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The high density of macromolecules affecting proteins due to volume exclusion has been
discussed in theory but numerous in vivo experiments cannot be sufﬁciently understood
taking only pure entropic stabilization into account. Here, we show that the thermodynamic
stability of a beta barrel protein increases equally at all atomic levels comparing crowded
environments with dilute conditions by applying multidimensional high-resolution NMR
spectroscopy in a systematic manner. Different crowding agents evoke a pure stabilization
cooperatively and do not disturb the surface or integrity of the protein fold. The here
developed methodology provides a solid base that can be easily expanded to incorporate e.g.
binding partners to recognize functional consequences of crowded conditions. Our results are
relevant to research projects targeting soluble proteins in vivo as it can be anticipated that
their thermodynamic stability increase comparably and has consequently to be taken into
account to coherently understand intracellular processes.
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ll essential processes of life occur within the cellular
environment and are therein crowded by high concentrations of macromolecules, such as proteins and
nucleic acids. For the cellular lumen of E. coli, a volume fraction
of 20–40% of macromolecules has been reported thus contributing to an overall concentration of up to 400 g/L of macromolecules which are present in a living cell1,2. Consequently, this
dense environment has to be considered in the study of protein
stability, dynamics, and function since the wealth of various
macromolecules affects local concentrations of proteins and
reactants3,4, potentially hinders molecular diffusion5,6 and has
multiple, highly complex effects on molecular interactions in the
cytosol7–9. In this respect, it has indeed been shown that
experimental results that are exclusively based on in vitro
investigations of proteins, which have been isolated from their
cellular environment are possibly misleading in conclusions
drawn about their inherent stability, and conformational
dynamics that are relevant for performing intracellular interactions. Thus it has been reported that macromolecular
crowding (MC) has pronounced effects in numerous cases as it
was found e.g. for FlgM, an intrinsically disordered protein, that
it gains a distinct structure upon crowding10 or for the enzyme
Pin1, that it is able to form unexpected complexes in a crowded
environment11. Further, protein kinetics12 and dynamics13,14,
enzymatic reaction rate constants15, ribonucleic acid folding
stability16, ribozyme activity17, and the cytoskeletal properties
itself18 were shown to be altered under MC. Moreover, the
association of proteins is inﬂuenced by MC differing strongly
from in vitro results in respect to aggregation19 and amyloid
ﬁbril formation20,21. Regarding protein folding and stability it
was found that MC leads to a narrower folding funnel concerning the native state22, to a change in solvent accessibility23
or to a compaction of intrinsically disordered proteins24 or an
unfolded protein ensemble25.
Despite those advances, a consistent universal model of the
general inﬂuence of MC on the thermodynamic stability and
conformational space proteins naturally occupy is missing. To ﬁll
this gap the ﬁeld of MC advances top-down approaches. Here,
protein signals are recorded in whole cells or in cellular lysates
before degradation of reporter proteins takes place due to the
cellular proteostasis machinery that is inherently present in vivo.
Those measurements yield indeed fundamental results26,27 but
are limited in spatial resolution and are not easily reproducible
since the composition of cells, and their cellular extract is highly
diverse and strongly depends on individual culturing conditions.
Therefore, we have chosen here a bottom-up approach to
investigate effects of MC on protein stability using precisely
deﬁned conditions. This setup presents no restrictions concerning
experimental time due to the prevention of potential degradation
of the sample under investigation. One can achieve the highest
spectral resolution possible in order to monitor effects of MC at a
residue and even an atomistic level on the protein under study.
Here, we present an analysis of the thermodynamic stability of the
cold shock protein B from Bacillus subtilis, BsCspB, at atomic
resolution by probing almost all 15N and 13C bound protons.
BsCspB as a prominent model protein representing two-state
folding (Fig. 1) has been chosen here as it has been structurally
well characterized by using X-ray crystallography and highresolution NMR spectroscopy before28,29, and its thermodynamic
stability has been thoroughly investigated under dilute conditions
applying multiple experimental techniques30–33. Here, the
experimentally obtained data have been monitored by conducting
chemically induced unfolding of BsCspB in absence and presence
of MC applying high-resolution heteronuclear multidimensional
NMR spectroscopy. We have acquired both two-dimensional
heteronuclear 1H-15N as well as 1H-13C HSQC spectra of
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Fig. 1 Probing folding-to-unfolding equilibrium of BsCspB at different
conditions. The application of dilute conditions is shown in a whereas the
presence of macromolecular crowding agents is highlighted in b by using
ellipsoids colored in gray. The PDB ID 1NMG has been used to illustrate the
protein backbone of BsCspB representing the native state (right). One
structure indicating the unfolded protein ensemble of BsCspB has been
modeled (left).

