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Abstract
Most biochemical reactions have evolved in crowded intracellular environments. However, the complexity of intracellular
environments is often neglected in structural or functional studies of proteins. In these cases, reactions involving proteins are
deliberately separated from the perturbations of co-solutes in order to simplify data acquisition and interpretation. Having
acquired an enormous body of knowledge under these simplified dilute-buffer conditions, methodological progress of the
past two decades has made the study of proteins inside living cells increasingly accessible and concomitantly kindled an
interest to investigate proteins in their native habitat. Naturally, major questions that arose were to what extent ubiquitous
transient interactions alter protein structure, function and thermodynamics and, not least, what role protein surfaces and
their physicochemical properties play in determining the frequency and duration of these diffusive encounters.

By looking at the rotational-tumbling rates of three structurally well-characterized proteins in live cells with nuclear
magnetic resonance (NMR) relaxation, we expand on previous research performed in the bacterium Escherichia coli and
establish the physicochemical principles that determine diffusive interactions in the mammalian cytosol of the human
ovarian cancer cell line A2780. Just as in E. coli, net charge is the dominating factor in regulating protein interactivity,
albeit with the impact on rotational retardation greatly diminished. We ascribe this to the generally lower macromolecular
concentrations in the eukaryotic cytosol, and put forward a hypothesis in which less stringent rules regarding protein surface
decoration in eukaryotes could have facilitated the development of multi-cellular organisms. Furthermore, by developing
a model where a distribution of differently sized interaction partners is taken into account when examining rotational
retardation, we reconcile transverse and longitudinal in-cell relaxation with theory, and are able to estimate the populations
of the bound and free form of a set of reporter proteins. Looking at the populations of bound protein instead of a mean-field
rotational retardation finally allows us to re-assess the guiding rules behind diffusive cytosolic interactions. Last, we outline
a putative mechanism behind the in-cell destabilization of a variant of Superoxide dismutase 1 (SOD1barrel). By mimicking
generic poly-anionic intracellular co-solutes with poly-acetic acid (NaPAc1200), we identify the positively charged N-
terminal portion of the unfolded form of the protein as the interaction site with the highest affinity. Further examining
the unfolded ensemble of SOD1barrel with a mutationally destabilized variant reveals a compact state, that remains almost
unchanged upon binding to NaPAc1200. This suggests that NaPAc1200-mediated destabilization occurs mainly through
mass action, in full accord with the postulated mechanism for in-cell protein destabilization.
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1. Introduction  

The interior of cells is teeming with molecules carrying out the tasks that make 
life possible. These molecules include proteins, RNA, DNA and other small or-
ganic compounds important for the cell’s energy management and structural up-
keep. The interplay of this great multitude of molecules is still a widely un-
charted area. How do proteins find their interaction partners in this tumble of 
background molecules? What are the forces behind short-lived diffusive inter-
actions? How freely do proteins move through the intracellular environment? 
And eventually, do these background molecules impact protein stability and 
with that protein function? 
Typically, proteins have been studied in the simplified environment of a test 
tube, where they are investigated in a highly concentrated and purified form. By 
adding individual substances or by altering the sample conditions, the researcher 
has full control over the experiment and can thus ascribe changes in the proteins 
behavior to the respective perturbation. This obviously simplifies data interpre-
tation tremendously, however, it also frequently raises the justified question of 
physiological relevance: Is the behavior that is seen in the test tube really repre-
sentative for what is happening in the interior of cells? 
Even though the wish to study proteins in their natural habitat has most certainly 
existed since the early dawn of ‘protein science’, it was not until a couple dec-
ades ago that methodology was developed, that made this actually possible. 
Hence, with the advent of these new in-cell methodologies, ‘old questions’ re-
volving around protein folding, structure and stability as well as enzymatic ac-
tivity and binding affinities for specific interaction partners have been re-inves-
tigated within the intracellular context. Although most of these questions have 
so far only been touched by this new development, already, the concept of mo-
lecular crowding (the presence of high concentrations of macromolecules) had 
to undergo a fundamental re-think. While early theoretical work mostly focused 
on the impact of simple volume exclusion on protein stability, experiment 
showed that the importance of diffusive transient interactions at the sub-micro-
second time scale had been greatly underestimated. As a result, the long-held 
belief that the intracellular environment acts as a stabilizing milieu had to sud-
denly be regarded in a more nuanced way. These transient interactions with both 
the folded and the unfolded states of a protein, can tweak the thermodynamic 
equilibrium either way and thus outweigh the stabilizing contributions of the 
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generic volume exclusion (Paper IV and V). But attractive diffusive interac-
tions also critically affect protein mobility (Paper I, II and III): for instance, 
those proteins that show too high interaction propensity become stuck in their 
immediate surroundings and their inefficiency to find their specific interaction 
partner could prove deleterious. Similarly, those that show a too low propensity 
will exclude themselves from the interaction network that is vital for performing 
chemical reactions. With this thesis, I tried to take a closer look into the various 
aspects of diffusive transient interactions. What are the forces that determine 
their occurrence? Is it possible to better characterize the molecules that are in-
volved in these interactions? And finally, how are they capable of shifting the 
thermodynamic folding equilibrium of proteins? 
At first, I will treat the theoretical considerations behind molecular crowding, 
followed by the contributions that transient interactions have on protein stability. 
I will then shift focus from in-vitro experiments and simulations to the results 
obtained from direct measurements in live cells. Starting with giving an insight 
into the different make-ups between prokaryotic bacterial and eukaryotic animal 
cells – using Escherichia coli and human cells as examples – I will then outline 
some of the technological advancements that make the measurement of transla-
tional and rotational diffusion as well as protein stability in live cells possible. 
In the subsequent sections I will (i) review the most important findings regarding 
in-cell folding thermodynamics and mobility, (ii) discuss protein surface prop-
erties and how they modulate interaction propensity as well as protein stability, 
and (iii) highlight some first attempts in characterizing the nature of the cyto-
solic interactome. I will close up my thesis with a final section that contemplates 
the possible evolutionary implications that the sheer presence of co-solutes has, 
ranging from small-scale protein surface design to the far-reaching conse-
quences that the operational robustness of cells has on the development of multi-
cellular organisms. 
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2. Molecular Crowding – Theoretical 
framework and in-vitro studies 

2.1 The excluded-volume effect 
 
The presence of large co-solutes at high concentrations – also termed molec-
ular crowding – affects protein stability (1-7), folding pathways and kinetics 
(8-11), structural compaction (10, 12), oligomerization (13-15) and even the 
catalytic activity of enzymes (16). In the most simplistic models for crowded 
environments, co-solutes are represented by inert hard spheres that block oth-
erwise available space (17-19). This at first glance trivial set-up has surpris-
ingly large consequences for the energetics of the system (17, 18). The larger 
a molecule, the more space it is denied due to steric repulsion (Fig. 1). In the 
ideal case, as the available volume decreases, the apparent molecular concen-
tration increases – a state that is entropically disfavored. As a consequence, 
the entropic driving forces will aim to keep the excluded volume and thus the 
apparent molecular concentration at a minimum. For malleable molecules, 
such as proteins, this means that the compact folded state is preferred to the 
extended unfolded state, which in turn leads to an increase in protein stability 
(17, 18). However, the consequences of ‘volume exclusion’ do not stop at the 
level of individual proteins, but are similarly valid for protein complexes that 
upon association attain less solvent-accessible surface area than the sum of 
their monomers (19, 20). 
The effects due to volume exclusion have been tested and quantified in silico 
(20-23), where protein stabilization was estimated to be 1-6 kJ/mol in the pres-
ence of 5-35 % volume fraction of crowders (20) and between 4-8 kJ/mol in 
simulations of the crowded environment of a bacterial cell (23). Attempts to 
quantify protein stabilization due to excluded volume effects in vitro are often 
hampered by crowding agents not being entirely inert. Typically, dextran, pol-
yethylene glycol (PEG) or the poly-sucrose Ficoll are used as crowders for 
those types of experiments (2, 8, 11, 21). However, there is substantial ther-
modynamic evidence that shows that protein stabilization by these polysac-
charidic components is not purely entropic and therefore involves other mech-
anisms on top of simple volume exclusion (5-7, 12, 13, 24, 25). This, in turn, 
questions their use as proxies for inert hard-spheres and interpretations of re-
sults made purely from the view point of volume exclusion.   
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Figure 1. The size exclusion effect. The 
panel shows a crowded environment, 
where hard inert spheres are taking up 
space and by doing so decrease the acces-
sible volume to the reporter protein. A 
two-state folder protein is in a dynamic 
equilibrium between its compact folded 
and expanded unfolded state. Here, the 
folded as well as the unfolded state are 
equally represented by hard spheres. An 
expanded state will exclude more volume 
and concomitantly decrease the system’s 
degrees of freedom resulting in a net re-

duction of entropy. As a consequence, the unfolded state is increasing the system’s 
energy, which in turn is compensated by shifting the equilibrium towards a more 
highly populated folded state and thus increased protein stability.  

