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Abstract 

Proteins show a manifold of different structures and functions in nature. These can involve 

conformational changes in buried charged networks that regulate the biological activity. Charged 

networks play an important role in many intricate natural proteins, such as, complex I or heat-shock 

protein 90 (Hsp90), although the functional principles are not fully understood yet. In this thesis, we 

designed artificial de novo protein systems with buried charged elements embedded in their 

hydrophobic core, and we further analyzed the conformational switching in Hsp90 by engineering a 

charged linker region. The aim was to design model systems to study the effect of charged residues 

with a simple and easy to handle system to obtain a better insight into complex mechanisms. To this 

end, we developed artificial 4-α-helical bundles as starting framework and combined molecular 

dynamics (MD) simulations with experimental characterization. We stepwise introduced charged 

residues that gave molecular insights into the influence of ion-pairs and possibilities how a protein 

can stabilize them and stay folded. The work highlighted how proteins can overcome the desolvation 

effects of buried ion-pairs in natural and in our artificial protein models. The combination of these 

findings resulted in a hyperstable protein model system with a buried charged core. For the natural 

systems, we investigated the conformational changes in a charged linker region between N-terminal 

domain (NTD) and M-domain (M-D) of the molecular chaperone Hsp90. We designed mutants that 

lack the linker region and analyze them by small-angle X-ray scattering (SAXS) and computational 

simulations. The combined results suggest that the charged linker region is important for the 

conformation of Hsp90.  

Our findings can help to understand the functional and conformational effects of ion-pairs in complex 

natural proteins. A better understanding of the protein function can have wide-ranging benefits, not 

only for design, but also in medicine, as perturbations in such charged elements are also involved in 

severe diseases like cancer or neurodegenerative disorders.  
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Zusammenfassung 
 

In der Natur vorkommende Proteine besitzen eine Vielfalt an Strukturen und Funktionen. Diese 

können Veränderungen in der Konformation eingebetteter geladener Netzwerke, welche die 

biologische Aktivität regulieren, umfassen. Geladene Netzwerke spielen in vielen komplexen, 

natürlichen Proteinen, wie Komplex I oder Hitze-Schock Protein 90 (Hsp90), eine wichtige Rolle. 

Deren funktionelle Prinzipien sind dagegen noch nicht vollständig verstanden. In dieser Arbeit haben 

wir künstliche de novo Proteinsysteme mit eingeschlossenen, im hydrophoben Kern eingebetteten 

geladenen Elementen designt und zudem den Konformationswechsel in Hsp90 durch eine geladene 

Linkerregion analysiert.  

Ziel war es, Modellsysteme zur Untersuchung des Effektes geladener Reste an einem einfachen und 

leicht handhabbaren System zu designen, um einen besseren Einblick in diese komplexen 

Mechanismen zu erhalten. Zu diesem Zweck haben wir als Ausgangsstruktur ein künstliches 4-α-

helikales Bundle entwickelt und haben Molekulardynamik (MD) Simulationen mit experimenteller 

Charakterisierung kombiniert. Schrittweise wurden geladene Reste eingeführt, um einen 

molekularen Einblick in den Einfluss von Ionenpaaren und die Möglichkeiten der Proteine, diese zu 

stabilisieren und gefaltet zu bleiben, zu erhalten. Die Arbeit zeigt wie Proteine die 

Desolvatisierungseffekte eingeschlossener Ionenpaare in natürlichen und unseren künstlichen 

Proteinmodellen überwinden können. Die Kombination aus diesen Erkenntnissen führte zu einem 

hyperstabilen Proteinmodellsystem mit einem eingeschlossenen, geladenen Kern. Unter den 

natürlichen Systemen haben wir die konformationellen Veränderungen im geladenen Linker 

zwischen N-terminaler Domäne (NTD) und M-Domäne (M-D) im molekularen Chaperon Hsp90 

untersucht. Wir haben Mutanten ohne diese Linkerregion designt und haben diese mithilfe von 

Kleinwinkel-Röntgenstreuung (SAXS) und Computersimulationen analysiert. Die kombinierten 

Ergebnisse deuten darauf hin, dass die geladene Linkerregion für die Konformation von Hsp90 

wichtig ist.  

Unsere Erkenntnisse können dazu beitragen die funktionalen und konformationellen Effekte von 

Ionenpaaren in komplexen natürlichen Proteinen zu verstehen. Ein besseres Verständnis der 

Proteinfunktion kann weitreichende Vorteile nicht nur für das Proteindesign, sondern auch für die 

Medizin haben, da Störungen in solchen geladenen Netzwerken auch an schweren Erkrankungen wie 

Krebs oder neurodegenerativen Beschwerden beteiligt sind.  
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1. Introduction 

1.1 Proteins and their conformation 

Proteins form the basis of life and are essential for all living cells. The human proteome is estimated 

to have more than 1 million proteins.1 The primary structure of a protein is its amino acid sequence, 

which consists of the 20 natural amino acids. Protein function and their conformation are determined 

in addition to their amino acid composition, also by post-translational modifications (PTM) such as 

acetylation, and phosphorylation.1 Protein function can also be determined by its dynamics. Many 

proteins are dynamical flexible and variably populated in different microstates.2 The timescale for 

such events extends from nanoseconds to hours. Bond vibrations take place in the range of 

femtoseconds (10-15 s),  while sidechain rotations and loop motions occur within the picoseconds 

(10-12 s), nanoseconds (10-9 s), and microseconds (10-6 s) timescales, whereas larger conformational 

changes occur within ten to hundreds of nanoseconds. The protein folding process can range from 

microseconds up to hours.2 Protein conformational switches are rearrangements of the protein 

structure that allow structural response to a given biological signal.3 Very often the change is induced 

by environmental stimuli like pH or temperature,2 and the stimulus can lead to the activation of the 

protein and alteration of  its biological function.4 It is therefore not uncommon that multiple 

conformational changes contribute, e.g., in many enzymatic processes. For example, the binding 

affinity of an enzyme substrate can be modulated by conformational changes or an optimized 

structure for a specific reaction step is obtained due to conformational changes.5 The different 

conformational states are energetically described by the (free) energy landscape with different 

minima and corresponding barriers, that are populated by their respective Boltzmann factor,   e-E/RT.6  

 

1.2   4-α-helical bundle frameworks and applications 

Artificial helical bundle proteins, also called Maquettes that were introduced by Dutton and 

coworkers7 and also DeGrado and coworkers8,9, are often used as framework for different design 

approaches.10 These Maquette proteins have served as platforms for different design applications due 

to their simpler structure as compared to natural systems. According to Richard Feynman’s “What I 

cannot create, I do not understand”11 every mechanism which can be designed is fully understood. 

Otherwise, it is not possible to properly design the system. Maquette proteins can help to understand 

natural complex processes in a minimalistic model system. For example, there are helical bundles 

with oxidoreductase activity12, oxygen transport activity13 or bundles that incorporate hemes, 

chlorines, and flavins have been designed.7,14–18 As it has already been shown7,10,12–18, artificial 

bundles can be applied to answer several biochemical questions. Another advantage is the robustness 

of Maquette proteins that can often be overexpressed in E. coli.12 Some bundle proteins show high 

stability in a wide range of pH, which also make them redox-titration feasible.16 
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One of the first published bundle structures by Regan and DeGrado8,9 served as a starting point for 

the design of many other 4-helix bundle proteins. They used motifs of naturally occurring 4-helix 

bundles like cytochrome c’, followed by the design of peptides that self-assemble into tetramers with 

a sequence consisting of glutamate, lysine and leucine residues. Afterwards, a loop (proline-arginine-

arginine) was inserted to connect two peptides, which resulted in a dimerizing peptide. Glutamate 

and lysine residues were placed in with the aim to obtain a position pointing outwards to the aqueous 

solution, while leucines were placed towards the protein interior. The amino acids on the surface 

created favorable salt bridges. This first model showed a good expression level and a high stability 

against guanidine hydrochloride (GdnHCl) during circular dichroism (CD) spectroscopy 

measurements.8 Shifman and coworkers16 used the Maquette published by DeGrado et al. in 19899 

and modified the system to study the coupling of proton exchange and heme oxidation/reduction. 

Due to the less complex model they were able to work on the relatively unknown mechanism in 

natural proteins.16 Another application of Maquettes is to construct a flavo-heme protein.18 The flavin 

is bound via cysteine and coordinated by histidines in the hydrophobic core of the protein. Sharp et 

al.18 were able to investigate the light-inducible intramolecular electron transfer as it takes place in 

natural oxidoreductases with this model. Koder et al.13 designed and engineered an O2 transport 

protein based on an artificial 4-α-helical bundle. They used a basic-heme binding starting structure 

consisting only of leucine, glutamate and lysine residues and modified it step by step to an O2 binding 

bundle. Lombardi et al.17 built a simplified model for the active site of metalloproteins in 2019. They 

had a closer look on diiron and dimanganese proteins. All these examples show how rich the 

applications for α-helical bundles are and, that complex systems can be mimicked by simple artificial 

proteins to understand their function or in other words the complexity of natural systems is often not 

necessary for function.  
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1.3 Naturally occurring 4-α-helical bundles 

The world of proteins is rich with regard to different folds and function. In this thesis, minimal de 

novo designed 4α-helical bundle proteins were studied, but there are also naturally occurring 4α-

helical bundle proteins such as cytochrome b562
19, repressor of primer (Rop)20 and cytokines21 that 

can serve as templates for designing artificial bundles. Some of these proteins consist of a single 

chain, whereas other are homo dimers. The natural 4-α-helical proteins are involved in many 

processes like signaling, electron transfer, or ligand binding.19–25  In the following section a few 

natural bundle proteins are described.  

 

1.3.1 Cytochrom b562 

Cytochrom b562 from Escherichia coli (E. coli) is a naturally occurring 4-α-helical bundle protein. 

The crystal structure of this cytochrome family shown in Figure 1, was solved in 1979 at a resolution 

of 2.5 Å.19 The heme group in cytochrome b562 is non-covalently bound by a histidine and a 

methionine. The four helices are almost parallel and connected by loops. The monomeric protein is 

found in the periplasm of E. coli22 and its 106 amino acids single chain has a molecular weight of 

12 kDa.22,23 Cytochrome b562 is often used to study the role of ligand binding in protein folding.23,24 

The electron transfer to the ferric center in the oxidized, unfolded state induces folding to the native 

folded state.24 Members of the cytochrome family can serve as template for designing new Maquettes 

as they show naturally occurring bundle motifs.8 

 

Figure 1: Crystal structure of cytochrome b562 from E. coli at a resolution of 2.5 Å.19 The b-heme group is non-covalently 

bound to His102 and Met7. PDB ID: 1QPU.  

 

1.3.2 Repressor of primer (Rop) protein dimer  

The Rop protein is a naturally occurring dimeric form of an α-helical bundle that is involved in 

plasmid replication. The structure of the Rop protein from plasmid ColE1 was solved in 1987.20 Two 

units create a homo dimer, which forms an antiparallel bundle. Helix 1 is 30 residues long and 
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connected by a loop to the second 24 amino acids long helix20 (Figure 2). It shows a typical heptad 

repeat (abcdefg)*n with apolar residues at positions a and d and a well packed hydrophobic core.20,25 

Steif et al.25 showed by chemical unfolding experiments that Rop is highly stable with an unfolding 

at 5.3 M of GdnHCl.  

 

Figure 2: Structure of the Rop protein and topology of the 4-α-helical bundle. PDB ID: 1ROP.  

The Rop protein has served as template in the de novo design of bundle proteins, which were called 

Rop-like proteins (RLP).26 The influence of the heptad positions a and d on protein folding and 

stability was analyzed in previous work.27 The residues at these positions were replaced by alanine 

and leucine residues to redesigned simpler hydrophobic core. The substitutions led to an increased 

melting temperature from 54°C to 91°C and a native-like protein is obtained.27 The RPLs have also 

been subjected to optimization of positions b, c, e, and g in order to create a better stabilized bundle 

protein through additional interactions.26 These residues shield the hydrophobic residues at positions 

a and d and expected to make hydrogen bonds that contribute to favorable electrostatic interactions 

at the same time. Amphiphilic residues like glutamate, lysine, arginine or tyrosine were placed at 

positions e and g to form hydrogen bonds or electrostatic interactions with the residues at position b 

and c.26  

 

1.3.3 Cytokines  

The cytokines superfamily comprises naturally occurring 4α-helical bundles that function, e.g., as 

chemical messengers.21 The cytokines are structurally divided into interleukine-1 (IL-1) like, IL-8 

like, and growth hormone like bundle proteins. The bundle family is divided into long and short chain 

proteins that show an untypical up-up-down-down topology (Figure 3). Members of the long chain 

group typically have helices of 20 to 30 residues as compared to 10 to 20 residues for the short chain 

bundles.28,29 The short chain bundles show a short two-stranded β-sheet. This antiparallel β-sheet is  
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involved in the core, whereas the long chain bundles show small α-helical parts in the connecting 

loop regions that do not, however contribute to the protein core.28 In Figure 3, IL-4 is shown as an 

example for a short chain bundle and human growth hormone (hGH) for the long chain version. 

Members of the cytokine family can serve as template for designing new 4-α-helical bundles. 

 

Figure 3: General topology of cytokines. hGH is an example for a long chain cytokine and IL-4 is a short chain one. PDB 

IDs: 1HGU (hGH), 1BBN (IL-4).  

 

1.4   Long-range conformational switches and charged networks 

The activity of some proteins, such as heat shock protein 90 (Hsp90) or respiratory complex I, is 

regulated by long-range conformational changes, up to 100 to 200 Å away from the active site. These 

processes can be triggered by oxido-reduction, protonation changes or ligand-binding, which induce 

the switching by conformational or electrostatic changes, or a combination thereof. Protein 

conformational switches control the function of molecular chaperones, enzymes, proteins involved 

in signaling or ion pumps.30,31 A prominent example is the molecular chaperone Hsp90, which is 

shortly described in the section below. Another example for long-range controlled systems is 

complex I of the respiratory chain.  Both proteins show a network of charged amino acids, which are 

involved in the long-range signal propagation. However, the action-at-a-distance mechanisms in 

both systems are poorly understood and the molecular origin of the long-range effects still needs to 

be investigated.  
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1.4.1 Heat shock protein (Hsp) 90 

Hsp90 is one of the most important molecular chaperones in eukaryotic cells (Figure 4).32 It is 

involved in the assembly and regulation of signaling pathways that help to activate other proteins 

(so-called client proteins) by  combined  enzymatic ATP hydrolysis activity and chaperone  

function.30 A network of charged amino acids is crucial for both functions.33 Hsp90 is responsible 

for the folding and activation of many different client proteins like kinases.34 The homodimeric 

Hsp90 consists of an N-terminal domain (NTD), a middle domain (M-D), and a C-terminal domain 

(CTD). The NTD and M-D are connected via a charged linker region, which is possibly involved in 

ATP hydrolysis and could be part of the interaction site of client proteins or co-chaperones, but the 

function is not fully understood yet.35 The CTD is essential for the dimerization, whereas the NTD 

is responsible for binding and hydrolysis of ATP.30 A pair of helices at the C-terminal end of the 

CTD form a four-helical bundle in the dimerized form.36 The chaperone function is driven by the 

ATPase activity, while the binding of ATP induces large conformational changes.  Hsp90 changes 

its conformation from open to closed when it binds ATP, where the N-domains are dimerized.37 ATP 

binds at the NTD and an arginine of the M-D (Arg380 in Hsp82, yeast homologue) also contributes 

to the binding site.30 The closed state shows a different orientation of N-M-domain and a closed lid 

region. After all these conformational changes, a slow hydrolysis of ATP takes place.34,38 In yeast 

Hsp90 a glutamate residue (Glu33) is important for hydrolysis.39,40 Glu33 forms a dynamic ion-pair 

with Arg32 and the conformational change is therefore connected to an ion-pair interaction, with the 

ion-pair opening up in the presence of ATP and during hydrolysis.33 One cycle is completed after 

ATP hydrolysis and Hsp90 changes again its conformation back to the open state.37 Consequently, 

the ATP hydrolysis is connected to coupled large conformational changes, and an 

action-at-a-distance event is involved in the regulation of the ATPase activity. Serine and threonine 

residues 70 Å away from the active site become phosphorylated.41  Also, several conserved ion-pairs 

(including Glu381-Arg38033) are located across the complete Hsp90 structure, that could stabilize 

the different conformational states or be involved in the dimerization. The connection between the 

ion-pairs and the ATPase activity is still not fully clear, but it is believed that the long-range coupling 

is induced by a combination of electrostatics and conformational changes.  

Since Hsp90 acts in assembling, maturation and activation of many client proteins like kinases 

involved in important cellular pathways, a dysregulation of Hsp90 leads to diseases like cancer or 

neurological disorders.42,43 Therefore, inhibitors of Hsp90 can act as cancer therapeutics and it is 

essential to understand the molecular principle behind the Hsp90 chaperone mechanism.44  
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Figure 4: Crystal structure of Hsp90. The N-domain is labeled in blue, M-domain in green, and C-domain in yellow. The 

left part shows the Hsp90 dimer in the closed state. On the right, the Hsp90 dimer in the open conformation is shown in the 

same color code. The modeled charged linker region is shown in red. The V-shaped structure results from a coarse-grained 

simulation performed by Alexander Jussupow (Kaila Lab). PDB ID: 2CG9.  

 

1.4.2 Respiratory Complex I 

Complex I of the mitochondrial and bacterial respiratory chains is another example of long-range 

controlled proteins (Figure 5). Interestingly, long-range coupling effects consisting of combined 

electrostatics and conformational changes take place and control the proton-coupled electron transfer 

reactions in this membrane protein.31 The mammalian complex I is one of the largest enzymes with 

a molecular weight of 1 MDa and up to 45 subunits.45 The prokaryotic protein is simpler with a 

molecular mass of ~ 0.5 MDa. The 14 core subunits are highly conserved between the prokaryotic 

and eukaryotic enzymes. The protein can be divided into a hydrophilic and a membrane domain, 

where the electron transfer and the proton pumping take place.46  

Complex I serves as the access point for electrons to the respiratory chain.47 Reduced nicotinamide 

adenine dinucleotide (NADH) delivers electrons to complex I, which transfers them to quinone (Q). 

The released energy is used for pumping protons across the membrane.48 Complex I is a unique 

enzyme with an impressive 300 Å action-at-a-distance between the electron entry point and the                             

proton pumping events, which manage the enzyme. The mechanism is however  not fully 
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understood.31 The proton pumping takes place with the help of several ion-pairs distributed across 

the membrane domain. The conserved ion-pairs show different states, open or closed, during the 

signal propagation.31  

Mutations in respiratory complex I are harmful for the whole organism and often causes diseases like 

neurodegenerative disorders.49 Complex I is also a source of reactive oxygen species (ROS) in the 

organism. ROS can lead to DNA damage in the mitochondria and is involved in the aging process.50,51 

Therefore, in addition to providing fundamental functional insight, mechanistic studies can also be 

of biomedical importance.  

 

 

Figure 5: Crystal structure of respiratory complex I from Thermus thermophilus at a resolution of 3.3 Å. The subunits are 

shown in different colors. The membrane part of the protein is 180 Å long. Charged residues are marked in van der Waals 

representation in the enlarged membrane part. Selected buried lysines are highlighted in blue and glutamates in red in the 

inset. PDB ID: 4HEA.   
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1.5    Protein design 

Protein design is an important field in science that aims to answer open questions on how proteins 

work and to elucidate the mechanisms behind their function. Protein design is also used to create 

new proteins or improve the properties of already existing ones. Engineering of natural proteins can 

be used to tune their function, e.g. by directed evolution.52 However, some natural proteins are 

sensitive to sequence changes and the mutations lead to aggregation or unfolding.53 De novo protein 

design is an approach where new proteins are created without sequence homology to natural ones. 

The design of a protein sequence which should have a distinct fold is also called de novo design.53 

There are two important requirements for successful design of a uniquely folded protein. One is that 

the folded state must be energetically favored as compared to the unfolded state, also known as 

positive design.54,55 The other requirement is that of negative design54,56, which means that there is 

an energy gap between the desired fold and any other possible fold.57 It is important to not only 

stabilize the desired fold, but also to destabilize other possible folds. For example, hydrophobic 

residues are often buried in the protein interior in the desired fold.57 

An important target of biochemistry is to develop an accurate method to design a given protein with 

distinct functions and fold.53 However, it is challenging to reach this ultimate goal, as there are still 

many open questions regarding protein structure and function. Proteins show a high complexity58 

and can be affected by many factors in the surroundings, such as interactions other proteins, pH, or 

ions, that can influence both the structure and function of the target protein. It is often difficult to 

understand even simple processes within complex natural proteins. It would therefore be a major 

advantage to build simple protein model systems to study the function of the natural protein 

counterpart.9  The protein folding problem i.e. how the primary and tertiary structure are connected, 

is also not understood. Protein design can help to better understand protein stability and folding, and 

it opens up possibilities for a broad variety of medical and industrial applications and help to 

understand complex biological systems.59  

Special focus in the field has been on the design of 4-α-helical proteins because of their simpler 

structure and their experimental behavior. Different design strategies have been developed to create 

4-α-helical proteins: DeGrado and co-workers followed a minimalistic approach to design the first 

de novo 4-α-helical proteins.9 The α-helices in these constructs are stabilized by molecular 

interactions defined by distance (Figure 6). Some stabilizing amino acids, such as glutamate, 

alanines, and methionines, establish stabilizing short-range interactions.9 Medium-range interactions 

are established via side-chain/side-chain and side-chain/backbone interactions, including hydrogen 

bonds, electrostatics, and π-stacking of aromates. The dipole moment of the α-helices can also be 

used to achieve stability.9 Possible stabilizing electrostatic interactions located on the protein surface 

are shown in Figure 6. The most important long-range interactions for stabilization are hydrophobic 

interactions that often form the thermodynamic driving force for building secondary structure 
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elements.60 Hydrophobic interactions occur between the positions a and d that often comprise leucine 

and alanine residues. Another important aspect is the packing of residues within the protein core. The 

arrangement of the helices in 4-α-helical proteins is controlled by a close side-chain packing.61,62 For 

helix packing the “knobs into holes” principle is often used, which includes that the side-chain form 

knobs and the space between them is called holes. The knobs fit into the holes of a second helix.63  

Charged residues such as lysine or glutamate are often placed on the water accessible surface to 

stabilize the 4-α-helical protein by electrostatic interactions.9  The first de novo designed protein 

utilized the principles discussed above, and formed a starting point for further design applications.8 

 

Figure 6: Stabilizing interactions between the helices in a 4-α-helical protein. One heptapeptide is shown for each helix. 

The interactions inside the hydrophobic core are shown in green and light green. The stabilizing electrostatic interactions 

on the protein surface are highlighted in red. Redrawn from 9,20. 
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Proteins can also be built de novo using hierarchic design64 followed by computational design 

attempts. Starting point for the hierarchic design process is a minimal model, where more specific  

interactions such as a metal binding site are introduced.64 Many research groups have focused on the 

development of computational design approaches already during the 1990s.65 The algorithms often 

focus on the hydrophobic core66, but there are also examples where the whole protein is taken into 

account.67 One of the  most prominent current algorithms is ROSETTA,68,69  in which short fragments 

of known proteins are combined using a Monte-Carlo strategy to design new proteins with high 

accuracy.70 Based on ongoing development, machine learning approaches are likely to become highly 

useful in protein design. For example, AlphaFold71 or CASP72 are used for protein structure 

predictions from the sequence.   

 

1.6    Artificially designed 4-α-helical bundles 

Three α-helical bundle topologies were used as starting point to investigate the function of switchable 

charged elements studied in this thesis. All three models show different advantages and 

disadvantages, but due to their properties, they were suitable for different experimental structure-

solving techniques.  

The following section focuses on the design topologies and the applications, for which they were 

originally designed. All three constructs were de novo designed without any sequence homology to 

naturally occurring bundle proteins. 

 

1.6.1 4-α-helical bundle protein with oxidoreductase functions 

One of the bundle topologies studied in this work, is a small, 17 kDa, artificial stable 4-helix-bundle 

from Dutton and coworkers12 created for studies of oxidoreductase functions. The proteins were 

originally designed using a simple framework without functionality, and subsequently combined 

with functional design without copying natural enzymes. Only small changes are necessary to create 

different oxidoreductase functions like light-activated electron transfer or photochemical charge 

separation. Starting point for the design process was a homodimer consisting of two helix-loop-helix 

units. The units were connected via disulfide bridges between the loops. First, cysteine residues were 

removed from the loops to produce a single chain 4-α-helical bundle with a reduced subset of 12 

amino acids.12 The helices were connected by artificial loops, which are 9 amino acids long and 

consist of glycine and serine. After substitution of four histidines, the whole protein sequence of 132 

amino acids is the following:  
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G   EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKFE EALNQFEDLKQL 

 
The loops are marked in grey. The designed protein consists of sequentially four identical helices. 

After investigating different loop lengths, loops of 9 amino acids resulted in a highly overexpressed 

monomeric 15 kDa protein. Therefore, these loops were kept for all constructs and different 

mutations were introduced, yielding in total 12 unique models.12 Figure 7 shows the assumed 

topology of the designed Maquette, but the three-dimensional structure remained experimentally 

unresolved. The protein interior is characterized by hydrophobic residues, while the surface contains 

more charged residues.  