BsCspB, respectively, varying in the concentration of urea ranging
between curea = 0 M and curea = 6.3 M. The globular sugar polymer dextran having 20 kDa (Dex20) and the smaller, less polar
polyethylene glycol of 1 kDa molecular weight (PEG1) have been
used as crowding agents. This strategic choice is based on a recent
ﬁnding obtained by applying a combination of ﬂuorescence,
circular dichroism and NMR spectroscopy showing that PEG and
Dex20 molecules have a pronounced effect on the overall thermodynamic stability of BsCspB23. It could be shown that the
presence of equally concentrated solutions containing PEG1,
PEG8, PEG35, or Dex20 molecules impacts the overall thermodynamic stability of BsCspB quantitatively in the same manner
regardless of differences in molecular weight and polarity.
Selecting PEG1 and Dex20 as done here enables to perform
highly-resolved NMR spectroscopic experiments on a protein,
which is signiﬁcantly larger than the used crowding molecules
regarding PEG1 on the one hand or smaller regarding Dex20 on
the other hand.
Beyond that the present study aims to expand the current
knowledge regarding the impact the crowded environment possesses on protein thermodynamic stability by mapping NMR
derived data at single residue resolution to resonances originating
from the main chain, and even from side chain methylene and
methyl groups. This procedure enables to obtain a profound
understanding of crowding effects on a protein at an atomic level.
Results
Unfolding of BsCspB under dilute conditions and in crowded
environments monitoring 1H signals collectively. First,
unfolding of BsCspB induced by an increasing concentration of
urea has been monitored by applying one-dimensional 1H NMR
spectroscopy (Supplementary Figs. 1a and 2). Under dilute conditions the midpoint of this transition, CM, has been determined
to CM = 2.7 M urea (Fig. 2a, b) using aliphatic protons comprising BsCspB. This is in accordance to the result obtained by
ﬂuorescence spectroscopy, where a transition midpoint of CM =
2.5 M urea was found23. As expected, addition of c = 120 g/L
PEG1 to the buffer leads to a signiﬁcant increase in thermodynamic stability of BsCspB represented by a shift in CM of about
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Fig. 2 Thermodynamic stability of BsCspB monitored via following folding-to-unfolding transitions induced by urea. a, b Analysis of aliphatic protons
representing the native state, fn, observed by one-dimensional 1H NMR spectroscopy in absence of MC (colored in gray), in presence of c = 120 g/L PEG1
(colored in blue, a), and c = 120 g/L Dex20 (colored in red, b). c, d Difference in the transition midpoint, ΔCM, of amide protons observed in twodimensional 1H-15N HSQC NMR spectra comparing dilute conditions with the presence of c = 120 g/L PEG1 (colored in blue, c) or c = 120 g/L Dex20
(colored in red, d). Beta sheet regions according to PDB ID 1NMG are indicated by using a background colored in gray. The average of ΔCM is shown by the
horizontal line (continuous mode) whereas the mean plus or minus one standard deviation of ΔCM is represented by two additional horizontal lines (dotted
mode). The hydropathy score76 concerning BsCspB has been shown on top by using the online tool ProtScale available at the Bioinformatics Resource
Portal ExPASy77.

0.6 M urea resulting in CM = 3.3 M urea (Fig. 2a and Supplementary Table 1). This increase in thermodynamic stability of
BsCspB is repeatedly observed for the addition of c = 120 g/L
Dex20 (Fig. 2b and Supplementary Table 1). Notably, the gain in
thermodynamic stability which has been observed here by using
one-dimensional proton NMR spectroscopy is qualitatively in
line with probing intrinsic ﬂuorescence and circular dichroism
following the unfolding of BsCspB23. Focusing on the change in
free energy by unfolding, ΔG0N$U , we determined ΔG0N$U =
8.4 kJ/mol under dilute conditions, compared to 9.7 kJ/mol in the
presence of 120 g/L Dex20 and 9.8 kJ/mol in the presence of
120 g/L PEG1 (Supplementary Table 1). This difference in the
change of free energy of unfolding, ΔΔG0N$U , of 1.3 kJ/mol for
Dex20 and 1.4 kJ/mol for PEG1, resembles the range of change in
ΔG0N$U that would be anticipated from considerations of the
excluded volume theory, a crowding model that has been intensively discussed in literature since Minton and Wilf coined the
term of macromolecular crowding34. Following a pure excluded
volume model as discussed by Christiansen et al.35, there is an
expected gain in stability, ΔΔGN↔U, of about 3.5 kJ/mol by
addition of 120 g/L Dex20, which is in the range of our results
considering 3.6 kJ/mol for 100 g/L Dex20 measured by ﬂuorescence spectroscopy23, and 1.3 kJ/mol for 120 g/L Dex20 measured
by one-dimensional proton NMR spectroscopy. Comparing different spectroscopic techniques though, the absolute values of
ΔΔG0N$U slightly differ, which is inherent to the methodology as
the applied techniques differ in the structural features they
monitor. Here, we focus on the evaluation of atomically resolved
NMR spectroscopic data monitoring the transition region of