 
2.2 Transient ‘soft’ interactions  
 
Crucially, a cell’s vitality is built on functioning interaction networks and 
communication cascades. Thus, a model that does not capture a molecule’s 
propensity to interact with its co-solutes will most certainly fail to predict the 
impact that molecular crowding has on protein stability and function. Here, 
and in the remaining text, interactions will refer to binding events mediated 
by attractive electrostatic and hydrophobic forces. Consequently, an authentic 
model for molecular crowding has to treat co-solutes beyond steric repulsion 
and permit interactions through electrostatics, hydrogen-bonding and hydro-
phobic forces. These interactions will manifest as additional enthalpic and en-
tropic contributions that can either enhance or counter-act the overall stabili-
zation coming from the volume exclusion (Fig. 2). These additional contribu-
tions become quickly apparent, if biologically more relevant crowders such as 
proteins (e.g. bovine serum albumin (BSA) (1, 3, 4, 7), lysozyme (1, 3, 4, 7), 
TTHA1718 (7), SubL (2)) or reconstituted cytosol are used (1). In contrast to 
polysaccharidic components, these crowding agents can both stabilize and de-
stabilize the reporter protein and on top of that to varying degrees. That protein 
crowders don’t have a uniform effect, but rather depend on a particular cou-
pling between crowder and reporter protein, strongly corroborates the notion 
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that changes in folding thermodynamics are mediated through compatible in-
teraction surfaces. This can be illustrated in the example of a mutationally 
destabilized, monomeric and loop-truncated variant of Superoxide dismutase 
1 (SOD1barrel,I35A) (7): BSA, TTHA1718 and the dimerized wild-type 
holoSOD1 have only mild effects on the melting temperature Tm, while lyso-
zyme decreases its Tm dramatically. Simply looking at protein net charges re-
veals that BSA, TTHA1718 and holoSOD1 are all net negatively charged 
ranging from -1.5 e to -8.5 e, while SOD1barrel,I35A itself has a net negative 
charge of -0.5 e. In contrast, lysozyme is highly positively charged with +8.5 
e, pointing at electrostatics being putatively the dominating mediator behind 
these destabilizing transient interactions.  

2.3 A theoretical framework for co-solute effects on 
protein stability 
 
The thermodynamic equilibrium between folded and unfolded protein can be 
expressed in form of chemical potentials μi 
 
μi = ( !"

!#!
)                     (eq. 1) 

 
where i denotes either the folded or unfolded form of the protein and Ni rep-
resents the number of moles that are in this state. At constant temperature and 
pressure, the Gibbs free energy of the folding reaction, ΔGU-F, can be ex-
pressed as follows: 
 
ΔGU-F = μF NF – μU NU                 (eq. 2) 
 
Adding co-solutes to the system will result in deviations from ideality. Non-
ideality means that interactions between the protein and the added co-solute 
will take place. The deviation from ideality can be described by the virial ex-
pansion of the osmotic pressure (24). If only pair-wise interactions between 
the protein and co-solute j are taken into account in form of the second virial 
coefficient Bij, then the chemical potential of state i can be expressed as 

 
μi = μ0 + kBT ln Ci + kBT ∑ 𝐵$%𝐶%%              (eq. 3) 
 
 
where μ0 is the chemical potential of the pure species, kB is the Boltzmann 
constant, T the temperature and C the concentration of the respective particle. 
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To get an understanding how a co-solute will affect the overall protein stabil-
ity, its interaction potential with both the folded and the unfolded state – con-
tained in BFj and BUj – will have to be considered. Thus, expressing the chem-
ical potential for both conformational states according to eq. 1 and from that 
deriving the equilibrium constant will give: 
 
𝐾&'($)*+,-.*$/)0 =	𝐾&'(,+1 	e∑ [45"#'5$#67#]# 	           (eq. 4) 
 
From this relationship it emerges that the equilibrium constant can change ei-
ther way – in favor of the folded state F or in favor of unfolded state U – 
depending on the relative magnitudes of BUj and BFj. For instance, if attractive 
interactions are stronger or more ubiquitous in the unfolded state of the pro-
tein, then BUj will become more negative than BFj and concomitantly KU-F will 
increase with co-solute concentration. If, however, BFj outweighs BUj, then KU-

F will further decrease leading to a net stabilization (7).  
To be able to identify the actual mechanisms underlying the changes in protein 
stability, due to the presence of co-solutes, an enthalpy-based classification 
system was proposed by Ebbinghaus et. al. (25). In this classification system, 
a protein’s change in melting temperature ΔTm and enthalpy of unfolding 
ΔΔHU-F in the presence and absence of a co-solute are used as coordinates in 
a Cartesian system (Fig. 2). The assignment to one of the four quadrants in 
this coordinate system eventually helps distinguish between (i) preferential 
hydration of the protein excluding the co-solute from its surface (ii) a combi-
nation of both preferential hydration as well as preferential binding of co-so-
lute to the protein surface, (iii) preferential binding of co-solute to the protein 
surface or (iv) excluded volume effects. Based on this classification system it 
could be shown, that in-vitro co-solutes such as glucose, dextran and KCl sta-
bilize ubiquitin through preferential hydration, typical for bioprotective osmo-
lytes. PEG, in contrast, destabilizes the protein through a combination of both 
preferential binding and preferential hydration, while urea as a chemical de-
naturant acts through direct interactions with the protein surface favoring its 
exposure and thus the unfolded state. Excluded volume contributions were 
only observed for dextran at volume fractions higher than 20 % (25). Taken 
together, this illustrates that the entropic stabilization due to the excluded vol-
ume effect – though present – is easily outweighed by other stability-impact-
ing factors.  
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Figure 2. The impact of transient interactions on the folding equilibrium. A. A co-
solute transiently binding to the unfolded or folded state of a protein can render either 
of these states energetically more favorable. In the context of a crowded solution, 
where ample interactions will occur in both states, the net difference in stabilization 
will determine the degree to which they are populated. B. The enthalpy-based classi-
fication system, facilitates the assignment of the mechanisms behind stability changes 
due to the presence of co-solutes. A stabilization of the protein in form of a Tm-upshift 
together with a negative ΔΔHU-F indicates that excluded volume effects are the pri-
mary cause for the folding equilibrium change. A Tm-upshift together with a positive 
ΔΔHU-F, it is indicative for the exclusion of the co-solute from the protein surface and 
the energetically favorable re-ordering of the protein’s hydration layer. In contrast, 
lower Tm in combination with a negative ΔΔHU-F is a classic signature of transient 
interactions being the source for the increased population of the unfolded state. A 
lower Tm together with a positive ΔΔHU-F denotes a combination of both preferential 
hydration and preferential binding.  
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3. Crowding in the intracellular environment  

3.1 The architecture and composition of the cell 
 
 
In this thesis, the effects of molecular crowding in E. coli are compared to the 
effects in the human ovary epithelial cell line A2780. While the former is a 
bacterium and thus belongs to the prokaryotic domain of life, the latter is part 
of the animal branch of the eukaryotic domain of life. Due to the distinct cell 
architecture of these two types of cells, their cytoplasms have very different 
compositions. In the following two sections, intracellular concentrations of 
the most abundant ions and molecules as well as other important physico-
chemical parameters, such as dielectric properties and pH, are summarized for 
the two types of cells. Intracellular viscosity is discussed in a separate section.  
 

