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A B S T R A C T

Random encounters between proteins in crowded cells are by no means passive, but found to be under selective control. This control enables proteome solubility, helps
to optimise the diffusive search for interaction partners, and allows for adaptation to environmental extremes. Interestingly, the residues that modulate the encounters
act mesoscopically through protein surface hydrophobicity and net charge, meaning that their detailed signatures vary across organisms with different intracellular
constraints. To examine such variations, we use in-cell NMR relaxation to compare the diffusive behaviour of bacterial and human proteins in both human and
Escherichia coli cytosols. We find that proteins that ‘stick’ in E. coli are generally less restricted in mammalian cells. Furthermore, the rotational diffusion in the
mammalian cytosol is less sensitive to surface-charge mutations. This implies that, in terms of protein motions, the mammalian cytosol is more forgiving to surface
alterations than E. coli cells. The cellular differences seem not linked to the proteome properties per se, but rather to a 6-fold difference in protein concentrations. Our
results outline a scenario in which the tolerant cytosol of mammalian cells, found in long-lived multicellular organisms, provides an enlarged evolutionary playground,
where random protein-surface mutations are less deleterious than in short-generational bacteria.
1. Introduction

In the turbulent interior of live cells, soluble proteins constantly move
and undergo countless encounters with their densely crowded sur-
rounding. These diffusive “hand-shakes”with surrounding molecules are
a prerequisite for life as they allow specific binding partners to be found
and identified. The mechanism behind the ‘hand-shakes’ is the generic
Brownian surface diffusion, allowing interaction partners to dynamically
search one another's surfaces for a possible functional fit (Berg and von
Hippel, 1985; Schreiber and Fersht, 1996; Camacho et al., 1999). How-
ever, this situation also comes with a trade-off: the life-times of the
encounter complexes must be long enough to identify a putative binding
partner, but short enough to avoid getting locally stuck by exaggerated
close-range sampling of non-partners. Particularly so, when the partners
are scarce and the search relies on covering large intracellular distances.
Every formation of an encounter complex results in increased apparent
size and slower rotational tumbling (Li et al., 2009; Nawrocki et al.,
2017; Nawrocki et al., 2019), manifested as reduced rotational diffusion,
Drot. The effect on rotational diffusion differs from the translational
diffusion, Dt, in that spatial confinement per se does not have a direct
impact on Drot: the cavities between larger structures and complexes
enable relatively free rotation of small proteins, while sterically hinder-
ing translational movement, resulting in anomalous diffusion (Kozer
et al., 2007). Nonetheless, all-atom MD simulations indicate that, taken
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over the whole ensemble, the crowded cytosol retards Dt and Drot to a
similar extent, on timescales so short that anomalous nonlinear dis-
placements are not yet detectable (Yu et al., 2016). Insight into the nature
and biological optimisation of these diffusive events has recently been
provided by NMR studies focusing on how Drot of various cytosolic pro-
teins responds to surface mutations in live cells (Mu et al., 2017; Ye et al.,
2019; Barbieri et al., 2015; Wang et al., 2011; Cohen et al., 2015). Two
results stand out: first, the diffusive protein interactions follow simplistic
physicochemical rules, where the extent of in-cell retardation can be
quantitatively predicted from surface net-charge density (Mu et al., 2017;
Ye et al., 2019), average surface hydrophobicity (Mu et al., 2017;
Majumder et al., 2015) and protein electric dipole moments (Mu et al.,
2017). In particular, the repulsive negative charge stands out as a pri-
mary force inmaintaining the cellular components soluble (Wennerstrom
et al., 2020). Notably, a corresponding net charge effect on translational
diffusion in bacterial cytoplasm was observed by fluorescence recovery
after photo-bleaching (Schavemaker et al., 2017), qualitatively coupling
Drot and Dt. Second, these mesoscopic properties are determined by the
parts of the protein surfaces that are generally considered non-conserved
since they show rapid divergence across organisms (Ma et al., 2003;
Valdar and Thornton, 2001). Despite this, some degree of adaptation can
be discerned through the variability of average physicochemical surface
properties. A revealing example is given by proteins found in the cytosol
of bacterial halophiles: while the structures of these proteins are
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generally conserved (Fedyukina et al., 2014), they possess an unusually
high charge density (Mevarech et al., 2000).

In accordance with this organism divergence, human proteins that are
observed to tumble relatively unrestricted in the eukaryotic cytosol
become arrested in Escherichia coli cells where they do not naturally
belong (Mu et al., 2017). The human proteins can then be easily adjusted
to tumble freely in the foreign E. coli environment by single point mu-
tations, following the established relation between rotational diffusion
and surface net-charge density (Mu et al., 2017). However, there is more
to it: The difference between human and E. coli cells lies not only in their
proteomes (Brocchieri and Karlin, 2005; Consortium, 2018) (Fig. 1), but
also in their physiological status, macromolecular concentrations (Zim-
merman and Trach, 1991; Milo, 2013; Theillet et al., 2014) and spatial
compartmentalisation, all of which are expected to modulate the protein
behaviour (Barbieri et al., 2015; Majumder et al., 2015; Danielsson et al.,
2015; Ye et al., 2019) (Fig. 1). In E. coli, the maximum stability of SOD1 is
significantly decreased despite being accompanied by an increase in
thermal unfolding temperature, Tm (Danielsson et al., 2015).

Efforts to further understand the differences in protein rotational
diffusion between mammalian and bacterial cells have so far been chal-
lenged by difficulties in handling the intracellular protein concentration.
In essence, any variation in the level of internalised or overexpressed
target protein between experiments renders measurements of the NMR
cross-peak heights alone insufficient for dynamic analysis. Such variations
canbe accounted for bynormalisation to cell-lysate protein concentration,
but with the intrinsic difficulty to reliably reproduce lysates and protein
quantification therein (Barbieri et al., 2015;Mu et al., 2017). In this study,
we circumvent this problem by estimating Drot by NMR transverse relax-
ation, allowing in-cell analysis independent of protein concentration (Ye
et al., 2019; Ye et al., 2018). The rate at which the NMR signal relaxes is
dependent on themotional spectral density, which, in turn, is a function of
the angular autocorrelation time, τc, of the randomly reoriented
relaxation-inducing spin–spin interactions (Palmer 3rd, 1997). In protein
NMR, τc is the harmonic mean of several correlations having various time
scales, e.g. overall rotational correlation time, fast local correlation times
and chemical exchange (Kay et al., 1989). For small globular proteins
without dynamic disordered regions, the correlation time is completely
dominated by the rotational correlation time, τr (Kay et al., 1989).

