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Zusammenfassung 

Diese Arbeit untersucht die Auswirkungen zellulärer Konzentrationen an Makromolekülen auf die 

Faltungseigenschaften, die Dynamik und die Funktion eines Modellproteins. Hohe makromolekulare 

Dichte ist von grundlegender Relevanz für das Verständnis des Aufbaus, der Interaktion und der 

Funktion aller biologischen Systeme, da in einer intakten Zelle Konzentrationen von 200 bis 400 g/L 

an diversen Makromolekülen vorliegen. Dies können sowohl Proteine als auch Nukleinsäuren, Lipide, 

Saccharide sowie Sekundärstoffe des zellulären Stoffwechsels sein. Diese dicht gedrängte Umgebung 

ist konträr zu den Standardbedingungen grundlegender analytischer Arbeiten, welche zumeist 

reduktionistisch durchgeführt werden und in verdünnter, möglichst wenige Komponenten enthaltender 

Umgebung erfolgen. Zum genauen Verständnis des Aufbaus, der Interaktion und der Funktion 

zellulärer Betandteile in vivo ist es nötig, Kenntnis über für den Einfluss des „Makromolekularen 

Gedränges“ auf essentielle zelluläre Prozesse zu erlangen.  

Das in dieser Arbeit eingesetzte Modellprotein ist das Kältschockprotein B von Bacillus subtilis, 

BsCspB (Cold shock protein B). Dieses wird in vivo bei Temperaturen unter 15 °C gebildet und 

fungiert als mRNA Chaperon, wobei die höchste Affinität Hexa- und Heptathymidinsequenzen gilt. 

Kristallstrukturen und Lösungsmittelstrukturen der freien sowie der Nucleinsäuregebundenen Form 

des Proteins sind bekannt, ebenso ist die NMR-spektroskopische Charakterisierung der 

Bindungsfläche seit 2006 verfügbar. Mittels NMR-, CD- und Fluoreszenzspektroskopie, sowohl im 

Gleichgewicht als auch kinetisch, wurde in dieser Arbeit der Einfluss hoher Lösungsanteile der 

Polymere Dextran, Polyethylenglycol und Ficoll verschiedener Molekulargewichte auf die thermische 

und chemische Stabilität des Proteinrückgrates und seiner Seitenketten sowie der Einfluss auf die 

Bindung von BsCspB zu Nucleinsäuren untersucht. Dabei wurde festgestellt, dass Makromolekulares 

Crowding (MC) die chemische und thermische Stabilität in gleichem Maße erhöht. Gemessen an der 

freien Energie der Entfaltung, ΔG0
N↔U, stieg diese durch 100 g/L an Makromolekülen im Schnitt um 

ΔG0
N↔U = 1-3 kJ/mol. Diese Erhöhung der Stabilität korreliert weder mit der Viskosität der Lösung 

noch mit dem Molekulargewicht oder der Hydrophobizität der umgebenden Makromoleküle sondern 

ausschliesslich mit dem Gewichtsvolumen-Anteil der Makromoleküle in Lösung. Weiterhin wurde bei 

der Untersuchung der Faltungsdynamik eine durch MC bedingte Verlangsamung der Entfaltungsrate 

unter hohen Konzentrationen an Makromolekülen gefunden. Der Einfluss des MCs auf die Funktion 

führte zu einer Verringerung der Affinität von BsCspB zu Oligothymidinen variabler Länge, wobei 

die Dissoziationsrate stärker betroffen war als die Assoziationsrate. Die beobachteten Auswirkungen 

auf die Stabilität lassen sich quantitativ mit der Theorie des ausgeschlossenen Volumens begründen. 

Die Beeinflussung der Faltungskinetik mag darüber hinaus einen Hinweis liefern auf ein extrem 

kurzlebiges, kinetisches Intermediat welches durch MC-Bedingungen stabilisiert wird. Weiterhin liegt 

in der Faltungskinetik eine mechanistische Grundlage für erhöhte Stabilität, da das entfaltete 
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Konformationsensemble aufgrund der niedrigeren Entfaltungsrate unter MC-Bedingungen geringer 

populiert ist. Die negative Beeinflussung der Affinität durch MC zeigt, dass die Sequenzspezifität, und 

somit die mögliche selektive Bindung von BsCspB an DNA-Promoterbereiche, mRNAs und weitere 

zelluläre Nucleinsäuren in vivo durchaus unterschiedlich sein kann von den in vitro ermittelten 

Affinitäten. Die Funktion, die in der Bindung sequenzspezifischer Promotorbereiche oder der 

Stabilisierung unspezifischer mRNAs liegt, kann somit durch die Gesamtkonzentration an 

Makromolekülen in der Zelle moduliert werden, und sich in vivo weit von den theoretisch bisher 

erwarteten Bindungsaffinitäten und den daraus folgenden zellulären Aktivitäten entfernen. Damit ist 

ein Grundstein gelegt für die systematische Untersuchung der Auswirkungen zellulärer Umgebung auf 

das Modellprotein BsCspB als ein Vertreter einer weit verbreiteten Strukturform. Es bietet sich an 

diese Erkenntnisse über das Verhalten von BsCspB unter künstlich induziertem MC unter realen 

zellulären Bedingungen, in vivo, zu überprüfen, und die generalisierbaren Beobachtungen dieser 

Arbeit an Modellproteinen anderer verbreiteter Strukturtypen zu validieren.  
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Summary 

This work investigates the effects of cellular concentrations of macromolecules on the folding 

properties, dynamics and function of a model protein. High macromolecular density is of fundamental 

relevance for understanding the structure, interaction and function of all biological systems, since 

concentrations of 200 to 400 g / L of various macromolecules are present in an intact cell, which can 

be proteins as well as nucleic acids, lipids, saccharides and secondary substances of the cellular 

metabolism. This densely packed environment is contrary to standard laboratory conditions, where 

experiments mostly take place in a dilute environment containing as few components as possible. In 

order to understand the structure, the interaction and the function of cellular components in vivo 

exactly, it is necessary to understand the influence of “Macromolecular Crowding” on essential cellular 

processes. 

The model protein used in this work is the cold shock protein B from Bacillus subtilis (BsCspB). 

This protein is expressed in vivo at temperatures below 15 °C and acts as an mRNA chaperone, having 

highest affinity to oligothymidine segments of six to seven nucleotides in length. Crystal structures 

and solvent structures of the free and bound states of BsCspB are known and the nucleic acid binding 

site is well characterized. Using NMR, CD and fluorescence spectroscopy both in equilibrium and 

kinetically, the influence of different volume fractions of the polymers dextran, polyethylene glycol 

(PEG) and Ficoll of different molecular weights on the thermal and chemical stability of the protein 

backbone and its side chains was investigated as well as the influence on the binding of BsCspB to 

nucleic acids. It was found that Macromolecular Crowding (MC) increases chemical and thermal 

stability to the same extent. Measured by the free energy of unfolding, ΔG0
N↔U, stability increased on 

average by ΔG0
N↔U = 1-3 kJ/mol in presence of 100 g/L of macromolecules. This increase in stability 

does not correlate with the viscosity of the solution, nor with the molecular weight nor the 

hydropathicity of the surrounding macromolecules, but only with the weight volume fraction of the 

macromolecules in solution. In regard to folding dynamics a reduced rate of unfolding at high 

concentrations of macromolecules was found. The influence of the MC on ligand binding led to a 

decrease in the affinity of BsCspB to oligothymidines of variable length, with the dissociation rate 

being more affected than the association rate. The observed effects on stability can be explained 

quantitatively with the exclusion volume theory. The investigation of folding kinetics also indicated 

the presence of an extremely short-lived kinetic intermediate that is stabilized by MC conditions, and 

may also be the basis for the increased stability since the unfolding state is less populated at MC 

conditions due to the reduced rate of unfolding. The negative influence of MC on the affinity 

demonstrates that the sequence specificity, and thus the selective binding of BsCspB to DNA promoter 

regions, mRNAs and other cellular nucleic acids in vivo can be quite different from the affinities 

determined in vitro. The protein’s function, which lies in the binding of sequence-specific promoter 
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regions or the stabilization of unspecific mRNAs, can thus be modulated by the total concentration of 

macromolecules present in the cell, diverging from the binding affinities estimated under laboratory 

conditions. This study lays the basics for systematic investigation of the effects of cellular environment 

on the model protein BsCspB being representative of a widespread structural fold. Future verification 

of the observations by in-cell studies as well as the validation of general applicability of the observed 

influence of MC to other structural folds is imminent.  
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1. Introduction 

All living organisms consist of cells which are the smallest single units of life. Within each cell, 

vital functions such as metabolism, growth and reproduction are executed by proteins that catalyze 

chemical reactions. The proteins itself and all cellular building blocks are encoded in the deoxy 

ribonucleic acid (DNA) which is stored inside the cell, and proteins catalyze the transcription of DNA 

into ribonucleic acid (RNA), which are subsequently translated into new amino acid sequences that 

constitute all proteins. Not only the production of DNA, RNA, and proteins but also the regulation and 

initiation of the expression of specific sequences as well as the build-up of organelles, functional 

complexes and furthermore the controlled degradation of disused material is essential for correct 

functioning of the cell. In the past century, the discovery and exploration of structure as well as 

function of a plethora of proteins occurred in vitro, and with the evolution of high resolution techniques 

such as electron microscopy, X-Ray, and NMR spectroscopy, numerous proteins have been 

characterized at atomic detail concerning their structural and functional features in vitro. Despite 

enormous advances in resolution, reaching even to the atomic level, insights about vital networks in 

the cellular context remain limited, as evident by the number of pharmacological agents showing 

activity in laboratory assays but lacking the desired effects in vivo, instead being accompanied by a 

battery of unwanted and unpredictable side effects. As the great majority of all investigations of 

structure and function of proteins take place under laboratory conditions, it is a task for the future to 

translate those findings into the role that each proteins takes on when it encounters the cellular interior, 

which is first of all a highly crowded place. The aim of this thesis is to investigate the basic effects of 

volume-occupancy as it is present in cells on the structure, dynamics and function of proteins as they 

are the essential building blocks of cells and catalyze all basic functions of life. 
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1.1 Macromolecular Crowding 

The term “Macromolecular Crowding” (MC) refers to the conditions present in vivo which are 

fundamentally different from the typical laboratory setup used for biochemical identification, 

structural analysis and functional characterization of biomolecules. In vitro, purified proteins are 

typically analyzed and tested for reaction or interaction in presence of merely a buffering agent and a 

few cofactors essential for the reaction to take place. In contrast, in vivo the cytoplasm is highly 

volume-occupied containing membraneless compartments, granules and droplets as well as numerous 

complex organelles suspended in the cytosol. The cytosol as well as all compartments are crowded 

with small molecules such as salts and metabolites as well as a plethora of macromolecules being 

mainly proteins and nucleic acids that sustain and exert all functions of life within the cell. For the 

cellular interior of Escherichia coli, up to 400 g/L (Zimmerman and Trach 1991) of macromolecules 

have been estimated, a condition which is commonly referred to as “Macromolecular Crowding” 

(MC). Within the cytosol and all cytoplasmic compartments, the essential processes of life take place 

in a tightly regulated manner, and any distortion of these finely tuned interactions leads to disease or 

failure of the biological system. 

A       B 

            

Figure 1 | Schematic representation of Macromolecular Crowding. 

A: Artistic representation of the cellular interior containing membrane separated organelles, cytoskeletal elements and part 

of the nuclear envelope as well as soluble DNA, RNA and protein complexes suspended in the cytosol and within cellular 

compartments, titled “Infinity imagined” by David Goodsell (2019). B: Cartoon representations of cellular macromolecules 

surrounding BsCspB colored in dark red. 

 

 

1.1.1 Analytical Description of MC 

The expression “Macromolecular Crowding” was initially coined by Minton and Wilf 1981 

(Minton and Wilf 1981), where they postulated a theory of mutual exclusion of macromolecules to be 

responsible for the observed effects of MC on the activity of glyceraldehyde-3-phosphate 

dehydrogenase reaction rates. Prior to that, the investigation of the gelation effect of hemoglobin in 
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highly concentrated solutions (Minton 1977) had led Minton and co-workers to attribute distinct 

experimental results to the amount of macromolecules contained in solution. Going further than the 

law of mass action, not only the concentration of the reactive species itself but also the presence of 

diverse kinds of molecules not taking part in the reaction was now found to influence the activity of 

an enzyme which was itself only present at low concentrations in solution (Minton 1981). This effect 

of volume occupancy was best described by a model of protein activity using the scaled particle theory 

as applied earlier by Ogston et al. to describe the effects of size exclusion chromatography (Ogston 

and Silpananta 1970) as well as the effects of large concentrations of hyaluronic acid found in synovial 

fluid (Ogston and Stanier 1953, Ogston 1958, Laurent 1995). This model was in the following 

successfully applied to describe experimental results obtained for excluded volume interactions of 23 

ribosomal proteins with polyethylene glycol (PEG) and dextran (Wills, Georgalis et al. 1995). In 2000, 

Minton incorporated two states into the hard particle model of excluded volume, representing the 

protein in native and unfolded state (Minton 2000). A comparative analysis of the effects of 

confinement in contrast to crowding though predicted a much smaller gain in free energy induced by 

the excluded volume (e.v.) effect (Zhou 2004). Zhou represented the unfolded protein as extended 

chain, and the gain in free energy of folding due to crowding contributed only 0.5 kJ/mol, whereas 

confinement yielded much higher values. Inspired by this work, Minton adapted his e.v. model to 

include a chain with intrachain exclusion for the unfolded state, yielding rough limiting estimates for 

the effect of MC (Minton 2005), but those still exceeded the crowding estimates given by Zhou. In 

2008 both Zhou and Minton published a common statistical-thermodynamic theory (Zhou, Rivas et al. 

2008), including various shapes and sizes of macromolecules, by which they could predict 

approximate qualitative contributions and in favorable cases also quantitative contributions of volume 

occupancy on association equilibria and protein folding stability (figure 2). 

A       B 

              

Figure 2 | Schematic illustration of thermodynamic effects of MC on common protein reactions. 

Thermodynamic cycles illustrating linkage between free energy of transfer of reactants and products from dilute 

solution to crowded medium (ΔFcrowd) and standard free energy (ΔF0) of two-state folding of a protein (A) and 

bi-molecular association in solution (B). ΔF0
UN = standard free energy of folding for reversible two-state 

conversion of the native (N) state to the unfolded (U) state ensemble. ΔFX
crowd = free energy of transfer of the 

respective state from standard (dilute) conditions into crowded medium. Figure adapted from (Zhou, Rivas et al. 

2008). 
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In this theoretical approach, contributions of soft interactions were recognized in their importance 

but their effects could not be assessed analytically. Furthermore, the analytical approaches were only 

capable to describe the effects of solutions containing up to 200 g/L of macromolecules in solution 

correctly, when compared to experiment (Christiansen and Wittung-Stafshede 2013). For higher 

volume-occupancy, experimental results deviated from linearity and the analytical description of this 

state could not be solved mathematically (Christiansen and Wittung-Stafshede 2013). Minton’s 

excluded volume theory was found to be incomplete since it merely gave an explanation for an entropic 

gain in stability by a change in unfolding kinetics. Besides that it was found that not only changed 

unfolding kinetics contribute to stabilization, but also the unfolded state itself can change its 

conformation to a more compact state (Hong and Gierasch 2010). In 2010, Tsao et al. proved that a 

simplified analytical model of the excluded volume effect was comparable to a simulation study of 

protein stability towards urea in presence of various amounts and sizes of macromolecules (Tsao, 

Minton et al. 2010). Thus, crowding research could now resort to computer simulation experiments in 

combination with in vitro and in vivo experiments of comparable setups. Due to the complexity of 

crowded systems, the affordable computer memory limits the simulation of Brownian motions at 

atomic resolution, but coarse-grained simulations or discrete molecular dynamics simulations could 

provide realistic representations of cytoplasmic interactions (McGuffee and Elcock 2010, Yu, Mori et 

al. 2016). Still, experimental evidence to confirm simulated and analytical findings is needed to verify 

theoretical predictions of the qualitative and quantitative effects of MC on protein stability, association 

and activity in vivo. Recently, Minton pointed out that simulation studies need comparison of their 

results with systematically conducted experiments for verifications (Rivas and Minton 2018). Those 

experimental setups should reconstruct the phenomena of MC present in vivo by systematic 

incorporation of the aspects of the in vivo conditions into a controlled experimental setting in order to 

investigate the effects of the contributions of the individual kinds of interactions that might occur in 

vivo. This “bottom-up” approach enables to consider steric interactions and furthermore specific as 

well as unspecific electrostatic and hydrophobic interactions, and should be supplemented with “top-

down” experimental work to further evolve in vivo techniques for thermodynamic investigation of 

protein structure and function(Rivas and Minton 2016). 

1.1.2 Experimental Approaches 

Already in the 1940s, experiments were conducted with various kinds of macromolecules that 

precipitated proteins and viral particles from solutions (Cohen 1942). Systematic experiments using a 

tracer molecule and a background polymer such as PEG or dextran showed that the precipitating power 

of polymers and related effects on proteins in solution were caused by the exclusion of the protein 

from part of the volume in solution (Zimmerman and Minton 1993). Some of the most remarkable 

effects of Macromolecular Crowding on certain proteins are presented exemplarily in the following: 

As a prominent example, the association of the T4 polymerase which is a five subunit holoenzyme 
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was found to increase markedly while no direct increase of polymerase processivity was found in 

presence of 100 g/L of either PEG or dextran, but higher concentrations of macromolecules led to 

reversible precipitation and thereby reduced enzymatic activity (Jarvis, Ring et al. 1990). The build-

up of the cytoskeleton itself was shown to be induced by the presence of globular proteins at 

physiological concentrations (Kulp and Herzfeld 1995). For FlgM, an intrinsically disordered protein, 

it was shown that it gains a distinct structure upon crowding (Dedmon, Patel et al. 2002). Furthermore, 

crowding induced amyloid fibril formation (Shtilerman, Ding et al. 2002), (Luo, Kong et al. 2016) has 

attracted attention as it is an essential clue to the study of aggregation-related diseases such as 

Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral sclerosis. The enzyme Pin1, 

representative for proteins with close to neutral surface properties, was shown to form unexpected 

macromolecular complexes in crowded environment (Luh, Hänsel et al. 2013). Besides that, dynamics 

(Echeverria and Kapral 2012), kinetics (Christiansen and Wittung-Stafshede 2013), enzymatic reaction 

rates (Akabayov, Akabayov et al. 2013) and aggregation properties (Breydo, Reddy et al. 2014) are 

influenced by MC conditions, differing to various extents from the protein states found at dilute 

conditions. Not only proteins, but also other macromolecules such as nucleic acids are influenced by 

the crowded conditions inside cells, for example ribonucleic acid folding stability (Dupuis, Holmstrom 

et al. 2014) as well as ribozyme activity (Desai, Kilburn et al. 2014). The mentioned examples include 

increase in aggregation and stability but also cases of decreased stability and activity and furthermore 

the induction of unprecedented features. All of these are in general not predictable yet by any of the 

analytical approaches on the effects of MC that are available up to date. The investigated systems are 

of high complexity, and many more examples not mentioned here have shown that some proteins have 

been binding specifically to the applied crowding agents used for study or started to exhibit a folding 

behavior that differs from the folding pathways investigated in vitro (Christiansen, Wang et al. 2013). 

For a basic understanding of the effects of MC on proteins, a systematic experimental investigation of 

MC effects is needed, starting with a well-defined setup of lower complexity in order to bridge the gap 

between basic analytical approaches and highly complex experimental results that have been acquired 

in the past. 
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1.2 Structure and Function of Proteins 

All living species are based on the formation of proteins, biological polymers of amino acid 

building blocks that are constructed in each individual organism based on its specific genetic 

information and according to the universal genetic code of translation from the sequence of nucleobase 

triplets into the specific sequence of amino acids. By the individual combination of the chemically 

different moieties of the universal 20 amino acids building blocks used for protein construction, 

manifold structures, sizes and functions of different proteins are achieved (figure 3). The sequence of 

amino acids is called the “primary sequence” that makes up the identity of a protein, a fact that is 

known since Emil Fischer and Franz Hofmeister first discovered the composition of the primary 

sequence of proteins in 1902 (Dill 1990). The amino acids are connected via amide bonds forming a 

chain called the protein backbone, allowing formation of hydrogen bonds of the amide proton and the 

carbonyl group within the backbone. Dependent on the primary sequence, hydrogen bonding of the 

protein backbone leads to formation of α-helical structures or β-sheets, in which the individual 

stretches of the primary sequence are called β-strands. Other than sheets and helices, secondary 

structure elements can be grouped in coils, loops, turns or β-bridges, dependent on the hydrogen 

bonding pattern, length of the element and the neighboring protein backbone structures. Further, 

proteins can take on a specific tertiary structure, referring to the spatial arrangement of sheets, loops 

and helices in respect to each other and involving hydrogen bonds and interactions with side chain 

moieties. An example for tertiary structure is the β-barrel fold, which is formed out of at least two β-

sheets that shape a funnel of variable diameter. 

 

A            B   C   D 

 

 

 

 

 

 

 

 

 

 
Figure 3 | Illustration of structural differences in proteins. 

Exemplarily, four different representative proteins are shown illustrating structured versus unstructured, 

scaffolding versus soluble, and monomeric versus multimeric structures. A: Section of titin (PDB id: 3B43) 

representing large scaffolding proteins. B: Hen egg-white lysozyme as an example for a small soluble protein 

(PDB id: 1DPX). C: The ATP synthase tetramer bound with inhibitory protein IF1 representing a multimeric 

protein complex (PDB id: 6J5K). D: Overlay of 20 lowest energy models of intrinsically disordered Spinach 

Thylakoid Soluble Phosphoprotein (PDB id: 2FFT). 
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Smaller β-barrel proteins often contain hydrophobic side chains in the inside of the barrel forming 

the hydrophobic core, as it is the case for the cold shock proteins (figure 5), whereas large β-barrel 

structures can form a hollow pore. Intermolecular hydrogen bonds and hydrophobic, electrostatic or 

long range charge-charge interactions between individual proteins may further induce quaternary 

structures, referring to the orientation of individual monomers in respect to each other, as it occurs for 

example in a multimeric capsid protein complex. The observation of atomic resolution protein 

structures is only possible since 1958 when the first crystal structure of a protein was solved for 

myoglobin (Kendrew, Bodo et al. 1958). Up to date, a plethora of protein structures has been 

experimentally validated, represented by 164’391 available entries in the PDB1 (protein data base). 

General prediction of protein structures is nowadays becoming more and more refined based on the 

existing databases and the resolution of dominant forces in protein folding. Despite those advances, 

experimental confirmation of macromolecular structures is still indispensable and it is impossible to 

precisely predict the structure of a novel protein as the effects that determine a protein’s specific fold 

cannot be entirely anticipated (Dill, Ozkan et al. 2008). The dominant driving force of protein folding 

is the energetically favorable association of hydrophobic side chains, called the “hydrophobic effect” 

that scales with the energetic gain of transfer of hydrophilic moieties from polar water into the 

hydrophobic core of the protein (Kauzmann 1959, Dill 1990). Other contributing forces such as 

hydrogen bonding and van der Waals interactions are undoubtedly important for protein folding, but 

are not the causative force that folds proteins since hydrogen bonds already exist with solvent 

molecules and there is no gain in free energy by formation of intrachain hydrogen bonds (Kauzmann 

1959). Furthermore, long-range electrostatic interactions that lead to the formation of salt bridges 

between positively and negatively charged side chains are formed early on in protein folding, whereas 

electrostatic interactions involving polar contacts within the protein form only later in protein folding 

when the respective domains are in relative proximity (Dill 1990). Another process occurring prior to 

native structure formation detected in chemically induced protein folding is the “initial collapse” due 

to the gain in free energy upon reduction of volume as well as exposed hydrophobic surface by 

unspecific chain compaction, an effect that leads to the formation of a non-native three dimensional 

structure, dependent on the properties of the amino acids contained in the primary sequence (Ferguson 

and Fersht 2003, Udgaonkar 2013). The correct arrangement of amino acids of an individual protein 

in terms of sequence and structure eventually leads to hydrophobic or hydrophilic, cationic or anionic, 

sterically constricted or flexible regions in the native state of the macromolecule which allows a diverse 

architecture of functional binding sites, catalytically active centers or scaffolding structures that make 

up the cellular machinery of life. Those structures are the origin of cellular growth, metabolism and 

transport, the central features that characterize a living organism. In order to understand the processes 

 

1 RCSB PDB, 2020, PDB Statistics: Overall Growth of Released Structures Per Year. 2020-06-02, 
https://www.rcsb.org/stats/growth/growth-released-structures 
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of life, the knowledge and understanding of protein structure and function, but also of its time 

dependent dynamics, is mandatory. The timescale of protein structure formation varies widely from 

almost instantaneous folding within milliseconds (Schindler, Herrler et al. 1995) up to several minutes 

(Kim and Baldwin 1982). In the unfolded state, which is termed “unfolded ensemble”, interconversion 

of numerous energetically indifferent extended conformations of the unfolded protein chain takes place 

on a time scale of 10-100 ns, while the formation of possible intermediate states in the folding pathway 

usually occurs on a timescale of milliseconds (Bachmann and Kiefhaber 2005). The folding pathway, 

describing the conformational changes that a protein chain undergoes when it takes on the final 

structure in the folding reaction, can include energetically separated intermediate states. As such states 

can be on-pathway, off-pathway, or even parallel folding pathways, the folding reaction is 

energetically best described with the picture of a folding landscape in which valleys correspond to 

intermediates states, the bordering hills represent the transition states and the global minimum of the 

energetically lowest conformation represents the native state (figure 4), (Dill, Ozkan et al. 2008). 

 

A      B 

 

 
Figure 4 | Examples of protein folding pathways. 

A: Schematic representation of one single pathway of a folding reaction including the unfolded ensemble (U), 

an intermediate state (I), two transition states (TS), and the native state (N). B: Folding landscape energy profile 

illustrating the possible presence of multiple conformational folding pathways that share a global minimum at 

the bottom of the folding funnel representing the native state (N). 

 

In this area, progress has been made in the recent decades due to the development of high 

resolution techniques, leading to a detailed understanding of protein structure, folding and dynamics 

up to atomic resolutions, and insights have been in part transferred to the fields of macroscopic biology, 

pharmacology and medicine who profited from insights gained about cellular proteostasis and 

malfunction of proteins involved in disease. Work with isolated proteins led to the elucidation of 

biochemical pathways in vitro and enabled their analytical use in developments such as diagnostic 

techniques or the production of pharmaceuticals based on peptides. Despite those advances, many open 

questions remain today concerning in vivo interaction networks, and many connections that exist in 

cells and in organisms cannot be explained simply by the sum of all isolated parts of the system 

(Gierasch and Gershenson 2009).   
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1.3 The Model Protein BsCspB 

The Bacillus subtilis cold shock protein BsCspB was first purified, crystallized and characterized 

by Marahiel et al. in 1992 (Schindelin, Herrler et al. 1992, Willimsky, Bang et al. 1992, Schindelin, 

Marahiel et al. 1993), and its solution structure (figure 5A), (Schnuchel, Wiltscheck et al. 1993) as 

well as several structures in complex with single stranded nucleic acid ligands were characterized later 

on. These are for example: 2ES2, the crystal structure of BsCspB in complex with dT6 (Max, Zeeb et 

al. 2006); 2F52, the solution structure of BsCspB in complex with heptathymidine (dT7), (Zeeb, Max 

et al. 2006) and 3PF4, the crystal structure of BsCspB in complex with the ribonucleic acid sequence 

GUCUUUA (figure 5B), (Sachs, Max et al. 2012). By sequence homology analysis, two RNA-binding 

sites have been assigned, namely RNP1 (residues 13-20) and RNP2 (residues 26-29). BsCspB consists 

of 67 amino acids, has a molecular weight of 7.365 kDa and forms a five-stranded antiparallel beta 

barrel with a negative charge of -5.8 at pH 7, it is thus an acidic protein with a predicted pI of 4.5. The 

two sides of the barrel possess opposing properties, as the nucleic acid binding site is amphiphilic 

consisting of hydrophobic and positively charged solvent exposed residues, whereas the opposite face 

of the binding site is covered by negatively charged residues. In detail, centered on β-strands two and 

three lies a hydrophobic patch consistent of the residues W8 in β -strand one, F15, F17, V26, F27, V28 

and H29 in β -strands two and three, and F30 and F38 residing in the loop connecting β-strands three 

and four (Max, Zeeb et al. 2006). This patch is adjoined by positively charged residues, namely K7, 

K13, D25, H29, and R56, and bordered by protrusions of two adjacent loops, the one connecting β-

strands one and two, the other connecting beta strands four and five (figure 5C), (Max, Zeeb et al. 

2006). At this amphiphilic site, the nucleic acid binds with the 5’ end of the nucleic acid closer to β-

strand three and the 3’ end closer to β-strand two (Dickey, Altschuler et al. 2013).  

 

A    B     C 

         

 

Figure 5 | Bacillus subtilis Cold shock protein B (BsCspB). 

A: The NMR solution structure (PDB id: 1NMG) of free BsCspB as cartoon representation showing the typical 

β-barrel fold. B: The crystal structure (PDB id: 3PF4) of BsCspB as cartoon representation bound to the 

ribonucleic acid sequence GUCUUUA. C: The NMR solution structure (PDB id: 2F52) of the dT7-bound 

complex as surface representation showing the interaction site, colored by negatively charged (red), positively 

charged (blue) and neutral (white) areas.  
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The β-barrel fold of BsCspB is characteristic for the oligo binding family and it shows 43% identity 

(Willimsky, Bang et al. 1992) with eukaryotic DNA binding proteins that share the cold shock domain 

involved in transcriptional and translational regulation, often targeting the Y-box motif in single 

stranded oligonucleotides (ssDNA) with the core sequence ATTGG (Graumann and Marahiel 1994). 

