dimers or multimers in the native state 
show a passenger-driven dimerization or 
multimerization. As Hsp90 has been reported to 
form a dimer, this result was not unexpected 
(Figure 6). The amount of surface displayed Hsp90 
was determined by densitometric analysis of the 
protein band corresponding to Hsp90 in 
comparison to the OmpA band in the Coomassie 
stained SDS-gel. The Hsp90 protein band showed 
a 1.94 times higher density than the OmpA protein 
band in the same lane (Figure 5, A, lane 1). OmpA 
is known to have a constant number of 1x105 
copies per single cell (51). In order to calculate the 
number of Hsp90 molecules from this number, the 
different molecular weights of the two proteins 
have to be taken into account, as it is well known 
that the density of the Coomassie stained protein 
bands correlates with the entire amount of protein. 
The Hsp90 fusion protein has a calculated 
molecular weight of 137 kDa, whereas OmpA is 
reported to have a molecular weight of 37 kDa. 
Taking into account these data, the calculated 
number of Hsp90 molecules are about half of the 
OmpA molecules in the cell, resulting in an
approximate number of 5.2x104 molecules of 
Hsp90 displayed at the cell surface of E. coli.  

Functionality of displayed Hsp90 and Autodisplay 
based dimerization assay 

The transcription factor p53 is a natural client 
protein of Hsp90, with a binding affinity (KD) to 
the Hsp90 dimer reported to be 1 µM (52). p53 
was labeled with FITC, and the labeled client 
protein was added in a final concentration of 1 µM 
to E. coli BL21 (DE3) cells displaying Hsp90 at an 
OD600 = 0.35 in a final volume of 100 µl. This 
corresponded to 1x107 cells with an estimated 
number of 5.2x1011 protein molecules on the 
surface. The cells incubated with FITC labeled p53 
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were subjected to flow cytometer analysis. This led 
to an increase in cellular fluorescence (median 
value of fluorescence, mF = 754) in comparison to 
control cells displaying sorbitol dehydrogenase, a 
protein of similar size, which were also incubated 
with FITC labeled p53 (mF = 3.28) (Figure 7 A). 
The experiments were also performed in the 
presence of ATP and in the presence of the non-
hydrolysable ATP analog AMP-PNP. Both 
controls showed no effect on the cellular 
fluorescence, and hence on the apparent affinity of 
p53 to Hsp90 in the assay (data not shown). Thus, 
all subsequent assays were performed without 
ATP. As another control, cells displaying Hsp90 
were incubated with apolipoprotein E (ApoE), 
which is not a client protein of Hsp90. For this 
purpose, ApoE was labeled with the amine reactive 
Promofluor633 (PF633). As illustrated in Figure 7 
B, incubation of cells displaying Hsp90 with 
PF633 labeled ApoE did not result in a notable 
increase in fluorescence intensity (mF = 1.79) in 
comparison to control cells displaying SDH 
(mF = 2.64). Taken together, the increase of 
cellular fluorescence as shown in Figure 7 A 
suggested the specific binding of FITC labeled p53 
to surface displayed Hsp90 on E. coli and 
indicated an active and hence correctly folded 
dimeric Hsp90. 

In the next step, E. coli cells displaying Hsp90 
were incubated separately with the peptides H1, 
H2, H3, or H3mut before FITC labeled p53 was 
added. The ability of these peptides to compete 
with the monomer in the CTD would result in 
blocking the dimerization, which in turn should 
lead to a reduction of p53 binding. As a 
consequence, this would result in a lower cellular 
fluorescence in the flow cytometer analysis. For 
the preincubation, each peptide was added 
separately in a concentration of 100 µM. 
Preincubation with peptide H1 and subsequent 
addition of FITC labeled p53 did not result in a 
reduction of cellular fluorescence in comparison to 
control cells, indicating no effect of H1 on the 
dimerization of Hsp90 (Figure 7, C). Preincubation 
of E. coli cells displaying Hsp90 with H2 or H3 
led to a significantly reduced cellular fluorescence 
(Figure 7, D and E; mF = 4.77, mF = 5.01), in 
comparison to control cells (mF = 32). This 
indicated for both peptides a reduced binding 
affinity of FITC labeled p53 and in consequence a 
reduced amount of functional Hsp90 on the cell 
surface, due to inhibition of dimerization. As 

expected, no reduction in cellular fluorescence was 
obtained when E. coli cells displaying Hsp90 were 
incubated with H3mut before FITC labeled p53 
was added (data not shown).  