The results show that the human cells are overall less restrictive and
more tolerant to surface-charge mutations than E. coli. Even so, the
examined proteins show a similar relative change in apparent viscosity
(ηapp), where ηappE: Coli ¼ (ηappA2780)

κ and κ ¼ 1.96 � 0.03 when transferred
from mammalian to bacterial cells. The present findings are in excellent
agreement with a recently published study where the net charge of a
protein was modulated by a charged peptide tag (Ye et al., 2019).
Together with (an extended analysis of) the accompanying changes of
Fig. 1. Properties of the E. coli and human cell cytosols, and their effect on protein stabil
(red). The human proteome shows both a shift of the distribution peak towards larg
sequences of human (N ¼ 5216) and E. coli cytosolic proteins (N ¼ 1073) were col
annotated as cytoplasmic was used for analysis. The distributions are fitted to a Γ-dis
and human cells (red). The charge density is somewhat higher in E. coli proteins, e
folding free energy (ΔGN-D ¼ �2.3RTlog [N]/[D], where [N] is the concentration o
curvature of protein stability. SOD1barrel shows a significant destabilisation in A2780
the curve is shifted towards a higher melting temperature, while the maximum stab
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in-cell structural stability, the data indicate that the main difference be-
tween mammalian and E. coli cells lies not in the proteome properties per
se, but more simply in the lower macromolecular concentration and
collision frequency of the compartmentalised eukaryotic cytosol. The
findings are discussed in the context of structural evolution, where the
mammalian and bacterial cells seem to represent opposed trade-offs in
functional optimisation, following their distinct fitness constraints.

2. Materials and methods

2.1. Protein production and purification

The model proteins are derived from the heavy metal binding protein
TTHA1718, the human Atox1 homologue HAH1 and the human super-
oxide dismutase 1, SOD1. Design and mutagenesis of the model proteins
TTHApwt, HAH1pwt and SOD1barrel have been extensively described inMu
et al. (Mu et al., 2017) and Danielsson et al. (Danielsson et al., 2011). The
purification protocol (SI methods S1.2) described in Danielsson et al.
(Danielsson et al., 2011) was used for SOD1barrel and HAH1pwt. The
protocol described in Mu et al. (Mu et al., 2017) was used for TTHApwt.

2.2. In-cell NMR sample preparation and in-vitro experimental conditions

A2780 cell handling and electroporation protocol was mainly as in
(Mu et al., 2017), the details are in (SImethods S1.3). In-vitro control NMR
samples were in 10 mMMES pH 6.4 complemented by 150 mMNaCl and
10% D2O, unless otherwise stated.

2.3. NMR spectroscopy

All in-cell and lysate experiments (SImethods S1.4) were carried out on
a Bruker Avance III 700 MHz spectrometer with a triple-resonance
cryoprobe. All in-cell and in-vitro experiments (SI methods S1.4) were
measured at 310 K. The data was processed using either the TopSpin
(Bruker, Massachusetts, USA) or NMRPipe software (Delaglio et al.,
1995). Signal intensities from one-dimensional relaxation data (SI
methods S1.6) were fitted to a single exponential decay. The analysis was
performed using in house Matlab (MathWorks, MA, USA) scripts. Signal
intensities and relaxation rates from two-dimensional data (SI methods
S1.6) were extracted using the CcpNmr software (Vranken et al., 2005).

2.4. NMR line width determination

Line widths were quantified by fitting a Gaussian function to a 1D
slice in the 1H dimension of the in-cell and in-vitro control spectra for each
well-resolved cross peak (SI methods S1.5). The fitting was performed
ity. A. The cytosolic protein size distribution in E. coli (blue) and in human cells
er protein size, as well as a significantly longer tail with larger proteins. Protein
lected from the Uniprot database (Consortium, 2018), in both cases the subset
tribution. B. The surface net charge density of cytosolic proteins in E. coli (blue)
nabling stronger electrostatic repulsion. C. The temperature dependence of the
f the folded and [D] of the unfolded state) of SOD1barrel shows the archetypical
cells (red) compared to in PBS-buffer (grey line). In the E. coli cytosol (blue line)
ility decreases significantly (Danielsson et al., 2015).
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using the line-shape tool in the NMRFAM-SPARKY software (Lee et al.,
2015), and each fit was manually inspected and evaluated for fit quality.

3. Results

3.1. Setting the scene: the model proteins

As probes for intracellular interactions, we use three well-
characterized and similarly sized proteins. The putative heavy metal
binding protein from Thermus Thermophilus, TTHA1718, the human
antioxidant protein 1 homologue HAH1 (also known as Atox1), and the
central barrel scaffold of human superoxide dismutase 1 (SOD1). All
proteins were modified to be functionally inactive by removal of the
metal coordinating cysteines in HAH1 and TTHA1718 and the long
functional loops of SOD1 (SI methods S1.1, Table 1). This renders SOD1
monomeric and metal free, and abolishes the native interactions between
HAH1 and its binding partners Wilson and Menkes proteins (Hamza
et al., 1999). The inactive variants are hereafter referred to as: TTHApwt,
HAH1pwt and SOD1barrel. All three proteins are thermodynamically stable
and show no tendency to oligomerize or aggregate under the studied
conditions (Mu et al., 2017). TTHApwt and HAH1pwt are structurally su-
perimposable, while their surface properties differ. For example, both the
charge distribution and the net charge density differs: HAH1pwt is net
positive, while TTHApwt is net negative (Fig. 2). The three proteins differ
also slightly in surface hydrophobicity, where TTHApwt is somewhat
more hydrophilic than HAH1pwt and SOD1barrel. The distinct surface
properties of the proteins render them suitable as probes of non-specific
transient interactions in the crowded cell interior. By comparing NMR
line broadening, we have previously demonstrated that the three proteins
have distinct rotational motions in the E. coli cytosol (Mu et al., 2017),
where TTHApwt tumbles more freely than HAH1pwt and SOD1barrel

(Fig. 2). However, upon cell lysis and centrifugal removal of larger
cellular components, all three proteins exhibit buffer-like HMQC spectra
with similarly narrow cross peaks (SI controls S2.1, Fig. S1). The results
suggest that the in-cell line broadening is not primarily a result of uniform
steric crowding, which would have resulted in similar effects on espe-
cially the structurally very similar TTHApwt and HAH1pwt, but stems from
transient interactions with the surrounding macromolecules that act
differently on the three proteins. Consistently, the surface properties of
TTHApwt, HAH1pwt and SOD1barrel differ in terms of net-charge density
and hydrophobicity, accounting for their different response to the
crowded E. coli interior (Mu et al., 2017) (Fig. 2, Table 1). Of particular
interest is here that the prokaryotic TTHApwt tumbles relatively freely in
the prokaryotic cytosol whereas the mammalian HAH1pwt and SOD1barrel

become arrested, in line with that the proteins at some level may have
adapted to the intracellular environment in which they have evolved (Mu
et al., 2017) (Fig. 2). This raises the question how this situation changes
when the evolutionary background is reversed, i.e. upon transfer of the
very same proteins into eukaryotic cells? To investigate this, we opted
again for in-cell NMR but now in a cultivated human cell line.
Table 1
Collected physicochemical properties of the four probe proteins.

