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Macromolecular Crowding Tunes Protein Stability by
Manipulating Solvent Accessibility

Birgit Kohn™ ' and Michael Kovermann*® "

In all intracellular processes, protein structure and dynamics
are subject to the influence of macromolecular crowding (MC).
Here, the impact of MC agents of different types and sizes on
the model protein Bacillus subtilis Cold shock protein B
(BsCspB) during both thermal and chemical denaturation have
been comprehensively investigated. We consistently reveal a
distinct stabilization of BsCspB in a manner dependent on the
MC concentration but not on viscosity, polarity, or size of the
MC agent used. This general stabilization has been decoded
by use of NMR spectroscopy, through monitoring of chemical
shift (CS) perturbations and the intramolecular hydrogen-bond-
ing networks, as well as local protection of amide protons
against exchange with solvent protons. Whereas CSs and
hydrogen-bonding networks are not systematically affected in
the presence of MC, we detected a pronounced reduction in
exchange in loop regions of BsCspB. We conclude that this re-
duced accessibility of solvent protons is a key parameter for
the increases in protein stability seen under MC.

In all living organisms, protein folding and function takes place
in highly crowded environments, containing up to 400 gL™' of
macromolecules in solution."” In harsh contrast, most if not all
biochemical studies on proteins are conducted in the presence
merely of a buffering agent and a few ligands or reactants,
thus resulting in a strongly diluted environment. Inherently,
these conditions do not mirror the intracellular milieu because
the structural, dynamic, and functional properties of proteins
are highly dependent on minute changes in conformation and
stability. Moreover, the limited access to specific sites of inter-
action can easily be perturbed by slight changes in the chemi-
cal environment. Consequently, biological mechanisms and
conformational ensembles that might be encountered in vivo
are therefore obviously different from in vitro scenarios.”? A
comprehensive understanding of all processes taking place in
vivo is essential not only from a biochemical point of view but
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even more so from medical perspectives, in view of, for exam-
ple, the formation of protein aggregates and amyloid struc-
tures causing diseases such as amyotrophic lateral sclerosis
(ALS), Alzheimer’s and Parkinson’s disease, or diabetes type 2.

The key to an in-depth understanding of proteostasis is to
decode the cellular interior, which is, first of all, a highly crowd-
ed place. Recent developments in the field of MC have moved
from the viewpoint of a purely entropic excluded volume (EV)
effect to a complex interplay of enthalpic “soft” or “chemical
interactions” that either contribute to or mitigate the EV
effect.”’ Further, the role of charge-charge interactions™ and
protein surfaces has been particularly debated in view of “in-
cell” experiments®™ and simulation studies® that have trans-
formed perspectives on cells as “bags full of proteins” to cellu-
lar “protein droplets”.”? However, in spite of the advances in
the field of macromolecular crowding (MC) since 1981, there
is to this day no bottom-up concept that allows the direct
translation of in vitro data relating to protein structure, dynam-
ics, and function to in vivo scenarios, as Minton, who coined
the term “macromolecular crowding” over 30 years ago, just
recently pointed out.”

Direct in vivo experiments at the resolutions required for the
comprehensive study of protein ensembles are seldom possi-
ble, and individual contributions of molecular effects cannot
be discriminated, so we present here a systematic bottom-up
approach based on orthogonal experiments mimicking the
crowded intracellular milieu. We decided to use the polymeric
crowding agents dextran as well as poly(ethylene glycol) (PEG)
of various sizes in order to focus on the influence both of size
and of polarity of MC. With regard to hydrophobic side effects
of PEG as an inert crowding agent, our model protein—unlike,
for example, cytochrome c'®—is not prone to specific interac-
tions between PEG and hydrophobic surface patches (see
below). Similarly, PEG is capable of increasing the stability of
RNase A but seems not to interact directly with this protein."®’
By using synthetic polymers, both steric and electrostatic
effects can be observed, whereas further specific interactions
that arise when using protein crowders are excluded and the
experimental results can be unambiguously assigned to the
MC properties that make up the focus of our study. This sys-
tematic experimental bottom-up approach is of increased
importance due to the fact that numerous contributions in the
field of MC are biased by, firstly, the use only of a single type
of a crowding agent, secondly, by using a single experimental
technique that does not permit comparison with results of al-
ternative methods and, thirdly, by a focus on highly complex
systems. 2™

Our study provides a systematic approach applied to the
Bacillus subtilis Cold shock protein B (BsCspB),"?**" which is a
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prominent example of a two-state system from the point of
view of the folding to unfolding transition."*? We have com-
prehensively investigated and analyzed the impact of MC as in-
duced by crowding agents of different types and sizes present
in a broad range of concentrations, with monitoring through a
variety of techniques. This has enabled us, in a convergent
manner, to understand the thermodynamic origin of the MC
effect generally.