3.1.1 The prokaryotic cell – Escherichia coli 
 
As all prokaryotes, E. coli lacks membrane-enclosed organelles and thus 
DNA, RNA as well as proteins are all contained in the same cytosolic com-
partment. Contrary to expectation, however, the interior of E. coli is not just a 
clutter of all types of molecules, but organizational mechanisms are in place 
that create smaller subspaces, where particular types of molecules accumulate 
(26). At the cell poles, for instance, proteins and ribosomes are typically more 
enriched (26, 27), while DNA is kept closely entwined in the central portion 
of the cell (27, 28). In the case of ribosomes, it was estimated that only ap-
proximately 10-15 % were co-localized with the chromosomal DNA in E. coli 
(27), while evidence suggests that mRNA is not moving far from the place of 
transcription during its life-time (29). 
In E. coli macromolecular concentrations are estimated to be between 300-
400 mg/ml corresponding to a volume fraction of ∼30-40 %, whereof half to 
two thirds (∼200-320 mg/ml) are assumed to be proteins with a corresponding 
volume fraction of ∼25 % (1, 30-32). Ribosome concentrations vary strongly 
depending on the growth conditions and have been estimated to range between 
20 and 30 μM (33) (BNID: 108603), while mRNA concentrations have been 
estimated to range between 1-10 μM (34).  
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Strong variation depending on the source and amounts of nutrients have also 
been observed for various metabolites. For typical growth conditions, using 
glucose as a carbon source, metabolite concentrations have been reported to 
reach ∼300 mM with the most abundant metabolites such as glutamate, glu-
tathione, fructose-1,6-bisphosphate and adenosine triphosphate (ATP) 
amounting to ∼96 mM, ∼17 mM, ∼15 mM and ∼10 mM respectively (35). 
Other metabolites such as the strongly positively charged polyamines putres-
cine and spermidine are found at concentrations between ∼20 mM and ∼6 
mM respectively (36). Metabolites have been associated with stabilizing and 
effects in vitro at physiologically relevant concentrations (37-39) and there-
fore cannot be neglected as important contributors to the in-cell effect on pro-
tein folding thermodynamics.  
The intracellular ionic strength, is typically assumed to correspond to ∼150 
mM NaCl. This is the salt concentration the extracellular solution should have 
to keep the intracellular osmotic pressure is at an optimum (40). However, the 
actual contribution of small ions to the osmotic pressure has been estimated to 
correspond to less than 85 mM NaCl (170 mOsm), while the remaining con-
tribution is coming from small organic, often non- or zwitterionic osmolytes 
(41). Estimated concentrations of typical intracellular ions are listed in Table 
1. From the table it emerges that K+, Na+, Cl- and inorganic phosphates are the 
most abundant ions in the cells, followed by Mg2+ and Ca2+ (considering the 
free and not the bound form). The concentration of K+ has been shown to vary 
strongly with osmotic pressure (42, 43). Through a phosphate and bicarbonate 
buffering system, E. coli manages to keep its cytosolic pH within 7.4-7.8 (44). 
Although trace elements such as Fe2/3+, Zn2+, Cu2+, Mn2+, Mo2+ and Se- are 
important structural stabilizers and functionally crucial for a large number of 
enzymes they are barely found in their free form (typically in the nM, pM or 
even fM range (45)).  
 

3.1.2 The eukaryotic cell – A2780 
 
The characteristic feature of eukaryotic cells is the subdivision of the intracel-
lular cytoplasm into smaller compartments in form of membrane-encased or-
ganelles. These organelles allow not only the local enrichment of functionally 
related molecules, thus speeding up reaction rates by tremendously reducing 
the diffusional space and by keeping local concentrations high, but also make 
it possible to create distinct micro-environments where salt, trace metal, re-
ducing agent or proton concentrations can be higher or lower than in the cyto-
plasm (46-48). Eukaryotic cells are roughly two orders of magnitude larger 
than prokaryotic cells. Confining the diffusion to sub-spaces might therefore 
be particularly important in order to increase the likelihood of certain chemical 
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reactions. Furthermore, diversifying local environments in this way, gives ac-
cess to a larger array of possible protein functions and also allows more intri-
cate regulation mechanism. Lysosomes are a good example to illustrate this: 
While the cytoplasm maintains its pH at 7.2, lysosomes actively acidify their 
interior to a pH of 4.7 at which their macromolecule-degrading enzymes func-
tion optimally (49). On top of that, an accidental release of any of these deg-
radation enzymes into the cytoplasm would render them inactive.  
Eukaryotic compartmentalization and the concomitant sorting of macromole-
cules into organelles according to their functional affiliation (e.g. DNA is 
stowed away in the nucleus), leads to a much emptier cytoplasm than com-
pared to bacteria. In mammalian cells, cytosolic protein concentrations have 
been estimated to be between 50 and 250 mg/ml (50-52) (Paper II) corre-
sponding to a volume fraction of ∼10-25 %. Ribosome and mRNA concen-
trations are ∼1 μM (34, 53) and ∼50-500 nM respectively (34).  
Because of the segregation of metabolic pathways in form of organelles, it is 
not easy to accurately assess salt, metal and metabolite concentrations for the 
eukaryotic cytoplasm. On top of that tissue-specific variations particularly re-
garding trace metal and inorganic ion concentrations can occur in multicellu-
lar organisms i.e. higher iron load in blood cells (33) (BNID 115790) and 
larger amount of Mg2+ and Ca2+ in muscle cells (33) (BNID 107187). How-
ever, despite potentially large variations in total metal concentrations, it is as-
sumed that the amount of free metals is kept at a minimum due to their high 
reactivity as well as poor solubility at physiological pH (54) and are therefore 
thought to be similar to that found in prokaryotes (55) (Table 1). The same 
applies to intracellular salt concentrations (Table 1). The ionic strength was 
estimated to be between 110 and 130 mM in human HEK293 cells (56).  
 
Table 1: Estimated ion concentrations in E. coli and human cells. 

Ion E. coli human cells 
K+ ∼100-200 mM* (42, 43)  ∼120 mM* (57) 

Mg2+ ∼100 mM (58), 1-2 mM* (59, 
60) 

∼0.1 µM* (57) 

Na+ ∼5 mM* (43) ∼8 mM* (57) 
Ca2+ ∼100 µM (45) ∼300 µM* (57) 
Cl- ∼6 mM* (33) (BNID: 

100131) 
∼5 mM* (33) (BNID: 

110744) 
H2PO4

-, HPO4
2-, PO4

3- ∼10 mM* (33) (BNID: 
105540) 

- 

Fe2/3+ ∼100 µM (45) 50-100 µM (61) 
Zn2+ ∼100 µM (45) ≤ nM* (62, 63) 

trace metals (Cu2+, 
Mn2+, Mo2+, Se-, etc) 

∼1 µM (45) ≤ fM-nM* (61, 64, 65)# 

* concentration of free ion 
# data not from human but other eukaryotic cells 
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3.1.3 Intracellular viscosity and diffusion 
 
Viscosity is a phenomenon that can be viewed at two different scales: The 
bulk or ‘macro’-viscosity and the solvent or ‘micro’-viscosity (66, 67). Bulk 
viscosity describes a solution’s resistance to shear forces as a whole – solvent 
including dissolved particles – and is only a useful parameter, if the reporter 
molecule is much larger than its co-solutes. If, however, the reporter molecule 
is smaller or in the same size range as its co-solutes, then the frictional drag 
exerted by the solvent alone will be the more relevant quantity (66, 67). The 
latter is also the case considering intracellular macromolecular crowding. 
Since the cytoplasm is an aqueous solution, the intracellular solvent viscosity 
will be dominated by that of water. Regarding translational diffusion, ‘macro-
molecular caging’ is yet another complicating factor that arises from the pres-
ence of co-solutes (Fig. 3) (68). It can lead to anomalous diffusion – a devia-
tion from linearity regarding the mean square displacement of a reporter mol-
ecule as a function of time. The degree of anomalous translational diffusion 
experienced by a particular reporter strongly depends on its size and shape in 
comparison to its co-solutes, as well as the total time a reporter molecule is 
monitored (69-72).  
The situation is much simpler when only rotational diffusion is taken into ac-
count. If interactions can be excluded, then the rotational motion of a particle 
is not hampered by the presence of larger co-solutes. In this case, solvent vis-
cosity together with the particle’s hydrodynamic radius should theoretically 
fully describe its rotational diffusion rate through the Stoke-Einstein-Debye 
relationship (73): 