protein TTHApwt HAH1pwt SOD1barrel HAH1K57E

sequence length 66 68 110 68
Mw (kDa)a 7.0 7.4 11.0 7.4
pI b 5.4 7.8 6.2 5.6
net charge c �1.47 1.02 �0.71 �0.50
net charge calc d �1.47 0.94 �0.70 �1.08
Rh (Å) e 15.5 � 0.2 15.7 � 0.2 19.7 � 0.2 n.a.

a Molecular weight calculated from primary sequence.
b pI calculated using propKa 3.0. (Li et al., 2005; Bas et al., 2008; Olsson et al.,

2011).
c Net charge determined from migration distance on native gel.
d Net charge calculated using propKa 3.0.
e Hydrodynamic radius from diffusion coefficients (Mu et al., 2017).
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3.2. The human cell cytosol is qualitatively very different from the E. coli
cytosol

As a eukaryotic model, we use human ovary adenocarcinoma
A2780 cells. This cell line has proven suitable for in-cell NMR experi-
ments (Theillet et al., 2016; Danielsson et al., 2015), and is readily
amenable to high-yield internalisation of isotope-labelled protein by
electroporation (Danielsson et al., 2015; Theillet et al., 2016) (SI methods
S1.3). In this study, we obtain intracellular concentrations of labelled
protein between 20 and 40 μM, corresponding to 10–20 μM protein
concentration in the detection volume (SI controls S2.2, Fig. S2), with
negligible amount of leakage to the outside sample buffer (SI controls
S2.1, Fig. S3). Although higher than typical endogenous protein con-
centrations, these low concentrations ensure that no self-interactions
influence in-cell protein tumbling (Mu et al., 2017). It is immediately
clear that all three proteins tumble relatively freely in the mammalian
cytosol, indicated by only moderate line broadening (Fig. 2). The rota-
tional diffusion in mammalian cells thus contrasts that in E. coli, where
only the bacterial TTHApwt yields narrow cross peaks, while the spectra
of HAH1pwt and SOD1barrel show severely broadened peaks (Fig. 2). Even
so, the line widths of the mammalian proteins narrow up in the cell ly-
sates, showing that the Drot in the human cytosol is still reduced, albeit
not as much as in E. coli (Fig. 2, SI, Fig. S1). The results show thus that the
mammalian cytosol affects the internalised proteins less than the E. coli
cytosol, even to the extent that the protein-specific spectral characteris-
tics are hard to distinguish at first sight (Fig. 2).
3.3. In-cell retardation inferred from NMR line-widths

In-cell NMR line broadening reports not only on proteins’ global
rotational diffusion (Drot), via τr, but also on local relaxation processes,
such as chemical exchange broadening and/or changes in monomer
conformational dynamics from local surface interactions with the
crowded environment (Palmer 3rd, 1997). To deconvolute these con-
tributions to the in-cell signal from A2780 cells, we determined first the
line width (Δν1/2) of all well resolved cross peaks in the HMQC spectra,
comprising 59–67% of the data (SI methods S1.5). The change of Δν1/2
upon cell internalisation thus gives a measure of the combined global
and local changes induced by the cytosolic environment. The analysis
shows that all three proteins undergo significant in-cell line broadening:
Δν1/2 of TTHApwt increases on average from 16.1 � 1.4 Hz (buffer) to
29.2 � 2.8 Hz (cytosol), Δν1/2 of HAH1pwt from 17.2 � 1.8 Hz (buffer)
to 41.7 � 4.2 (cytosol) Hz and Δν1/2 of SOD1barrel from 20.1 � 1.8 Hz
(buffer) to 35.9 � 5.7 Hz (cytosol), where the � -values represent one
standard deviation in variability along the sequence (Fig. 3). On the
whole, this variability is distributed relatively uniformly across the
spectra of all three proteins, confirming that decreased Drot is the major
contributor to the in-cell line broadening (SI, Fig. S4). Some notable
exceptions are a few structurally clustered cross peaks of HAH1pwt and
SOD1barrel that display small, but yet significant, deviations from the
average in-cell broadening. In HAH1pwt, this clustered hotspot coincides
with the edge strand β2, which is enriched in negative side-chain
moieties that may play a role in locally modulating in-cell association
(Otzen et al., 2000). In SOD1barrel, the hotspots comprise regions of
loops 1, 3 and 7, which have previously been pin-pointed as sites for
local structural motions (Danielsson et al., 2011; Danielsson et al.,
2013a,b) (SI, Fig. S4). Although these hotspots indicate that local dy-
namics to some minor extent influence the in-cell signals, their contri-
butions in relation to the global Drot are negligible. In further support of
this conclusion, the chemical-shift differences upon cell internalisation,
which are expected to report on local structural adjustments, are overall
small and mainly involve the dynamical regions of the proteins (SI
controls S2.4, Figs. S5 and S6). The dominant influence of Drot on the
line broadening therefore allows us to estimate the relative degree of
in-cell retardation directly from the line-width ratios, i.e. Δνbuffer1=2 =Δνcytosol1=2



Fig. 2. Improved in-cell NMR spectra in A2780 cells compared to E. coli. HMQC spectra of TTHApwt (blue frames), HAH1pwt (red frames) and SOD1barrel (green frames) in
E. coli (dashed frames) and in live A2780 cells (solid frames). In E. coli, both HAH1pwt and SOD1barrel signals are severely broadened due to a high amount of in-
teractions with the complex E. coli cytoplasm, i.e. the signals are barely visible in the HAH1pwt and SOD1barrel spectra even though the protein concentration is similar
in all E. coli samples, as detected from the lysate signal intensity. In mammalian cells, all three proteins show significant improvement of the in-cell spectral properties,
although still with varying line width. N.B. the contour levels differ in the E. coli dataset in order to visualise the broad low-intensity peaks of HAH1pwt and SOD1barrel.
Right: the precited structures of TTHApwt (mutations templated on PDB id: 2ROE), HAH1pwt (mutations templated on PDB id: 1TL5) and the crystal structure of
SOD1barrel (PDB id: 4BCZ) are shown. The calculated surface charge distribution is projected on the structure surfaces, with blue corresponding to positive charge
density and red to negative, highlighting the differences in both charge distribution and charge clustering. Especially between the structural homologues TTHApwt and
HAH1pwt severely broadened peaks. Even so, the line widths of the mammalian proteins narrow up in the cell lysates, showing that the Drot in the human cytosol is still
reduced, albeit not as much as in E. coli (SI, Fig. S1). The results show thus that the mammalian cytosol affects the internalised proteins less than the E. coli cytosol,
even to the extent that the protein-specific spectral characteristics are hard to distinguish at first sight.

Fig. 3. First order quantification of the line broadening effect in A2780 cells. A-C. In-cell NMR spectra from A2780 cells in black overlaid by in-vitro spectra in dilute buffer
in red, the frame colour code is as in Fig. 1. Inset in each spectrum is the average line width, determined from each well-separated cross peak. In D. the corresponding
data for TTHApwt determined in E. coli is shown. E. The bars show the ratio between in-vitro and in-cell line widths.