To investigate whether the inhibitory effect of 
H3 on dimerization was dose-dependent, different 
concentrations of H3 ranging from 1 µM to 50 µM 
were incubated with the same amount of E. coli 
cells displaying Hsp90. Subsequently, FITC 
labeled p53 was added as described above, and the 
resulting cellular fluorescence was determined by 
flow cytometry. E. coli cells displaying sorbitol 
dehydrogenase served as controls and were treated 
identically. As shown in Figure 8 A, increasing 
concentrations of H3 resulted in decreasing 
cellular fluorescence, indicating that H3 inhibited 
Hsp90 dimerization in a dose dependent manner. 
The fluorescence of cells displaying Hsp90 
incubated with FITC labeled p53 alone was set as 
100 % dimerization. The values of cellular 
fluorescence obtained with the different H3 
concentration were set into relation in order to 
obtain relative inhibition of dimerization. From 
these data, an IC50 of 8.96 µM for H3 was 
approximated by linear regression analysis for 
dimerization inhibition of surface displayed Hsp90 
(Figure 8, B). 

Peptide H3 binds to the C-terminal domain (CTD) 
of Hsp90 

The Autodisplay based assay showed that the H3 
peptide, which was designed based on the hot spot 
interactions in the Hsp90 CTD, inhibits the 
dimerization of Hsp90. The similarity of H3 with 
the CTD suggests that it binds to the CTD 
interface, and thereby interferes with Hsp90 
dimerization. To validate this hypothesis, MST 
measurements were performed with the purified 
recombinant CTD of Hsp90 labeled with NT-647. 
H3 was applied in 13 different concentrations 
ranging from 1.95 nM to 8 µM, and mixed with a 
constant concentration of 200 nM of the labeled 
Hsp90 CTD. MST was recorded for each sample, 
and a nonlinear regression curve was fit with the 
KD Fit formula (see Experimental Procedures). The 
inflection point of the curve revealed an apparent 
KD value of 1.46 µM (Figure 8, D), indicating 
binding of H3 to the CTD of Hsp90. The apparent 
KD value obtained by this strategy is a composite 
of the dissociation constant of the Hsp90 CTD 
dimer and the association constant of an Hsp90 
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CTD monomer and H3: As the dimeric Hsp90 
CTD (D) is in equilibrium with its monomer (M), 
the peptide H3 (L) is only able to bind to the 
monomer (M) after dissociation of (D) according 
to the following scheme: 

 
The equilibrium constants are defined as 
dissociation constants: Kdim = [M]2/[D], and Klig = 
[M]⋅[L]/[ML]. It was not possible to determine Klig 
directly, as the thermophoresis signal showed a 
high variation at the low ligand concentrations L 
required for this determination. Instead, Klig was 
determined as a function of IC50 and Kdim 
according to the following equations (53). 

The equilibrium of D and M is described by 
Kdim (Eq. 1): 

���� �
����

���
 

     (Eq. 1) 

In the absence of an inhibitor L, the concentration 
of unbound Hsp90 monomer M is [M]0, and the 
concentration of the Hsp90 dimer is [D]0. The total 
concentration of Hsp90 monomer is thus [M] (Eq. 
2): 

 
� � ����� � ���� 

     (Eq. 2) 
Substituting Eq. 2 into Eq. 1 and solving the 
obtained quadratic equation with respect to [M]0 
leads to Eq. 3: 
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(Eq. 3) 

Substituting Eq. 3 into Eq. 2, the concentration of 
dimeric Hsp90 CTD [D]0 is given as a function of 
Kdim and [M] and can be calculated with the 
resulting equation Eq. 4,  
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     (Eq. 4) 

where Kdim is constant and [M] is the summed 
concentration of all Hsp90 monomers. 