protein unfolding and do not include data extending to a concentration of 0 M urea, where the absolute value of ΔG0N$U can be
precisely estimated. Consequently, we choose the change of the
midpoint of protein unfolding, ΔCM(urea), caused by the addition
of crowding agents for the detailed discussion of our results.
Unfolding of BsCspB under dilute conditions and in crowded
environments monitoring individual HN signals. In a next step,
we have acquired two-dimensional heteronuclear 1H-15N HSQC
NMR spectra of BsCspB dependent on the concentration of urea
in order to signiﬁcantly increase the spectral resolution (Supplementary Fig. 3). In accordance with the analysis done for the
acquisition of one-dimensional 1H NMR data (Fig. 2a, b),
folding-to-unfolding transitions of amide protons comprising
BsCspB at a residue-by-residue level show a shift of CM to a
higher concentration of urea, when comparing crowded with
non-crowded conditions (Supplementary Fig. 4a–c). The analysis
of individual folding-to-unfolding transitions of BsCspB was
performed by using linear extrapolation of experimental data36,37
(see “Methods” section), since the approach for data analysis
introduced by Santoro and Bolen38 is not indicated here as the
baseline for native BsCspB is poorly deﬁned in folding-tounfolding transitions (Supplementary Fig. 4a–c). It has been
shown before that poorly deﬁned baselines potentially falsify the
thermodynamic analysis39. Thus, analyzing the transition region
ranging between curea = 2 M and curea = 4 M for individual amino
acids comprising BsCspB omits efﬁciently the impact of the native
baseline on the overall thermodynamic stability ΔG0N$U and the
folding cooperativity m (Supplementary Fig. 4d–f). In the present
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study, 53 amide proton folding-to-unfolding transitions characterizing BsCspB could be entirely monitored in the absence of
crowding agents yielding a sufﬁcient height of cross-peaks corresponding to nonoverlapping, nonproline residues that have
been unambiguously assigned (Supplementary Fig. 1b). In the
presence of c = 120 g/L PEG1 or Dex20, 48 out of 53 individual
folding-to-unfolding transitions could be monitored. The analysis
of these folding-to-unfolding transitions by linear extrapolation
has been performed for individual residues taking the three data
sets for dilute conditions, c = 120 g/L PEG1 and c = 120 g/L
Dex20 into account sharing the folding cooperativity m as global
residue speciﬁc parameter during the ﬁtting procedure (Supplementary Fig. 4d–f). The sum of all individual folding-tounfolding transitions observed for NH cross-peaks gives rise to
a mean normalized transition for each of the three different
conditions, which have been probed here (Supplementary Fig. 5
and Supplementary Table 1). Data analysis by linear extrapolation
dilute
, and an
results in CM = 1.9 M for dilute conditions, CM
increase by about ΔCM = 0.5 M or ΔCM = 0.6 M urea upon
addition of c = 120 g/L Dex20 or PEG1, respectively (Supplementary Table 1). Again, this increase in thermodynamic stability
of BsCspB by about ΔCM = 0.5 M urea in presence of MC is in
accordance with folding-to-unfolding transitions based on the
analysis of aliphatic protons applying one-dimensional 1H NMR
spectroscopy (Fig. 2a, b). Note that the absolute value of CM
dilute
differs by about 0.7 M urea when comparing CM
of onedilute
1
dimensional H NMR analysis with mean CM
obtained for
native state amide protons derived from the analysis of twodimensional 1H-15N HSQC spectra. This deviation can be
attributed to the fact that in one-dimensional NMR spectra the
change in the unfolded ensemble of BsCspB is accounted for by
integrating signals representing both native state as well as
unfolded protein ensemble, respectively. In contrast, the analysis
of folding-to-unfolding transitions of amide proton signals in
two-dimensional HSQC NMR spectra focusses on the loss of the
population of the native state only omitting information about
the unfolded protein ensemble. In this respect, a shift of CM to
higher values can be seen when analyzing the increase in the
population of the unfolded protein ensemble induced by an
increasing concentration of urea monitored by two-dimensional
1H-15N HSQC spectra (Supplementary Fig. 6). Quantitatively, the
dilute
= 4.2 M monitoring 16 transitions
mean in CM is shifted to CM
that could be unambiguously assigned and analyzed throughout
the course of protein unfolding (Supplementary Fig. 1c). The
mean transition midpoint for the folding-to-unfolding transition
of BsCspB which is calculated by using folded as well as unfolded
amide proton signals separately can be therefore speciﬁed with
dilute
= 2.7 M obtained
about 3.0 M urea, which is comparable to CM
1
for one-dimensional H NMR analysis. Analyzing the unfolded
protein ensemble directly, there is also a stabilization effect due to
the presence of MC agents evident. This thermodynamic stabilization can be determined to about ΔCM = 0.2 M and ΔCM = 0.7
M for c = 120 g/L PEG1 or Dex20, respectively (Supplementary
Fig. 6e, f and Supplementary Table 1). The difference in stabilization induced by the two different MC agents as seen here is not
reﬂected in the analysis of the native state amide proton foldingto-unfolding transitions. Moreover, the standard deviations of the
mean transition midpoints derived from the unfolded protein
ensemble reach an overlapping range. Therefore, we must conclude that this deviation seen in the unfolded ensemble is not a
difference in the extent of stabilization of the native state exerted
by the two MC agents, but rather reﬂects a limit of accuracy in the
determination of the stabilization by evaluation of the amide
proton signals of the unfolded ensemble. Similar observations
have been illuminated by protein folding studies of e.g., the
4