S. Leeb et al. Current Research in Structural Biology 2 (2020) 68–78

71



S. Leeb et al. Current Research in Structural Biology 2 (2020) 68–78
(Fig. 3). From these ratios HAH1pwt stands out as the one that is most
affected, while TTHApwt and SOD1barrel exhibit a smaller and similar
degree of rotational retardation. Upon moving the analysis into E. coli,
the line width of TTHApwt increases further from 29.2 � 2.8 to
43.3 � 3.7 Hz, while the cross-peaks of HAH1pwt and SOD1barrel are
broadened beyond detection. The relative retardation of HAH1pwt in
A2780 cells and TTHApwt in E. coli is 0.41 and 0.37 respectively,
meaning that the protein that is most affected in mammalian cells
(HAH1pwt) is still less affected than the least affected protein in bacteria
(TTHApwt). Even so, the degree of rotational retardation in the
mammalian cells remains coupled to protein surface properties: the
structurally very similar TTHApwt and HAH1pwt show different rota-
tional tumbling behaviour in mammalian cells, matching their divergent
surface compositions (Fig. 2, Table 1).
3.4. Moving to in-cell NMR relaxation

Strictly speaking, the global rotational dynamics of a protein is
characterised by the rotational correlation time (τr), describing how fast
the rotational orientation of a molecule loses its correlation due to sto-
chastic Brownian motions. Under ideal conditions, these diffusive mo-
tions are determined by protein size and the ‘drag’ of the solvent
according to the Stoke–Einstein–Debye relationship,

τr ¼ 4πηR3
H

3kBT
; Eq. 1

where η is the effective viscosity, RH is the hydrodynamic radius, kB is
Boltzmann's constant and T is the temperature. The rotational dynamics
of a small globular protein, in conjunction with (in this case negligible)
local dynamics and chemical exchange, is linked to the NMR line width
(Δν1/2). The relation between τr and Δν1/2 is formally determined by the
transverse relaxation (R2), where a large protein size and/or high solvent
viscosity gives faster rates and broader lines. This is accompanied by
slower longitudinal (R1) relaxation with consequently reduced sensitivity
of the NMR experiment (Palmer 3rd, 1997; Kay et al., 1989). To obtain a
more robust quantification of the intracellular motions, we opted for the
direct determination of the transverse relaxation rate by in-cell NMR (SI
methods S1.6).

We focus here on 15N R2 as this is monotonically increasing with τr,
i.e. an increase in R2 corresponds to an increase in τr for all relevant time
regimes. The relative sensitivity of R2 to interactions and reduction in
Drot also makes it especially suitable to low sensitivity in-cell NMR (Ye
et al., 2018). Moreover, limited access to nutrients, oxygen and tight cell
packing in the NMR tube results in a limited time frame for measure-
ments on viable cells (Kubo et al., 2013; Inomata et al., 2017), typically
Fig. 4. NMR relaxation data confirms the line broadening analysis. In-cell R2 relaxation r
compared to the relaxation rates in dilute buffer (black solid lines). For all three p
retardation of rotational diffusion. For TTHApwt, the R2 rate was determined also in
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less than 6 h before protein leakage starts to interfere with the in-cell
signal (Danielsson et al., 2013a,b; Theillet et al., 2016). Together with
low signal-to-noise, this necessitates integration over the envelope of all
signals to be able to measure 15N R2. In addition, we use interleaved data
acquisition to reduce systematic, time-dependent errors from progressive
cell packing in the NMR tube (SI controls S2.6, Fig. S7). For globular
proteins, the determination of overall R2 from a series of 1D experiments
yields the same information of τr as a 2D experiment, spare the sequential
and structural variation details (SI controls S2.7, Fig. S8). Consistent with
the line-width analysis, we find that R2 for all three proteins increases
significantly upon cell internalisation (Fig. 4). Again, HAH1pwt stands out
as the most affected protein in the mammalian cells with a more than
4-fold increase in R2, i.e. from 4.9 s�1 (buffer) to 21.1 s�1 (cytosol). The
corresponding change for SOD1barrel is less than a factor of 3, even
though the absolute in-cell relaxation of this protein is faster than for
HAH1pwt due to its larger size. This illustrates nicely that the absolute
values of relaxation rates cannot directly be translated into extent of
in-cell rotational retardation if proteins of different sizes are to be
compared (c.f. section 3.5). Finally, wemeasured R2 for TTHApwt in E. coli
and find an additional increase in the relaxation rate, i.e. R2 changes from
12.9 s�1 (A2780 cytosol) to 30.3 s�1 (E. coli), indicating an even higher
level of rotational restriction than observed in the mammalian cells
(Fig. 4). Taken together, this is in good agreement with the direct mea-
sure of line broadening above, we find distinct relaxation differences in
response to the cellular environment.

3.5. Accounting for protein size and shape

Even if the rotational-correlation times can be derived from R2
relaxation rates, the τr values themselves have an intrinsic shortcoming in
more complex analyses. Assuming that two different proteins are tuned
to identical surface properties to display identical in-cell interactions,
these proteins will still yield different rotational-correlation times if they
differ in shape and size (Ye et al., 2018; Guseman et al., 2018a,b). The
reason is simply that a rod generally has a slower isotropic tumbling than
a sphere, and a large sphere tumbles slower than a smaller one. To isolate
the rotational retardation resulting from the diffusive in-cell interactions,
we need therefore a measure that is independent of protein size and
shape. One such measure is the apparent viscosity (ηapp), defined as the
micro-viscosity in a pure solution that gives the same τr as observed in a
more complex environment. In complex environments like the crowded
and spatially heterogenous cytosol, the effective viscosity experienced by
an immersed protein is the sum of the intrinsic microscopic solvent vis-
cosity and all the restrictive interactions with the macromolecular
environment (Yu et al., 2016). The apparent viscosity for molecule i is
then given by:
ates in blue for TTHApwt (A.), red for HAH1pwt (B.) and in green SOD1barrel (C.),
roteins a significant increase in relaxation rate is observed, corresponding to a
E. coli, showing an even more pronounced retardation (grey dashed line in A.).
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ηappi ¼ ηint þ
j

aij; Eq. 2

X

where ηint is the intrinsic microscopic viscosity and the sum is over all
interactions during the observation time, and where aij is the relative
retardation of molecule i upon interaction with molecule j.