[L]tot is defined as the total concentration of 
H3 present at the measured IC50 value, so 
[L]tot = IC50. In this case [M] is defined by 
equation Eq. 5, 

 
� � ������ � ����� � ������  

     (Eq. 5) 

where [D]50, [M]50, and [ML]50 are the 
concentrations of the respective species in the 
presence of [L]tot. In this case, [D]50 is half of the 
maximal dimer concentration [D]0 at [L] = 0
(Eq. 6): 

����� � �
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�
 

     (Eq. 6) 

The unbound Hsp90 CTD monomer [M]50 is 
obtained by substituting Eq. 6 into Eq. 1 (Eq. 7): 

� �� �
��������

�
 

     (Eq. 7) 

To determine Klig, the law of mass action can be 
used to form the following equation, with the 
assumption that binding of the ligand depends on 
the predissociation of the Hsp90 CTD dimer D, 

���� �
����������

������
 

     (Eq. 8) 

in which [L]50 is defined as unbound ligand H3 at 
the measured IC50. [L]50 has to be calculated in 
order to solve the equation for Klig. As [L]tot is 
defined as the total concentration of H3 at the IC50, 
it is composed of the concentrations [L]50 and 
[ML]50 according to equation Eq. 9: 

� ��� � ���� � � ����� � ������  

     (Eq. 9) 
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As a consequence, we determined Kdim of the 
Hsp90 CTD dimer via MST (Figure 8, C). For this 
purpose, 10 µl of 10 nM purified and NT-647 
labeled Hsp90 CTD were mixed with 10 µl 
unlabeled Hsp90 CTD in different concentrations 
ranging from 76.3 pM to 2.5 µM. MST was 
recorded as described above and the nonlinear 
regression curve was fit with the KD Fit formula. 
The inflection point of the curve revealed a Kdim of 
1.29 nM.  

The concentration of the total number of 
monomeric Hsp90 [M] present in the Autodisplay 
competition assay was estimated via SDS-PAGE 
of the membrane preparation (Figure 5) to be 
5.2 x 104. The number of E. coli cells per 100 µl 
was 1 x 107 and hence a total amount of 5.2 x 1011 
Hsp90 monomers were applied in our reaction 
settings. Making use of the Avogadro constant, the 
concentration of surface displayed Hsp90 in the 
Autodisplay assay could be determined as 
8.63 nM. 

Using the equations as described above, a total 
concentration [M] = 8.63 nM and a measured 
Kdim = 1.29 nM and IC50 = 8.96 µM leads to a 
Klig = 3.35 µM. 
 

DISCUSSION 

Hsp90 is an anti-cancer target with a high potential 
due to its involvement in many cellular regulatory 
processes (11,32,54). Although only few 
molecules targeting the Hsp90 CTD have been 
reported to date, these are promising alternatives to 
the more extensively studied NTD inhibitors
(32,55,56). None of the CTD inhibitors has been 
shown to target the CTD dimerization interface 
(32). Previously, we identified a functional epitope 
of spatially clustered hot spots in the Hsp90 CTD 
dimerization interface (29). Exploiting this 
knowledge in the present study, we designed 
peptidic inhibitors derived from the dimerization 
interface, showed by means of a novel 
dimerization assay based on the Autodisplay 
technology that these peptides inhibit Hsp90 dimer 
formation, and demonstrated an in vitro affinity in 
the low micromolar range of one of the peptides 
towards the Hsp90 CTD by microscale 
thermophoresis. 

Designing peptides as intermediate probes that 
mimic the molecular interactions required for a 
PPI is a validated approach on the way to small 

molecule protein-protein interaction modulators 
(PPIMs) (22,57-61). In our previous study (22) and 
studies of others (31,62) it has been shown that 
information on hot spots located at the protein 
interface can be successfully exploited in such a 
design. Using such hot spot information for the 
Hsp90 CTD (29), we predicted three peptides as 
potential Hsp90 dimerization inhibitors: H1, a 
16mer that encloses amino acids I688, Y689, I692 
and L696 of the main hot spots cluster located on 
helix α13 of the CTD; H2, a 20mer containing the 
smaller hot spot cluster L672 and T669 from helix 
α12; and H3, which includes H1 and H2 together 
with the loop connecting them (Figure 1, C). H1, 
H2, and H3 include all residues of the respective 
α-helices in the native four-helix bundle (Figure 1, 
B and C); this design was chosen based on the 
assumption that it would provide improved 
secondary structure stability of the peptides. 

