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ABSTRACT: The interior of the cell is a densely crowded
environment in which protein stability is affected differently than
in dilute solution. Macromolecular crowding is commonly
understood in terms of an entropic volume exclusion effect
based on hardcore repulsions among the macromolecules. We
studied the thermal unfolding of ubiquitin in the presence of
different cosolutes (glucose, dextran, poly(ethylene glycol), KCI,
urea). Our results show that for a correct dissection of the
cosolute-induced changes of the free energy into its enthalpic and
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entropic contributions, the temperature dependence of the heat capacity change needs to be explicitly taken into account. In
contrast to the prediction by the excluded volume theory, we observed an enthalpic stabilization and an entropic destabilization
for glucose, dextran, and poly(ethylene glycol). The enthalpic stabilization mechanism induced by the macromolecular crowder
dextran was similar to the enthalpic stabilization mechanism of its monomeric building block glucose. In the case of
poly(ethylene glycol), entropy is dominating over enthalpy leading to an overall destabilization. We propose a new model to
classify cosolute effects in terms of their enthalpic contributions to protein stability.

B INTRODUCTION

The inner of the cell is a densely crowded (up to a volume
fraction of 40%") heterogeneous solvent consisting of a versatile
set of organic and inorganic compounds including macro-
molecules, osmolytes and ions.” These cosolutes modify the
Gibbs free energy of unfolding AG, (eq 1) either by changing the
enthalpy or entropy of unfolding AH, and AS,, respectively. An
increase in protein stability by cosolutes can be either caused by
an increase of AH, or a decrease of AS,.

AG,(T) = AH, — TAS, (1)

Cosolute effects that alter protein stability are commonly
classified as (i) macromolecular crowders, (ii) bioprotective
osmolytes, and (iii) chemical denaturants.

Macromolecular crowders like proteins, DNA, dextran,
poly(ethylene glycol) (PEG), or Ficoll are believed to cause a
volume exclusion and thereby are thought to restrict the
conformational accessible states of a protein due to hard-core
repulsions between the crowders and the protein. The excluded
volume theory predicts a loss of configurational entropy of a
protein in the presence of inert macromolecules as the
thermodynamic driving force.”* The entropic loss is usually
larger for the protein’s extended and more flexible denatured
state compared to the compact folded state resulting in an overall
stabilization of the protein.

Bioprotective osmolytes like methylamines, polyols, or sugars
stabilize the native conformation of globular proteins relative to
the unfolded state under external stresses such as dehydration,
temperature and pH variations, high salinity, and high
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concentrations of denaturants.”~ This stabilization is explained
by an unfavorable interaction of the protein and the cosolute
leading to a preferential exclusion of the osmolyte from the
protein surface and a preferential hydration of the protein.® As
the solvent accessible surface area (SASA) is usually increased for
the unfolded state, the folding equilibrium is shifted toward the
native state. Recent studies suggest that the stabilizing osmolytic
effect is an indirect enthalpic stabilization mechanism which is
mediated by the interstitial hydration water between the protein
and the excluded osmolyte.”~ "

Chemical denaturants like guanidine hydrochloride and urea
destabilize proteins mainly via direct interactions."®'” Since the
larger SASA of the unfolded protein allows more attractive
interactions of the protein with the denaturant, the unfolded
state is thermodynamically favored compared to the native state.
The attractive interactions between the protein and chemical
denaturants are characterized by a reduction of AH,.”'*'®

These classes of cosolutes show distinct physical and chemical
properties, explaining why they are thought to act differently on
protein folding stability. The diversity of the underlying
thermodynamic mechanisms can be analyzed by quantifying
the enthalpic and entropic contributions to the Gibbs free
energy.'”*° This approach has recently lead to new insights, in
particular on how macromolecular crowders act on protein
folding stability. A decrease in enthalpy AH, was shown to
counteract the expected decrease in entropy AS,,, associated with
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the excluded volume effect.”'~>* Moreover, stabilizing enthalpic
effects that even dominate the entropic contributions have been
identified.”>**