Since the coupling between ηint and the rotational-correlation time
depends on size and shape (Ye et al., 2018; Guseman et al., 2018a,b), a
reference curve must be determined for each studied protein. In this
study, we use water/glycerol mixtures for benchmarking the viscosity
dependence on R2, as the microscopic viscosity of these mixtures is well
characterised (Cheng, 2008). We find that in the region 0–50% glycerol,
the R2 relaxation rates increase linearly with viscosity for all three pro-
teins (Fig. 5). Even so, the magnitude of the response in relaxation to
increased viscosity (δR2/δη) differs between the proteins, accounting for
the difference in size and shape (Fig. 5). From these reference curves, any
in-cell relaxation rate can be translated to apparent viscosity (ηapp) to
single out the contributions from the diffusive intracellular crosstalk.
3.6. Relation between ηapp and protein-net charge in mammalian cells

Resulting apparent viscosities for TTHApwt, HAH1pwt and SOD1barrel

in A2780 cells are shown in Fig. 6. As expected, the apparent viscosity
differs between the proteins, complying with their surface properties (Eq.
(2)). The ηapp for TTHApwt and SOD1barrel are very similar at 2.7 � 0.4
centiPoise (cP, 10�3 N/m2) and 2.8 � 0.2 cP, respectively, whereas the
less negatively charged HAH1pwt shows a larger retardation at
4.3 � 0.3 cP, compared to 0.69 cP in pure buffer at 37 �C.

Accordingly, ηapp shows a dependence on net charge (Fig. 6) where
increased net-negative charge (SI methods S1.7) seems to speed up the in-
cell tumbling by reducing the extent of arresting transient interactions. To
further test this trend, we examined the effect of increasing the net-
negative charge of HAH1pwt to that of SOD1barrel by the mutation
HAH1K57E (SI methods S1.2, Table 1). The result shows that HAH1K57E

falls almost precisely on top of SOD1barrel, accounting thus in a predict-
able manner for changes in charge, size and shape (Fig. 6). Plots of
protein-charge dependence are not expected to be linear, as towards the
limit of no in-cell interactions ηapp should approach the value of water.
Conversely, increasing the interaction strength to the point where pro-
teins fully stick will render ηapp excessively high. For simplicity, we
model here this non-linear dependence between ηapp and protein net
charge with a single-exponential function, including an offset to water
viscosity (Fig. 6). This exponential-like property is also observed in the
similar charge dependence found by 19F relaxation in U2OS cells (Ye
et al., 2019). We also note that the effect on R2 in the dilute lysate con-
trols differ slightly between the proteins (SI, Fig. S9), where the less
Fig. 5. Standard curves for determination of apparent viscosity. A. Reference curves for h
increasing microscopic viscosity (corresponding to pure ηint in Eq. (2)). Colour coding
intensity determination. The slope δR2/δη is directly linked to the size of the protein
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interactive proteins TTHApwt and SOD1barrel show values similar to those
in pure water. The higher R2 value of HAH1pwt, on the other hand, in-
dicates that this protein partakes in transient interactions with residual
cellular components in the dilute lysate (SI, Fig. S9). This raises once
again the question to what extent these results compare with the
behaviour in E. coli?

3.7. Comparison between the mammalian cytosol and E. coli

In the extensive bacterial dataset in Mu et al. (Mu et al., 2017), the
in-cell retardation of molecular rotational tumbling (mobilityin-cell) was
determined by 1D NMR, i.e. the signal intensity changes between the
bacterial cytosol and dilute lysate conditions, keeping the protein con-
centration constant. To convertmobilityin-cell to ηapp values, we once again
employ reference curves that relate the relative 1D intensity changes to a
particular viscosity (SI methods S1.8, Fig. S10). The conversion shows
that the apparent viscosity in E. coli is significantly higher than in
mammalian cells: TTHApwt, HAH1pwt and SOD1barrel show rotational
tumbling rates in E. coli that correspond to apparent viscosities of 6.8,
17.1 and 7.8 cP, respectively (Fig. 6), compared to 2.7, 4.3, and 2.8 cP in
A2780 cells. This cross-species difference complies, in turn, with a simple
power law independent of protein identity, where ηappE: Coli ¼ (ηappA2780)

κ and
κ ¼ 1.96 � 0.03. From the full bacterial dataset in Mu et al. (2017), with
>130 mutations specifically targeting surface properties of the three
probe proteins, it is also clear that the dependence of ηapp on protein-net
charge is significantly stronger in E. coli than in mammalian cells (Fig. 6).
To confirm that the two datasets are indeed comparable, we used the R2
relaxation rate of TTHApwt in E. coli (Fig. 4) as an alternative measure on
the ηapp. We find that the relaxation measurements yield a value of
ηapp ¼ 7.3 � 0.5 cP, which matches the values of ηapp ¼ 6.2 � 0.3 cP
obtained from line-broadening. Although not identical, the agreement
between the values is reasonable considering that the R2 data reports on
15N relaxation as opposed to the 1H relaxation in the cross-peak line--
broadening. The similar effect on nitrogen and proton relaxation also
supports the interpretation that the rotational tumbling is the dominant
contributor to the line width changes (Δν1/2) in these experiments, while
exchange broadening and local dynamics play a minor role. The low
effective protein concentration together with the limited sample lifetime
makes a complete quantification of the exchange contribution to relax-
ation impossible. However, to further estimate the exchange contribution
at μs - ms timescale, we measured 15N R2 relaxation rates without the
refocusing CPMG pulse train (Loria et al., 1999) during the relaxation
delay. The result shows that the obtained R2 values are similar with and
without exchange suppression, emphasising that the contribution from
exchange broadening is indeed small (SI controls S2.8, Fig. S11). Taken
together, the data shows thus consistently that the mammalian cytosol
ow the average R2 rates of the three probe proteins (shown in Fig. 4) change with
is as in Fig. 1, and error bars are the translated error from signal to noise in signal
, as highlighted in the correlation plot in B.



Fig. 6. The apparent viscosity in A2780 human cells and in E. coli. A. The apparent viscosity, ηapp, shows a positive dependence on protein net charge, with increasing ηapp

for positive protein surfaces. Colour codes are as in Fig. 1 and the dashed line is an exponential fit to the data points to guide the eye. The offset corresponds to water
viscosity at infinite repulsion, while the exponentiality is adopted from the apparent exponential behaviour of the E. coli data. B. The same data as in the left panel
compared to E. coli data (squares), N.B. the different axis scales. The large squares correspond to ηapp in E. coli for the three probe proteins, and the smaller faded
squares to surface mutations, as determined from their in-cell NMR 1D-HMQC intensity. The blue triangle represents the apparent viscosity of TTHApwt in E. coli
determined by the NMR relaxation rate R2, showing that the two methods are equivalent. Orange markers show the apparent viscosity for HAH1K57E. C. The observed
ηapp in the two organisms correlate. The slope, however, is far from unity, indicating that the change in ηapp upon surface-charge mutation is 6 times stronger in E. coli.
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comprises an environment that causes much less retardation on Drot than
the bacterial cytosol. Moreover, the offset in ηapp between the organisms
in Fig. 6B is not constant, but includes a real difference in the charge
dependence: the correlation plot of the ηapp-values from the two organ-
isms yields a slope of δηappE:coliapp=δη

app
A2780 � 6 (Fig. 6). Under the reason-

able assumption that net charge is the main modulator of Drot in the
cytosol (Mu et al., 2017; Ye et al., 2019; Schavemaker et al., 2017), this
suggests 6 times stronger surface net charge dependence on rotational
motional freedom in E. coli.
3.8. First step towards a molecular picture