In order to test the inhibitory activity of the 
designed peptides, we developed an assay based on 
the fact that p53 is a client protein of and is 
activated by Hsp90. CTD dimer formation of 
Hsp90 is essential for chaperone activity, which 
requires binding of Hsp90 to its client proteins 
(63,64). Accordingly, Hsp90 displayed on the 
surface of E. coli with Autodisplay will lead to an 
increased cellular fluorescence indicating 
functional dimerization of Hsp90 when FITC-
labeled p53 is added. Conversely, inhibitors of 
Hsp90 dimerization will result in a dose-dependent 
reduction of p53-mediated cellular fluorescence. It 
has been reported before that proteins can dimerize
on the surface of E. coli when displayed with 
Autodisplay (42,43). This is a consequence of 
autodisplayed proteins being anchored in the outer 
membrane of E. coli by an amphiphilic β-barrel. 
The β-barrel can move within the plane of the 
membrane such that a self-driven dimerization or 
even multimerization of the autodisplayed protein 
is possible (65-67). In the present study, we used 
this feature of autodisplay for the first time to 
investigate potential inhibitors of a PPI. The novel 
assay provides a valuable addition to the still 
limited arsenal of ex vivo assays to investigate the 
inhibition of PPIs. 

The assay was validated by several control 
experiments. First, expression of Hsp90 on the 
surface of E. coli was analyzed by SDS-PAGE and 
Western-Blot. This yielded a protein band of the 
expected size of a monomer of Hsp90 and, in 
addition, a protein band with a molecular weight 
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approximately twice as large (Figure 5, A, lane 1, 
and Figure 5, B, lane 1). This result already 
indicates that Hsp90 dimerization can occur on the 
cell surface. Second, FITC-labeled p53 was used 
to confirm correct folding and dimerization of 
Hsp90. Cells displaying Hsp90 were incubated 
with FITC-labeled p53, and the cellular 
fluorescence was determined by flow cytometry. 
This resulted in a large increase of the median 
fluorescence (mF = 754) in comparison to control 
cells treated identically (mF = 3.28) (Figure 7, A). 
Finally, in order to exclude that the fluorescence 
increase results from non-specific binding, ApoE, 
a protein known to be no client of Hsp90, was 
labeled with PF633 and used in an identical 
setting. There, no marked increase in cellular 
fluorescence in comparison to control cells was 
observed. This finding provides a strong indication 
for the specific binding of FITC-labeled p53 to 
surface-displayed Hsp90. 

Next, we used the developed assay to test the 
inhibitory activity of peptides H1, H2, and H3 on 
Hsp90 dimerization. When testing H2 in this flow 
cytometer based Autodisplay competition assay, a 
significant loss in cellular fluorescence was 
observed after addition of FITC labeled p53, in 
comparison to control cells treated identically 
(Figure 7, D). Likewise, a significant loss in 
fluorescence intensity was observed with H3 
(Figure 7, E). A dose-dependent analysis of the 
loss of fluorescence intensity in the presence of H3 
resulted in an IC50 value of 8.96 µM for the 
inhibition of Hsp90 dimerization (Figure 8). In 
contrast, when testing H1, no change in the 
fluorescence intensity was observed compared to 
control cells, indicating no inhibition of Hsp90
dimerization (Figure 7, A). 

The lack of inhibitory activity of H1 was 
unexpected, because this peptide contains the main 
hot spots that contribute most to the dimerization 
energy (29). However, assuming that the peptides 
act as competitive inhibitors, the conformational 
preference of the unbound peptides in solution will 
also affect their binding affinity to the respective 
area in the dimerization interface of the CTD (68). 
To probe this conformational preference, we 
employed MD simulations of 1 μs length, which 
are 5-fold longer than the time required for α-helix 
formation as determined from experiments (69-
71); such simulation times have been demonstrated 
to provide adequate conformational sampling for 
successfully predicting secondary structure 

propensity of peptides (72). The simulations 
showed that H1 is essentially unfolded when 
unbound (Figure 2, A), whereas unbound H2 and 
H3 revealed residue-wise α-helix propensities of 
up to 95 % for the core residues of the peptides 
(Figure 3 and Figure 4, A). The results were 
confirmed by two additional, independent MD 
simulations for each peptide, strongly suggesting 
that convergence was achieved in the MD 
simulations, as well as by CD spectroscopy (Figure 
2, Figure 3, and Figure 4, C). MD simulations of 
500 ns length each of the peptides bound to the 
CTD revealed an α-helical conformation for all 
three peptides for almost all of the simulation 
times (Figure 2, Figure 3, and Figure 4, B). These 
results were again confirmed by two additional, 
independent MD simulations for each peptide-
CTD complex. In all, these findings suggest that 
binding, and hence inhibitory activity, of H1 is 
hampered by the cost of conformational free 
energy required for α-helix formation of the 
peptide upon binding. 