The melting temperature of the designed apo bundle was tuned by substitution of four histidine 

residues that were replaced by phenylalanines in the most stable model E12, where the heme-ligation 

was eliminated. This so-called model E, shows the highest melting temperature with ~ 95°C. Another 

tested concept for raising the melting temperature was adding salt bridge favorable amino acids such 

as lysine or arginine on the protein surface, which leads to an increase of the melting temperature of 

almost 20°C. Most of the constructs show an additionally increased melting temperature after ligand 

binding.12  

The conducted NMR studies of the apo models A and E show relatively undispersed spectra 

indicating a possible molten-globule like state. The addition of a heme group to model A improves 

the dispersion and indicates a more structured system, while it does not lead to a change in the spectra 

for model E. As shown by subsequent results, the designed 4-α-helical bundle protein provides a 

scaffold framework for multiple different applications.12  
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Figure 7: Computationally designed model of a 4-α-helical bundle protein and topology of the construct. The structure 

was modeled  in silico  in our work (see results) based on the model E sequence.12 
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1.6.2 Porphyrin-binding 4-α-helical bundle  

Another artificial protein scaffold studied in this work is a hyperstable bundle from DeGrado and 

coworkers that has been originally designed for porphyrin-binding.73 This de novo designed bundle 

called porphyrin-binding sequence 1 (PS1) is monomeric and binds a non-natural porphyrin (Figure 

8).  

 

Figure 8: Structure of the porphyrin-binding 4-α-helical bundle. The three-dimensional structure was solved by NMR. The 

apo state is shown in red. The porphyrin bound structure in grey shows the holo state. The bundle can be divided into the 

porphyrin-binding region, which is more flexible and into the folded core. PDB IDs: 5TGW (apo), 5TGY (holo).  

The porphyrin-bound protein-ligand complex is stable up to a temperature of 120°C.73 Analysis of 

natural proteins has shown that side-chain packing up to 20 Å away from the binding site has an 

effect on the binding. Previous de novo designed cofactor-binding proteins like SCRPZ-274 or α275 

were missing a well-packed apolar core. DeGrado and coworkers followed this concept for the first 

time in the de novo design process and tried to optimize also the apo protein and create an apolar, 

folded core. Naturally occurring ligand-binding bundle proteins like cytochrome b562 show a folded 

core combined with a binding region. The starting structure for PS1 was SCRPZ-2, also a de novo 

designed cofactor binding bundle protein. They first designed an antiparallel coiled coil followed by 

side-chain packing. Figure 9 shows the antiparallel topology of this bundle.  
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Figure 9: Topology of the porphyrin-binding 4-α-helical bundle PS1. The construct has an antiparallel topology.  

The design process resulted in a ~ 13 kDa protein with the following 109 amino acids long sequence: 

SEFEKLRQ TGDELVQ AFQRLREIFDK  GD 

DDSLEQV  LEEIEEL IQKHRQLFDNR  QEAA 

DTEAAKQ  GDQWVQL FQRFREAIDK   GD 

KDSLEQL  LEELEQA LQKIRELAEKKN 
 

After DeGrado et al.73 successfully designed this porphyrin binding protein PS1, they were able to 

solve the apo (PDB ID: 5TGW) and holo (PDB ID: 5TGY) structure with NMR in very high 

agreement with the designed model. The binding region is more flexible in the apo state that leads 

to open and closed conformational states. The binding region is water accessible in both 

conformations, with an open conformation that is probably more favored for ligand binding due to 

the larger space. The folded core of the apo and holo structures do not show significant structural 

differences.73  

 

1.6.3 Metal, zinc, and heme binding maquette MZH3 

Another starting topology used in this thesis is a Maquette scaffold also developed on the Dutton 

group.76 The designed protein is called MZH3, which stands for the three cofactors metal, zinc, and 

heme that was created to mimic the electron transfer process in photosystem II. The protein sequence 

was based on DF3, another metal-ion binding Maquette protein77,78:  

GSPELRQEHQQLAQEFQQLLQEIQQLGRELLKGELQGIKQLREASEK  ARN 

PEKKSVLQKILEDEEKHIELLETLQQTGQEAQQLLQELQQTGQELWQL GGSGG 

PELRQKHQQLAQKIQQLLQKHQQLGAKILEDEEKHIELLETIL      GGSGG 

DELRELLKGELQGIKQYRELQQLGQKAQQLVQKLQQTGQKLWQLG 

 
Dutton and coworkers combined  different observations in other designed Maquettes like Due Ferro 

proteins79 or also in natural systems like cytochrome b to design MZH3.76 The result of the design 

process was a 22.5 kDa 4-α-helical protein with an antiparallel topology (Figure 10).    
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Figure 10: Topology of the bundle protein MZH3. The metal, zinc, and heme binding 4-α-helical bundle shows an 

antiparallel topology.  

The helices of this Maquette are 45 residues longer as compared to the other two starting structures, 

and also compared to the size of natural 4-α-helical bundles proteins that normally show helices 

between 15 and 24 amino acids.80 The MZH3 model was a crystallized to a high 1.45 Å resolution 

for the holo form of the protein, where heme and two metal ions are bound (Figure 11).76   

 

Figure 11: Crystal structure of MZH3 at 1.45 Å resolution. A zinc and a chloride ion are bound additionally to a heme. 

The heme is shown in licorice. The zinc ion is shown in blue and the chloride ion in red. PDB ID: 5VJT.  
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1.7   Electrostatics in natural proteins 

The hydrophobic effect provides an important driving force for protein folding, but also electrostatics 

play an important role for the function of several proteins. Besides hydrophobic interactions and a 

close-packing electrostatics are also important for building the tertiary structure of a protein.81,82 

Fersht and co-workers83,84 suggested that a partially buried ion-pair is formed in barnase very early 

during the folding process. Hydrogen bonds and salt bridges also called ion-pairs are common in 

proteins. The hydrogen-bond network contributes to achieving the correct conformation. 

Electrostatics due to hydrogen-bonding also play a role in enzyme catalysis.81 

 

Ion-pairs are also involved in many biological processes. A salt bridge can be defined as an 

interaction between two oppositely charged residues in hydrogen-bonding vicinity. Salt bridges are 

formed between Asp or Glu and His, Arg, or Lys when the two charged side-chain groups are located 

within 4 Å of each other and when one carboxyl oxygen (Asp/Glu) and one nitrogen atom 

(Lys/Arg/His) of the side-chains are also within this region.82,85 Ion-pairs can be involved in 

improving protein stability, signal transduction, photobiological processes, or ligand binding to list 

a few examples.85,86 Salt bridges on the protein surface stabilize the protein and can lead to an 

increased thermal stability, but in a few cases, buried ion-pairs have been suggested to provide 

stabilizing contribution.87 In general, however, ion-pairs are favorable for proteins because they help 

stabilizing the three-dimensional structure or help during the folding process.85,88 Nevertheless, a 

single buried charged residue has a destabilizing effect unless the residue can interact with the 

surrounding protein residues, as also shown in this thesis work. An example for such an interaction 

is hydrogen bonding with other residues in the protein interior.89 Buried charges increase the 

desolvation penalty, but due to the formation of salt bridges a partial compensation can take place. 

A second possibility is charge compensation by polar groups.90 The desolvation energy of an ion is 

calculated with the Born equation, 

����� =  �	
	
8��� (1 − 1 )�� 

where Z is the charge, e is the elementary charge 1.6022×10−19 C, ε0 is the vacuum permittivity, ε is 

the dielectric constant of the solvent (e.g. water or protein), a is the radius of the ion, and NA is the 

Avogadro constant. The desolvation penalty is higher the more buried an ion-pair is. On the other 

hand, the salt bridge formation and the interactions between the charged residues and the rest of the 

protein is more favorable for buried ion-pairs and that partially to compensates for the desolvation 

penalty.  

The electrostatic interaction energy between two charged particles can be calculated with Coulomb’s 

law, 

                     ���� = � ����4����                           
�,���
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where q is the charge of particle i or j, ε is the dielectric constant of the solvent and r is the distance 

between the two charged particles.  

The energetics of transferring an oppositely charged ion-pair from water inside a protein calculated 

with a simple model from Robinson et al.91 is visualized in Figure 12. For the original discussion of 

these effects see Warshel et al.92 and references therein. The black curve represents the free energy 

as a function of ε.  The Born desolvation energy is shown in green and the Coulomb energy in red. 

The distance rij between the two charged residues is assumed to be 3.5 Å, while their radius is 1.75 Å. 

The Coulomb interaction between the positive and negative charges is stronger inside the protein 

than in water. The plot also shows that the transfer energy, resulting from the Born desolvation 

energy, of the charges into the protein interior (ε ~ 4) is less favorable as compared to solvated 

charged residues (ε = 80).  

 

Figure 12: Schematic representation of energetic effects of transferring an oppositely charged ion-pair from water into the 

protein. The free energy of the transfer calculated as a function of ε is shown in black. The interaction between the positively 

and negatively charged residues is calculated with Coulomb’s law (red). The desolvation energy is obtained with Born’s 

formula (green). The effects are qualitatively estimated by using the model described by Robinson et al.91  

Buried ion-pairs often have destabilizing effects on a protein that cannot fully compensate for the 

high energetic cost.93 The position of the ion-pair within the protein can determine its stabilizing 

contribution on the overall protein structure. For example, a generally destabilizing ion-pair can lead 

to an increased specificity in functionality and helps to create a more unique protein. In this case, the 

protein has to pay a prize in stability for becoming more specific.93 

In natural α-helices, most ion-pairs are often located the same helix at positions i and i +/- 4 or i and 

i +/- 3.85 Negatively charged residues, such as Glu or Asp are favored in the vicinity of the N-

terminus, while Lys, Arg, or His are better stabilized on the C-terminus. This way, the residues may 

contribute to helix-capping motifs. Ion-pairs have also been reported to contribute varying stabilizing 

effect on α-helices.82  
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1.8   Buried charged residues in the hydrophobic protein core 

The folding of  soluble proteins is directed by building a hydrophobic core and a polar surface, where 

the driving force originates from packing the hydrophobic core.94 Packing of charged residues inside 

the hydrophobic core are generally energetically unfavorable. Nevertheless, many proteins comprise 

charged residues or even networks of charged residues that are important, e.g., for enzymatic 

activity30,95 or proton transport.31,46 The energetic cost of bringing a charged residue from high 

dielectric environment (εwater = 80) to a lower protein dielectric (εprotein = 4-10) can be significant and 

destabilizes the protein due to the (Born) desolvation effects (see above). The same principles also 

apply to an ion-pair, consisting of two charged residues, as the Coulomb interaction between the two 

opposite charges does not fully compensate for the penalty of desolvating the charged residues.91,93  

Considering typical destabilizing effects of 3.5 kcal mol-1 in natural proteins93,  large proteins like 

respiratory Complex I, with hundreds of ion-pairs inside the protein would therefore be expected to 

unfold.31,46 Interestingly, proteins have evolved different approaches to compensate for burying 

charged residues inside their hydrophobic parts. 

Warshel studied protein electrostatics during the 1970s,96,97 and identified key electrostatic principles 

discussed above. Generally,  ion-pairs located on the polar protein surface are favored, and would 

become unstable if buried within the nonpolar protein interior. Nevertheless, some naturally 

occurring buried ion-pairs may require a polar surrounding,86 and for example hydrogen-bonds and 

dipoles similarly as solvent molecules.97 Key design principles to create stable ion-pairs are studied 

and described in the results section of this thesis work and publication Baumgart et al.98.  

In recent studies, where artificial ion-pairs were introduced into the hydrophobic core of the natural 

protein Staphylococcal nuclease (SNase).91,99 The studied system had ion-pairs introduced in 

different positions, and destabilizing effects of up to 5 kcal mol-1 were found. Further studies 

suggested that the cost of  bringing in  two complementary charged residues together into the 

hydrophobic core is around 2 kcal mol-1 less than introducing only a single charge.91 In a recent 

study100, a glutamate-lysine ion-pair was introduced on a single helix in SNase at positions i and i+4, 

and the effect of the ion-pair reversal was also investigated. It was found that the protein undergoes 

conformational changes to compensate for the energetic penalty in introducing buried charged 

residues, and the results were further compared to charged residues inserted on an α-helix with the 

second charge placed on a loop region. It was suggested that the protein may to reorganize to provide 

a more polar environment for the buried ion-pair to allow for better solvation of the charged residues. 

The degree of reorganization may depend on the placement of the charged residues and varies from 

subtle side-chain rearrangements to partial backbone unfolding. The protein compensates the penalty 

by reorganization.100  
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2. Aims of the study 

The main goal of the thesis is to design a simplified model system to study the mechanisms behind 

charged networks in complex proteins. Detailed insight from experiments is still missing due to the 

high complexity of, for example, respiratory complex I or Hsp90. Also, the yield and behavior of 

these protein machineries are often not ideal for detailed experimental characterizations, and the 

complex protein surroundings may not always be necessary to study the biological function. We 

developed here a combined approach by integrating computational work and biochemical and 

biophysical experiments with protein design. In another related project, the conformational changes 

enabled by a charged linker region in the natural Hsp90 chaperone were investigated.  

To achieve these goals, three different α-helical Maquette frameworks were used as model protein 

scaffolds. These proteins provided experimentally well-behaved systems with high yields obtained 

during the expression and purification process. To systematically study the influence of charged 

residues built in the hydrophobic protein core, we developed mutation series started with single 

glutamate or lysine residue, and ending up with networks with up to three ion-pairs.  

To develop a conformational switch, we built ion-pairs in a so-called Maquette 1 model, that was 

based on earlier designed scaffolds by Dutton and coworkers.12 These models lack an experimentally 

resolved structure, which was attempted both computationally and experimentally. The Maquette 2 

model was based on a protein scaffold designed by DeGrado and coworkers.73 In Maquette 2, we 

probed the effect of introducing charged residues and different ion-pairs, in various micro-

environments. These engineered protein models and their overall stability were analyzed by NMR 

and chemical unfolding studies. One of the designed models allowed us to resolve the three-

dimensional structure of Maquette 2 with a buried ion-pair. Another aim of the thesis was to 

understand how buried ion-pairs are stabilized in the protein interior. To this end, we identified 

charge shielding motifs and tested how these help in stabilizing the buried ion-pair. For this purpose, 

we built a larger Maquette 3 bundle protein that we could structurally characterize using x-ray 

crystallography and molecular simulations. 

In the last part of the thesis work, we examined the folding of the buried ion-pairs under in vivo 

conditions using force profile analysis and co-translational folding assay.101,102 To this end, we 

created additional variations of the Maquette 2 models with buried ion-pairs.  
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3. Materials and methods 

In this section, the employed materials and methods of the thesis are described. The first part of the 

chapter covers the experimental materials and procedures. The computational methods and models 

are explained in the second part.   

 

3.1 Laboratory materials 

3.1.1 Chemicals 

Substance Manufacturer 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

Acid (HEPES) 

Carl Roth, Karlsruhe (Germany) 

Acetic acid  Sigma-Aldrich, St. Louis (USA) 

Acrylamide/bis solution, 29:1 

 

Ammonium-15N chloride 

Serva Electrophoresis GmbH, Heidelberg 

(Germany) 

Sigma-Aldrich, St. Louis (USA) 

Ampicillin sodium salt Carl Roth, Karlsruhe (Germany) 

Biotin Sigma-Aldrich, St. Louis (USA) 

D-(+)-glucose 

D-glucose-13C6 

DNase I 

Sigma-Aldrich, St. Louis (USA) 

Sigma-Aldrich, St. Louis (USA) 

Roche, Basel (Switzerland) 

Disodium phosphate Acros organics, New Jersey (USA) 

Dithiothreitol (DTT) AppliChem GmbH, Darmstadt (Germany) 

Ethanol Carl Roth, Karlsruhe (Germany) 

Ethylenediaminetetraacetic acid (EDTA) AppliChem GmbH, Darmstadt (Germany) 

Guanidine hydrochloride (GdnHCl) ≥ 99.7% 

High precision cell  

Carl Roth, Karlsruhe (Germany) 

Hellma Analytics, Müllheim (Germany) 

Imidazole Carl Roth, Karlsruhe (Germany) 

Isopropyl-b-D-thiogalactopyranoside (IPTG) Carl Roth, Karlsruhe (Germany) 

Lysogeny broth (LB) Fisher Scientific, Hampton (USA) 

Magnesium chloride (MgCl2) Sigma-Aldrich, St. Louis (USA) 

Monosodium phosphate Sigma-Aldrich, St. Louis (USA) 

Nickel slurry GE Healthcare, Chicago (USA) 

N,N,N’,N’-tetramethyl ethylenediamine 

(TEMED) 

VWR Funding Inc, Westchester (USA) 

Page Blue Protein Staining Solution Thermo Fisher Scientific, Waltham (USA) 
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Phenylmethylsulfonylfluorid (PMSF) Sigma-Aldrich, St. Louis (USA) 

SOC medium New England Biolabs, Ipswich (USA) 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich, St. Louis (USA) 

Sodium chloride (NaCl) Merck, Darmstadt (Germany) 

Sodium hydroxide (NaOH) Sigma-Aldrich, St. Louis (USA) 

Sodium monophosphate Sigma-Aldrich, St. Louis (USA) 

Sodium diphosphate Sigma-Aldrich, St. Louis (USA) 

Sodium sulfide Sigma-Aldrich, St. Louis (USA) 

Thiamine hydrochloride Sigma-Aldrich, St. Louis (USA) 

Tris(hydroxymethyl)-aminomethan (Tris) SERVA Electrophoresis GmbH, Heidelberg 

(Germany) 

Urea ≥ 99.5% Carl Roth, Karlsruhe (Germany) 

 

3.1.2 Equipment and consumables  

Equipment Manufacturer 

Äkta pure GE Healthcare, Chicago (USA) 

Acculab-Atilon Sartorius AG, Göttingen (Germany) 

Amicon Ultra-15 Centrifuge Filter 

Ultracel-10K 

Merck Millipore, Burlington (USA) 

Benchtop pH Meter Mettler-Toledo, Columbus (USA) 

Big Squid IKA, Staufen im Breisgau (Germany) 

Centrifuge 5424, rotors FA-45-24-11, T29-

8x50 

Eppendorf AG, Hamburg (Germany) 

Centrifuge 5810R, rotor S-4-104 Eppendorf AG, Hamburg (Germany) 

CO8000 Cell Density Meter WPA, Cambridge (UK) 

Entris Scale  Sartorius AG, Göttingen (Germany) 

Erlenmeyer flasks  Schott, Mainz (Germany) 

Falcon™ Tubes 50ml, 15 ml Corning, Corning (USA) 

HiLoad™ 16/600m Superdex ™ 75 pg GE Healthcare, Chicago (USA) 

Mighty Small™ II Mini Vertical 

Electrophoresis Systems 

Hoefer, Richmond (USA) 

NanoPhotometer N60 Implen GmbH, Munich (Germany) 

New Brunswick™ Innova 40 Eppendorf AG, Hamburg (Germany) 

New Brunswick™ Innova 44 Eppendorf AG, Hamburg (Germany) 

Pipettes 2.5 μl ,10 μl, 100 μl, 1ml Eppendorf AG, Hamburg (Germany) 
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Pipette Tips BRAND GmbH + CO KG, Wertheim 

(Germany) 

PowerPac Basic Bio-Rad Laboratories, Inc., Hercules (USA) 

PTC-348WI Peltier Effect Temperature 

Control Device 

Jasco Deutschland GmbH, Pfungstadt 

(Germany) 

Roller 6 digital IKA, Staufen im Breisgau (Germany) 

Serological pipettes  Greiner Bio-One, Kremsmünster (Austria) 

Shigemi tube Wilmad, Vineland (USA) 

Slide-A-Lyser Mini Dialysis Units 

10,000 MWCO 

Thermo Fisher Scientfic, Waltham (USA) 

Sonifier 250 D G. Heinemann, Schwäbisch Gmünd 

(Germany) 

Sorvall Lynx 6000 Centrifuge, rotor F9-

6x1000 LEX 

Thermo Fisher Scientific, Waltham (USA) 

Spectropolarimeter J-715 Jasco Deutschland GmbH, Pfungstadt 

(Germany) 

Spectropolarimeter Power Supply PS-150J Jasco Deutschland GmbH, Pfungstadt 

(Germany) 

ThermoMixer C Eppendorf AG, Hamburg (Germany) 

Vacuum pump Vacuubrand GmbH and Co, Olching 

(Germany) 

Whatman™ Cellular Nitrate Membrane 

Filter (0:2 μm, diameter: 47mm) 

GE Healthcare, Chicago (USA) 

ZelluTrans Carl Roth, Karlsruhe (Germany) 

  

3.1.3 Primer list  

Primer Name Sequence Description Manufacturer 

T7 promotor TAATACGACTCACTATAGGG Complementary 

to the T7 

promotor 

sequence of 

pET21a (+); used 

for DNA 

sequencing 

Sigma Aldrich 

(Steinheim, 

Germany) 
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T7 terminator  GCTAGTTATTGCTCAGCGG Complementary 

to the T7 

terminator 

sequence of 

pET21a (+); used 

for DNA 

sequencing 

Sigma Aldrich 

(Steinheim, 

Germany) 

K72F_1/2 

 

 

 

 

E17F_1/2 

 

 

 

 

210_274_1/2   

 

 

 

TGATCAATGGGTGCAGCTGTTC 

CAACGTTTTCGTGAAGCGATC 

 

 

 

GAGCTGGTGCAGGCGTTC 

CAACGTCTGCGTGAGATCTTC 

 

 

 

CTACCCAATCCAATTAGTCGTC 

AAGCCTTTGTGGACTAGAAACC 

 

 

Maquette 2 

K72_E17 point 

mutant, (reverse 

primer exactly 

complementary) 

Maquette 2 

K72_E17 point 

mutant, (reverse 

primer exactly 

complementary) 

Hsp90 full length/ 

NM-domain 

Δlinker, (reverse 

primer exactly 

complementary) 

Sigma Aldrich 

(Steinheim, 

Germany) 

 

 

Sigma Aldrich 

(Steinheim, 

Germany) 

 

 

Sigma Aldrich 

(Steinheim, 

Germany) 

 

 

3.1.4 Expression plasmids  

Name of plasmid 

Hsp82 full length 

 

Hsp82fl Δlinker 

 

NM-domain Hsp82 

 

NM-domain Hsp82 Δlinker 

 

pET21a+_target_gene 

pET21a+_Lys49 

pET21a+_Glu49 

Description 

Expression vector, 

Spectinomycinr  

Expression vector, 

Spectinomycinr  

Expression vector, 

Can+Camr 

Expression vector, 

Can+Camr 

Expression vector, Ampr  

Expression vector, Ampr 

Expression vector, Ampr 

Manufacturer 

inhouse cloned 

 

inhouse cloned 

 

inhouse cloned 

 

inhouse cloned 

 

Genscript 

Genscript 

Genscript 
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pET21a+_bundle_1ionpair 

pET21a+_1ip_switched 

pET21a+_bundle_2ionpairs 

pET21a+_bundle_lysglu_3ionpairs 

pET21a+_bundle_glulys_3ionpairs 

pET21a+_bundle_3ip_allhelices 

pET21a+_bundle_3ip_allhelices_GLN 

pET21a+_bundle_shorter_loops 

pET21a+_sl_lys49 

pET21a+_sl_glu49 

pET21a+_SL_1ip_mutPhe 

pET21a+_SL_2ip_mutPhe 

pET21a+_SL_3ip_mutPhe 

pET21a+_SL_3ip_mutPhe_GLN 

pET21a+_degrado_WT 

pET21a+_ F72K 

pET21a+_ F17E 

pET21a+_ F72K_F17E 

pET21a+_ E17_K72_N69 

pET21a+_K50_E101 

pET21a+_ Dutton_long_2ip 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr  

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Expression vector, Ampr 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

Genscript 

inhouse cloned 

inhouse cloned 

Genscript 

Genscript 

Genscript 

Genscript 

 

3.1.5 Enzymes  

Enzyme  Description Manufacturer 

DpnI Restriction enzyme, digests 

methylated DNA  

Agilent Technologies, Santa 

Clara (USA) 

Lysozyme Used for cell lysis Carl Roth, Karlsruhe 

(Germany) 

TEV Restriction enzyme for 

removing His-tag 

In house produced 

Quik Polymerase Polymerase for QuikChange 

Mutagenesis  

Agilent Technologies, Santa 

Clara (USA) 
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3.1.6 Protein standard 

Name Manufacturer 

Serva Dual Color Protein Standard 3 SERVA Electrophoresis GmbH, Heidelberg 

(Germany) 

 

3.1.7 Kits 

Kit Manufacturer 

Wizard® Plus SV Minipreps DNA Purification 

System 

Promega, Madison (USA) 

QuikChange Lightening Mutagenesis  Agilent Technologies, Santa (USA) 

 

3.1.8 Bacterial strains and growth media 

Bacterial strains 

Name Manufacturer 

E. coli BL21 DE3 Agilent Technologies, Santa Clara (USA) 

E. coli XL 10 Gold Agilent Technologies, Santa Clara (USA) 

E. coli NEB5α New England Biolabs, (USA) 

 

Growth media 

Lysogeny broth (LB) 

medium 

Tryptone 

Yeast extract 

NaCl 

1% (w/v) 

0.5% (w/v) 

0.5% (w/v) 

SOC medium Peptone 

Yeast extract 

Glucose 

MgSO4 

NaCl 

KCl 

2% (w/v) 

0.5% (w/v) 

20 mM 

10 mM 

10 mM 

2.5 mM 

M9 minimal medium Na2HPO4 42 mM 

 

 

 

 

KH2PO4 

NaCl 

NH4Cl 

MgSO4 

22 mM 

8.5 mM 

18 mM 

2 mM 
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CaCl2 

Glucose 

Biotin 

Thiamine 

Trace elements (1000x) 

0.1 mM 

2% (w/v) 

1 mg 

1 mg  

1 ml 

 

3.1.9 Buffers 

Hsp90 full length constructs 

Components  Description          

50 mM Tris, 300 mM NaCl, 5 mM Imidazole pH 8   Cell lysis  

 Equilibration buffer 

 Dialysis after TEV cleavage 

+ 1000 mM NaCl 

+ 500 mM Imidazole                  

50 mM Tris, 50 mM NaCl, 1 mM EDTA, 2 mM DTT 

pH 8                                           

Buffer A: 20 mM Tris pH 8 

Buffer B: 20 mM Tris, 1000 mM NaCl pH 8 

40 mM HEPES, 150 mM KCL, 2 mM MgCl2 pH 7.5       

 Washing buffer 

 Elution buffer 

 TEV cleavage 

 

 Anion exchange chromatography 

 Anion exchange chromatography 

 SEC 

 SAXS 

 

NM-domain Hsp90 constructs 

Components Description 

50 mM Tris, 150 mM NaCl, 10 mM Imidazole pH 8 Cell lysis  

Equilibration buffer 

Dialysis after SUMO cleavage 

Reverse Ni-column 

+ 1000 mM NaCl Washing buffer 

+ 500 mM Imidazole                  Elution buffer 

50 mM Tris, 150 mM NaCl, 2 mM DTT pH 8                                          SUMO cleavage 

Buffer A: 20 mM Tris pH 8 Anion exchange chromatography 

Buffer B: 20 mM Tris, 1000 mM NaCl pH 8 Anion exchange chromatography 

40 mM HEPES, 150 mM KCL, 2 mM MgCl2 pH 7.5      SEC 

SAXS 
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Maquette 1 and 3 constructs 

Components  Description  

20 mM Tris, 100 mM NaCl pH 8 Cell lysis  

Ni-column  

20 mM Tris, 50 mM NaCl, 1 mM EDTA pH 8 SEC 

20 mM Tris, 50 mM NaCl, 1 mM EDTA, 2 mM DTT 

pH 8 

TEV cleavage 

20 mM Tris, 50 mM NaCl pH 8 

 

 

20 mM HEPES, 300 mM NaCl, 0.5 mM EDTA pH 7 

20 mM NaPi, 50 mM NaCl, 0.5 mM EDTA pH 7 

Dialysis after TEV cleavage 

Reverse Ni-column 

CD measurements 

Thermal unfolding, CD measurements  

NMR measurements 

 

Maquette 2 constructs 

50 mM NaPi, 150 mM NaCl pH 7 Cell lysis 

Ni-column 

SEC 

50 mM Tris, 1 mM EDTA pH 8  Dialysis after SEC 

50 mM Tris, 1 mM EDTA, 2 mM DTT pH 8  

50 mM NaPi, 100 mM NaCl pH 7.5 

 

TEV cleavage 

Dialysis after TEV cleavage 

Reverse Ni-column 

CD measurements 

NMR measurements 

 

3.1.10 Software and programs 

Name  Manufacturer 

Microsoft Office  Microsoft, Redmond (USA) 

Multalign 

Python  

http://multalin.toulouse.inra.fr/multalin (France) 

Python Software Foundation (Netherlands) 

Protparam Expasy https://web.expasy.org/protparam/ 

Reverse Complement https://www.bioinformatics.org/sms/rev_comp.html 

Serial Cloner http://serialbasics.free.fr/Serial_Cloner.html 

Sparky 3.135 103 

TopSpin 3.5 Bruker, Massachusetts (USA) 
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3.2 Experimental methods 

3.2.1 Transformation 

E. coli cells were thawed on ice and 1 µl plasmid (~ 30 – 100 ng µl-1) was added. The mixture was 

incubated for half an hour on ice. The incubation was followed by a 30 s long heat shock at 42°C. 