Starting with chemical denaturation through the presence
of urea, we found a strong stabilization of the native state of
BsCspB upon addition of PEG8 as monitored by fluorescence
spectroscopy (Figure 1A, Table S1 in the Supporting Informa-
tion). At 20% (w/v) PEG8 in solution, the stabilization of
BsCspB is so remarkable that the fully denatured state cannot
be reached in the range of solubility of urea and PEGS8 (Fig-
ure S1). Interestingly, the addition of PEG1 stabilized BsCspB to
the same extent as did PEG8, which is an MC agent of similar
molecular weight to the model protein used (Figure 1B,
Table S1). This increase in stability equals the effect of PEGS,
thus showing that stabilization of BsCspB is independent of
the given viscosity, which differs by a factor of five on compari-
son of PEG1 with PEG8 for 20% (w/v) (Table S2).

Next, we used guanidinium chloride (GdmCl), a stronger and
more polar denaturant, to unfold BsCspB chemically. Both with
PEG8 and with PEG1 we found stabilization of BsCspB to the
same extent as seen with urea (Figure 1C, D, Table S1). Surpris-
ingly, on comparing PEG with the polar MC agent Dex20, we
came to a straightforward result: the increase in the transition
midpoint (cy) is of the same extent on comparing 10% (w/v)
PEG8 with 10% (w/v) Dex20 in the cases both of urea- and of
GdmCl-induced denaturing (Figure 1E, F, Table S1).

So far we can summarize that the stabilizing effect of MC
agents on chemical unfolding of BsCspB is only dependent on
the volume fraction of the crowder in solution and neither on
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the size or the polarity of the crowding agent, nor on the
charge of the denaturant, nor on the viscosity of the buffer.
Mechanistically, this can be interpreted as a pure excluded
volume effect, because the volume occupied by the crowding
agent is the only shared factor that governs the increase in
stability towards chemical unfolding. In other words, BsCspB
acts as an ideal system in which both the less polar PEG and
the polar Dex macromolecules can equally be considered inert
crowding agents.

In a next step, thermal denaturation of BsCspB in the pres-
ence of MC was applied to evaluate whether the stabilization
seen so far is only dependent on chemical unfolding or if it
can be thermodynamically generalized by confirmation in an
experimentally different setup. It should be noted that, in con-
trast with chemical unfolding, the analysis of thermal unfolding
by use only of a single parameter is not possible. The change
in thermodynamic stability is reflected neither solely in the
temperature midpoint (T,,,), nor exclusively in the change in en-
thalpy (AH), nor uniquely in the difference in the heat capacity
(AC,), but might result from changes in any one, two, or all of
these three parameters (see discussion in the Supporting Infor-
mation). Thermal unfolding transitions for BsCspB as monitored
by circular dichroism (CD) spectroscopy in the absence and in
the presence of 10, 20, and 30% (w/v) PEG8 (Figure 2A,
Table S3) or Dex20 (Figure 2B, Table S3) show a pronounced in-
crease in T, in the case of Dex20 but only an extenuated one
in that of PEG8. In contrast, AH shows a strong increase with
rising PEG8 concentration whereas increasing Dex20 concen-
tration does not affect AH significantly (Figure 2C, Table S3).
These divergent effects of MC agents seen for the thermal
denaturation of BsCspB have also been noted previously in the
cases of, for example, ubiquitin'* and lysozyme.["¥