Using a combination of circular dichroism (CD) spectroscopy
and differential scanning calorimetry (DSC), we systematically
study the underlying thermodynamic mechanism of different
cosolutes (dextran, glucose, PEG, KCl, and urea) on the
ubiquitin folding equilibrium. We discuss their effects in terms
of the excess enthalpy AAH, and entropy AAS, with respect to
dilute solution and introduce an enthalpy-based classification
scheme. For the accurate dissection of AAG,, we show that it is
crucial to take the temperature dependence of the heat capacity
change AC, explicitly into account. In particular, we focus on
dextran which is commonly used to mimic the macromolecular
crowding phenomenon in vitro.>> We specifically address the role
of its macromolecular nature by comparing it directly to its
monomeric equivalent glucose s1nce the excluded volume effect
depends on the crowder radius.**~>® Dextran stabilizes ubiquitin
by an osmolytes-like preferential hydration mechanism. We find
that PEG, used as a macromolecular crowder” and a
precipitating® or crystallizing>' agent, acts via a combination
of preferential hydration and preferential binding.

B MATERIALS AND METHODS

Sample Preparation. Ubiquitin wildtype (98% purity from bovine
erythrocytes, Sigma-Aldrich, Germany), Dextran 40 (AppliChem,
Germany), glucose (AppliChem, Germany), PEG 20 (Merck,
Germany), KCI (Avantor Performance Materials, The Netherlands),
and urea (Avantor Performance Materials, The Netherlands) were used
without further purification. Stock solutions of lyophilized protein (10
mg/mL) were prepared in aqueous solutions of different pH, ranging
from pH 2—3.5. We conducted the measurements at low pH at which
the unfolding transition is highly reversible while its native structure is
preserved.*” Folding reversibility is a prerequisite to analyze equilibrium
thermodynamics. Thus, ubiquitin is commonly studied as a model
system for protein folding in the low pH regime.”***** Protein
concentration was determined by the weight of the lyophilized protein
and its given purity (98%). Ubiquitin stock solution was then added to
solutions of varying concentrations of cosolutes. The pH was adjusted
by HCI and was controlled before each measurement. To calculate the
volume fraction of the cosolutes in the respective solutions, we
determined the partial specific volumes of the cosolutes (Table ST1) by
density measurements using a DMA 58 density meter (Anton Paar,
Austria).®® All data were analyzed with Mathematica 9 (Wolfram
Mathematica).

Circular Dichroism Spectroscopy. CD measurements were
carried out at ubiquitin concentrations of 0.3—0.4 mg/mL using a J-
815 spectrophotometer (Jasco, Germany). Cells of 1 mm path length
were used for the protein melts and were sealed with Teflon stoppers to
slow down the rate of evaporation. Ubiquitin unfolding was measured at
204 nm at a heating rate of 60 K/h. The 51gnal of the blank solution was
subtracted, and a two-state transition model*® (Supporting Information,
eq 1) was fitted to the sigmoidal CD unfolding curves to extract
ubiquitin’s transition temperature T, and its van’t Hoff enthalpy of
unfolding AH, (Tables ST2 and ST3).

Differential Scanning Calorimetry. DSC thermograms (Figure
SF1) were recorded at the same heating rate as the CD measurements
(60 K/h) by a VP-DSC instrument (MicroCal). For DSC scans, a
protein concentration of 0.5 mg/mL was used. After blank subtraction,
the data were normalized to the protein amount and a two-state
transition model was fitted to the data (Supporting Information, eq S) to
extract T,,, AH,, and the heat capacity change upon unfolding AC, of
ubiquitin.