The question is now how the increased relaxation rates relate to the
transient in-cell interactions, i.e. is it possible to derive a representative
snapshot of the crowded intracellular environment? A reductionist way
to approach this problem goes as follows: under fast-exchange conditions
(on the NMR time scale), the observed transverse-relaxation rate is the
population-weighted average of R2-values of the free probe protein and
the ensemble average of the bound states. If we know the protein-mass
distributions in mammalian and bacterial cells (Fig. 1, SI methods S1.9)
(Brocchieri and Karlin, 2005; Consortium, 2018) and the transverse
relaxation rate varies linearly with the particle mass (Farrow et al., 1995;
Rossi et al., 2010), we can estimate the average fraction of probe proteins
bound to other cellular proteins at any given time (SI methods S1.10).
This comes with a set of assumptions. Even if proteins constitute the
largest portion of the dry weight of the cytosol (Yu et al., 2016), the
cytosol also comprises other interaction partners than proteins, e.g RNA,
ribosomes, larger complexes, metabolites and organic molecules, all of
which are involved in diffusive interactions with the probe proteins
(Schavemaker et al., 2017; Majumder et al., 2015). First, including these
additional macromolecules is not expected to significantly alter the size
distribution. Second, they show a net negative surface charge distribu-
tion (Fedyukina et al., 2014) similar to that of proteins, implying that the
model proteins will ‘feel’ them as part of the overall macromolecular
distribution. Third, the estimate neglects any variation of abundance in
the protein-size distributions, but this simplification is motivated by the
observation that weighting for abundance have only moderate effects on
the protein size and net-charge distributions (Geiger et al., 2012; Schmidt
et al., 2016). Furthermore, as R2 varies approximately linearly with
molecular mass, the relative populations of the three probe proteins
relative to each other are not affected by a change in size distribution.
Using this simplification, the population of bound TTHApwt in the
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relatively dilute human cells is estimated to pbound ¼ 0.27, i.e. the ma-
jority of molecules are rotating freely at any given moment (Fig. 7). The
corresponding numbers for HAH1pwt and SOD1barrel turn out slightly
higher at pbound ¼ 0.53 and pbound ¼ 0.57, respectively. The populations
are estimated under the assumption that, at any given time point, only
one-to-one complexes are transiently formed. It is, however, reasonable
to assume that larger complexes also are transiently formed (Nawrocki
et al., 2017), but to a first order of approximation these larger transient
complexes can be described by the same size distribution (Fig. 1).
Notably, the apparent disagreement between these bound population
values and the observation that HAH1pwt stands out as being more
affected than SOD1barrel in terms of ηapp (Fig. 6), is explained by HAH1pwt

being smaller. In essence, the relative mass change of HAH1pwt

(Mw ¼ 7.4 kDa) upon association with a human protein of effective size
34.5 kDa, from integration over the protein mass distribution (Fig. 1), is
(34.5 þ 7.4)/7.4 ¼ 5.7 compared to 4.1 for SOD1barrel. This result is in
good agreement with the observed difference in ηapp, even under
assumption that mainly one-to-one complexes are formed. In contrast, in
E. coli the relaxation rate of TTHApwt increases to such degree that even
assigning full occupancy of binding to a cytosolic protein of effective
mass 24.8 kDa (from the E. coli mass distribution in Fig. 1) is not enough
(SI methods S1.9). To account for the observed in-cell retardation of
rotational tumbling, we need to introduce an additional population of
simultaneously bound cytosolic protein (Fig. 7). Our estimate of >1
contact at any given moment is further in good accord with a crowding
corresponding to 3.5 near-neighbour partners for diffuse interactions, as
previously observed in MD simulations of the bacterial interior (Yu et al.,
2016; McGuffee and Elcock, 2010). Although this reductionist repre-
sentation based on average parameters is bound to defy microscopic
insight, it serves to show that our NMR results are fully consistent with
these existing cellular data: the system behaves overall robustly and re-
sponds predictably to perturbation.

4. Discussion

4.1. Nature of diffusive in-cell interactions

When a protein interacts with another macromolecule, its rotational
tumbling slows down. The reason for this retardation is primarily the
increase in apparent mass experienced when free monomers become
locked to the motion of larger complexes. Translated to the experiments
performed here, this means that the observed retardation of Drot is the