 
 Dr = 9%:

;<=>&
'                     (eq. 5) 

 
where Dr is the rotational diffusion constant, kB the Boltzmann constant, rH 
the hydrodynamic radius of the particle, η the solvent viscosity and T the tem-
perature.  
Co-solutes, however, are rarely entirely inert and especially not in the context 
of intracellular crowding. As a result, interactions with the reporter particle 
will slow down the particle’s rotational motion (74, 75), which has sometimes 
been translated into an elevated apparent viscosity, ηapp (76-78) (Paper I). 
Several in vitro studies have quantified the degree of translational and rota-
tional retardation of reporter proteins in the presence of protein crowders and 
observed large variations regarding their diffusional slow-down. Interestingly, 
the reporter proteins’ distinct sizes and shapes did not suffice to explain this 
variation. Instead, the data implied that transient unspecific interactions with 
their co-solutes were slowing down some proteins more than others (12, 78-
80). While the impact of interactions on diffusion rates severely impedes an 
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accurate assessment of the intracellular solvent viscosity, it has been exploited 
to get an understanding of protein-surface properties and how they steer pro-
tein-protein interactions (Section: 3.5, Paper I). 
 

 

Figure 3. Diffusion in the presence of large co-solutes. A. Translational diffusion de-
scribes the lateral movement of a molecule through a solution. Lateral movement en-
tails that larger co-solutes can block movement and trap the reporter particle within a 
smaller compartment. This has been referred to as ‘molecular caging’ and can lead to 
anomalous diffusion. If and how long a particle stays trapped, depends on the relative 
sizes of reporter particle and co-solutes. B. Rotational diffusion describes a molecule’s 
motion around its own axes. Since this motion is local to the reporter particle, it is not 
affected by the presence of co-solutes as long as there is enough space for the particle 
to freely tumble (and translational diffusion is absent). In this case, the rotational mo-
tion can be described by particle size and the frictional drag exerted by the solvent 
molecules in its immediate surrounding – the solvent viscosity. Both types of diffu-
sion, however, are sensitive to interactions with co-solutes. An interaction with an-
other molecule temporarily increases the reporter particle’s apparent size, slowing 
down diffusion rates.  

 
Nevertheless, many attempts to quantify intracellular solvent viscosity have 
been made and even pore sizes of the macromolecular matrix in the cytoplasm 
have been estimated. These pore sizes define the cut-off that determines, if a 
molecule will experience micro- or macro-viscosity. In other words, mole-
cules larger than this cut-off will experience stronger motional retardations 
due to the obstacles posed by e.g. organelles, the intracellular cytoskeletal 
meshwork or larger associations of macromolecules (81, 82), while molecules 
smaller than that will be able to freely move through the gaps between these 
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obstacles. As a result, the motional behavior of small molecules will be gov-
erned by the cytoplasmic solvent viscosity, if transient unspecific interactions 
can be ruled out. In some studies, the pore size of the eukaryotic cytoplasm 
has been determined to be around 50-70 Å (82, 83), however, others report 
pore sizes to be much wider at >500 Å (84-88). Motional retardation of 
smaller-sized particles is instead likely due to transient unspecific interactions 
and not because of obstructing macromolecular structures (84, 89). Regarding 
the cytoplasmic solvent viscosity in eukaryotic cells, measurements indicate 
that it is practically unchanged or only slightly elevated compared to that of 
pure water (81, 82, 84, 90-92).  
In E. coli, pore sizes have been reported to be permissible to proteins of sizes 
up to at least 110 kDa (89). Although cytoplasmic solvent viscosity has been 
reported to be larger than that of pure water (93), there is evidence that >80 % 
of the intracellular water in E. coli exhibit the same motional dynamics as pure 
water, while ∼90 % of the remaining water that is engaged in hydration shells 
is in average slowed down by a factor of ∼2 (94-96). In human red blood cells, 
known to have even higher macromolecular concentrations (∼350 mg/ml) 
than the average human cell (33) (BNID: 107694), the fraction of unperturbed 
water was even higher with ∼90 % (95). Taken together, it can be concluded 
that intracellular molecules will experience micro-viscosity that is similar to 
that of pure water, while the close proximity to and interactions with other co-
solutes will lead to an increased apparent viscosity. 

3.2 Quinary interactions and ‘sticking’ 
 
With extremely high molecular concentrations, such as we find them in the 
intracellular environment, even functional low-affinity interactions (Kd > 1 
μM) will have ample possibility to form. If part of a functional assembly, these 
low affinity complexes have been termed ‘quinary’ structures, but are referred 
to as diffusive transient interactions or ‘sticking’ otherwise.  
Quinary structures can be seen as an additional taxon in the structural classi-
fication system of proteins (97, 98). In this hierarchy, primary, secondary and 
tertiary structural elements are progressively describing a monomeric pro-
tein’s build – from the covalent bonds that link together individual amino ac-
ids to the hydrogen-bonding networks of α-helices and β-sheets and further to 
the connecting forces of electrostatics and hydrophobics (99). In contrast, qua-
ternary and quinary structures involve more than one protein chain and thus 
describe proteins’ organization into higher-order assemblies mediated through 
hydrophobic and electrostatic interactions as well as metal chelation or 
through other co-factors (100, 101). The difference between these two types 
of oligomerization events is purely of energetic nature. While quaternary 
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structures describe stronger and longer-lasting complexes with ΔG = –10-15 
kcal/mol (100), quinary assemblies have low kinetic barriers together with 
free energy differences of only a few kBT (77, 97, 98). The concomitantly 
weak and transient nature of quinary interactions introduces as subtlety to 
binding events that allows protein networks to become flexible and responsive 
to fluctuations such as cell cycle changes or external stressors (102, 103). As 
associations of functionally connected proteins, quinary structures form intra-
cellular sub-spaces that have been likened to organelles without membranes 
or phase-separated ‘liquid droplets’ (26, 104). Spatially closing ranks between 
enzymes that belong to the same metabolic pathway has enormously energy-
conserving potential for the cell, as reaction rates may be greatly enhanced 
due to locally elevated substrate concentrations or through efficient substrate 
channeling (105, 106). The existence of these forms of spatially tightly-linked 
metabolic networks has been demonstrated for amino acid and purine synthe-
sis (103, 107, 108), fatty acid oxidation (108, 109) as well as glycolysis (102, 
110) and the Krebs cycle (111-114). 
The high macromolecular concentrations inside cells, however, do not only 
entail functional forms of low-affinity complexes, but will also result in spu-
rious interactions with co-solutes that are not at all part of the same reaction 
cascade that they themselves belong to (76, 115) (Paper I, II and II). These 
diffusive transient binding events, however, are an essential part in searching 
and probing for the correct interaction partner (23, 48, 116), but need to be 
finely tuned to an optimum: too few or too many and the reporter protein will 
be greatly delayed in its search.  
The transient nature of these interactions can be shown with NMR spectros-
copy. A nuclei’s chemical shift is sensitive to changes in its chemical environ-
ment brought about by binding events, for instance. Diffusive transient inter-
actions, however, are so short-lived that despite having a detectable impact on 
protein stability, they do not show in form of chemical-shift changes in back-
bone resonances (3).  