Thermodynamic Analysis. Thermal unfolding curves of ubiquitin
were recorded by CD spectroscopy for the various cosolvents at
different concentrations and pH values to determine ubiquitin’s melting
temperature T,, and the corresponding enthalpic change upon
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unfolding AH,. Kirchhoff’s laws describe the temperature dependence
of the standard enthalpy change AH® and the standard entropy change
AS°. Both parameters depend on the standard heat capacity change AC;’,
which is also temperature dependent. Since the CD and DSC
measurements were not conducted at standard conditions, we apply
Kirchhof’s laws assuming that AH~ AH,, AS° ~# AS,,and AC) ~ AC,
(egs 2 and 3). At T = T,,, AG, = 0 holds resultlng in AS (Tm) =
AH(T,,)/T,. Inserting eqs 2 and 3 into eq 1, eq 4 is obtained for the
temperature dependence of AG,.

AT = 8H(T) + [ AT @

AS(T) = AS(T)+/ "dT

®)

AG(T) = AH(T)(I——) f AC, dT

aq,
- / dT
T, T 4)

Here, we used Kirchhoff’s equations to determine a temperature
dependent expression for the heat capacity change AC,(T) of ubiquitin
in dilute solution and in the presence of cosolutes by measuring
AH(T). Therefore, we recorded AH, at different T,, by varying the
pH>**"7% and fitted a second-order polynomial (Table ST4) to the
data to obtain a linear function for ACP(T).33'34 We validated the
determination of AC, from the pH-dependent AH,—T;, curves by DSC.
Therefore, we measured AC, pH-dependently in dilute solution by DSC
(Figure SFZb) AC, was shown to be pH-independent in the analyzed
pH range

The heat capacity change of ubiquitin in the presence of cosolvents
AC, (T) is very similar to its value in dilute solution AC, gy,e(T) (only
dextran caused a slightly stronger temperature dependence of AC,(T)).
Therefore, we used the assumption A pm(T) ~ AC d,lute(T) to
calculate AG,, AH,, and AS, by Kirchhoff's laws, because AC, (T)
does not span the entire measured temperature range. Data for cosolute
concentrations for which AC,, «os(T) could be used for analysis are in
agreement with the extrapolation using ACP’dﬂute(T) (Tables STS and
ST6). We extrapolated the enthalpic and entropic values for each
cosolute concentration to the melting temperature in dilute solution.
We subtracted AG,, AH,, and AS, for ubiquitin in the dilute solution
from the results for all cosolvents yielding the respective excess
parameter AAX, = AX, oo — AX, guee With X = H, S, G. Errors of the
primary parameters AH, and T, are representative of the 68%
confidence interval of the mean. This error of the mean was derived from
at least three repeated measurements using a Student’s ¢-distribution,
which considers the limited repetition of measurements leading to
slightly larger errors in comparison to a Gaussian distribution. The
errors of the primary parameters were then propagated via the Gaussian
error propagation law into the respective excess parameter errors.

B RESULTS

Cosolute Induced Changes of the Melting Temper-
ature and van'T Hoff Enthalpy of Ubiquitin. The thermal
unfolding curves of ubiquitin in different cosolutes are compared
to dilute solution at the respective pH (Figure 1a). We varied the
cosolute concentration and determined the corresponding van’t
Hoff enthalpies AH, as well as the melting temperatures T,
(Figure 1b—d). Glucose and dextran at constant pH caused an
increase of T,, of ubiquitin (Figure la). The shift in T, was
accompanied by an increase of AH, (Figure 1b) which was
observed over the entire pH range (only pH 2 and 2.75 are
depicted in Figure 1b for clarity).

While glucose and dextran stabilized the native state of
ubiquitin relative to the denatured state, PEG caused a
destabilization, which was detected as a decrease of T, of
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Figure 1. (a) CD-unfolding curves of ubiquitin in dilute and crowded
solutions (glucose and dextran, 350 g/L, pH 2; PEG, 215 g/L, pH 3).
(b—d) The van’t Hoff enthalpy of unfolding AH, is plotted versus the
melting temperature T, of ubiquitin in solutions of glucose, dextran,
PEG, KCl, and urea in comparison to the dilute aqueous solution (red).
Solid lines represent second-order polynomial fits to the measured data
points, and dashed lines connect data points to guide the eye. Symbols
represent measurements at different pH, and colors different cosolutes.