Even though the Y-box motif served as a starting point for investigation of sequence specificity in 

nucleic acid binding, there was only moderate affinity to this sequence detected (KD = 3.9 µM, (Zeeb 

and Balbach 2003). Highest affinities were found to exist for poly-pyrimidine and especially poly-

thymidine stretches of six to seven nucleotides in length (Lopez, Yutani et al. 1999), namely affinities 

of KD = 362 nM for dT6 and even KD = 1.8 nM for dT7 at standard conditions (Zeeb, Max et al. 2006). 

With 61% identity (Willimsky, Bang et al. 1992), BsCspB is an analogue of the cold shock protein 

CspA of E. coli which was first identified as protein “F10.6” (Jones, VanBogelen et al. 1987). The 

corresponding gene cspA was identified in an independent study, who termed the respective transcript 

“CS7.4” (Goldstein, Pollitt et al. 1990). Functional investigation of BsCspB and its homologues shows 

an elevated expression upon reduction of growth temperatures below 15°C (Willimsky, Bang et al. 

1992) but also upon nutritional upshift (Yamanaka and Inouye 2001) and in stationary phase 

(Graumann and Marahiel 1999). In the last decade, the study of Csp homologues of other organisms 

revealed that cold shock proteins are also involved in stress responses towards various environmental 

disturbances such as changes in salt concentration and pH (Loepfe, Raimann et al. 2010, Derman, 

Söderholm et al. 2015), thereby cold shock proteins of pathogenic bacteria are involved in host cell 

invasion, as they encounter harsh conditions in their host environment (Wang, Wang et al. 2014). 

Besides that, they are involved in motility, biofilm and persister cell formation as well as antimicrobial 

resistance (Duval, Mathew et al. 2010, Michaux, Martini et al. 2012, Derman, Söderholm et al. 2015, 

Keto-Timonen, Hietala et al. 2016). Mechanistically, the induction supposedly occurs by the 

thermosensitive rearrangement of the 5’ untranslated region of the cold shock protein mRNA 

(Giuliodori, Di Pietro et al. 2010). Deletion of BsCspB is lethal at freezing temperatures, but pre-

incubation of cells at 10°C has a rescuing effect (Willimsky, Bang et al. 1992) which demonstrates 

that cold shock protein variants can potentially compensate for each other. For B. subtilis, two 

additional homologues of BsCspB are known, namely BsCspC and BsCspD (Schindler, Graumann et 

al. 1999), whereas in E. coli nine homologues are encoded in the genome (Yamanaka, Fang et al. 

1998). Upon decrease of temperature, cold shock proteins function as transcriptional enhancer of the 

synthesis of other cold shock inducible proteins (Willimsky, Bang et al. 1992), presumably by 

transcription antitermination (Bae, Xia et al. 2000), and regulate Csp synthesis by binding to the 5’ 

untranslated region of their own mRNA (Hochachka and Somero 2002). Functionally, they are RNA 

chaperones that stabilize the cellular RNA present when cold shock occurs in order to prevent 

unwanted secondary structure formation or collapse of RNAs (Jiang, Hou et al. 1997). As B. subtilis 

resides in the upper soil regions, it regularly encounters temperature shift, i.e. upon nightfall, and the 
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raised expression of cold shock proteins lasts for one to two hours needed for cold adaption 

(Graumann, Schröder et al. 1996), and is readily degraded thereafter.  

Thermodynamically, BsCspB has an extremely low conformational stability of 12.4 ± 0.4 kJ/mol 

(Schindler, Herrler et al. 1995), thus it rapidly folds and unfolds at physiological temperatures. With 

a folding rate of kn = 690 s-1 and an unfolding rate of ku = 36 s-1 at standard conditions (Schindler, 

Herrler et al. 1995) it is inherently 5% unfolded at steady state as folding occurs fully reversible in 

solution. Both binding and stability are salt dependent at high salt concentrations, as no binding occurs 

anymore in presence of 1 M NaCl (Lopez, Yutani et al. 1999) and stability is strongly enhanced in 

presence of 0.4 M potassium phosphate (Jacob, Schindler et al. 1997). There are numerous cold shock 

protein variants present that share extremely fast folding kinetics (kn ≈ 1000 s-1) but exhibit a wide 

range of stability. By conservation analysis of the oligo binding fold (Mirny and Shakhnovich 1999) 

it has been revealed that residues responsible for BsCspB stability differ from those responsible for 

folding kinetics. Precisely, protein stability and nucleic acid binding function are conferred by the 

same set of solvent exposed residues, namely F15, F17, and F27 (Schindler, Perl et al. 1998), thus 

BsCspB is stabilized when bound to nucleic acids. The residues V8/9, I20/21, V50/51, V66/67, were 

found by Mirny et al. to be highly conserved throughout the whole domain of small oligo binding 

proteins, and therefore suggested to form a folding nucleus responsible for the conserved, extremely 

fast folding kinetics of this protein family (Mirny and Shakhnovich 1999), but those residues do not 

match with BsCspB sequence positions as in those positions the residues W8/F9, I51/V52, E66/A67 

are located. A frequency alignment of 250 Csp sequences performed in 2007 yielded the residues Y6, 

F9, I18, V26, V28, I33, L41, V47, F49, and V63 to be well conserved in the hydrophobic core, and 

another fairly well conserved set of surface exposed residues involved in DNA binding: K7, W8, F15, 

F17, D25, F27, H29, F30, F38, K39, R56, and Q59 (Max, Wunderlich et al. 2007). In addition, the 

sequence dependent stability of BsCspB has been well investigated by mutational analysis of numerous 

residues (Martin, Kather et al. 2002, Garcia-Mira, Boehringer et al. 2004, Max, Wunderlich et al. 

2007). By simulation as well as experimentally, the folding transition state has been well characterized, 

as the β-sheet is fully formed in the transition state and partial interaction of β-strand one with β-strand 

four is present (Garcia-Mira, Boehringer et al. 2004). Further, consent exists that the transition state 

of cold shock proteins is extremely native-like (Karanicolas and Brooks 2003). Besides the classical 

two-state folding behavior expected for a small protein like BsCspB (Schindler, Herrler et al. 1995), 

there have been suggestions of intermediate sates been postulated as well (Huang and Shakhnovich 

2012, Guinn, Kontur et al. 2013).  
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1.4 Spectroscopic Techniques for the Study of Proteins 

Spectroscopic techniques rely on the irradiation of sample matter with electromagnetic waves and 

subsequent detection of the emitted or transmitted waves. The difference in the emitted and detected 

electromagnetic signal reports about the chemical environment of the sensitive molecular arrangement 

that has been encountered. For the study of proteins, multiple spectroscopic techniques are of use such 

as absorbance, circular dichroism (CD), fluorescence, or nuclear magnetic resonance (NMR) 

spectroscopy which can be characterized by the employed spectral region, by the molecular type of 

interaction with electromagnetic irradiation, by the subunit responding to the irradiation such as nuclei, 

electrons, or molecular structures, and by the property of the electromagnetic wave that is being 

emitted and detected, which may be either the electric or the magnetic component. Absorbance 

spectroscopy relies on the detection of transmission of the given irradiation as it passes through or is 

absorbed by the protein sample, which allows to determine concentration and purity by use of the 

specific absorbance properties. Here, the absorbance in the “near UV” or aromatic region is of special 

interest, as the aromatic amino acids as well as the DNA bases own absorbance maxima in the range 

of 250 and 280 nm. Proteins that do not bear aromatic residues can furthermore be detected by 

absorbance of the amide-proton backbone in the range of 180 to 230 nm (Schmid 2005). CD 

spectroscopy also relies on the detection of transmitted irradiation passing through the sample. 

Furthermore, it makes use of the fact that left-handed and right-handed circularly polarized light is 

absorbed unequally by asymmetric molecules. CD spectroscopy can be used to assess the content of 

α-helices and β-sheets in the secondary structure of a peptide or protein. In the far UV region ranging 

from 170 to 250 nm, the dichroic absorbance of amide bonds around 210 nm leads to CD bands in the 

detected signal that enable the calculation of the content of different secondary structures in a protein 

(Venyaminov and Yang 1996, Schmid 2005). Beside this spectral region, also near UV CD spectra in 

the spectral region of 250 to 300 nm are used to monitor aromatic resides and in some cases also 

disulfide bonds causing dichroic absorbance. These spectra elucidate the presence of ordered structures 

such as a native fold of the protein that limits the mobility of aromatic residues, as when the aromatic 

residues are fully mobile, there is no contribution to the CD signal. These spectra cannot serve for the 

calculation of specific structural content but serve as a fingerprint for the native fold of the specific 

protein (Schmid 2005). Experimentally, far UV CD spectroscopy is well suited to follow the course of 

protein folding reactions, for example by following the loss in secondary structure upon heating of the 

sample. Both Fluorescence and NMR spectroscopy are introduced in more detail in the following. 
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1.4.1 Fluorescence Spectroscopy 

Just as absorbance and CD spectroscopy, fluorescence spectroscopy makes use of the electric field 

component of the irradiation in combination with simultaneous detection due to almost instant 

emission of fluorescence. The effect of fluorescence results from the excitation of electrons which 

upon absorption of a specific wavelength occupy an energy state of excitation from which they relax 

into the ground state while emitting light of a frequency corresponding to the energy difference 

between ground state and lowest excited state. Since prior to the emission a process of relaxation to 

the lowest accessible excited state occurs, the emitted wavelength is necessarily longer than the 

wavelength used for excitation. Fluorescence spectroscopy with proteins is facilitated by the inherent 

fluorescence of the indole group of the amino acid tryptophan, which has an excitation maximum at 

278 nm and an emission maximum above 320 nm, dependent on the respective chemical environment 

in the protein (Schmid 2005). Changes in the maximum of the fluorescence emission or the intensity 

of a protein’s tryptophan indole group are indicative for ligand binding or structural changes in the 

protein. Additionally, the emission maximum is temperature dependent which requires fluorescence 

spectroscopic investigations to be conducted isothermally. Besides the observation of steady state 

fluorescence, experimental application of kinetic fluorescence spectroscopy relies on the time resolved 

detection of fluorescence emission upon initialization of a chemical reaction such as unfolding of a 

protein or an association process that influences the emission of the fluorophore. Manual mixing and 

subsequent acquisition of consecutive spectra is sufficient for reactions of several minutes or hours, 

whereas the study of processes on the second to millisecond timescale requires automated mixing 

machines that inject the reaction mixture directly into the measuring chamber. Stopped flow machines, 

which can as well be coupled to absorbance or CD spectroscopy used for detection, consist of two 

syringes that are rapidly and simultaneously emptied by a pneumatic mechanism, and the flow of 

reactants is stopped upon reaching the adjustable stop volume. Injection of the reaction mixture into 

the measuring chamber occurs with a dead time of at least one millisecond in regard of the first contact 

of the two solutions in the injection pipeline. A second set of syringes allows premixing of two 

reactants and storage of the reaction mixture in an ageing loop for a specific time, to continue with a 

second mixing step before the initial reaction has reached equilibrium, enabling a type of experiment 

termed “double jump”. The ageing time may be varied by the user to continue, stop or invert the 

processes taking place in stored reaction mixture at the desired stage. Thus, kinetic fluorescence 

spectroscopy gives qualitative and quantitative access to lifetimes and populations of educts, products 

and kinetic intermediate states of the reaction. 

  



 

 

 

Introduction  23 

1.4.2 NMR Spectroscopy 

The basis of NMR spectroscopy is the phenomenon of nuclear magnetic resonance as described 

by I. Rabi 1938 (Rabi, Zacharias et al. 1938). A sample containing nuclei with a nuclear spin different 

from zero interacts with an external magnetic field, whereby the macroscopic magnetization rotates at 

a specific frequency around the axis of the magnetic field. By irradiation of the sample with radio 

frequency pulses an excitation of the respective nuclei allows subsequent acquisition of the free 

induction decay, which is a superimposition of resonance signals of the nuclei contained in the sample 

that can be Fourier transformed into the NMR spectrum. As the magnetic resonance frequency of a 

nucleus is influenced by its chemical environment, frequencies differ dependent on the chemical 

connectivity of the nucleus and therefore NMR spectroscopy allows atomic resolution structural 

assignments of resonance frequencies to the molecular structures contained in the sample. For small 

molecules, resonance signals are well distinguishable whereas for macromolecules, one dimensional 

NMR spectra yield an overlay of numerous undistinguishable signals. In spite of that, only few years 

after Bloch and Purcell used the NMR effect for the study of small organic molecules (Bloch 1946, 

Purcell, Torrey et al. 1946), scientists advanced the field of biomolecular NMR. The first proton NMR 

spectrum recorded for a protein was a 40 MHz spectrum of ribonuclease reported in 1957 (Saunders, 

Wishnia et al. 1957), and a comparative NMR study of the native and unfolded protein state was 

published 1962 (Kowalsky 1962). By the development of multidimensional NMR (Wider and 

Wüthrich 1999), including the nowadays most frequently used 1H15N HSQC and 1H13C HSQC 

experiments, deconvolution and assignment of amide protons as well as carbon bound proton signals 

allowed the detailed study of protein structure, thereby laying the foundation for the high spectral 

resolution of modern solution state NMR spectroscopy (Markley and Westler 2017). Besides the 

structural assignment, modern NMR spectroscopy of proteins in solution gives access to protein 

dynamics at a broad range of timescales (figure 6). 

 

 

Figure 6 | Logarithmic NMR timescale presenting selected spectroscopic applications. 

The observed macroscopic processes are denoted above, selected experimental techniques are denoted below the 

timescale. R1, R2, and hNOE refer to the longitudinal and transversal relaxation rate and the heteronuclear 

Overhauser effect, respectively. R1ρ refers to the longitudinal relaxation rate in the rotating frame and CPMG 

indicates the Carr-Purcell-Meiboom-Gill spin echo pulse sequence used for determination of the dispersion of 

the transversal relaxation rate. The dynamics probed by the respective experiments can be divided into slow 

(kex < Δω), intermediate (kex ≈ Δω), and fast (kex > Δω) events with kex = exchange rate constant and 

Δω = difference in chemical shifts of two exchanging states. Adapted from (Zeeb 2004, Kovermann, Rogne et 

al. 2016). 
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The movements detectable by NMR range from conformational changes taking minutes or hours 

to the change in conformations at the scale of seconds, ms, ns or ps. The dynamics of the protein 

backbone on the slow NMR timescale are accessible i.e. by amide-proton-exchange experiments 

(Wagner and Wüthrich 1982, Wand, Roder et al. 1986). In combination with quenched-flow sample 

preparation it is possible to capture time-dependent atomic resolution exchange and thereby 

characterize intermediate states in protein folding pathways (Roder, Elöve et al. 1988, Udgaonkar and 

Baldwin 1988, Briggs and Roder 1992, Radford, Dobson et al. 1992, Varley, Gronenborn et al. 1993). 

One amide-proton exchange experiment is the modified MEXICO approach (measurement of 

exchange rates in isotopically labeled compounds) (Gemmecker, Jahnke et al. 1993, Koide, Jahnke et 

al. 1995), in which intensities of cross signals are rising by exchange of the amide protons with solvent 

protons whereas amide protons that are protected from solvent exchange are rather unaffected. In 

general, NMR spectroscopy has become a very versatile tool as it is applied as an analytical technique 

in chemistry resolving the structures of small molecules in solution as well as in solid state, as a 

diagnostic tool in the medical context yielding spatial resolution by magnetic resonance imaging 

(MRI), as quantitative and analytical tool in the field of metabolomics for the analysis of complex 

mixtures discerning and quantifying metabolites with higher reproducibility than the alternative 

technique of LC-MS, and finally an indispensable tool for structural biology. Nowadays, solution state 

NMR is capable of solving structures of proteins up to a few hundred kDa with atomic resolution by 

partial or complete isotopic labeling, insertion of NMR sensitive heteroatoms or attachment of 

paramagnetic labels (Kovermann, Rogne et al. 2016). A major contribution of NMR is that the de novo 

calculation of protein structures by solution state NMR shows a distribution of the most encountered 

conformational ensemble of a protein in solution that can complement static crystal structure data to 

reveal a realistic picture of proteins in vivo, at atomic resolution and dynamics over a wide range of 

timescales. Consequently, high resolution NMR is best suited to investigate the effects of MC 

conditions on protein structure, function and dynamics. 
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1.5 Aim of this Work 

The aim of this thesis is to investigate the effects of volume-occupancy prevalent in cells on the 

structure, dynamics and function of a model protein by mimicking cellular levels of macromolecular 

crowing (MC) using synthetic polymers. A well-studied model protein, BsCspB, was selected to be 

immersed into crowded solutions using polyethylene glycol as well as dextran of various molecular 

weights. In order to probe thermodynamic stability of the protein’s native state, thermal and chemical 

unfolding was conducted in presence and absence of MC monitored globally by fluorescence, CD and 

NMR spectroscopy. Using high resolution NMR spectroscopy, steady state structural changes were 

observed. Further, kinetic fluorescence measurements monitored MC induced changes in the folding 

pathway of the model protein. Finally, the effect of MC on the ligand binding function of the model 

proteins was investigated by steady state as well as kinetic fluorescence measurements and high-

resolution NMR titration experiments. By these means, the effects of MC conditions were concisely 

investigated and the protein BsCspB is comprehensively characterized at synthetically mimicked in 

vivo conditions.  

 

Figure 7 | Influence of Macromolecular Crowding on the protein folding reaction. 

Upper panel: Schematic representation of the unfolded protein chain which folds reversibly to attain 

the native state structure of BsCspB (PDB id: 1NMG) in dilute environment. Lower panel: Transfer to 

mimicked in vivo conditions using synthetic polymers represented by gray macromolecules. 

 

 

In the following, insights into the structural stability under crowded conditions are presented 

(section 3.1) as well as the MC induced modifications of folding kinetics (section 3.2). Finally, the 

effects of MC on the ligand binding function of the model system are explored (section 3.3). Parts of 

the presented work concerning steady state effects of MC have been published previously (Köhn and 

Kovermann 2019).  
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2. Material and Methods 

2.1 Protein Expression 

Chemically competent E. coli cells of the strain BL21 DE3 were purchased from New England 

Biolabs (NEB). The plasmid pET11a carrying the nucleic acid sequence of BsCspB was kindly 

provided by R. Sachs. Competent cells were transformed according to the standard procedure as 

described by the manufacturer. Transformation efficiency was controlled by plasmid extraction using 

the Plasmid Miniprep Kit (Biozym), sequencing occurred by Sanger sequencing using GATC services 

(eurofins Genomics). Successfully transformed cells were aliquoted under addition of 50% glycerol, 

shock frozen in liquid nitrogen and subsequently stored at -80°C. For expression of unlabeled BsCspB, 

dYT medium supplemented with a final concentration of 300 mg/L Carbenicillin was utilized, for 

expression of 15N or 13C labelled BsCspB, M9 minimal medium, using 15N ammonium chloride and 

13C glucose (Cortecnet) as nitrogen and carbon source, supplemented with 300 mg/mL Carbenicillin 

was used (table 1). All components were either sterilized by filtration or autoclaved prior to use. 

Transformed cells contained in 20 µL stock culture were inoculated in 10 mL dYT medium 

supplemented with 300 mg/L Carbenicillin for at least eight hours or overnight while shaking at 37°C. 

The cells were transferred into 250 mL medium of the respective composition (table 1) and incubated 

Table 1 | cultivation media. All components were autoclaved prior to use, if not indicated otherwise. 

dYT medium 10 g/L yeast, 16 g/L tryptone, 5 g/L NaCl 

M9 medium 

200 mL 5xM9, 2 mL TS2, 1 mL 1M MgSO4, 1 mL 0.1M CaCl2, 1 mL 10mM 

Fe(III)-citrate (sterile filtered), 20-40 mL 10-20 % (w/v) glucose (sterile 

filtered), 775 mL H2O 

5xM9 stock 85 g/L Na2HPO4‧12H2O, 15 g/L KH2PO4, 2.5 g/L NaCl, 5 g/L NH4Cl 

TS2 stock 

100 mg ZnSO4‧7H2O, 30 mg MnCl2‧4H2O, 300 mg H3BO3, 200 mg 

CoCl2‧6H2O, 20 mg NiCl2‧6H2O, 10 mg CuCl2‧2H2O, 900 mg 

Na2MoO4‧2H2O, 20 mg Na2SeO3 per 1L H2O (sterile filtered) 
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while shaking at 37 °C overnight. Six liter of the respective medium were inoculated with the overnight 

culture to reach an approximate OD of 0.15 and incubated at 37 °C under shaking while monitoring 

growth. At an OD of 1.1, protein expression was induced by addition of IPTG to a final concentration 

of 1 mM. After three hours, cells were pelleted by centrifugation at 7000 rpm and 4 °C for 20 minutes 

using a SORVALL centrifuge. The pellet was stored at -20 °C.  

2.2 Protein Purification 

Cells were thawed and resuspended at 4 °C in lysis buffer using 5-10 mL lysis buffer (table 2) per 

1 mg pellet. Sonication occurred on ice in a rosette cooling cell (Branson) with a total volume of 50-

300 mL lysate, applying a pulsed program of 3:20 minutes total per each 50 mL of lysate with intervals 

of 2 s sonication pulses and 1 s pause. Lysate temperature was controlled to stay below 15 °C, 

sonication was paused to allow decrease of temperature if necessary. The lysate was centrifuged at 

20’000 rpm and 4 °C for 30 minutes in a SORVALL centrifuge and subsequently filtered using a pore 

size of 0.45 µm. 

2.2.1 Anion Exchange Chromatography 

Chromatography occurred using an Äkta pure chromatography system (GE) at 4 °C. The lysate 

was diluted to equal parts with buffer A (table 2) and transferred on an XK-50 column (GE) filled with 

100 mL Fractogel EMD TMAE (Merck), which was equilibrated with buffer A. Sample flow through 

and the following column wash with buffer A were discarded after successful completion of the 

chromatography, BsCspB was eluted by a gradient from 0 to 100 % of buffer B. Elution was monitored 

by conductivity and absorbance at 214, 260 and 280 nm and fractions with high Absorbance at 280 nm 

and the respective conductivity expected for BsCspB elution were probed for presence of BsCspB by 

polyacrylamide gel electrophoresis with sodium dodecyl sulfate (SDS-PAGE).  

Table 2 | Buffers used for chromatography. All buffers were sterile filtered and degassed prior to use. 

Lysis buffer 50 mM TRIS / HCl, pH 8.0 

Buffer A 50 mM TRIS / HCl, pH 7.8 

Buffer B 50 mM TRIS / HCl, pH 7.8, 1 M NaCl 

Buffer C 50 mM TRIS / HCl, pH 7.6 

Buffer D 50 mM TRIS / HCl, pH 7.6, 2.3 M ammonium sulfate 

Gel filtration buffer 50 mM TRIS / HCl, pH 7.2, 100 mM KCl 
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2.2.2 Hydrophobic Interaction Chromatography 

Fractions containing BsCspB were united and enriched with ammonium sulfate to a final 

concentration of 2.3 M. Precipitated impurities were removed by centrifugation and filtration. 

Hydrophobic interaction chromatography occurred using a 25 mL butylsepharose column (HIPrep 

Butyl FF 16/10, GE), equilibrated with buffer D (table 2). Elution occurred by applying a gradient of 

0 to 100 % with buffer C. Elution was monitored and fractions were analyzed as above.  

2.2.3 Size Exclusion Chromatography 

Samples containing BsCspB were unified and buffer exchange and concentration occurred using 

centrifugal filters (Amicon, Merck) with a cutoff of 3 kDa Molecular weight. Sample was equilibrated 

with gel filtration buffer (table 2) and loaded in 1.5 mL fractions onto a HiLoad Superdex 75 16/60 

column by use of a 10 mL super loop. Elution occurred with gel filtration buffer, applying a flow rate 

of 0.5 to 1 mL per minute. Elution was monitored and fractions were analyzed as above. Fractions 

containing pure BsCspB were united, and by use of centrifugal filters concentrated in storage buffer. 

2.2.1 Protein Concentration Measurement 

Protein concentration was controlled by absorbance spectroscopy using an Agilent 8453 UV-

visible Spectroscopy System (Agilent Technologies) at room temperature by dilution of 2 to 20 µL of 

sample volume with 1-2 mL of the respective buffer used for blank measurement. Protein 

concentration was calculated by use of the absorbance at 280 nm and the respective absorbance 

coefficient of ε280 = 5’800 M-1cm-1 (Zeeb and Balbach 2003). 

2.2.1 Protein Storage Conditions 

For protein folding experiments, BsCspB was stored in 20 mM sodium cacodylate at pH 7, for 

nucleic acid association, 20 mM sodium phosphate at pH 7 were used. Buffer exchange and sample 

concentration was carried out using centrifugal filters (Amicon, Merck). Protein concentration has 

been determined with an absorbance spectrometer; the extinction coefficient used for BsCspB was 

ε = 5800 M-1cm-1 (Schindler, Herrler et al. 1995). Aliquots were shock frozen and stored at T = 193 K.  

2.2.1 Sample Preparation 

For steady state measurement of chemical denaturation, samples were prepared from stock 

solutions of urea (ultra-pure, MP), GdmCl (ultra-pure, MP), sodium cacodylate (Alfa Aesar) and the 

following crowding agents: dextran of a molecular weight of 20 kDa (DextranT20, technical grade, 

Pharmacosmos), polyethylene glycol (PEG) of a molecular weight of 1 kDa, 8 kDa and 35 kDa (Roth). 

All ssDNA sequences were supplied from biomers.net.  
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2.3 Steady State Fluorescence Spectroscopy 

2.3.1 Chemical Denaturation  

For each chemical unfolding transition, a series of samples with a volume of 1.8 mL was prepared 

containing 1.4 μM BsCspB in 20 mM sodium cacodylate/HCl, pH 7.0, and various amounts of urea in 

presence or absence of MC. Samples were thermally equilibrated in a water bath prior to measurement. 

Measurement occurred under stirring in a temperated holder at T = 298 K, using a silica glass cuvette 

of 10 mm diameter (Helma). An FP-8500 spectrofluorometer (Jasco) was used for excitation at 

280 nm, detection of fluorescence emission spectra occurred from 290 nm to 400 nm, and fluorescence 

intensity readout occurred at a wavelength of 342 nm. For each chemical unfolding transition, 31 to 

38 measuring points were recorded with each measuring point being the average of triplicate 

measurements. The exact concentration of urea and GdmCl was determined via refractive index 

measurements, using the equations (Pace, Grimsley et al. 2005): 

ὧ ρρχȢφφЎὔ ςωȢχυσЎὔ ρψυȢυφЎὔ  

and ὧ υχȢρτχЎὔ σψȢφψЎὔ ωρȢφ Ўὔ  

where Ўὔ is the difference in the buffer’s refractive index at the measured concentration of urea to the 

respective buffer’s refractive index at 0 M urea. In respect to the buffer’s background fluorescence, all 

raw data were corrected by subtracting the values of data regression for blank measurements under the 

respective conditions. For data regression of chemical unfolding the model of Santoro et al. (Santoro 

and Bolen 1988) has been employed which relates the intensity measured at 342 nm, I342nm, to the 

respective concentration of denaturant, cdenat, by use of six free parameters according to the equation: 

Ὅ ὧ Ȣ = 

Ὣ ά ὧ Ȣ Ὣ ά ὧ Ȣ ÅØÐ
ΔὋᴾ
RT

ά ὧ Ȣ
RT

 

1 ÅØÐ
ΔὋᴾ
RT

ά ὧ Ȣ
RT

 

where Ὣ  and Ὣ represent the intercepts of the native and unfolded baselines and ά  and ά  the 

respective slopes. The fitting procedure yields values for the free energy of unfolding at 0 M urea, 

ΔG0
N↔U, and the cooperativity of unfolding, m. The midpoint for protein unfolding, cM, has been 

calculated by use of the relation cM = ΔG0
N↔U / m. The cooperativity of folding, m, has been used as 

global fitting parameter in a set of experimental data concerning different volume fractions of one 

particular crowding agent in combination with one denaturant species. All steady state transitions were 

analyzed by using the software Igor as well as OriginLab.  
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2.3.2 Protein - DNA Association 

Thermally equilibrated samples were measured under stirring in a temperated holder at T = 298 K, 

using a silica glass cuvette of 10 mm diameter (Helma). An FP-8500 spectrofluorometer (Jasco) was 

used for excitation at 280 nm, detection of fluorescence emission spectra occurred from 290 nm to 

400 nm. Fluorescence intensity readout occurred at a wavelength of 342 nm. Samples contained 

20 mM disodium phosphate at pH 7, and variable amounts of polyethylene glycol of a molecular 

weight of 1 kDa (PEG1) and 8 kDa (PEG8) (Roth). Titrations started at a protein concentration of 

4 µM, stepwise addition of the respective oligonucleotide to final concentration of 20 µM caused a 

final increase in sample volume of < 3 %. For each titration, at least 28 measuring points were recorded 

where each measuring point is the average of triplicate measurements. The concentration of nucleic 

acids was determined via absorbance measurement using a NanoDrop One (Thermo Fisher) with the 

specific extinction coefficients ε260
dT4 = 36’800 M-1‧cm-1, ε260

dT5 = 46’000 M-1‧cm-1, 

ε260
dT6 = 55’200 M-1‧cm-1 and ε260

dT7 = 64’400 M-1‧cm-1. In respect to the buffer’s background 

fluorescence, all raw data were corrected by data regression of blank measurements with increasing 

concentrations of each oligo nucleotide under the respective buffer condition. Analysis of steady state 

fluorescence data occurred according to the binding equation (Lohman and Bujalowski 1991, Eftink 

1997):  

ὗ ὗ
ὃ τὲ ὖ ὒ

ς ὖ
 

with  

ὃ ὑ ὖ ὲ ὒ  

where Q stands for quenching of intrinsic tryptophan fluorescence of W8 upon addition of nucleotide. 