3.3 In-cell methodology – in-cell NMR 
 
Despite having been postulated already in the early 1980s as a fifth level of 
structural organization of proteins (98), quinary structures have long been dif-
ficult to study as they easily dissipate with the dilution, that naturally follows 
cell lysation. Because of that, the most auspicious way to capture these ther-
modynamically unstable structures is by investigating them inside live cells. 
Furthermore, instead of trying to re-create the complex osmotic and electro-
static intracellular environment (Section: 3.1) in the test tube, proteins can 
now be transferred and investigated directly in the cell.  
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In the past couple of decades, a few spectroscopic methods – mainly based on 
nuclear magnetic resonance (NMR) and fluorescence – have been developed 
that allow the study of proteins inside cells without disrupting them. In more 
recent years, cryo-electron tomography has developed into an additional 
promising field for the direct visualization of large macromolecular structures 
(i.e. cytoskeletal actin filaments or ribosome localization at the endoplasmic 
reticulum) inside vitrified cells (117-119).   
Fluorescence-based methods involve fluorescence correlation spectroscopy 
(FCS) (83, 120), fluorescence recovery and loss after photobleaching (FRAP 
and FLIP) (88, 89, 121, 122) and Förster resonance energy transfer (FRET) 
(121-127) which are particularly suitable to monitor translational diffusion 
(88, 89, 120, 121), binding events (122, 124, 126) or stability changes (123, 
125, 127) in the crowded cell. Disadvantages with fluorescence-based meth-
ods are the large, bulky labels that often have to be introduced and that can 
interfere with measurement. Fluorescence methods also typically lack the res-
olution needed to get information about conformational changes or specific 
binding sites.  
NMR-based methods, in contrast, use structurally preserving labeling 
schemes by simple enrichment of NMR-active isotopes and provide atomic 
resolution, which permits the identification of structural changes and specific 
binding locations. They suffer, however, from the typical NMR-inherent prob-
lem of low sensitivity. To make the labelled target protein stand out against 
the intracellular background molecules, it therefore either has to be over-ex-
pressed at high enough levels (115, 128-130) (Paper III) or be transferred 
into cells with natural isotope levels. Particularly for eukaryotic cells various 
different protein delivery schemes have proven successful. Among those are 
micro-injection of target protein into Xenopus laevi egg cells (76, 131, 132), 
attachment of cell-penetrating peptides (CPP) (133, 134) and electroporation 
disrupting the membrane potential and thereby creating pores through which 
the target protein can diffuse into the cells (7, 135) (Paper I and II).  
In theory, any type of NMR experiment that can be performed in vitro, can 
also be performed in vivo. In practice, however, one’s options are much re-
duced, due to the low signal-to-noise ratio that comes with low intracellular 
target protein concentrations (136) (Paper I) and the high intracellular ionic 
strength (40, 41). Although, the low signal-to-noise ratio can be remedied by 
increasing the number of scans and thus the measurement time, the limited 
cell life span in an NMR tube is setting a hard deadline for the possible length 
of an experiment. As a result, typical in-cell spectra are either one-dimensional 
(76, 128, 130) (Paper I, II and III) and/or make use of SOFAST techniques 
(128, 135) (Paper I, II and III) which reduce acquisition time by shortening 
the recovery delay between scans (137).  
In the simplest form, in-cell NMR experiments can be used to look at chemical 
shift changes to identify interaction hot spots as well as conformational 
changes on the one hand, or to look at relative signal line broadening on the 
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other. Line broadening is a manifestation of increased motional correlation 
times, a measure for global and internal dynamics. The motional correlation 
time of a folded, globular protein, for instance, is dominated by its rotational 
tumbling rate. As a result, broadened signals indicate slower tumbling con-
comitant with transient interactions. Although, direct relaxation rate measure-
ments are more accurate in quantifying rotational retardation and chemical 
exchange processes than signal line broadening (Paper I, II and III), they are 
not always feasible, particularly if the signal-to-noise ratio is low. 
Despite the experimental restrictions, due to the trade-off between sensitivity 
and cell viability, the in-cell NMR field is continuously developing work-
arounds to make more sophisticated measurements possible. The longevity of 
the cells, for instance, could be increased by employing a tubing system, com-
patible with standard NMR machinery, which replenishes gel-immobilized 
cells with nutrients, while leading away waste products (138-140). Another 
work-around to increase the sensitivity for target proteins that interact with 
large molecular complexes, is the usage of a cross relaxation-induced polari-
zation transfer (CRINEPT) elements together with transverse relaxation-opti-
mized (TROSY)-based pulse sequences (141). On top of increasing the spec-
tral resolution, the optimal delay time for a CRINEPT-magnetization transfer 
can be used to get an estimate for the average rotational correlation time and 
thus of the average apparent molecular size of the target protein in the intra-
cellular environment (142).  
Other developments include ‘structural interactions’ (STINT)-NMR which al-
lows the determination of binding site changes between two known interaction 
partners in the crowded interior of cells (143). In STINT-NMR, the interaction 
partners are placed downstream of two different promoters and their expres-
sion is induced consecutively. Monitoring chemical shift changes before and 
after the induction of the second binding partner will therefore reveal changes 
in the binding location due to intracellular crowding.  
Other powerful NMR-techniques involve the attachment of paramagnetic spin 
labels to cysteine residues via disulphide-bonds. Paramagnetic labels can be 
exploited to obtain intramolecular distances within the protein chain through 
i.e. paramagnetic relaxation enhancement (PRE) or pseudocontact chemical 
shifts (PCS). Since disulphide-bonds would be broken up by the reducing in-
tracellular milieu, better suitable labels have lately been developed and suc-
cessfully used (144, 145). 
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3.4 Transient interactions affect protein mobility and 
stability in vivo 
 
Even though it had been established in vitro, that co-solutes are capable of 
opposing the stabilizing forces of volume exclusion through transient interac-
tions, it was not clear how proteins would behave in the intracellular environ-
ment they had evolved for. After all, in vitro experiments were often enough 
performed in homogenous crowding environments with a single type of co-
solute, while the interior of cells is complex and heterogenous. Intriguingly, 
in vitro studies with mixtures of co-solutes showed that the mixtures affected 
proteins differently compared to each co-solute on its own i.e. BSA and dex-
tran 70 together accelerate oxidative refolding of lysozyme more strongly (9). 
This example emphasizes the relevance of the coupling effects between vari-
ous co-solutes and hence the importance of transferring reporter proteins into 
their natural habitat to study their thermodynamical and kinetic behavior. To 
the surprise of many researchers, most reporter proteins (e.g. SOD1barrel (7), 
GB1 (146), protein L (147), λ6-85 (148), CRABP (149)) experienced either no 
change or a net loss in free energy (up to ∼5	kJ/mol), despite being in the 
environment they had evolved for, while phosphoglycerate kinase (PGK) ex-
perienced a net gain of ∼6	kJ/mol	(150). To illustrate the complexity of the 
thermodynamic behavior, due to interactions with the cell interior, we can 
once again take a look at a mutationally destabilized variant of SOD1barrel, 
whose populations of folded and unfolded protein have been quantified in both 
mammalian A2780 cells and E. coli as a function of temperature, T (Fig. 4) 
(7). While SOD1barrel is markedly destabilized in both types of cells compared 
to PBS buffer, melting temperatures alone would allow the conclusion that 
A2780 is providing a more unfavorable milieu than the bacterial cytoplasm. 
On a closer look at the full free-energy profile ΔGU-F(T), though, the overall 
upshift of ΔGU-F(T) in E. coli and thus destabilization becomes apparent (Fig. 
4). The combination of Tm and ΔΔHU-F as coordinates in the co-solute classi-
fication system proposed by Ebbinghaus et al. (25) (Fig. 2) (Section: 2.3), 
shows that in both types of cells the dominating process behind the free energy 
loss is supposedly the preferential binding of intracellular molecules to the 
protein (Fig. 4). From the comparison of the mammalian and bacterial cells, it 
also emerges, that the increased melting temperature in E. coli could be the 
result of a larger stabilizing contribution of excluded volume effects, con-
sistent with its higher cytoplasmic concentrations of macromolecules on top 
of the destabilizing contributions of transient interactions (Paper I). 
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Figure 4: In-cell effect on SOD1barrel,I35A stability. A. ΔGU-F(T) profiles of SOD1bar-
rel,I35A in vitro, in E. coli and in the mammalian cell line A2780. The intracellular en-
vironment results in lower Tm compared to the diluted in-vitro condition. While Tm is 
even lower in A2780 than in E. coli, the profiles show that ΔGU-F in E. coli has the 
lowest minimum and can be considered as the more destabilizing environment. B. 
Transferring the thermodynamic parameters Tm and ΔΔHU-F into the previously intro-
duced enthalpy-based classification system (Section: 2.3), shows that in both E. coli 
and A2780, the dominating destabilizing mechanism is the preferential binding of co-
solutes to the unfolded protein. Even more intriguingly, the higher Tm in E. coli can 
be rationalized by the increased ‘excluded volume’ contribution due to the larger mac-
romolecular concentrations in its cytosol.  