ubiquitin upon addition of PEG (Figure 1a). In analogy to
glucose and dextran, we found an increase of the van’t Hoff
enthalpy in the presence of PEG in comparison to the dilute
solution (Figure 1c). At pH 2 and 2.5, AH, increases with
decreasing T,. In contrast to glucose and dextran, the cosolute
effect of PEG on ubiquitin is found to be pH-dependent. With
decreasing pH, we found a decrease of AT, and an increase of
AH,. Similar to glucose and dextran, the stabilization of ubiquitin
by KCl was accompanied by an increase of AH, (Figure 1d). In
contrast, urea destabilized ubiquitin and caused a reduction of
AH, (Figure 1d).

To evaluate the cosolute induced changes on AG,, AH,, and
AS,, we calculated the respective excess parameters AAX, using
the assumption ACp,CDS(T) ~ ACp,dﬂute(T) (details described in
the Materials and Methods).
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Cosolute Induced Changes of the Free Energy of
Ubiquitin Unfolding. Ubiquitin is stabilized in the presence of
glucose, dextran, and KCl (AAG, > 0) and destabilized in
solutions of PEG and urea (AAG, < 0) (Figure 2). We observed
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Figure 2. Excess free energy of ubiquitin unfolding AAG, (AAG, =
AG,c0s — AG,giue) as a function of the volume fraction or
concentration for all tested cosolutes. Data points in (c) are connected
by dashed lines to indicate the systematic pH trend, which was absent for
glucose and dextran. Symbols in (b) and (c) have the same meaning as in
(a). The temperatures (in K) to which AG,., of ubiquitin was
extrapolated are 323.38 + 0.13 (pH 2), 328.70 + 0.08 (pH 2.25), 332.42
+ 0.12 (pH 2.5), 339.50 + 0.18 (pH 2.75), and 345.75 + 0.54 (pH 3).

a linear volume fraction dependence of AAG, with deviations
from linearity for glucose and dextran beyond a volume fraction
of 20%. As mentioned above, the cosolute effect of PEG is pH-
dependent. The higher the pH, the lower AAG, of ubiquitin in
solutions of PEG is.

Cosolute Induced Changes of the Enthalpy of
Ubiquitin Unfolding. We found an enthalpic stabilization of
ubiquitin in the presence of glucose, dextran, PEG, and KCl
(AAH, > 0) and an enthalpic destabilization in the presence of
urea (AAH, < 0) (Figure 3). Similar to the concentration
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Figure 3. Excess enthalpy of ubiquitin unfolding AAH, (AAH, =
AH, .. — AH,g4) as a function of the volume fraction or
concentration for all tested cosolutes. At volume fractions of dextran
of ~22%, marked by an arrow in (a), the excess enthalpy reaches a
constant value. Data points in (c) are connected by dashed lines to
indicate the systematic pH trend, which was not evident for glucose and
dextran. Symbols in (b) and (c) have the same meaning as in (). The
temperatures to which AH,, ., of ubiquitin was extrapolated correspond
to the values listed in the caption of Figure 2.
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dependence of the free energy, glucose, PEG, and urea cause a
linear increase or decrease of AAH,, while in case of dextran, the
excess enthalpy reached a maximum around a volume fraction of
20%.

In addition, we observed the same systematic pH-dependence
of AAH, in solutions of PEG as observed for AAG,. The excess
enthalpy of ubiquitin in PEG solutions at high pH (pH 2.75 and
3) is smaller than at low pH (pH 2 and 2.5). A systematic pH
dependence could not be observed for glucose and dextran.