Qmax represents the maximal quenching observed upon saturation of BsCspB with the respective 

ssDNA. [P]0 and [L]0 are the overall concentrations of protein and ligand, n is the stoichiometric 

binding factor of the protein - DNA complex, and KD is the dissociation constant of the complex. Data 

regression occurred using the software OriginLab. 
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2.4 Kinetic Fluorescence Spectroscopy  

2.4.1 Chemical Denaturation 

For monitoring unfolding and refolding of BsCspB, an SX-20 stopped flow machine from applied 

photophysics was used with a one to ten single mixing setup as well as with a one to one double mixing 

setup. Denaturation using GdmCl as well as urea was conducted in absence as well as presence of 

various MC conditions, at T = 298 K as well as T = 283 K. General measuring conditions for were 

20 mM sodium cacodylate, pH 7. For single jumps, 1.4 µM BsCspB were employed whereas for 

double jumps, 5 µM BsCspB in absence of MC and 10 µM BsCspB in presence of PEG were used. 

Unfolding as well as refolding of BsCspB was achieved by fast mixing of native protein with highly 

concentrated denaturant solution or by fast mixing of unfolded protein with dilution buffer, 

respectively. For each kinetic set of unfolding and refolding transition displayed as chevron plot, 20 

individual mixing steps were acquired at variable denaturant concentrations, each representing of the 

average of five to 20 single fluorescence traces. By single exponential data regression, the time 

dependence of the observed reaction was accessible. Correction of denaturant concentration occurred 

by refractive index measurement as described above (section 2.3.1).  

2.4.2 Chevron Plot Analysis 

Kinetic data was evaluated according to a two state model, yielding the rate constants for folding 

(kn) into the native state, and unfolding (ku) into the unfolded ensemble:  

        kn 

ὔ   ᵶ   Ὗ 

         ku 

For data regression of the observed kinetic rate constant, kobs, which is the sum of the respective rate 

constants of unfolding and refolding, the following equation was used:  

Ὧ ὧ Ȣ  = ÅØÐÌÎὯ
ά ὧ Ȣ

RT
ÅØÐÌÎὯ

ά ὧ Ȣ

RT
 

where R is the ideal gas constant, mn and mu represent the slopes of the unfolding and refolding limbs 

of the “V” shaped chevron plot and kn and ku the respective intercepts. The rate constants of refolding 

to the native state, kn, and the rate constant of unfolding, ku, allow to determine the free energy of 

folding at 0 M urea, ΔG0
N↔U, by use of the equation: 

ΔὋᴾ  = ὙὝ ÌÎὑ  = ὙὝ ÌÎ = ὙὝ ÌÎ  . 

Furthermore, comparison to steady state data is possible as the cooperativity can be assessed by 

the relation ά  ά  ά  allowing the midpoint for protein unfolding, cM, to be calculated by use 

of the relation cM = ΔG0
N↔U / meq (Bachmann and Kiefhaber 2005).  
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If applicable, data was furthermore fitted according to a three state model, considering the presence 

of an on-pathway high energy intermediate state: 

              kni           kiu 

ὔ   ᵶ   Ὅᶻ  ᵶ   Ὗ 

               kin            kui 

For data regression of the observed kinetic rate constants of unfolding and refolding, kobs, according to 

an on-pathway intermediate model, the following equation was used:  

Ὧ ὧ Ȣ  = ὃ ὄ ὅ Ὀ ὃ ὄ ὅ Ὀ τ ὃ ὅ Ὀ ὃ Ὀ  

with  ὃ  ÅØÐ Ȣ,   ὄ ÅØÐ Ȣ, 

 ὅ ÅØÐ Ȣ,  and  Ὀ ÅØÐ Ȣ, 

where R is the ideal gas constant, mni, miu, min, and mui represent the partial cooperativities of the folding 

reaction, and kni, kiu, kin, and kui are the respective rate constants (Bachmann and Kiefhaber 2005).  

 

2.4.3 Protein - DNA Association 

Kinetic fluorescence measurements were conducted using an SX-20 stopped flow machine from 

applied photophysics in a one to one mixing setup. An excitation wavelength of 278 nm was used, 

emission was monitored using a 320 nm cut-off filter. All experiments were conducted at 15°C using 

60 nM BsCspB in 20 mM disodium phosphate buffer pH 7.0 and a five to 20-fold excess of 

oligothymidines allowing a pseudo – first order approach for evaluation (Zeeb and Balbach 2003). 

Thus, linear regression of the observed time constant plotted over the concentration of ligand provides 

kon as slope and koff as interception. A more accurate estimation for koff is further derived from the 

relation koff = kon‧KD, where KD has been estimated by steady state experiments. Due to the µM range 

dissociation constant of dT4 solely dT5, dT6, and dT7 were used in kinetic experiments. 
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2.5 Thermal Denaturation using CD Spectroscopy  

For thermal denaturation of BsCspB in absence of presence of MC as well as urea, all samples 

were measured in a 1 mm closed cuvette (Helma) on a JT-580 CD spectrometer (Jasco) with a Peltier 

heating and cooling element. The heating rate was 1 K / min, temperature unfolding transitions were 

recorded at λ = 222 nm from T = 280 K to T = 353 K. After heat denaturation a cooling ramp was 

performed for renaturation. At the start and endpoint of each temperature ramp, far UV spectra were 

recorded for control of the folded and unfolded state. Far UV spectra recorded before and after each 

heating and cooling cycle at T = 298 K were compared for reversibility of the denaturation process; 

sample denaturation was up to 91 % reversible. Protein concentration was 40 ‘M BsCspB in samples 

without urea and 120 µM BsCspB for samples containing urea, buffered by 20 mM sodium cacodylate 

at pH 7, in absence or presence of varying concentrations of PEG8 or Dex20 and 1 M, 2 M or 3 M 

urea. Protein concentration in the CD cuvette was measured by absorbance spectroscopy and 

determined to be accurate to ± 6 % of the calculated concentration. All steady state transitions were 

analyzed using the software Origin and Igor. For data regression of CD spectroscopic measurements 

of temperature unfolding transitions a thermodynamic two state model was employed as described in 

detail by Senske et al. (Senske, Törk et al. 2014) in order to determine values of ∆H and Tm. The 

change in heat capacity, ∆CP, has been fixed to 2.8 kJ‧mol-1‧K-1 (Schindler and Schmid 1996). 

2.6 NMR Spectroscopic Experiments 

2.6.1 Chemical Denaturation 

One-dimensional 1H NMR spectra of BsCspB were recorded on a Bruker 600 MHz spectrometer 

with a cryogenic probe head in absence or presence of MC. The concentration of BsCspB was 1088 µM 

in dilute solution and presence of 120 g/L Dex20, and 800 µM BsCspB in presence of 120 g/L PEG1. 

Water suppression was accomplished by presaturation and a WATERGATE pulse sequence (Piotto, 

Saudek et al. 1992). Due to high molecular concentration of buffer molecules in crowded and 

chemically denatured samples, further signal suppression was executed via presaturation of buffer 

specific frequencies. All spectra were referenced in the proton dimension to TMSP (Alfa Aesar) that 

was contained in each sample to a final concentration of 70 µM. General sample conditions were 5 % 

v/v D2O, 20 mM sodium cacodylate/HCl; pH 7.0. For urea denaturation, two samples of equal 

composition regarding MC and protein concentrations were used, containing either 0 M urea or 6 M 

urea. Unfolding transitions were monitored by stepwise mixing of the two samples, yielding 26 to 34 

data points for each transition. Correction of denaturant concentration occurred by refractive index 

measurement as described above (section 2.3.1). 
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One dimensional proton spectra were used to detect the transition of the free to the folded state in 

dependence on the concentration of denaturant in the sample. Readout occurred in the aliphatic region 

and the fraction native, fn, was calculated according to the equation: 

fn = In / ( In + In+u ) 

where In+u is the integral from 1.064 to 0.697 ppm, representing the part of the population of the 

unfolded and folded ensemble, whereas In is the integral from 0.590 to 0.140 ppm, representing part 

of the native population. Readout occurred with the software Topspin (Bruker). For data regression of 

chemical unfolding the model of Santoro et al. (Santoro and Bolen 1988) has been employed (section 

2.3.1). Two dimensional NMR spectra were acquired as described below (section 2.6.4). Unfolding 

transitions derived from the intensities of cross signals acquired in 1H15N and 1H13C HSQC spectra, 

representing the native state of BsCspB, or in 1H15N HSQC spectra representing the unfolded protein 

ensemble, have been analyzed by linear extrapolation as introduced by Pace (Greene and Pace 1974) 

due to the heterogeneous slopes present in native and unfolded baselines. For data regression, signal 

intensities were normalized to the signal of highest intensity for the respective resonance. The 

normalized signal intensity was set equal to fraction native, fn, of BsCspB present in solution and the 

derived ΔGN↔U values were plotted over denaturant concentration, according to the equation:  

ΔὋᴾ  = ὙὝ ÌÎ  . 

Linear regression was performed in the transition region, including all data points in between 2 M and 

4 M urea, where the intercept represents ΔὋᴾ  at 0 M urea and the slope corresponds to the folding 

cooperativity m, which was set as a residue specific global fitting parameter shared for the respective 

amino acid signal under all three conditions regarding absence of MC and presence of 120 g/L PEG1 

or 120 g/L Dex20. All residue specific steady state transitions were analyzed using the software 

Origin. 

2.6.1 Thermal Denaturation 

One dimensional 1H NMR spectra were recorded for 120 µM BsCspB solution (5 % v/v D2O, 

20 mM sodium cacodylate/HCl; pH 7.0) in absence or presence of 100, 200, or 300 g/L of either PEG1, 

PEG8, PEG35 or Dex20 on a Bruker 600 MHz spectrometer with a room temperature probe head. 

Water suppression occurred using presaturation and a WATERGATE pulse sequence (Piotto, Saudek 

et al. 1992). Temperature induced unfolding transitions were recorded by automation using Bruker’s 

vt-list option. After each temperature row a 1H spectrum of the respective sample at room temperature 

was recorded to control the integrity of the protein’s native conformation. 1H NMR transition data for 

thermal unfolding were evaluated using integrals of one-dimensional spectra in the aliphatic region. 

Readout occurred with the software Topspin (Bruker). For temperature unfolding transitions 

monitored by NMR spectroscopy also a thermodynamic two state model was employed as described 
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by Szyperski et al. (Szyperski, Mills et al. 2006, Klamt 2016). For estimation of the folded fraction, 

Fn, signals typical for the native conformation were integrated from 0.590 to 0.140 ppm. For estimation 

of an increase in the unfolded population, the aliphatic region from 0.697 to 1.064 ppm was integrated, 

termed Fn+u. The fraction folded (fn) at the respective temperature was then given by fn = (Fn/(Fn+Fn+u), 

and the fraction unfolded (fu) by fu = 1 - fn. Data regression occurred according to 

f
n
T  = 

exp -
ΔH T-

T--T
T-

-Δ#Ð T--T+T ln
T
T-

R T
 

1+ exp -
ΔH T-

T--T
T-

-Δ#Ð T--T+T ln
T
T-

R T

 

where ΔH(TM) is the reaction enthalpy, ΔCp is the change in heat capacity and TM is the transition 

midpoint temperature. For the estimation of ΔH at T = 298 K, the data regression has been employed 

according to ΔH(T) = ΔH(TM)+ΔCp‧(T-TM). Regarding ΔCp, it has to be considered in how far it may 

vary with temperature and environmental conditions: First, for most proteins the change in heat 

capacity upon denaturation is approximately constant (Becktel and Schellman 1987, Garcia-Mira and 

Schmid 2006, Smith, Zhou et al. 2016) and secondly, the value of ΔCp determined by denaturation in 

dilute solution only marginally differs from the value of ΔCp upon denaturation in presence of 

cosolutes and can be considered as equal (Zhou 2013). Therefore, data regression occurred with ΔCp 

set to a constant value derived from the regression of thermal unfolding at dilute conditions. No loss 

in in fitting accuracy was found when applying a constant ΔCp of 6.5 kJ‧mol-1‧K-1 according to Balbach 

et al. (Szyperski, Mills et al. 2006). All steady state transitions were analyzed using the software Origin 

and Igor. For the calculation of temperature coefficients, two dimensional 1H15N HSQC spectra were 

recorded as described in section 2.6.4. Qualitative analysis was based on the change in 1H chemical 

shift leading to temperature coefficients in order to draw conclusions on the hydrogen bonding network 

according to Cierpicki et al.(Andersen, Neidigh et al. 1997, Cierpicki and Otlewski 2001). 

2.6.2 Protein - DNA Association 

For protein - DNA association, samples contained 5 % v/v D2O, 20 mM disodium phosphate, 

pH 7, and variable amounts of PEG1 and PEG8. Titrations started at a protein concentration of 250 µM 

for dilute conditions and 100 g/L PEG8, and at a protein concentration of 150 µM for dilute conditions, 

200 g/L PEG8 and 300 g/L PEG1. Stepwise addition of heptathymidine (biomers) to a twofold excess 

lead to a final increase in sample volume of < 5%. In addition to two dimensional 1H15N HSQC and 

1H13C HSQC NMR spectra acquired as described in section 2.6.4, one dimensional 31P spectra were 

recorded on a Bruker 800 MHz spectrometer with a cryogenic probe head. 
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2.6.3 Molecular Diffusion and Microviscosity 

A pseudo two-dimensional modification of the one dimensional proton NMR spectrum was used 

to determine translational diffusion by applying a gradient at variable strength ranging from 5 % to 

95 % of the maximum available gradient strength. All diffusion experiments were performed using a 

pulse sequence comprising a stimulated echo assisted by bipolar gradients (Jones, Wilkins et al. 1997), 

a diffusion time, d20, of 120 ms and gradient length, 2‧p30, of 5 ms along the z axis. Gradients were 

calibrated as described by Berger et al. (Berger and Braun 2004). Absolute values of integrals for 

proton signals, I, were determined for BsCspB in the spectral range between 9.55 and 6.50 ppm and 

plotted against the respective gradient strength, G. The diffusion coefficient, D, can be derived thereof 

by data regression according to the Stejskal-Tanner equation (Stejskal and Tanner 1965): 

ὍὋ Ὅ ÅØÐρ ɾ Ὃ
ς

“
ς ὴσπ Ὀ d20-

ς ὴσπ

σ
 

where γ = 2.675222005‧108‧rad‧s-1‧T-1 is the gyromagnetic ratio of protons and I0
 is the intercept. The 

maximum gradient strength of the 600 MHz spectrometer with cryogenic probe head was estimated to 

be Gmax = 0.705 T‧m-1‧2‧π-1, for the 800 MHz spectrometer with four channel cryogenic probe head 

respectively Gmax = 0.926 Tm-1‧2π-1, and for the five channel cryogenic probe head respectively 

Gmax = 0.79 T‧m-1‧2‧π-1. The maximum gradient strength was determined by use of the known diffusion 

coefficient of 10 % (mol/mol) H2O in D2O which is D = 1.935‧10-9‧m2‧s-1 (Holz and Weingartner 

1991). The hydrodynamic radius, rH, of TMSP was estimated by using dioxane with a known 

rH = 2.12 Å used as reference probe (Wilkins, Grimshaw et al. 1999). Microviscosities of crowded 

solutions were calculated according to the Einstein-Stokes equation using TMSP with rH = 3.4 Å 

contained in the respective sample. Hydrodynamic radii of BsCspB were calculated using the 

respective diffusion coefficients of TMSP in order to account for the microviscosity of the respective 

sample. 

2.6.4 Two-dimensional NMR Experiments 

Two-dimensional 1H15N HSQC spectra of BsCspB were acquired on a Bruker 600 MHz 

spectrometers equipped with either a room temperature probe head or a cryogenic probe head. The 

assignment of native backbone 1H15N resonances was transferred from Balbach et al. (Zeeb and 

Balbach 2003). The unfolded state ensemble as well as the backbone and sidechain 1H13C resonances 

have been newly assigned and the assignment of the native state was further verified by using HNCA, 

HNCAB and HN(CO)CACB (Ikura, Kay et al. 1990) triple-resonance experiments conducted on a 

Bruker 600 MHz spectrometer equipped with a cryogenic probe head. Spectra of BsCspB in complex 

with dT7 were acquired on a Bruker 800 MHz spectrometer equipped with a cryogenic probe head. 

The assignment of native 1H15N resonances of BsCspB in complex with dT7 has been adapted from 
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Zeeb et al. (Zeeb, Max et al. 2006). All spectra were referenced in the proton dimension to TMSP 

(Alfa Aesar) that was contained in each sample to a final concentration of 70 µM. For 15N referencing 

a separate spectrum of 15N ammonium chloride at the respective sample conditions was acquired. All 

two-dimensional NMR spectra were processed with the software NMRpipe (Delaglio, Grzesiek et al. 

1995). Intensity and chemical shift readout occurred using the software NMRView (Kirby, DeRose et 

al. 2004). Readout of line width occurred by the command “peakw” using the software Topspin 

(Bruker). Perturbations of chemical shifts were weighted according to Grzesiek et al. (Grzesiek, Stahl 

et al. 1996). For the influence of MC on the native state of BsCspB, 1H15N HSQC spectra of 120 µM 

BsCspB in absence or presence of 100, 200 or 300 g/L of either PEG1, PEG8, PEG35 or Dex20 were 

acquired at T = 307 K. All spectra were referenced to TMSP as well as to 15N ammonium chloride 

under the respective conditions.  

 

2.6.4.1 Amide Proton Exchange 

Two-dimensional 1H15N NMR spectra were acquired using a modified MEXICO pulse sequence 

(Measurement of EXchange rates in Isotopically labeled COmpounds), (Gemmecker, Jahnke et al. 

1993, Koide, Jahnke et al. 1995, Mori, Abeygunawardana et al. 1997, Hofmann, Weininger et al. 

2009) with mixing times of tmix = 10, 20, 30, 40, 50, 60, 80, 100, 120, 140, 160, 180, 200 and 250 ms 

for dilute conditions, mixing times of tmix = 10, 20, 30, 50, 60, 80, 100, 120, 140, 160, 180, 200 and 

250 ms for the samples containing 120 g/L Dex20 or 150 g/L PEG8, and mixing times of tmix = 10, 20, 

30, 50, 70, 100, 120, 150, 170, 200 and 250 ms for the sample containing 240 g/L Dex20. To account 

for measurement deviations, double measurements of mixing times were considered executing data 

regression according to the equation: 

)ÒÅÆ = 
ËÅØ

2ρ.(ËÅØȤ2ρ7
ÅØÐ2ρ7 ÔÍÉØ ÅØÐ 2ρ.( ËÅØ ÔÍÉØ 

where Iref is the intensity in the modified MEXICO spectrum referenced to an ordinary 1H15N HSQC 

spectrum, R1NH is the longitudinal relaxation rate constant of the respective amide proton, R1W the 

longitudinal relaxation rate constant of water and kex the exchange rate constant of the amide proton 

with solvent protons. The samples without MC agent and with 120 g/L Dex20 contained 1.1 mM 

BsCspB, the sample with 240 g/L contained 0.9 mM BsCspB and the sample with 150 g/L PEG8 

contained 0.2 mM BsCspB, respectively.  
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3. Results 

3.1 Steady State Stability in Presence of MC 

3.1.1 Globally Observed Effects 

Chemical as well as thermal denaturation of BsCspB in presence of Macromolecular Crowding 

(MC) was studied by fluorescence, CD, and NMR spectroscopy. Chemical unfolding of BsCspB was 

induced by urea as well as GdmCl in absence and presence of various amounts of MC agents, namely 

PEG1, PEG8, and Dex20. Thermal unfolding was monitored in absence and presence of various 

amounts of PEG1, PEG8, PEG35, and Dex20, as well as in presence of 1, 2, and 3 M urea. Chemically 

induced global unfolding transitions were evaluated using the data regression suggested by Santoro 

and Bolen as described in section 2.3, data regression for thermal denaturation occurred as described 

in section 2.5. The results presented here have been published (Köhn and Kovermann 2019). 

 

3.1.1.1 The Chemical Stability of BsCspB 

In order to investigate the general influence of MC on the chemical stability of BsCspB, the 

intrinsic fluorescence of the residue W8 was used as a probe for the protein’s global unfolding 

transition. The proximal residue K7 is highly responsible for BsCspB stability (Garcia-Mira, 

Boehringer et al. 2004, Garcia-Mira and Schmid 2006) which makes W8 a perfect probe to monitor 

changes in global stability. Induction of chemical denaturation by urea at a constant temperature of 

298 K revealed strong stabilization of the native state in presence of PEG8 (table 3 and figure 8A). 

The extent of stabilization correlates with the weight volume fraction of PEG8 in solution, seen by the 

increase in the transition midpoint, cM, ranging from 2.5 M urea in dilute solution to 2.9 M urea in a 

solution containing only 50 g/L PEG8, further to 3.5 M urea in 100 g/L PEG8 and to 4.2 M urea in 

150 g/L PEG8 (table 3).  
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Table 3 | Thermodynamic stability of BsCspB towards chemical denaturation in presence of 

variable amounts of the MC agents PEG1, PEG8 or Dex20, determined by fluorescence 

spectroscopy. Thermodynamic data is derived from experimental data presented in figure 8. Data 

regression occurred as described in section 2.3. 

MC agent denaturant ccrowder/g‧L-1 ∆G0
N↔U / kJ‧mol-1 m / kJ‧mol-1‧M-1 cM / M 

PEG8 urea 0 8.3 ± 0.7 -3.3 ± 0.2 2.5 

  50 9.6 ± 0.8 -3.3 ± 0.2 2.9 

  100 11.5 ± 0.8 -3.3 ± 0.2 3.5 

  150 13.8 ± 0.9 -3.3 ± 0.2 4.2 

Dex20 urea 0 8.7 ± 0.6 -3.4 ± 0.1 2.6 

  100 12.3 ± 0.7 -3.4 ± 0.1 3.6 

  200 14.4 ± 0.7 -3.4 ± 0.1 4.2 

PEG1 urea 0 8.2 ± 0.5 -3.2 ± 0.1 2.5 ± 0.2 

  100 12.5 ± 0.6 -3.2 ± 0.1 3.8 ± 0.2 

  200 15.1 ± 0.6 -3.2 ± 0.1 4.6 ± 0.3 

PEG1 GdmCl 0 8.4 ± 0.8 -7.4 ± 0.4 1.1 ± 0.1 

  100 11.6 ± 0.8 -7.4 ± 0.4 1.6 ± 0.1 

  200 14.1 ± 0.9 -7.4 ± 0.4 1.9 ± 0.2 

PEG8 GdmCl 0 10.3 ± 0.8 -8.1 ± 0.4 1.3 

  50 11.5 ± 0.7 -8.1 ± 0.4 1.4 

  100 13.3 ± 0.8 -8.1 ± 0.4 1.6 

  150 14.9 ± 0.8 -8.1 ± 0.4 1.8 

  200 15.8 ± 0.9 -8.1 ± 0.4 2.0 

Dex20 GdmCl 0 9.9 ± 0.8 -8.0 ± 0.4 1.2 

  100 12.3 ± 0.8 -8.0 ± 0.4 1.5 

  200 15.2 ± 0.9 -8.0 ± 0.4 1.9 

 

These results are in good correspondence to literature values for the cM of BsCspB, ranging from 

3 to 4 M urea (Schindler, Herrler et al. 1995, Schindler and Schmid 1996, Schindler, Graumann et al. 

1999, Makhatadze, Loladze et al. 2004). Exceeding 150 g/L PEG8 in solution, the stabilization is so 

remarkable that the fully denatured state of BsCspB cannot be reached anymore in the range of urea 

solubility when PEG8 is present. 

For exploration of the unfolding transition of BsCspB at higher concentrations of MC agents and 

in order to investigate the dependence of the crowding effect on crowder size and sample viscosity, 

the MC agent PEG1 was employed, which is a cosolute of lower molecular weight and reduced 

macroviscosity having higher solubility in combination with urea than PEG8. The presence of PEG1 

caused stabilization to the same extent as PEG8 did, reflected in the increase of cM ranging 2.5 M to 

3.8 M urea in presence of 100 g/L PEG1 to 4.6 M urea in presence of 200 g/L PEG1 in solution. This 

increase in stability equals the effect of PEG8 showing that the stabilization is independent of the given 

macroviscosity which differs five-fold comparing 200 g/L PEG1 with PEG8, as seen from the 

viscosities displayed in section 6.1.  

In order to control any dependence of this effect on specific interactions between the MC agent 

and the applied denaturant, urea was exchanged for GdmCl which is a stronger denaturant than urea, 

being not only polar but even charged.  
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A       B          C 

           
D       E          F 

           
 
Figure 8 | Chemically induced unfolding transitions of BsCspB monitored by fluorescence spectroscopy. 

Unfolding as induced by increasing amounts of urea (A, B, E) or GdmCl (C, D, F) in presence of varying 

concentrations of PEG8 (A, C), PEG1 (B, D) or Dex20 (E, F). Experimental data is shown as symbols, straight 

lines represent global data regression as described in section 2.3. Thermodynamic data is displayed in table 3. 

 

Also in GdmCl - induced denaturation, both PEG8 as well as PEG1 caused a stabilization of the 

native state of BsCspB (figure 8D and E). Further comparison of the effects of the synthetic polyether 

PEG to the polysaccharide Dex20 being a more polar cosolute than PEG (figure 8C and F), yields a 

stabilization of same extent comparing i.e. 100 g/L PEG8 to 100 g/L Dex20 in both urea - and GdmCl - 

induced denaturation (table 3).  

Chemically induced denaturation monitored by one-dimensional 1H NMR spectroscopy (figure 9) 

allowed to verify the acquired fluorescence spectroscopic data on MC induced stabilization, using not 

only a single residue but the ensemble of aliphatic side chains as a probe. By denaturation with urea, 

the transition midpoint in dilute solution was estimated to be 2.7 M urea which is in accordance with 

fluorescence spectroscopic data. Furthermore, the addition of 120 g/L PEG1 as well as Dex20 leads to 

an increase in the transition midpoint of about 0.5 M urea (table 4), which is qualitatively in line with 

fluorescence spectroscopic results for global unfolding where an average increase of 1 M urea was 

found in presence of 100 g/L of crowding agents.  

Table 4 | Thermodynamic stability of BsCspB towards chemical denaturation in presence of PEG1 or 

Dex20, determined by one-dimensional 1H NMR spectroscopy. The displayed thermodynamic data is derived 

from data regression of experimental data displayed in figure 9. Regression occurred as described in section 2.6. 

MC agent denaturant ccrowder/g‧L-1 ∆G0
N↔U / kJ‧mol-1 m / kJ‧mol-1‧M-1 cM / M 

 urea 0 8.8 ± 0.9 -3.2 ± 0.2 2.7 

PEG1 urea 120 10.3 ± 0.5 -3.2 ± 0.2 3.2 

Dex20 urea 120 10.7 ± 0.7 -3.2 ± 0.2 3.3 
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A               B 

          
 

C               D 

          
 
Figure 9 | Chemically induced unfolding of BsCspB monitored by one-dimensional 1H NMR spectroscopy. 

A, B: One-dimensional 1H NMR spectra of BsCspB in absence (A) or presence (B) of urea. C, D: Unfolding 

transitions derived from integration of the aliphatic region of 1H NMR spectra in samples of BsCspB under dilute 

conditions (black) and in presence of either 120 g/L PEG1 (C, blue) or 120 g/L Dex20 (D, red). Data analysis 

occurred as described in section 2.6, thermodynamic data is found in table 4. 
 

 

All in all it could be shown by fluorescence spectroscopy that upon addition of 100 g/L of 

macromolecules, using either PEG1, PEG8 or Dex20, cM increases by 1 M of urea or 0.3 M of GdmCl, 

respectively. This corresponds to an average increase in ΔG0
N↔U of 3 kJ/mol per 100 g/L of crowding 

agent added. By NMR spectroscopy, the absolute transition midpoint of BsCspB as well as the trend 

for increasing stabilization under addition of macromolecules could be reproduced, using either PEG1 

or Dex20. By use of different crowding agents it could be shown that in the employed range differences 

in crowder size and polarity as well as in sample viscosity do not influence the extent of stabilization. 

Thus in the established setup the stabilizing effect of MC agents on the chemical unfolding transition 

of BsCspB is only dependent on the volume fraction of macromolecules in solution and neither on size 

nor polarity of the crowding agent nor on the charge of the denaturant nor on the viscosity of the buffer 

used.  
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3.1.1.1 MC Effects on the Thermal Stability of BsCspB 

To investigate whether the stabilization that was observed in chemically induced denaturation is a 

general thermodynamic effect of Macromolecular Crowding, the folding equilibrium was further 

perturbed by thermal denaturation. The global influence of heat denaturation on secondary structure 

was monitored by CD spectroscopy whereas tertiary structural changes were observed by NMR 

spectroscopically detected heat denaturation.  