protein barstar in comparing NMR spectroscopic data with
ﬂuorescence detected transitions40,41. Note that an additionally
performed concentration dependent analysis of the folding-tounfolding transition of BsCspB conducted under dilute conditions
does not show a signiﬁcant difference in CM (Supplementary
Fig. 7). In addition, another control has shown that using either
height or volume of cross-peaks for the analysis of individual
folding-to-unfolding transitions leads to similar results in ΔCM
(Supplementary Fig. 8). Therefore, all cross-peaks acquired in
two-dimensional heteronuclear NMR spectra in this study have
been analyzed using peak height enabling a reliable readout of
data even if cross-peaks are in close spectral proximity.
Monitoring folding-to-unfolding transitions based on NH
cross-peaks further facilitates structurally resolved mapping of
the individual thermodynamic stability at a residue-by-residue
level under both dilute and MC conditions. First, mapping of
individual folding-to-unfolding transition midpoints under dilute
conditions to the primary sequence (Supplementary Fig. 9a)
indicates that BsCspB does not possess regions, which are
characterized by a signiﬁcant local increase or decrease in
thermodynamic stability compared to the average conﬁrming a
two-state folding character of this protein. There are only few
residues possessing CMdilute values which do not lie within the
range covered by the mean and one standard deviation. These are
speciﬁcally Asn10, Ile18, Asp25, Phe27, Leu41, and Ala61 that
dilute
> 2.2 M whereas Gly4, Lys5, Ala32, Ile33, Lys39,
possess a CM
dilute
Gln45, Ala46, and Glu50 own CM
< 1.6 M (Supplementary
Table 2). Mapping those residues on the structure of BsCspB
(Supplementary Fig. 10a) underlines that there is no structural
relation present that would connect residues of raised or lowered
stability. Next, addition of MC agents increases the residue
speciﬁc thermodynamic stability equally using either PEG1 or
Dex20 (Fig. 2c, d). Again, only single, structurally separated
residues show a moderate difference to the range of CM which is
spanned by the mean and one standard deviation. Speciﬁcally,
amino acids Gly4, Asn10, Ala32, Ile33, Leu41, and Ala61 mirror
deviations larger than the mean plus one standard deviation in
CM (Supplementary Fig. 10b, c). However, these residues have
been already identiﬁed analyzing CMdilute. The general thermodynamic stabilization by about ΔCM = 0.5 M in the presence of
either c = 120 g/L PEG1 or c = 120 g/L Dex20 is distributed over
the entire primary sequence and is indifferent of surface or core
regions, inherent properties of amino acids or the presence of
secondary structural elements. This observation is in contrast to
studies which have suggested that the effects of MC agents rely on
the exposed surface area of the protein42,43, on a speciﬁc protein
composition such as hydropathy or on the electrostatics of certain
exposed residues44,45 due to direct interactions between MC
agents and the protein under study. The results presented here
underscore—at least for BsCspB—the general character of
thermodynamic stabilization when PEG1 or Dex20 molecules
are present at a concentration of about c = 120 g/L. This increase
in thermodynamic stability is independent of direct binding or
speciﬁc chemical interactions between the MC agent and deﬁned
sites in the protein, which can be seen from the secondary
structure and hydropathy notation presented in Fig. 2c, d. To sum
up, the detailed analysis of amide proton signals does not provide
evidences for the presence of local hot spots responsible for
thermodynamic stabilization of BsCspB and the extent of
stabilization as induced by Dex20 and PEG1 is highly similar.
Unfolding of BsCspB under dilute conditions and in crowded
environments monitoring individual CH, CH2, and CH3 signals. The analysis of folding-to-unfolding transitions of resonance signals comprising BsCspB has been further expanded by
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Fig. 3 Thermodynamic stability of main chain and side chain atoms comprising BsCspB monitored via following folding-to-unfolding transitions
induced by urea. a–f Difference in the transition midpoint, ΔCM, of CH protons (a, b), CH2 protons (c, d), and CH3 protons (e, f) observed in twodimensional 1H-13C HSQC NMR spectra comparing dilute conditions with the presence of c = 120 g/L PEG1 (colored in blue) or c = 120 g/L Dex20
(colored in red). Beta sheet regions according to PDB ID 1NMG are indicated by using a background colored in gray. The mean of ΔCM is shown by the
horizontal line (continuous mode) whereas the mean plus or minus one standard deviation of ΔCM is represented by two additional horizontal lines (dotted
mode). The presence of more than a single CH, CH2 or CH3 group per residue is highlighted by applying dark and bright mode of red or blue color,
respectively. For the assignment of cross-peaks in two-dimensional 1H-13C HSQC NMR spectra see Supplementary Fig. 8.

the acquisition of two-dimensional heteronuclear 1H-13C HSQC
spectra in dependence on the concentration of urea (Supplementary Figs. 11 and 12). All folding-to-unfolding transitions of
cross-peaks representing CH, CH2, and CH3 groups have been
analyzed by linear extrapolation using both dilute and two MC
conditions sharing the folding cooperativity m as global residue
speciﬁc parameter during the ﬁtting procedure (Supplementary
Fig. 13a–f and Supplementary Tables 3–5). First, carbon bound
protons comprising BsCspB show an overall thermodynamic
dilute
= 2.1 M urea which is in accordance with
stability of about CM
dilute
CM
analyzed for cross-peaks representing NH groups (Supplementary Table 1 and Supplementary Fig. 9a, c). Secondly, for
dilute
almost all amino acids, the residue speciﬁc value of CM
determined for CH correlations lies within a range covered by
one standard deviation of the mean. Thus, there are no structural
regions present in BsCspB which possess a thermodynamic stability that is signiﬁcantly increased or decreased (Fig. 3a, b).
Consequently, the two state folding character of BsCspB30
monitored in equilibrium by using high-resolution NMR spectroscopy here is underlined by showing a well-deﬁned midpoint
of the folding-to-unfolding transitions for both individual NH
and individual CH correlations. The few residues of BsCspB
dilute
from the mean
whose methine groups show a deviation in CM

value plus one standard deviation are Lys7, Ile18*, His29, Ile33*,
Leu41*, Ala46, Ile51, Pro58, Val63, and Thr64. This list comprises three residues which have been identiﬁed before analyzing
dilute
using NH cross-peaks and have been labeled by using “*”
CM
here. Thus, the independent and profound analysis of both NH
and CH cross-peaks comprising BsCspB dependent on the concentration of urea observed under dilute conditions does not
dilute
regarding
illuminate a cluster of residues, which deviate in CM
the overall thermodynamic stability. Therefore, we conclude that
dilute
are rather based on the very local
deviations observed in CM
ﬂexibility and environment of nuclei comprising the amino acid
under study.
Next, 1H-13C HSQC spectra of BsCspB in presence of c =
120 g/L PEG1 or Dex20 have been acquired dependent on the
concentration of urea. The addition of PEG1 or Dex20 is capable
to increase the midpoint of folding-to-unfolding transitions of
BsCspB probed by individual CH signals on average to the same
degree as seen for the analysis of NH signals (Supplementary
Fig. 9b, d). Speciﬁcally, the presence of c = 120 g/L PEG1 leads to
an increase in CM of the folding-to-unfolding transition of
BsCspB of about 0.3 M urea whereas the same concentration of
Dex20 increases the transition midpoint by about 0.6 M urea
(Supplementary Table 1). Analyzing the folding-to-unfolding