After heat shock, 300 µl SOC medium were added and the cells were incubated for 1 hour at 37°C 

and 150 rpm. Different types of E. coli cells depending on the application were used. BL21 DE3 

were used for pre-cultures for expression while XL10 were used for plasmid amplifications. NEB5α 

were used for transformation of PCR products. In this case 3 µl of PCR reaction were added to the 

cells. After incubation, the cells were plated on agar plates containing the required antibiotic or 

transferred in LB medium containing 2% of glucose and the required antibiotic. The plates were 

incubated at 37°C and the pre-cultures in the shaker at 37°C and 150 rpm overnight.  

 

3.2.2 Culturing of prokaryotic cells 

LB medium containing the required antibiotic and 2% glucose was used for 50 ml pre-cultures and 

for 10 ml cultures for plasmid isolation. Ampicillin (100 µg ml-1) was used for pET21a(+) constructs.  

The cells were cultured overnight at 37°C and 150 rpm.  

 

3.2.3 Plasmid amplification 

The transformation was performed as described under 3.2.1 using XL10 Gold cells. A 10 ml 

overnight culture was used for plasmid amplification containing 2% glucose and the required 

antibiotic. The plasmid isolation was conducted following the manual of the Wizard® Plus SV 

Minipreps DNA Purification System kit described in section 3.2.13. 

 

3.2.4 Protein expression in BL21 (DE3) cells 

LB or M9 minimal medium was used for expression depending on if a labeled protein expression 

was performed.  Expression cultures contained the required antibiotic (100 µg ml-1) and in case of 

labeled expression 13C6 D-glucose and 15N ammonium chloride. The cultures were inoculated 1:40 

with the overnight pre-culture. When the cells reached an OD600 of 0.6-0.8 at 37°C, the protein over 

expression was induced by adding 0.5 mM IPTG. After 4 hours of expression at 37°C the cells were 

harvested by centrifugation at 7822 x g for 20 min. Afterwards, the pellet was washed with buffer 

(20 mM Tris, 50 mM NaCl, pH 8) at 3214 x g for 20 min. Cell pellets were stored at -80°C.  
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3.2.5 Cell lysis 

First step in cell lysis was to slowly thaw the pellet on ice and resuspend it in lysis buffer. 1 mM 

PMSF and a spatula tip of lysozyme was added to the homogenic solution. The mixture was 

incubated for 30 min at + 4°C. Next step was sonication for 30 min. The used program was 1 s pulse 

with an amplitude of 30% and 2 s pause. After cell disruption, 5 mM MgCl2 and 1 µl/10 ml lysis 

solution DNase I (stock 10 U µl-1) were added and incubated again for 30 min at + 4°C. The cell 

solution was centrifuged for 20 min at 38,828 x g to pellet the cell fragments. The supernatant 

contained the soluble protein and was ready for next purification steps.  

 

3.2.6 Ni-NTA and reverse Ni-NTA 

A Ni-NTA affinity chromatography was performed during purification to separate the overexpressed 

protein from E. coli own proteins. After cell lysis, the supernatant was loaded onto the Ni-NTA. Due 

to the His-tag at N- or C-terminus of the protein, the protein stayed attached to the Ni slurry. Before 

loading the Ni-NTA an equilibration with buffer was performed. After loading, the column was 

incubated for 1 h at +4°C. A wash step with one column volume (CV = 20 ml) was performed with 

10 mM imidazole to remove weakly bound proteins with natural His-tags before 400 mM imidazole 

were added to the buffer to elute the protein. The elution was again one CV.   

After the TEV cleavage a so-called reverse Ni-column was performed to remove the cut His-tag and 

the TEV protease from the protein solution. In this case the protein was in the flow-through fraction.  

The columns were regenerated after usage with a solution of 6 M GdnHCl and 0.2 mM acetic acid 

(one CV) and two CV water. They were stored in 20% ethanol at +4°C.  

 

3.2.7 TEV digestion 

A TEV digestion site was placed between the protein of interest and the His-tag to make the His-tag 

removable after protein purification. The TEV protease recognize ENLYFQ-G/S and cuts between 

QG or QS. The buffer during TEV cleavage need to contain 2 mM DTT and 1 mM EDTA. The 

digestion was performed at + 4°C overnight. Afterwards,  EDTA and DTT were removed from the 

buffer before loading it onto the Ni-NTA to remove the His-tag and TEV protease. To this end, a 

dialysis in the target buffer was performed overnight.  
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3.2.8 SUMO cleavage 

A SUMO cleavage site was placed between the NM-domain of Hsp90 and the His-tagged SUMO 

fusion protein. The protease recognizes the tertiary structure of SUMO and cleaves very specific. 

The required buffer for the optimal reaction was 50 mM Tris pH 8, 150 mM NaCl and 2 mM DTT. 

The digestion took place at +4°C overnight.  

 

3.2.9 Size exclusion chromatography (SEC) 

After running the Ni-NTA, a size exclusion chromatography on an ÄKTA pure system was 

performed. Due to the size and amount of the proteins a HiLoad 16/600 Superdex 75 pg column was 

used. Before the actual SEC run was started, the column was equilibrated using the buffer in which 

the protein should be eluted. The protein was automatically injected to the column from a 5 ml 

capillary loop. The flow rate was 1 ml min-1. During elution the absorption was monitored at 280 nm 

and 2 ml fractions were collected. After elution, the column was washed with one CV water and 

stored in 20% ethanol.  

The peaks were integrated to calculate the molecular weight (MW) of the proteins in Dalton (Da). 

Therefore, a calibration curve (Figure 13) was performed and the following formula for converting 

was obtained:  

log(#$) =  %&� − 2.540905−0.50338           %&� = �� −  ���- − ��  

where Vc is the column volume (= 120 ml), Ve is the elution volume, and Vo is the dead volume of 

the column (= 44.3 ml).  
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Figure 13: Calibration curve for S75p column. Proteins with different sizes were used for calibration.  

 

3.2.10 Anion exchange chromatography 

An anion exchange chromatography was necessary for the Hsp90 full length and the NM-domain of 

Hsp90. This step was performed before the final SEC run. To this end, the protein was dialyzed 

against 5 l of 20 mM Tris pH 8 to completely remove the salt to enable protein binding to the column. 

The column was equilibrated with 20 mM Tris pH 8 (buffer A) and the protein was loaded on the 

column with a superloop. After the protein bound to the column material, a washing step with buffer 

A was conducted. Afterwards, the salt concentration was slowly increased up to 1 mM NaCl by 

mixing buffer A with buffer B (20 mM Tris pH 8, 1 M NaCl).  

 

3.2.11 Circular dichroism (CD) spectroscopy  

The secondary structure of the different constructs was analyzed by circular dichroism (CD) 

spectroscopy. The measurements were performed on a Jasco J-715 system with a cooling-heating 

unit using a 1-mm-path quartz cuvette. The protein concentrations were between 5 and 10 µM. To 

analyze the secondary structure five spectra from 190 nm to 260 nm were measured at 20°C. 

Temperature sensitive unfolding was measured at 222 nm from 20 to 100°C to calculate the melting 

point.  

The CD raw data in mdeg was converted according to following formula to mean residue molar 

ellipticity θ: 

. = /0 123
45 6 107
1 1225 6 89:�;��< 1µ#5 6 >
>?@3
 ABC3D  
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where CD is the CD raw signal, 1 [mm] is the path length of the cuvette, cprotein is the protein 

concentration in µM, and peptide bonds is the number of peptide bonds.  

 

3.2.12 Chemical unfolding 

The thermodynamic stability was measured by following the chemical unfolding on a Jasco J-715 

system with two denaturants: GdnHCl and urea. The measurements were performed at 20°C with 

denaturant concentrations up to 8 M using 1-mm-path quartz cuvette. The protein concentrations 

were between 5 and 10 µM. The unfolding was monitored by detection of the CD signal at 222 nm 

for 30 s. The raw data was converted according to 3.2.11 and plotted against denaturant 

concentration, which results in a sigmoid shaped unfolding curve. Each unfolding series was 

measured in triplicates to get statistics and the obtained error bars were added to the plots. The turning 

point (= unfolding concentration) was determined by fitting it to a sigmoid function. To obtain the 

unfolding energy, ΔG, ln(K) was calculated and plotted against the denaturant concentration. ΔG  is 

defined as -RTln(K). The equilibrium constant K was defined as 
1E5
1F5 and was obtained from the 

unfolded protein fraction 

G0 = H − H�H0 − H� 

where y is the CD raw signal and yN and yD corresponds to native and denatured protein state.  ΔG 

in kcal mol-1 was determined by using a linear least-square function and extrapolation to 0 M 

denaturant.104  

 

3.2.13 Site-directed mutagenesis  

Point mutations were introduced by using the QuikChange Lightning Mutagenesis Kit. To this end, 

primers with a length of about 20 bases in front of and after the point mutation were designed and 

ordered from Sigma Aldrich. Up to 50 ng DNA plasmid were used per reaction. The total reaction 

volume was 25 µl consisting of 2.5 µl Quik Buffer, 0.75 µl Quik Solution, 0.65 µl primer forward 

and reverse, 0.5 µl dNTP mix, 0.5 µl Quik Polymerase and x µl plasmid. The missing volume was 

filled up with autoclaved water. The table below shows the PCR program which was used for 

mutagenesis.  
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Step Temperature Term Cycle number 

Initial denaturation 95°C 2 min  

Denaturation 95°C 30 s  

25 cycles Annealing 67°C 30 s 

Elongation 68°C 5 min 

Finale elongation 68°C 10 min  

Storing 10°C ∞  

After the PCR reaction was finished a transformation using NEB5α cells were performed according 

to section 3.2.1.  

 

3.2.14 SDS-PAGE 

For visualizing proteins and controlling purity during the purification process a denaturing SDS-gel 

was run. The gels consisted of a 6% stacking gel and a 15% separating gel. The samples were mixed 

with 2x Lämmli buffer. The running buffer was 1x SDS buffer and the Serva Dual Color Protein 

Standard 3 served as marker.  50 mA per gel were used while the running time was 30 min. After 

cooking the gel in water Page Blue Protein Staining Solution was added and let incubate for 30 min. 

The gels were destained in water.  

 

3.2.15 Miniprep 

The plasmid DNA isolation was performed accordingly to manufacturer’s instructions. The first step 

included spinning down 5 to 10 ml of an overnight culture by centrifuging it at 20238 x g for 5 min 

at room temperature. The supernatant was removed and the pellet was resuspended with 250 µl of 

cell resuspension buffer. The solution was then transferred to a fresh Eppendorf tube and 250 µl of 

cell lysis solution were added. After mixing the solution, 10 µl of alkaline phosphatase were added 

and the suspension was mixed and incubated for 5 min at room temperature. To fell the cell 

fragments, 350 µl of neutralization solution were added and the mixture was centrifuged at 20238 x g 

for 10 min. The supernatant was transferred to the DNA binding column and after a 1 min 

centrifugation step, the flow through was discarded. The column was washed with 750 µl of washing 

solution containing ethanol. After 1 min of centrifugation at 20238 x g the wash step was repeated 

with 250 µl. Last step before elution was 2 min centrifugation at full speed to remove the rest of the 

washing solution and transferring the column to a fresh Eppendorf tube. The DNA was eluted with 
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60 µl of nuclease-free water by centrifuging it for 1 min at 20238 x g. Plasmid DNA was stored at 

20°C.   

 

3.2.16 Concentration measurements 

A NanoPhotometer N60 was used for concentration measurements. 1 µl of protein or DNA solution 

was applied to Nanodrop. Water was used for blanking when DNA concentration at 260 nm was 

measured.  Protein concentration was detected at 280 nm and the corresponding buffer served as 

blank. The concentrations in M were calculated with the corresponding extinction coefficient (ε) and 

accordingly in mg ml-1 with the molecular weight (MW) in Dalton (Da).  

 

3.2.17 Sequencing of plasmid DNA  

The sequencing of plasmid DNA was performed by Eurofins or Genewiz. Total sample volume was 

10 µl per reaction for Genewiz and 17 µl for Eurofins. 2/2.5 µl sequencing primer were added to 50- 

100 ng µl-1 DNA. For all pET21a (+) constructs which have a T7 promotor, the T7 promotor or 

terminator primer was used. The rest volume was filled up with nuclease-free water.  

 

3.2.18 Gene synthesis and cloning  

The starting constructs for all three Maquette series were ordered from Genscript from the amino 

acid sequence. A His-tag was added to N- or C-terminus of the different proteins with a TEV cleavage 

site between tag and protein to have to the possibility to remove the His-tag. After the protein 

sequence a stop codon was added. Genscript performed codon optimization for expression in E. coli. 

The synthesized gene was cloned into pET21a (+) via NdeI and HindIII or BamHI and HindIII. The 

constructs with BamHI and HindIII have an 11 amino acid long T7 tag attached to the N-terminus 

which is not removable. The plasmids arrived lyophilized and were solved in nuclease-free water. 

Plasmids were stored at -20°C.  

 

3.2.19 Nuclear magnetic resonance (NMR) spectroscopy and structure calculation 

The NMR measurements were performed on a Bruker Avance III spectrometers operating at a 1H 

Larmor frequency of 600 MHz (14.09 T) and 950 MHz (22.31 T) using a CPTCI triple-resonance 

cryoprobe. The 1H15N HSQCs and 3D experiments for the assignment were performed at 25°C in a 

5 mm tube. The following experiments were used for the assignment of backbone and side-chains: 

3D HNCA, HN(CO)CA, HNCO, HN(CA)CO, HNCACB, CBCA(CO)NH, HBHA(CO)NH,  
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H(CCO)NH, CC(CO)NH, HC(C)H/(H)CCH TOCSY, 15N/13Cali/13Caro-edited 1H,1H NOESY (120 ms 

mixing time) as well as 2D (HB)CB(CGCD)HD. 2D 1H,15N HISQCs were measured at 2°C in a 

Shigemi tube to detect 15NH3-groups of lysines. The protein concentration for Maquette 1 models 

was 400 µM and for Maquette 2 models 800 µM. The proteins were dissolved in the buffers 

described in section 3.1.9. 0.1% trimethylsilylpropanesulfonic acid sodium salt (DSS) was used as 

standard for referencing the spectra for structure solving.  The raw data was processed with Bruker 

TopSpin Software. For the following analysis and the assignment Sparky103 was used. CARA105 was 

utilized for peak picking. For the structure calculation CYANA106,107 was applied to obtain automated 

NOE assignments. These generated restraints were used to calculate a de novo structure of 1ip 

(Lys72-Glu17) Maquette 2. TALOS-N108 was used to get additional distance and dihedral angle 

restraints from chemical shifts. For energy minimization of the bundle of 20 structures, OPALp and 

the AMBER force field were used.109,110 Distance limits between Glu17-OE1 and Lys72-NZ were 

restrained to calculate the closed ion-pair structure. The distance limits between 2.8 Å and 3.0 Å 

were obtained based on MD simulations (see below).  

 

3.2.20 X-ray crystallography 

The sitting drop vapor diffusion method was used for crystallization of Maquette 3. The crystals were 

grown at 20°C. The protein concentration was 40 mg ml-1 in 20 mM Tris pH 8.0, 50 mM NaCl buffer. 

One drop consisted of a 1:1 mixture of protein solution and reservoir buffer which contained 150 mM 

HEPES buffer pH 7.5 and 1.6 M di-potassium hydrogen phosphate. The crystals were measured at 

the Paul Scherrer Institute, Switzerland (λ = 1.0 Å). The structure calculation and the refinement 

were conducted with REFMAC5111 and COOT112. 

 

3.2.21 Force profile analysis (FPA) 

To study the protein folding under in vivo conditions, we designed constructs for force profile 

analysis (FPA).101,102 The general construct structure is visualized in Figure 14. A random coil linker 

of different length between 21 and 35 amino acids and the arrest peptide MsSup1 (HPPIRGSP113) 

were added to the C-terminus of the protein of interest. Each data point in the force profile is a unique 

genetic construct. The length L is defined as the total length in amino acids between the C-terminus 

of the model protein and the final residue of the arrest peptide sequence. After the arrest peptide a C-

terminal tail derived from a soluble loop in the LepB protein (E. coli) consisting of 23 residues was 

added to allow the arrested and the full-length protein products to be separated on an SDS-PAGE 

gel.  
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Figure 14: Schematic representation of the constructs for FPA.  

The constructs are cloned into a pET21a+ vector (Genscript) and the T7 open reading frame is 

amplified by PCR. This PCR product, which provide the only template for transcription/translation, 

along with 35S-methionie is added to the in vitro PURExpressTM (New England Biolabs) according 

to the manufacturer’s instructions. While PURExpress contains several proteins, all newly 

synthesized protein is radiolabeled allowing sensitive and specific detection of only our model 

protein. For each construct two products were produced: a short “arrested” product that is produced 

when the force is acting on the nascent chain; and a longer “full-length” product that was produced 

when force is taking place. The latter effect can result from too short construct, where the domain 

cannot efficiently fold; or too long construct, for which the domain has already folded before the 

arrest peptide is translated, and does not result in a pulling force acting on the chain, resulting in the 

arrested product. The linker lengths where robust folding occurs, result in an increased full-length 

product. These two products can be resolved by SDS-PAGE and the amounts quantified to give a 

fraction full-length (fFL), which is a proxy for the probability that protein folds during the translation 

process. A higher fFL value indicates a higher probability of protein folding. With fFL plotted against 

the linker length, L, allows to derive the point in translation with the highest probability of folding. 

SDS-PAGE gel bands were visualized with a phosphoimager (Fuji FLA9000) and the intensities 

were measured from the TIFF image using the ImageJ software. The intensities were quantified by 

fitting with Gaussian curves using the in-house developed EasyQuant (Rickard Hedman, Gunnar von 

Heijne, Stockholm University). The force profile fFL was calculated as 
IJKIJKLIM, where IFL is the 

intensity of the band on the gel of the full-length protein and IA is the intensity of the band of the 

arrested protein. 
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3.3 Computational methods  

3.3.1 Molecular mechanics and biomolecular force fields 

In common biomolecular force fields used in molecular dynamics (MD) simulations, the energy 

function of the system is calculated as a sum of bonded and non-bonded interactions. 

� = �N�<O�O + �<�<QN�<O�O 

The bonded and non-bonded interactions are divided into different terms. 

� = �N�<O + �&<R�� + �O�S�O:&� + ��T9:�9 + �UOV + ����- 

Each potential is a sum over molecular interactions depending on the molecular composition and 

structure. kx is the corresponding harmonic force constant, while b, θ, ф, and X describe geometrical 

properties in the following equation given below.  

The sum of bond stretching, angle bending and dihedral rotation energies represents the bonded term 

and describes the intramolecular interactions. Bond stretching and angle bending terms depend on 

the connection and the angle between the atoms.  These potentials are modeled as harmonic in most 

force fields and oscillate around the equilibrium. The rotation around bonds in a molecule is 

described by dihedral potentials. In typical force fields the potential energy function is an expansion 

of periodic functions. Many force fields also consider out-of-plane motions known as improper 

torsions, where not all atoms are connected covalently.  

           �N�<O = � YN(A − A�)	
N�<O�

                                         �&<R��

= � YZ(. − .�)	                          
&<R���

 

�O�S�O:&� = � Yф18BD(Cф + [) + 1)5
;�:���<�

            ��T9:�9�: = � Y\(X − X�)	
�T9:�9�:�

 

The non-bonded interactions consist of van der Waals (VdW) and electrostatic interactions. The latter 

describe the intermolecular electrostatic contribution to the energy of the system, while the VdW 

term describes the non-bonded interactions without a permanent electric dipole moment. To describe 

the VdW interactions most of the force fields use the Lennard-Jones-potential.114 The potential is 

divided into repulsive (1/r12) and attractive (1/r6) interactions, where σ is the interatomic distance 

where the potential is zero, and ε is the depth of the energy minimum. The VdW energy rapidly 

decays with distance, and therefore normally cut-off distances of around 10 Å can be used for 

reducing the computational cost. Interactions at larger distances are ignored for the potential energy 

calculations and a pair list for the calculations is generated and updated.115  
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�UOV = � �� ]^_����� `a	 − 2 ^_����� `7b
�,��a

                       ����- = � ����4�����                           
�,���

 

In contrast, interactions with a non-zero electric moment are represented by the electrostatics term. 

The electrostatic interaction between two atoms is described by Coulomb’s law where a partial 

charge is assigned to each atom. The point charges are fixed in common force fields. In this case, the 

interaction energy decreases as 1/r. There are two possibilities on how to computationally deal with 

such long-range contributions. First, one can choose a large cut-off distance, but the cost of required 

computational resources increases rapidly and becomes unfeasible for larger systems, and the neglect 

of long-range contribution leads to significant underestimation of the electrostatic effects. The second 

and commonly used way in infinite periodic systems is to use the Particle-mesh Ewald (PME) 

summation, where the scaling is NlogN instead of N2 and N is the total number of atoms. In the PME 

approach, the electrostatic potential is divided into short- and long-range interactions. Here, the 

energies are calculated in real (short-range) and reciprocal (long-range) space.116  

Chemistry at HARvard using Molecular Mechanics (CHARMM) is one of the commonly used all-

atom force field for biomolecules, where all atoms also hydrogens are incorporated. There are also 

other force fields where only polar hydrogens are included explicitly.117 The CHARMM force field 

was developed in the early 1980s118 and was stepwise improved during the following decades. The 

first version without explicit hydrogen atoms was followed by CHARMM19. In CHARMM19, 

hydrogen atoms bonded to nitrogen and oxygen atoms were explicitly incorporated. Further 

improvement of the force field parameters ended up in the CHARMM22 version with a protein 

parameter set of 55 defined atom types.117 The CHARMM27 force field provides almost the same 

parameters for proteins, but the focus of iteration was laid on improving the parameters for nucleic 

acids.119 Most of the simulations in this thesis were performed using the latest CHARMM force field 

version CHARMM36.120 This version is refined for proteins regarding the backbone and the side-

chain dihedral parameters.121 

 

3.3.2 Molecular dynamics (MD)  

During the last decades Molecular dynamics (MD) simulations have become a powerful method to 

understand biological processes on an atomic level. MD simulations provide molecular insight into 

phenomena that are difficult to study experimentally. Another advantage is the application for protein 

design and interpretation of experimental results. MD simulations can today be carried out by several 

commonly available implementations, e.g. CHARMM122 or NAMD123. In this thesis work, NAMD 

was used for classical MD simulations of the designed proteins.  
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In MD simulations, Newton’s second law of motion is integrated over all atoms.122  

c� = 2��� = − ∇�� = 2� 3	�� (?)3?	  

where c is the force acting on the particle @, 2 is its mass, and � is the acceleration. � is the potential, 

in this case the force field which is acting on the particles. Newton’s law connects the motion of a 

particle with the forces acting on them. The force field parameters relate to the acceleration, velocity 

and position of the atoms. The position of all particles at any time ?′ can be calculated, if the position 

at time ? and the affecting forces are known. Newton’s second law of motion is propagated using 

discrete timesteps, because the large number of atoms in an MD simulation would make the analytical 

calculation too complex.  The forces and energies are only calculated at defined time points 

depending on the chosen size of the timestep. The equation of motion is expanded as a Taylor series 

which leads in combination with the Verlet algorithm to124 

�(? + [?) = 2�(?) − �(? − [?) + [?	�(?) + f([?g) 

The coordinates in the next time step ? + [? are calculated using the actual position 2�(?), the 

position in the previous timestep �(? − [?), and the force acting on the particle [?	�(?) + f([?g).  