Fig. 7. Snapshot representation of human and bacterial cytosol and thermodynamic classification of the effects from complex crowding solvents. A. A cartoon of the human
cytosol with 60 mg/ml macromolecular concentration, here represented by ‘spherical’ proteins with the distribution of radii represented as soft edges. From relaxation
data we can estimate that approximately 25% of the bacterial protein TTHApwt are involved in transient complexes at any given time point. B. The 6 times higher
charge dependence on ηapp indicated 6 times higher macromolecular concentration in E. coli, and this results in that TTHApwt at any given time point is involved in a
transient complex, and in more than 10% of the time it is involved in the formation of a transient trimer, with the slightly smaller proteins in the E. coli cytosol. C. The
effects from altering the solvent can be classified from the effects on unfolding enthalpy (ΔH) and melting temperature (Tm), following the protocol by Ebbinghaus
(Senske et al., 2014). The effects on SOD1barrel stability when comparing data from buffer to data from the A2780 cytosol is shown as a red ‘x’, and the corresponding
effect when comparing to data from E. coli cytosol is marked as a blue ‘x’. Comparing human A2780 cell data to E. coli (red sphere) data results in a reduction in ΔH
accompanied by an increase in Tm that can be classified as an excluded volume effect accompanied with increased transient binding, in line with an increased
macromolecular concentration in the E. coli cytosol. The figure design is adapted from Senske et al. (Senske et al., 2014).
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dynamic average of multiple transient mass increases, the size and
duration of which are determined by the in-cell interactions. For a given
distribution of macromolecules, the rotational tumbling of a particular
protein will thus change if the particle–particle interactions are altered.
In this study, we introduce such alterations by protein-surface changes to
map out the physicochemical forces at play. To do this strictly, we first
have to account for the differences of our reporter proteins TTHApwt,
HAH1pwt and SOD1barrel in mass and shape (Fig. 5), as these differences
alone will offset their intrinsic tumbling behaviour and obscure protein-
to-protein comparison. In previous in-cell NMR studies, this ‘geometric’
problem has been circumvented by keeping the analysis to a single re-
porter protein (Barbieri et al., 2015; Majumder et al., 2015), or by ac-
counting for size and shape differences by electrophoretic-mobility
normalisation (Mu et al., 2017). Following the approach by Gierasch's
(Wang et al., 2011) and Li's labs (Ye et al., 2013), we opt here for nor-
malisation by converting data to apparent viscosity (ηapp). The principal
advantage of this approach is that it not only accounts for differences in
size and shape of the free monomers, but also for their different response
to viscosity changes (Fig. 5). Conversion of data to ηapp reduces thus the
initial size-related offsets between TTHApwt, HAH1pwt and SOD1barrel,
and exposes a common dependence on net charge (Guseman et al.,
2018a,b; Mu et al., 2017; Majumder et al., 2015; Barbieri et al., 2015)
(Fig. 6). It is also apparent that this net-charge dependence is different in
mammalian and bacterial cells, where the latter stands out as overall
more restrictive on the protein's rotational motions (Fig. 6). The
conclusion from these results is that net-negative charge is the dominant
modulator of diffusive in-cell interactions, in full accord with previous
observations on other cellular systems (Mu et al., 2017; Wang et al.,
2011; Majumder et al., 2015). From a colloidal perspective, this suggests
that the functional dispersion of the cellular components is, at a basal
level, achieved by negative-charge repulsion, and in the case of cytosolic
proteins this is maintained by the ‘non-conserved’ surface residues (Ma
et al., 2003; Valdar and Thornton, 2001). In terms of describing the
diffusive protein–protein interactions, however, there are clearly more
factors at play. Most evidently, the considerable apparent random devi-
ation from the fitted line in the E. coli data set (Fig. 6B) is partly
accounted for by differences in the electric-dipole moment and surface
hydrophobicity (Mu et al., 2017), both of which are well known to in-
fluence protein interactions at close range. Also, in the E. coli dataset
there is a vast span of surface heterogeneity, explored in reference (Mu
et al., 2017), that yields more specific flavours to the diffusive interplay.
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Acknowledging this complexity, the high–order interactions controlling
the intracellular diffusion are often referred to as ‘quinary’ contacts
(McConkey, 1982; Majumder et al., 2015; Mu et al., 2017), following the
seminal observation that certain proteins are diffusely attracted to one
another, causing co-localization in the cytosol and co-elution during
chromatographic separation (McConkey, 1982). Such biases of the
diffusive interplay will naturally follow from the variation of net-charge
across the human and E. coli proteins, where proteins on the negative side
of the distribution will preferentially interact more strongly with the
positive counterpart (Fig. 1). With respect to the surface detail, so called,
‘enhanced’ non-native interactions have been suggested to play a key role
in directing proteins to their physiological targets (Luh et al., 2013;
Cohen-Khait et al., 2017). The small folded protein Pin1 is an example
where inactivation of the specific recognition site, using mutation,
phosphorylation or competitive binding, increases the in-cell rotational
motion also in absence of the binding target (Luh et al., 2013). In this
study, we expect to distinguish such site-specific contributions from
systematic offsets in the mesoscopic-charge dependence. As suitable
candidate, we have the active-site truncated construct HAH1pwt where
the removal of the copper coordinating cysteines abolishes specific
binding. However, a positive charge cluster (R21, K25, K57) (Fig. 2)
involved in the interaction interface with the native target MNK1 (Banci
et al., 2009), and putatively involved in an enhanced non-native inter-
action, is left for mutational perturbation (PDB id: 2K1R, SI, Fig. S12). In
E. coli, where the human MNK1 binding partner is naturally lacking,
truncation of any of these positive charges yields still a larger than
average gain in rotational motion, i.e. mobilityin-cell ¼ 0.36 � 0.03
compared to mobilityin-cell ¼ 0.23 � 0.05 for other positive-charge trun-
cations (Mu et al., 2017). The pattern is even clearer with double mu-
tations (SI controls S2.9, Fig. S12). Consistent with the protein Pin1 data,
it is thus apparent that interfering with certain patches of surface charges
yields larger effects on the rotational diffusion than the average charge
replacement. With respect to the mutation HAH1K57E, this effect seems
further enhanced in mammalian cells with the native MNK1 partner
present: ηapp shows here 1.21 times the expected change, compared to
1.12 in E. coli, as estimated from the fitted average (Fig. 6). These de-
viations from the expected change can stem from the disruption of
charge-patch patterns that by chance strengthen certain non- or
semi-specific interactions, from cytosolic co-localization with specific
subsets of proteins (Satori et al., 2013; Spitzer, 2011) and, in the case of
mammalian cells, dynamic binding to the native MNK1 target. Although
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the validity of these interpretations remains to be tested, the very outline
of the possibilities serves to emphasise that the targeted in-cell in-
teractions are not simply rationalised as one-type-only. They rather
represent a continuum stretching from ‘random encounters’ to ‘full-
y-specific binding’, all of which provide different levels of functional
control under continuous optimisation of the amino-acid sequence.
4.2. The lower ηapp in mammalian cells complies with lower
macromolecular concentration

Our most striking observation is that the apparent viscosity in the
mammalian cytosol is considerably much lower than in the E. coli cells.
The effect is consistent for all three proteins and complies phenomeno-
logically with a power law ηappE: coli ¼ (ηappA2780)