 

Although the presence of copious transient interactions is suggested by pro-
tein-specific retardations of translational diffusion rates in vivo (87, 151, 152), 
it is particularly tangible for in-cell NMR spectroscopists (153) (Fig. 5): While 
some proteins display well resolved resonances with satisfactory signal-to-
noise ratios, others are not detectable despite their small size and with their 
signals only re-appearing upon cell lysation. Signals that are broadened be-
yond detection are a telltale sign for chemical-exchange processes on the one 
hand and/or a rotational slow-down on the other. In the case of in-cell NMR, 
even more importantly, line broadening becomes a testimony for the presence 
of intracellular interactions (Paper I, II and II). 
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Figure 5. Transient interactions affect protein rotational motion and NMR signal in-
tensities. A. The average rotational motion of a protein after a delay τ is homogenous 
over all proteins and will be mainly affected by protein size, viscosity and tempera-
ture. If transient interactions occur, then bound protein will rotate more slowly for the 
time being. Averaged over the total protein ensemble, this will manifest in form of an 
increased rotational correlation time. (The illustration only shows self-interaction for 
the sake of simplicity, however, in the intracellular environment transient interactions 
occur with a plethora of different molecules.) B. NMR relaxation rates are sensitive 
to rotational motion. Longer rotational correlation times will lead to elevated relaxa-
tion rates and stronger signal attenuation. Since the rotational correlation time is pro-
portional to viscosity, this slow-down can be described by an increased apparent vis-
cosity ηapp. The apparent viscosity, in turn, collects the contributions of intrinsic sol-
vent viscosity together with the contributions of all transient interactions. C. Transient 
interactions slow down the protein’s rotational mobility and lead to decreased spectral 
quality due to faster relaxation and stronger line broadening. In the cytosol of mam-
malian A2780 cells, SOD1barrel shows good spectral quality indicating a stronger ro-
tational freedom in the eukaryotic cell, than in the more crowded environment of bac-
terial E. coli (Paper I). There, SOD1barrel signals are broadened out and their intensi-
ties are low due to more frequent interactions with co-solutes resulting in slower tum-
bling and faster relaxation.  
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The strength of the in-cell mobility retardation as well as stability decrease 
has been quickly identified to revolve around proteins’ surface properties (77, 
84, 147, 154), i.e. small changes in surface properties lead to the reduction of 
in-cell line broadening with a concomitant increase of signal strength. These 
inducible mobility changes naturally raised the question, if it was possible to 
discern and map the ‘physicochemical code’ determining intracellular protein 
interactivity.  

3.5 The physicochemical code behind intracellular 
transient interactions 
 
Despite not showing any noticeable differences in vitro, proteins either re-
gained stability or became motionally less restricted in vivo upon mutating 
certain surface residues (146, 155-159). This was interpreted as strong evi-
dence for surface properties being key to enhancing or mitigating transient in-
cell interactions. GB1, for instance, became substantially destabilized upon 
the mutation of aspartate to lysine (146), the same was observed for SOD1barrel 
after a glycine residue was replaced with arginine (159). Also, the disruption 
of hydrophobic patches could reduce the amount of weak interactions, as 
shown in the example of ubiquitin, where a cluster of surface exposed leucine, 
valine and isoleucine involved in substrate recognition (158) also mediated 
weak interactions in the heterologous hosts E. coli (77). Once again, replacing 
these residues with somewhat less hydrophobic alanines dramatically in-
creased its rotational motion (77). Based on these indications that favorable 
surface coatings could be modulators of protein ‘stickiness’, Mu. et al (115) 
in a more systematic way, introduced 127 surface mutations into three differ-
ent proteins: SOD1barrel, the human copper-chaperone HAH1 (also known as 
Atox1) and the putative metal-binding protein TTHA (short for TTHA1718) 
from Thermus thermophilus. By analyzing the relative NMR line broadening 
of those surface mutants in E. coli, it was shown that charge replacements 
affected in-cell interactivity the most and furthermore independent of protein 
identity. Net negatively charged proteins were least motionally retarded, while 
with increasing positive net charge the protein signals became more and more 
broadened, indicating a larger amount of transient binding events (Fig. 6). Sur-
face hydrophobicity followed by electric dipole moment, in contrast, played a 
minor yet significant role for interaction propensity. A follow-up study, look-
ing at rotational retardation in the mammalian cell line A2780 showed the 
same charge dependence, however, evidently less pronounced (Fig. 6) (Paper 
I). When translated into apparent viscosity ηapp (Section: 3.1.3) – a way to 
indirectly describe rotational retardation – the difference between the two 
types of organisms could be fitted to a simple power law 𝜂?.ABCD

EFF  = (ηA2780
app )κ 
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with κ = 1.96 ± 0.03 (Paper I). The same charge dependence for interaction 
propensity as well as a similar offset regarding mobility restrictions was ob-
tained for E. coli and Xenopus laevis oocytes (76, 153).  

 
 

 
Figure 6: Net charge is the dominating modulator for transient interaction propensity. 
A. Six reporter proteins with slightly different net charges have been used to quantify 
motional retardation in live A2780 cells. The net charges were derived from electro-
phoretic mobility and taken from Mu et al. (115). B. Apparent viscosity plotted against 
net charge shows the same trend in both E. coli and A2780: The more positively net 
charged a protein is, the more it will interact with its intracellular surrounding. How-
ever, this trend is much less pronounced in A2780, which can be ascribed to the sub-
stantially less crowded environment of eukaryotic cells. The black dashed line shows 
the intrinsic solvent viscosity of pure water.  

 

3.6 Putative mechanism behind destabilization of 
SOD1barrel in vivo 
 
As mentioned in a previous section (Section: 3.4), SOD1barrel shows a marked 
destabilization in both the bacterial and mammalian cytoplasm (7). The ΔGU-

F(T) profiles depicted in Fig. 4, further revealed that the mechanism behind 
the destabilization is dominated by transient binding event (Paper I). If the 
energetic contributions of transient interactions with the unfolded protein out-
weigh the contributions stemming from binding to the folded state, the protein 
will experience an equilibrium shift towards the unfolded species (Fig. 2). 
Typical intracellular co-solutes such as proteins, RNA or DNA are poly-ionic 
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substances: RNA and DNA being chains of nucleotides each carrying a nega-
tive phosphate group and proteins having both positively and negatively 
charged amino acids as part of their sequence. In an attempt to move from 
mere interpretation of thermodynamic data to experimental proof, yet still tak-
ing a simplistic stance, these poly-ionic co-solutes were mimicked in vitro 
with anionic poly-acetic acid (NaPAc1200). Adding 13-meric NaPAc1200 de-
creased the stability of SOD1barrel displaying the same thermodynamic signa-
ture reminiscent of that found in the cell cytoplasm (Fig. 4 and 7): Reduced 
ΔΔHU-F together with a lowered Tm, indicative for the preferential binding of 
co-solute to the protein. Moreover, chemical shift analysis revealed that Na-
PAc1200 binds to both the folded as well as the unfolded state, however, at 
different binding sites (Fig. 7) and with a stronger affinity to the latter (Kd ≈ 
70 mM compared to Kd ≈ 1 M, both dissociation constants refer to the mono-
meric equivalent of NaPAc1200). Thus, the mechanisms underlying the de-
stabilization through NaPAc1200 can be outlined in a 9-state diagram, 
whereof only six states are effectively populated (Fig. 7) (Paper IV).  
To get a hold of the structure of the unfolded ensemble of SOD1barrel and pos-
sible changes upon NaPAc1200-binding, paramagnetic relaxation enhance-
ment (PRE) experiments were performed on a mutationally entirely destabi-
lized variant of the protein (SOD1barrel,V29A,I35A). PRE data allows the extraction 
of distance constraints, as close spatial proximity (< 30 Å) of an excited spin-
active nucleus to an introduced paramagnetic spin label will lead to increased 
relaxation rates and concomitantly signal loss. The relative amount of signal 
loss can be converted into an ensemble-averaged distance between the spin-
active nucleus and the paramagnetic spin label (160). Using these distance 
constraints, ensembles were generated for SOD1barrel,V29A,I35A with and without 
100 mM NaPAc1200. The data reveals that the unfolded ensemble of SOD1bar-

