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Numerous cellular cosolutes significantly impact the way that proteins and other

biomacromolecules act and interact. We have followed the thermodynamic effect

of several cosolute classes, including polymers, cellular osmolytes, and inorganic

salts, on the stability of biomolecular folding and complexation. By comparing

changes in free energy, enthalpy, and entropy upon cosolutes addition for these

processes, we identify several thermodynamically distinct mechanisms.

Surprisingly, even while many cosolutes display similar scaling of the change in

stabilizing free energy with their concentration, a breakdown of this free energy

into enthalpic and entropic contributions distinguishes different families of

cosolutes. We discuss how these ‘‘thermodynamic fingerprints’’ can direct

towards possible underlying mechanisms that govern the cosolute effect.
1 Introduction

Salts and other cellular solutes profoundly affect the interactions between and within
biomacromolecules.1–11 Moreover, it is well appreciated that these effects are largely
specific to the type of solute. As early as 1888, Hofmeister showed that some ions
effectively precipitate or ‘‘salt out’’ many proteins from solution, while others help
to solvate them.12 This effect of salts is described by a common Hofmeister ranking
of ions that has since been shown to extend to many other physical properties,
including surface tension at the air–water interface, interactions and phase transi-
tions in lipid membranes, and protein folding and complexation.13–17 Over the
past couple of decades, much effort has been devoted to gaining a better molec-
ular-level understanding of these ion-specific effects at interfaces, as well as to devel-
oping quantitative predictive theories to account for the experimentally observed
consequences of salt and other cosolute addition to macromolecular interac-
tions.18–26

As our understanding of the cosolute-specific effects deepens, we seek further
vindications and appropriate tests, while also attempting to extend our insight
beyond the phenomenology and into the underlying molecular and thermodynamic
mechanisms. In this effort, an important goal is to dissect the change in free energy
upon cosolute addition into the associated contributions of enthalpy and entropy,
forming a ‘‘thermodynamic fingerprint’’ for biomolecular processes in the presence
of cosolutes. Through links to current theories that describe the forces driving
macromolecular association or protein folding in the presence of cosolutes, this
fingerprint should allow us to support or challenge different molecular mechanisms
for different classes of cosolutes. A persistently lingering question remains: are there
common unifying features in the mechanisms by which seemingly disparate
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cosolutes, such as salts and neutral polyol osmolytes, exert their action on macro-
molecules?
In recent years there have been significant advances in linking the thermody-

namics of cosolute action to specific mechanisms. It is now realized that while the
changes in free energy may follow similar trends for different cosolutes, the under-
lying molecular driving forces can differ dramatically and, as a result, the break-
down into entropic and enthalpic contributions should vary. Macromolecular
association that is driven by ion release, for example, shows an entropic gain
upon binding due to the release of previously associated counterions from the
macromolecular proximity.28 For this mechanism, the addition of salt would, there-
fore, mainly impact the association entropy. Macromolecular crowding has also
been shown to be entropically driven; the primary effect of molecularly large ‘‘crow-
ders’’ is often due to their exclusion from a volume around proteins that drives burial
of the macromolecular surfaces to allow subsequent favorable gains in free volume.1

By contrast, we have previously shown that not all excluded cosolutes act in an
entropy-driven mechanism. For example, small polyols, important ‘‘stabilizing os-
molytes’’, were found to induce peptide folding primarily through enthalpic gains
that are offset by a large unfavorable entropic contribution.29 These cosolutes,
used by cells to regulate cytoplasmic solution conditions with respect to their often
deleterious environment, typically stabilize proteins in their folded state.5,30 We have
linked this favorable enthalpic contribution to folding due to cosolutes with the cor-
responding changes upon osmolyte addition to the hydrogen bond network of the
waters surrounding the protein.31 From these examples it already becomes clear
that matching observed enthalpy–entropy thermodynamic fingerprints can help to
support or rule out some of the possible underlying molecular mechanisms, and
point to the potential applicability of others.
We have been using model biomolecules to help dissect the different contributing

interactions that, in concert, modulate the response of proteins to the addition of co-
solutes in aqueous solution. We start here by describing the effect of various salts on
the association of b-cyclodextrin with adamantane, Fig. 1a. This guest–host
complexation reaction involves the burial of uncharged, mostly nonpolar ‘‘hydro-
phobic’’ surfaces.32,33 In the absence of direct electrostatic interactions between the
cosolute and the interacting surfaces, we find that salt-specific stabilization of the
complexed state follows the Hofmeister ranking of ions. The added complex
Fig. 1 Schematics of b-cyclodextrin association with adamantane carboxylate (a), and of the
folding of a 16-amino acid long peptide (b). Representations demonstrate the decrease in
solvent accessible surface area (SASA) in the complexation or folding process. Molecules
rendered using VMD.27
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stabilization can be well fit by integrated preferential interactions of salts with the
surfaces of cyclodextrin and adamantane. This fit supports the Tanford–Bolen
approach and that developed by Record and coworkers,34,35,21,36 which ascribes addi-
tive transfer free energies to various surface groups in proportion to exposed surface
area. The thermodynamic fingerprint of this complexation process reveals that
complex stabilization by cosolute salt is dominated by a favorable entropic contri-
bution with an added favorable enthalpic contribution at larger concentrations.
We next turn to follow the effect of cosolute addition on the folding of a model