Thermal unfolding transitions acquired in absence and presence of 100, 200 or 300 g/L of MC 

agents using either PEG8 or Dex20 show an increase of the transition midpoint temperature, TM, which 

is more pronounced in the presence of Dex20 than in presence of PEG8 (figure 10 and table 5). In 

contrast, the change in enthalpy, ΔH, shows a strong increase with rising PEG8 concentration but only 

a slight increase regarding Dex20. Taken together, the plot of ΔH against TM shows a horizontal 

increase with increasing Dex20 concentration and a vertical increase to the same extent for PEG8. This 

kind of divergent effect of crowding agents in thermal unfolding setups has been noted previously, as 

PEG was even found to be destabilizing in the case of ubiquitin (Senske, Törk et al. 2014) in contrast 

to dextran which was shown to increase the transition midpoint temperature of lysozyme at constant 

enthalpy (Sasahara, McPhie et al. 2003), matching the effect of Dex20 displayed here. 

 

A       B 

           
C 

 

Figure 10 | Thermal unfolding of BsCspB in absence or presence of MC monitored by CD spectroscopy. 

A, B: Thermally induced unfolding transitions of BsCspB monitored by CD spectroscopy under dilute conditions 

(black) or using increasing amounts of PEG8 (A) or Dex20 (B): 100 g/L (red), 200 g/L (green), 300 g/L (blue). 

C: Thermodynamic regression data of thermal denaturation displayed above using increasing amounts of PEG8 

(blue) or Dex20 (red). Data regression occurred as described in section 2.5, thermodynamic data is found in 

table 5. Protein concentration of all samples was 40 µM. 
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Table 5 | Thermodynamic stability of BsCspB towards thermal denaturation in absence or 

presence of MC determined by CD spectroscopy. This thermodynamic data is derived from 

data regression of figure 10 as described in methods, section 2.5. The change in heat capacity, 

∆CP, has been fixed to 2.8 kJ‧mol-1‧K-1 (Schindler and Schmid 1996). 

MC agent ccrowder/g‧L-1 ∆H / kJ‧mol-1 TM / K ∆G0
N↔U / kJ‧mol-1 

- - 176±8 326.4±0.3 11.7±0.7 

PEG8 100 167±8 327.8±0.4 11.3±0.7 

PEG8 200 185±6 329.1±0.3 13.2±0.6 

PEG8 300 205±9 328.9±0.3 15.1±0.8 

Dex20 100 173±7 329.2±0.4 12.1±0.7 

Dex20 200 174±6 331.9±0.4 12.8±0.6 

Dex20 300 183±9 334.8±0.7 14.2±1.0 

 

In thermally induced protein unfolding monitored by one-dimensional proton NMR spectroscopy, 

the determined transition midpoint of BsCspB under dilute conditions is decreased by 8.7 K. In 

comparison to CD spectroscopy, not only the loss of secondary structure but instead the total change 

in chemical environment of the aliphatic groups, including loss of tertiary structure, is monitored. The 

different structural features monitored by the two techniques are thus the deformation of the hydrogen-

bonds that hold together the β-strands in the case of CD spectroscopy, whereas NMR detects 

furthermore conformational changes i.e. in loop regions that are not part of the beta-sheets but are 

essential for the shape of the BsCspB fold. Similar differences between CD and NMR have also been 

reported by Pearl et al. for BcCspB yielding TM = 44.6 °C by use of CD spectroscopy, whereas Balbach 

et al. reported TM = 38.5 °C using NMR spectroscopy (Perl, Mueller et al. 2000, Szyperski, Mills et 

al. 2006). Thus it can be anticipated that the local displacement of the aliphatic side chains starts at 

lower temperatures than the total dissolution of the hydrogen-bonding network that secures the 

secondary structural elements monitored by CD spectroscopy.  

Table 6 | Thermodynamic stability of BsCspB towards thermal denaturation in absence 

or presence of MC determined by one-dimensional proton NMR spectroscopy. 

Thermodynamic data is derived from data regression of figure 11 as described in methods, 

section 2.6. The change in heat capacity, ∆CP, has been fixed to 6.5 kJ‧mol-1‧K-1 (Szyperski, 

Mills et al. 2006). 

MC agent ccrowder/g‧L-1 TM / K 

- - 317.7 ± 0.1 

PEG1 100 317.1 ± 0.1 

 200 318.0 ± 0.2 

 300 317.5 ± 0.5 

PEG8 100 317.8 ± 0.2 

 200 319.0 ± 0.4 

 300 319.8 ± 0.5 

PEG35 100 317.6 ± 0.1 

 200 318.2 ± 0.2 

 300 319.4 ± 0.3 

Dex20 100 321.0±0.1 

 200 321.1±0.3 

 300 326.2±0.4 
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In NMR spectroscopic experiments, addition of the MC agents PEG1, PEG8, PEG35 or Dex20 

also revealed a stabilization of BsCspB towards heat denaturation (table 6 and figure 11). For complete 

data analysis of thermal denaturation by NMR spectroscopy concerning all thermodynamic 

parameters, cold denaturation as well as heat denaturation of the protein would be required (Szyperski, 

Mills et al. 2006). As BsCspB has only been heat denatured here, data analysis yields the midpoint for 

the heat-induced unfolding transition, TM, and the change in enthalpy due to heat denaturation, whereas 

the change in enthalpy due to cold denaturation cannot be precisely estimated from the available data. 

Therefore, ∆CM is excluded from further discussion in this dataset.  

A       B 

           

C       D 

           

Figure 11 | Thermal unfolding of BsCspB monitored by one-dimensional proton NMR spectroscopy. 

Unfolding transitions derived from integration of the aliphatic region of 1H NMR spectra in thermally denatured 

samples of BsCspB under dilute conditions (black) and in presence of increasing amounts of PEG1 (A), PEG8 

(B), PEG35 (C) and Dex20 (D), using either 100 g/L (red), 200 g/L (green), 300 g/L (blue) of the respective MC 

agent. Straight lines represent data regression as described in section 2.6. Thermodynamic data is presented in 

table 6. 

Summing up, it could be shown by CD spectroscopy monitoring the loss of secondary structure, 

that upon addition of 300 g/L of macromolecules, using either PEG8 or Dex20, an average increase in 

ΔG0
N↔U of 3 to 4 kJ/mol occurs. In presence of 300 g/L Dex20, TM increases by ~8 K whereas for 

PEG8 the raised stability is connected to a pronounced increase in the enthalpy of unfolding. 

Monitoring the loss of the native chemical environment of the aliphatic side chains by NMR 

spectroscopy, the absolute transition midpoint of BsCspB was determined ~9 K below the midpoint 

temperature which was estimated by CD spectroscopy denoting the loss of secondary structure. In 

accordance with the previous results, the tendency for stabilization in presence of biologically relevant 
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amounts of macromolecules was detected as a rise in the transition midpoint temperature using either 

PEG1, PEG8, PEG35 or Dex20. By use of different crowding agents it could be shown that in the 

employed range, differences in crowder size and polarity as well as in sample viscosity do not influence 

the extent of stabilization. Again, it can be concluded that in this setup the stabilizing effect of MC 

agents on the chemical unfolding of BsCspB is only dependent on the volume fraction of crowder in 

solution and neither on size, ranging from 1 kDa to 35 kDa, nor polarity of the crowding 

macromolecules regarding a polyether versus a polysaccharide derivative nor on the viscosity of the 

buffer used in the range of 0.9 cP for dilute conditions to 661 cP for 300 g/L PEG35 (section 6.1 

table 17).  

 

3.1.1.2 Combined Chemical and Thermal Denaturation 

Is the crowding induced gain in thermal stability quantitatively comparable to the observed gain 

in chemical stability? To further compare the stability increase in chemical versus thermal unfolding, 

we monitored thermal denaturation of in part chemically denatured samples using 1, 2 and 3 M urea 

in combination with no crowding agent, 200 g/L PEG8 or 200 g/L Dex20 using CD spectroscopy 

(figure 12 and table 7).  

A       B 

           
C       D 

           

Figure 12 | Combined chemical and thermal denaturation of BsCspB monitored by CD spectroscopy in 

absence and presence of MC. Increasing amounts of urea in combination with dilute solution (A), 200 g/L 

PEG8 (B) and 200 g/L Dex20 (C). Color code and symbols used refer to various concentrations of urea: 0 M 

urea (black open squares), 1 M urea (red circles), 2 M urea (green triangles), 3 M urea (blue stars). Straight lines 

represent data regression using a two-state model as described in section 2.5. Thermodynamic regression data 

(D) is also displayed in table 7. Protein concentration of samples containing urea was 120 µM whereas samples 

without urea contained 40 µM BsCspB, the respective data were scaled for visual comparability. 
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Table 7 | Thermal as well as chemical stability of BsCspB determined by CD spectroscopy 

in absence or presence of MC and variable concentrations of urea. Thermodynamic analysis 

of the data displayed in figure 12 according to the fitting procedure described in section 2.5. All 

samples contained either none or 200 g/ L of the declared MC agent. The change in heat capacity, 

∆CP, has been fixed to 2.8 kJ‧mol-1‧K-1 (Schindler and Schmid 1996). 

MC agent curea / M ∆H / kJ‧mol-1 TM / K ∆G0
N↔U / kJ‧mol-1 

- - 176 ± 8 326.4 ± 0.3 11.7 ± 0.7 

- 1 124 ± 7 317.6 ± 0.4 5.9 ± 0.4 

- 2 93 ± 10 307.6 ± 1.2 2.5 ± 0.3 

- 3 58 ± 32 298 ± 7 -0.1 ± 0.1 

PEG8 0 185 ± 6 329.1 ± 0.3 13.2 ± 0.6 

PEG8 1 148 ± 7 320.2 ± 0.3 8.1 ± 0.5 

PEG8 2 149 ± 8 316.3 ± 0.3 7.1 ± 0.5 

PEG8 3 109 ± 16 308.9 ± 1.6 3.3 ± 0.6 

Dex20 0 174 ± 6 331.9 ± 0.4 12.8 ± 0.6 

Dex20 1 154 ± 7 323.7 ± 0.3 9.3 ± 0.6 

Dex20 2 111 ± 7 316.9 ± 0.5 5.0 ± 0.4 

Dex20 3 104 ± 12 311.9 ± 1.1 3.8 ± 0.5 

 

 

 

Plotting of ΔG0
N↔U in terms of fraction folded 

(figure 13), using fluorescence spectroscopic data 

derived from chemical denaturation as well as CD 

spectroscopic data of thermal denaturation in 

presence of various amounts of urea, presents a 

matching pattern of stabilization. This underlines 

the strong dependence of stabilization on weight 

volume in solution, regardless of chemical or 

thermal unfolding or on the spectroscopic 

technique employed for readout. Thus it can be 

concluded that regardless of the size and polarity 

of the crowding agents, merely the weight volume 

fraction in solution determines the extent of 

macroscopic stabilization reflected in an increase 

of ΔG0
N↔U whereas the detected changes in TM as 

well as the enthalpic contributions of the crowding 

agents may differ.  

 

 

Figure 13 | Unfolding transition of BsCspB 

induced by thermal as well as chemical 

denaturation. 

Symbols represent thermally induced unfolding 

of BsCspB monitored by CD spectroscopy in 

absence (black open squares) or presence of 

200 g/L PEG8 (blue circles) or Dex20 (red 

circles) in combination with increasing 

amounts of urea. Straight lines represent 

chemically induced unfolding of BsCspB 

monitored by fluorescence spectroscopy in 

absence or presence of 200 g/L PEG1 (blue) or 

Dex20 (red) shown as straight lines.  
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3.1.2 Structural Effects of Macromolecular Crowding  

In order to further elucidate the cause for the global stabilization, structural investigation of 

BsCspB under crowded conditions was conducted using two-dimensional heteronuclear NMR 

spectroscopy. The effects of four different MC agents at various concentrations were investigated by 

acquisition of 1H15N HSQC spectra (figure 14).  

A 

 
B             C  

  

D             E 

  
 
Figure 14 | 1H15N HSQC spectra of BsCspB in absence or presence of MC. 

A: 1H15N HSQC spectrum of BsCspB acquired at T = 298 K under dilute conditions showing the backbone 

assignment using one letter code for amino acids followed by the position in the primary sequence. B-E: 1H15N 

HSQC spectra of BsCspB acquired at T = 307 K in absence of MC (red) or in presence of 100 g/L (orange), 

200 g/L (cyan), or 300 g/L (blue) of the MC agents PEG1 (B), PEG8 (C), PEG35 (D), or Dex20 (E).  
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At MC concentrations up to 300 g/L, the crowded environment does not disturb the structural 

pattern of BsCspB, as only minor chemical shift perturbations occur. Mapping of those perturbations 

on the structure of BsCspB (Köhn and Kovermann 2019) yields a random, structurally distributed 

pattern of minor changes in chemical shifts that do neither correlate with structural features such as β-

strands, loops or specific patches, nor with side chain characteristics of the respective residues being 

charged, polar or hydrophobic amino acids. Therefore, it can be anticipated that the structural pattern 

of BsCspB is unaffected by the presence of crowding macromolecules, neither by specific binding to 

any site of the protein nor by unspecific interaction with hydrophobic moieties. 

3.1.2.1 MC Effects on the Hydrogen Bonding Network 

The hydrogen bonding network was examined in dilute as well as crowded environment by the 

assessment of temperature coefficients (TC), by quenched flow H/D exchange experiments, and by 

measurement of fast amide proton exchange rates using a modified HSQC pulse sequence. 

3.1.2.1.1 Temperature Coefficients 

The strength of intramolecular hydrogen bonds (IMHB) is known to correlate with variations in 

“temperature coefficients” (TC). Those values are derived from the change in chemical shift of native 

amide proton resonances with increasing temperature while staying in the native regime. A systematic 

increase in TCs is an indication of increased bond length in IMHB regions as well as an increased 

probability for IMHB in previously unbound regions (Cierpicki and Otlewski 2001, Cierpicki, Zhukov 

et al. 2002).  

Investigation of TCs for BsCspB under dilute conditions occurred by acquisition of 1H15N HSQC 

spectra at 292 K, 295 K, 298 K, 301 K, and 304 K (figure 15A, B, C). Subsequent acquisition of a 

temperature dependent row of 1H15N HSQC spectra for BsCspB under crowded conditions using 

100g/L, 200g/L and 300 g/L of Dex20 on the one hand as well as PEG8 on the other hand yielded a 

small number of subtle changes in the general pattern of the hydrogen bonding network (figure 15). 

The TCs detected in dilute solution can be compared to the known hydrogen bonding network of 

BsCspB in the solution NMR structure 1NMG as well as the reported hydrogen bonding network of 

BsCspB derived from •-value analysis (Garcia-Mira, Boehringer et al. 2004). As expected for TC 

analysis, 86 % of all TCs above -4.6 ppb/K are involved in an IMHB. Focusing on all hydrogen bonds 

present in BsCspB, 66 % lie above the threshold compared to the predictions of Garcia-Mira et al. 

(Garcia-Mira, Boehringer et al. 2004). Compared to the hydrogen bonding pattern present in 

1NMG.pdb, a match of 80 % of all TCs above -4.6 ppb/K appears to be hydrogen bonded, whereas 

75 % of all hydrogen bonds present in 1NMG lie above the threshold. In order to probe the impact of 

MC on the IMHB network, the difference in TCs with increasing crowder concentration was analyzed 

regarding the BsCspB structure which yielded no discernable pattern (figure 15G and H).  
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Figure 15 | Temperature coefficient analysis. 

A-C: Chemical shifts of the amid proton signal of F17 (A), K39 (B), and E50 (C) at increasing 

concentrations of Dex20. D-F: Temperature coefficients derived from temperature-dependent 

chemical shift perturbations of 1H15N HSQC resonance signals of F17 (D), K39 (E), and E50 (F) at 

various concentrations of Dex20. G, H: Temperature coefficients acquired in absence (black open 

squares) and in presence of 100 g/L (red circles), 200 g/L (green triangles) and 300 g/L (blue stars) of 

either PEG8 (G) or Dex20 (H). I, J: Amide protons possessing a TC > -4.6 ppb/K at dilute conditions 

indicating the presence of intra-molecular hydrogen bonds (I) and the hydrogen bonding network of 

BsCspB as determined by •-value analysis (J) by Garcia-Mira et al. (Garcia-Mira, Boehringer et al. 

2004) are highlighted in red on the structure of BsCspB (PDB id: 1NMG). 
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A general observation is that TCs get more positive with increased crowder concentration, using 

PEG8 as well as Dex20 at concentrations of 100, 200 and 300 g/L. In dilute versus crowded conditions, 

a crossing of the threshold value of -4.6 ppb/K for an IMHB appears only in three cases, namely for 

the residues G22 and E50 in presence of Dex20 and, less pronounced, for N10 in presence of PEG8. 

Regarding the variation of the change in TCs, the increase or decrease of values was analyzed for 

significance by use of a statistical F-test which probes whether the fitted model describes the data 

significantly better than a flat line with a slope of zero. A systematic increase of TC values with 

crowder concentration reaches significance only for 12 out of 67 residues, which are distributed over 

the whole BsCspB sequence and are mostly not shared for PEG8 and Dex20. For both Dex20 as well 

as PEG8, only the residue F49 shows significant increase in TC values. This residue bridges the 

β-strands one and five by a backbone-backbone hydrogen bond to L2, further this position was found 

to be highly relevant for total stability as its side chain is part of the hydrophobic core and mutation to 

alanine strongly destabilized BsCspB (Garcia-Mira, Boehringer et al. 2004).  

The meaning of the overall increase of TC is debatable since a more positive TC indicates a higher 

probability of an IMHB but the length of a hydrogen bond is negatively correlated to TC values 

(Cierpicki and Otlewski 2001, Cierpicki, Zhukov et al. 2002). Thus, in crowded solution either an 

overall increased probability for IMHBs or a lengthening of IMHB can be indicated by the slight 

increase in TCs. When the detected changes in TCs can be assigned to hydrogen bonding alone, one 

could follow that the present hydrogen bonds are overall slightly lengthened under MC conditions 

whereas regions without IMHBs tend to get involved in hydrogen bonds or similar shielding effects.  
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3.1.2.1.2 Quenched Flow H/D Exchange 

By the technique of quenched flow H/D exchange in combination with high resolution NMR it is 

possible to elucidate exchange reactions taking place at a timescale of milliseconds to minutes (Teilum, 

Kragelund et al. 2005). In order to examine the amide proton H/D exchange rates of a protein, the H/D 

exchange reaction is induced by fast mixing at neutral to basic conditions and stopped after a defined 

ageing time by a pH jump to acidic conditions. Acquisition of several NMR spectra in dependence on 

the delay time allows to estimate exchange rate constants of the amide proton backbone and thereby 

thermodynamic parameters can be derived concerning the stability, solvent accessibility and surface 

exposure of the respective positions. Amide protons involved in intramolecular hydrogen bonds would 

be strongly protected from hydrogen exchange, whereas amide protons in solvent exposed surface 

regions would show extremely fast exchange rates. By investigation of BsCspB H/D exchange in the 

presence and absence of MC, the influence of crowded conditions on the stability of the hydrogen 

bonding network and on general surface exposure by spontaneous unfolding of BsCspB was 

monitored. Therefore, H/D exchange experiments with an unlabeled protein sample, in a dilute 

environment as well as in presence of 110 g/L PEG8 were conducted using delay times of 4 ms, 10 ms, 

20 ms, 40 ms, 100 ms, and 400 ms. Samples were prepared with a using a QFM-4000 quenched flow 

setup (BioLogic Science Instruments). By acquisition of subsequent 1H NMR spectra under dilute 

conditions (figure 16), it became apparent that the major exchange of all amide protons takes place in 

the dead time of the experimental setup, as 4 ms is the shortest accessible delay time. Under crowded 

conditions, no variation of this extremely fast exchange behavior could be detected. Since the residual 

change in intensity of amide proton resonances regarding the accessible delay time region ranging 

from 4 to 400 ms contains only a marginal fraction of the total H/D exchange process, the amide proton 

exchange rates of BsCspB are not accessible by this technique. 

 
Figure 16 | One-dimensional proton NMR spectra of the amide proton region of BsCspB in fully 

or partially protonated states. 

Unlabeled BsCspB has been exposed to 80% D2O at a pH value of 9.2 for 0 ms, (black), 4 ms (blue) 

or 400 ms (red). The exchange reaction has been stopped by addition of HCl to a final pH value of 5.2 

using a QFM-4000 quenched flow machine (BioLogic Science Instruments). Sample preparation and 

measurement occurred on ice and at 283K, respectively; final protein concentration was 50 µM.  
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3.1.2.1.3 Steady State Amide Proton Exchange 

Another method to determine the strength of amide proton bonds is to measure the exchange of 

the amide protons (NH) with solvent water protons using a modified Mexico (measurement of fast 

proton exchange rates in isotopically labeled compounds) pulse sequence. In the course of this 

experiment, solvent exposed amide protons exchange more strongly with solvent protons than amide 

protons at protected sites. Due to the specific pulse sequence the signal intensity of amide protons 

exchanging with water protons increases. This increase in NH resonance intensities in two-

dimensional 1H15N spectra gives access to the exchange rates of NHs with water at all sequence 

positions. The estimated exchange rates of BsCspB amide protons with solvent water are extremely 

fast, mostly reaching complete saturation of exchange within the course of the explored mixing times 

of up to 250 ms (figure 17A-C). Regarding the distribution of exchange rates over BsCspB structure 

under dilute conditions (figure 17D), residues in loop positions exchange significantly faster than 

positions in structurally protected β-sheet regions.  

 A      B      C 

 

 D 

 

Figure 17 | Amide proton exchange with solvent H2O monitored by 1H15N NMR spectroscopy. 

A-C: Using a modified Mexico pulse sequence with various mixing times (Gemmecker, Jahnke et al. 1993), the 

increasing intensity profiles allow the determination of amide proton exchange rate constants (kex), exemplarily 

shown for E12 (A), G22 (B), and R56 (C) at dilute conditions (black open squares) or in presence of 120 g/L 

Dex20 (red circles), 150 g/L PEG8 (green triangles), or 240 g/L Dex20 (blue stars). Straight lines represent data 

regression as described in section 2.6.4.1. D: Amide proton exchange rates (kex) over BsCspB sequence using the 

same color code. Gray columns indicate β-strands according to PDB id 1NMG. 
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Comparison of exchange rate constants in dilute with those in crowded solution yields a strong 

decrease in exchange rates at loop positions, independent of the increase in viscosity but increasing 

with volume percentage of crowder in solution. The more polar crowder Dex20 shows a stronger 

protective effect than the less polar PEG8, which points at a difference in electrostatic interactions 

with the two crowding agents. Thus in general, the accessibility of the amide protons comprising 

BsCspB depends on the amount of MC agent added regarding the weight volume percentage of 

macromolecules in solution and further, crowder polarity can play a role in defining the extent of the 

protective effect. A dependence of the observed effect on the polarity of the MC agent was not detected 

in chemical unfolding whereas in thermal unfolding a divergent behavior of MC agents was observed 

as well, showing a stronger increase in TM for Dex20 than for PEG, combined with a compensating 

enthalpic contribution. In chemical unfolding, the slight electrostatic differences are covered by the 

strongly polar urea and therefore we find no difference between the MC agents in chemical 

denaturation. Since highly mobile regions are prone to highly exchange with water, the increased 

protection of those flexible and highly mobile areas points towards a decrease in mobility. This 

increase in protection increases with crowder concentration in the same way that the crowding induced 

stabilization effect increased. Therefore, the reduced mobility which correlates with increased stability 

points at more rigid loop regions under crowded conditions, which contribute to the stabilization of 

the native state. Contrary to the effect of MC in the loop regions, a general increase in exchange rates 

in the sheet regions can be found in presence of MC conditions (figure 18). This is surprising as it 

seems that addition of MC agents could have a destabilizing rather than a stabilizing effect in these 

regions, if this slightly visible effect of increased exchange rates would dominate. In BsCspB, the 

portion of residues involved in beta sheet formation is smaller than the number of residues forming 

loop regions, thus a major part of the molecule experiences an MC induced increase in rigidity which 

causes stabilization of the whole protein fold. In general, it is thus feasible that proteins with higher 

mobility and more flexible regions are those in turn that are more strongly stabilized by crowding. 

 

   
Figure 18 | Amide proton exchange with solvent H2O plotted on BsCspB structure. 

Use of a modified Mexico pulse sequence with various mixing times (Gemmecker, Jahnke et al. 1993) allows 

the determination of amide proton exchange rate constants (kex). BsCspB (PDB id: 1NMG) has been colored 

according to a decrease (blue) or an increase (orange) in exchange rate constants upon addition of 120 g/L Dex20 

to dilute conditions. Dark blue: Δkex < - 0.1 s-1, light blue: -0.1 < Δkex < 0 s-1, light orange: 0 < Δkex < 0.1 s-1 and 

dark orange: Δkex > 0.1 s-1, gray: n.a. 
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3.1.2.2 Chemical Stability at Atomic Resolution 

3.1.2.2.1 Monitoring Main Chain Denaturation 

In order to assess the chemical stability of BsCspB at a residue by residue level, different series of 

1H15N and 1H13C HSQC spectra at various concentrations of urea were acquired in the absence and 

presence of MC, using either 120 g/L PEG1 or 120 g/L Dex20. Focusing on the analysis of the amide 

proton resonances first, the unfolding transitions of the native state were derived from intensities of 

amide proton resonances of BsCspB according to the assignment displayed in figure 14A, shown 

exemplarily for residue A32 at dilute and crowded conditions (figure 19B). The formation of the 

unfolded state ensemble was monitored by following the resonance signals of the unfolded state as 

assigned in figure 19A, exemplarily shown for residue A46 at dilute as well as crowded conditions 

(figure 19C). In accordance with the global analysis using one-dimensional 1H NMR, raw data of 

amide proton unfolding transitions show a shift of the transition region to higher concentrations of 

urea when MC is present (figure 19B and C). Since the native and unfolded baselines are not well 

resolved and vary strongly in steepness, the data was analyzed using linear extrapolation of the 

transition region of 2 to 4 M of urea instead of the data regression suggested by Santoro and Bolen, as 

described in methods section 2.6.1. This methodology excludes any potential bias raised by the 

increased steepness of the native and unfolded baselines which has also been reported previously to 

occur in NMR spectroscopic folding studies, i.e. for SlyD (Haupt, Weininger et al. 2011). 

A       B 

 
 

C 

 
 

Figure 19 | Unfolding transitions of BsCspB at a residue-by-residue level. 

A: 1H15N HSQC Assignment of the urea - induced unfolded state of BsCspB at dilute conditions. B, C: 

Chemically induced unfolding transitions of BsCspB monitored by intensity readout of amide proton resonance 

signals of the native state for residue A32 (B) and the formation of the unfolded state ensemble monitored by an 

increase in the unfolded signal intensity for A46 (C) at dilute conditions (black squares), 120 g/L Dex20 (red 

open circles) or 120 g/L PEG1 (blue open triangles), observed at 298 K. 
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By linear extrapolation all transitions were analyzed individually, using a residue-specific shared 

cooperativity which was globally fitted for all three conditions. Of the 67 residues of BsCspB, 53 

amide proton transition curves were acquired with sufficient signal intensity for non-overlapping, non-

proline residues that were unambiguously assigned in dilute solution and 48 of those could be observed 

up to 6M under both MC conditions. These data give rise to a mean normalized unfolding transition 

for each of the three conditions (figure 20), representing a global transition for the whole protein.  

A        B         C 

          

Figure 20 | Mean unfolding transitions of BsCspB derived from 1H15N NMR spectroscopy. 

A and B represent the mean normalized intensity of 48 normalized individual urea - induced unfolding transitions 

comprising BsCspB in absence (black squares) and in presence of 120 g/L Dex20 (red circles, A) or 120 g/L 

PEG1 (blue circles, B). The error bars represent one standard deviation of the mean. C: Linear extrapolation of 

the unfolding transitions shown in A and B using a global value for the cooperativity of folding, m. Regression 

data is found in table 8. 

Table 8 | Thermodynamic stability of the BsCspB backbone towards chemically induced 

denaturation in absence or presence of MC monitored by two-dimensional 1H15N and 
1H13C NMR spectroscopy. Thermodynamic data is derived from linear extrapolation of the 

mean of 48 normalized individual urea - induced unfolding transitions of amide proton 

resonances comprising the native state (nat) as well as 16 individual unfolding transitions of 

amide proton cross signals of the unfolded ensemble (unf) of BsCspB in absence (dilute) and 

in presence of 120 g/L Dex20 or 120 g/L PEG1. Mean CH transition data is derived from 48 

individual unfolding transitions of CH cross signals. Linear extrapolation occurred as described 

in methods, section 2.6. 

method condition ∆G0
N↔U / kJ‧mol-1 m / kJ‧mol-1‧M-1 cM / M ΔcM / M 

mean HNnat dilute 5.5 ± 0.2 -2.9 ± 0.1 1.9 ± 0.1  

mean HNnat Dex20 7.0 ± 0.2 -2.9 ± 0.1 2.4 ± 0.1 0.5 

mean HNnat PEG1 7.2 ± 0.2 -2.9 ± 0.1 2.5 ± 0.1 0.6 

mean HNunf dilute 18.5 ± 1.4 -4.3 ± 0.4 4.3 ± 0.2  

mean HNunf Dex20 21.9 ± 2.3 -4.3 ± 0.4 5.1 ± 0.4 0.7 

mean HNunf PEG1 19.4 ± 1.4 -4.3 ± 0.4 4.5 ± 0.2 0.2 

mean CH dilute 6.3 ± 0.4 -3.0 ± 0.1 2.1 ± 0.1  

mean CH Dex20 8.0 ± 0.4 -3.0 ± 0.1 2.6 ± 0.2 0.6 

mean CH PEG1 7.2 ± 0.4 -3.0 ± 0.1 2.4 ± 0.2 0.3 

 

Regarding the mean amide proton transition, data regression by linear extrapolation yields an 

absolute transition midpoint of 1.9 M for dilute solution and an increase by 0.5 M or 0.6 M urea in 

presence of either 120 g/L Dex20 or PEG1 (table 8). This increase by 0.5 M urea is in accordance with 

the global 1H NMR transition derived from the integration of the aliphatic region (section 3.1.1.1), 

whereas the absolute value of the transition midpoint differs by 0.8 M between the 1H derived global 
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transition and the amide proton derived transition. The difference in absolute values can be attributed 

to the fact that in 1H spectra analysis, the change in the unfolded state ensemble is accounted for by 

integration, whereas in the amide proton analysis only the loss of native state population is evaluated. 