rel,V29A,I35A cannot be captured by an expanded random coil model, much rather 
it is a compact state with only a slightly larger radius of gyration than that of 
the folded protein (ΔRg,U-F ≈ 3.7 Å) (Fig. 7). Upon binding to NaPAc1200, 
neither the structure, nor the distribution of radii of gyration Rg changes sub-
stantially. This observation corroborates that NaPAc1200 is shifting the fold-
ing equilibrium of SOD1barrel towards the unfolded state by mass action, in-
stead of altering the unfolded state in an energetically unfavorable way (Paper 
V). 
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Figure 7. Poly-acetic acid (NaPAc1200) destabilizes SOD1barrel. A. ΔGU-F(T) profiles 
of SOD1barrel in MES buffer (light blue), 100 mM sodium acetate (NaAc) (dark blue) 
and 100 mM monomeric equivalent (∼8	mM) NaPAc1200 (red). Although, the pres-
ence of NaAc destabilizes the protein, NaPAc1200 has a substantially stronger effect 
on overall ΔGU-F. This shows that connecting anions in form of a polymer behaves 
differently with regard to protein destabilization, then individual dissolved ions. B. 
Chemical shift data, reveals that NaPAc1200 binds to both the folded as well as the 
unfolded state of the protein, however, in different regions. In the unfolded protein, 
for instance, NaPAc1200 binds to the N-terminal end. Even though chemical shift 
changes can also be observed in the central part of the chain, these stretches also co-
incide with histidine-rich regions, making it impossible to distinguish between spe-
cific NaPAc1200-binding or pKa shifts, due to ionic strength changes. In the folded 
protein, NaPAc1200 binds to a contiguous belt crossing β-strand 4 and 7 and involv-
ing loop 4, 6 and 7. C. The dynamic equilibrium of the NaPAc1200-binding together 
with SOD1barrel folding can be illustrated by a 9-state diagram, whereof only 6 are 
effectively populated. The other three states, not shown in the diagram, can be ruled 
out as the folded and unfolded protein have different binding sites to NaPAc1200. 
D. Radii of gyration derived from PRE-ensembles. The unfolded ensemble of 
SOD1barrel,V29A,I35A is much more compact than anticipated from random coil models. 
Binding to NaPAc1200 does not affect the chain compaction significantly, confirm-
ing that NaPAc1200-destabilization is mainly due to mass action and not due to 
structural changes in the unfolded ensemble.  
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3.7 What are the cytosolic interaction partners? 
 
Having established the dominant physicochemical driving forces, that modu-
late transient interactions, it became a major question to understand what types 
of macromolecules are particularly involved in these diffusive interaction net-
works. Are proteins mainly interacting with each other or are RNA and DNA, 
or even membranes just as much part of the probing landscape?  
To get an answer to this question, various research groups have supplemented 
protein solutions with either RNA, DNA, ribosomes or membrane extract in 
order to re-create the in-cell effect (76, 142, 161). Alternatively, fresh lysate 
samples were supplemented with RNase or DNase (76, 161). Interestingly, the 
disposition to interact with certain types of macromolecules does not seem to 
be the same for all proteins. In the case of GB1-LP, for instance, signal line 
broadening does not seem to be caused by complexes with DNA or RNA. 
Even the addition of Mg2+ together with RNase, known to effectively digest 
large ribosomal structures did not sharpen up the signals more than expected 
from simple electrostatic screening. The addition of membranes, however, did 
broaden its signals, endowing protein-lipid interactions some relevance (76). 
In contrast, thioredoxin, adenylate kinase, FKBP, dihydrofolate reductase, 
thymidylate synthase, γD-crystallin as well as ubiquitin have been shown to 
bind ribosomes and RNA to varying degrees (142, 161-163). The particularly 
strong interactions between ribosomes and some metabolic enzymes (e.g. thi-
oredoxin, adenylate kinase, dihydrofolate reductase, thymidylate synthase) 
has led to the suggestion, that ribosomes might act as a ‘catalytic hub’, where 
enzymes and metabolites are locally enriched and that they could even have a 
regulating function (53, 162). 
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Figure 8: The interaction model provides new insights into protein surface properties 
and transient interaction propensity. A. Longitudinal and transverse relaxation are 
both defined by a protein’s motional correlation time, τc, however, depend on it in a 
distinct way. While R2 increases linearly for larger τc, R1 shows a somewhat more 
complicated behavior: first increasing and then decreasing as τc becomes longer. B. 
For folded globular proteins, the main contribution to τc comes from the rotational 
motion of the protein. This distinctive behavior regarding rotational motion and thus 
molecular size, reveals that not only the population of bound versus free protein will 
determine the observed in-cell relaxation rates, but also the size distribution of inter-
action partners will affect R1 and R2 differently. C. Estimating the size distributions of 
the transient interactome in both E. coli (black) and A2780 (grey) shows that they are 
similar to those derived from databases (blue and red). However, both are somewhat 
skewed towards larger molecular sizes. This is not surprising as the database-derived 
distributions do not take protein multimerization into account. Neither are other large 
intracellular co-solutes such as RNA, ribosomes, or in the case of E. coli, DNA part 
or these distributions. D. Analyzing populations of bound protein, pB, for proteins with 
varying surface properties in E. coli (colored spheres, labels explained in Paper III) 
reveals that although a dependence on net charge is present, it is not the only modu-
lating factor. For instance, proteins with similar net charge (∼	-3.5 e) show a spread 
in pB ranging from 30 to 70 %. Instead, the position of surface charges relative to each 
other emerges as an important additional modulator regarding transient interaction 
propensity. The populations of bound protein in A2780 (colored squares) are substan-
tially lower than those in E. coli, yet again reflecting the lower number of co-solutes 
in the eukaryotic cytosol. 
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In an attempt to characterize the cytoplasmic transient interactome experi-
enced by proteins, in-cell relaxation parameters were used to estimate the size 
distribution of transient interaction partners. The calculations were based on 
(i) the different dependence of longitudinal (R1) and transverse (R2) relaxation 
rates on rotational motion (and therefore molecular size) on the one hand and 
(ii) on a simple two-state interaction model, where the reporter protein is either 
in its bound or unbound form, on the other (Fig. 8). The obtained sizes of 
interaction partners show, that the known distribution for sizes of monomeric 
cytosolic proteins in both E. coli and human cells is not enough to reconcile 
R1 and R2, instead larger masses need to be incorporated, which, in turn, are 
representative for multimeric protein complexes, ribosomes, membranes or 
vesicles (Fig. 8) (Paper II and III). In addition to size distributions of the 
transient interactome, the physiologically more relevant parameter population 
of bound protein, pB, (Fig. 8) replaces the rather convoluted parameter ηapp 

(Fig. 6). Quantifying pB for 18 protein variants with different net charges re-
veals, that although net charge is an important modulator regarding interaction 
propensity, the pattern of surface charges is not inconsequential either (Fig.  
8). In particular clusters of equally charged residues seem to result in higher 
pB, however, with positive clusters showing a stronger effect than negative 
clusters (Paper III). Taken together, in-cell relaxation data in combination 
with an interaction model can elucidate the impact of surface property details, 
something that the previous ‘mean-field’ treatment of in-cell data in form of 
ηapp failed to resolve.  
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4. Crowded environments and evolutionary 
consequences 

4.1 Protein surface evolution 
 
Due to the lack of technological advancement, proteins have traditionally been 
studied in homogenous diluted buffer solutions. As a result, protein stability 
has mainly been seen as a matter of favorably packed hydrophobic cores, 
while surface residues fell into the experimental blind spot. With the dawn of 
in-cell methodology, it became undeniable, that the role of proteins’ surface 
coating in conveying stability had long been underestimated (154). A too 
‘sticky’ surface has the potential to shift the folding equilibrium towards the 
unfolded state, which is often associated with loss of function or the elevation 
of aggregation propensity and therefore disease (164, 165). Consequently, sur-
face properties will be subject to selective pressure in order to retain protein 
stability at a level that is viable for cells. But there is more to protein surfaces 
and transient interactions: As proteins diffuse through the intracellular space, 
they probe their surroundings through transient encounter complexes in the 
search for specific interaction partners (166, 167) (Paper I, II and III). 
Searching and forming these transient complexes requires, that both overly 
attractive and repulsive forces are bridled to an optimum. Although protein 
stickiness is generally disadvantageous, it is also a necessary step towards the 
development of new functional quinary interactions. To facilitate mutational 
flexibility with regard to surface properties, some heat shock proteins (e.g. 
Hsp70 and Hsp90) have been proposed to act as evolutionary capacitors (168-
170), temporarily masking adverse genetic variation only to re-expose it after 
enough compatible mutations have accumulated. This gives the cells the ro-
bustness needed to curb the deleterious effects that random point mutation can 
have.  
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4.2 Crowding and the evolution of multicellular 
organisms 
 