In contrast, the stable secondary structure of 
unbound H2 and H3 does not incur such a cost 
such that these peptides could more easily engage 
in native-like molecular interactions with the CTD 
and, hence, inhibit Hsp90 dimerization. Microscale 
thermophoresis experiments performed with 
purified Hsp90 CTD and H3 revealed an apparent 
KD value of 1.46 µM (Figure 8, D). This result 
provided evidence that H3 binds to the C-terminal 
domain of Hsp90. Nevertheless, the apparent KD 
value describes only the composite of the 
dissociation constant of the Hsp90 CTD dimer 
(Kdim) and the association constant of Hsp90 CTD 
and H3 (Klig

-1), as in our system dimerized Hsp90
must first dissociate in order to bind H3. Hence, to 
determine the dissociation constant of monomeric 
Hsp90 CTD and H3, we first measured the Kdim of 
dimeric Hsp90 via MST (Figure 8, C). 
Thermophoresis measurement revealed a Kdim of 
1.29 nM. We did not succeed in obtaining Klig of 
monomeric Hsp90 and H3 in a direct manner, 
because the thermophoresis signal showed a high 
variation at low H3 concentrations. Hence, we 
calculated Klig according to Eqs. 1-9 through the 
measured IC50, the Kdim, and the concentration of 
the total number of monomeric Hsp90. This 
calculation revealed a Klig of 3.35 µM. 

Finally, we intended to probe if mutating the 
amino acids of the main cluster of hot spots of H3 
to alanine would cause a loss of inhibitory activity 
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of the resulting peptide H3mut. However, flow 
cytometric analysis revealed a strong tendency of 
H3mut to form aggregates. This tendency may 
result from an unstructured peptide in solution, as 
CD spectroscopy did not reveal a secondary 
structure content for H3mut (Figure 4, D). 
Moreover, these aggregates were binding to FITC-
labeled p53 and revealed a fluorescence signal that 
was not distinguishable from fluorescent cell 
signal. In this case, the flow cytometer results 
obtained with cells displaying Hsp90 in the 
presence of H3mut and FITC labeled p53 were not 
valid. 

In a previous study, Gavenonis et al. 
synthesized and tested several analogues of a 
peptide derived from the Hsp90 CTD interface that 
differs from H1 in terms of two additional 
residues, namely one Asp in the N-terminus, and 
one Gly in the C-terminus (31). By functional 
studies, the authors showed that these peptides 
inhibit Hsp90’s chaperone activity but did not 
show that the peptides inhibit Hsp90 dimerization. 
Furthermore, while they excluded that the peptides 
act via NTD binding, they did not provide 
experimental evidence that the peptides act by 
binding to the CTD. 

In summary, we report the design and 
experimental validation of peptidic inhibitors of 
Hsp90 dimerization. For the experimental 
validation, we developed a novel dimerization 
assay based on the Autodisplay technology. One of 
the designed peptides was demonstrated to bind to 
the Hsp90 CTD with a low micromolar affinity. 
This peptide is the first inhibitor of Hsp90 C-
terminal dimerization shown to bind to the CTD. 
As the peptide is derived from the CTD 
dimerization interface, we presume that it acts as a 
competitive dimerization inhibitor by binding 
there. These results can be used to design and 
screen for small molecules that inhibit the CTD 
dimerization of Hsp90, which could open a new 
route for cancer therapy. 
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FIGURE LEGENDS 

FIGURE 1. Peptides derived from the dimerization interface of the Hsp90 CTD. (A) Surface 
representation of the full length S. cerevisiae Hsp90 (PDB code 2CG9) showing the three protein 
domains (N-terminal domain: light blue, middle domain: red, C-terminal domain: wheat). (B) Homology 
model of the human Hsp90 CTD dimer (blue), generated as described in (29). The pair of helices from 
which the interface peptides investigated by MD simulations, CD spectroscopy, and FACS assay were 
derived are colored in wheat in the box. (C) Blow-up of the starting structures for the MD simulations: 
single peptides (H1 to H3, upper panel) and peptides in complex with the Hsp90 CTD monomer (H1-
CTD to H3-CTD, lower panel).  

FIGURE 2. Secondary structure of H1 in MD simulations and CD spectroscopy. In the upper panels, 
representative conformations of the peptide simulated by itself (A) or extracted from the peptide-CTD 
complex (B) are shown at different times during the MD simulations. In the lower panel, the secondary 
structure of each peptide residue (as indicated by the color scale below) is given as a function of the 
simulation time. The histograms on the right show the α-helix content of each peptide residue averaged 
over the three independent MD simulations; the standard error of the mean (SEM) is indicated by the red 
bars (see Experimental Procedures). (C) CD spectrum of the peptide in aqueous solution in the range 180-
250 nm. 