NATURE COMMUNICATIONS | (2020)11:5760 | https://doi.org/10.1038/s41467-020-19616-w | www.nature.com/naturecommunications

5

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-19616-w

transitions of CH2 groups comprising BsCspB leads quantitatively
to the same result as seen for CH groups, illuminating an increase
in CM of 0.2 M urea in presence of c = 120 g/L PEG1, whereas the
presence of the same amount of Dex20 increases CM by about 0.6
M urea (Fig. 3c, d and Supplementary Table 4). The reliability of
the experimental setup used for the determination of the
thermodynamic stability of a protein at an atomic level outlined
here is corroborated by the fact, that the increase in CM caused by
a crowded environment seen for one proton present in the CH2
group equals the extent of stabilization seen for the second proton
in the same CH2 group. Even though the absolute values might be
divergent, the gain in stability is precisely conserved (Supplementary Table 4). Last but not least, individual folding-tounfolding transitions of CH3 groups comprising BsCspB have
been followed under dilute and MC conditions, respectively. In
this regard, the midpoint CM reporting on the unfolding of
BsCspB increases by about 0.5 M urea when c = 120 g/L PEG1 is
present whereas c = 120 g/L Dex20 causes ΔCM = 0.7 M urea
(Fig. 3e, f and Supplementary Table 5). Note again that an
increase in CM observed for one methyl group comprising
isoleucine, leucine or valine has been mirrored by the second
methyl group present in the same residue (Supplementary
Table 5).
Analyzing potential interaction of urea with crowding agents
and with BsCspB being present in crowded environments.
Further, we have analyzed the change in chemical shifts of NH
cross-peaks present in 1H-15N HSQC NMR spectra to evaluate
potential effects of urea on native BsCspB which is supplemented
with MC agents. Applying dilute conditions, the addition of urea
to BsCspB induces chemical shift perturbations (CSPs) of residues
comprising predominantly the highly exposed loop ranging
between Gly35 and Thr40 (Fig. 4a). The presence of crowding
agents (c = 120 g/L PEG1 or Dex20) does neither qualitatively nor
quantitatively alter the pattern of CSPs seen for BsCspB under
dilute conditions when comparing the absence with the presence
of c = 3 M urea (Fig. 4b, Supplementary Fig. 14). Therefore, we
conclude that the presence of crowding agents does not structurally perturb the folding-to-unfolding transitions of individual
NH cross-peaks comprising BsCspB, which have been induced by
urea. In other words, the chemically induced unfolding in presence of PEG1 or Dex20 processes similar to the unfolding of
BsCspB under dilute conditions. Consequently, it can be reasonably anticipated that also urea-induced folding-to-unfolding
transitions of CH, CH2, and CH3 cross-peaks are not structurally
perturbed when comparing dilute with crowding conditions.
Furthermore, one-dimensional proton NMR spectroscopy has

Following hydrodynamic dimensions of BsCspB upon
unfolding. Finally, the experimental data set reporting on the
folding-to-unfolding reaction of BsCspB in absence and presence
of crowding agents has been complemented by applying diffusion
NMR methodology. The determination of the diffusion coefﬁcient
of BsCspB dependent on the concentration of urea in absence and
presence of c = 120 g/L Dex20 makes it possible to evaluate the
folding-to-unfolding transition in terms of hydrodynamic
dimensions, rH, taking native and unfolded conformations into
account. First, applying dilute conditions cause a transition middilute
= 3.2 M urea taking
point for the unfolding of BsCspB of CM
averaged values of rH into account (Supplementary Fig. 16).
Analyzing the diffusion of BsCspB in presence of c = 120 g/L
Dex20 dependent on the concentration of urea increases CM by
about 0.5 M urea to CM = 3.7 M (Supplementary Fig. 16). This
increase in thermodynamic stability of BsCspB obtained by analyzing the diffusion properties once c = 120 g/L Dex20 is present
reproduces the results independently obtained by applying onedimensional (Fig. 2b and Supplementary Table 1) and twodimensional NMR spectroscopy (Fig. 2d and Supplementary
Table 1). Notably, the hydrodynamic dimensions representing
native and unfolded BsCspB determined here possessing rH,nativ =
15.7 Å and rH,unf = 22.3 Å match very well with theoretically
th
th
¼ 16:1 Å and rH;unf
¼ 24:3 Å for a
expected values of rH;nativ
46
protein of this size .
Discussion
Applying NMR spectroscopy enabled the elucidation of the
folding-to-unfolding transition of BsCspB at highest resolution by
observing cross-peaks belonging to backbone amide (Fig. 5),
backbone carbon as well as side chain aliphatic protons dependent on the concentration of urea (Supplementary Fig. 17).
Thereby, we have shown on all levels a cooperative effect in
thermodynamic stabilization of BsCspB due to adding of PEG1 or
Dex20. We will discuss how this thermodynamic stabilization can
be understood and focus for this reason on excluded volume
theory, potential enthalpic contributions arising from crowding
agents, potential changes in water structure or the hydration shell

b

0.3

0 to 1.1 M Urea
0 to 2.3 M Urea
0 to 3.3 M Urea

0.2

CSP/p.p.m.

CSP/p.p.m.

a

been applied to monitor the potential impact of urea on crowding
agents used in this study. Neither perturbations in chemical shifts
nor modiﬁcations in line shape of resonance signals comprising
PEG1 and Dex20 could be observed comparing curea = 0 M with
curea = 6 M (Supplementary Fig. 15). This result indicates an
inertness of PEG1 and Dex20 regarding urea even if present at a
high concentration.