The size of the time step for the simulation is important: The time step should not be too large as this 

may lead to a decreased stability of the system, but on the other hand, the reduced computational 

cost, could allow for longer the total simulation time should be increased. On the other hand, a short 

time step improves the accuracy, but also demands more computing time. It is important to find a 

compromise between the length of the time step and the stability of the system. The time step of 

choice should be around 10 times smaller than the fastest motion in the system, such as the X-H bond 

vibrations (10-14 s). Therefore, it is common to use a 1-2 fs timestep for biomolecules. If the 

investigation of hydrogen vibrations is not of interest, algorithms such as the SHAKE algorithm can 

be used, where the vibrations of hydrogen atoms are frozen.125 This algorithm allows a 2 fs timestep 

without losing too much accuracy. MD simulations today are normally limited to µs time scales due 

to these small timesteps and large number of pair-wise interactions that must be evaluated during 

each timestep. Moreover, some larger systems that occur at larger time scales demand for different 

simulation methods, such as coarse-grained simulation methods.  

Another often employed method to decrease the computing time is to use Langevin dynamics where 

stochastic dynamics are applied. A continuum model of the solvent, which interacts with the protein, 

is used. The temperature and the pressure are controlled by Langevin dynamics during the MD 

simulation. A friction coefficient h and a random force with a mean of zero are added to the equation 

of motion.126–128  



44  
 

Another important aspect is the treatment of system boundaries. Normally, Periodic Boundary 

Conditions (PBC) are used in MD simulations to avoid surface artifacts. The simulation system is 

modeled in a way that the water box is a unit cell of an infinite lattice consisting of identical replicas 

like an ideal crystal.129 With PBC a more realistic in vivo like environment is modeled due to using 

surrounding virtual systems. The PBC are used for estimating long-range electrostatic effects in the 

PME summation.  

 

3.3.3 Classical molecular dynamics (MD) simulations of the designed bundle proteins 

Classical MD simulations of the designed proteins were performed with NAMD using the 

CHARMM27 or CHARMM36 force field. The temperature was set to 310 K and a 1 or 2 fs 

integration timestep was used. Before the simulations were initiated the designed protein was 

solvated. Therefore, a water box consisting of TIP3P water molecules130,  was placed within 20 Å 

around the protein.  The water box also contained neutralizing ions which corresponds to a strength 

of 0.15 M NaCl. The solvation and ionizing step were performed with a tcl-script using VMD. After 

the system was solvated the first step was a 0.1 ns minimization of the solvent with fixed protein. 

The relaxation of the solvent was followed by a protein relaxation (0.5 ns) where the Cα atoms of 

the protein were kept fixed and only the side-chains could move. After the minimization, the MD 

production simulations with freely moving protein were performed. The simulation lengths varied 

between 100 ns and 1 µs.  

 

Construct 

Maquette1 

System size in atoms 

hydrophobic core 43,912 

Lys49 43,919 

Glu49 43,908 

K49_E84 43,915 

E49_K84 43,915 

2ip 43,912 

3ip 43,903 

3ip_switched 43,903 
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3ip_all_helices 43,904 

3ip_all_helices_E112prot 46,742 

3ip_all_helices_Q112 46,743 

sl_wt 43,645 

sl_lys49 43,652 

sl_glu49 43,641 

sl_1ip 47,392 

sl_2ip  47,401 

sl_3ip 43,626 

sl_3ip_E112prot 43,629 

sl_3ip_E112 51,168 

Maquette 2  

hydrophobic core 66,932 

Lys72 65,039 

Glu17 65,028 

E17_K72 44,429 

K50_E101 51,953 

E17_K72_N69 48,059 

Maquette 3  

2ip/4Q 289,717 
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3.3.4 PACMAN 

The in-house PACMAN python code was used for stabilizing the introduced ion-pairs. To this end, 

random mutations were introduced followed by a short MD simulation step (10 ps) in explicit 

solvent. The mutations rated by a score considering the following terms: self-interaction between the 

ion-pair (weight = 0.48), ion-pair interaction with the surrounding protein (weight = 0.48), and all 

non-bonded interactions within the protein (weight = 0.02). Depending on the Monte Carlo-score, a 

mutation was accepted or rejected. The cycle was started again if a mutation was rejected. The models 

with an accepted mutation were minimized for 5000 steps followed by a 5 ps long restrained 

relaxation. The protein backbone was harmonically restrained with a force constant of 

1 kcal mol-1 Å-2. The CHARMM36 force field was applied to model the interactions.120 The MD 

simulations were performed with NAMD using a 1 fs time step.123  

 

3.3.5 Visualization and analysis of simulations 

Visual molecular dynamics (VMD)131 was used for visualization and analysis of MD simulations. 

The integrated root-mean-square deviation (RMSD) trajectory tool was used for analyzing the 

convergence of the simulations. Different representations of the models were created with VMD for 

showing simulation results and creating figures. 
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4. Results 

This results chapter is divided in four sections, which are below. In the first part, the conformational 

influence of charged residues is analyzed in the natural protein Hsp90.  In the second part, the 

artificial helical bundle protein systems are used to design and characterize the influence of buried 

charged residues. The design and characterization of Maquette 1, Maquette 2, and Maquette 3 models 

are described. Molecular dynamics simulations and experimental characterization are presented in a 

combined manner for each model.  

 

4.1 Hsp90 conformational dynamic via the charged-linker region 

Hsp90 undergoes large conformational changes during the chaperone cycle that are coupled to its 

ATPase activity, but the structural intermediates have not yet been fully characterized. Therefore, 

the conformational change related to the opening of the Hsp90 dimer that involves the charged linker 

region connecting the NTD and M-D is investigated here. It was detected from SAXS measurements 

that the experimentally observed atom-pair distances (Dmax) of the Hsp90 dimer are not consistent 

with the value calculated from the crystal structure (PDB ID: 2CG9) (Figure 15a). For the evaluation 

of the crystal structure, the missing linker region in the crystal structure was modeled in silico, and 

a Dmax of 120 Å and a radius of gyration (Rg) of 41 Å was detected.30 The larger Dmax of up to 250 Å 

and the Rg with > 60 Å measured in the SAXS experiments indicate that there exist several highly 

extended conformation states during the Hsp90 cycle. A possible idea was that these extended 

conformations result from the separation of the N- and M-domains which are connected by the 

charged linker. Coarse-grained simulations, performed by Alexander Jussupow (Kaila Lab), were 

used to investigate these conformational dynamics on a larger timescale. In these simulations 

initiated from the crystal structure of the closed conformation of the Hsp90 dimer,  a separation of 

the two NTDs was observed after 10 µs that leads to a more extended, V-shaped conformation 

(Figure 15b). However, these findings do not explain the molecular dimensions observed in the 

SAXS experiments. Additionally, in the coarse-grained simulations, a separation of the N- and M-

domain via the charged linker was observed. To test if this observation is the reason for the extended 

conformation detected in the SAXS experiments, we studied the influence of the charged linker 

region on the Hsp90 conformation, by engineering a monomeric Hsp90-NM-construct. The SAXS 

measurements were performed by Dr. Abraham Lopez (Sattler Lab).  

To investigate the effect of the linker experimentally, the amino acids forming the linker were fully 

deleted by QuikChange mutagenesis in the NM-construct (ΔLinker), i.e. residues 211 to 273 were 

cut out. The construct was expressed in good yields and was purified as described in the method 

section. Figure 16 shows an SDS gel during the purification process. The protein is detected at the  

expected size of ~ 54 kDa after cleavage of the fusion protein. Figure 17 presents the experimental 



50  
 

results for the pair distance distribution (P(r)) and the radius of gyration (Rg). Indeed, the Dmax is 

significantly smaller for the NM-domain without the charged linker (Figure 17, light orange) as 

compared to the experimental results of the wild type NM-construct (Figure 17, orange). During the 

coarse-grained simulations, the N- and M-domains separate via the linker region and both partially 

and fully open conformations are detected. Since these deletion studies were successfully applied to 

the monomer NM-domain, the idea of such extended conformations was also tested with full length 

(fl) Hsp90. The Hsp90fl mutant without the charged linker was successfully expressed and purified. 

Figure 18 shows an SDS-PAGE gel after the final SEC. The protein runs at the correct size and 

shows a high purity. A similar effect as for the NM model is detected and Hsp90fl ΔLinker shows a 

reduced Rg (~ 60 Å) and Dmax (~ 233 Å) in SAXS measurements (Figure 19).  

 

Figure 15: a, pair distance distribution (P(r)) of full length Hsp90 from SAXS experiments (red) and from the crystal 

structure with in silico modeled linker (purple); b, radius of gyration (Rg) of full length Hsp90 from experiments (red), 

coarse-grained simulations (blue), and crystal structure (purple). 
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Figure 16: SDS gel of NM-domain without charged linker (ΔLinker) after expression at the beginning of the purification 

process. The strongest band around 70 kDa corresponds to the fusion protein.   

 

 

 

 

 

 

 

Figure 17: Pair distance distribution (P(r)) of NM-domain. The experimental result is shown in orange, while NM-

domain without linker is light orange. 
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Figure 18: SDS gel of Hsp82 full length without linker (ΔLinker) used for the SAXS measurements at the end of the 

purification process.  

 

 

 

 

 

 

 

Figure 19: Experimental pair distance distribution (P(r)) of full length Hsp90 with (red) and without linker (coral).  
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4.2 Maquette 1 

To construct an initial model for creating a protein conformational switch, we adapted the sequence 

of a Maquette scaffold, model E, as described by Farid et al.12  The construct used here is named 

Maquette 1 in the following sections. The initial atomistic model was created in silico with first 

atomic coordinates modeled using CHARMM (with Dr. Ana Gamiz Hernandez, Kaila Lab).122 To 

obtain the desired α-helical secondary structure restraints were placed on the residues 1-27 (helix 1), 

36-62 (helix 2), 71-97 (helix 3), and 106-130 (helix 4) according to the PsiPred132 secondary structure 

prediction. The packing of the helices had the goal to create a hydrophobic core and a hydrophilic 

surface according to known computational modelling principles.133 After generating atomic 

coordinates, the structure was relaxed with constraints. The constraints were removed stepwise 

during the relaxation process. To maximize the non-polar interactions restraints on Phe15 and Phe21 

were placed to form a π-stacking interaction.  After this first relaxation process, the connecting loops 

were placed followed by a new restrained minimization step. After the relaxation process was 

finished the model was simulated in vacuum to check the stability. The following MD simulations 

in water-ion surroundings were performed using NAMD123 and the CHARMM36120 force field at 

300 K using an 1fs timestep. 

Mutations were introduced stepwise into Maquette 1. The mutant series is described in the following 

subsections. After 100 ns simulations for each construct, the RMSD, RMSF, water content and the 

ion-pair distance were analyzed. The constructs were expressed and purified experimentally, and 

their stability were characterized by CD spectroscopy.  For the hydrophobic core constructs, single 

buried charges, and one ion-pair models chemical unfolding with GdnHCl were performed to 

calculate the protein stability.  

 

4.2.1 Hydrophobic core 

The first section introduces the hydrophobic core and starting structure for the first mutant series. 

Figure 20 shows the results of 100 ns MD simulation of the Maquette 1 model. The RMSD value 

stabilizes after 10 ns of simulation until the end (Figure 20a) indicating that the system has 

converged. The RMSF (Figure 20b) represents the dynamic fluctuation of the residues, where one 

can see that the three loop regions (residues 28-36; residues 63-71; residues 98-106) and the N and 

C termini are more flexible as compared to the four α-helices and reach RMSF values around 5 Å as 

compared to around 1 Å for the helices. There is low increase in hydration during the MD simulation 

indicating a more or less water sealed hydrophobic protein core. Figure 21 presents the first (grey) 

and the last simulation snapshot (blue) of the 100 ns simulation, where the helices do not show 

significant structural differences. Only the flexible loops undergo some conformational changes.  
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Figure 20: Analysis of 100 ns MD simulation of hydrophobic core Maquette 1. a, RMSD plot; b, RMSF plot; c, water 

molecule content.  

 

Figure 21: Snapshots from 100 ns MD simulation of hydrophobic core Maquette 1. The starting structure (grey) is aligned 

with the last frame (blue) of the simulation.  
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The following section focuses on the experimental data and Figure 22a shows an SDS-PAGE gel 

during the expression and purification process of the hydrophobic core protein. The marked band 

proves the successful expression of the designed protein. The protein is already very pure after the 

first affinity chromatography round. Afterwards, a size exclusion chromatography (SEC) step was 

performed showing that most of the protein is monomeric, but also a small dimer peak is observed. 

The protein elutes a bit too early and the calculated corresponding molecular weight (MW) is 22 kDa 

instead of the expected 17 kDa based on the protein sequence. This could be an effect of the highly 

negatively charged surface of the bundle. The monomer fractions are collected and pooled to conduct 

the CD spectroscopic analysis and the chemical unfolding experiments.  

 

Figure 22: a, SDS gel of hydrophobic core Maquette 1; b, size exclusion chromatography (SEC) profile of hydrophobic 

core Maquette 1. The major peak corresponds to monomeric protein, but there is also a small dimer peak. The monomer 

has a retention volume of 71.79 ml, which corresponds to a molecular weight of 22 kDa.  

We analyzed the secondary structure, thermal stability, and chemical unfolding using CD 

spectroscopy (Figure 23). The measured values and curves were processed and analyzed as described 

in section 3.2.11 and 3.2.12. The hydrophobic core construct has a well-defined α-helical secondary 

structure showing the typical minima at 208 and 222 nm when measuring the molar ellipticity 

between 190-260 nm (Figure 23a). The bundle is a very temperature robust protein since it does not 

show melting up to 100°C following the CD signal at 222 nm (Figure 23b). Also, the chemical 

unfolding experiment using GdnHCl indicates that the protein is highly stable and the unfolding is 

detected at 5.4 M GdnHCl with a calculated ΔG of 8.8 ± 0.7 kcal mol-1.  
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Figure 23: Experimental analysis of hydrophobic core Maquette 1. a, CD spectrum; b, melting curve; c, chemical unfolding 

with GdnHCl; d, lnK plotted against denaturant concentration.  

To summarize the computational and experimental results, it is shown that the hydrophobic core 

Maquette 1 bundle is a very stable, robust α-helical protein, which overexpresses and behaves 

experimentally well.  

 

4.2.2 Introduction of a single charged residue – glutamate at position 49  

After the stability of the hydrophobic core was analyzed, a single charged residue was inserted into 

the protein core. For the first mutated construct a glutamate was placed at the position 49, which is 

located directly in the hydrophobic core. The phenylalanine at position 49 was mutated after the 

hydrophobic core model is converged during the MD simulation. Figure 24 summarizes the results 

of a 100 ns long MD simulation. The RMSD is around 4 Å after 10 ns and slowly increases until it 

goes down a bit after 90 ns (Figure 24a). The protein structure does not fully converge during the 

MD, as can be observed from the small drift of the RMSD. The RMSF plot shows that, the loops and 

termini are again more flexible as compared to the α-helices (Figure 24b). The low content of buried 

water molecules implicates that the system remains almost water sealed (Figure 24c). Two snapshots 

from the simulation are shown in Figure 25 where the first frame shows Glu49 pointing towards the 

hydrophobic core (grey) while helix 2 with Glu49 is slightly rotated in a way that the Glu49 side-

chain moves towards the water during the simulation (blue). The other helices do not undergo 

significantly structural changes.  
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The results of the purification process described in the method section are not reported here in detail, 

but the protein showed a high purity on the SDS-PAGE gel and has a retention volume of 67.04 ml 

during SEC corresponding to a MW of 31.8 kDa. The MW is closer to the dimer (34 kDa) as to the 

monomer MW (17 kDa). The point mutation leads most likely to some structural changes which 

results in the dimerization of the protein. Figure 26 presents the results of the experimental analysis 

which was performed with the dimeric protein. The secondary structure is characterized by the two 

typical α-helical minima in the CD spectrum (Figure 26a) and the melting curve indicates a thermal 

transition of the protein structure at around 67°C (Figure 26b). The chemical unfolding experiment 

leads to unfolding at 3.4 M GdnHCl and yields a ΔG of 3.2 kcal mol-1. 

 

Figure 24: Analysis of 100 ns MD simulation of Glu49 Maquette 1. a, RMSD plot; b, RMSF plot; c, water molecule 

content.  
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Figure 25: Snapshots from 100 ns MD simulation of Glu49 Maquette1. The starting structure (grey) is aligned with the 

last frame (blue) of the simulation. The Glu49 is shown in licorice.  

 

Figure 26: Experimental analysis of Glu49 Maquette 1. a, CD spectrum; b, melting curve; c, chemical unfolding with 

GdnHCl; d, lnK plotted against denaturant concentration.  
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Summarizing the result for the buried charged residue construct, we find in the simulation that the 

protein partially compensates for the penalty by partially moving Glu49 from the hydrophobic core 

towards the water-soluble part of the surface. This mutation and the subsequent structural changes 

also lead to a partial dimerization of the protein. Nevertheless, the protein still remains folded with a 

high stability.  

 

4.2.3 Introduction of a single buried charged residue – lysine at position 49 

For the Maquette 1 model, we also probed the effect of substituting phenylalanine at position 49 with 

a lysine to generate another construct with a single buried charged residue. The RMSD of this protein 

during 100 ns MD simulations fluctuates around 4 Å after the first 10 ns (Figure 27a). The RMSF 

plot indicates a higher flexibility in the loops as compared to the helices and the N-terminus of the 

protein shows the largest movement reaching 6 Å (Figure 27b). The Maquette 1/Lys49 mutant 

remains still water sealed and the hydrophobic core remains intact. Figure 28 presents two snapshots 

from the simulation, with the starting structure colored in grey and the last frame in blue. Lys49 

points into the hydrophobic core of the bundle in the starting structure, but during the 100 ns 

simulation, the side-chain of Lys49 moves partially towards the water due to a small helix rotation 

to compensate for the buried charge, whereas the other helices remain at similar positions. 

 

Figure 27: Analysis of 100 ns MD simulation of Lys49 Maquette 1. a, RMSD plot; b, RMSF plot; c, water molecule 

content. 
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Figure 28: Snapshots from 100 ns MD simulation of Lys49 Maquette 1. The starting structure (grey) is aligned with the 

last frame (blue) of the simulation. Lys49 is shown in licorice.  

The data of the purification process is not shown here, but the very pure protein has a retention 

volume of 72 ml during SEC which corresponds to a MW of 24.8 kDa. The calculated MW is 

between the expected weight of the monomeric (17 kDa) and dimeric (34 kDa) protein. Figure 29 

shows the experimental analysis where the CD spectrum proves a well-defined α-helical secondary 

structure (Figure 29a) and the melting curve presents a two-state unfolding with the transition at 

72.4°C (Figure 29b). The chemical unfolding measurement results in a turning point at 3.2 M 

GdnHCl and a corresponding ΔG value of 3.4 kcal mol-1. 

The Lys49 Maquette 1 behaves very similar to the Maquette 1/Glu49 construct with no significant 

differences detected.  
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Figure 29: Experimental analysis of Lys49 Maquette 1. a, CD spectrum; b, melting curve; c, chemical unfolding with 

GdnHCl; d, lnK plotted against denaturant concentration. 

 

4.2.4 Introduction of a buried ion-pair (Lys49-Glu84) 

As a next step towards creating a protein conformational switch, a buried ion-pair was introduced 

into Maquette 1. The two phenylalanines at positions 49 and 84 were mutated to a lysine and a 

glutamate residue, respectively. The obtained ion-pair (1ip) construct was simulated for 100 ns that 

shows a stable RMSD around 2 Å after 10 ns (Figure 30a).  The loops show slightly less movement 

as compared to the constructs with a single charged residue described above (Figure 30b), but as 

expected, the loops are dynamically more flexible than the helices. The protein interior has a 

maximum of 11 buried water molecules along the complete protein scaffold, and higher as compared 

to the previous described constructs with around 3-5 water molecules (Figure 30c). The CD-NZ 

distance between Lys49 and Glu84 indicates a fluctuating ion-pair (Figure 30d), but remains in a 

closed conformation during most of the simulation. Figure 31 provides two snapshots from the 

simulation with the starting frame in grey and the ending frame in blue. The ion-pair is represented 

in licorice and is closed in both frames while the overall protein structure does not change 

significantly.  
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The protein shows a high purity and has a MW of 32.4 kDa determined by SEC. The MW indicates 

that the construct is between a monomer and a dimer, but closer to the dimer. The secondary structure 

is α-helical as shown by CD spectroscopy (Figure 32a) and the melting temperature is decreased to 

61°C for (Figure 32b) from > 100°C for the hydrophobic core. Also, the turning point detected by 

chemical unfolding is reduced to 2.1 M GdnHCl with a ΔG of 2.7 kcal mol-1. 

 

Figure 30: Analysis of 100 ns MD simulation of 1ip (Lys49-Glu84) Maquette 1. a, RMSD plot; b, RMSF plot; c, water 

molecule content; d, distance profile between CD-NZ of Glu84 and Lys49.  
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Figure 31: Snapshots from 100 ns MD simulation of 1ip Maquette 1. The starting structure (grey) is aligned with the last 

frame (blue) of the simulation. The Lys49 and Glu84 are shown in licorice. 

 

Figure 32: Experimental analysis of 1ip (Lys49-Glu84) Maquette 1. a, CD spectrum; b, melting curve; c, chemical 

unfolding with GdnHCl; d, lnK plotted against denaturant concentration. 
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The introduction of a buried ion-pair leads to a partial destabilization of the protein, which can be 

clearly seen from the experimental results, but is also indicated by the simulation results. The ion-

pair pulls some water molecules inside the hydrophobic core to compensate the charged residues 

during the simulation. The hydrophobic core is not fully water sealed, which may affect the protein 

stability.  

 

4.2.5 Introduction of another buried ion-pair (Glu49-Lys84) 

We next investigated the effect of reverting the polarity of the buried ion-pair. This construct is 

important to investigate the influence of the polarity of the helices since each helix carries a dipole 

moment. The RMSD of a 100 ns MD simulation shows a slowly increasing value, which reaches a 

plateau during the last 30 ns (Figure 33a). The loops are more flexible as compared to the helices for 

all constructs described above (Figure 33b).  The protein interior becomes partially solvated on the 

simulation timescale (Figure 33c). The plotted CD-NZ distance between Glu49 and Lys84 shows 

that the introduced ion-pair forms a stable salt bridge with a few transient dissociations over the 

course of a simulation (Figure 33d). Between 40 ns and 60 ns, we observe a few frames where the 

ion-pair opens and the distance between Glu49 and Lys84 reaches maximum values between 5 and 

6 Å. The starting (grey) and ending (blue) frames in Figure 34  indicate no significant structural 

changes during the MD simulation. 
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Figure 33: Analysis of 100 ns MD simulation of 1ip (Glu49-Lys84) Maquette 1. a, RMSD plot; b, RMSF plot; c, water 

molecule content; d, distance profile between CD-NZ of Glu49 and Lys84. 

 

Figure 34: Snapshots from 100 ns MD simulation of 1ip (Glu49-Lys84) Maquette 1. The starting structure (grey) is aligned 

with the last frame (blue) of the simulation. Glu49 and Lys84 are shown in licorice. 
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Experimentally, the strong band around 15 kDa on the SDS-PAGE gel shows the successful 

expression and that a high purity was reached during the purification process (Figure 35a). 

Unfortunately, a monomer peak cannot be detected in SEC (Figure 35b). Only a dimer peak at a 

retention volume of 63.5 ml is visible, which corresponds to a MW of ~ 36 kDa. The following 

experiments were performed using the dimer construct.  

 

Figure 35: a, SDS gel of the 1ip (Glu49-Lys84) Maquette 1; b, size exclusion chromatography (SEC) profile of the 1ip 

(Glu49-Lys84) Maquette 1. The major peak corresponds to dimeric protein. The dimer has a retention volume of 63.5 ml, 

which corresponds to molecular weight of 36 kDa.  

The CD spectroscopic measurements show an α-helical secondary structure (Figure 36a) with a 

melting temperature at 60.9°C (Figure 36b). The chemical unfolding with GdnHCl results in a 

turning point at 2.2 M (Figure 36c) and yields a ΔG of 2.9 kcal mol-1 (Figure 36d). 

Summarizing the results for the Glu49-Lys84 Maquette 1 construct, suggest that the introduced ion-

pair leads to solvation of the bundle interior and to a decreased stability. In comparison to the Lys49-

Glu84 Maquette 1, the reversed ion-pair has a similar stability, suggesting that the dipole-charge 

interactions are similar in both constructs.  
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Figure 36: Experimental analysis of 1ip (Glu49-Lys84) Maquette 1. a, CD spectrum; b, melting curve; c, chemical 

unfolding with GdnHCl; d, lnK plotted against denaturant concentration. 

 

4.2.6 Introduction of two buried ion-pairs (Lys42-Glu91/Lys49-Glu84) 

To obtain the next construct of the series, a second ion-pair was introduced at positions 42 and 91. 