κ, where κ � 2. Following our
simplistic treatment of the in-cell interactions, the lower ηapp and weaker
charge dependence in the mammalian cytosol can be due to (i) the sur-
rounding molecules being more repulsive, decreasing the number of
close encounters, (ii) the surrounding molecules being smaller leading to
less rotational retardation upon association, or (iii) lower macromolec-
ular concentration. The difference in repulsive net-charge density of the
human and E. coli proteomes is obtained from sequence data (Con-
sortium, 2018), indicating that the mammalian proteins carry a some-
what lower net-negative charge compared to their bacterial counterparts
(�6.8⋅10�4 vs �12.3 eÅ�2, Fig. 1). As this is expected to increase rather
than mitigate ηapp, we conclude that the protein–surface properties per se
are not the cause of the difference. Similarly, the size of human proteins is
overall larger than E. coli proteins, which, again, is inconsistent with the
observed effect on ηapp (Consortium, 2018). This leaves us with the
intracellular protein concentration as the most plausible factor to explain
the data and, consistently, several reports show that the human cytosol is
overall less crowded than E. coli cells (Theillet et al., 2014). That is, the
lower protein concentration in mammalian cells decreases the collision
frequency and, thereby, lowers the fraction of slowly tumbling encounter
complexes at any given moment. To see if this scenario is reasonable, we
estimated the difference in protein concentration between A2780 and
E. coli cells from the relaxation data in Fig. 6 as follows. First, the collision
frequency is proportional to the product of the concentrations of inter-
acting molecules A and B: r ¼ ξ [A][B], where ξ is a proportionality
constant. The collision frequency per probe protein (the ensemble
average observed in the NMR experiment is the same as the time average
per molecule as Brownian motion is ergodic (Kallianpur and Robbins,
1953)) is then proportional to the concentration of surrounding mole-
cules: r/[A] ¼ ξ [B]. Second, the response of pAB to net-charge pertur-
bation (ΔpB) is proportional to the observed values of Δηapp, based on the
approximation that R2 is directly proportional to particle size in the dy-
namic range of these experiments (Fig. 5). Under the assumption that
self-interaction of A in cells is negligible in the concentration range
0–1 mM, as previously shown to be the case for our probe proteins (24),
the difference in [B] between mammalian and E. coli cells is given by
[B]A2780/[B]E. coli ¼ Δηapp, A2780/Δηapp, E. coli. Accordingly, we estimate
the macromolecular concentration in A2780 cells to ~1/6 of that in
E. coli, as judged from the slope of ηapp, A2780 vs. ηapp, E. coli (Fig. 6). Using
300–400 mg/ml as a benchmark for the protein concentration in E. coli
(2), this yields 50–65 mg/ml for the mammalian cytosol. Despite the
simplistic take, the result complies well with previous estimates of
50–200 mg/ml (35). Using finally the size distributions of the human and
bacterial proteins to estimate the mass of the encounter complexes from
relaxation data (SI methods S1.10), we arrive at a picture where our re-
porter proteins form on average 0.3 contacts with their neighbours in the
mammalian cytosol, compared to > 1 in E. coli (Fig. 7). In line with this,
one specific contributing factor can be assigned to diffuse transient in-
teractions with ribosomes: recently proposed to be an important player in
reduction of translational diffusion (Schavemaker et al., 2017). Inter-
estingly, the ribosome concentration in E. coli is sometimes up-regulated
to very high numbers, corresponding to 20% of the dry weight, compared
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to approximately 1% in human cells (Bremer and Dennis, 2008; Duncan
and Hershey, 1983). This constitutes a minor but not negligible portion
of the total interaction surface area. Transient interactions with the
highly negative ribosomes (Knight et al., 2013) would be more pro-
nounced in E. coli, and as such contribute to the stronger retardation in
E. coli. This raises the question how far this mean-field representation of
the protein–protein interactions will take us in terms of understanding
the intracellular milieu in large. One example where this picture proves
useful is in accounting for the in-vivo protein destabilization. Compared
to dilute buffer conditions, the ALS-associated SOD1barrel conspicuously
loses structural stability in mammalian cells. This structural destabiliza-
tion is even further pronounced in E. coli. In essence, the unfolding
temperature (Tm) is lowered in mammalian cells, while in E. coli it is in
fact similar to that in buffer, despite its maximum stability showing a
progressive decrease (Fig. 1). The comparison between mammalian and
E. coli cells thus challenges the common belief that stability and Tm
correlate and can be used interchangeably (Danielsson et al., 2015).
Following the work by Ebbinghaus and co-workers (Senske et al., 2014),
the contributions from transient interactions and excluded-volume ef-
fects when comparing different types of cells can be deconvoluted from
the thermodynamic parameters of the protein-stability change itself.
First, the comparison of thermodynamic stability of SOD1barrel in the
A2780 cytosol as opposed to in-vitro buffer shows a decrease in Tm while
ΔΔH is slightly negative (Danielsson et al., 2015) (Fig. 7). This is the
signature of destabilisation due to preferential binding of solute com-
ponents to the unfolded state, i.e. the folding equilibrium is shifted to-
wards the unfolded state through mass action (Danielsson et al., 2015)
(Fig. 7). In contrast, the Tm of SOD1barrel increases in E. coli accompanied
by a decrease in ΔH when compared to data from A2780 (Fig. 7). This
behaviour signals the involvement of two opposing terms, i.e. destabili-
sation from increased preferential binding to the unfolded state com-
bined with stabilisation from increased excluded-volume effects.

Although the relative impact of binding and steric exclusion remains
uncertain, a consistentmechanistic picture canbe obtained from themean-
field results in Fig. 7. The indistinguishable contribution from steric
exclusion when comparing dilute buffer conditions to the mammalian
cytosolwith a protein level of 60mg/ml, indicates that transient binding at
this point dominates the structural destabilisation (Senske et al., 2014;
Danielsson et al., 2015). Upon increasing the protein concentration further
to 350 mg/ml in E. coli, however, the stabilising contribution from steric
crowding starts to become apparent, but remains superseded by the
opposing term from increased transient binding. Accordingly, the
observed cell-to-cell destabilisation does not need to be explained by
different surface properties of the mammalian and E. coli proteomes, but
are equally consistent with a situation where the cellular difference lays in
a six-fold increase in protein concentration alone (Fig. 7).

4.3. Evolutionary implications of low cytosolic crowding

Here, the bacterial TTHApwt stands out as being the most freely
tumbling protein in both mammalian and E. coli cells, possibly reflecting
its natural adaptation to the densely crowded bacterial interior. Never-
theless, small changes of the protein's surface properties promote sig-
nificant changes in diffusibility (Mu et al., 2017; Majumder et al., 2015;
Barbieri et al., 2015) (Fig. 6) and these changes manifest themselves most
strongly in the bacterial cells. In other words, mutation of even a single
surface group has pronounced impact on the intracellular interactions.
Considering that many proteins are indeed found to evolve at the border
of functional interactions and deleterious mis-interactions (Sikosek and
Chan, 2014), such mutational sensitivity is clearly double edged. On the
one hand, a random mutation can instantly promote beneficial new in-
teractions; on the other hand, it can instantly compromise vital function.
It is easy to envisage that this high-stake situation is advantageous for
rapidly dividing and nutrient-limited bacteria, where the increased
fitness of one cell typically out-weighs the loss of multiple others. For
multicellular eukaryotes, however, the situation is quite different. The
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multicellular complexity and sexual reproduction of higher organisms
require higher functional stability and cannot handle mutational draw-
backs by cell sacrifice as freely as a bacterial colony. This raises the
question to what extent does the eukaryote compartmentalisation pro-
mote such stability? Is it by simply mitigating the negative impact of
random surface mutations? As indicated by our data, the separation of
biomolecular processes and decreased cytosolic crowding does indeed
render the system less sensitive to protein-surface perturbations. A cor-
ollary of this situation is that the mammalian cytosol allows for a larger
chemical playground for the evolution of more complex surface func-
tions. The decreased encounter frequencies from lower crowding not
only bias the cytosol to specific interactions, but also promote a broader
span of selectivity by moving the system further away from the glass
transition, i.e. the point where the highly concentrated E. coli proteome
undergoes a transition from a well-dispersed soluble state to a semi-solid
unspecific collapsed state, rendering the bacterial cytosol rigid in terms
of diffusion (Parry et al., 2014).

Although such optimisation at the same time loses the bacterial
advantage of rapidly gaining new interactions, this may be an acceptable
price to pay for increased evolutionary stability and more complex
functional networks. Whatever the answer to these questions turns out to
be, the present study shows that the diffusive quinary interactions in
mammalian and E. coli cells are clearly distinct, and underlines that
mechanistic and functional inferences between eukaryote and bacterial
systems need to be done cautiously and with the different intracellular
conditions in mind.
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