0.1

0.3

0.2

0 to 2.97 M Urea, dilute
0 to 2.94 M Urea, Dex20
0 to 3.08 M Urea, PEG1

0.1

0.0

0.0
0

20

40
Sequence

60

0

20

40
Sequence

60

Fig. 4 Chemical shift perturbations (CSPs) of NH cross-peaks comprising BsCspB observed in two-dimensional 1H-15N HSQC NMR spectra induced by
the presence of urea. a Changes in chemical shifts of 1H-15N cross-peaks comprising the native state of BsCspB in presence of c = 1.1 M urea (light gray),
c = 2.25 M urea (dark gray), and c = 3.26 M urea (black) compared to the absence of urea applying dilute conditions. b Changes in chemical shifts of 1H15N cross-peaks comprising the native state of BsCspB comparing c = 2.97 M with c = 0 M urea applying dilute conditions (colored in black), c = 2.94 M
with c = 0 M urea using c = 120 g/L Dex20 (colored in red) and c = 3.08 M with c = 0 M urea using c = 120 g/L PEG1 (colored in blue). Beta sheet
regions according to PDB ID 1NMG are indicated using a background colored in gray.
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Dex20

PEG1

CM/M
0.2 ... 0.3
0.4 ... 0.6
0.7 ... 0.9

Fig. 5 Increase of thermodynamic stability of BsCspB due to the presence of c = 120 g/L MC. The increase in the transition midpoint, ΔCM, obtained for
amide protons is mapped onto the three-dimensional structure of BsCspB (PDB ID: 1NMG) applying Dex20 (left) or PEG1 (right). The following color code
has been used: 0.2 M ≤ ΔCM ≤ 0.3 M in light orange, 0.4 M ≤ ΔCM ≤ 0.6 M in orange and 0.7 M ≤ ΔCM ≤ 0.9 M in bright orange whereas residues colored
in gray report on lack of experimental data. Numerical values for ΔCM obtained under these experimental conditions can be found in Fig. 2c, d and
Supplementary Table 2.

as well as potential effects due to the combination of different
cosolutes.
Starting with Dex20, which can be modeled as a hard rod
cosolute47, the thermodynamic stabilization of BsCspB can be
qualitatively understood by the excluded volume effect47,48.
Dex20 acting as an inert macromolecule reduces the space
available for BsCspB in solution due to mutual exclusion and
consequently BsCspB favors the compact, native state compared
to the extended unfolded ensemble3. Note that this purely
entropic origin of the MC effect can be potentially accompanied
by additional enthalpic contributions due to chemical interactions. Thus, it has been discussed that enthalpic contributions
may add on to or counteract the entropic stabilization of the
native state27,47,49,50. Focusing on PEG, the effects which have
been reported for this cosolvent are highly diverse. Thus it has
been shown that PEG can act as a denaturant51 leading to thermal
destabilization52 whereas cosolute exclusion leads to purely
entropic stabilization of protein complexes53,54. Moreover, early
as well as recently performed experimental studies have reported
both stabilizing and destabilizing effects of PEG, respectively52,55.
Shortly speaking, PEG has shown so far to exert a stabilizing
effect due to steric repulsion that could in some cases be
diminished or overridden by speciﬁc or unspeciﬁc hydrophobic
interactions with protein side chains supposedly depending on
the properties of the protein under investigation3,42,56. There
have been attempts to classify proteins by their hydrophobicity or
primary sequence in order to predict negative or positive
enthalpic contributions based on chemical interactions with the
protein43,57. Quantitatively, the steric repulsion or excluded
volume effect of PEG can be modeled in the same way as for
Dex20 since PEG conformations in solution have been described
as low density random coils20 that can be sufﬁciently modeled as
hard particles58.
Secondly, our results may indicate that in the context of MC
and cosolute properties protein stabilization caused by a crowded
environment might take place indirectly by changes in the water
structure namely in the hydrogen bonding network of the
solution59,60. Consequently, a perturbation of the pure water
hydrogen bonding network might favor or disfavor the hydration
of either the native or the unfolded protein species, if the thermodynamic stabilization of the protein under study gets inﬂuenced by changes in the water structure. In the present study, it is