The two phenylalanines were mutated to Lys42 and Glu91 together with the Lys49-Glu84 ion-pair 

described in the last section. The RMSD for this double ion-pair model increases continuously from 

1 Å to 3 Å during the MD simulation, which indicates that the structure has not fully converged 

during the simulation timescale (Figure 37a). The RMSF shows a high flexibility of the termini and 

loops (Figure 37b). Panel c presents the water content of the bundle interior, which is drastically 

higher as compared to the constructs with a single ion-pair with > 10 water molecules diffusing into 

the buried protein interior (Figure 37c). The bundle scaffold thus becomes significantly more 

solvated by introduction of the second ion-pair. Figure 37e shows the CD-NZ distances of the double 

ion-pair model (2ip), where the blue trace corresponds to the first ion-pair Lys42-Glu91 indicating 

that the salt bridge breaks during the first nanoseconds. Glu91 makes a contact to the Lys49 of the 

second ion-pair (light blue), whereas Lys49 switches between Glu91 and Glu84 (orange), alternating 

salt bridges with both charges during the 100 ns MD simulation. We observe some conformational 

switching between these two ion-pairs, illustrated from two snapshots extracted from the simulation 

(Figure 37d). Helices 1 and 3 move away from their original positions and the bundle structure 

becomes less compact after 100 ns of simulation, which also explains the water molecules diffusing 
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into the interior of the bundle. The structure partially compensates for the large electrostatic penalty, 

introduced by the charged amino acids in the hydrophobic protein core. The SEC profile and the SDS 

gel are not shown here, but the construct elutes as oligomer during SEC with a MW of 59.8 kDa. The 

construct shows a high purity and the correct size on the denaturing SDS-PAGE gel. Figure 37f and 

g show the CD spectroscopic measurements, which were performed with the oligomer. The α-helical 

content of the secondary structure decreases as compared to the other Maquette 1 constructs, but it 

still forms the main secondary structural element (Figure 37f). The melting behavior is also 

perturbed, indicating that the protein becomes more temperature sensitive and melts at 53.2°C 

(Figure 37g).  

As indicated by the combined computational and experimental results, the hydrophobic core may 

become disordered by the introduction of the four charged residues that may pull in water molecules, 

and result in the decreased stability.  
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Figure 37: Analysis of 100 ns MD simulation and experimental analysis of 2ip (Lys42-Glu91/Lys49-Glu84) Maquette 1. 

a, RMSD plot; b, RMSF plot; c, Water molecule content; d, snapshots from 100 ns MD simulation. The starting structure 

(grey) is aligned with the last frame (blue) of the simulation. The charged residues are shown in licorice; e, Distance plot 

during 100 ns MD simulation. CD-NZ distance of Lys42-Glu91 (blue), CD-NZ distance of Glu91-Lys49 (light blue), and 

CD-NZ distance of Lys49-Glu84 (orange); f, CD spectrum; g, melting curve. 
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4.2.7 Three buried ion-pairs introduced on two helices (Lys42-Glu91/Lys49-
Glu84/Lys56-Glu77) 

Despite the challenges to introduce a second ion-pair, we also studied the influence of building a 

third ion-pair into the hydrophobic core of the bundle framework in order to create a whole charged 

network across the complete protein structure. The additional ion-pair was placed at positions 56 and 

77 by substitution of two phenylalanines. The three ion-pairs (3ip) were placed diagonally on helices 

2 and 3, but without using helices 1 and 4. As expected, the RMSD shown in Figure 38a indicates 

that the system does not converge: helices 1 and 3 become more flexible as compared to the other 

two helices, but still show less movement than the termini and loops in the RMSF plot (Figure 38b). 

The model becomes drastically solvated during the first 10 ns, with around 25 molecules solvating 

the protein interior (Figure 38c).  Figure 38e shows the CD-NZ distances between the charged 

residues: after 40 ns, two of the introduced glutamates and lysines find their counter charges, and 

create stable salt bridges between Lys49-Glu84 (orange) and Lys56-Glu77 (green). The third ion-

pair, Lys42-Glu91 (blue), remains closed during the first 15 ns, but opens up afterwards. Towards 

the end of the simulation, also this third ion-pair finds a closed conformation, but Glu91 does not 

interact with Lys49 during the simulation (light blue). The Lys56-Glu77 ion-pair opens up at the 

beginning of the simulation (green) and between 20-40 ns, Lys56 forms transient interactions with 

Glu84 (light orange). The starting (grey) and ending (blue) snapshots from the 100 ns MD simulation 

illustrate the afore mentioned findings (Figure 38d). Helix 1 moves slightly away from the other 

helices and the hydrophobic core becomes more accessible to water molecules. The second helix, 

which hosts three charged lysine residues, forms a kink in the middle of the helix. The three 

introduced ion-pairs push the helices apart and the bundle loses its tight packing, suggesting that the 

Maquette 1 scaffold is unable to stabilize three buried ion-pairs at least with the current placement. 

The purification process is not reported here, but the MW derived from SEC retention volume and 

the high purity was proved by SDS-PAGE. The experimental MW is 65 kDa, which indicates a high 

oligomeric state. The CD spectrum shows a clear loss of secondary structure as indicated by the less 

sharp and shallow minima (Figure 38e). The shape of the CD signal at 222 nm from 20°C to 100°C 

results in a temperature sensitivity with a melting point at 52.7°C (Figure 38f).  

The combined computational and experimental data show that the three introduced ion-pairs on two 

helices induce solvation of the structure and a decreased stability, and a high oligomeric state. The 

three ion-pairs introduced inside the hydrophobic are not favorable and the hydrophobic core 

becomes disordered.  
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Figure 38: Analysis of 100 ns MD simulation and experimental analysis of 3ip (Lys42-Glu91/Lys49-Glu84/Lys56-Glu77) 

Maquette 1. a, RMSD plot; b, RMSF plot; c, water molecule content; d, snapshots from 100 ns MD simulation. The starting 

structure (grey) is aligned with the last frame (blue) of the simulation. The charged residues are shown in licorice; e, 

distance plot during 100 ns MD simulation. CD-NZ distance of Lys42-Glu91 (blue), CD-NZ distance of Glu91-Lys49 

(light blue), CD-NZ distance of Lys49-Glu84 (orange), CD-NZ distance of Glu84-Lys56 (light orange), and CD-NZ 

distance of Lys56-Glu77 (green); f, CD spectrum; g, melting curve. 
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4.2.8 Three buried ion-pairs introduced on two helices (Glu42-Lys91/Glu49-
Lys84/Glu56-Lys77) 

In order to improve the stability of the model with three buried ion-pairs, we inverted the position of 

the charged residues. The RMSD changes significantly during the first 40 ns, but thereafter remains 

more stable until the end of the simulation (Figure 39a). Figure 39b shows the RMSF, indicating 

flexible loops and termini, but more stable helices. However, despite the somewhat improved 

structural stability, this model also shows a high hydration of the protein (Figure 39c). Interestingly, 

as shown in Figure 39e, the first one is Lys91-Glu49 (in light blue) and Lys84-Glu56 (in light orange) 

remain tightly bound, whereas Lys49 forms a contact with Glu49. We also observe transient contacts 

between Lys84 with Glu56 that result in coupled conformational changes of Lys77 (green). The 

starting structure displayed in grey presents three introduced closed ion-pairs, while the snapshot 

after 100 ns shows two middle ion-pairs in the closed conformation (blue). Glu42 and Lys77 point 

towards the solvent, while helix 2 becomes partially unstructured near the second loop (Figure 39d). 

The results of the purification process are not shown here in detail, but this construct showed a high 

oligomer with a MW of 66.8 kDa determined by SEC. The CD spectroscopic analysis indicates loss 

of α-helicity and a melting point at 49.7°C compared to 52.7°C for the 3ip model described above 

(Figure 39f, g). 

The combined computational and experimental results thus indicate that the protein loses stability by 

introduction of the highly charged residues inside the hydrophobic core. The results are very similar 

to the reversed 3ip Maquette 1 described in section 4.2.7. 
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Figure 39: Analysis of 100 ns MD simulation and experimental analysis of 3ip (Glu42-Lys91/Glu49-Lys84/Glu56-Lys77) 

Maquette 1. a, RMSD plot; b, RMSF plot; c, water molecule content; d, snapshots from 100 ns MD simulation. The starting 

structure (grey) is aligned with the last frame (blue) of the simulation. The charged residues are shown in licorice; e, 

distance plot during 100 ns MD simulation. CD-NZ distance of Glu42-Lys91 (blue), CD-NZ distance of Lys91-Glu49 

(light blue), CD-NZ distance of Lys49-Glu84 (orange), CD-NZ distance of Glu84-Lys56 (light orange), and CD-NZ 

distance of Lys56-Glu77 (green); f, CD spectrum; g, melting curve. 
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4.2.9 Three buried ion-pairs introduced on four helices (Lys24-Glu112/Lys84-
Glu49/Lys77-Glu56) 

As an additional attempt to create a more stable bundle protein with three ion-pairs, we created 

charged residues on all four helices, instead of using only two helices. The middle and the third ion-

pair were built on their previously described position, while the new first ion-pair was built at the top 

of the bundle by replacing phenylalanines at positions 24 and 112 by lysine and glutamate residues. 

The RMSD increases during the first 50 ns, and reaches values around 3 Å towards the end of the 

simulation (Figure 40a). The RMSF is similar to previous models (Figure 40b), and water 

penetration is slightly less compared to the previous model with the three introduced ion-pairs 

(Figure 40c). However, the bundle becomes extensively solvated during the simulation timescale. 

The initial ion-pairs between Glu112-Lys24 (blue), Glu49-Lys84 (orange), and Glu56-Lys77 (green) 

break (Figure 40d), and during first few nanoseconds Lys24 forms a stable salt bridge with Glu49, 

while Glu112 moves away (light blue). The same takes place at the other end of the bundle, where 

Lys77 flips down and Glu56 forms a fluctuating ion-pair with Lys84 (light orange). The opening of 

the Glu112-Lys24 ion-pair could result from the interaction of the lysine with the two bulky 

phenylalanines at positions 91 and 119. The structural changes indicate conformational changes in 

(grey) helices 1 and 4 that lead to a partial opening of the protein structure and diffusion of water 

molecules into the protein interior. At the end of the MD simulation, the two middle ion-pairs are 

closed and Lys77 and Glu112 point towards the bulk (Figure 40d). The calculated MW of this 

construct is 55.7 kDa from SEC, i.e., approximately 10 kDa lower compared to the 3ip Maquette 1, 

and the protein is in a higher oligomeric form. The CD spectrum indicates loss of α-helical structure 

(Figure 40e) and the second minimum around 222 nm disappears almost completely. The first 

minimum at 208 nm is also less pronounced and is shifted towards the typical random coil minimum 

around 200 nm. The melting curve recorded at 222 nm indicates a high loss of secondary structure 

since no thermal transition is detectable anymore (Figure 40f). Thus, similar to the two other 3ip 

Maquette 1 models, the protein scaffold becomes unstructured by insertion of six buried charges.   
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Figure 40: Analysis of 100 ns MD simulation and experimental analysis of 3ip (Lys24-Glu112/Lys84-Glu49/Lys77-

Glu56) Maquette 1. a, RMSD plot; b, RMSF plot; c, water molecule content; d, snapshots from 100 ns MD simulation. 

The starting structure (grey) is aligned with the last frame (blue) of the simulation. The charged residues are shown in 

licorice; e, distance plot during 100 ns MD simulation. CD-NZ distance of Glu112-Lys24 (blue), CD-NZ distance of Lys91-

Glu49 (light blue), CD-NZ distance of Lys49-Glu84 (orange), CD-NZ distance of Glu84-Lys56 (light orange), and CD-

NZ distance of Lys56-Glu77 (green); f, CD spectrum; g, melting curve. 
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4.2.10 Three ion-pairs introduced on four helices with protonated glutamate 112  

            (Lys24-Glu112prot/Lys84-Glu49/Lys77-Glu56) 

Although a fully stable design with the three buried ion-pair residues could not be experimentally 

achieved with the current scaffold model, we wanted to nevertheless study the effect of 

conformational switching connecting the framework to an on-off signal. To this end, we protonated 

the first Glu112, and studied the effect of the conformational switching in the remaining ion-pair 

network. We expected that this protonation could trigger opening of the Glu112-Lys24 ion-pair, 

while Lys24 moves down to the next Glu49. Glu49 could then loose its contact with Lys84 and form 

interaction with Glu56 of the third ion-pair. This could trigger a conformational change in the 

terminal Lys77 that can flip “down”, and trigger “signal”. The model was simulated for 100 ns to 

test for switching function. Figure 41a shows that RMSD stabilizes to around 3.5 Å towards the end 

of the simulation, with the RMSF comparable to previous 3ip-models (Figure 41b) but interestingly, 

the bundle undergoes less interior solvations (< 20 water molecules) as compared to the deprotonated 

model with 22 water molecules (Figure 41c). The ion-pair dynamics indicates that the protonated 

Glu112 moves away from Lys24 and the first ion-pair dissociates during the first nanoseconds (blue). 

Lys24 indeed finds a new countercharge, creating an ion-pair with Glu49 (light blue). This ion-pair 

remains stable until it opens after 80 ns. However, Glu49 and Lys84 (orange) do not form contacts 

during the simulation, as Glu49 prefers a salt bridge with Lys24 and Lys84, in turn, forms a stable 

contact with Glu56 (in light orange). Lys77 flips out and points towards the bulk water (green). Based 

on the distance plot, protonation of the initial glutamate indeed leads to a switch function, where the 

terminal Lys77 undergoes a conformational change (Figure 41e).  These findings are illustrated by 

structural snapshots from the simulation (Figure 41d). Although, helix 1 moves somewhat away from 

the other three helices, the model is in general more water sealed as compared to the other 3ip-

constructs.   
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Figure 41: Analysis of 100 ns MD simulation and experimental analysis of 3ip (Lys24-Glu112prot/Lys84-Glu49/Lys77-

Glu56) Maquette 1. a, RMSD plot; b, RMSF plot; c, water molecule content; d, snapshots from 100 ns MD simulation. 

The starting structure (grey) is aligned with the last frame (blue) of the simulation. The charged residues are shown in 

licorice; e, distance plot during 100 ns MD simulation. CD-NZ distance of Glu112prot-Lys24 (blue), CD-NZ distance of 

Lys91-Glu49 (light blue), CD-NZ distance of Lys49-Glu84 (orange), CD-NZ distance of Glu84-Lys56 (light orange), and 

CD-NZ distance of Lys56-Glu77 (green). 
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4.2.11 Three buried ion-pairs introduced on four helices with glutamine 112 (Lys24-
Gln112/Lys84-Glu49/Lys77-Glu56) 

Since experimental validation is important for the protein design, and the site-specific protonation of 

Glu112 is not feasible to achieve experimentally, we built a new model based on the previous 3ip-

Maquette 1, but with Glu112 replaced by a glutamine to mimic a protonated glutamic acid. The MD 

analysis indicates that the Gln-model becomes stable after 10 ns (Figure 42a), with the RMSF and 

water plots resembling the protonated Glu112 simulations described in section 4.2.10 (Figure 42b, 

c). The ion-pair dynamics closely resembles the simulations with protonated Glu112 (Figure 42d), 

with the exception that the Gln112 and Lys24 (blue) stays relatively close together until the end of 

the simulation. Two salt bridges form contacts at around 3.5 Å due to the flipped charged residues in 

the middle of the bundle (Lys24-Glu49 in light blue and Lys84-Glu56 in light orange), as also shown 

in Figure 42e . Helix 3 shows a kink in the final structure. This construct was also expressed and 

characterized in the laboratory, but the purification process is not reported. The protein elutes also as 

oligomer with a MW of ~ 56 kDa derived from SEC. Figure 42f shows the results of CD 

spectroscopical analysis performed with the oligomer, which look similar to the construct with 

Glu112. The α-helicity decreases (Figure 42f) and a thermal transition is not detectable anymore 

(Figure 42e). Despite the promising conformational switching observed computationally, the 

Maquette 1 scaffold seems to be unlikely to stabilize the high amount of buried charges for the 

experimental characterization.  
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Figure 42: Analysis of 100 ns MD simulation and experimental analysis of 3ip (Lys24-Gln112/Lys84-Glu49/Lys77-

Glu56) Maquette 1. a, RMSD plot; b, RMSF plot; c, water molecule content; d, snapshots from 100 ns MD simulation. 

The starting structure (grey) is aligned with the last frame (blue) of the simulation. The charged residues are shown in 

licorice; e, Distance plot during 100 ns MD simulation. CD-NZ distance of Gln112-Lys24 (blue), CD-NZ distance of 

Lys24-Glu49 (light blue), CD-NZ distance of Lys84-Glu49 (orange), CD-NZ distance of Lys84-Glu56 (light orange), and 

CD-NZ distance of Lys77-Glu56 (green); f, CD spectrum; g, melting curve. 



80  
 

4.2.12 Maquette 1 models with short loops 

To increase the overall stability of the Maquette 1 models, we next studied the effect of the long loop 

regions that were highly flexible in MD simulations, and possibly prevented, e.g., crystallization 

despite several trials with many different buffer conditions (pH, salt concentration, etc.). To this end, 

we decided to follow the same approach as in the Hsp90 subproject, and cut the loop regions to obtain 

a more stable system. The loops comprise nine amino acids (GGSGGSGGS) in the Maquette 1 

starting structure and the described mutant series. Based on MD simulation trials, we empirically 

found that by keeping only four amino acids (GGSG) in the loops created more stable models and a 

next generation of Maquette 1 models. The four residues formed the minimal loop lengths, as shorter 

loops resulted in dissociation of the helices during MD trial simulations. The first construct was 

based on the previous Maquette 1 hydrophobic core model but with the short loops. However, we 

also replaced Phe91 and Phe119 with alanines as these residues formed interactions with Lys25 and 

resulted in the dissociation of the Lys24-Glu112 salt bridge.  

The RMSD obtained from a 100 ns MD shows stabilization toward the end of the simulation (Figure 

43a). The RMSF (Figure 43b) confirms decreased flexibility of the loops, with a RMSF of around 

3 Å as compared to approximately 5 Å for Maquette 1 with the long loops (Figure 20b). The new 

construct also remains more sealed from water molecules (Figure 43c). Two structural snapshots 

from the simulation are shown in Figure 44, indicating no significant structural changes.  

 

Figure 43: Analysis of 100 ns MD simulation of Maquette 1 with short loops. a, RMSD plot; b, RMSF plot; c, water 

molecule content. 
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Figure 44: Snapshots from 100 ns MD simulation of hydrophobic core Maquette 1 with short loops. The starting structure 

(grey) is aligned with the last frame (blue) of the simulation. 

The new protein model was expressed, purified, and characterized experimentally. The MW for the 

new construct calculated from the SEC profile is 22 kDa, which is slightly larger than the expected 

monomeric mass of 16 kDa. A high purity was detected on SDS-PAGE gel (data not shown) and the 

CD spectra indicate a well folded α-helical structure, which is temperature stable and shows no 

unfolding up to 100°C (Figure 45a, b).  

 

Figure 45: Experimental analysis of Maquette 1 with short loops. a, CD spectrum; b, melting curve. 
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We next studied the short loop constructs by systematically introducing a single buried Glu or Lys 

at position 49, a buried ion-pair at positions 49 and 84, a double ion-pair, and a triple ion-pair and its 

Gln112 mutation thereof. The models behave in general similar to the models with the long loops 

and therefore, detailed data from the simulation analysis is not shown here. Introduction of charged 

residues into the hydrophobic core leads to solvation during the MD simulation and to 

oligomerization and loss of the α-helical structure found by experiments. Snapshots from the 100 ns 

MD simulations and the results of the experimental characterization are summarized in Figure 46 

and Figure 46 and only the major findings are shortly discussed as the only difference to the 

previously described series is the loop length. In both models with a single buried charge, the side-

chain points towards the water at the end of the simulation (Figure 46a, b). The model with two ion-

pairs already shows some kind of double ion-pair in the first frame (Figure 46d, grey). Another 

interesting aspect is that apparently helices 3 and 4 start to unfold while helix 1 reorganizes and the 

kink disappears. The second helix does not significantly change during the simulation and the bundle 

structure tries to compensate the buried ion-pairs starting to reorientate. In the three ion-pair model 

the ion-pairs partially switch and the terminal Lys77 flips out (Figure 46e, blue). The fourth helix 

where Glu112 is located has a less α-helical part which is flexible during the simulation. The 

protonation of Glu112 acts as starting signal for the mostly irreversible switch (Figure 46f) and the 

substitution by a glutamine leads to the identical switching (Figure 46g).  
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Figure 46: Snapshots from 100 ns MD simulation of models with buried, charged residues and short loops of Maquette 1. 

The starting structure (grey) is aligned with the last frame (blue) of the simulation. The charged residues are shown in 

licorice. a, Glu49; b, Lys49; c, 1ip (Glu49-Lys84); d, 2ip (Glu112-Lys24/Glu49-Lys84); e, 3ip (Glu112-Lys24/Glu49-

Lys84/Glu56-Lys77); f, 3ip (Glu112prot-Lys24/Glu49-Lys84/Glu56-Lys77); g, 3ip (Gln112-Lys24/Glu49-Lys84/Glu56-

Lys77).  
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Figure 47: Experimental analysis of models with buried, charged residues and short loops of Maquette 1. CD spectrum 

(left) and melting curve (right) is shown. a, Glu49; b, Lys49; c, 1ip (Glu49-Lys84); d, 2ip (Glu112-Lys24/Glu49-Lys84); 

e, 3ip (Glu112-Lys24/Glu49-Lys84/Glu56-Lys77); f, 3ip (Gln112-Lys24/Glu49-Lys84/Glu56-Lys77).  

The short loop models with buried, charged residues were experimentally analyzed. The purification 

process, that is not reported here, resulted in oligomeric proteins. The oligomers were further 

investigated with CD spectroscopy. The CD spectra and the melting curves for all models are 

reported in Figure 47. As already seen for the models with long loops described before, the 

introduction of charged residues into the hydrophobic core leads to decreasing melting points and 

further to the loss of α-helical structure in the triple ion-pair models.  
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4.2.13 Analysis of switching in short loops 3ip models 

To study the switching in the 3ip (Glu112-Lys24/Glu49-Lys84/Glu56-Lys77) Maquette 1 with short 

loops in greater detail, 1000 ns MD simulations of the non-protonated and the protonated variant 

were performed. Figure 48 shows the CD-NZ distance between Glu56 and Lys77 of the third ion-

pair. Here the switch is considered to be “on” when Glu112 is modeled in the protonated state (Figure 

48, light blue). The terminal ion-pair indeed remains open during the whole 1000 ns trajectory. 

However, when the switch is “off”, here achieved by modelling Glu112 in the deprotonated state, 

the Glu56-Lys77 remains in a closed conformation during almost entire 1000 ns MD simulation 

(Figure 48, blue). Even when the ion-pair is open, the distance between CD and NZ is smaller than 

in the protonated model indicates a  clear difference in the sampled distance distribution, suggesting 

the construct has an effective high-fidelity switching function in the computational models.  

 

Figure 48: Distance plot of the protonated and the not-protonated 3ip (Gln112-Lys24/Glu49-Lys84/Glu56-Lys77) 

Maquette 1 with short loops. The left part shows the distance between the CD-NZ of Glu56 and Lys77 during almost 

1000 ns MD simulation. The switch is on in the protonated construct (light blue), while the switch is off in the unprotonated 

model (blue). The left part shows the populations, where the ion-pair is closed or open. The protonated state is again in 

light blue and the unprotonated one in blue.  

 

4.2.14 NMR studies on Maquette 1 series 

To obtain structural insight into Maquette 1, we attempted to crystalize the hydrophobic core 

construct and the mutant series. However, possibly due to the very flexible loops, the attempts were 

not successful. We also studied the system using NMR, but the high homogeneity of the bundle did 

not allow us to assign the spectra. As shown in Figure 49a, the quality of HSQC spectrum of the 

hydrophobic core with long loops is poor. The signals show a low dispersion and are difficult to 
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identify since they overlap. In the next step, the mutants 1ip, 2ip, and 3ip Maquette 1 with long loops 

were measured. Figure 49b shows the HSQCs of 1ip (red) and 3ip (on all three helices, grey) 

compared to the hydrophobic core (blue). The quality and dispersion increase a bit with higher 

number of introduced charged amino acids. The chemical surrounding becomes more differentiated 

due to the mutations and the 3ip mutant shows more separated peaks, but still the dispersion is not 

ideal. The HSQCs of the hydrophobic core with long (blue) and short loops (turquoise) are compared 

in panel c. The shorter loops lead to a few additional peaks in the spectrum and slightly improves the 

spectral quality. The ion-pair series with the short loops, shown in Figure 49d indicate that the 

introduction of the ion-pairs leads to an improved spectrum. Interestingly, for these models, the 1ip 

shows more additional signals and a higher dispersion as compared to 3ip. It seems that the 3ip 

mutant partially loses its fold, as indicated by its less dispersed spectrum. In spite of that, the peaks 

of the 3ip mutant are better separated as in the hydrophobic core due to the changed chemical 

surrounding. Panel e shows the comparison of 1ip with long (red) and short loops (orange), where, 

an improved spectrum is observed with the shorter loops.  

The NMR studies thus suggest that cutting the loops and the introduction of the mutations lead to a 

drastically improved quality and dispersion of the spectra due to a change in the chemical 

environment. Nevertheless, it was not possible to solve the structure of these constructs, because of 

the high homogeneity of the helices. Therefore, another bundle framework, where the starting 

structure was already solved by NMR is used for further investigations.  
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Figure 49: HSQCs of the bundle series Maquette 1 with long (ll) and short loops (sl). a, HSQC of hydrophobic core with 

long loops; b, HSQCs of hydrophobic core (blue), 1ip (red), and 3ip with long loops (grey); c, HSQCs of hydrophobic core 

with long (blue) and short loops (turquoise); d, HSQCs of hydrophobic core (turquoise), 1ip (orange), and 3ip (black) with 

short loops; e, HSQCs of 1ip with long (red) and short (orange) loops.  
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4.3 Maquette 2 

The second starting framework that we used to study the influence of introduced charged residues 

on the structure and stability of a protein comes from a published NMR structure by DeGrado’s 

group.73 In the following sections these constructs are named Maquette 2. The focus for this series is 

on the analysis of the stability and conformational changes induced by introducing an ion-pair in 

either the hydrophilic or the hydrophobic part of the protein. This model system is more suitable to 

study structural changes that result from the introduced ion-pair as a high-quality NMR structure is 

already known so changes observed in the spectra can be assigned to residues in Maquette 2. Here 

the mutations of interest were also introduced stepwise, but in this case the series was limited to a 

single ion-pair. All constructs were simulated for 200 ns and the RMSD, RMSF, water content, and 

ion-pair distance were analyzed. The secondary structure and stability of the model proteins were 

experimentally investigated by CD spectroscopy following thermal melting and chemical unfolding, 

while the structure of the Maquette 2 model was solved using NMR.  