FIGURE 3. Secondary structure of H2 in MD simulations and CD spectroscopy. For further details 
see Figure 2. 

FIGURE 4. Secondary structure of H3 in MD simulations as well as H3 and H3mut in CD 
spectroscopy. (A-C) Data for H3; for further details see Figure 2. (D) CD spectrum of the peptide H3mut 
in aqueous solution in the range 180-250. 

FIGURE 5. Expression and surface display of Hsp90. SDS-PAGE (A) of the membrane protein 
preparation of E. coli BL21 (DE3) pETSH-3 Hsp90. An expected band at 137 kDa appears at Lanes 1 
and 3, after inducing protein expression, respectively. Lanes 2 and 4 show membrane protein preparation 
of non-induced E. coli BL21 (DE3) pETSH-3 Hsp90 cells with and without addition of DTT. Lane 5 
shows a membrane protein preparation of control cells without plasmid. (B) Western-Blot analysis of the 
same preparation. An additional dimeric Hsp90 band appears in lane 1 treated without DTT. Hsp90 
protein is indicated by black arrows. 

FIGURE 6. Schematic description of the Hsp90 dimerization assay using Autodisplay. (A) Structure 
of the Hsp90 fusion protein consisting of an N-terminal signal peptide for Sec-dependent translocation 
across the inner membrane (IM), a passenger domain, a linker domain, and the β-barrel domain. (B) 
Schematic view of the proposed secretion mechanism and dimerization of Hsp90. After translocation via 
SecYEG across the IM, the signal peptide is cleaved, and the Omp85 complex interacts with the 
incompletely folded β-barrel and integrates the fusion protein into the outer membrane (OM) (73). Hsp90 is 
released to the cell surface and dimerizes there. 

FIGURE 7. Flow cytometer analysis of cells displaying Hsp90 in the dimerization assay. (A) Flow 
cytometric analysis showing E. coli BL21 (DE3) cells displaying Hsp90 (blue curves) or a control protein 
of similar size (red curves) after incubation of 1 µM FITC labeled p53. A higher mean value in cellular 
fluorescence indicates binding of FITC labeled p53 to surface displayed Hsp90. (B) Flow cytometric 
analysis of the same cells after incubation of 1 µM PF633 labeled ApoE serving as a specifity control. (C-
E) Autodisplay dimerization assay with E. coli BL21 (DE3) cells treated like in (A) after incubation of 
1 µM FITC labeled p53 and additional 10 min preincubation of the cells with 100 µM of the Hsp90
interface-derived peptides H1 (C), H2 (D), or H3 (E). The loss in cellular fluorescence (D and E) indicates 
a lower binding affinity of FITC labeled p53 to surface displayed Hsp90.  
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FIGURE 8. Dose dependent reduction of fluorescence by H3 and MST analysis of binding to the 
Hsp90 CTD. (A) Flow cytometric analysis of E. coli BL21 (DE3) cells displaying Hsp90 preincubated 
with different concentrations of the peptide H3 and then incubated with 1 µM FITC labeled p53. The 
cellular fluorescence decreases in a dose dependent manner. E. coli BL21 (DE3) cells displaying SDH 
served as control. (B) Linear regression of the obtained cellular fluorescence mentioned above. The mean 
fluorescence of cells without addition of H3 was set to be 100 % binding. Binding [%] was plotted against 
the logarithm of the different H3 concentrations. (C) MST measurement of Hsp90 CTD dimer. Titration of 
unlabeled Hsp90 to a constant amount of NT-647 labeled Hsp90 CTD induces a change in thermophoresis. 
For each concentration, three independent measurements were performed and a Kdim value of 1.29 nM was 
determined using the KD Fit formula from GraphPad Prism Software (GraphPad Prism Software, Inc. La 
Jolla, USA). (D) Specific binding of H3 to the CTD of Hsp90 revealed via MST analysis. Titration of the 
H3 peptide to a constant amount of NT-647 labeled CTD of Hsp90 induces a pronounced MST signal 
change. For each concentration, ten independent measurements were performed, and the mean value was 
determined. These values were used in the KD Fit formula as described above and yielded an apparent KD
of 1.46 µM. 
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TABLES 

Table 1: Variants of peptides derived from the CTD of Hsp90 investigated in this study. 