unlikely that the addition of PEG signiﬁcantly changes the
hydrogen bonding network composed of water and urea as PEG
does not comprise a wealth of hydroxy groups being able to
interact with urea. In the case of dextran though, the amino
groups comprising urea may accept protons not only from water
but also to a signiﬁcant amount from Dex20 molecules which can
be seen in the difference in pH value probing a pure water-urea
solution (pH = 8.4 at curea = 6 M) compared to a water-urea—
Dex20 solution (pH = 7.4 at curea = 6 M and cDex20 = 100 g/L).
This decrease in pH value mirrors the reduced number of
hydroxide ions which are set free once the amino groups comprising urea get protonated. In other words, urea potentially
accepts protons from hydroxy groups in a solution which contains a polyol like Dex20. Thus, Dex20 is possibly involved in
changes of the water structure and may inﬂuence the hydrogen
bonding network. On the contrary, PEG does not perturb the
water structure to this extent as the value of a solution containing
water, urea and PEG1 (pH = 8.1 at curea = 6 M and cPEG1 =
100 g/L) does not signiﬁcantly differ to a solution containing
water and urea only (pH = 8.4 at curea = 6 M). Hence, we conclude that it is not very likely that PEG1 or Dex20 manipulate the
structure of water and the hydration shell which is spanned
around BsCspB, as they inherently possess different effects on
water structure, but inﬂuence the thermodynamic stability of
BsCspB to the same extent. We acknowledge that the extent of
entropic repulsion—thus the size of the excluded volume caused
by the presence of MC—depends on the thickness of the
hydration shell. But for BsCspB being dissolved in Dex20 or
PEG1, the impact on water structure and the hydration shell, if
even present, has a negligible effect on the thermodynamic stability as our results show.
Moving on, it has been shown that destabilizing agents such as
urea and stabilizing cosolutes can interact with each other in a
way that diminishes individual contributions of the cosolutes61.
Does the denaturation strength and the mechanism urea possesses regarding protein unfolding change once MC agents are
present? Mechanistically, urea denatures proteins by changes in
the hydration shell accompanied by a direct contact with the
protein surface62,63. A class of small molecules, so-called “protective osmolytes”, stabilizes proteins against unfolding caused by
urea. In this way, TMAO, inositol, sugars or polyols in
general61,64,65 represent potent protective osmolytes that show
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stabilizing effects which mainly originate from interactions with
the protein backbone66. Is Dex20 possibly capable of interactions,
which are typically seen for small polyols? Even though dextran is
widely accepted as an inert MC agent, it has also been shown that
it is able to interact with proteins and thereby contributes a nonnegligible enthalpic component42. For the model protein BsCspB
studied here, the increase in thermodynamic stability seen for the
protein backbone is the same for both crowding agents used in
our experimental setup. Consequently, the stabilizing effects
caused by the possibly affected hydrogen bonding network are
either identical—which is unlikely as PEG1 and Dex20 differ
signiﬁcantly in polarity—or they are negligible. The present difference in polarity comparing PEG1 with Dex20 cannot be seen in
an interaction with the protein backbone which gets inherently
stabilized by hydrogen bonds. This also underlines that there is no
direct interaction between amide protons and MC agents. One can
assume that such an interaction would be dependent on the
polarity of MC agents and would thus have to differ between
PEG1 and Dex20. But, the folding-to-unfolding transitions which
have been monitored here by applying one-dimensional NMR
spectroscopy as well as by two-dimensional 1H-15N HSQCs report
no differences in the thermodynamic stabilization of BsCspB,
which has been induced by addition of PEG1 or Dex20, two
crowding agents that differ in their hydropathicity. The analysis of
carbon bound protons using two-dimensional 1H-13C HSQC
spectra shows minor differences in the increase of the thermodynamic stability induced by the addition of Dex20 compared to
PEG1, as the residue averaged mean ΔCM is 0.4 M urea for PEG1
but 0.6 M urea for Dex20 (Supplementary Table 1). This may
indicate a potential inﬂuence of the difference in the polarity of
Dex20 and PEG1, but could also result from possible destabilizing
hydrophobic interactions of PEG1. To the best of our knowledge,
any kind of destabilizing interactions having an impact on foldingto-unfolding transitions of CH groups must also be monitored for
the atom, which is next to it which is in this case the amide
proton. Since this destabilizing behavior is not present in 1H-15N
HSQC derived transitions, we conclude that this minor difference
in mean stabilization seen for carbon bound protons comparing
the addition of Dex20 with the addition of PEG1 is negligible.
However, what holds as a reason that an enthalpic contribution (if
existent) for BsCspB can only be of negligible or equal extent for
PEG1 and Dex20 as no hydrophobic interactions can be detected
whereas a couple of different proteins have shown such a contribution67? This feature is potentially based on the low hydrophobicity BsCspB owns and its polyanionic net charge, estimated
as −5.8 at pH 7. Note that it has been shown that the presence of
charged residues increases the repulsive interaction of proteins
with PEG, especially the presence of anionic charges enables to
diminish hydrophobic interactions of proteins with PEG even
more pronounced than cationic charges do57.
Taken all results together, we postulate that the increase in
thermodynamic stability observed for BsCspB here is purely
entropically driven. We propose that the effect of excluded
volume is dominantly responsible for the increase in thermodynamic stability of BsCspB taking crowding agents covering a
range of molecular weight between 1 to 20 kDa and concentrations of about 120 g/L into account. Interestingly, the pronounced
difference in molecular weight of crowding agents used here does
not change the magnitude of the stabilization seen for BsCspB.
This demonstrates that a crowded environment which is composed of molecules possessing a molecular weight of about 1 kDa
only procures an excluded volume effect regarding a protein of
about 7 kDa in molecular weight (further discussion in the Supplementary Information).
Motivated by the lack of highly resolved experimental data
from systematic bottom-up studies that are required to
8