We additionally monitored the thermal denaturation of par-
tially denatured samples of BsCspB by using 1, 2, or 3m urea in
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Figure 1. Chemical unfolding of BsCspB, as monitored by fluorescence spectroscopy, induced by increasing amounts of A), B), E) urea, or C), D), F) GdmCl and
in the presence of varying concentrations of the MC agents A), C) PEG8, B), D) PEG1, or E), F) Dex20. Experimental data are shown as symbols whereas global
data fitting to a two-state folding model are represented by straight lines. Fitting values for the overall stability (AG) and the cooperativity of folding (m) are

given in Table S1.
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Figure 2. Thermally induced unfolding of BsCspB as monitored by CD spectroscopy in the presence of dilute (@), 10 (), 20 (m), or 30% (w/v) () A) PEGS, or
B) Dex20. Experimental data are shown as symbols whereas data fitting to a two-state folding model are represented by straight lines. Fitting values for the
change in enthalpy (AH) and the midpoint of the transition (T,) are given in Table S3. C) The values of AH and T,, depend on the amount of urea added to
BsCspB present at dilute, 20% (w/v) PEG8, or 20% (w/v) Dex20 conditions (Figure S2 and Table S3). The inset refers to the fitted data obtained in (A) (m) and
(B) (+). D) The overall stability of BsCspB as determined by fluorescence (lines) agrees very well with data obtained by using circular dichroism spectroscopy

(symbols).

combination with 0 or 20% (w/v) PEG8 or 20% (w/v) Dex20,
thus being able to contrast the changes in free energy (AG) as
observed for chemically induced unfolding with those in the
thermally induced case (Figures 2C, D and S2, Table S3). Re-
markably, this analysis illuminates a general stabilization effect
of BsCspB due to addition of MC agents regardless of chemical
or thermal unfolding or rather of the technique employed. So
far we can conclude that, regardless of the size and polarity of
the MC agent added to the solution, solely the weight volume
fraction determines the increase in AG value of BsCspB (Fig-
ure 2D).

What molecular mechanism causes this stabilization? We
turned to high-resolution NMR spectroscopy to unravel poten-
tial local sites in BsCspB causing the overall stabilization seen
by both fluorescence and CD spectroscopy. Firstly, thermal de-
naturation of BsCspB (Figure S3A) as probed by one-dimen-
sional proton NMR spectroscopy in the presence of various
amounts of PEG1 or PEG35 yielded results similar to those
seen with PEG8 (Figure S3B-D, Table S4), thus confirming the
analysis performed with CD spectroscopy. This agreement was
further verified by using Dex20 as MC agent for thermal dena-
turation of BsCspB (Figure S3E, Table S4). Moving on, the step-
wise addition of PEG1, PEGS, PEG35, or Dex20 to "°N-labeled
BsCspB (Figure S4A) induced moderate chemical shift pertur-
bations (CSPs) in two-dimensional 'H,"”°N HSQC spectra (Fig-
ure S4B-E). It is notable that neither the amplitudes nor the se-
quence-dependent courses of these changes match when PEG
is compared with Dex20 (Figure S4F-I). Moreover, comparison
between residues experiencing CSPs significant larger than the
mean as induced by PEG8 or Dex20 does not provide a general
pattern even if the inherent properties of single amino acid
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residues are taken into account (Figure S4J-M). We conclude
that the structural characteristics of native BsCspB are highly
conserved even when PEG or Dex20 is present.

What contributions, then, lead to the gain in stability seen
for the native state of BsCspB if MC is present? We examined
the hydrogen-bonding > network by assessment of tempera-
ture coefficients (TCs)," finding a small number of subtle
changes in the general pattern of the network (Figure S5A-D).
Note that the local hydrogen-bonding network present in
BsCspB is nicely reproduced by using this method (Figure S5E,
F). Again, however, detailed analysis of the TCs' dependence
on amounts of MC agent added also does not give a general
explanation for the monotonic increase in AG as presented in
Figures 1 and 2D.

Additionally, we determined the exchange of the amide pro-
tons (NHs) with solvent water protons by NMR spectroscopy
with use of a modified Mexico!"® sequence to characterize the
dynamic features of the NHs contained in BsCspB on a milli-
second timescale (Figure S6 A-F). On comparing the exchange
rate constants (k,,) in dilute solution with those in crowded so-
lution we observed three effects (Figure 3A-C). Firstly, an in-
creasing concentration of MC agents equalizes the mean of all
ke values observed in the following manner: k%“*¢=(3.2+
85)s", Kk =(25+48)s", kP¥N™W_(18+4.1)s", and
KDo20-24w — (15 £ 2.4) s, Secondly, a decrease in the mean of
ke values in the presence of increasing concentrations of MC
agents is seen. Thirdly, a pronounced decrease in k., values of
residues present in less protected loop regions and a parallel
soft increase in k., values of residues present in 3-sheet posi-
tions, which were well protected in dilute conditions (Fig-
ure 3 A), is apparent. This holds for Dex20 more than for PEGS,