Variant Peptide sequence Helicitya IC50
b Klig

c CD 
minimad

H1 PQTHANRIYRMIKLGL 7.0 ± 1.2 % nd nd -e 

H2 DKSVKDLVILLYETALLSSG 21.1 ± 5.6 % nd nd 208, 220

H3 DKSVKDLVILLYETALLSSGFSLEDPQTHANRIYRMIKLGLG 34.6 ± 6.0 % 8.96 3.35 208, 220

H3mut DKSVKDLVILLYETALLSSGFSLEDPQTHANRAARMAKLGAG nd nd nd 202 

[a] Residue-wise α-helical content calculated as average from three independent MD simulations. 
[b] IC50 calculated with the Autodisplay competition assay; in μM. 
[c] Klig calculated with the Autodisplay assay and MST measurement; in µM. 
[d] Location of minima in the CD spectrum; in nm. 
[e] None visible that is indicative of an �-helical structure. 
nd: Not determined 
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Figure 1 
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Figure 2 
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1. OPTIMIZATION OF AMIDE COUPLING 

For optimization of the amide coupling five experiments using each time another coupling 

reagent and a fixed combination of starting materials were carried out. HATU, HBTU, COMU, 

PyBop and DIC/Oxyma were chosen as coupling agents (see Table S1). 

The reaction was carried out as follows: compound 5b (0.046 g, 0.20 mmol), the 

corresponding lithium salt of  compound 3d (0.1 g, 0.31 mmol) and the appropriate coupling 

reagent (0.37 mmol) were dissolved in dimethylformamide (1 mL) and stirred for 24 hours under 

nitrogen atmosphere. After 1, 3, 6, 8 and 24 hours 5 μL of the reaction mixture were diluted with 

995 μL of methanol (HPLC grade) and analysed by HPLC. A gradient elution (60:40 � 0:100 
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acetate buffer (5 mmol%): acetonitrile, flow rate: 1mL/min) and a reverse phase column (C18) 

were chosen to analyse the reaction mixture. 

Table S1. Screening of coupling conditions. 

Entry Coupling reagent Time [a] Coversion [b]

1 COMU 1 92 

2 COMU 3 95 

3 HATU 1 74 

4 HATU 24 78 

5 PyBop 1 35 

6 PyBop 24 44 

7 HBTU 1 26 

8 HBTU 24 37 

9 DIC/Oxyma 1 11 

10 DIC/Oxyma 24 18 

[a] Time (h) after which HPLC analysis was performed, [b] Conversion (%) was calculated as 
follows [Area% [product]/(Area% [starting material] + Area% [product]) * 100].  
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2. 1D AND 2D NMR-DATA 

1H-NMR and 13C-NMR of Compound 3a: 

�

�
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1H-NMR and 13C-NMR of Compound 3b: 

�
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1H-NMR and 13C-NMR of Compound 3c: 

�

�
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1H-NMR and 13C-NMR of Compound 3d: 

�
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1H-NMR and 13C-NMR of Compound 3e:�

�
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1H-NMR and 13C-NMR of Compound 3f:�

�
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1H-NMR and 13C-NMR of Compound 3g:�

�
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Expansion of the 13C NMR spectrum of 3g
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1H-NMR and 13C-NMR of Compound 3h:�

�
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1H-NMR and 13C-NMR of Compound 3i:�

�
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1H-NMR and 13C-NMR of Compound 3j:�

�
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Expansion of the 13C NMR spectrum of 3j
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1H-NMR and 13C-NMR of Compound 3k:�
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Expansion of the 13C NMR spectrum of 3k
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1H-NMR and 13C-NMR of Compound 3l:�
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1H-NMR and 13C-NMR of Compound 3m:�
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1H-NMR and 13C-NMR of Compound 3n:�
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1H-NMR and 13C-NMR of Compound 4a:�
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Expansion of the 13C NMR spectrum of 4a
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1H-NMR and 13C-NMR of Compound 4b:�
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Expansion of the 13C NMR spectrum of 4b
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1H-NMR and 13C-NMR of Compound 5a:�

�
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S26

Expansion of the 13C NMR spectrum of 5a
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1H-NMR and 13C-NMR of Compound 5b:�

�
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1H-NMR and 13C-NMR of Compound 6a:�

�

�



 Publication IV – Supporting Information 

155 
 

S29

1H-NMR and 13C-NMR of Compound 6b:�

�
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S30

Expansion of the 13C NMR spectrum of 6b
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1H-NMR and 13C-NMR of Compound 7a:�

�



 Publication IV – Supporting Information 

158 
 

S32

1H-NMR and 13C-NMR of Compound 7b:�

�
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S33

Expansion of the 13C NMR spectrum of 7b
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1H-NMR and 13C-NMR of Compound 8a:�

�
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S35

Expansion of the 13C NMR spectrum of 8a
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1H-NMR and 13C-NMR of Compound 8b:�

�
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Expansion of the 13C NMR spectrum of 8b
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1H-NMR and 13C-NMR of Compound 8c .TFA: 

�
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1H-NMR and 13C-NMR of Compound 8c:�

�
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Expansion of the 13C NMR spectrum of 8c
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HMBC spectrum of compound 8a (600 MHz, CDCl3, 20 mM):�

�
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HSQC spectrum of compound 8a (600 MHz, CDCl3, 20 mM): 

�

�
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�

Figure S1. ROESY spectrum of compound 8a (600 MHz, CDCl3, 20 mM, 298K): 
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�
Figure S2. ROESY spectrum of compound 8c .TFA (600 MHz, methanol-d4, 10 mM, 298K):�
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Figure S3. Expansion of the ROESY spectrum of 8c TFA shown in Figure S2; key ROEs are 

marked in red.  
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3. BISPYRIMIDONAMIDE USED FOR THE PARAMETERIZATION PROCEDURE 

AND POTENTIALS OF THE INTER-RING TORSION ANGLES ϕϕϕϕ and ψψψψ
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Figure S4. (A) Dimethyl substituted bispyrimidonamide used for the ab initio-based 

parameterization of the � and � inter-ring torsion angles defined by the atoms indicated with 

red dots (see also Experimental Section in the main text). (B) Relative MP2/6-31G* energy 

of the dimethyl substituted bispyrimidonamide calculated for constrained � and � angles in 

the range [180°, -180°] at intervals of 15° (see Experimental Section in the main text). The 

red triangles indicate average values of � and � angles found in the crystal structure of 8a

(7.4° and 165.4°, respectively), which correspond to energy minima in the torsion potentials. 

(C) Same ab initio potentials (black points) together with the relative molecular mechanics 

energy (red points) calculated for constrained � and � angles in the range [180°, -180°] at 

intervals of 15° utilizing the newly derived force field parameters in combination with the 

general AMBER force field (GAFF). The fitting procedure for � and � angles provided 

correlation coefficients (R2) between the ab initio and molecular mechanics energies of 0.99 

and 0.98, respectively. 
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4. FORCE FIELD PARAMETERS DERIVED FOR THE ϕϕϕϕ and ψψψψ INTER-RING 

TORSION ANGLES  

Figure S5. Force field modification file for the AMBER package of molecular simulation 

programs containing the dihedral parameters derived for the � and � torsion angles of the 

bispyrimidonamide scaffold. In the GAFF force field, the dihedral term of the total energy 

function is calculated according to the equation:  

����	�
���
�� � �� ���
�� � ���
��
�
��� � � ������  

where Vn is the dihedral force constant (amplitude); n is the dihedral periodicity; � is the phase of 

the dihedral angle � (see ref. 64 in the main text).  
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5. SUPERIMPOSITION OF A TRISPYRIMIDONAMIDE AND Cββββ ATOMS OF A 

CANONICAL αααα-HELIX AT POSITIONS i, i + 4, AND i + 7 

Figure S6. Overlay of C� atoms of a canonical �-helix at positions i, i + 4, and i + 7 onto the 

methyl groups of IV in conformation C2 (RMSD = 1.1 Å, average angle deviation between bond 

vectors = 22°) (A) and C1 (RMSD = 1.2 Å, average angle deviation between bond vectors = 54°) 

(C). Ring C is oriented towards the C-terminus of the helix. (B), (D): Equivalent 

superimpositions when IV is reversed with respect to the helix axis (RMSD = 1.5 Å and 1.7 Å, 

average angle deviation between bond vectors = 39° and 70°, respectively). The magenta dots 

highlight the C� atoms addressed by the trispyrimidonamide’s R groups. In the lower panel the 

overlays are rotated by 90°, with the peptide C-terminus oriented in the direction of the viewer. 
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