Cosolute Induced Changes of the Entropy of Ubiquitin
Unfolding. Ubiquitin is entropically destabilized in solutions of
glucose, dextran, PEG, and KCI (AAS, > 0), and entropically
stabilized by urea (AAS, < 0) (Figure 4). While in solutions of
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Figure 4. Excess entropy of ubiquitin unfolding AAS, (AAS, = AS,
— AS, i) @s a function of the volume fraction or concentration for all
tested cosolutes. The arrow in (a) marks the starting point of a
decreasing excess entropy. Data points in (c) are connected by dashed
lines to indicate the systematic pH trend, which was not observed for
glucose and dextran. Symbols in (b) and (c) have the same meaning as in
(a). The temperatures to which AS, ., of ubiquitin was extrapolated
correspond to the values listed in the caption of Figure 2.

glucose, AAS, increases over the entire concentration range, a
maximum of AAS, can be observed in solutions of dextran. This
maximum coincides with the onset of nonlinearity of AAG,
(Figure 2) and the beginning of the plateau for AAH, (Figure 3).

The pH-dependence of AAG, and AAH, in solutions of PEG
is also reflected in the volume fraction dependence of AAS,.
However, the pH-dependent decrease of AAS, at pH 2.75 and
pH 3 is less pronounced than the decrease of AAH,.

B DISCUSSION

Glucose and Dextran Stabilize Ubiquitin by an
Enthalpic Solvent-Mediated Mechanism. The interpreta-
tion of enthalpic and entropic cosolute effects crucially depends
on the knowledge of the temperature dependence of AC,. In the
following we compare the results of extrapolating enthalpy and
entropy of ubiquitin in solutions of glucose and dextran by
Kirchoff's laws (eq 2 and 3). Thereby, we use a temperature
independent value for AC, and a temperature dependent value

for AC, for the same extr:fpolation. The results for ubiquitin at
pH 2.75 are compared in Figure S.

When inserting the temperature independent AC, (1.5 keal/
mol-K)*"*? into Kirchhoff's laws, an entropic stabilization along
with an enthalpic destabilization results which was previously

interpreted as an excluded volume effect by Wang et al. and
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Figure 5. Comparison of AAH, and AAS, of ubiquitin in solutions of
glucose and dextran at pH 2.75 calculated using the temperature
dependent expression ACp/dﬂute(T) and a temperature independent
value for AC, (1.5 keal/mol-K).*"** Data at other pH values show the
same trend and are omitted for clarity.

Zhou.”"”** Both used the same constant AC, value as input which
was determined at temperatures below S0 °C (323 K).

In contrast, our results show an enthalpic stabilization of
ubiquitin in the presence of the branched polymer dextran and its
corresponding monomeric osmolyte glucose by taking into
account the temperature dependence of AC,. The fact that the
excess entropy AAS, (Figure 4) is positive over the entire
concentration range for both crowders is contradictory to the
expectation of a macromolecular crowding effect.”® This rules
out the excluded volume effect as the main stabilization
mechanism. However, for high concentrations, a decrease in
AAS,, in line with the excluded volume theory, is observed for
dextran which balances a further increase of AAH, (Figure 3). In
summary, the stabilization of ubiquitin in the presence of dextran
is enthalpic up to volume fractions of 28% (445 g/L) with an
additional entropic contribution for high volume fractions
(>20%). Nevertheless, AAS, remains positive, i.e., destabilizing
in the entire concentration range because of the enthalpy—
entropy compensation‘m’41 as a consequence of an enthalpy-
mediated stabilization.

To further elucidate the role of the macromolecular crowding
effect, we analyzed the excess free energy AAG, as a function of
the volume fraction of the crowders. The excluded volume theory
predicts a power-law dependence of AAG, and T, on the
volume fraction and the crowder radius.>*~2® However, glucose
and dextran, even though they have very different crowder radii,
showed a quantitatively similar and linear volume fraction
dependence of AAG, (0.58 vs 0.55 kJ/mol per % volume
fraction, Figure 2) with small deviations from linearity beyond
20% volume fraction. This linear increase of AAG, is
characteristic for protein stabilizers like osmolytes”** but not
expected for macromolecular crowders. The nonlinearity of
AAG, obtained beyond 20% volume fraction of dextran
indicates an excluded volume contribution. This also coincides
with the reduction of AAS, and the maximum of AAH, at the
same concentrations. The striking similarities between glucose
and dextran on ubiquitin folding are in line with a previous study
of Roberts and Jackson," who measured similar Gibbs energy
changes of ubiquitin in solutions of glucose and dextran at pH
7.4, as well as with a study of Waegele and Gai, who observed no
dependence of AT,, on the polymer size of dextran at pH 1.>*