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) The accessibility of the amide protons in BsCspB depends on
the amounts of MC agent added. The exchange rate constants (k,,) were de-
termined in the absence (@) and in the presence of 15% (w/v) PEGS8 (e),
12% (w/v) Dex20 (@), or 24% (w/v) Dex20 (e@) by use of a modified Mexico
sequence (cf. Figure S6). Residues comprising $-sheets are indicated by use
of a background colored in light gray. B), C) BsCspB (PDB ID: 1TNMG) has
been colored according to decreases (blue) or increases (orange) in ex-
change rate constants upon addition of 12% (w/v) Dex20, relative to dilute
conditions. Dark blue: Ak, < —0.1s™". Light blue: —0.1 < Ak, <0s . Light
orange: 0< Ak, <0.1s™". Dark orange: Ak, >0.1s"". Gray: n.a.

independently of the increase in viscosity (Table S2) but in-
creasing with volume percentage of crowder in solution.

Two key conclusions can be derived from this. First of all,
crowder polarity might play a crucial role in defining the pro-
tection effect against exchange of NHs with solvent protons.
Thus, the more polar crowder Dex induced stronger protection
than the less polar PEGS8, which points to the important differ-
ence in electrostatic interactions offered by these two different
MC agents. This correlates well with the difference between
PEG and Dex20 seen in thermal (Figures2, S2, and S3, Ta-
bles S3 and S4) but not in chemical unfolding (Figure 1,
Table S1). Most likely, in chemical unfolding this difference in
electrostatics between the polyether PEG and the polyalcohol
Dex is covered by the presence of the strongly polar co-solute
urea and even more so by increasing ionic strength in the
presence of GdmCL.!"”

Secondly, the increase in protection as observed increases
monotonously with crowder concentration. Because very
mobile NHs are readily prone to exchange with water protons,
due to the absence of a hydrogen bond (Figure S6G, H), the
increased protection of those flexible and highly mobile re-
gions points to a decrease in mobility. In other words, more
rigid loop regions contribute to increased thermodynamic sta-
bility of the native state of BsCspB if MC is present. This in-
crease in loop rigidity contributing to the native state stability
is more pronounced in the case of Dex than in that of PEG,
presumably due to electrostatic interactions. Notably, both MC
agents are able to induce qualitatively a similar trend towards
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stabilization. The B-sheet regions of BsCspB show only small
changes in exchange rate constants of NHs upon addition of
MC agents.

In this study we have applied a systematic approach to un-
derstand the impact of MC on the stability of a native protein
at atomic resolution in a convergent manner. We have precise-
ly investigated the chemically and thermally induced unfolding
of BsCspB by use of fluorescence, CD, and NMR spectroscopic
experiments under a multiplicity of different MC conditions. A
comprehensive thermodynamic analysis of the acquired data
has allowed us to come to a systematic conclusion on the MC
effect on BsCspB: we find it to depend solely on the weight
per volume fraction added, and not on the type of macromole-
cule used to mimic MC nor on its size. We can thus show that
the thermodynamic stability of BsCspB can be specifically
adjusted through addition of a macromolecular compound,
regardless of its properties, merely and simply through the
macromolecular presence at concentrations similar to those in
vivo. High-resolution NMR spectroscopy has illuminated the
fact that MC agents significantly reduce the exchange of
mobile NHs that are not involved in hydrogen bonding with
solvent protons—again, independently of the type of MC
agent but in a manner dependent on the weight per volume
fraction added. We conclude that this increase in rigidity acts
as a driving force for the thermodynamic stabilization of
BsCspB if MC is present. This stabilization arises from a modi-
fied accessibility of NHs to the solvent, thus resulting in a dif-
ferent microenvironment in that presence of MC from that in
the dilute scenario. We speculate that this change in solvent
accessibility unraveled here in the case of BsCspB holds as a
general explanation for the MC effect affecting the thermody-
namic stability of proteins.
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