Proteins tumble more freely in the eukaryotic, than in the prokaryotic cyto-
plasm. This offset is particularly evident for net positively charged proteins 
(Fig. 6) (Paper I). The lower intracellular concentrations of macromolecules 
in eukaryotes also decreases the collision frequency and thus protein mobility 
is less restricted by protein surface properties (Fig. 6 and Fig. 8). As a conse-
quence, protein surfaces in eukaryotic cells are permitted a larger variability 
without being too impeding on their motional freedom. The lower selective 
pressure on eukaryotic protein surfaces, can be illustrated on the example of 
two structural homologues TTHApwt and HAH1pwt. Because of their different 
origins (Thermus thermophilus and human), they have developed entirely dis-
tinct surface coatings. TTHApwt has evolved in the more crowded bacterial 
cytoplasm and displays high mobility in both E. coli and A2780, while 
HAH1pwt has evolved in the more diluted and sorted eukaryotic cytoplasm and 
can only be detected in A2780. Thus, tidying up the cytoplasm through com-
partmentalization (Section 3.1) could have had enormous implications for pro-
tein surface variability in eukaryotes. A ‘tidied’ cytoplasm is more forgiving 
to mutational variability and with that increases the potential for developing 
new functions or binding interfaces. Considering slowly reproducing multi-
cellular organisms, such as animals, plants and fungi, a cytoplasm that is leni-
ent to random point mutations is indispensable to ensure stable operability and 
thus viability. From this point of view, it is not surprising that complex multi-
cellular organisms are unique to the eukaryotic domain of life. In contrast, in 
unicellular bacteria, that rapidly divide non-sexually through cell splitting, the 
deleterious consequences of random mutations are not at the expense of the 
entire colony. There, the continual sacrifice of individual cells is outweighed 
by the benefits of an occasional increase of environmental fitness. In this way, 
eukaryotic multi-cellular organisms and prokaryotic bacteria are located at the 
two respective ends on a spectrum, where complexity and the benefits that 
come with it are in a trade-off with adaptation speed (Paper I). 
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5. Summary 

In the interior of cells, diffusive transient interactions are ample and with that 
inconspicuous modulators of important biochemical reactions. From folding 
to structure to catalytic activity: proteins and their functions have evolved 
against the perpetual backdrop of diffusive interactions. Neglecting them in 
biochemical or biophysical studies of proteins will unavoidably lead to an in-
complete description of their workings.  
With this thesis, I tried to illuminate the differences of surface properties for 
proteins that either have evolved in eukaryotic human cells or in prokaryotic 
bacterial cells and propose a hypothesis that emphasizes the far-reaching evo-
lutionary implications that the presence of intracellular co-solutes might have. 
I also assign the diffusive intracellular interactome a distribution of molecular 
sizes, providing previously not accessible insights into the cytoplasmic size 
composition. Furthermore, I characterize the unfolded ensemble of SOD1barrel 
and investigate the role of diffusive transient interactions, mediated by poly-
anionic substances, in disrupting protein stability.  
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6. Populärvetenskaplig sammanfattning 

I varje cell vimlar det av molekyler som genomför en stor mängd livsviktiga 
uppgifter. Dessa molekyler består av proteiner, RNA, DNA, andra små kol-ba-
serade ämnen och salter som är viktiga för att upprätthålla cellens energihushåll-
ning och form. Samspelet mellan de olika molekylerna och hur de styr varandras 
uppgifter är fortfarande en olöst gåta. Hur kan de i detta myller känna igen part-
nermolekyler som bidrar till samma uppgift? Hur stor rörelsefrihet har de, och 
hur kontrolleras deras funktion? 
Fokus för denna avhandling ligger på proteinerna som kan beskrivas som cellens 
arbetare: de bygger, transporterar, modulerar och konverterar, och är delaktiga i 
nästan alla avgörande kemiska reaktioner i cellen. För att ett protein ska kunna 
genomföra sin uppgift måste den aminosyrakedja som det består av veckas till 
en specifik form. Denna funktionella form kallas för proteinets nativa struktur 
och ett protein skiftar ständigt mellan sin oveckade och nativa form i takt med 
dess stabilitet. Proteinets stabilitet är dock inte konstant utan påverkas av andra 
molekyler i dess omgivning. I princip ökar stabiliteten när närliggande moleky-
ler binder till och ’låser fast’ den nativa formen, och minskar när de binder 
och ’låser fast’ till den oveckade formen.  
Att förstå de faktorer som påverkar proteiners stabilitet är viktigt eftersom pro-
teiner som inte fungerar som de ska (på grund av förlorad nativ struktur) kan 
orsaka sjukdomar och annan dysfunktion. Ett exempel på detta är proteinet 
SOD1, vars oveckade form misstänks vara en bidragande faktor till den neuro-
degenerativa sjukdomen ALS. Tidigare har det visats att SOD1 proteinet är 
mindre stabilt i bakterier och mänskliga celler än i en provrörsmiljö. För att 
kunna dra mer korrekta slutsatser om proteiners stabilitet och funktion är det 
således viktigt att studera proteiner i deras naturliga cellmiljö. 
I första delen av avhandlingen undersöker jag vad som påverkar hur starkt cel-
lens molekyler binder till ett protein. Det visar sig att negativt laddade proteiner 
i regel binder svagare och mindre ofta till molekyler i sin omgivning än positivt 
laddade proteiner. Orsaken är att de flesta molekyler i celler är negativt laddade 
och att de därför repellerar varandra. Utöver proteinets laddning spelar också det 
detaljerade mönstret på proteinernas ytor en viktig roll: stora fält av en och 
samma sorts egenskap (laddning eller hydrofobi) leder ofta till mer specifika 
bindningar till omgivningens molekyler. 
När jag jämför hur proteinytorna påverkar mängden bindningar i bakterier och 
mänskliga celler, visar det sig, något oväntat, att reglerna är mindre stränga i de 
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mer komplexa mänskliga cellerna. Med andra ord, förändringar i laddning eller 
mönster av proteinytor spelar mindre roll i människoceller än i bakterier. 
För att förstå varför reglerna är så olika för oss och bakterier är det viktigt att 
först veta hur dessa celler skiljer sig från varandra.  Människoceller hör till en 
grupp celler som kallas eukaryoter, d.v.s celler med cellkärna och organeller.  
Bakterierna, å andra sidan, är mycket enklare genom att likna en påse där inne-
hållet är blandat huller om buller och även mer koncentrerat. Mina resultat visar 
att det är just den högre koncentrationen av proteiner i bakterierna som gör att 
effekten av ändringar blir mer akut. Det är möjligt att den mindre koncentrerade 
och mer toleranta miljön i mänskliga celler är viktig för flercelliga organismers 
överlevnad eftersom en enkel ofördelaktig mutation i denna mer robusta typ av 
cellmiljö inte riskerar hela organismens liv. 
Som tidigare nämnts påverkar bindningarna till omgivningens molekyler också 
proteiners stabilitet. För att bättre kunna studera hur SOD1 beter sig i en levande 
organism försökte vi återskapa den cellulära miljön genom att använda oss av 
en molekyl som laddningsmässigt liknar RNA, DNA och andra proteiner. Vi 
kunde därefter visa att denna ’substitutmolekyl’ mycket väl återskapar effekten 
som vi ser i riktiga celler, d.v.s SOD1 proteinets stabilitet minskar. Dessutom 
såg vi att substitutmolekylerna binder till både det nativa och det oveckade pro-
teinet, men mycket starkare till det oveckade. På detta sätt kunde vi bekräfta det 
ovanstående påståendet att proteinets stabilitet påverkas av huruvida en molekyl 
binder till ett nativt eller oveckat protein. 
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