The nearly identical enthalpic stabilization of ubiquitin in
solutions of either glucose or dextran indicates that the chemical
properties of dextran are mainly responsible for the induced
stabilization rather than its polymeric composition or polymer
size and thus its excluded volume effect. We therefore suggest
that the enthalpic stabilization, a hallmark for osmolytes,”"" for
glucose and dextran results from an osmolyte-like mechanism
which is mediated by the solvent: Protein stabilization by
osmolytes is believed to occur via an indirect mechanism as
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osmolytes are preferentially excluded from the protein surface
resulting in a preferentially hydrated protein.® Recent exper-
imental and computational studies have supported the important
role of solvation for an osmolyte-mediated stabilization of
proteins." ™" On a molecular level, the solvent-mediated
stabilization can be understood as an optimization of hydrogen
bonds as a consequence of cosolute-induced distortions in the
hydrogen bond network of the hydration water of the protein.'>

PEG Is an Intermediate between a Stabilizing
Osmolyte and a Chemical Denaturant. Similar to glucose
and dextran, PEG also induced positive AAH, and AAS, values.
However, compared to glucose and dextran the entropic
contribution (Figure 4c) dominates the enthalpic contribution
(Figure 3c) leading to an overall destabilization of ubiquitin
(Figure 2c). A destabilizing effect of PEG has been previously
observed for a class of proteins such as lysozyme, chymotrypsi-
nogen, and f-lactoglobulin and has been attributed to direct
protein-PEG interactions.*** However, direct ubiquitin—PEG
contacts alone cannot explain the observed positive enthalpy
change AAH,, since direct cosolute contacts should cause a
decrease of AH, rather than the experimentally observed
increase.”*> We demonstrated this by determining AH, of
ubiquitin in the presence of urea, which is known to destabilize
proteins by direct binding to the protein.'®'” Indeed, we
observed a destabilization of ubiquitin which was accompanied
by a negative enthalpy change AAH, (Figure 3), in line with
previous studies.”’

We suggest that the positive enthalpy change AAH, of
ubiquitin in solutions of PEG can be attributed to the preferential
hydration model, similar to glucose and dextran, with a
contribution of an enthalpic stabilization which is mediated by
the solvent. However, compared to carbohydrates, PEG is more
hydrophobic with less hydrogen-bonding capacities which
increases its potential for unspecific attractive hydrophobic
interactions with the protein. The fact that the cosolute effect of
PEG is pH-dependent indicates that PEG has both a stabilizing
enthalpic effect, likely mediated by the solvation water, as well as
a destabilizing enthalpic effect due to attractive interactions with
the protein. The lower the pH, the more positive charges are
present at the protein surface decreasing PEG’s capability to form
hydrophobic contacts to the protein. At pH 2, ubiquitin is
characterized by a high density of positive charges resulting in a
minor destabilization by PEG (see AAG, in Figure 2) but a large
increase in AAH, (Figure 3). When increasing the pH from pH 2
to pH 3, a drastic increase of AT, was observed in the presence
of PEG. The reduction of AAH, exceeds the decrease in TAAS,,
indicating a contribution of enthalpic destabilization which can
be assigned to attractive protein-PEG interactions. We attribute
the drastic increase in AT, when increasing the pH from 2 to 3 to
the breaking of ubiquitin’s two salt bridges.***’ Due to this
breaking, two additional positive charges are being exposed to
the solvent.