 

4.3.1 Hydrophobic core 

200 ns MD simulations were carried out based on an NMR structure model (PDB ID: 5TGW) from 

Polizzi et al.73 by embedding the protein in a waterbox with ions around the protein. Figure 50 shows 

the results of the simulation. During the 200 ns MD simulations, the RMSD value stabilizes after a 

few nanoseconds and the system remains dynamically stable (Figure 50a). The RMSF plot indicates 

higher flexibility in the C-terminus as compared to the rest of the protein, but in general, the value is 

relatively low and without significant deviations from the rest of the protein (Figure 50b). The loop 

regions are flexible, but less as compared to Maquette 1 (Figure 20b). The protein interior has a low 

hydration level, which does not increase during the simulation (Figure 50c).  
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Figure 50: Analysis of 200 ns MD simulation of hydrophobic core Maquette 2. a, RMSD plot; b, RMSF plot; c, water 

molecule content.  

 

 

Figure 51: Snapshots from 200 ns MD simulation of hydrophobic core Maquette 2. The starting structure (grey) is 

aligned with the last frame (red) of the simulation. 
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Two snapshots from the 200 ns MD simulation are presented in Figure 51 with the starting structure 

in grey and the last frame in red, indicating the absence of large-scale structural differences. In the 

next step, the Maquette 2 models were characterized experimentally. The expression and purification 

were conducted as described in the method section. The purity of the protein was tested by SDS-

PAGE. Figure 52a shows a protein band of the expected size for a monomer and proves a high purity 

of the sample. A SEC  performed during the purification process, indicated a monomeric protein with 

a retention volume of 74.02 ml corresponding to a MW of 18 kDa (Figure 52b). While this is larger 

than the expected based on the MW of ~ 13 kDa, Polizzi et al. also noted that the protein elutes a bit 

early due to the highly negatively charged protein surface.73 We next analyzed the stability of the 

monomeric protein using CD spectroscopy. 

 

Figure 52: a, SDS-PAGE of hydrophobic core Maquette 2; b, size exclusion chromatography (SEC) profile of hydrophobic 

core Maquette 2. The major peak corresponds to monomeric protein, but there is also a small dimer peak. The monomer 

has a retention volume of 74.02 ml which corresponds to a molecular weight of 18 kDa. 
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Figure 53: Experimental analysis of hydrophobic core Maquette 2. a, CD spectrum; b, melting curve; c, chemical 

unfolding with GdnHCl; d, lnK plotted against denaturant concentration.  

The results of the CD spectroscopic measurements are presented in Figure 53. Panel a shows the 

molar ellipticity measurements between 190 – 260 nm that indicate a well-folded α-helical secondary 

structure. Melting analysis performed at the 222 nm spectrum minimum was unable to detect a 

transition to an unfolded state due to the protein’s high thermal stability (Figure 53b). However, 

chemical unfolding experiments with GdnHCl were able to observe an unfolding transition at 4.5 M 

GdnHCl (Figure 53c), yields a ΔG of 4.5 ± 0.5 kcal mol-1 (Figure 53d).  

 

4.3.2 Introduction of a single buried charged residue – glutamate at position 17 

After the stability of the hydrophobic core model was determined, we next inserted an ion-pair by 

first creating a single buried charge in the Maquette 2 by substituting Phe17 with a glutamate. In our 

simulations, the mutation is introduced based on the converged structure of the hydrophobic core 

model, followed by further 200 ns MD simulation of the F17E model (Figure 54). Comparing the 

results of this construct to those of the hydrophobic core (Figure 50), the RMSD remains stable at 

around 2.5 Å after the first 10 ns (Figure 54a) and the RMSF reaches similar values as in the 

hydrophobic core model (Figure 54b). The water molecule content also does not change during the 

simulation, and  remains moderate as in the hydrophobic core model (Figure 54c). The starting and 

end snapshots from the simulation are presented in Figure 55, and indicate that the side-chain of 
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Glu17 moves towards the solvent during the simulation (grey to red). Structural changes of the α-

helices were not detected. 

 

Figure 54: Analysis of 200 ns MD simulation of Glu17 Maquette 2. a, RMSD plot; b, RMSF plot; c, water molecule 

content. 

 

Figure 55: Snapshots from 200 ns MD simulation of Glu17 Maquette 2. The starting structure (grey) is aligned with the 

last frame (red) of the simulation. Glu17 is shown in licorice.  
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The results of the expression and the subsequent purification process of the half ion-pair were similar 

to the hydrophobic core model and therefore not reported here; the protein showed high purity with 

an apparent MW of 19 kDa. CD spectroscopy indicates a typical α-helical spectrum (Figure 56a), 

and thermal melting experiments indicated very high thermal stability (Figure 56b), although the 

precise melting point could not be accurately determined due to the lack of a clear sigmoidal 

inflection point, which is hinted at around 80°C and estimated here as the melting point (Figure 56b). 

The protein stability was also studied by chemical unfolding with GdnHCl resulting in an observed 

unfolding concentration of 3.1 M GdnHCl and a ΔG of 3.9 kcal mol-1 (Figure 56c, d). Therefore, the 

charged residue Glu17 destabilizes the Maquette 2 model by 0.6 kcal mol-1.  

 

Figure 56: Experimental analysis of Glu17 Maquette 2. a, CD spectrum; b, melting curve; c, chemical unfolding with 

GdnHCl; d, lnK plotted against denaturant concentration.  

 

4.3.3 Introduction of a single buried charged residue – lysine at position 72 

Next, the other half of the ion-pair was introduced into the Maquette 2 model, by substituting Phe72 

with a lysine residue. As for the Glu17 model, the Lys72 is introduced into the hydrophobic core in 

silico, based on the converged simulation model, followed by 200 MD simulation (Figure 57). Both 

the RMSD and RMSF are similar to the two other Maquette 2 models, although the loop connecting 

helices 2 and 3 appears to be slightly more flexible than the other loops (Figure 57a,b). The water 

penetration is low during the simulation, which indicates the hydrophobic core remains intact and 
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structured (Figure 57c). Figure 58 presents the first and the last frames from the 200 ns simulation 

(grey and red, respectively). Lys72, points towards the bulk water during the entire simulation and 

no other structural changes are detectable.  

 

Figure 57: Analysis of 200 ns MD simulation of Lys72 Maquette 2. a, RMSD plot; b, RMSF plot; c, water molecule 

content. 

 

Figure 58: Snapshots from 200 ns MD simulation of Lys72 Maquette 2. The starting structure (grey) is aligned with the 

last frame (red) of the simulation. Lys72 is shown in licorice.  
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Figure 59: Experimental analysis of Lys72 Maquette 2. a, CD spectrum; b, melting curve; c, chemical unfolding with 

GdnHCl; d, lnK plotted against denaturant concentration.  

Again, the results of the expression and purification process were similar to the constructs described 

above and are not presented here, but the protein was very pure and had a MW of 19 kDa as 

determined by SEC. CD analysis of the Lys72 model yielded less deep spectral minima, but still 

indicate an α-helical secondary structure (Figure 59a). The determination of the thermal stability was 

not possible for this model because while, the CD signal at 222 nm did decrease with increasing 

temperature, a two-state transition was not observed (Figure 59b). The chemical unfolding 

experiments result in an unfolding concentration of 3.9 M GdnHCl and a ΔG of 3.7 kcal mol-1 (Figure 

59c, d) making the model 0.8 kcal mol-1 less stable than the hydrophobic core. Another important 

finding is, that the minima in the CD spectrum are less deep at the same sample concentration as for 

the hydrophobic core and Glu17. 

 

4.3.4 Introduction of a buried ion-pair in the hydrophobic core (Glu17-Lys72) 

Two different 1ip Maquette 2 models were investigated. The first one, described in this section, 

carries a Glu17-Lys72 ion-pair located in the hydrophobic part of the bundle. 200 ns of MD 

simulation were carried out as described for the single substitution constructs above (Figure 61).  
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The RMSD value reaches slightly higher values around 3 Å compared to the models discussed above, 

which show RMSDs around 2.5 Å,but this stays relatively stable until end of the simulation (Figure 

60a). The RMSF plot indicates that the termini are the most flexible parts of the protein followed by 

the region around residue 60, which corresponds to loop 2 (Figure 60b). Although the solvation of 

the protein is higher compared to the previous Maquette 2 models (Figure 60c), the protein stays 

intact and the hydrophobic core remains more or less water-sealed. In panel d the distance between 

the δ – carbon and the ζ- nitrogen of Glu17 and Lys72 is plotted showing that the introduced ion-pair 

is closed during the whole simulation (Figure 60d). Unfortunately, in a subsequent 200 ns MD 

simulation the salt bridge does not form at all (Figure 60e). A possible explanation for this behavior 

would be that it is a dynamic process and that both a closed and open population exist.  

 

Figure 60: Analysis of 200 ns MD simulation of 1ip (Glu17-Lys72) Maquette 2. a, RMSD plot; b, RMSF plot; c, water 

molecule content; d, distance profile between CD-NZ of Glu17 and Lys72; e, distance profile between CD-NZ of Glu17 

and Lys72 of a second simulation run. 
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Two structural snapshots from the first 200 ns MD simulation are depicted in Figure 61. The closed 

ion-pair is visualized in licorice in both frames. The most interesting finding from the comparison of 

the starting structure (grey) and the last frame (red) is, that helix 3 which hosts Lys72, becomes 

kinked during the simulation while the other helices only shift slightly.  

 

Figure 61: Snapshots from 200 ns MD simulation of 1ip (Glu17-Lys72) Maquette 2. The starting structure (grey) is aligned 

with the last frame (red) of the simulation. Charged residues are shown in licorice.  

The 1ip Maquette 2 was also analyzed experimentally. Figure 62a demonstrates the high protein 

purity and proves the expected size on the SDS gel. The MW is determined by a SEC during the 

purification process (Figure 62b) where the main peak corresponds to a MW of 19 kDa and indicates 

monomeric protein. The secondary structure analyzed by CD spectroscopy shows a well-folded α-

helical structure (Figure 63a) that is very temperature stable and only starts to melt above 90°C, but 

the transition point is not detectable by 100°C (Figure 63b). Therefore, to determine the unfolding 

energy, a GdnHCl series was measured at 222 nm (Figure 63c) and a ΔG of 2.6 kcal mol-1  and an 

unfolding concentration of 3.2 M GdnHCl were obtained (Figure 63d).  
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Figure 62: a, SDS-PAGE of 1ip (Glu17-Lys72) Maquette 2 during purification process; b, size exclusion chromatography 

(SEC) profile of 1ip (Glu17-Lys72) Maquette 2. The major peak corresponds to monomeric protein and has a retention 

volume of 73.32 ml which corresponds to a molecular weight of 19 kDa. 

 

Figure 63: Experimental analysis of 1ip (Glu17-Lys72) Maquette 2. a, CD spectrum; b, melting curve; c, chemical 

unfolding with GdnHCl; d, lnK plotted against denaturant concentration.  
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These findings indicate a stable protein which is 1.9 kcal mol-1 less stable compared to the 

hydrophobic core. The introduced ion-pair is detectable in the simulation but seems to fluctuate. In 

order to investigate the protein’s reaction to introducing two charged residues in the hydrophobic 

core and to study how exactly the ion-pair is buried in reality the protein was prepared for analysis 

by NMR (see section 4.3.6).  

 

4.3.5 Introduction of an ion-pair in the hydrophilic part (Lys50-Glu101) 

In order to contrast the effect of introducing an ion-pair in the hydrophilic part and not in the 

hydrophobic core, a second 1ip model was created in the water accessible part of the bundle where 

the porphyrin binds in the original model. Again, a 200 ns long MD simulation was performed after 

introducing the charged pair into the converged hydrophobic core model (Figure 64). Unlike with 

the other constructs, the RMSD value increases from 2 Å to 4 Å over the simulation timescale and 

the system does not converge and is still in the adaption process. The RMSF plot does not show 

significant differences compared to the previously described Maquette 2 models with the termini and 

the second loop being the most dynamic parts of the protein. The solvation of the bundle reaches a 

maximum of 9 water molecules (Figure 64c). Interestingly, the number of water molecules decreases 

significantly during the last 50 ns coinciding with when the introduced ion-pair Lys50-Glu101 opens 

having been primarily closed during the first 150 ns (Figure 64d). The beginning and concluding 

structural snapshots from the simulation are presented in Figure 65 in grey and red. The change from 

the closed to the open state of the ion-pair is visible with both Lys50 and Glu101 pointing towards 

the water in the final (red) structure. The movement of the side-chains to the surroundings to 

compensate the charges results in slight rearrangements of all helices.  
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Figure 64: Analysis of 200 ns MD simulation of 1ip (Lys50-Glu101) Maquette 2. a, RMSD plot; b, RMSF plot; c, water 

molecule content; d, distance profile between CD-NZ of Lys50 and Glu101. 

 

Figure 65: Snapshots from 200 ns MD simulation of 1ip (Lys50-Glu101) Maquette 2. The starting structure (grey) is 

aligned with the last frame (red) of the simulation. Charged residues are shown in licorice.  
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Figure 66: Experimental analysis of 1ip (Lys50-Glu101) Maquette 2. a, CD spectrum; b, melting curve; c, chemical 

unfolding with GdnHCl; d, lnK plotted against denaturant concentration.  

The 1ip (Lys50-Glu101) Maquette 2 was also analyzed experimentally. Similar results for the 

expression and purification were obtained and so are not reported here. The high purity and the 

expected size of 20 kDa were shown by both SDS-PAGE and SEC. Secondary structure analysis and 

protein stability determined by CD spectroscopy show a typical α-helical spectrum with distinct 

minima at 208 and 222 nm and high thermal stability with unfolding only beginning over 90°C 

(Figure 66a, b). The chemical unfolding analysis leads to an unfolding transition at a concentration 

of 4.3 M GdnHCl, which is similar to the hydrophobic core (Figure 66c). The unfolding energy, ΔG, 

was calculated to be 3.7 kcal mol-1, which resembles the values of the half ion-pair constructs 

(3.7 kcal mol-1 and 3.9 kcal mol-1) (Figure 66d).  

Taken all together, introducing an ion-pair (Lys50-Glu101) into the hydrophilic part of Maquette 2 

resulted in a very stable protein, as indicated by MD simulation and experiments. This model is 

1.1 kcal mol-1 more stable compared to the ion-pair in the hydrophobic core (Glu17-Lys72) of 

Maquette 2, but nonetheless still 0.8 kcal mol-1 less than the hydrophobic core Maquette 2 indicating 

that introducing an ion-pair still comes at an energetic cost. 
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4.3.6 NMR studies on Maquette 2 

In order to better understand the structure and dynamics of the models, different isotopically-labeled 

NMR samples of the hydrophobic core and 1ip (Glu17-Lys72) Maquette 2 were prepared with a 

protein concentration of 800 µM. The NMR measurements were conducted by Dr. Sam Asami 

(Sattler Lab). First, 1H15N-HSQC spectra of both models were recorded using a 600 MHz Bruker 

Avance x at 25°C. Both proteins show very well dispersed HSQC spectra, which indicate that they 

are folded (Figure 67). The measured HSQC of the hydrophobic core is only shifted globally due to 

a different spectrometer compared to the published apo PS1 HSQC (Figure 67, black).73 Figure 67 

also presents the HSQC of 1ip (Glu17-Lys72) Maquette 2 with 98 peaks (red). The spectra are 

superimposed to highlight the peak shifts that result from the two introduced charged residues. 

Additionally, some peaks completely disappear and some new peaks appear.  The mutated positions 

are labeled in both spectra. Mutation of the Phe17 and Phe72 to Glu17 and Lys72 shifts the 

corresponding peaks by ~ 0.2 ppm (1H). The replacement of two aromatic residues inside the 

hydrophobic protein core leads to significant shifts of other resonances as well, which can be seen 

by the difference between the spectra (Figure 67). The chemical shifts in the proton dimension (dH) 

between hydrophobic core and 1ip (Glu17-Lys72) Maquette 2 for all residues that could be assigned 

in both spectra are visualized in Figure 68 with the two mutation sites marked in red. Interestingly, 

these two residues do not show the greatest shift. Residue 73 (Gln) shows the highest shift due to the 

replacement of the aromatic neighbor by a charged lysine.  
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Figure 67: HSQCs of hydrophobic core and 1ip (Glu17-Lys72) Maquette 2. The hydrophobic core spectrum is shown in 

black and the 1ip in red. The mutated positions F72K and F17E are labeled. 

 

Figure 68: Chemical shift perturbation plot (CSP). The secondary structure elements are shown at the top. Existing dH in 

ppm is plotted for each residue, which is only possible for assigned residues. The two mutated positions 17 and 72 are 

marked in red.  
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4.3.7 Structure determination of 1ip (Glu17-Lys72) Maquette 2 

One of the main reasons for selecting Maquette 2 as the basis for this work is that it has an 

experimentally solved structure.73 Therefore, in order to answer the main question of this thesis, the 

structure of the 1ip (Glu17-Lys72) model need to be solved. It is necessary to know the structure to 

study and understand the consequences of introducing charged residues into the protein’s 

hydrophobic core. Therefore, a series of 3D NMR spectra was recorded with a 15N13C labeled sample. 

The experiments were again measured at a 600 MHz Bruker Avance x at 25°C. The sequence specific 

backbone assignment was conducted with HNCA, HNCACO, HNCACB, CBCA(CO)NH, 

HBHA(CO)NH, H(CCO)NH, and CC(CO)NH using Sparky.103 Additionally, HC(C)H/(H)CCH 

TOCSYs, 15N/13Cali/13Caro-NOESYs, and a 2D (HB)CB(CGCD)HD were measured and automatically 

assigned to obtain as much as possible structure information and side-chain assignments. Figure 69 

presents the backbone assignment of 1ip (Glu17-Lys72) Maquette 2. 78 peaks out of 98 are 

successfully assigned. The structure calculation itself was performed together with Dr. Sam Asami 

(Sattler lab) using CYANA.106 There were two different ways of calculating the structure. One 

approach was to calculate a de novo structure while the second approach was to use restraints 

obtained from the MD simulations to create a closed ion-pair in the NMR structure. Both results are 

shown in Figure 70. For getting the closed structure the distance between Glu17-OE1 and Lys72-

NZ was restrained to approximately 3 Å. Figure 70 presents the whole de novo calculated NMR 

structure bundle with 20 different structures. The model with the smallest CD-NZ distance between 

Glu17 and Lys72 is marked in red and the mutated residues are highlighted in licorice. The other 19 

models are shown in light grey. The backbone RMSD of the obtained structures is ~ 0.75 Å. The 20 

different models are very similar and create a very compact, converged bundle of structures. The two 

charged residues try to reach the surrounding solvent and the side-chains point towards the water.  

The most dynamic parts with the highest variance are the loop connecting helices 2 and 3 as well as 

the termini. The positions of the individual helices are almost identical. The same effects can be seen 

in Figure 70 for the closed ion-pair NMR structures which were obtained by putting a distance 

restraint on the ion-pair. Again, the frame with the closest ion-pair distance is marked in red, while 

the other 19 structures are colored in light grey. The mutated residues are visualized in licorice and 

the distance between them fluctuates around 3 Å in all 20 models. The backbone RMSD of this 

structure bundle is also around 0.75 Å. An interesting finding in the solved structure is the π-cation 

interaction between Trp68 and Lys72 (Figure 71). Trp68 is ~ 3 Å away from Lys72 and stabilizes 

the lysine in the closed conformation.  
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Figure 69: Assigned HSQC of 1ip (Glu17-Lys72) Maquette 2.  
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Figure 70: NMR structure bundles for the de novo open structure and the restraint closed structure. Each bundle consists 

of 20 single structures. The model with the lowest CD-NZ distance between Glu17 and Lys72 is highlighted in red and the 

mutated residues in licorice. All other 19 models are shown in light grey.  

 

 

Figure 71: Zoom into the closed NMR structure. The interacting residues are shown in licorice. Trp68 is ~ 3 Å away from 

Lys72.  

The calculated NMR structures are also compared to the MD models. Figure 72 shows the 

open/closed MD model (grey) and the open de novo NMR model (PDB ID: 6Z35; red). The helices 

are located in slightly different positions especially helices 1 and 3. It seems that a small inwards 

rotation of helices 1 and 3 would be enough to close the ion-pair (Figure 72b). Also, a very interesting 

finding is that the unusual kink in helix 3 in the closed MD simulation is not present in the NMR 

model and therefore seems to be an artefact. Comparing the NMR structure with the closed MD 

model, helix 1 is also rotated slightly while helix 3 shows less rotation.  
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Figure 72: De novo open NMR structure compared to two MD simulation models. The NMR structure is always shown in 

red and the MD model in grey. a, NMR structure compared to open ion-pair MD model; b, NMR structure compared to 

closed ion-pair MD model. PDB ID: 6Z35. 

These structural findings along with the MD simulation results indicate that the closed ion-pair 

conformation exists, but is less populated than the open state. The system shows strong dynamics 

and it seems that the surrounding of the ion-pair is not ideal for stabilizing it. The introduced ion-

pair leads to a structural rearrangement. The possible reorganization to close the ion-pair in the NMR 

structure is obtained by adding a restraint on the CD-NZ distance of Glu17 and Lys72 during the 

structural calculation. The restraint resulted from analysis of the MD simulations. The structure (red) 

is also compared to the closed MD model (grey) (Figure 73). The helices are located in similar 

positions, but helix 3 shows an improved α-helical secondary structure in the NMR model. The kink 

of the MD structure disappeared as mentioned before. It was not possible to solve an NMR structure 

with the closed ion-pair conformation. However, the MD simulations suggest that there is a 

population where Glu17 and Lys72 are in contact and therefore, another method to experimentally 

detect the salt bridge is used.  
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Figure 73: Closed NMR structure compared to MD simulation model. The NMR model is shown in red and the MD model 

in grey. The charged residues are marked in licorice.  

 

4.3.8 HISQC spectrum for salt bridge detection 

The de novo structure calculations failed to obtain a closed ion-pair conformation. To check the 

possibility of an existing closed ion-pair Glu17-Lys72, another detection method called 

heteronuclear in-phase single quantum coherence spectroscopy (HISQC)134  is applied. This detects 

the NH3-groups of lysines, which is normally very challenging due to the fast hydrogen exchange 

with water. The exchange is slowed down depending on the chemical surrounding of the lysine for 

example through electrostatic interaction in a salt bridge.134 As  the hydrophobic core also shows an 

NH3 group peak at ~ 32 (15N) ppm a series of experiments were performed to prove the existence of 

the introduced salt bridge (Figure 74, black). First, the 1ip (Glu17-Lys72) model was analyzed and 

compared to the hydrophobic core. Here, a second peak around 33 (15N) ppm appears, which could 

be the introduced salt bridge. To confirm this the single buried charge models Lys72 (light orange) 

and Glu17 (orange) were also measured. The obtained HISQC spectra are overlaid in Figure 74. The 

additional peak is only present in the spectrum of the 1ip model. All spectra show the same main 

peak, which corresponds to a possible surface ion-pair. Interestingly, the additional peak is less 

intense compared to the second peak, which means that the introduced peak is not present in the 

whole population and there is in fact a small population with a closed Glu17-Lys72 salt bridge. This 

finding is consistent with the obtained NMR structures and the MD simulation results.  
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The most promising candidate for the surface ion-pair is Lys100-Glu103, which is present in MD 

simulations of hydrophobic core and 1ip. Both NMR structures were simulated for 200 ns and 

described in the next section.  

 

Figure 74: HISQC spectra of hydrophobic core, Glu17, Lys72, and 1ip (Glu17-Lys72) Maquette 2 for salt bridge detection. 

Lys72 is shown in light orange, Glu17 in orange, 1ip (Glu17-Lys72) in red, and hydrophobic core in black. 

 

4.3.9 MD simulations of NMR structures 

MD simulations were also performed for the calculated NMR structures. Model 17 was selected for 

the closed structure and model 14 for the open one. The structures were solvated and ions were added 

to the system. After relaxing the water molecules and the protein, a 200 ns production run was 

performed.  

Figure 75 presents the analysis of the simulation of the open de novo structure. The system converges 

and the RMSD is stable around 3 Å after a few nanoseconds (Figure 75a). The RMSF plot indicates 

the three connecting loops and the termini to be more dynamic than the helices (Figure 75b). The 

water content indicates that the structure stays relatively water sealed and on average only 3 to 4 

water molecules were detected during the 200 ns (Figure 75c). Therefore, the stability of the 

hydrophobic core seems to be maintained. The CD-NZ distance between the introduced Glu17 and 

Lys72 indicates that the ion-pair does not close with the distance stabilizing around 18 Å. The 

charged side-chains remain pointing towards the solvent instead of traversing the hydrophobic core  
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to form a salt bridge. The protein compensates for the charges by reorganizing the side-chains. These 

findings are also visualized with two structural snapshots presented in Figure 76 where the first 

(grey) and the last (red) frames of the simulation do not show significant differences. The system 

stays stable and holds its conformation during the simulation.   

 

Figure 75: Analysis of 200 ns MD simulation of the de novo 1ip (Glu17-Lys72) Maquette 2 NMR structure. a, RMSD 

plot; b, RMSF plot; c, water molecule content; d, distance profile between CD-NZ of Glu17 and Lys72. 
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Figure 76: Two structural snapshots during MD simulation of the de novo NMR structure. The starting structure is shown 

in grey and the last frame in red. The charged residues are marked in licorice. 