As the population of the unfolded ensemble could be monitored for 16 residues that were well 

separated in 1H15N HSQC spectra (figure 21), linear extrapolation of these transitions yielded a mean 

absolute transition midpoint of 4.3 M urea for dilute solution and an increase by 0.7 M or 0.2 M urea 

in presence of either 120 g/L Dex20 or PEG1 (table 8).  

 

A      B 

  

C      D 

   

Figure 21 | 1H15N NMR spectroscopic analysis of the unfolded protein ensemble of BsCspB. 

A, B: Overlay of 1H15N HSQC spectra acquired for BsCspB in the absence (black) and in presence of 120 g/L 

PEG1 (A) or Dex20 (B). C, D: Difference in the transition midpoint, ῳcM, of amide proton unfolding transitions 

of the unfolded ensemble comparing dilute conditions with the presence of 120 g/L PEG1 (C) or Dex20 (D). 

Horizontal reference lines indicate the mean (continuous mode) plus or minus one standard deviation (dotted 

mode), whereas gray columns indicate β-strands according to PDB id 1NMG. 
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Averaging the mean absolute transition midpoint derived from native and unfolded states returns 

an absolute transition midpoint of ~3 M urea which is in accordance with the global transition midpoint 

detected by one-dimensional 1H NMR spectroscopy. But as this study focuses not on the absolute 

transition midpoint but on the MC induced gain in stability, further discussion will focus on the 

difference in transition midpoints, ΔcM, between dilute and crowded conditions, derived from the 

native state unfolding transitions. 

The analyzed amide proton transitions further allow mapping of stability values to the sequence in 

order to detect any structural or local dependencies of the thermodynamic stability of the native state 

of BsCspB at dilute conditions (figure 22A) and of the MC induced stabilization effect (figure 22C 

and D). At dilute conditions, there are no defined regions of higher or lower stability present as the 

absolute stability reflected in the unfolding transition midpoint lies mostly within one standard 

deviation of the mean, and few exceptions exceeding this range are not locally related. This is expected 

and is a typical sign in case of a perfect two state folding protein. Considering now the presence of 

MC, the transition midpoint increases in presence of both crowding agents equally by an average of 

0.5 M of urea. Again, there is no sequence specific region of significant increase or decrease in stability 

exceeding the mean plus or minus one standard deviation. Only single, spatially separated residues 

show a significant deviation from the mean. In contrast to local interactions of crowding agents which 

have been suggested in literature, the stabilization by 0.5 M urea is spread over the whole sequence of 

the protein indifferent of surface or core areas, amino acid properties or secondary structural elements. 

This underscores that the stabilization effect in case of both crowding agents takes place independent 

of direct binding or chemical interactions with certain sites. Regarding the effect of MC on the stability 

determined by analysis of the unfolded state ensemble (figure 21C and D), ΔcM values report an 

increase in stability as well, being again equally dispersed over the whole sequence. The apparent 

difference in the mean stabilization induced by the two MC agents though is not reflected in the 

analysis of the native state amide proton unfolding transitions. It can thus be concluded that this 

deviation seen in the unfolded ensemble is not a difference in the extent of stabilization of the native 

state exerted by the two MC agents, but rather reflects a limit of accuracy in the determination of the 

stabilization by evaluation of the amide proton signals of the unfolded ensemble. 

In a next step, acquisition of 1H13C HSQC spectra and the respective assignment (appendix, figure 

45) allowed the evaluation of CH unfolding transitions, which are for the most part main chain CHα 

cross signals, whereas CH2 and CH3 cross signals comprise side chain signals (except for glycine) 

discussed below. In the analysis of 1H13C HSQC spectra, it was possible to follow 48 CH transitions 

which were analyzed by linear extrapolation in the same way as amide proton transitions, as described 

in method section 2.6.1. The absolute mean transition midpoint of 2.1 M urea is comparable to that of 

amide protons (table 8). At dilute conditions (figure 22A and B), the stability reflected in the transition 

midpoint of amide protons and carbon bound protons shows that CH and NH data are well matched.  

 



 

 

 

Results  58 

A           B 

                       
C           D 

                        
E           F 

                       

Figure 22 | Structurally resolved stability of the BsCspB backbone towards urea - induced denaturation. 

A, B: Absolute values of transition midpoints of backbone NH and CH unfolding transitions in absence of MC 

determined by linear extrapolation of 1H15N and 1H13C cross peak intensities at increasing concentrations of urea 

as described in section 2.6.1. C-F: difference in transition midpoints of NH (C, D) or CH (E, F) groups of 

individual residues in dilute solution to the transition midpoints of those in a solution containing 120 g/L of 

PEG1 (C, E) or Dex20 (D, F). Gray columns indicate β-strands according to PDB id 1NMG, horizontal reference 

lines represent the mean (continuous mode) plus or minus one standard deviation (dotted mode). The hydropathy 

score (Kyte and Doolittle 1982) concerning BsCspB has been shown on top by using the online tool ProtScale 

available at the Bioinformatics Resource Portal ExPASy (Gasteiger E., Hoogland C. et al. 2005). 

Also for carbon bound protons, fluctuations in stability mostly range within one standard deviation 

of the mean. In presence of crowding agents, the transition midpoints of carbon-bound protons increase 

by an average 0.6 M urea for Dex20 and 0.4 M for PEG1. Regarding either the absolute transition 

midpoints of the protein backbone in dilute solution or the pattern of increase in stability due to PEG1 
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(figure 22C and E) or Dex20 (figure 22D and F), the stability values of the individual residues show 

neither correlation with secondary structure (indicated by gray columns) nor hydrophilic or 

hydrophobic areas of the protein shown by the hydropathy score. The residues that exceed the mean 

plus or minus one standard deviation are structurally distributed and do apparently neither match in 

the case of absolute values of chemical stability regarding CH and NH resonances, nor in regard of the 

increase in stability induced either by PEG1 or Dex20. 

As there are no structural regions that are significantly increased or decreased in stability, the data 

corresponds well to the model of a two state folding protein in steady state as it would be anticipated 

for BsCspB. The residues that show significant deviation from the mean (figure 23) are for the most 

part either those that show significant deviation in the amide proton analysis or those that show 

deviation in the CH analysis, but for a significant difference in the stability of a specific position, 

consistent deviation in both CH and NH analysis is anticipated. The residues showing stabilities 

outside the mean and one standard deviation, such as the positions 5, 7, 18, 41, 46, 51, 61 are conserved 

in dilute solution, in presence of PEG1 and in presence of Dex20. Only in presence of 120g g/L Dex20 

but not in dilute solution and not in presence of 120 g/L PEG1, the mean transition midpoint of carbon-

bound protons is slightly elevated compared to mean transition midpoint of amide protons (see table 8 

and figure 23).  

Figure 23 | Residue level thermody-

namic stability of BsCspB towards 

denaturation by urea. 

Unfolding transition midpoints of 

backbone amide protons (cM
NH) and 

carbon bound protons (cM
CH) labeled 

by amino acid position. Ellipses are 

centered on the mean and seized one 

standard deviation. The presented data 

is derived from linear extrapolation of 

the intensities of 1H15N HSQC and 
1H13C HSQC resonances of the protein 

backbone acquired at increasing 

concentrations of urea in dilute 

environment (black), in presence of 

120 g/L Dex20 (red) or in presence of 

120 g/L PEG1 (blue). Linear regression 

occurred as described in section 2.6.1. 

 

 

Residues with significant difference in stability in amide proton resonances are color coded on the 

BsCspB structure 1NMG in figure 24. Plotted on BsCspB structure, it shows that they are distributed 

over the whole sequence and spatially separated. Some residues that exceed the mean plus or minus 

one standard deviation at dilute conditions (figure 24A) show clearly to be conserved in presence of 

PEG1 (figure 24B) as well as Dex20 (figure 24C), Thus the observed deviations might result from 

local stability of the specific residue position, which is not further influenced by the presence or 

absence of MC. 
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A 

      
B 

      
C 

      
Figure 24 | Significant changes in thermodynamic stability mapped on the structure of BsCspB. 

A: The residue-level thermodynamic stability of BsCspB backbone amide protons against denaturation by urea 

in absence of MC, as presented in figure 22A, is mapped on BsCspB structure (PDB id: 1NMG). Color coded 

are values of cM below (blue) or above (red) the mean and one standard deviation. B and C represent deviations 

from the mean of ΔcM comparing dilute conditions with presence of 120 g/L PEG1 (B) or 120 g/L Dex20 (C). 

Color coded are residues possessing a ΔcM value below (blue) or above (red) the mean and one standard 

deviation.  

In addition to the intensity derived unfolding transitions discussed above, two dimensional NMR 

spectroscopy provides structural information by analysis of the change in the specific resonance 

frequencies of amide proton cross signals. The evaluation of chemical shift perturbations upon 

chemical denaturation has been applied by Kumar, Chatterjee, Bhavesh et al. yielding insights into 

structural perturbations happening at low denaturant concentrations prior to the unfolding transition, 

showing e.g. near native states under low concentrations (Kumar, Srivastava et al. 2006, Chatterjee, 

Krishna Mohan et al. 2007). Further, it has been shown that there is information in chemical shifts of 

the urea-unfolded protein ensemble incorporated hinting towards distinct conformations, possibly 

resembling the native state (Bhavesh, Juneja et al. 2004, Kumar, Srivastava et al. 2006). Chemical 

shift changes are thus indicative of any structural change that might occur upon addition of urea in 

absence or presence of Dex20 and PEG1. Therefore, the change in chemical shifts of NH cross signals 

present in 1H15N HSQC spectra was analyzed to evaluate the effects of urea on the native state of 

BsCspB. In dilute solution, the addition of urea to BsCspB induces chemical shift perturbations (CSPs) 

of residues comprising predominantly the highly solvent exposed loop region of G35 to T40 that 
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connects the β-strands three and four (figure 25A). The chemical shift changes induced by MC do not 

alter the usual pattern of CSPs for the influence of urea on the native state signals, as evaluated by 

native states CSPs for dilute conditions, in presence of PEG1 and Dex20 from 0 to 3M urea (figure 

25B), only minor differences can be seen for residues 57 and 59. It can be concluded that the presence 

of MC does neither influence nor even hinder the interaction of urea with the protein, nor does it 

structurally perturb the unfolding transition of BsCspB. Additionally, as discussed above, by 

comparison of 1H15N spectra of BsCspB in presence of different MC conditions (figure 14) it can be 

inferred that the native state itself is structurally unaffected by the presence of either PEG or Dex20. 

Herewith it is also excluded that stabilization of the protein occurs by disturbance of the interaction of 

urea with the protein backbone or limited accessibility of the protein backbone due to MC conditions, 

as such effects would show in a reduced CSP pattern of BsCspB in presence of 3 M urea under crowded 

versus dilute conditions, just as well as a change in the activity of urea in crowded solution would 

effectuate a divergent CSP pattern for dilute versus crowded conditions in presence of 3 M urea. 

A        B 

          

C        D 

       

Figure 25 | Chemical shift perturbations of amide proton resonances comprising BsCspB. 

A: chemical shift perturbations in presence of 1.1 M urea (light gray), 2.25 M urea (dark gray) and 3.26 M urea 

(black) and absence of MC. B: Chemical shift perturbations in presence of 2.97 M urea at dilute conditions 

(black), 2.94 M urea and 120 g/L Dex20 (red) or 3.08 M urea and 120 g/L PEG1 present in solution (blue). C, D: 

Chemical shift perturbations of 1H15N cross signals comprising the unfolded state ensemble of BsCspB in 

absence or presence of 120 g/L PEG1 (C) or Dex20 (D). Gray columns indicate β-strands according to PDB id 

1NMG.  
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3.1.2.2.2 Monitoring Side Chain Stability 

Side chain methyl and methylene groups of BsCspB in dilute versus crowded conditions were 

analyzed by intensity read out of 1H13C HSQC spectra as assigned in figure 45 in the appendix. 

Chemically induced unfolding transitions using 0 M to 6 M urea could be unambiguously followed for 

46 methylene protons and 24 methyl group protons. The absolute mean transition midpoint in absence 

of MC (figure 26A and B) is comparable to that of backbone amide and carbon bound protons 

discussed above.  

The increase in stability by either PEG1 or Dex20 is reflected in the side chain transitions as well 

as it was seen in the analysis of the protein backbone, and stabilization reaches a comparable extent 

ranging from 0.4 to 0.6 M urea regarding the increase of the transition midpoint in presence of Dex20 

or PEG1, respectively, for both the methyl and the methylene groups. The increase in stability is 

seemingly more pronounced for Dex20 than for PEG1, but in regard of the standard deviation, both 

conditions exert a similar stabilization within the range of error.  

Regarding the structural distribution of the stabilization at dilute conditions, only few residues 

exceed the mean and one standard deviation which are not structurally related. Concerning the 

structural distribution of chemical stabilization exerted by both Dex20 and PEG1, the methylene 

groups of residue N10 and G54 are exceeding the mean and one standard deviation in both cases but 

other than those, all residues showing strong divergence are not shared at both conditions and are 

dispersed over the structure without local relation to each other. Thus, the targeted analysis of the 

aliphatic side chains shows indeed that both Dex20 as well as PEG1 do not target any hydrophobic 

interaction site in order to stabilize the native state but that the stabilization occurs at every site and 

even every monitored side chain to a comparable extent. 

 

 

Table 9 | Chemical stability of BsCspB side chains in absence or presence of PEG1 or Dex20 

determined by two-dimensional 1H13C NMR spectroscopy. Thermodynamic data is derived from 

linear extrapolation of individual urea - induced unfolding transitions of 24 methyl and 46 methylene 

carbon proton resonances comprising the native state of BsCspB in absence or presence of 120 g/L 

Dex20 or 120 g/L PEG1 as described in methods, section 2.6. 

method condition ∆G0
N↔U / kJ‧mol-1 m / kJ‧mol-1‧M-1 cM / M ΔcM / M 

mean CH2 dilute 6.2 ± 0.3 -3.0 ± 0.1 2.1 ± 0.1  

mean CH2 Dex20 8.2 ± 0.3 -3.0 ± 0.1 2.7 ± 0.1 0.6 

mean CH2 PEG1 7.5 ± 0.3 -3.0 ± 0.1 2.5 ± 0.1 0.4 

mean CH3 dilute 5.9 ± 0.2 -2.9 ± 0.1 2.0 ± 0.1  

mean CH3 Dex20 7.7 ± 0.2 -2.9 ± 0.1 2.6 ± 0.1 0.6 

mean CH3 PEG1 7.1 ± 0.2 -2.9 ± 0.1 2.4 ± 0.1 0.4 
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A       B 

   
C       D 

   

E       F 

    

Figure 26 | Structurally resolved stability of BsCspB side chains towards urea - induced denaturation. 

A, B: Urea dependent unfolding transition midpoints of methylene (A) and methyl (B) unfolding transitions in 

absence of MC were determined by linear extrapolation of 1H13C cross peak intensities at increasing 

concentrations of urea as described in section 2.6.1. C-F: Residue-level difference of the transition midpoints, 

ΔcM, of methylene (C, D) or methyl (E, F) groups of BsCspB in dilute solution to the transition midpoints of the 

respective groups in a solution containing 120 g/L of PEG1 (C, E) or Dex20 (D, F). Gray columns indicate β-

strands, horizontal reference lines represent the mean (continuous mode) plus or minus one standard deviation 

(dotted mode).  
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3.2 Folding Kinetics of BsCspB in a Crowded Environment 

In order to investigate the influence of Macromolecular Crowding on protein folding kinetics, 

single mixing stopped flow experiments were conducted using either guanidinium chloride (GdmCl) 

or urea as denaturants. Unfolding and refolding kinetics of BsCspB were measured in dilute solutions 

as well as in presence of synthetic crowding agents, namely PEG1, PEG8, Dex20, and Ficoll70, in 

order to investigate the contributions of the unfolding and refolding rates to the crowding induced 

increase in stability. Furthermore, single mixing experiments both 298 K and 283 K as well as double 

mixing experiments were performed under dilute conditions and in presence of PEG1 to determine the 

effect of MC conditions on the folding pathway and possible modifications of the two-state folding 

behavior of the model protein. All kinetic data was evaluated as described in method section 2.4. 

3.2.1 Denaturation by Urea 

Kinetic experiments under dilute conditions yielded a typical two state behavior of BsCspB at 

298 K, as it was expected from literature (Schindler and Schmid 1996). Raw data traces were evaluated 

using monoexponential time dependency. In proximity to 0 M denaturant though, an additional slow 

phase was observed, accounting for up to 15% of the amplitude as discussed below (section 3.2.2 and 

figure 29). The chevron plot shown in figure 27A displays the typical V-shape, and the endpoint 

analysis below shows a consistent steady state transition. Crowded conditions using 50 g/L PEG8 

revealed an increase in stability, seen by an increased ΔG0 and cM (table 10). In the presence of 100 

g/L of macromolecules, a further increase in stability is seen as well as the appearance of curvature in 

the folding limb of the chevron plot (figure 27 B, D, E, F). 

 Table 10 | Summary of kinetic data for urea - induced refolding and unfolding of BsCspB. Thermodynamic 

stabilities are derived from experimental kineitc data presented in section 3.2.1. Data regression occurred 

according to a two state model as described in methods, section 2.4, by use of the relation mn + mu = meq. The 

concentration of urea used for incubation of unfolded BsCspB prior to refolding is referred to as curea,u. 

MC agent ccrowder/ g‧L-1 curea,u / M T / K meq / kJ‧mol-1‧M-1 ΔG0 / kJ‧mol-1 cM / M 

- - 7 298 -2.8±0.1 7.0±0.2 2.5±0.0 

PEG8 50 6.5 298 -2.1±0.2 7.8±0.6 3.7±0.1 

PEG8 100 7 298 -2.1±0.1 8.8±0.3 4.2±0.1 

Dex20 100 7 298 -0.7±0.5 14.1±2.9 n.a. 

Ficoll70 100 6 298 -2.1±0.3 9.3±0.8 4.3±0.2 

PEG1 100 7 298 -0.4±0.7 15.9±5.0 n.a. 

PEG1 200 7 298 1.2±1.6 27.7±9.1 n.a. 

- - 6 283 -6.3±0.7 13.7±1.3 n.a. 

 

The crowding induced stabilization seen in the kinetic measurements matches well the increase in 

stability detected by steady state unfolding transitions discussed in section 3.1. Comparing the effect 

of different kinds of macromolecules at a concentration of 100 g/L to the folding kinetics under dilute 
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conditions (figure 27G), it becomes apparent that PEG1, PEG8, Dex20 and Ficoll 70 show the same 

effect on BsCspB folding kinetics. The chosen crowding agents differ strongly in size, polarity and 

viscosity; thus the stabilizing effect can be attributed to the fraction of macromolecules present in 

solution and is not dependent on chemical interactions between crowder and protein, size of the 

crowder in the range of one to 70 kDa, and sample viscosity. Systematic differences in kinetic rate 

constants under dilute versus crowded conditions can be held responsible for the overall stabilization: 

Comparing crowded conditions to dilute environment, mn as well as ku is decreased under crowded 

conditions (table 11). The parameters mu and kn show no systematic response to MC conditions. This 

can be attributed to the fact that the unfolding limb of the chevron plots, defining mu, is not well aligned 

with the acquired data points and therefore the regression error is significantly increased under 

crowded conditions.  

Table 11 | Kinetic rate constants for urea - induced refolding and unfolding of BsCspB. Thermodynamic 

regression data of chevron plots displayed in figure 27 and figure 28. Data regression occurred according to 

a two state model as described in section 2.4. Analysis of stability in terms of ΔG0 is displayed in table 10.  

MC agent ccrowder/ g‧L-1 T / K mn / kJ‧mol-1‧M-1 mu / kJ‧mol-1‧M-1 kn / s-1 ku / s-1 

- - 298 -2.8±0.1 0.1±0.0 820±53 49±2 

PEG8 50 298 -2.2±0.1 0.1±0.1 685±38 30±7 

PEG8 100 298 -2.3±0.1 0.2±0.0 833±45 24±3 

Dex20 100 298 -1.7±0.1 1.0±0.4 709±21 2.4±2.8 

Ficoll70 100 298 -2.4±0.2 0.3±0.1 882±111 21±6 

PEG1 100 298 -1.6±0.1 1.2±0.6 607±18 1±2 

PEG1 200 298 -1.6±0.0 2.8±1.5 646±17 n.a. 

- - 283 -1.9±0.1 1.2±0.4 205±5 0.8±0.4 

 

Further, kn is not well estimated by extrapolation anymore due to the roll-over effect present under 

crowded conditions. The curvature in the refolding limb as well as the reduction in kobs at urea 

concentrations close to 6 M are even more pronounced at 200 g/L PEG1 (figure 27H). Data regression 

using a two-state model is only applicable under exclusion of the data acquired below 1.5 M urea 

(figure 27C). As the two state model does not fully describe the kinetic data in presence of 200 g/L 

crowding agent, the roll-over effect near 0 M denaturant suggests the presence of a kinetic folding 

intermediate (Baldwin 1996). Due to limitations in the resolution of the stopped flow machine when 

using highly crowded solutions, kinetic data for solutions with higher macromolecular content than 

200 g/L was not accessible. In order to stabilize the folding reaction, and thereby a possible kinetic 

intermediate state, for further investigation, kinetic data was acquired at reduced temperature as it is 

known that BsCspB reaches its maximum stability at 288 K (Szyperski, Mills et al. 2006). Indeed, a 

stabilization was detected at 283 K under dilute conditions in addition to reduced refolding rates close 

to 0 M GdmCl, comparable to the effect of crowded conditions at 298 K. In an environment containing 

200 g/L PEG1 at 283 K, the typical V-shape of the chevron plot was lost (figure 28B).  
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Figure 27 | Urea - induced unfolding and refolding kinetics of BsCspB at 298 K.  

A-F: Upper panels show observed unfolding rate constants (closed circles) and refolding rate constants (open 

circles); open triangular symbols: data points excluded from data regression; lower panels show start points 

(filled triangles) and end points (open circles) of kinetic traces. The unfolded state was prepared prior to refolding 

by incubation at the highest soluble concentration of urea. Data was acquired in absence of MC (A) or in presence 

of 100 g/L PEG1 (B), 200 g/L PEG1 (C), 200 g/L Dex20 (D). Solid lines represent data regression corresponding 

to the two-state folding model as described in section 2.4. G-H: Overlay of chevron plots under various 

conditions, open circles representing dilute conditions. Thermodynamic regression data is presented in table 11. 
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Besides the possible existence of an intermediate state, the appearance of the chevron plot under 

crowded conditions at reduced temperature is altered due to the increase in the transition midpoint as 

result of increased stability on the one hand, which was estimated in steady state transitions to be 

cM = 4.6 M urea and matches well the end point analysis displayed below the chevron plot. On the 

other hand, the reduction in solubility of urea in presence of PEG1 to a maximum of 5.5 M urea made 

the unfolding limb experimentally inaccessible at 283 K. Despite the limitations in the data available 

for the unfolding limb, an extreme rollover in the observed refolding rates near 0 M urea underlines 

the probability of a kinetic folding intermediate. As urea is not able to induce the fully denatured state 

under highly crowded conditions, further investigations of the folding kinetics under crowded 

conditions and reduced temperature were conducted with the stronger denaturant GdmCl to ensure that 

the rollover effect and the deviation from the two-state model does not result from the limited solubility 

of denaturant in crowded solutions which could limit the population of the unfolded ensemble prior to 

refolding. 

 

A    B     

  

  

 
Figure 28 | Urea - induced unfolding and refolding kinetics of BsCspB at 283 K.  

Upper panels show observed unfolding rate constants (closed circles) and refolding rate constants (open circles), 

triangular symbols indicate data points excluded from data regression; lower panels show start points (filled 

triangles) and end points (open circles) of kinetic fluorescence traces. The unfolded state was prepared prior to 

refolding by incubation at the highest soluble concentration of urea in presence of the respective conditions: (A) 

dilute conditions, (B) crowded conditions with 200 g/L PEG1. Solid lines represent data regression 

corresponding to the two-state folding model as described in methods, section 2.4, thermodynamic regression 

data is presented in table 11. 

 

Summing up, by analysis of BsCspB folding kinetics employing urea as denaturant, a stabilization 

is detected under MC conditions in accordance with steady state measurements. This stabilization is 

connected to a decrease in the unfolding rate. Additionally, a rollover suggests the stabilization of a 

kinetic folding intermediate by MC conditions and thereby a deviation from the two-state folding 

regime.  
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3.2.2 Denaturation by Guanidinium Chloride 

Using GdmCl as denaturant in a single mixing setup, BsCspB was either rapidly unfolded in 

GdmCl concentrations above 1 M or refolded by dilution from 3.4 M GdmCl into concentrations lower 

than 2.5 M (figure 46). As stabilization due to MC was detected seen by an increase in cM in presence 

of crowding agents (table 12), refolding by dilution from 4 M GdmCl (cGdmCl,u) was applied to provide 

a starting population of BsCspB in completely unfolded conformation (figure 30). At room 

temperature, pure mono exponential kinetics were detected for BsCspB under dilute conditions, 

whereas for refolding, raw data regression for conditions close to 0 M GdmCl exhibited a residual 

slope (figure 29). The residual slope contributed 5 to 15% of the total amplitude and occurred solely 

at refolding conditions below 1.4 M GdmCl, and was not collected to an identified folding event. An 

additional slope in residual functions was neither detectable for unfolding nor for refolding events 

above 1.4 M GdmCl. Therefore, the residual slope was considered to be negligible, and all data was 

consistently evaluated using a monoexponential regression function.  

A       B       C 

 

 
D       E       F 

 

 
 
Figure 29 | Raw data of BsCspB folding kinetics at 29 8K and in presence of 200 g/L PEG1 at 283 K. 

Upper panels show the mean of at least 10 individual traces. Lower panels show residuals of data regression 

using monoexponential (A, B, D, E) or biexponential (C, F) time dependency. A-D: mean raw data traces for 

refolding to a final concentration of 1.80 M GdmCl (A) or 0.35 M GdmCl (B, C) and unfolding to a final 

concentration of 3.54 M GdmCl (D) in absence of MC. E-F: mean raw data trace acquired at 283 K under 

crowded conditions using 200 g/L PEG1 for refolding at 0.4 M GdmCl.  
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Raw data traces were heterogeneous for the first 2 ms, therefore regression occurred starting from 

2 ms onwards. For crowded conditions, the onset of homogeneity was delayed, starting at 3 to 8 ms, 

therefore data regression occurred in an individually adapted range. Using PEG8, which is of equal 

size to the model protein, it was possible to simulate MC conditions of up to 100 g/L PEG8. On the 

one hand, unfolding experiments starting from 3.4 M GdmCl show a minor increase in cM in presence 

of 100 g/L of crowding agent. On the other hand, no significant increase was detected in presence of 

50 g/L and 100 g/L PEG8 when preparing the denatured state with 4 M GdmCl. At concentrations 

above 100 g/L of PEG8, the buffer system led to inhomogeneity at the onset of data acquisition, lasting 

for the first 20 ms of the recorded traces, and therefore no data regression was possible. As the rapid 

mixing of the two solutions in the stopped flow machine is achieved by the turbulences in the T-piece, 

it depends on the density, viscosity and flow velocity of the respective solvent (Roder, Maki et al. 

2004). Thus, high viscosities delay the rapid mixing and therefore data from solutions with raised 

viscosity is inaccessible in the relevant time frame. Since PEG1 has a reduced viscosity compared to 

PEG8 and therefore a shorter dead time, as well as a lower amplitude of background signal, it was 

possible to use a maximum of 200 g/L PEG1. Comparing 200 g/L PEG1 with dilute conditions shows 

a significant increase in stability, reflected in a raised ΔG0 as well as cM. In addition, a slight tendency 

for a roll over close to 0 M denaturant becomes apparent, as well as a non-convergent behavior of the 

Table 12 | Summary of kinetic data for GdmCl - induced refolding and unfolding of BsCspB. Thermodyna-

mic stabilities derived from experimental kinetic data presented in section 3.2.2. Data regression occurred using 

a two state model as described in methods, section 2.4, using the relation mn + mu = meq. cGdmCl,u refers to the 

concentration of denaturant used for incubation of the unfolded ensemble of BsCspB prior to refolding. 