For urea, it is was shown that it fits nearly perfectly into the
water network.*® This excludes distortions in the water
hydrogen-bonding network as the origin of a solvent mediated
enthalpic stabilization.'* Furthermore, attractive urea-protein
contacts might be of higher affinity compared to PEG-protein
contacts leading to larger destabilizing contribution to AH, and
resulting in an overall negative excess enthalpy.

Contribution of an Enthalpic Solvent-Mediated Mech-
anism to the Stabilization of Ubiquitin by KCI. An enthalpic
stabilization at low concentrations of KCl similar to glucose and
dextran was observed at pH 2 (Figure 1). The T,-shift is
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weakened at the isoelectric point of ubiquitin (pH 6.8)*’ (Figure
SF3). Our experimental results are in line with a previous
calorimetric study of ubiquitin in solutions of different salts at pH
2.>* The authors assign the stabilizing enthalpic effect to a direct
binding of the anions to the positively charged and exposed
residues of ubiquitin leading to an increase of AH,. The pH-
dependency of the T, -shift illustrates the role of electrostatic
interactions in the KCl-induced stabilization of ubiquitin. The
concentration dependent slope of the change in enthalpy AH,
with the melting temperature T, of KCI resembles the slopes of
glucose and dextran at pH 2 (Figure 1). This suggests a water
mediated enthalpic contribution as an additional component for
the stabilization of ubiquitin in KCI. Such a combination of both
mechanisms was recently also used to analyze folding of a small
peptide in the presence of various salts."”

B CONCLUSION

In conclusion, we classify the observed cosolute effects according
to the differences in the excess enthalpy AAH, with respect to
changes of T,, (Figure 6). The addition of glucose, dextran and

Prefe,e ”
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Q Glucose %.
KCl ¢
Dextran =g
=

K
uelsla.td

Figure 6. An enthalpic view to classify effects of cosolutes on the folding
equilibrium of ubiquitin. Cosolute effects are classified into four
categories (preferential hydration, excluded volume, preferential
binding, preferential hydration and preferential binding) according to
their effects on AH, and T,,..

KCl increased both AH, and T,,. For PEG solutions, we find a
positive AAH, which is, however, accompanied by a decrease of
T,.. Urea shows the opposite trend compared to glucose, dextran,
and KCI as it decreases both, AH, and T,,. Thus, PEG can be
seen as an intermediate between a stabilizing osmolyte and a
denaturant.

On the basis of our results, we introduce a new classification
model for cosolute effects using four main categories: (i)
Preferential hydration of the protein is a solvent-mediated
enthalpic stabilization by an exclusion of the cosolute from the
direct contact with the protein. (ii) Ideal excluded volume effects
only lead to a decrease of AS,, while AH, remains unchanged.
Real volume crowders can have a certain possibility for unspecific
attractive interactions with the protein leading to a negative
AAH,. (iii) Preferential binding of a cosolute to a protein surface
is characterized by a decrease of both, AH, and T,. (iv) A
combination of preferential hydration of the protein and
preferential binding of the cosolute to the protein results in a
negative AT, and a positive AAH,. Cosolutes which belong to
this class preferentially bind to the protein surface resulting in a
decrease of AH, and T;,. In addition, those solutes also induce a
solvent-mediated enthalpic stabilization with a positive con-
tribution to AH, resulting in an overall positive excess enthalpy

AAH,,
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Previous experimental studies of proteins in the presence of
macromolecular crowders***>**3%3! and stabilizing osmo-
lytes”'° can be interpreted within this framework. We could
show that all cosolute effects can be rationalized by their
enthalpic changes questioning the entropic-centered view in the
field of macromolecular crowding. Future studies need to address
how the complex mixture of cosolutes in the cell affects
biochemical reactions.

B ASSOCIATED CONTENT

© Supporting Information

Description of data analysis for CD and DSC measurements.
Numerical values of thermodynamic excess parameters calcu-
lated via a cosolute dependent and cosolute independent heat
capacity change are given. This material is available free of charge
via the Internet at http://pubs.acs.org.
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