 

Figure 77: Analysis of 200 ns MD simulation of the restrained 1ip (Glu17-Lys72) Maquette 2 NMR structure. a, RMSD 

plot; b, RMSF plot; c, water molecule content; d, distance profile between CD-NZ of Glu17 and Lys72. 
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Figure 77 shows the simulation results of the restrained closed NMR structure. The RMSD and 

RMSF values behave almost identically to the de novo structure (Figure 77a, b), but the internal 

solvation is different in this system. The total number of water molecules is similar, the two charged 

residues attract a few water molecules into the protein interior (Figure 77c). The distance between 

the ion-pair as shown in panel d indicates that Glu17 and Lys72 stay in close proximity to each other 

at 3-4 Å, which is a quite ideal distance for a salt bridge. The restrained NMR structure behaves 

similar to the simulated MD model where the ion-pair is closed. These findings are also highlighted 

in Figure 78 where the first (grey) and the last (red) frame of the simulation are almost identical. 

Therefore, the system is stable during the MD simulation and the ion-pair is closed.  

Both calculated NMR structures reflect the results of different MD simulations of the in silico 1ip 

(Glu17-Lys72) Maquette 2 model.  

 

 

Figure 78: Two structural snapshots during MD simulation of the restrained NMR structure. The starting structure is shown 

in grey and the last frame in red. The charged residues are marked in licorice. 
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4.3.10 Computational design with PACMAN  

Our combined results strongly suggest that the closed ion-pair model forms a stable structure, but the 

closed form of the salt bridge may exist in small proportion that it is dynamically flexible. As the 

next goal, we aimed to optimize the surrounding of the Glu17-Lys72 in order to stabilize it and 

increase the population of the closed state. A computational design approach called PACMAN, 

which is described in section 3.3.4 was performed by Max Mühlbauer (Kaila Lab). Briefly, the design 

was directed by MD simulations, random in silico mutations were inserted and a Metropolis Monte 

Carlo (MC)-criterion was applied to improve the ion-pair interaction and to optimize the protein 

structure. The PACMAN simulations resulted in structures where 80% of the introduced amino acids 

are polar or charged, in addition to charged amino acids (Gln/Asp, Tyr, Ser/Thr). These amphiphilic 

residues were placed next to the ion-pair, which resulted in its stabilization (Figure 79). To verify 

these results, the environment of ion-pairs in natural membrane proteins was also analyzed (Michael 

Röpke, Kaila Lab), resembling the predicted substitutions. Of  particular interest is the finding that 

Trp residues are often located in vicinity of lysine residues where they can form stabilizing π-cation 

interactions,  resembling the interaction between Trp68 and Lys72 in the closed ion-pair 

conformation of the Maquette 2 model. The suggestion that an amphiphilic residue next to an ion-

pair can have a stabilizing effect is analyzed in the following section.  

 

Figure 79: Distribution of accepted substitutions during PACMAN simulations.  
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4.3.11 Charge shielding motif to stabilize the ion-pair 

The next step was to test, if one can stabilize the ion-pair by introducing a charge shielding motif as 

suggested by the PACMAN simulations and the statistical analysis of natural proteins. To this end, 

an amphiphilic asparagine was placed at position 69, followed by 200 ns MD simulation (Figure 80).  

 

Figure 80: Analysis of 200 ns MD simulation of the 1ip (Glu17-Lys72)-N69 Maquette 2 NMR structure. a, RMSD plot; 

b, RMSF plot; c, water molecule content; d, distance profile between CD-NZ of Glu17 and Lys72. 

The RMSD is shown in panel a. During the first 100 ns the value continuously increases until it 

stabilizes during the last 50 ns (Figure 80a). The C-terminus forms the most flexible part of the 

protein with an RMSF of around 6 Å (Figure 80b). The solvation of the system resembles the closed 

ion-pair NMR structure and shows an average water content of around five water molecules. The 

water content does not significantly change during the simulation (Figure 80c). The CD-NZ distance 

between Glu17 and Lys72 is plotted in panel d. The ion-pair is stable during the first 150 ns, followed 

by opening of the ion-pair. This result fits our previous findings of the dynamically flexible ion-pair 

with multiple conformations.  

The experimental analysis of the stabilized ion-pair model was done in the same way as presented 

above and expression and purification of the 1ip (Glu17-Lys72)-N69 Maquette 2 results again in 

high sample purity assayed by SDS-PAGE and an apparent MW via SEC of ~ 26 kDa, which is 

slightly higher than the 1ip Maquette 2. Figure 81 shows the CD spectrum and results from chemical 

unfolding experiments. This construct exhibits a typical α-helical CD spectrum (Figure 81a) and is 



116  
 

highly temperature stable, with a melting transition that initiates at around 90°C, but does not reach 

the thermal transition by 100°C (Figure 81b). The chemical unfolding with GdnHCl resulted in a 

well-shaped sigmoidal curve with an inflection point at 3.0 M of GdnHCl and a corresponding 

unfolding energy of 2.9 ± 0.2 kcal mol-1, which is slightly higher than 1ip (Glu17-Lys72) Maquette 

2. Following this successful preliminary characterization, an 15N labeled NMR sample is produced 

to measure an HISQC, which is shown in Figure 82.  

 

Figure 81: Experimental analysis of 1ip (Glu17-Lys72)-N69 Maquette 2. a, CD spectrum; b, melting curve; c, chemical 

unfolding with GdnHCl; d, lnK plotted against denaturant concentration. 

Comparison of the spectra of 1ip (Glu17-Lys72) (red) and 1ip-N69 (grey) suggest that the ion-pair 

peak of interest is significantly more intense in the latter model. Due to the substitution of a valine 

the peak is slightly shifted, but still corresponds to the same lysine. Taken together, these findings 

suggest the ion-pair is indeed stabilized by the asparagine at position 69.  
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Figure 82: HISQC spectra of 1ip (Glu17-Lys72) and 1ip (Glu17-Lys72)-N69 Maquette 2. 1ip is shown in red and 1ip-N69 

in grey.  

 

4.3.12 Destabilization series of Maquette 2 

The Maquette 2 models show a high thermal stability and a sigmoidal melting curve could not always 

be obtained between 20°C and 100°C. The protein starts to melt above 90°C but does not reach the 

fully unfolded state until 100°C. Therefore, the idea was to decrease the melting point of the protein 

in order to obtain the complete transition between the native and unfolded states in the range between 

20 and 100°C, by replacing leucines and isoleucines at the top of the bundle with alanines (Figure 

83a). While alanine is smaller, it is also a non-polar amino acid weakening the packing and therefore 

the overall stability of the protein by creating small “holes”, without disrupting the overall protein 

fold (Figure 83b). The alanine substitutions were made stepwise beginning with Leu32, then 

subsequently adding a second and third alanine at positions 79 and 87. The destabilization series was 

introduced into the hydrophobic core, 1ip (Glu17-Lys72), and 1ip-N69 Maquette 2 models and the 

protein stability was analyzed by thermal and chemical unfolding experiments (Figure 84). The 

effect was most apparent for the hydrophobic core series (panel a), which clearly showed a decrease 

in the stability with increasing alanine substitutions, in the order of 0.5 – 0.7 kcal mol-1 for each 

additional alanine substitution. For the 1ip (Glu17-Lys72) model, the results are less clear: the first 

alanine substitution leads to a small decrease of 0.2 kcal mol-1 in the protein stability, but no 

measurable difference could be detected when adding the second alanine. When the third alanine 

substitution is introduced, another significant decrease of 0.9 kcal mol-1 takes place.  
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Figure 83: Hydrophobic packing of 1ip (Glu17-Lys72) Maquette 2. The hydrophobic packing is visualized in grey and 

Van der Waals representation. The substitution positions are highlighted in green, while the protein is shown in new cartoon 

representation and red. a, original 1ip model with Leu and Ile at positions 32, 79 and 87; b, 1ip model with Ala substitutions 

at positions 32, 79 and 87.  

 

 

Figure 84: Comparison of the protein stability of hydrophobic core, 1ip (Glu17-Lys72), and 1ip-N69 Maquette 2 from 

without alanine (blue) substitutions up to three alanines (grey) resulting from chemical unfolding experiments with 

GdnHCl. One and two alanine substitutions are shown in coral and red, respectively. a, ΔG values for hydrophobic core 

Maquette 2; b, ΔG values for 1ip (Glu17-Lys72) Maquette 2; c, ΔG values for 1ip-N69 Maquette 2.  
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For the 1ip model with the charge shielding residue Asn69, a very similar picture is obtained, except 

that no stability difference is observed with one alanine substitution and a larger decrease of 

1.0 kcal mol-1 is observed after the introduction of the second alanine substitution. Unfortunately, it 

was not possible to obtain reasonable ΔG for the three alanines model. Overall, our rational 

destabilization approach was successfully introduced. The hydrophobic core series was the most 

amenable to this approach.  

As a next step, the influence of the substitutions on the thermal stability was analyzed. Melting curves 

for the hydrophobic core, 1ip (Glu17-Lys72), and 1ip-N69 from 20 to 100°C were measured by CD 

at 222 nm (Figure 85). As described above, due to the high overall thermal stability, ideal sigmoidal 

curves with clear transition points could not be accurately assigned. Nevertheless, a general trend 

towards reduced stability with increasing alanine content is visible. In all three series the 0A model 

was the most stable showing no sign of melting by 100°C. With each additional alanine substitution 

the melting curves become more sigmoidal. For the hydrophobic core, 1A, and 2A constructs the 

shape of the melting curves suggest that the transition takes place slightly above 100°C, above which 

data collection was not possible. In the case of 3A, the transition is shifted into the detectable 

temperature range. These findings are consistent with the trend of the chemical unfolding 

experiments. In the case of 1ip and 1ip-N69, the transition point is already shifted to the detectable 

range in the 2A construct.  
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Figure 85: Comparison of the thermal stability of hydrophobic core, 1ip (Glu17-Lys72), and 1ip-N69 Maquette 2 from 

without alanine (blue) substitutions up to three alanine substitutions (grey). One and two alanines are shown in coral and 

red. a, melting curves for hydrophobic core Maquette 2; b, melting curves for 1ip (Glu17-Lys72) Maquette 2; c, melting 

curves for 1ip-N69 Maquette 2. 

The models of the alanine series were also simulated for 100 ns and the water content around the 

ion-pair and the substituted positions was analyzed (Figure 86). In the case of the hydrophobic core, 

the water content does not clearly correlate with the amount of alanine mutations (Figure 86a). All 

four models show a similar internal solvation, which indicates a stable, water sealed hydrophobic 

core. The 1ip model with three alanines show the highest water content in the 1ip series (Figure 86b), 

but in general, the number of water molecules is only slightly higher as compared to the hydrophobic 

core models. The 1ip-N69 series does not either show a trend in solvation with the number of alanine 

substitutions (Figure 86c).  
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Figure 86: Water content of the hydrophobic core during 100 ns MD simulation. For each construct series zero (blue), one 

(coral), two (red), and three (grey) alanines were substituted and simulated. a, hydrophobic core; b, 1ip (Glu17-Lys72); c, 

1ip-N69.  

 

4.3.13 Force profile analysis (FPA)  

Force profile analysis (FPA) provides a powerful tool to study co-translational events, i.e. folding in 

the ribosomal exit tunnel. Previous analysis has examined the stability of various protein models by 

unfolding them. With FPA, we determined if the artificial protein Maquettes fold differently and 

reflect the introduced elements. FPA was performed by Dr. Grant Kemp (Kaila Lab). The 

experiments were conducted using the PURExpressTM in vitro translation system. The translated 

proteins are labeled with 35S-methionine for ease of detection and analysis by the SDS-PAGE.101 The 

FPA technique involves engineering a force-sensitive translational arrest peptide at different linker 

lengths to the protein of interest.102 The concept behind these measurements is that the translation 

stops when the last codon of the arrest peptide is reached. During the expression of the fusion protein, 

translation stops when the last codon of the arrest peptide is reached due to unfavorable conformation 

of the arrest peptide at the peptidyl transferase center. However, this arrest can be overcome if a 

pulling force acts on the stuck nascent protein. One potential pulling force is the tension introduced 

in the nascent protein chain by co-translationally folding inside or very close to the ribosomal exit 

tunnel.101 By systemically varying the distance between the Maquette 2 model and the arrest peptide 

a picture of how much force is acting on the nascent chain at any point during translation can be 
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obtained – a so-called force profile. It has been noted previously that for a two-state folding domain, 

the stability can be correlated with the characteristics of the primary peak in the force profile.135 

In order to determine whether FPA could detect differences in the stability of the various Maquette 

2 models have been studied, measurements were performed for the hydrophobic core, 1ip (Glu17-

Lys72), and the stabilized 1ip-N69 construct. Experimentation with different arrest peptides of 

increasing strength was necessary, which indicates that the bundles are very strong folders. The 

length of the linker (including the arrest peptide sequence) fused to the model was varied from 21 up 

to 35 amino acids (L) and the amount of force (via fraction full-length (fFL)) for each L was plotted 

to give the force profiles for all three models (Figure 87). fFL is defined as  
IJKIJKLIM, where I is the 

intensity of the radiolabeled band on the SDS-PAGE gel, FL corresponds to the full length protein, 

and A to the arrested protein. The hydrophobic core construct shows a distinct peak at a linker length 

of 27 amino acids and the fFL is 0.5 (Figure 87, blue). In comparison the force profile of the 1ip 

construct shows a peak shifted towards higher lengths (Figure 87, red). The full-length protein peak 

occurs at 29 amino acids and the fFL is reduced to around 0.35 corresponding to a lower protein 

stability. Regarding the 1ip-N69 model, the peak also occurs at a length of 29 amino acids, but the 

intensity is higher than for 1ip around 0.43 placing it in between the hc and the 1ip profile (Figure 

87, grey). This illustrates how Asn69 is able to increase the folding stability of the 1ip model, though 

not the same level as a hydrophobic core, which is consistent with the unfolding results.  

 

Figure 87: Force profiles for hydrophobic core, 1ip, and 1ip-N69 Maquette 2 models. The fraction of full-length protein 

(fFL) is plotted against the length of the linker in amino acids (L). The profile of the hydrophobic core construct is shown 

in blue, 1ip in red, and 1ip-N69 in grey.  

FPA analysis was also performed for the destabilizing alanine series for the hc, 1ip, and 1ip-N69 

models (Figure 88). In general, the observed peak intensity correlates with the number of introduced 

alanine residues, with increasing alanine substitutions corresponding to decreasing fFL values. Figure 

88a presents the results for the hc Maquette 2 series. The peak height is reduced to around 0.35 fFL 

due to one and two introduced alanine residues, but the peaks are still located at the same length and 

lies under the hc peak. The 3A construct shows the highest reduction in peak height at 0.29. For the 

1ip 1A and 2A profiles the folding peaks shift of the peaks to longer linker lengths. The peak height 
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of 1A and 2A is very similar to the 1ip profile with 0.36 and 0.3. The 3A model essentially no longer 

exhibits a peak (Figure 88b). For the 1ip-N69 series (Figure 88c), the introduction of 1A does not 

lead to a significant difference in the peak height. This time even the peak position is still the same. 

The 2A model has a shifted peak towards higher linker length with 31 amino acids and again for the 

3A construct there is no significant peak detectable. These results are also consistent with the 

observations of bundle unfolding.  

 

Figure 88: Force profiles of the alanine series for hc, 1ip, and 1ip-N69 Maquette 2. For all models with zero up to three 

alanine substitutions the force profiles are plotted. a, hc Maquette 2; b, 1ip Maquette 2; c, 1ip-N69 Maquette 2.  
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4.4 Maquette 3 

As a third model framework an almost 70 Å long bundle template from Dutton’s group was used as 

a starting point for studying buried ion-pairs.76 The original structure was solved experimentally 

using X-ray crystallography, yet bound to some cofactors. In the following, several mutations were 

introduced to seal the hydrophobic core. After obtaining a water sealed hydrophobic core, a double 

ion-pair was placed and four additional glutamine residues surrounding the ion-pairs. The glutamines 

should serve as charge shielding motif. The glutamates are located at positions 65 and 136 and the 

lysines at 35 and 162, while the surrounding glutamines were placed at positions 61, 68, 132, and 

166. The resulting construct is called 2ip Maquette 3 in the following sections. As for the previously 

discussed constructs, it was also simulated for 200 ns and the standard analysis was performed 

afterwards. The protein was also investigated experimentally including analysis of the stability. To 

solve the structure of Maquette 3, crystallography was applied.  

Figure 89 presents the results of the MD simulation. The RMSD is highly stable around 2 Å after a 

few nanoseconds and the system seems to be stable and converged (Figure 89a). Panel b shows the 

RMSF value where the N-terminus is the most flexible part. Interestingly, the dynamics of the loops 

slightly increases from loop one to three.  

 

Figure 89: Analysis of 200 ns MD simulation of 2ip Maquette 3. a, RMSD plot; b, RMSF plot; c, water molecule content. 
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The solvation of the bundle is relatively low and the hydrophobic core stays water sealed. The 

maximum number of water molecules inside the helices is 10, but most of them are located at the top 

and the bottom of the bundle (Figure 89c).  

 

Figure 90: Distance plot of 2ip Maquette 3 during 200 ns MD simulation. CD-NZ distance of Glu65-Lys35 (blue), CD-

NZ distance of Glu65-Lys162 (light blue), CD-NZ distance of Glu136-Lys162 (orange), and CD-NZ distance of Lys35-

Glu136 (light orange). 

 

 

Figure 91: Distance plot of 2ip Maquette 3 during 200 ns MD simulation. CD-OE distance of Gln68-Glu65 (blue), OE-

CD distance of Glu65-Gln61 (light blue), NZ-CD distance of Lys162-Gln61 (orange), and NZ-CD distance of Lys35-Gln68 

(light orange). 

Figure 90 presents the CD-NZ distances between the ion-pair residues. The four charged residues 

form a highly stable double ion-pair, where each glutamate interacts with each lysine and vice versa. 

The distance stays between 3 and 4 Å, which is an ideal distance for a salt bridge. The charge 

shielding glutamines are analyzed in Figure 91. Only Gln61 and Gln68 form direct hydrogen bonds 

with the double ion-pair and helps to stabilize the charge. The other two glutamines (Gln132 and 

Gln169) point towards the water during the simulation, while Gln61 and Gln68 stabilizes Lys35 and 

Lys162 in its position.  
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This construct was also experimentally analyzed. Therefore, the protein was overexpressed in E. coli 

and purified according to the described protocol in the method section. The gel in Figure 92a proves 

the high purity and the right size of the protein. A SEC was performed during the purification process 

to determine the oligomerization state and calculate the MW (Figure 92b).  

 

Figure 92: a, SDS-PAGE gel of 2ip Maquette 3; b, size exclusion chromatography (SEC) profile of 2ip Maquette 3. The 

major peak corresponds to monomeric protein and has a retention volume of 73.97 ml which corresponds to a molecular 

weight of 19 kDa. 

The obtained molecular weight is somewhat too low with 19 kDa instead of the expected 23 kDa, 

but the main peak corresponds to the monomeric protein.  
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Figure 93: Experimental analysis of 2ip Maquette 3. a, CD spectrum; b, melting curve; c, chemical unfolding with 

GdnHCl; d, lnK plotted against denaturant concentration. 

 

Figure 94: Crystals of 2ip Maquette 3. 

The secondary structure was analyzed by CD spectroscopy (Figure 93a) and it shows a typical 

spectrum for an α-helical structure. The thermal stability was investigated by heating up the protein 

sample to 100°C, but there is no sign of losing its structure due to higher temperature (Figure 93b). 

The unfolding energy was determined by chemical unfolding with GdnHCl in triplicates. The 

Maquette 3 model stays stable until 6 M of GdnHCl and has its transition point at 6.4 M (Figure 

93c). The corresponding ΔG is 13.5 ± 1.4 kcal mol-1 (Figure 93d). 

The structure calculation was performed by Prof. Ville Kaila and Prof. Michael Groll. A highly 

concentrated protein sample (40 mg ml-1) was prepared for the crystallization. The protein 
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crystallized extremely well (Figure 94) and several crystals were measured to obtain a crystal 

structure with high resolution. The best structure was solved at 1.85 Å resolution (PDB ID: 6Z0C) 

where it is possible to detect water molecules. Figure 95 presents the solved crystal structure of 2ip 

Maquette 3 (green) compared to the in silico MD model (grey). The experimental model closely 

resembles the computational model. Inside the hydrophobic core, tight ion-pairs are formed as 

predicted by the MD simulations. Also, the stabilizing motif is detected in contact with the ion-pairs 

and the ion-pairs are tightly sealed from water molecules in the crystal structure. The hydrophobic 

core stays intact and the amphiphilic residues shield the charged ion-pairs from the hydrophobic 

surrounding.  

The design of the 2ip Maquette 3 successfully results in an exceptionally stable protein with a double 

ion-pair. The protein shows a high stability despite the charged residues inside the hydrophobic core. 

It is resistant towards unfolding until 100°C and up to 6 M GdnHCl. Further, the predicted in silico 

model is almost identical to the solved crystal structure.  
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Figure 95: Resolved crystal structure (green) and structural snapshot from the in silico model of the 2ip Maquette 3 protein 

(grey). The ion-pairs are shown in licorice. Glu65 and Glu136 are highlighted in red and Lys35 and Lys162 in blue. The 

charge shielding Gln68 and Gln61 are green. A zoom into the resolved crystal structure is presented on the right side. PDB 

ID: 6Z0C. 

To quantify the stabilizing effect of the charge shielding glutamines surrounding the two ion-pairs, 

Gln61 and Gln68 were mutated to alanine residues. Gln61 and Gln68 were chosen for the substitution 

because both show the closest contact and most interaction of the four introduced glutamines with 

the ion-pairs during the MD simulations and in the crystal structure. The construct was expressed 

and purified in the same way as the 2ip Maquette 3. The data of the purification process was similar 

to the 2ip Maquette 3 and therefore is not reported here. At the end a very pure monomeric protein 

with a MW of 19 kDa according to the SEC run is obtained and the MW is in agreement with the 2ip 

Maquette 3. The protein concentration for the following CD spectroscopic analysis was 5 µM. First, 

a CD spectrum was measured and the typical curve for an α-helical secondary structure was obtained 

(Figure 96a) which is very similar to the 2ip Maquette 3 spectrum. The melting curve monitored at 
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222 nm does not show a transition and therefore, the protein is stable up to 100°C (Figure 96b). For 

the quantification of the stabilizing effect of the glutamines, chemical unfolding with up to 8 M 

GdnHCl was measured (Figure 96c). The unfolding series shows a transition point at 7.3 M GdnHCl 

and the corresponding ΔG is 8.3 kcal mol-1. Consequently, the stabilizing effect of Q61 and Q68 

together is around 5.2 kcal mol-1.  

 

Figure 96: Experimental analysis of 2ip-Q61A-Q68A Maquette 3. a, CD spectrum; b, melting curve; c, chemical unfolding 

with GdnHCl; d, lnK plotted against denaturant concentration. 
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5. Discussion 

5.1 Conformational studies on Hsp90  

The molecular chaperone Hsp90 shows rich conformational dynamics between open and closed 

states during the catalytic cycle, but the underlying conformational changes are not fully understood. 

Hsp90 recognize misfolded client proteins in its extended apo state.136 ATP-binding induces a large 

conformational change that finally leads to the closed dimerized state.137 The influence and motion 

of a charged linker region between NTD and M-D was studied here by using a combined 

computational and experimental approach. For the molecular simulation studies, the charged linker 

was modeled in silico because the linker region is missing in the crystal structure.138 This further 

implies that the linker is dynamically flexible and that it can contribute to the chaperone 

dynamics.35,139 The sequence of the linker region consists of a repetitive motif of aspartate, glutamate, 

and lysine residues,140 but the function of the linker region is not clear. Our findings from the 

combined simulations and SAXS experiments suggested that highly extended states of Hsp90 are 

involved in the chaperone cycle and could be responsible for the interaction with client proteins and 

in the recognition of misfolded proteins. These findings are consistent with previous results 

indicating that the linker deletion mutants affect cell viability and are important for the proper 

function.139 Based on in vitro studies, it was found that the ATPase activity is lowered by linker 

deletions (residues 211-273), while the binding affinity for ATP is similar to that of the wild type 

Hsp90 with an intact linker.139 It is also assumed that cutting the linker region reduces the 

conformational flexibility that can affect the closure of the NTDs and therefore decrease the ATPase 

activity.139 The specific linker sequence is important, as an artificially designed linker does not result 

in full functionality of the chaperone.138 The charged linker makes contact to the NTD, leading to 

both docked and undocked states. In the docked state, the linker region can form secondary structure 

elements, while in the undocked conformation, the NTD rearranges.35 The linker is important for the 

dynamics between NTD and M-D and also affects the NTD dimerization.35 In addition to our findings 

that the charged linker is involved in the conformational cycle of Hsp90, previous studies show that 

the linker region can also serve as rheostat that control the chaperone activity,138 enable 

conformational switching by increasing the flexibility of the system, as well as modulate the 

chaperone activity.35,138,139  
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5.2 Maquette 1 

The results for the Maquette 1 models with long and short loops are presented in section 4.2 of this 

thesis. The reported findings for the hydrophobic core starting structure (hc) are in good agreement 

with previous results of similar protein model.12 The Maquette 1 has a high stability and shows a 

high expression yield with a non-functionalized interior and a highly negative charged surface.  Our 

NMR spectrum indicates a possible molten-globule like ensemble and a relatively undispersed 

HSQC spectrum.12 The Maquette 1 were used to design a series of mutants which were simulated 

and experimentally characterized. Generally, both the computational and experimental data indicate 

that the protein stability decreases with increasing charged residues placed within the hydrophobic 

core. For these constructs, we initially placed a single charged residue in the protein interior, and 

built models with a chain of up to three ion-pairs, based on in silico design. Although the overall 

simulation timescale is too short to observe complete unfolding of the protein structure, the 

unfavorable effects can also be clearly observed in the MD simulations. The CD measurements 

further confirm the loss of the α-helical structure and decrease in the melting temperature for the 

unstable protein models. For the constructs with a single buried charge, the computational and the 

experimental results are in good agreement and show well-folded proteins. The six charged residues 

in the 3ip model experimentally destabilize the bundle structure and lead to oligomerization, but the 

simulation timescale is most likely not long enough to observe complete unfolding or rearrangement 

of the protein structure. Another interesting finding is that the 1ip model also oligomerizes, 

suggesting that some structural changes may take place in the protein due to the introduced charged 

residues. It seems likely that the bundle protein compensates the penalty of introducing charged 

residues inside the hydrophobic core and changes its conformation, favoring the oligomerization. 