MC agent ccrowder/ g‧L-1 cGdmCl,u / M T / K meq / kJ‧mol-1‧M-1 ΔG0 / kJ‧mol-1 cM / M 

- - 3.4 298 -7.1±0.7 12.2±1.1 1.7±0.1 

PEG1 100 3.4 298 -5.3±0.3 12.1±0.6 2.3±0.1 

PEG8 100 3.4 298 -5.4±0.8 12.1±1.4 2.3±0.2 

Dex20 100 3.4 298 -5.9±0.2 11.7±0.3 2.0±0.0 

- - 4 298 -6.5±0.2 11.4±0.2 1.7±0.0 

PEG8 50 4 298 -6.6±0.1 10.7±0.1 1.6±0.0 

PEG8 100 4 298 -6.5±0.1 11.1±0.1 1.7±0.0 

PEG1 200 4 298 -4.1±0.8 14.9±1.8 3.6±0.2 

- - 4 283 -6.3±0.7 13.7±1.3 2.2±0.1 

PEG1 200 4 283 -2.5±14.0 33±42 n/a 

Table 13 | Kinetic rate constants for GdmCl - induced refolding and unfolding of BsCspB. Thermodynamic 

regression data of chevron plots displayed in figure 30 and figure 31 according to a two state model as described 

in methods, section 2.4. Refolding was initiated at 4 M GdmCl. Stability in terms of ΔG0 is displayed in table 12.  

MC agent ccrowder/ g‧L-1 T / K mn / kJ‧mol-1‧M-1 mu / kJ‧mol-1‧M-1 kn / s-1 ku / s-1 

- - 298 -7445±80 935±76 613±8 6.2±0.5 

PEG8 50 298 -6807±69 974±64 443±5 5.6±0.4 

PEG8 100 298 -7282±108 740±34 600±23 6.7±0.3 

PEG1 200 298 -5821±188 1721±600 452±17 1.1±0.8 

- - 283 -7591±242 1316±473 260±12 0.8±0.4 

PEG1 200 283 -4437±202 6929±13771 146±8 1E-4±2E-3 
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two state fit and the measured data points near 4 M GdmCl (Figure 30D).  

To further elucidate the kinetic deviations induced by MC, the folding reaction was perturbed by 

decreasing the reaction temperature to 283 K, thus working at 5 K below the induction of the cold 

shock regime. Under dilute conditions, the decrease in temperature leads to an increase in BsCspB 

stability, seen by an incline in ΔG0 and cM (table 12). In presence of 200 g/L PEG1, the observed rate 

constant, kobs, displays a pronounced roll over as well as a deviation from the typical V-shape of the 

chevron plot by reduction of kobs near 4 M GdmCl. Data regression using a two state folding model 

did not describe the data correctly (figure 31B), yielding regression data bearing an error that did not 

allow to estimate the stability in terms of cM and ΔG0. This dataset was therefore treated in section 

3.2.3 using a three state model.  

A      B          C 

         

         
 

D      E          F 

         

 
 

Figure 30 | GdmCl - induced refolding and unfolding kinetics of BsCspB at 298 K.  

A-D: Upper panels show apparent rate constants of unfolding (closed circles) and refolding (open circles), below 

the start and end point analysis is given. Data was acquired under the respective conditions: (A) dilute, (B) 50 g/L 

PEG8, (C) 100 g/L PEG8, (D) 200 g/L PEG1. Kinetic data was recorded at 298 K, for refolding kinetics the 

denatured state was prepared in 4 M GdmCl. Solid lines represent data regression corresponding to the two-state 

folding model as described in methods, section 2.4. Thermodynamic data is shown in table 12 and table 13. E: 

Overlay of kinetic data for different kinds of MC agents at 100 g/L, refolding started from 3.4 M GdmCl as 

shown in figure 46 in the appendix. F: Overlay of kinetic data displayed in A-D.  
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A            B      

   

   

Figure 31 | GdmCl - induced refolding and unfolding kinetics of BsCspB at 283 K. 

Upper panels show the apparent rate constants of unfolding and refolding, below the respective start and end 

point analysis is given. Data was acquired in absence (A) or presence of 200 g/L PEG1 (B). Kinetic data was 

recorded at 283 K with a 1:10 dilution setup, for refolding kinetics the denatured state was prepared in 4 M 

GdmCl. Solid lines represent data regression corresponding to the two-state folding model as described in 

methods, section 2.4. Thermodynamic regression data is found in table 13. 

 
 

All in all, GdmCl - induced kinetic denaturation of BsCspB under multiple crowded and dilute 

conditions revealed a stabilization seen by an increase in cM connected to an increase in ΔG0 and a 

decrease in meq. Further, a decrease in the unfolding rate at reduced temperature corresponds to the 

increase in stability. The results acquired with GdmCl as denaturant match the observations made with 

urea and underscore that the appearance of an intermediate state by stabilization of the protein under 

MC conditions does not result from incomplete unfolding as an artefact of limited denaturant 

solubility, as deviations from the two state regime are also detectable in refolding from fully denatured 

state induced by 4 M of the strong denaturant GdmCl. Thereby it is ensured that the deviation from 

the two state model in the chevron plots under crowded conditions is not an artefact from weakening 

of the denaturation capacity of urea, but takes place independent of the choice of denaturant.  

 

3.2.3 MC Effects on the Folding Pathway 

Under dilute conditions, BsCspB is a two state folding protein. But chevron plots of kinetic data 

acquired in presence of 200 g/L PEG1 at 298 K as well as at 283 K, using two kinds of denaturants 

(figure 32), are best described not by using a two state model but by a three state folding model under 

inclusion of an on-pathway intermediate. The overlay displayed in figure 32F underlines this deviation 

from the two state appearance of the chevron plot towards a three state system. The putative third state 

is suggested to be an on-pathway intermediate that is transiently populated in the course of the 

unfolding or refolding reaction. From the rate constants of the native, intermediate and unfolded state 

derived from data regression, the time dependent population of the three species can be derived (figure 
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33). The population of the intermediate state reaches its maximum only few ms after initiation of the 

folding reaction. Under dilute conditions, the population of the intermediate state thus lies within the 

dead time of the stopped flow measurements. Under MC conditions though, the population of the 

putative intermediate state is delayed and therefore reaches a range detectable by stopped flow 

measurements. 

A      B          C 

         
D      E           F 

          

Figure 32 | Refolding and unfolding kinetics of BsCspB in a three state regime. 

Fitting lines correspond to a three state folding model, data regression occurred as described in section 2.4. Data 

was acquired in presence of 100 g/L Dex20 (A), 100 g/L PEG1 (B) or 200 g/L PEG1 (C) at 298 K and in presence 

of 200 g/L PEG1 at 283 K, denaturation was induced by urea (A-D) or GdmCl (E). F: Overlay of increasing 

amounts of PEG1 in solution. The respective regression data is presented in table 14. 
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Figure 33 | Population of BsCspB folding states. 

Population diagrams calculated from folding rates of three state data regression presented in table 14. Straight 

black lines represent the unfolded ensemble population, gray lines represent the native state population, and 

broken lines represent the putative intermediate state population. 

 

In order to detect the suggested intermediate state directly, double mixing stopped flow 
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reaction, subsequent renaturation of the reaction mixture is monitored in a series of single shot 

experiments. The population of the non-native states present in the stored reaction mixture that are 

monitored as they undergo refolding is proportional to the amplitude of refolding. The amplitude 

increases mono exponentially with increased incubation time of the unfolding reaction and a stable 

maximum of the amplitude is reached at the time that the reaction stored in the ageing loop has fully 

reached equilibrium prior to refolding in the second mixing step. 

Table 14 | Three state regression data for chemically induced refolding and unfolding of 

BsCspB. Kinetic rate constants derived from data regression of chevron plots displayed in figure 

32A, C, and F according to a three state model, as described in methods, section 2.4. For 

simplification the cooperativities mni, min, mui, and miu are excluded from discussion. The data 

presented here was used to calculate the population plots displayed in figure 33. 

condition T / K kui / s-1 kiu / s-1 kin / s-1 kni / s-1 

- 298 277±849 28±5835 827±174133 33±15 

100 g/L Dex20 298 232±26 6E-4±0 401±24 41±7 

200 g/L PEG1 298 139±8 1±1 295±54 37±22 

By evaluation of the amplitudes of renaturation in dependence on the ageing time, an on-pathway 

folding intermediate becomes apparent as a biexponential increase in the refolding amplitudes 

dependent on the ageing time. Further, the intermediate state can lead to a second, faster refolding 

phase in raw data traces of the interrupted unfolding reactions, when it is assumed that the intermediate 

state converts into the native state with a faster rate constant than the unfolded ensemble. Prerequisite 

for this direct detection is that the conversion of the intermediate state into the native state does not 

occur in the burst phase of refolding taking place in the dead time of 1-5 ms (Roder, Maki et al. 2004), 

but in the detectable range of the refolding trace.  

The stopped flow machine SX-20 performs double jump experiments exclusively in a 1:1 mixing 

setup, thus the 1:10 mixing conditions used for generation of the chevron plots that exhibited three 

state behavior cannot be directly probed. Instead, in a first mixing step native BsCspB was partially 

unfolded in a solution of 3M urea and subsequently partially refolded by 1:1 dilution to a final 

concentration of 1.5 M urea. The partition that is native at 3 M is 33%, according to equilibrium data 

presented in section 3.1.1, and the native state population at 1.5 M reaches 79% at equilibrium, 

therefore the amplitude detected in refolding represents the conversion of 46% of the total protein 

concentration from non-native to native state. As the final protein concentration was 1.3 µM, the 

amplitude is expected to be half of the amplitude detectable in a 1:10 dilution setting. In absence of 

MC, the reaction amplitudes are fully monoexponential and an intermediate state cannot be detected 

(figure 33) which is in accordance with literature (Schindler, Herrler et al. 1995). In 3 M urea, the 

protein has reached equilibrium after an incubation time of 50 ms, seen by an observed rate of 100 s-1 

in monoexponential regression of the refolding amplitudes over unfolding time (figure 34).  

In a solution containing 200 g/L PEG1, 89 % of the protein molecules persist in the native state at 

3 M urea according to equilibrium data, whereas the native state population at 1.5 M reaches 98 %. 
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Therefore, the maximum amplitude detected in refolding represents the conversion of 9% of the final 

protein concentration from non-native to native state. Even though for crowded conditions, the final 

concentration of BsCspB used was doubled to reach 2.5 µM, the expected amplitude in this setup is 

only 20% of the amplitude measured in the single mixing setup. Due to the lower population of the 

non-native state under crowded conditions, as discussed, and precautious detection at low 

photomultiplier voltage, the chosen setup yielded only low resolution data, leading to a decreased 

absolute amplitude in comparison to dilute conditions. In presence of MC, amplitudes show 

monoexponential increase, and no intermediate state is detectable in this setup (figure 34). The protein 

has reached equilibrium in 3 M urea after an incubation time of 33 ms, which is faster than under dilute 

conditions. This contrasts with the refolding rates derived from chevron plots, where refolding rates 

under crowded conditions are reduced in comparison to the dilute conditions. Summing up, the 

intermediate state could not be detected in this setup, but the existence of it cannot be excluded. By 

further optimization of the protein concentration in the crowded solution, the urea concentration 

chosen for unfolding, and the crowder system itself, the presence of an intermediate state can 

potentially be revealed as three state analysis of chevron plot data under crowded conditions strongly 

suggest the presence of a short lived on-pathway folding intermediate.  

 

Figure 34 | Evaluation of double mixing stopped flow experiments.  

Amplitudes for the refolding of the unfolding reaction mixture stored in the delay loop are plotted as acquired at 

the respective variable ageing time. Amplitudes reflect the population of non – native states, which increase in 

dependence of the allowed ageing time in the storage loop. Both mixing steps occurred in 1:1 mixing setup using 

as final concentrations 3M urea for the unfolding reaction and 1.5 M urea for the refolding reaction. Black 

symbols represent data acquired under dilute conditions; gray symbols represent data acquired in presence of 

200 g/L PEG1. Lines in black and gray represent monoexponential data regression under dilute and crowded 

conditions, respectively. Observed folding rates derived from data regression are kobs, dilute = 97 ± 7 s-1, 

kobs, PEG1 = 168 ± 61 s-1. 
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3.3 Effect of MC on Protein Function 

In contrast to the complexity of the cellular environment, the binding affinities are usually 

estimated in vitro in a dilute solution of a buffering agent and purified interaction partners stripped 

from their cellular surrounding. Parameters determined by such a setup cannot hold true for in vivo 

interactions and have to be corrected in order to draw realistic conclusions about the kinds and 

strengths of interactions that truly take place in vivo. In order to transfer affinities as well as structural 

and conformational stabilities and kinetic reaction data derived from high resolution in vitro 

measurements to the highly crowded cellular environment, the ssDNA (single stranded desoxy 

ribonucleic acid) binding reaction of BsCspB was perturbed by addition of MC to mimic the density 

of an intracellular environment without the restrictions of natural degradation or additional 

simultaneous interactions with multiple natural binding partners that could take place in vivo. This 

system allows to focus on one biophysical parameter at a time, considering steric interactions apart 

from charged or strongly polar interactions by the choice of the respective crowding agent and further 

enables to observe specific interaction between two binding partners. This study focuses on the spatial 

exclusion of the two binding partners from the volume that is occupied by the mere presence of 100 to 

300 g/L of macromolecules, using polyethylene glycol of 1 to 8 kDa. The ssDNA binding reaction of 

BsCspB is well investigated in dilute solution to bind preferentially to poly-thymidine stretches of six 

to seven nucleotides in length (Lopez, Yutani et al. 1999). The central questions addressed here are: 

Which impact does MC precisely have on the binding affinity between a ligand and a protein? How 

are association and dissociation kinetics characterizing ligand-to-protein binding affected once MC is 

present? Are there residue–specific characteristics as well as overall structural changes in the protein-

DNA complex present comparing dilute with MC conditions? By intertwining NMR with fluorescence 

spectroscopy, it has been conclusively found that MC retards the association between single stranded 

DNA that vary in length and BsCspB whereas ligand dissociation is unaffected leading to an overall 

weakening in binding affinity. Quantitatively, the decrease in ligand binding affinity caused by MC is 

even more pronounced for DNA molecules which possess a high affinity to the protein in the low 

nanomolar range under dilute conditions. Structural characteristics describing the interaction between 

DNA and BsCspB are fully conserved comparing dilute with MC conditions. 

 

 

3.3.1 Modification of ssDNA Binding Dynamics by MC 

High-resolution NMR spectroscopy was applied to obtain residue-specific insights into the 

potential structural and dynamical impact of MC on protein - DNA complex formation. Thus, an NMR 

spectroscopic detected titration series of stepwise adding of dT7 to doubly 13C and 15N isotopically 

labelled BsCspB was performed and changes of chemical shifts, signal intensities and line widths upon 
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complex formation have been analyzed based on the acquisition of heteronuclear two-dimensional 

1H15N and 1H13C HSQC as well as one-dimensional 31P spectra. Qualitatively, the spectra at start 

(absence of dT7) and end of the titration experiment (two times molar excess of dT7 regarding 

BsCspB) applying dilute or MC conditions are rather comparable. Only minor perturbations of 

chemical shifts are indicating no significant changes in the formation of the BsCspB-dT7 complex 

once MC is present. To emphasize, the general structural characteristics of free and dT7-bound states 

of BsCspB remain unchanged by addition of MC regarding protein backbone (figure 35A, B) as well 

as analysis of cross signals of side chain resonances comprising BsCspB (figure 36A, B) and of 

phosphate backbone resonances comprising dT7 (figure 36C, D). More quantitatively, the precise 

analysis of the NMR titration experiment provides also access to two additional parameters other than 

the chemical shift: the intensity and the line width of a resonance signal. First, the results obtained for 

the chemical shift will be presented, followed by the discussion of results obtained for signal intensities 

and line widths, respectively. 

 The analysis of changes in 1H and 15N chemical shifts resonance signals comprising BsCspB 

comparing free with dT7-bound state using dilute condition shows perturbations of chemical shifts 

predominantly of Gly14, Val28, Ser31, Phe38, Lys39 and Thr40 exceeding the mean plus one standard 

deviation (figure 35C, figure 36E). Those identified residues are in full agreement with major 

perturbations of chemical shifts comprising BsCspB observed previously for hexathymidine (dT6)-

BsCspB complex formation (Zeeb, Max et al. 2006). Note that perturbations of chemical shifts report 

either on a direct interaction of residues comprising the protein under study with the ligand molecule 

that contribute to the binding interface or on a remote conformational change occurring for distal 

residues due to a cooperative or an allosteric effect (Zeeb and Balbach 2003). The former is the case 

for Phe38 since this residue is involved in base stacking with nucleobases comprising the ligand (Max, 

Zeeb et al. 2007) whereas the latter can be seen by moderate perturbations of chemical shifts of 

residues Glu50 to Gly54 that are located distant from the binding interface (Zeeb and Balbach 2003). 

It has also been shown by site-directed mutagenesis that the mobility of residue Arg56 is essential for 

highly affine ligand binding (Zeeb, Max et al. 2006). Therefore, changes in the local environment of 

Arg56 are a resultant of a conformational rearrangement due to ligand binding.  

Turning to MC by applying 300 g/L PEG1, chemical shift perturbations observed for cross signals 

comprising BsCspB upon addition of a twofold excess of dT7 report on a highly similar pattern (figure 

35F and figure 36E, F) though the absolute values are slightly reduced compared to the observations 

made under dilute condition (figure 35D, E). Chemical shift perturbations observed for residues close 

to Arg56 are smaller than under dilute condition hinting at a slightly different interaction between dT7 

and BsCspB in this loop region due to presence of MC.  
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A          B 

   
C          D 

        
E          F 

        

Figure 35 | NMR spectroscopic investigation of protein - DNA association under MC conditions. 

A, B: Two-dimensional heteronuclear 1H15N HSQC spectra comparing free (black) and dT7-bound BsCspB (red) 

under dilute conditions (A) and in presence of 300 g/L PEG1 (B). The assignment of backbone signals of BsCspB 

is indicated by using the one letter code for amino acids followed by the position in the primary sequence. A 

twofold molar excess of dT7 regarding BsCspB has been used to populate the respective ligand-bound state of 

BsCspB. Protein concentrations varied between 150 µM (free BsCspB) and 144 µM (BsCspB + dT7). All NMR 

spectra have been acquired at T = 298 K and B0 = 18.8 T. C, D: Chemical shift perturbations between free and 

dT7-bound state of BsCspB have been analyzed for dilute conditions (C) and in presence of 300 g/L PEG1 (D). 

Gray columns indicate β-strands according to PDB id 1NMG, horizontal reference lines represent the mean 

(continuous mode) plus or minus one standard deviation (dotted mode). E: Difference of CSP data shown in (C) 

and (D) on a residue-by-residue basis. F: Correlation of CSP data shown in (C) and (D). Structural mapping of 

CSP values on BsCspB is presented in figure 36E, F.   
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A           B 

   
 

C            D 

        
E 

F

  

Figure 36 | NMR spectroscopic investigation of protein - DNA association under MC conditions. 

A, B: Two-dimensional 1H13C HSQC spectra comparing free (black) and dT7-bound BsCspB (red) under in 

absence (A) and in presence of MC (B), using 120 g/L PEG1 for free BsCspB and 100 g/L PEG8 for BsCspB + 

dT7. C, D: One-dimensional 31P NMR spectra of free (black) and dT7-bound BsCspB (red) in absence (C) or in 

presence of 300 g/L PEG1 (D). All NMR spectra have been acquired at T = 298 K and B0 = 18.8 T using 

cBsCspB = 300 µM in free states and cBsCspB = 288 µM in dT7-bound states. A twofold molar excess of dT7 

regarding BsCspB has been used (A-D). E, F: Structural mapping of CSP values (figure 35C, D) on the solution 

NMR structure of free BsCspB (PDB id: 1NMG) analyzing the interaction between dT7 and BsCspB in 1H15N 

HSQC spectra in absence (E) or presence of 300 g/L PEG1 (F). CSP values above the mean are colored in orange 

whereas CSP values above the mean plus one standard deviation are colored in red. 
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Can this observation be corroborated by a profound analysis of individual signal intensities or line 

widths characterizing the interaction between dT7 and BsCspB in two-dimensional 1H15N HSQC NMR 

spectra? First, the progression of signal intensities during the course of the NMR titration experiment 

has been analyzed in detail. Thus, focusing on peak intensities for all residues comprising BsCspB, a 

similar overall pattern in the ratio of start- to endpoint of the titration can be observed when comparing 

dilute with various MC conditions (figure 37A-D). 
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Figure 37 | Ratio of cross signal intensities comprising BsCspB in 1H15N HSQC NMR spectra upon 

addition of a twofold excess of dT7. 

 Istart denotes intensities of all cross signals comprising BsCspB at cdT7 = 0 µM whereas Iend denotes intensities of 

cross signals at cdT7 =287 µM. Gray columns mark β-strands according to PDB id 1NMG, horizontal reference 

lines indicate no change in intensity upon addition of dT7. Intensities of cross signals that are broadened but rise 

at another resonance frequency are considered using the end point intensity of the resonance frequency of the 

starting signal. 

Next, the progression of signal intensities was analyzed at a residue-by-residue level including 

data obtained for all ten titration steps which have been performed. Most residues comprising BsCspB 

possess a pattern that can be categorized into the slow to intermediate regime regarding the NMR time 

scale considering the progression of cross signal intensities over the course of the NMR titration 

experiment (Kleckner and Foster 2011). Exemplarily, Ser11 shows one separate resonance signal in 

1H15N HSQC spectra increasing in signal intensity and one separate resonance signal decreasing in 

signal intensity upon addition of dT7 indicating the slow exchange regime (figure 38A). Residue Gly22 

shows a cross signal of initially decreased and thereinafter increased signal intensity that is though 

gradually shifting over the course of the NMR titration characteristic of a binding process taking place 
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on the intermediate exchange regime (figure 38B). Note that only few residues, such as Phe49 (figure 

38C), possess signal intensities that do not drop over the course of the NMR titration experiment and 

are therefore considered to be in the fast exchange regime. Residues showing significant differences 

in the pattern of signal intensities over the course of the NMR titration series comparing dilute with 

MC conditions are Phe9, Val26, Glu53, Arg56 and Gly57, respectively (figure 38D-H). Focusing on 

Glu53 and Gly57, differences in the progression of signal intensities can be seen in the second half of  

A     B          C 

         

D     E          F 

         

G     H 

     

Figure 38 | Following the course of signal intensities in titration of dT7 to BsCspB by two-dimensional 
1H15N HSQC NMR spectroscopy comparing dilute with MC conditions.  

A-C: The progression of individual signal intensity profiles report on resonance signals of Ser11 (A), Gly22 (B) 

and Phe49 (C) in presence of 100 g/L PEG8. Open circles refer to the resonance signal of Ser11 in the free state, 

closed circles refer to the dT7-bound state illustrating the slow exchange regime on the NMR time scale. D-H: 

The progression of signal intensities of resonance signals of Phe9 (D), Val26 (E), Glu53 (F), Arg56 (G) and 

Gly57 (H) are shown applying dilute (black circles), 200 g/L PEG8 (blue triangles) and 300 g/L PEG1 conditions 

(red squares). All NMR data have been acquired at T = 298 K and B0 = 18.8 T, the titration series started at 

cBsCspB = 150 µM in all cases except for 100 g/L PEG8 where cBsCspB = 250 µM has been employed. 

0 200 400

0.0

0.5

1.0

n
o

rm
a

liz
e

d
 i
n

te
n

s
it
y

[dT7] / µM

S11

0 200 400

2.0

2.5

3.0

in
te

n
s
it
y
 /
 a

.u
.

[dT7] / µM

G22

0 200 400

2.0

2.5

3.0

3.5

in
te

n
s
it
y
 /
 a

.u
.

[dT7] / µM

F49

0 150 300

0.0

0.5

1.0

n
o

rm
a

liz
e

d
 i
n

te
n

s
it
y

[dT7] / µM

F9

0 150 300

0.0

0.5

1.0

n
o

rm
a

liz
e

d
 i
n

te
n

s
it
y

[dT7] / µM[dT7] / µM[dT7] / µM

V26

0 150 300

0.0

0.5

1.0

n
o

rm
a

liz
e

d
 i
n

te
n

s
it
y

[dT7] / µM

E53

0 150 300

0.0

0.5

1.0

n
o

rm
a

liz
e

d
 i
n

te
n

s
it
y

[dT7] / µM

R56

0 150 300

0.0

0.5

1.0

n
o

rm
a

liz
e

d
 i
n

te
n

s
it
y

[dT7] / µM

G57



 

 

 

Results  81 

the titration experiment when dilute and MC conditions are compared (figure 383F, H). In fact, the 

total loss in signal intensity as observed for both residues under dilute condition is not observed in 

presence of either 200 g/L PEG8 or 300 g/L PEG1 as the presence of MC leads here to an increase in 

signal intensity during the course of the titration experiment. Contrary, signal intensities of Phe9 and 

Val26 increase during the course of the titration experiment applying dilute condition whereas the 

presence of MC is capable to decrease signal intensities of these two residues when the concentration 

of dT7 is stepwise increased regarding BsCspB (figure 38D, E). Lastly, focusing on Arg56, differences 

in signal intensities comparing dilute with MC conditions are observed during the first half of the 

titration experiment (figure 38G). This supports the results obtained before regarding chemical shift 

perturbations of residues comprising this loop region. 

Analyzing the line width of NMR resonance signals enables to evaluate the binding event between 

BsCspB and dT7 in terms of dynamic processes characterizing this interaction (Zeeb and Balbach 

2003). Analysis of the line width in the proton dimension of 17 residues comprising the binding 

interface between dT7 and BsCspB leads to a mean line width of 36.0±5.8 Hz in absence of dT7 under 

dilute conditions (Fig. S4A). A twofold stoichiometric excess of dT7 regarding BsCspB decreases the 

mean in line width to 32.1±2.1 Hz indicating a highly dynamic binding process (figure 39A). In 

presence of 300 g/L PEG1, the mean in line width is specified with 37.7±2.7 Hz analyzing the same 

residues (figure 39B).  

A          B 

 

Figure 39 | Analysis of line width of 1H resonance signals for 17 residues comprising the binding interface. 

Analysis of the BsCspB binding interface for dT7 based on two-dimensional 1H15N HSQC NMR data has been 

performed for the free state of BsCspB (A), and a twofold excess of dT7 regarding BsCspB (B) under dilute 

conditions (black open circles) or in presence of 300 g/L PEG1 (filled red circles). All NMR data have been 

acquired at T = 298 K and B0 = 18.8 T. Horizontal reference lines represent the mean (continuous mode) plus or 

minus one standard deviation (dotted mode). 
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300 g/L PEG1 does not per se increase the line width of residues comprising BsCspB as no significant 

increase due to presence of MC can be seen in the free state (figure 39A). At this point one can 

speculate if a decrease of the dissociation rate constant, koff, or of the association rate constant, kon, or 

a combination of both causes this observed change in binding dynamics. 

Summing up, the analysis of NMR titration data in terms of chemical shifts, intensities and line 

widths reveals modest changes in ligand binding upon interaction of dT7 to BsCspB when dilute and 

MC conditions are compared. The overall conformation of the dT7-bound state of BsCspB is retained 

in presence of a high concentration of MC agents. This statement holds true for the structural analysis 

of the protein - DNA complex using 1H, 13C and 15N resonance signals comprising BsCspB as well as 

31P resonance signals comprising dT7. Analyzing signal intensities and line widths of resonance 

signals comprising BsCspB during the course of the titration experiment hint to potential changes in 

ligand binding dynamics. As the ligand binding affinity, KD, between dT7 and BsCspB is expected to 

be in the low nanomolar range (Zeeb, Max et al. 2006), high-resolution NMR spectroscopy cannot 

precisely unravel potential changes of KD values even if MC is capable to modify this affinity by orders 

of magnitude. Consequently, fluorescence spectroscopy has been used to monitor protein - DNA 

association using concentrations in the nanomolar range. 

 

3.3.1 Decrease in ssDNA Affinity 

Fluorescence spectroscopy was applied to investigate potential effects which MC possesses on the 

affinity of ssDNA ligands regarding the interaction to BsCspB. These experiments have been carried 

out in dependence on the length of the oligonucleotide using both an equilibrium setup as well as 

kinetic stopped-flow methodology. Steady state fluorescence spectroscopy titrations show that the 

affinity of oligothymidines to BsCspB is generally decreased in presence of MC compared to dilute 

condition and that this decrease shows different extents for the various ligands differing in length. 

Thus, applying 300 g/L of PEG1 instead of dilute condition leads to a systematic decline in the affinity 

of oligothymidines to BsCspB seen for tetra- to heptathymidines (figure 40A, B). A modest decline in 

ligand binding affinity, expressed as an elevated KD value, is seen as an increase by a factor of three 

in the case of dT4 (table 15). 
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A       B 

          

Figure 40 | Association of oligothymidines and BsCspB in absence and presence of MC monitored in 

equilibrium by fluorescence spectroscopy. 

The quench of intrinsic fluorescence has been determined for dT4 (blue), dT5 (cyan), dT6 (orange), and dT7 

(red) under dilute conditions (A, open symbols) and in presence of 300 g/L PEG1 (B, closed symbols). All 

experiments have been performed at T = 298 K using cBsCspB = 4 µM. Straight lines represent data regression as 

described in section 2.3.2. Associated data reporting on the binding affinity of oligothymidines to BsCspB are 

presented in figure 41 and table 15. 

Table 15 | Affinities of oligothymidines to BsCspB in absence and presence of MC monitored 

in equilibrium by fluorescence spectroscopy. Diffusion coefficients reporting on the binding 

affinity, KD, of different oligonucleotides to BsCspB comparing dilute with MC conditions 

determined by fluorescence spectroscopy in equilibrium have been estimated by data regression 

of experimental data presented in figure 40 and figure 41 as described in methods, section 2.3.2. 