complement the theoretical discussion of MC50, this work contributes essential insights into the excluded volume induced stabilization at highest resolution possible. Probing the impact a
crowded environment has on the thermodynamic stability of
BsCspB at the level of 1H, 15N, and 13C one-dimensional and
two-dimensional NMR spectroscopy enables to illuminate the
dominance of entropic stabilization over enthalpic contributions
at every level of resolution independent of the local site of
detection. This ﬁnding narrows the gap between theoretical
predictions and experimental proofs regarding the estimation of
crowding effects on proteins.
It thereby underlines the high relevance of intracellular
crowding, which affects essentially all cellular processes in vivo,
and contributes to the evolution of a precise understanding of
cellular protein action and interaction. Thus, a boost in following
highly resolved in-cell studies enabling investigations performed
also at atomic resolution can be proposed. Finally, we believe that
due to the systematic experimental setup and comprehensive data
analysis applied here a generalization of the results to proteins
showing folding characteristics which are comparable to BsCspB
is feasible.
Methods
Protein expression and puriﬁcation. Protein expression and puriﬁcation occurred
as described30,68 with minor modiﬁcations. Buffer exchange and sample concentration was carried out using centrifugal ﬁlters (Amicon, Merck). Protein
concentration was determined using an absorbance spectrometer; ε280nm =
5800 M−1 cm−1 30, aliquots were shock frozen and stored at −80 °C. Expression of
15N and 13C labeled BsCspB occurred in M9 minimal medium using 15N ammonium chloride (Cortecnet) and 13C glucose (Cambridge Isotope Laboratories) as
nitrogen and carbon sources.
Sample preparation. Samples were prepared from stock solutions of Urea (ultra
pure, MP), sodium cacodylate (Alfa Aesar) and the following crowding agents:
Dextran T20 (Dex20) of a molecular weight of 20 kDa (Pharmacosmos), polyethylene glycol (PEG) of a molecular weight of 1 kDa (Roth). Dilute conditions
refer to 20 mM sodium cacodylate at pH 7 and T = 298 K.
NMR measurements. 1D 1H NMR spectra, 2D 1H-15N HSQC-TROSY and 2D
HSQC spectra were recorded for a BsCspB solution (95% H2O/5% D2O,
20 mM sodium cacodylate/HCl, pH 7.0, containing either no crowder, 120 g/L
Dex20, or 120 g/L PEG1) on a Bruker 600 MHz spectrometer with a cryogenic
probe head. Folding-to-unfolding transitions of BsCspB have been monitored at
cBsCspB = 1.09 mM (dilute and 120 g/L Dex20 condition), 0.8 mM (120 g/L PEG1
condition), 0.25 mM (diffusion measurement). An additional folding-to-unfolding
transition of BsCspB has been monitored under dilute conditions at cBsCspB =
0.03 mM. Water suppression occurred using presaturation and a Watergate pulse
sequence69. Pseudo 2D diffusion spectra of a 250 µM BsCspB solution (95% H2O/
5% D2O, 20 mM sodium cacodylate/HCl; pH 7.0, with and without 120 g/L Dex20)
were acquired on a Bruker 800 MHz spectrometer operated with a cryogenic probe
head dependent on the applied gradient. Due to high molecular concentration of
buffer molecules in crowded and denatured samples, further signal suppression was
executed via presaturation of buffer speciﬁc frequencies.
1H-13C

Data analysis. 1H NMR transition data for chemical unfolding was evaluated
using integrals of 1D spectra in the aliphatic region, readout occurred with the
software TopSpin (Bruker). Integration of signals typical for the native conformation occurred from 0.59 to 0.14 ppm and for the increase in the unfolded
population, signals from 0.697 to 1.064 ppm were integrated. See ref. 23 for details.
For data regression a thermodynamic two state model was employed as described
by Szyperski et al.70. For chemical unfolding, qualitative analysis of twodimensional 1H-15N HSQC spectra and 1H-13C HSQC spectra occurred via
readout of peak height comprising all NH and all nonoverlapping CH, CH2, and
CH3 cross-peaks. The standard deviation
of ΔCM, ΔΔCM, has been calculated for n
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn i
ðC
ΔCM Þ2
M
i
i¼1
residues according to ΔΔCM ¼
represents the
in which CM
n1
midpoint of residue speciﬁc folding-to-unfolding transition.
For diffusion analysis, pseudo-2D spectra were processed using TopSpin. For
baseline correction and integration Mestrenova 14 (Mestrelab Research) was used.
Qualitative analysis of 2D spectra focused on the change in 1H and 15N chemical
shifts. Both axes were referenced using TMSP and 15NH4Cl reference probes in the
corresponding buffer / crowder concentration. All two-dimensional HSQC spectra
were processed with the software NMR Pipe71, readout of individual peak height
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and chemical shift occurred using the software NMRView72. Perturbations of
chemical shifts, CSPs, reporting on NH cross-peaks as acquired in two-dimensional
1H-15N HSQC NMR spectra were calculated according to Grzesiek et al.73. All
folding-to-unfolding transitions were analyzed using the software Origin. For data
regression of global chemical unfolding (detection of one-dimensional NMR
spectra) the model of Santoro and Bolen was used38. For data regression of
individual chemical unfolding transitions comprising single HN, CH, CH2, and
CH3 transitions, linear extrapolation of the transition region was used37. NMR
diffusion experiments were performed using a pulse sequence comprising a
stimulated echo assisted by bipolar gradients74, G, employing a diffusion time, Δ, of
120 ms and gradient length, δ, of 5 ms along the z-axis. Gradients were calibrated as
described in the ref. 75. Three different gradient strengths have been repeated three
times each to estimate the experimental error. Integrals for proton signals, I, were
determined for BsCspB in the spectral range between 9.55 and 6.50 ppm and used
for calculation of the diffusion coefﬁcient, D:
I ðGÞ ¼ I ð0ÞexpðG2 γ2 δ2 DðΔ  δ=3ÞÞ;

ð1Þ

where γ is the gyromagnetic ratio of protons. Hydrodynamic radii, RH, were
calculated using the respective diffusion coefﬁcients of TMSP in order to account
for the microviscosity of the respective sample. Microviscosities were calculated
according to the Einstein–Stokes equation using TMSP with rH = 3.4 Å contained
in the respective sample. The hydrodynamic radius for TMSP was estimated by
using dioxane with a known rH = 2.12 Å as reported in46.
Linear extrapolation of experimental data. For data regression, heights of crosspeaks were normalized to the highest value found for the respective resonance and
were reported as normalized values. The normalized values were set equal to
fraction native of BsCspB present in solution and the derived ΔG values were
plotted over denaturant concentration. Linear regression was performed in the
transition region, including all data points in between 2 and 4 M urea, setting the
cooperativity m as a residue speciﬁc parameter shared for the respective signal
using the three conditions “dilute”, c = 120 g/L PEG1 and c = 120 g/L Dex20.
Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the ﬁndings of this study are available from the corresponding
author upon reasonable request. Source data are provided with this paper.
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