The goal of the conformational change is to lower the solvation penalty of introducing buried charged 

residues.100 The surroundings of the Maquette 1 models are most likely not ideal for hosting charged 

residues. A network of hydrogen bonding partners could help stabilize the ion-pair within the protein, 

but it is possible that further modifications in the protein interior are needed to stabilize the buried 

charged residues in the hydrophobic core.  

Interestingly, the HSQC spectrum of the 3ip construct seems to be of slightly better quality and the 

peaks are more dispersed than for the hydrophobic core model. Nevertheless, the signal dispersion 

is too small and we cannot make conclusions about the conformational state of the protein. The 

introduced mutations change the chemical surroundings and introduce more diversity in the 

otherwise highly symmetric and repetitive bundle sequence. Even introduction of a single ion-pair 

leads to improved signal dispersion in the HSQC, but the sequence is still too homogeneous and 

results in overlapping signals. Therefore, NMR is not the experimental method of choice to analyze 

buried ion-pairs for this system.  
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In a second step, the nine amino acids long loops were reduced to four amino acids. The long loops 

are highly flexible and presumably enable expansion of the otherwise compact hydrophobic core 

upon loop elongation. Figure 97 shows a comparison of the thermal stability of the hydrophobic 

core, with a single introduced charged residue, and one ion-pair constructs with long and short loops. 

In general, the melting temperature behaves as expected and decreases with more introduced charged 

residues in both series. Interestingly, the melting temperature for the short loop series are higher than 

for the long loops, suggesting that the constructs with shorter loops are more stable. The 2ip and 3ip 

models with short loops, however, also have lower secondary structure content and show a high 

oligomerization state. Nevertheless, we successfully reached the goal of a more stable Maquette 1 by 

shortening the loops in case of the hydrophobic core, a single buried charge, and one ion-pair 

constructs regarding the thermal stability. The reversal of the ion-pair leads only to a small shift in 

the melting temperature of 0.1°C, suggesting that helix dipole-sidechain charge interaction do not 

significantly change between the two models.141–143 

 

Figure 97: Melting temperatures of hydrophobic core, Lys49, Glu49, and 1ip models with long and short loops.  

In computational studies of the 3ip model with short loops, we observed conformational switching 

of the ion-pairs during the 1 µs long simulation. The protonation of Glu112 serves as “input signal” 

for the ion-pair flipping, while without protonation of this glutamate, the ion-pairs stay in their initial 

conformation (section 4.2.20, Figure 48). Experimentally, we mimicked the protonation of Glu112 

by a glutamine mutation at position 112, which resulted in a similar behavior in MD simulations. 

Unfortunately, we could not to detect the conformational switch experimentally due to rather weak 

protein stability and/or oligomerized state (see above).  

Accurate design of Maquette 1 models with buried charged residues was hampered by the lack of an 

experimentally solved structure. Instead, we modeled the structure in silico by assuming a possible 

fold, but were not able to solve an NMR or X-ray structure during the project, and is not an ideal for 

designing a protein conformational switch. The in silico model is stable and the MD simulations 

show a well-packed protein, but uncertain whether the protein sequence adopts the modeled fold.  
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The chemical unfolding experiments show a two-state unfolding for the hydrophobic core and the 

1ip constructs, whereas the models with a higher number of charged residues showed loss of α-helical 

structure, as described above. During the simulations, the water content of the bundle increases with 

more charged residues inside the hydrophobic core. The charged residues attract water molecules to 

buried protein interior, which may explain the loss of stability, and lead to possible unfold on a longer 

simulation timescale.  

The Maquette 1 bundle protein might be too small to accommodate up to six charged residues inside 

the hydrophobic core. Normally, proteins have a polar surface to make them soluble and a 

hydrophobic closed-packed interior that provides thermodynamic driving force during the folding 

process.94 The protein has to compensate for the rather high desolvation penalty when charged 

residues are placed in the hydrophobic core.91,99 It is possible that this penalty is too high, which leads 

to drastically decreased protein stability with inserted ion-pairs. Moreover, the interaction between 

the charged residues and the interaction with possible other groups inside the protein might not 

compensate the desolvation energy of the charged residues. A larger protein system could help to 

overcome this high desolvation penalty, or by stabilizing the charges, e.g. by introducing polar amino 

acids which could interact with the charges. The introduced glutamate and lysine residues 

presumably lead to a hole in the hydrophobic packing that may lead to water entry and a less stable 

protein.  

We learned from the Maquette 1 project that the system size and the surroundings of the ion-pairs 

are important. The work also suggested that structure-guided design would help to build more stable 

protein models. Therefore, to improve the design approach, we next employed the Maquette 2, with 

a resolved NMR structure of the protein scaffold.  
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5.3 Maquette 2 

The next Maquette scaffold used for designing buried ion-pairs was based on a design template and 

NMR structure obtained from the DeGrado group.73 First, a model with a hydrophobic core was 

expressed and analyzed experimentally. The protein behaves well and as expected. The apo form of 

the protein did not show a melting transition up to 100°C and our HSQC spectrum reproduces 

previous NMR spectra.73 Therefore, we used this system as a starting point to design buried ion-

pairs. Two different 1ip constructs were designed: Lys50-Glu101 was placed in the hydrophilic part 

of the protein and Glu17-Lys72 in the hydrophobic core. The ion-pair in the water accessible part 

did not affect the overall protein stability, as analyzed by thermal stability and chemical unfolding 

experiments, as water molecules surround and stabilize the introduced charged residues and the 

desolvation penalty is minimal as the charges are in the solvent-accessible area of the protein. The 

Maquette 2 model with introduced Glu17-Lys72 behaves very differently, since the buried residues 

are within the hydrophobic core of the protein. The protein is ~ 2 kcal mol-1 (ΔΔG) less stable as 

compared to the hydrophobic core construct, but the overall protein structure remains stable. 

In the next step, we solved the structure of the 1ip (Glu17-Lys72) model to study the structural 

influence of the introduced ion-pair. In our NMR structure, we could not experimentally refine the 

structure of the closed ion-pair state (but see below) that seems to be dynamically flexible with a 

small population in closed form under the studied conditions. This small population was detected by 

HISQC experiments and also the MD simulations suggest that there are different populations with 

open and closed states, suggesting that the computational and the experimental results are consistent. 

The detected dynamic flexibility is very important for the functionality of ion-pairs in natural proteins 

such as in respiratory complex I or Hsp90.31,33 In our case, the introduced ion-pair leads to a subtle 

rotation of helices 1 and 3 that may partially compensate for the thermodynamic penalty introduced 

from the buried ion-pair. The closed ion-pair conformation in the NMR structure can be achieved by 

a small distance restraint between Glu17 and Lys72, which leads to a < 1 Å inwards motion of the 

reorganized helices. Similar findings are detected in a natural protein such as SNAse with modeled 

ion-pairs at different positions in the protein, whereas also this protein reorganizes to compensate the 

buried charged residues.100  

The suggestions of the PACMAN design algorithm and the analysis of natural proteins were tested 

with the buried 1ip (Glu17-Lys72) model. We successfully showed that Asn69 slightly improves the 

protein stability and increases the population of the closed ion-pair, which was detected by HISQC 

experiments. The amphiphilic residue form hydrogen bonds with the charged residues and at the 

same time, establish non-polar contacts with the hydrophobic protein core. Our findings provide 

important clues in understanding how proteins may stabilize buried ion-pairs. It also advances 

methods of protein design and establish an approach to study complex biological questions with 
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simple model systems.  Our findings are consistent with results of buried ion-pairs in 2600 different 

protein structures, suggesting that buried polar residues form hydrogen bonds and salt bridges with 

other polar or ionizable groups.144 Our electrostatic calculations further suggest that the buried polar 

residues are usually located in an electrostatically optimized environment by counter ions, hydrogen 

bonds, or favorable backbone dipole interactions.145  

The stability of the Maquette 2 model was studied by introducing destabilizing residues. To this end, 

we mutated a series of leucine and isoleucine residues into alanine residues. These substitutions lead 

to a weaker hydrophobic packing and allow the entry of water molecules, as indicated by a decrease 

in the melting temperature. Similar effects have also been reported for other 5-helical bundles, where 

substitution of a leucine with an alanine in the hydrophobic core of the α-helical HemK NTD leads 

to a 20°C shift of the thermal transition point, from 50°C for the wild type to 30°C in the mutated 

protein.146 For the mutant series studied in this thesis, the effect is less pronounced as compared to 

HemK NTD, but also detectable. A possible explanation for the smaller effect could be that the 

bundle used for the destabilizing series is an artificial protein. The Maquette 2 construct was designed 

as a well-packed protein and is much more compact than many natural proteins as a result of iterative 

rounds of design to make it hyperstable. The hydrophobic core constructs show such a tight packing 

and the introduced alanine residues therefore lead to only a small destabilizing effect. Natural 

proteins are often only marginally stabile, as often only their specific function or specificity has been 

optimized during evolution.  

In addition to the in vitro studies of the protein stability using chemical unfolding experiments, we 

performed a force profile analysis for the hc, 1ip (Glu17-Lys72), and 1ip-N69 models and also for 

the associated alanine mutation series to obtain insights into the folding process under native 

conditions in the ribosome exit tunnel. It seems, that the bundle protein is a strong folder and 

therefore a strong arrest peptide with a second proline was used. The modification improves the arrest 

probability due to the ribosomal ability for translating prolines only very slowly. The bundle protein 

exerts a high folding force on the nascent chain, therefore stronger arrest peptides were used to 

improve the resolution of the force profiles and to study differences in the folding pathways of the 

three models.  Interestingly, the 1ip and 1ip-N69 profiles show a shifted peak towards longer linker. 

It looks like that these two proteins fold later during the translational process, i.e., towards the outside 

of the ribosomal exit tunnel. A possible explanation for this effect can be that the hydrophobic protein 

core needs to be partially folded in order that the ion-pair can be formed. The free energy from 

packing the hydrophobic core may help to compensate the energetic penalty of introducing 

charged residues inside the hydrophobic core. 

Another interesting aspect is that we were able to show the stabilizing effect of the V69N mutation 

also with this method. The fraction of the full-length protein is significantly increased and the protein 

seems to be more stable than the 1ip model alone, but does not fully reach the level of the hc 
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construct. The 1ip-N69 protein folds later  than the hc but prior to 1ip protein models suggesting that 

the introduced charge stabilizing residue (V69N) may improve the protein stability.  

The alanine substitutions perturb the non-polar interactions within the hydrophobic core as can also 

be observed from the force profiles. The peaks are decreased and shifted towards longer linkers with 

increasing number of alanines, supporting the notion that packing of the hydrophobic core is used to 

overcome the energetic cost of a buried ion-pair.  

 

5.4 Maquette 3 

Based on our combined findings for the Maquette 1 and 2 models, we designed the Maquette 3 

models with a double ion-pair surrounded by four glutamine residues. The principle of a larger 

system size is here combined with stabilization of ion-pairs by charged residues and additional charge 

shielding motifs. Originally, the system was designed to bind cofactors, but the binding sites were 

successfully remodeled to create a densely packed hydrophobic core.76 Maquette 3 is almost 70 Å 

long, and as discussed in the results section, it can compensate all four introduced charged residues. 

We were also able to show that the stabilization of the ion-pairs by other polar residues and the 

surrounding glutamines help to stabilize the hydrophobic core as no water molecules between the 

charged residues are observed in the crystal structure or MD simulations. The glutamines shield the 

charged residues from the non-polar surrounding and the protein stability is extremely high with an 

intact water sealed hydrophobic core, as indicated by both MD simulations and experiments. We 

successfully designed a hyperstable bundle with stable ion-pairs and showed that our proposed 

modifications increase the thermodynamic stability.  

Another important aspect is the quantification of the stabilizing effect of the introduced glutamines. 

Therefore, a construct with Q61A and Q68A mutations was expressed and analyzed. The chemical 

unfolding measurements led to a transition point at 7.3 M GdnHCl, which is slightly higher as 

compared to 6.4 M for the 2ip Maquette 3 construct with all four glutamines. The corresponding ΔG 

is with 8.3 kcal mol-1 smaller and indicates a 5.2 kcal mol-1 less stable protein. We were able to 

quantify the charge shielding effect of Q61 and Q68. Interestingly, the transition point of 

2ip-Q61A-Q68A is higher compared to 2ip Maquette 3, but the protein stability is lower. Based on 

chemical unfolding experiments, the protein unfolds slower and the unfolding transition takes place 

at higher GdnHCl concentrations. The sigmoidal curve is broadened. In an ideal case, the signal of 

the fully folded protein stays constant without showing a slope in the beginning of the plot until the 

unfolding takes place. For the Maquette 3 model, the unfolding curve shows a slowly increasing 

slope before the transition point and the slope towards the transition point is also smaller, resulting 

in a lower lnK slope, and a smaller ΔG value.  
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5.5 Stability comparison of Maquette 1, 2, and 3 

Figure 98 shows the stability of all three tested Maquette models for the hydrophobic core, models 

with a single introduced charged residue, one ion-pair, and for the Maquette 3 model, also the double 

ion-pair. In general, the hydrophobic core of Maquette 1 is more stable than the Maquette 2 one. It 

seems that the hydrophobic core of Maquette 1 is more tightly packed in general, which is consistent 

with the observation that Maquette 2 has a water accessible dynamic part and a hydrophobic, packed 

core region. The flexible region was originally designed to bind a cofactor,73 but used here to study 

the effect of introducing charged residues into solvent accessible parts of a protein. A possibly more 

stable variant of Maquette 2 could be designed by expanding the hydrophobic packed core region of 

the model. Comparing the models with only a single introduced charge (Figure 98, orange and light 

orange), suggest that Maquette 2 constructs are slightly more stable as compared to the 1ip models. 

The cost of introducing a buried ion-pair into the hydrophobic protein core of Maquette 1 is 

5.9 kcal mol-1 which is consistent with the in literature reported 5 kcal mol-1 for natural proteins.91 

The solvation penalty of introducing buried ion-pair in Maquette 2 is ΔΔG ~ 1.9 kcal mol-1, but the 

hydrophobic core structure is less stable by 5.3 kcal mol-1 as compared to Maquette 1. Interestingly, 

the stabilizing effect of the charge shielding Asn69 is small but visible.  The Maquette 3 2ip model 

is the most stable protein in this thesis, with a ΔG of 13.5 kcal mol-1, and provides a basis for the 

successful design of a stable buried charged network with two ion-pairs.  

 

Figure 98: Protein stability of different Maquette 1, 2, and 3 models. The hydrophobic cores are colored in black, single 

buried charges in orange and light orange, 1ip in red, 1ip’ in coral, 1ip-N69 in grey, and 2ip Maquette 3 in light grey. 

The Maquette 1 and 2 models with a packed hydrophobic core are all stable as indicated by the 

thermal and chemical unfolding with GdnHCl, and consistent with the hyperstable nature of 

artificially designed α-helical bundle proteins. Already one of the first designed proteins by 

DeGrado’s group, called α2, showed a high resistance against GdnHCl and unfoldings at 4.5 M,8 

which could be improved for α4 model that denatures at 6-7 M GdnHCl.9 Also other artificially 

designed bundle proteins have high transition points with 5.5 M GdnHCl and a corresponding free 

energy of unfolding of 18.1 ± 0.8 kcal mol-1.18 In contrast, small natural proteins normally unfold 
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between 1 M and 3 M GdnHCl.9 The designed bundle protein α4 has several stabilizing elements 

unified in a single protein. For example, multiple electrostatic interactions were introduced to 

increase the protein stability in combination with a tightly packed hydrophobic core that increase the 

stability over natural proteins.9  

To summarize our findings, we successfully characterized buried ion-pairs using three different 

artificial model systems Maquettes 1-3 by combining computational, biophysical, and structural 

experiments. Furthermore, we discovered by analysis of natural membrane proteins and 

independently by developing a protein design model (PACMAN algorithm) that shielding 

amphiphilic residues contribute to compensate the energetic cost of a buried ion-pair. Our designed 

models may contribute to a better understanding of charged networks in natural proteins, how these 

proteins remain folded,30,95,147 and how disease-causing mutations may influence the protein 

structure.148–150  
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7. Appendix  

Amino acid sequence of de novo proteins 

Construct Sequence 

Maquette 1 

Hydrophobic core 

 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

Lys49 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG  

    EIWKQFE DALQKKE EALNQFEDLKQL GGSGSGSGG  

    EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG              

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

Glu49 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG  

    EIWKQFE DALQKEE EALNQFEDLKQL GGSGSGSGG  

    EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG  

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

1ip (Lys49-Glu84) 

 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG  

    EIWKQFE DALQKEE EALNQFEDLKQL GGSGSGSGG  

    EIWKQFE DALQKKE EALNQFEDLKQL GGSGSGSGG  

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

1ip’ (Glu49-Lys84) 

 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKKE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKEE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

2ip (Lys42-Glu81/ 
Lys49-Glu84) 

 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG 

    EIWKQKE DALQKKE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DAEQKEE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

3ip (Lys42-Glu91/ 
Lys49-Glu84/Lys56-Glu77) 

 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG 

    EIWKQKE DALQKKE EALNQKEDLKQL GGSGSGSGG 

    EIWKQEE DAEQKEE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

3ip (Glu42-Lys91/ 
Glu49-Lys84/Glu56-Lys77) 

 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSGSGSGG 

    EIWKQEE DALQKEE EALNQEEDLKQL GGSGSGSGG 

    EIWKQKE DAKQKKE EALNQFEDLKQL GGSGSGSGG 

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

3ip (Glu112-Lys24/ 
Glu49-Lys84/Glu56-Lys77) 

G   EIWKQFE DALQKFE EALNQFEDKKQL GGSGSGSGG 

    EIWKQFE DALQKEE EALNQEEDLKQL GGSGSGSGG 

    EIWKQKE DAKQKKE EALNQFEDLKQL GGSGSGSGG 

    EIWKQEE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

3ip (Gln112-Lys24/ 
Glu49-Lys84/Glu56-Lys77) 

 

G   EIWKQFE DALQKFE EALNQFEDKKQL GGSGSGSGG 

    EIWKQFE DALQKEE EALNQEEDLKQL GGSGSGSGG 

    EIWKQKE DAKQKKE EALNQFEDLKQL GGSGSGSGG 

    EIWKQQE DALQKFE EALNQFEDLKQL 
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Maquette 1 

Hydrophobic core 

 

 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSG 

    EIWKQFE DALQKFE EALNQFEDLKQL GGSG 

    EIWKQFE DALQKFE EALNQFEDLKQL GGSG 

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

Lys49 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSG  

    EIWKQFE DALQKKE EALNQFEDLKQL GGSG  

    EIWKQFE DALQKFE EALNQFEDLKQL GGSG              

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

Glu49 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSG  

    EIWKQFE DALQKEE EALNQFEDLKQL GGSG  

    EIWKQFE DALQKFE EALNQFEDLKQL GGSG  

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

1ip (Glu49-Lys84) 

 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSG 

    EIWKQFE DALQKKE EALNQFEDLKQL GGSG 

    EIWKQFE DALQKEE EALNQFEDLKQL GGSG 

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

2ip (Glu42-Lys81/ 
Glu49-Lys84) 

 

G   EIWKQFE DALQKFE EALNQFEDLKQL GGSG 

    EIWKQEE DALQKEE EALNQFEDLKQL GGSG 

    EIWKQFE DAKQKKE EALNQFEDLKQL GGSG 

    EIWKQFE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

3ip (Glu112-Lys24/ 
Glu49-Lys84/Glu56-Lys77) 

G   EIWKQFE DALQKFE EALNQFEDKKQL GGSG 

    EIWKQFE DALQKEE EALNQEEDLKQL GGSG 

    EIWKQKE DAKQKKE EALNQFEDLKQL GGSG 

    EIWKQEE DALQKFE EALNQFEDLKQL 

 

Maquette 1 

3ip (Gln112-Lys24/ 
Glu49-Lys84/Glu56-Lys77) 

G   EIWKQFE DALQKFE EALNQFEDKKQL GGSG 

    EIWKQFE DALQKEE EALNQEEDLKQL GGSG 

    EIWKQKE DAKQKKE EALNQFEDLKQL GGSG 

    EIWKQQE DALQKFE EALNQFEDLKQL 

 

Maquette 2 

Hydrophobic core  

S   EFEKLRQ TGDELVQ AFQRLREIFDK  GD                                                                                                             

    DDSLEQV LEEIEEL IQKHRQLFDNR  QEAA 

    DTEAAKQ GDQWVQL FQRFREAIDK   GD  

    KDSLEQL LEELEQA LQKIRELAEKKN 

 

Maquette 2 
1ip (Glu17-Lys72) 

S   EFEKLRQ TGDELVQ AEQRLREIFDK  GD 

    DDSLEQV LEEIEEL IQKHRQLFDNR  QEAA  

    DTEAAKQ GDQWVQL KQRFREAIDK   GD  

    KDSLEQL LEELEQA LQKIRELAEKKN 

 

Maquette 2 

1ip-N69  

S   EFEKLRQ TGDELVQ AEQRLREIFDK  GD 

    DDSLEQV LEEIEEL IQKHRQLFDNR  QEAA  

    DTEAAKQ GDQWNQL KQRFREAIDK   GD  

    KDSLEQL LEELEQA LQKIRELAEKKN 

 

Maquette 2 

1ip (Glu101-Lys50) 

S   EFEKLRQ TGDELVQ AFQRLREIFDK  GD 

    DDSLEQV LEEIEEL IQKHRQLKDNR  QEAA 

    DTEAAKQ GDQWVQL FQRFREAIDK   GD 

    KDSLEQL LEELEQA LQKERELAEKKN 
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Maquette 3 

2ip 

M   ASPELRQ EFQQLIQ EFQQLLQEIQQL  

    IRELLKI KLQIIKQ LREASEK      ARN 

    PEKKSVL QKQLELE EKQIELLETLQQ  

    TAQEAQQ LLQELQQ TGQELWQL     GGSGG 

    PELRQKF QQLAQKI QQLLQKFQQLVA  

    KQLEDEE KFIELLE TIL          GGSGG  

    DELRELL KGKLQVI KQQRELLQLVQK  

    AQQLVQK LQQTGQK LW  
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NMR and refinement statistics of Maquette 2 

 Maquette 2 1ip 

open 

 

CYANA Result 

 

 

 

Energy 

Minimizedb 

Maquette 2 1ip 

closed 

 

CYANA Result 

 

 

 

Energy 

Minimizedb 

Automated NOE assignmenta     
15N-resolved NOESY cross-peaks 1758  1758  
13C-resolved aliphatic NOESY cross-peaks 1938  1938  
13C-resolved aromatic NOESY cross-peaks 237  237  
Total no. of NOESY cross-peaks 3933 (100%)  3933 (100%)  
Assigned cross-peaks 2861 (72.7%)  2854 (72.6%)  
Unassigned cross-peaks 1072 (27.3%)  1079 (27.4%)  
     

Structural restraints     
Assigned NOE distance restraints 1918 (100%)  1923 (100%)  
      Short range (|i – j|  1) 1109 (57.8%)  1119 (58.2%)  
      Medium-range (1 < |i – j| < 5) 533 (27.8%)  512 (26.6%)  
      Long-range (|i – j|  5) 276 (14.4%)  292 (15.2%)  
Dihedral angle restraints TALOS-N (/) 190  190  
     

Structure statistics     

Average CYANA target function value (Å2) 2.25  0.41 1.80  0.27 9.48  16.27 2.23  0.45 
Average AMBER energy (kcal/mol) -3829.55  81.08 -4847.10  

132.53 
-3863.46  159.03 -4850.34  

148.53 
     

Restraint violations     

Max. distance restraint violation (Å) 0.95 0.12 2.76 0.13 
No. of violated distance restraints >0.2 Å 13 0 10 1 
Max. dihedral angle restraint violation (°) 6.67 3.59 5.68 3.41 
No. of violated dihedral angle restraints >5° 4 1 4 1 
     

Ramachandran plot     

Residues in most favored regions 92.1% 93.5% 92.6% 93.4% 
Residues in additionally allowed regions 7.8% 6.2% 7.3% 6.3% 
Residues in generously allowed regions 0.1% 0.3% 0.1% 0.3% 
Residues in disallowed regions 0% 0% 0% 0% 
     

RMSD (residues 1-109)**     

Average backbone RMSD to mean (Å) 0.75  0.16 0.76  0.15 0.75  0.19 0.77  0.18 
Average heavy atom RMSD to mean (Å) 1.27  0.14 1.29  0.13 1.23  0.18 1.27  0.17 
     

aUsing structure calculation functionalities of CYANA. 
bAfter restrained energy minimization with OPALp. 
**Pairwise r.m.s. deviation was calculated among 20 structures. 
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Crystallographic data collection and refinement statistics of Maquette 3 

 Maquette 3  

Data collection   

Space group P1  
Cell dimensions   
    a, b, c (Å) 62.7, 65.9, 68.3  
 ()  89.9, 90.3, 117.5  
Resolution (Å) 30-1.85 (1.85-1.75)  
Rmerge 0.051 (0.545)  
I / I 11.3 (2.1)  
Completeness (%) 97.6 (98.5)  
Redundancy 3.4 (3.6)  
   
Refinement   
Resolution (Å) 30-1.85  
No. reflections 76730  
Rwork / Rfree 0.189 / 0.223  
No. atoms   
    Protein 6488  
    Ligand/ion 2  
    Water 123  
B-factors   
    Protein 45  
    Ligand/ion 41  
    Water 46  
R.m.s. deviations   
    Bond lengths (Å) 0.003  
    Bond angles () 1.1  

*Data have been collected from two crystals, values in parentheses are for highest-resolution shell. 
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