All experiments have been performed at T = 298 K and cBsCspB = 4 µM. KD
MC – binding affinity 

determined under MC, KD
dilute - binding affinity determined under dilute conditions. 

ligand condition KD / nM KD
MC / KD

dilute 

dT4  dilute 6100 ± 300 - 

dT5  dilute 730 ± 40 - 

dT6  dilute 80 ± 10 - 

dT7  dilute 14 ± 8 - 

dT4  30% PEG1 17000 ± 1100 3 

dT5 30% PEG1 3800 ± 100 5 

dT6  30% PEG1 580 ± 10 7 

dT7  30% PEG1 570 ± 30 41 

dT7  10% PEG8 14 ± 7 1 

dT7  20% PEG8 90 ± 20 6 

dT7  20% PEG1 75 ± 15 5 

Interestingly, the difference in KD values observed for the interaction between oligothymidines 

and BsCspB comparing dilute with MC conditions scales with ligand size, approaching an increase by 

a factor of 41 seen for dT7 in presence of 300 g/L PEG1 (table 15). Therefore, it can be concluded that 

the change in binding affinity of oligothymidines to BsCspB correlates with the length of the ligand 

when comparing dilute with MC conditions. Note that the binding affinity of oligothymidines of 

decreasing length to BsCspB shows a systematic increase in absolute KD values (table 15), seen for 

both dilute and MC conditions, respectively. This is in accordance with recently published work 

investigating the interaction between oligothymidines and BsCspB under dilute conditions (Zeeb, Max 
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et al. 2006, Sachs, Max et al. 2012). Motivated by the presence of varying molecular sizes and 

concentrations of macromolecules encountered in vivo, application of different MC conditions while 

monitoring the interaction between dT7 and BsCspB shows consistent results (figure 41). Considering 

different viscosities present in highly crowded solutions and expected effects on molecular diffusion 

and thereby possibly on ligand binding affinity, we observe that a highly viscous solution comprising 

200 g/L PEG8 (– = 15.0 cP) does not by itself induce a change in binding affinity of dT7 to BsCspB 

when compared with a solution of 200 g/L PEG1 possessing a much lower viscosity (– = 3.0 cP) 

(figure 41 and table 15). In detail, applying MC comprising 100 g/L of PEG8 does not modify at all 

the binding affinity of dT7 to BsCspB compared to dilute condition. Contrary, the presence of 200 g/L 

of PEG8 is capable to decrease the binding affinity to an almost equal extent as 200 g/L of PEG1 does, 

namely to about six fold compared to KD value determined under dilute condition (table 15). This 

observed decrease in binding affinity is reinforced once more when raising macromolecular 

concentrations from 200 g/L to 300 g/L of PEG1, seen by an increase in KD by about eightfold (table 

15). This underlines the enormous impact MC has when it comes to physiologically relevant conditions 

which are estimated to be 300 to 400 g/L for the cytoplasm of E. coli (Zimmerman and Trach 1991). 

A           B 

   

Figure 41 | Association of heptathymidine with BsCspB comparing dilute with various MC conditions 

monitored by fluorescence spectroscopy in equilibrium. 

The interaction of dT7 with BsCspB has been followed either in absence (black open triangles) or in presence of 

MC, using 200 g/L PEG1 (A, blue circles), 300 g/L PEG1 (A, red squares), 100 g/L PEG8 (B, blue circles), or 

200 g/L PEG8 (red squares). All experiments have been performed at T = 298 K using cBsCspB = 4 µM. Straight 

lines represent data regression as described in section 2.3.2. Associated data reporting on the binding affinity of 

oligothymidines to BsCspB are presented in figure 40 and table 15. 

All in all, fluorescence spectroscopy performed in equilibrium revealed that the affinity for 

oligothymidine binding to BsCspB decreases when comparing dilute with MC conditions. The extent 

of this decrease in binding affinity is neither dependent on solvent viscosity nor on the macromolecular 

size of the MC agent which has been used. The critical factors modifying the binding affinity between 

oligothymidines and BsCspB are, firstly, the volume fraction of the solution, which is occupied by 

macromolecules and, secondly, the length of the respective ligand.  
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3.3.2 Major Perturbation of the Association Rate Constant  

The affinity regarding the binding of oligonucleotides to BsCspB decreases when comparing dilute 

with MC conditions as shown by fluorescence spectroscopy performed in equilibrium. The question 

remains whether this decrease in ligand binding affinity results from an increase in the dissociation 

rate constant, koff, a decrease in the association rate constant, kon, or a combination of both. To address 

this question, kinetic binding data has been acquired for dilute as well as MC conditions by use of a 

fluorescence stopped-flow machine in order to follow the interaction between an oligonucleotide and 

BsCspB on a millisecond time scale (figure 42). 

A            B 

   

Figure 42 | Kinetic raw data of stopped-flow fluorescence experiments monitoring association of dT6 and 

BsCspB on a millisecond time scale. 

Data have been recorded under dilute condition (A) and in presence of 300 g/L PEG1 (B) at T = 288 K, applying 

a constant protein concentration of cBsCspB = 0.06 µM and varying ratios regarding ligand concentration color-

coded in the following manner: 1:5 (colored in black), 1:10 (colored in red), 1:15 (colored in blue) and 1:20 

(colored in magenta). The apparent rate constants kobs, characterizing the time-dependent change in fluorescence 

intensity due to the addition of dT6 to BsCspB, have been obtained by monoexponential data regression.  

 

 

This experimental setup is limited for a specific range of viscosities applicable for solutions under 

study and therefore only PEG1 but not PEG8 could be reliably employed as MC agent. Applying dilute 

conditions, the measured kinetic rate constants monitoring the interaction of dT6 and dT7 with BsCspB 

match those reported before (Zeeb, Max et al. 2006, Sachs, Max et al. 2012). Additionally, probing 

the interaction of dT5 to BsCspB results in a kon value similar to that observed for dT6 and dT7 (figure 

43A). All observed kinetic rate constants have in common that kon values are almost invariant within 

one buffer condition, whereas koff values vary with respective KD values, being in the low nanomolar 

range for dT7 and rising with decrease in chain length of the oligothymidine under study. Therefore, 

it can be concluded that reduced binding affinity of smaller oligothymidines for BsCspB results from 

an increased dissociation rate constant while the association rate constant is maintained. This 

observation is in perfect agreement with studies investigating the interaction between diverse 

oligonucleotides and BsCspB (Zeeb and Balbach 2003, Zeeb, Max et al. 2006). Note that a precise 

determination of koff values is impeded once the slope defined by kobs values crosses the ordinate close 



 

 

 

Results  86 

to zero. Turning to MC conditions, a prominent impact on the association rate constant is observed 

while the dissociation rate constant is mainly unaffected (figure 43B). The association rate constant 

decreases coherently by about fivefold comparing dilute with MC conditions (table 16). Note that this 

observed decrease of the association of dT5, dT6 or dT7 with BsCspB is independent of length of the 

oligothymidine under study. Contrary, analyzing dissociation kinetics of the interaction between 

oligothymidines and BsCspB comparing dilute with MC conditions provides a different result. 

Focusing on dT5, koff values which have been observed are almost identical possessing koff = 100 ± 6 

s-1 at dilute and koff = 102 ± 4 s-1 at MC conditions (figure 43B, table 16).  

A      B 

 

Figure 43 | Probing the interaction between different oligothymidines and BsCspB in absence and presence 

of MC by applying kinetic stopped-flow fluorescence spectroscopy. 

The apparent rate constant, kobs, has been obtained for different stoichiometric ratios between dT5 (colored in 

cyan), dT6 (colored in orange) and dT7 (colored in red) regarding BsCspB under dilute (A, open symbols) and 

300 g/L PEG1 conditions (B, closed symbols). All experiments have been performed at T = 288 K using 

cBsCspB = 60 nM. A linear function has been used to perform regression analysis of experimental data regarding 

kobs (continuous line) to obtain rate constants of association (kon) and dissociation (koff). Numerical data reporting 

on kon and koff are presented in table 16. 

 

Fluorescence experiments performed in equilibrium before have shown that the affinity of the 

interaction between oligothymidines and BsCspB increases as the chain length of ssDNA increases 

(figure 40A, B and table 15). Thus, dissociation rate constants obtained by stopped-flow fluorescence 

spectroscopy have to stepwise decrease as the association rate constant is similar comparing the 

interaction of dT5, dT6 or dT7 to BsCspB (table 16). This is exactly the case. Applying 300 g/L PEG1, 

dissociation rate constants decrease gradually starting from koff = 102 ± 4 s-1 (observed for dT5), to 

koff = 10 ± 1 s-1 (observed for dT6) and finally to koff = 3.1 ± 0.3 s-1 (observed for dT7). Finally, a 

comparison between KD values obtained in equilibrium with KD values derived from kinetic stopped-

flow fluorescence spectroscopy shows a high consistency (table 16). The order of magnitude of the KD 

value reporting on the interaction of oligothymidines with BsCspB determined by two independent 

experimental setups is comparable. Additionally, both experimental methods report on decreasing KD 

values once the chain length in oligothymidines increases.  
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Table 16 | Kinetic rate constants for interaction of BsCspB with oligothymidines in absence 

or presence of MC monitored by stopped flow florescence spectroscopy. The association rate 

constant, kon, the dissociation rate constant, koff, of oligonucleotides of various lengths for BsCspB 

were determined by linear regression of stopped-flow fluorescence spectroscopic data displayed 

in figure 43 according to methods, section 2.4.3. The value of KD
kin has been calculated by the ratio 

koff / kon. KD
eq obtained from fluorescence experiments in equilibrium has been taken from table 

15. The concentration of BsCspB was set to 60 nM in all kinetic stopped-flow fluorescence 

experiments which have been performed at T = 288 K. 

ligand condition kon / 107‧s-1‧M-1 koff / s-1 KD
kin / nM KD

eq / nM 

dT5  dilute 34 ± 1 100 ± 6 300 ± 25 730 ± 40 

dT6  dilute 31.7 ± 0.5 n.a. n.a. 80 ± 10 

dT7  dilute 35 ± 4 n.a. n.a. 14 ± 8 

dT5  30% PEG1 7.5 ± 0.5 102 ± 4 1400 ± 100 3800 ± 100 

dT6 30% PEG1 7.8 ± 0.1 10 ± 1 130 ± 15 580 ± 10 

dT7 30% PEG1 7.5 ± 0.1 3.1 ± 0.3 40 ± 5 570 ± 30 

 

Summing up, MC is capable to decrease kon rate constants independent of the chain length of the 

ligand which interacts with BsCspB. Contrary, koff rate constants are not primarily affected when 

turning from dilute to MC conditions. Hence the observed decrease in binding affinity of 

oligothymidines to BsCspB once MC is present is predominantly dictated by a significant decrease in 

ligand association and conserved ligand dissociation kinetics.  
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4. Discussion 

4.1 Crowding Induced Increase in Thermodynamic Stability  

4.1.1 Global Stabilization of BsCspB 

In this work, the thermodynamic stability was investigated in presence of various MC agents using 

multiple spectroscopic techniques in order to precisely estimate MC induced effects on stability and 

to exclude side effects or biases due to the use of a singular technique only. 

Fluorescence spectroscopically monitored chemical denaturation revealed an average increase in 

ΔG0
N↔U in dependence on the weight volume percentage of crowding agent added but independent of 

differences in crowder size, polarity, sample viscosity or choice of denaturant. By NMR spectroscopy, 

the absolute transition midpoint of BsCspB in chemical denaturation as well as the MC-induced 

increase in chemical stability could be reproduced. Monitoring the loss of secondary structure in 

thermal denaturation by CD spectroscopy, also an equal increase in stability occurred dependent on 

the weight volume percentage of macromolecules in solution. In thermal denaturation the polarity of 

the MC agent influences the thermodynamic nature of the stabilizing effect, as in presence of the more 

polar dextran, TM increases, whereas in presence of PEG, the raised stability is connected to an increase 

in the enthalpy of unfolding. Monitoring the loss of the native chemical environment of the aliphatic 

side chains by NMR spectroscopic heat denaturation, the absolute transition midpoint of BsCspB was 

lower than the midpoint temperature which was estimated by CD spectroscopy due to the different 

structural features monitored by the spectroscopic techniques. In accordance with the previous results, 

the stability of BsCspB towards thermal denaturation was increased in presence of various amounts of 

MC agents. Finally, combined chemical and thermal denaturation monitored by CD spectroscopy 

could proof that the extend of thermodynamic stabilization does not depend on chemical or thermal 

unfolding or on the technique used for determination for thermodynamic stability as this setup allowed 

direct comparison of fluorescence spectroscopic and CD spectroscopic data. By this comprehensive 
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analysis using various amounts of different crowding agents, it could be shown that in the employed 

scope of molecular weight, ranging from 1 to 35 kDa and viscosity, ranging from 5.7 cP for 300 g/L 

of PEG1 to 661 cP for 300 g/L PEG35, differences in crowder size as well as in sample viscosity do 

not determine the extent of stabilization. Instead, regardless of the size and viscosity of the crowding 

agents, merely the weight volume fraction in solution determines the extent of macroscopic 

stabilization reflected in an increase of ΔG0
N↔U whereas the detected changes in TM as well as the 

enthalpic contributions of the crowding agents may differ. It follows that a proteins structural stability 

can be influenced through the presence of any type of macromolecule, regardless of its properties, 

simply already by the macromolecular presence at concentrations similar to those in vivo.  

Mechanistically, this can be explained by a pure excluded volume effect (Minton 1981), since the 

volume occupied by the crowding macromolecules is the only shared factor that governs the increase 

in stability. In line with known literature values for crowding induced gain in stability due to the 

excluded volume effect, it was found in the present work on BsCspB chemical stability that an average 

increase in ΔG0
N↔U of 3 kJ/mol per 100 g/L of crowding agent added, which matches investigations 

of chemical as well as thermal unfolding of Apoazurin where a stabilization of 1 to 3 kJ/mol in the 

presence of dextran was observed, independent on the size of dextran polymer (Christiansen and 

Wittung-Stafshede 2013). A similar increase in ΔG0
N↔U upon crowding with dextran or PEG was also 

found for S16 in the presence of Dex20 (Mikaelsson, Ådén et al. 2013), as well as for Apocytochrome 

(b562) in the presence of PEG20 (Ai, Zhou et al. 2006).  

From the present data on BsCspB stabilization, no influence from the shape of crowding agent can 

be derived, as the stabilizing effect does not scale with the molecular size. In partial accordance with 

this are the results of a systematic study of eleven globular proteins where the effects of dextran and 

PEG on the chemical stability have been investigated (Stepanenko, Povarova et al. 2016). It was found 

that in urea - induced unfolding both crowding agents can have a size independent stabilizing effect 

even though the extent of stabilization varied for the different types of proteins in this study. Also for 

apoazurin (Christiansen and Wittung-Stafshede 2013) and apoflavodoxin (Shahid, Hassan et al. 2017), 

the size dependent investigation of MC effects on chemical stability showed no correlation between 

crowder size and the extent of stabilization. On the other hand, there has been shown a crowder size 

dependence in stabilization for some other proteins such as the FK-506 binding protein, horse heart 

cytochrome c, human serum albumin, and bovine odorant binding protein (Shahid, Hassan et al. 2017). 

The independence of the size of the MC agent used observed for BsCspB stabilization is thus not a 

prerequisite for all proteins but it underlines the inertness of BsCspB to size–specific interactions with 

the crowding agents.  

In regard of the viscosity of the crowded solutions, an earlier study focusing on ethylene glycol, 

the small monomeric subunit of the MC agent PEG used in this work, found that it had as well an 

influence on stability (Jacob, Schindler et al. 1997). Jacob et al. suggested a correlation of protein 

stabilization with viscosity as increasing weight volume percentages of EG in solution could increase 
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thermodynamic stability of BsCspB. Concerning the dependence of the stabilization on the viscosity, 

it was shown in this thesis experimentally by use of cosolutes that strongly differ in viscosity at same 

volume fractions in solution that the stabilization effect does not correlate with rising viscosity but 

only with the volume percentage of cosolute present in solution. Correlation with increasing viscosity 

is merely seen when focusing on one single cosolute, which inherently also increases the solution’s 

viscosity with increased concentration of this agent. Besides that, it has to be noted that the use of 

monomeric building blocks of macromolecules by Jacob et al. might as well simulate a kind of 

molecular crowding, but the predominant species of molecules present in cells are macromolecules an 

therefore it is the best approximation to mimic the cellular interior by use of macromolecular cosolutes 

and not small molecules. Additionally, those small molecules might possibly interact with the chemical 

denaturant urea and thereby counteract the protein’s denaturation, in the way it was suggested for the 

stabilizing agent TMAO and other small osmotically active substances (Ma, Xu et al. 2010).  

Concerning the different molecular properties of the MC agents such as the polarity of PEG and 

dextran, which is of importance as the higher the polarity of a solvent, the smaller is the force that one 

charged particle exerts on another, as well as their different influence on the water structure, it becomes 

apparent that the extent of protein stabilization is not scaling with these features. This is in line with 

the findings of Jacob et al. (Jacob, Schindler et al. 1997), who directly controlled the influence of the 

EG-induced change in polarity by creating a water-methanol solution with equal dielectric constant as 

the water-EG mixture and directly showed that the solutions polarity does not affect the chemical 

stability of BsCspB. The EG-induced change in surface tension they further controlled by application 

of a solution containing sucrose, which is comparable to the monomeric building blocks of dextran. 

Also, in these investigations neither the polarity of the solvent nor the surface tension could be held 

responsible for the stabilization of BsCspB, as addition of a sugar derivative had opposite effects on 

surface tension as EG, but addition of this cosolvent yielded stabilization as well. This is comparable 

to the present work in which both PEG and Dex20 induce the same stabilization regardless of their 

differing polarity or their influence on surface tension.  

Regarding the transfer of observed protein stabilization to the intracellular environment, the 

presented observations can serve as a basis for interpretation of further experimental work at modified 

conditions using protein crowders or cell lysate to more strongly approximate cellular conditions and 

eventually compare with in vivo studies. The observed basic stabilization of BsCspB due to unspecific 

macromolecules allows to draw conclusions on the kinds of additional interactions that arise due to 

the specific players present under true in vivo conditions. As it has been shown for living systems that 

seemingly case dependent, both stabilization (Guzman and Gruebele 2014) as well as destabilization 

(Miklos, Sarkar et al. 2011) of proteins can occur without a common reasoning for either of the effects, 

it remains to be explored in which way the introduction of native conditions will contribute to BsCspB 

stability. 
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4.1.2 Structural Effects of MC 

In order to investigate the stabilizing effect of MC on BsCspB at a structural level, two-

dimensional NMR spectroscopy has been used focusing on the NH backbone, its solvent accessibility 

and intramolecular hydrogen bonding network, as well as on the chemical stability of BsCspB at an 

atomic level regarding both the NH / CHα resonances of the protein backbone and the methylene and 

methyl groups comprising the aliphatic side chains of BsCspB.  

 

4.1.2.1 Hydrogen Bonding  

The observation of chemical shift perturbations that occurred upon addition of crowding agents 

gives rise to the analysis of temperature coefficients (TCs) which express the change of 1HN chemical 

shifts with increasing temperature under native conditions. TCs were found to be indicative for 

intramolecular hydrogen bonds (IMHBs) if the change in the chemical shift with temperature is less 

negative than -4.6 ppb/K(Cierpicki and Otlewski 2001), since an intramolecular hydrogen bond only 

slightly expands with increasing temperature whereas a hydrogen bond to solvent water strongly 

expands with temperature and therefore the shielding of a solvent-exposed amide protein decreases 

more than that of an amide proton involved in an IMHB (Hong, Jing et al. 2013, Huang, Kingsley et 

al. 2016). Hydrogen bonding as investigated by temperature coefficient analysis (section 3.1.2.1.1) 

showed no structurally discernable pattern of the influence of MC conditions on the hydrogen bonding 

network of the BsCspB backbone, and only an MC induced crossing of the threshold of -4.6 ppb/K for 

three residues was observed. In general, a minor increase of TC values could be noted, which was 

distributed over the whole sequence and concerned a different set of residues in presence of Dex20 

than in presence of PEG8, solely the residue F49 which is involved in a Hydrogen bond to L2 was 

affected under both crowding conditions. As a systematic increase in TCs is an indication of increased 

bond length in IMHB regions as well as an increased probability for IMHB in previously unbound 

regions (Cierpicki and Otlewski 2001, Cierpicki, Zhukov et al. 2002), we can conclude that under MC 

conditions, the hydrogen bond of F49 to L2 is increased in length and that in general, IMHB lengths 

in beta sheet regions are slightly increased which would lead to an expansion or loosening of the native 

state, whereas in previously non-bonded regions, a slightly increased probability for IMHB formation 

counteracts this effect. Another finding concerning the interpretation of TC values is rather difficult to 

integrate in this context, as very strong, short distanced hydrogen bonds may even lead to extremely 

negative TCs (Tomlinson and Williamson 2012). This might be the case for many hydrogen bonds 

present in BsCspB, but the precise length of hydrogen bonds is not accessible based on TCs but would 

require i.e. the detection of 3hJ(N,C’)-coupling transmitted through hydrogen bonds (Hong, Jing et al. 

2013, Newcomer, Fraser et al. 2015). Furthermore, it has been shown that the influence of IMHBs on 

the chemical shift is not in all cases the dominant factor, but could be obscured by stronger effects 

such as ring currents, peptide magnetic anisotropies and electrostatic interactions (Sitkoff and Case 
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1997, Hong, Jing et al. 2013). Additionally, it is still debated in literature if hydrogen bonds are the 

dominant force influencing the chemical shift (Parker, Houk et al. 2006, Tomlinson and Williamson 

2012). In some cases, i.e. for GB1, it was even found that the TCs do not necessarily mirror the 

hydrogen bonding network (Tomlinson and Williamson 2012). Therefore, it can be concluded that the 

absence of a strong and distinct pattern in the change of TCs results from the fact that the hydrogen 

bonding network is overall not significantly perturbed by MC conditions. Based only on the TC 

analysis, the increase in global stability of BsCspB under crowded conditions cannot be attributed to 

the strengthening or formation of new IMHB. 

 

4.1.2.2 Solvent Exchange 

By quenched flow experiments (section 3.1.2.1.2), it was found for BsCspB that at pH >9, the H/D 

exchange of the majority of amide protons was completed already at reaction times < 4 ms. Thus, in 

the employed experimental setup no additional information about amide proton accessibility under 

MC conditions could be gained. What was not tested yet is the variation of the basic pH used for 

exchange, as lowering the pH might reduce the exchange rates and thereby, they might become 

experimentally accessible in the quenched flow delay time range of 4 to 400 ms.  

The extremely fast amide proton exchange rates of BsCspB with water could further be confirmed 

by using a modified Mexico (measurement of fast proton exchange rates in isotopically labeled 

compounds) pulse sequence with mixing times of up to 250 ms, within which most of all amide protons 

completed the exchange with solvent protons. In this type of experiment, positions that are protected 

from hydrogen exchange i. e. by hydrogen bonding exhibit slow exchange rates whereas positions that 

are exposed to solvent either due to their exposed position in the native state or due to partial or 

complete unfolding of the protein show fast exchange with solvent protons. Searching for the 

microscopic effects that cause the macroscopic change in thermodynamic stability by investigation of 

the backbone solvent exchange in presence of different MC agents revealed that the presence of both 

dextran and PEG reduces exchange rates in solvent exposed loop regions but not in the protein as a 

whole, as this would lead to a decrease of all exchange rates distributed over the whole sequence. This 

is in line with the indifferent global cooperativity of BsCspB in absence or presence of MC in chemical 

denaturation, as a global increase or decrease in solvent exchange would point to an increased or 

decreased exposed surface area, which in turn is represented by the cooperativity (Courtenay, Capp et 

al. 2000, Courtenay, Capp et al. 2001). How is the effect of MC on the solvent accessibility, which is 

a stabilizing impact centered on the solvent exposed loop region connecting β-strands three and four, 

connected to a reduction in the unfolded state population in general? The unfolding process can be 

indirectly influenced by this reduced mobility of the loop region, as the loop connecting β-strands three 

and four is the dynamic element allowing the conversion from the transition state of BsCspB to the 

native state. In this transition state, the beta strands one, two and three form the first β-sheet whereas 

the loop extending to the second β-sheet consistent of strands four and five is still expanded, as seen 



 

 

 

Discussion  93 

by the high φ values of β-strands one, two and three, whereas β-strands four and five show low φ 

values (Garcia-Mira, Boehringer et al. 2004). This transition state model was even suggested to be a 

possible energetically lowered intermediate state in the folding reaction of BsCspB (Guinn, Kontur et 

al. 2013), and MC in turn has been suggested to enhance the formation of kinetic intermediate states 

(Mikaelsson, Ådén et al. 2013). Thus, it is quite feasible that limited dynamics of this precise loop 

region are indicative of a perturbed folding equilibrium. It can be concluded that the macroscopic 

stabilization through MC is conferred by the optimization of solvent contact in flexible loop regions 

in order to stabilize the native state. 

In a study of MC effects on the exchange behavior of proteins by Smith et al. (Smith, Sarkar et al. 

2013), no significant alterations of amide proton exchange were observed, possibly due to the fact that 

merely a maximum 100 g/L dry weight lysate was used, whereas in cells concentrations of up to 

400 g/L of macromolecules have to be expected (Zimmerman and Trach 1991) . In this thesis it was 

shown by use of higher concentrations of MC agents that there is an influence of MC on the exchange 

behavior in highly flexible loop regions. The reduction of amide proton exchange in these regions 

reached greatest significance at 240 g/L crowding agent used as maximum concentration. 

 

4.1.2.3 Chemical Stability at Atomic Resolution 

In order to assess whether the protein’s fold is structurally altered by absence or presence of MC, 

NMR spectroscopic investigation of chemically induced unfolding of BsCspB was conducted. 

Considering now the presence of MC, the transition midpoint increases in presence of both 

crowding agents equally by an average of 0.5 M of urea. Again, there is no sequence specific region 

of significant increase or decrease in stability exceeding the mean plus or minus one standard 

deviation. Only single, spatially separated residues show a significant deviation from the mean. In 

contrast to local interactions of crowding agents which have been suggested in literature (Mukherjee, 

Gautam et al. 2015), the stabilization by 0.5 M urea is spread over the whole sequence of the protein 

indifferent of surface or core areas, amino acid properties or secondary structural elements. The 

targeted analysis of the aliphatic side chains shows indeed that both Dex20 as well as PEG1 do not 

contact any hydrophobic interaction site in order to stabilize the native state but that the stabilization 

occurs at every monitored side chain to a comparable extent. Thus, the stabilization effect in case of 

both crowding agents takes place independent of direct binding or chemical interactions, as revealed 

by the analysis of all individual amide protons and CHα protons of the protein backbone in the native 

state, as well as the analysis of all separated amide proton backbone resonances of the unfolded state 

ensemble distributed over the whole sequence, as well as the analysis of all methylene and methyl side 

chains of BsCspB. This comprehensive structural analysis underlines the presence of a pure excluded 

volume effect (Minton 1981), as discussed in section 4.1.1. 

Qualitative and quantitative conservation of urea dependent chemical shift perturbations in 

absence or presence of MC clearly shows that the interaction with urea occurs unhindered, which is of 
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great importance in several regards. Firstly, these regions showed reduced mobility in presence of MC 

as seen by amide-proton exchange experiments (section 4.1.2.2), which posed the question whether 

comparable accessibility by urea is still given in presence or absence of MC. Secondly, stabilizing 

agents have been thought to possess some kind of “protective coating” effect on the protein, that would 

simply prevent the effective interaction with denaturing forces (Timasheff 1993). Even though this 

idea was refuted by the finding that protective agents are demonstrably excluded from the immediate 

domain of respective proteins (Gekko and Timasheff 1981, Lee and Timasheff 1981), recent concerns 

have been raised towards the use of synthetic crowding agents in combination with chemical 

denaturation due to the proposition that this setup could reflect the disturbance of chemical interactions 

of the protein and the denaturing agent. Last but not least, activity of urea has been suggested to be 

enhanced since the volume in solution available for urea diffusion is limited compared to that on dilute 

solution due to the presence of MC agents (Hong and Gierasch 2010). All these considerations can be 

excluded to contribute to BsCspB stability due to the unhindered urea - induced CSP pattern seen in 

absence as well as presence of MC, which would not be the case if chemical interaction was either 

hindered, enhanced or altered by any cause of the kind mentioned above. An additional reason for the 

disregard of correction for urea activity in this work was the consideration that even though the 

solubilized PEG and dextran molecules are exerting an approximately calculable volume exclusion 

effect on equal sized molecules, they are permeable for small molecules such as urea and can note be 

considered to fully exclude those. Thereby, a correction for urea activity scaled with the volume 

percentage occupied by MC agents present in solution would fall short of improving the assessment 

of the urea dependence of unfolding. Even though it has to be acknowledged, that a correction for urea 

activity in presence of MC agents is a logical measure, the scaling factor by which the activity of urea 

has to be adapted to the presence of the MC agents cannot be estimated with theoretical models 

available up to date, but since the analyzed CSP patterns caused by equal activity of urea have proven 

to be indifferent to the presence of MC, any change in urea activity is presumably negligible. 

Again, from the present data can be concluded that the stabilization of BsCspB in presence of MC 

is exerted only by an entropic excluded volume effect. Any further unspecific interactions that might 

be of other than entropic origin and counteract the excluded volume effect, such as enthalpic “soft” 

interactions suggested i.e. by Senske et al. for ubiquitin unfolding (Senske, Törk et al. 2014), or even 

specific binding of PEG to the protein surface as observed for cytochrome c (Crowley, Brett et al. 

2008), can be excluded for BsCspB in the presence of PEG as well as dextran, as the increase in 

stability is uniformly dependent on the volume fraction of solution occupied by macromolecules.  
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4.2 The Effect of MC on BsCspB Folding Kinetics 

To investigate the effects of MC on the folding pathway, folding rates, and folding initialization 

of BsCspB, multiple kinetic unfolding and refolding experiments were conducted in absence and 

presence of MC, using urea as well as GdmCl as chemical denaturants. It was shown by single mixing 

and double mixing stopped flow experiments under dilute conditions that BsCspB folds extremely fast 

with folding rates of 600 to 800 s-1, and that the folding pathway of BsCspB follows a two state folding 

model in accordance to literature (Schindler, Herrler et al. 1995). Further, the folding initiation is 

accompanied by a loss in amplitude taking place in the dead time of refolding measurements close to 

0 M denaturant, reporting on undetectable structural rearrangements within the so-called “burst 

phase”. Under crowded conditions, the apparent refolding rate near 0 M denaturant as well as the 

apparent unfolding rate at high denaturant concentrations are reduced compared to dilute conditions, 

and the chevron plot cannot be fully described by a two state folding model. For complete data 

regression, three state folding under inclusion of an on-pathway intermediate is required. Thereby, the 

population of a short-lived kinetic intermediate state within the first 15 ms of folding is postulated. By 

an attempt to directly detect the putative intermediate state by double mixing experiments under 

crowded conditions, low resolution data was acquired, and the intermediate state could not be detected 

so far, but further optimization of this setup can provide reliable data on the presence or absence of an 

intermediate state in BsCspB folding under MC conditions. 

4.2.1 MC Effects on Folding Rates and Stability 

The main effect of MC conditions on the folding kinetics of BsCspB is the reduction of the 

apparent unfolding rate, ku, which is systematically decreased under crowded conditions. This lead, in 

accordance with equilibrium detected unfolding transitions, to a stabilization seen by a raised midpoint 

of transition. Besides the unfolding rate, the cooperativity appears to be reduced under crowded 

conditions as data regression of kinetic data regression by the two-state model suggests, which is not 

in accordance to steady state measurements. Furthermore, the regression curve and data points are 

divergent in their slope, underlining that the cooperativity derived from the kinetic analysis is biased 

due to limited use of the two-state model for evaluation of the kinetic data under MC conditions. The 

kinetic stabilization of a globular protein under MC conditions by reduction of the unfolding rate can 

be mechanistically explained by an entropically disfavored expanded state of the protein due to the 

excluded volume effect (Zhou, Rivas et al. 2008). The effects of MC on the unfolding rate of BsCspB 

are unique in the context of MC effects reported in the last decades, as it has been found that 

“macromolecular crowder rarely affected unfolding rates of proteins” (Shahid, Hassan et al. 2017), 

whereas the refolding rates have been shown to be increased by MC, i.e. for Rd-apocytochrome b562 

in the presence of PEG (Ai, Zhou et al. 2006), or the small ribosomal protein S16 In the presence of 
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dextran (Mikaelsson, Ådén et al. 2013). The cause for the increase in refolding rates reported in these 

studies is the MC induced compaction of the unfolded state. Even though the decrease in unfolding 

rate has not yet been found in other systems studied under MC conditions, this compaction and 

therefore the entropic disfavoring of the unfolded ensemble is in accordance with the observations on 

stability seen in our study reflected in the decrease of overall stability. 

4.2.2 MC Induced Changes in the Folding Pathway 

Furthermore, Mikaelsson et al. suggested that under MC conditions, an intermediate state 

populated at low denaturant concentration might be favored, which is also supported by Kiefhaber et 

al. who postulated that even for small apparently tow-state folding proteins, the presence of high 

energy intermediate states (figure 44B) might be an obligatory step of the folding pathway which can 

possibly be stabilized by solvent conditions (Bachmann and Kiefhaber 2001, Sánchez and Kiefhaber 

2003). This is in accordance with the three-state hypothesis for BsCspB folding used here in order to 

explain the deviation from the two-state model. Applying the three state model, the fit curve yields 

improved approximation of the acquired data. Additionally, time courses of the different species 

derived from the kinetic regression data show that the intermediate state is higher populated under MC 

conditions than under dilute conditions. A further challenge lies in the steady state population of the 

intermediate state, postulated by the time course data. As the intermediate is not observed in steady 

state experiments, and no apparent second kinetic rate has been detected in kinetic raw data, the 

intermediate state must be less stable than the unfolded as well as the native state - therefore no direct 

characterization of this state is possible. A similar case has been shown for tendamistat (Bachmann 

and Kiefhaber 2001), where a single kinetic rate constant was observed which showed a kink in the 

denaturant dependence. The experimental data could be best described by an on-pathway high energy 

intermediate, and the altered slope at high denaturant concentrations allowed the characterization of 

both transition states (Bachmann and Kiefhaber 2001). 
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Figure 44 | Energetic scheme of protein folding mechanisms.  

Schematic representation of the two-state model (A) and the three-state model (B) including an on-pathway, high 

energy intermediate (I*). U = unfolded ensemble, N = native state, TS = transition state; figure adapted from 

(Sánchez and Kiefhaber 2003). 
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The characterization of the intermediate state requires analysis of the denaturant dependence of all 

folding and unfolding rate constants in combination with the time course of the different species 

(Bachmann and Kiefhaber 2005). By interrupted stopped flow measurements, it is possible to process 

reaction mixtures after a minimum of 14 ms, as this is the minimal retention time in the delay loop. As 

the rate constant of BsCspB refolding is kn = 690 s-1 under dilute conditions, the formation of the 

intermediate as well as native state is already completed at 14.5 ms, when the reaction mixture is 

passed on to the second mixing step. Thus, refolding is not accessible whereas interrupted unfolding 

experiments can be performed as the unfolding reaction has a half-time of 12.5 ms, considering 

ku = 40 s-1 for dilute conditions. To confirm the existence of an obligatory on-pathway intermediate in 

future work, interrupted unfolding experiments revealing an observable lag-phase as well as 

comparative analysis of the time course of the different species in refolding reactions is mandatory. 

Concerning the reaction mechanism of cold shock proteins in structural terms, MD simulations 

predict the possibility of an intermediate state, describing two different scenarios (Huang and 

Shakhnovich 2012, Guinn, Kontur et al. 2013). On the one hand, it is possible that the beta sheet one, 

consisting of strands 1-3, and beta sheet two (strands 4-5) are formed before the beta barrel fold is 

completed (Guinn, Kontur et al. 2013). On the other hand it was suggested that the compete barrel is 

preformed except for the fifth strand which allocates in a final step completing the beta barrel (Huang 

and Shakhnovich 2012). Under dilute conditions, such a state has not been detectable up to date, but 

by MC conditions, this intermediate state might be further stabilized; the structural nature though 

cannot be experimentally verified under the present conditions as the lifetime of this state is in the 

order of 1-5 ms extremely short-lived, according to three state data regression performed under MC 

conditions.  

4.2.3 Impact of MC on Raw Data Regression 

In raw data acquired by refolding experiments at low denaturant concentration, a slope in the 

residual function of monoexponential data regression accounts for less than 5% of the total amplitude 

which is negligible under dilute conditions. Under crowded conditions, the residuals contained up to 

15% of the initial amplitude, hinting at an additional, hidden folding process that might occur at a 

slower timescale. By acquisition of separate measurements at various buffer conditions, it has been 

assured that this additional decay does not result from the background of MC polymers. As seen for 

other proteins, i.e. barstar (Schreiber and Fersht 1993, Hofmann 2008) and others (Bachmann and 

Kiefhaber 2005), this slow process might be the isomerization of the peptide bond of P58. In general, 

the cis-isomer of proline-peptide bonds was shown to be 7-36 % populated in proline-containing 

proteins, and therefore all proteins containing proline residues should have a significant population of 

slow folding molecules (Reimer, Scherer et al. 1998). Even non proline bonds were shown to isomerize 

to a low percentage (Odefey, Mayr et al. 1995), in some cases non-proline isomerization reactions 

accounted for up to 5 % (Pappenberger, Aygün et al. 2001). The isomerization process is a slow 
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process in the order of 10-60 s-1 for proline and in the order of 1 s-1 for non-proline peptide bonds at 

25° C (Bachmann and Kiefhaber 2005). Besides proline isomerization, measurements of the protein 

SPCp41 (Candel, Cobos et al. 2009) exhibited a second, slow biexponential refolding phase of 

unknown origin which could not be assigned to proline isomerization, suggesting that further unknown 

slow processes observable by kinetic fluorescence measurements may exist, which are also influenced 

by MC conditions. Concerning BsCspB, the slope in the residual function of monoexponential data 

regression at low denaturant concentration has not been recorded in literature previously, since relevant 

folding processes for BsCspB are terminated after 20-100 ms. Conclusively, the slope monitored could 

be resultant of peptide bond cis/trans isomerization processes, that could be enhanced under MC 

conditions, or resultant of an unknown additional process which was not investigated further in this 

thesis. 

4.2.4 MC Effects on Folding Initialization 

Upon folding initiation, rapid undetected processes may occur in the so-called “burst phase”, such 

as the compaction of the unfolded chain (Bachmann, Segel et al. 2002) as well as fast secondary 

structure formation (Kuwajima 1989), which possess a rate constant of > 2000 s-1. The “burst phase” 

refers to the difference in amplitudes of the endpoint analysis near 0 M denaturant, when the raw data 

derived native baseline reaches a curvature compared to the straight extrapolation of the native baseline 

of the end point analysis, which is explained by a loss in intensity due to very fast molecular 

rearrangements (Krantz, Mayne et al. 2002, Jemth, Johnson et al. 2008). The protein state in this phase 

is an unresolved issue in literature up to date (Tsytlonok and Itzhaki 2013, Gianni and Jemth 2016). 

Shortly, some authors call the rearranged state of the protein in the burst phase a “molten globule” 

(Kuwajima 1989) or speak of a nonspecific hydrophobic collapse of the unfolded ensemble (Agashe, 

Shastry et al. 1995), whereas others call it a “burst phase intermediate” (Roder and Colón 1997) – a 

difference that is not only semantic. On the one hand, a collapsed state of the unfolded ensemble lies 

energetically downhill of the unfolded ensemble and refers to a scenario of a non-intermediate state of 

compaction caused by the new solvent properties encountered upon mixing, forcing hydrophobic 

groups to cluster in an unstructured way prior to structural organization into the folded state. On the 

other hand, an intermediate state formed in the burst phase would be separated from the unfolded 

ensemble by an energetic barrier, but whether such an intermediate is an obligatory step of the folding 

pathway is unresolved. For cold shock proteins from B. caldolyticus and T. maritima, such a collapsed 

state has been documented (Lipman 2003, Magg and Schmid 2004). The compaction of the cold shock 

protein in the burst phase is in accordance with a study of Magg et al., where upon folding initialization 

under dilute conditions, the cold shock protein is suggested to undergo a rapid collapse prior to folding 

(Magg and Schmid 2004). By the experimental setup used in this thesis, the burs phase cannot be 

resolved due to the dead time of the stopped flow instrument, but it shows that MC conditions influence 

the burst phase rearrangements, as the burst phase amplitude is modulated under crowded conditions. 
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Additionally, the influence of MC on the protein state in the burst phase is obscured due to the 

increased dead time of detection under MC conditions which is prolonged up to five-fold compared to 

dilute conditions. The prolonged dead time is caused by the retardation of the turbulent rapid mixing, 

as high viscosities alter the turbulences generated in the stopped flow machine (Roder, Maki et al. 

2004). Still it can be seen by the difference in amplitudes derived from monoexponential data 

regression, that in this dead time, undetectable burst phase rearrangements (Sinha and Udgaonkar 

2008) take place under crowded conditions that differ from the rearrangements taking place in dilute 

solution. Thus, the collapsed state could be altered containing secondary structural elements, being 

more native – like in presence of MC, or it could be more expanded. By techniques such as FRET 

measurement of intra-molecular distances as used for barstar, it has been already shown that under low 

denaturant concentrations, the collapsed state can be transformed into a very early intermediate state 

containing secondary structural elements (Pradeep and Udgaonkar 2004, Sinha and Udgaonkar 2008), 

which is not present under refolding conditions of higher denaturant concentrations that are a less 

stabilizing solvent (Agashe, Shastry et al. 1995). This matches our results for BsCspB, as burst phase 

artefacts in raw data as well as residual slopes in monoexponential raw data regression have only been 

found in refolding experiments at very low denaturant concentrations (4.2.3), being more pronounced 

for MC than for dilute conditions. For verification of the stabilization of an early burst phase 

“intermediate” or a specifically structured state, techniques that can access the first 500 ns of the 

protein folding reaction would be required. 

4.2.5 Stabilizing Mechanisms Induced by MC 

Besides the excluded volume theory of Minton, there have been other stabilizing mechanisms 

suggested for protein stability in vivo, which shall be discussed in the following. No correlation of the 

stabilization with the change in viscosity of the crowded solution could be detected, in contrast the 

suggestion by Jacob et al. (Jacob, Schindler et al. 1997) exploring the effect of small molecules on the 

stability of BsCspB, as discussed above (section 4.1.2.3). Precisely, this could be ruled out by use of 

MC agents that differ in viscosity ranging from 1.6 cP for 100 g/L of PEG1 to 4.5 cP for 100 g/L 

PEG8, but show the same extent of stabilization of the native state of BsCspB. In accordance with 

Jacob et al., neither the difference in polarity of the cosolutes PEG and dextran nor their effect on the 

surface tension of water and thus the induced change in water structure scaled with the stabilizing 

effect of MC that was observed in this work. Further, the change in viscosity during refolding due to 

the contribution of the denaturant to the total viscosity has been considered in rare cases to be corrected 

for in chevron plot analysis (Perl, Jacob et al. 2002). Viscosity correction has been tested for the 

present data as well, but since no congruent effect on folding kinetics could be observed, this approach 

was discarded in the initial phase of data analysis. Another interesting finding of Jacob et al. shall be 

noted here as well: the presence of 400 mM KCl was also able to induce stabilization of BsCspB, but 

without altering the shape of the Chevron plot (Jacob, Schindler et al. 1997), thus leaving the position 
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of the activated state of BsCspB in the protein folding reaction unchanged (Hurle, Michelotti et al. 

1987). In contrast, the stabilization effect of MC observed here differently affected the unfolding and 

refolding rates. Therefore it can be concluded, that MC definitely changes the position of the activated 

state on the protein folding landscape. For in vivo conditions, it has to be noted that salt concentrations 

are not indifferent and can presumably deviate from the conditions used here (Liu, Poolman et al. 

2017). Especially for the cold shock protein family, effects of salt concentration in the stability of the 

cold shock protein have been attributed to the negative net charge of the mesophilic cold shock proteins 

(Dominy, Perl et al. 2002). Thus, it is possible that in vivo, the activity of proteins can be further tuned 

by accumulation of salts and the variable ionic strength of the cellular interior. The here discussed 

remarkable difference of protein stability in dilute versus cellular conditions though stems from the 

MC induced stabilization of native structure conferred by the excluded volume effect, as other 

mechanisms such as viscosity, polarity, water structure and electrostatic interaction could be ruled out. 

4.2.6 Concluding Remarks 

To sum it up, an observed decreased unfolding rate can be attributed to a pure entropic effect of 

MC that stabilizes the protein. Thus, our system is in accordance with the basic theory of excluded 

volume postulated by Minton 1981 and allows us to monitor the major impact of steric interactions 

experimentally, which in the chosen setting overrides any other unspecific contributions of 

electrostatic or hydrophobic interactions if they are present. The folding pathway is affected by this 

stabilization in the way that a possibly obligatory high-energy intermediate state has become apparent 

by analysis of the chevron plot. Further complexity has become apparent in the incline in residual 

amplitude of raw data that is not further investigated here as it presumably belongs to a cis 

isomerization of the peptide bonds of proline or possibly non-proline residues that evoke a second 

slow phase which is populated to a greater extend under MC conditions. Further, the compactness of 

the burst phase collapsed state is found to be influenced by MC conditions as the burst phase artefacts 

are altered under MC conditions, but as the evolution time of burst phase reactions is below 0.5 ms, 

these processes cannot be further investigated using SFL but would require techniques such as kinetic 

FRET or CD measurements (Udgaonkar 2013). Generally, the model system used here could show 

that pure excluded volume conditions can have multiple effects on the kinetic folding behavior of a 

small, most simple model protein, which lays a base to further add in complexity to the system by 

addition of biological polymers and thus coming closer to the composition of the cytosol and 

eventually to direct investigation under cellular conditions. 
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4.3 The Effect of MC on Protein - DNA Association 

In order to investigate the impact of MC on protein - DNA interaction, the binding characteristics 

and binding affinities of oligothymidines of variable chain length to BsCspB were systematically 

examined by increasing weight volume fractions of macromolecules present in solution at global as 

well as at atomic resolution using multiple spectroscopic techniques. First, high resolution NMR 

spectroscopy revealed the complete structural integrity of free and ligand-bound states of BsCspB in 

presence of three different MC conditions. Thus, no significant perturbation of the common binding 

site between oligonucleotides and BsCspB (Max, Zeeb et al. 2007) could be observed. However, 

differences in line widths and in signal intensities of NMR resonance signals comprising BsCspB 

monitored by increasing concentrations of dT7 hint to specific changes in the dynamics of ligand 

association and dissociation comparing dilute with MC conditions. This general observation can be 

corroborated by a precise analysis performed at a residue-by-residue level. Thus, perturbations of 

NMR chemical shifts observed for BsCspB upon oligonucleotide binding under dilute as well as MC 

conditions showed minor differences in the loop region connecting beta sheets four and five in 

BsCspB. This loop region comprises residue Arg56 which interacts by its charged side chain with the 

phosphate backbone of oligonucleotides (Max, Zeeb et al. 2007). It has been shown before that the 

inherent flexibility of this loop region is essential for the high affinity binding of ssDNA ligands to 

BsCspB (Zeeb, Max et al. 2006). It can be speculated that MC modifies the inherent flexibility of this 

loop region in BsCspB particularly as changes in NMR chemical shifts upon oligonucleotide binding 

are significantly decreased comparing dilute with MC conditions. This observation is underlined by 

differences in the course of signal intensities upon stepwise addition of dT7 to BsCspB when dilute 

and MC conditions are compared for residues which are adjacent to Arg56. Secondly, a significant 

decrease in ligand binding affinity due to MC could be independently shown by steady state 

fluorescence spectroscopy. This observed decrease in ligand binding affinity is strongly dependent on 

the weight per volume fraction of macromolecules present in solution, showing furthermore that the 

change in ligand binding affinity is neither dependent on the viscosity of the solvent nor on the 

molecular size of MC agents which have been used. The binding affinity between oligonucleotides 

and BsCspB changed in a highly systematic manner when comparing dilute conditions with presence 

of MC. The strongest decrease in ligand binding affinity was observed for dT7, the oligonucleotide 

which possesses a high affinity being in the nanomolar range under dilute conditions. Contrary, only 

a slight decrease in ligand binding occurred for dT5, an oligonucleotide possessing a binding affinity 

to BsCspB in the micromolar range under dilute conditions. Finally, kinetic fluorescence spectroscopic 

investigation revealed that MC is capable to decrease the association rate constant in the protein - DNA 

binding process whereas the dissociation rate constant is not primarily affected by the presence of MC. 

The independence of the association rate constant on the chain length of the oligonucleotide which 

interacts with BsCspB is conserved when dilute and MC conditions are compared. In the same manner, 
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the dependence of the dissociation rate constant on the chain length of the oligonucleotide which 

interacts with BsCspB is also conserved when dilute and MC conditions are compared. The observed 

change in the association rate constant is possibly mediated by MC induced reduction of structural 

flexibility in the regions carrying the residues Lys7, Asp25 and Arg56, which exert long range charge-

charge interactions (Max, Zeeb et al. 2007) and are in part located at sites of great conformational 

flexibility under dilute conditions. Long range coulombic interactions have been identified to initiate 

protein-ligand interaction (Held, Metzner et al. 2011), and therefore the association rate might depend 

on the flexibility of regions carrying charged residues that allow ligand recognition and binding. As 

the association rate constant is equally affected for ssDNA of various length, this additionally suggests 

that the respective structural arrangement of residues Lys7, Asp25, and Arg56 at the interaction surface 

of BsCspB (referred to as binding subsites five and six according to Zeeb et al. (Max, Zeeb et al. 2007) 

is sensed equally by all oligonucleotides which have been probed here, independent of the chain length 

of the oligonucleotide interacting with BsCspB. 

Taking all results together, we conclude that MC has a pronounced impact on the association of a 

ligand to a target protein. This result stresses studies performed in vitro under dilute conditions 

regarding the quantitative determination of ligand binding affinity and specificity. Thus, raised 

association rate constants monitored in vitro are not necessarily indicative of analogue affinity or 

ligand specificity in vivo. MC is inherently capable to impact intrinsic dynamics of proteins especially 

in motile loop regions and to manipulate areas in a protein which are easily accessible e.g. for the 

solvent (see section 4.1.2.2) and may systematically modify long range charge-charge interactions 

between the ligand and the target protein. This may act as potential source for a reduced association 

of the ligand-protein complex as shown here as it is known that the majority of ligand binding 

interactions involves highly dynamic and freely accessible regions which are required for tight binding 

processes (Zeeb, Max et al. 2006). Consequently, MC must be considered to play an essential role not 

only in the context of elementary ligand binding processes but also for proceeding molecular 

interactions, signal transductions, modifications or active complex formations. This applies especially 

to the quantification of affinity values characterizing ligand to protein binding. 
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5. Conclusion and Outlook 

In this study, the systematic investigation of the effect Mc potentially has on BsCspB structure, 

function and dynamics revealed a significant and well-defined impact on thermodynamic stability 

against thermal as well as chemical denaturation. The extent of thermodynamic stabilization was 

shown to be independent of specific properties of employed MC agents such as polarity or size, and 

furthermore independent of changes in micro- as well as macroviscosity. A sole dependence on the 

weight volume fraction of MC agents in solution was found which can be ultimately understood by 

excluded volume theory. On the functional level, attenuation of ssDNA ligand affinity was observed 

being independent of ligand size and scaling with weight volume fraction of MC agent in solution. 

Both the thermodynamic stabilization and the reduced ssDNA affinity are presumably caused by 

reduction of conformational freedom concerning especially motile loop regions, since loss in 

flexibility can on the one hand decelerate the unfolding reaction and on the other hand diminish tight 

ligand binding. Kinetic investigation evinced that in chemically induced unfolding, the rate of 

refolding was conserved whereas unfolding rates appeared to be reduced, furthermore the enrichment 

of an early folding intermediate was indicated. Concerning binding kinetics, the variation in binding 

affinity of the different oligothymidines to BsCspB aligned with systematic decrease in dissociation 

rates for oligothymidines of increasing chain length, whereas the MC induced loss in affinity could be 

attributed to a significant decrease in association rates, indifferent of ligand size and scaling with 

weight volume fraction of MC agent in solution. These results show on the one hand that MC as 

mimicked by synthetic polymers exerts an entropic force that disfavors the expanded unfolded state 

ensemble which is in accordance with general MC theory. On the other hand, no significant enthalpic 

contributions affecting stability and function could be detected in this work, in contrast to suggestions 

arising in studies recently published by other research groups. Further, the reduced flexibility of loop 

regions essential for protein function has to be considered for the transfer of in vitro data to in vivo 

systems. Last but not least, the accumulation of possible intermediate states in protein folding in vivo 

points to greater complexity in folding dynamics that become particularly significant when aggregation 
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prone systems are investigated which is principally the case in neurodegenerative disease forms. The 

work done here sets a solid base which can be applied on these systems. 

The results of this work underline the relevance of MC for in vivo systems and validate the 

dominance of entropic mechanisms in highly crowded systems. For the present investigation, entropic 

theory suffices to comprehensively describe the impact of MC, but in future approaches building upon 

this work, it might be of interest to verify these results either by in vivo approaches concerning the 

thermodynamic stability as well as the functionality of BsCspB or by transfer and investigation of 

these results monitoring an alternative protein folds, containing also helical elements or multiple 

subdomains to add in complexity. Furthermore, the use of protein crowders or cellular lysate would 

be a suitable systematic approach regarding the possibility of enthalpic effects on protein structure, 

function and dynamics due to MC as it is present in cells. In order to unmistakably grant or refute the 

dominance of an excluded volume effect for in vivo systems, in-cell NMR methodology using whole 

cells for the study of BsCspB stability and function is applicable. Besides the relevance of MC 

conditions for a better understanding of in vivo interactions, the implications of an intermediate state 

in the folding pathway are of basic relevance to the field of protein folding, as it is generally expected 

that small, fast folding proteins such as BsCspB should comply with a two-state folding model. 

Therefore, the presence of a possible intermediate state could be further verified by systematic kinetic 

approaches. Concerning the indicated high energy intermediate state of BsCspB, it might be of interest 

to conduct further investigation either by timely higher resolved continuous flow methodology or by 

refined stopped-flow experiments. Regarding the double jump setup in kinetic folding experiments, 

there is still room for further improvement, i.e. by further increase of protein concentrations in order 

to yield a well resolved amplitude, or by increase of MC concentration to stronger populate the 

intermediate state. The presented results may further serve as experimental control and refinement for 

molecular dynamics simulations based on the same setup, which could in the following provide an MC 

model system transferable to other protein folds. 
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6. Appendix 

6.1 Viscosities of Solutions 

Table 17 | Macroviscosities. Viscosities (± 0.1 cP) of solutions containing the 

respective MC agent in 20 mM sodium cacodylate/HCl, pH 7.0, were determined 

at T = 298 ± 1 K by using a Viscolite 700 d15 instrument (Hydramotion) with a 

built-in temperature reference.  

MC agent c / g‧L-1 [urea] / M viscosity / cP 

PEG1 0 0 0.9 

 10 0 1.6 

 20 0 3.0 

 30 0 5.7 

PEG8 10 0 4.5 

 15 0 8.7 

 20 0 15.0 

 20 1 16.9 

 20 2 19.5 

 20 3 21.5 

 30 0 41.0 

PEG35 10 0 21.0 

 20 0 133 

 30 0 661 

Dex20 10 0 3.4 

 12 0 3.8 

 20 0 11.0 

 20 1 10.7 

 20 2 12.5 

 20 3 13.3 

 24 0 15.0 

 30 0 29.4 
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Table 18 | Microviscosities. Viscosities (± 0.1 cP) of solutions containing the 

respective MC agent in 20 mM sodium cacodylate/HCl, pH 7.0, were estimated at 

T = 298 ± 1 K by NMR spectroscopic diffusion measurements using TMSP as tracer 

molecule, as described in section 2.6.3. 

condition [urea] / M viscosity / cP 

dilute 0 0.9 

 1.1 0.9 

 2.0 1.0 

 3.0 1.0 

 4.2 1.1 

 5.0 1.1 

 6.0 1.2 

200 g/L 0 2.4 

PEG1 2 2.5 

 4 2.8 

 6 5.3 

120 g/L 

PEG1 
0 1.5 

Dex20 1.2 1.6 

 2.2 1.6 

 3.0 1.7 

 4.2 1.8 

 5.0 1.9 

 5.8 2.0 
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6.2 Assignment of BsCspB Side Chain Resonances 

A       B 

 

 

C 

 

 

       D 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45 | Assignment of 1H-13C resonance signals representing the native state of BsCspB using the one 

letter code of amino acids followed by the position in the primary sequence. 

Note that the two-dimensional 1H-13C HSQC NMR spectra have been acquired by using the constant time 

approach resulting in positive (colored in black) and negative signal intensities (colored in red). (A) Cα-Hα cross 

signals corresponding to backbone CH2 groups of glycine residues. (B) Cross signals comprising side chains 

showing 13C resonances ranging from 10 to 25 ppm. (C) Cross signals comprising backbone CH signals showing 
13C resonances ranging from 47 to 69 ppm. (D) Cross signals comprising side chains showing 13C resonances 

ranging from 26 to 44 ppm. 
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6.3 Additional Kinetic Data 

A      B         C   

          

D 

 

Figure 46 | Additional kinetic data for GdmCl - induced BsCspB unfolding and refolding in absence and 

presence of MC. 

Chevron plots of observed unfolding and refolding rates acquired using a stopped flow machine with 1:10 

dilution and single mixing setup, as described in section 2.4. data was acquired at T = 298 K under the following 

conditions: (A) dilute, (B) 100 g/L Dex20, (C) 100 g/L PEG8, (D) 100 g/L PEG1. The denatured state was 

prepared using 3.4 M GdmCl. General sample conditions were: 20 mM sodium cacodylate, pH 7. 

Thermodynamic regression data is shown in table 19, an overlay of this data is discussed in section 3.2.2. 

 

 

Table 19 | Additional kinetic data for GdmCl - induced unfolding of BsCspB at 298 K. Regression data of 

the chevron plots displayed in figure 46. Prior to refolding, BsCspB was incubated at 3.4 M GdmCl. Calculation 

of ΔG0
N↔U occurred as described in section 2.4. 

MC agent ccrowder/ g‧L-1 mn / kJ‧mol-1‧M-1 mu / kJ‧mol-1‧M-1 kn / s-1 ku / s-1 ΔG0
N↔U / kJ‧mol-1 

- - -8110±289 964±447 863±35 6.4±2.8 12.2±1.1 

PEG1 100 -6515±116 1212±222 490±9 3.7±0.9 12.1±0.6 

PEG8 100 -6673±272 1282±534 518±21 3.9±2.1 12.1±1.4 

Dex20 100 -6960±71 1028±126 575±6 5.2±0.7 11.7±0.3 
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