peptide into a b-hairpin, Fig. 1b. We have previously used naturally occurring
‘‘stabilizing osmolytes’’ to drive this folding process, and compared these osmolytes
with the effect of molecularly larger PEG and dextran polymers, serving as ‘‘macro-
molecular crowders’’. Despite exhibiting a similar, size dependant stabilization effect
on the peptide, the mechanisms observed for these two classes are disparate. While
osmolytes stabilize folding through an enthalpic mechanism,29 the larger PEGs and
dextrans predominantly show entropic stabilization at low concentrations, which
gradually takes on a larger enthalpic contribution as concentrations rise. This
change with concentration seen in the thermodynamics may reflect a balance of
entropically-driven excluded volume effects (or ‘‘depletion interactions’’) versus
direct ‘‘chemical’’ interactions that can involve significant enthalpic contributions.
Finally, we address the effect of cosolute ions on the folding of the same peptide.

As is often found for proteins, the charged peptide’s stability responds to salts non-
monotonically.37,14,38 At low salt concentrations, we find peptide unfolding, while at
higher concentrations there is regain of folding stability in an ion-specific manner
that tracks the Hofmeister series. The changes at low salt concentrations can be as-
signed to electrostatic effects that can be reasonably described by Poisson–Boltz-
mann (PB) theory. The ion-specific stabilization effect seen at higher salt
concentrations can be traced to the preferential interaction of salt with uncharged
residues. The thermodynamic fingerprint for salts shows that, for the concentrations
tested, they all act in an entropy-driven mechanism. Modeling the net effect of salts
on folding as a sum of salt interactions with charged and uncharged surfaces
suggests that the lower enthalpic contribution results from a cancelation of interac-
tion of salts with the two types of surfaces.
By presenting this series of molecular models, we demonstrate how tracing the

entropic and enthalpic contributions of cosolute action allows further insights into
plausible underlying molecular mechanisms. Moreover, this strategy highlights re-
maining challenges in formulating quantitative theories to predict the cosolute effect
on biomacromolecular processes.

2 Neutral interacting interfaces in the presence of cosolutes

To explore how different cosolutes influence biomacromolecular interactions, it is
instructive to first consider interactions between neutral macromolecules, or study
processes that involve burial or exposure of neutral, nonpolar, surfaces. Cosolute
effects are simplified here since direct electrostatic interactions between the solute
and cosolute become less significant. A useful example is the association of b-cyclo-
dextrin (CD) and adamantane carboxylate and the impact on this complexation by
various cosolutes, both neutral and charged.39 Soluble CD is shaped as a truncated-
cone with a hydrophobic cavity. Adamantane (AD) is highly insoluble in water, but
when mixed with CD can associate to form an inclusion complex with increased
solubility, Fig. 1a.
The CD/AD association is accompanied by a decrease in solvent accessible surface

area (SASA) of about 400 �A2, mainly associated with burial of nonpolar hydro-
phobic moieties. The preferential interaction of added cosolutes with CD and AD
is generally different for the unassociated molecules and for the complex. Preferen-
tial exclusion of cosolute from the nonpolar macromolecular surfaces should lead to
net stabilization of the complex, whereas preferential inclusion would result in
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 160, 225–237 | 227
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destabilization.6,42,2,3 The extent of stabilization is quantified by the free energy of
complexation, DDGcom, defined as DDGcom ¼ DGcom(c) � DGcom(0), where DGcom(c)
and DGcom(0) are the free energies of complexation in cosolute solution of concen-
tration c and in pure water, respectively. Isothermal titration calorimetry and vapor
pressure osmometry experiments43,39 have demonstrated that, for many cosolutes,
DDGcom is linear with respect to added cosolute concentration, Fig. 2a. Generally,
salts stabilize the complex, whereas other solutes, such as betaine, destabilize it.
The strength of the salt effect follows the Hofmeister ranking of anions, SO4

2� >
F� z Cl� > Br� > SCN�, seen as the differences in the slopes of the lines in Fig. 2a.
It is possible to predict DDGcom by using the Tanford–Bolen and the Record

approaches towards preferential solvation.34,35,44 Such predictions are based on
calculated changes in exposed surface areas for different chemical moieties, weighted
by corresponding effective preferential interaction coefficients per unit area that are
calibrated from transfer energies of model compounds.21,44,36 To derive changes in
exposed surface areas in CD/AD association, we performed all-atom molecular
dynamics (MD) simulations of solutions of AD, CD, and the CD/AD complex in
pure water using NAMD.45 Water molecules were represented by the TIP3P poten-
tial and CD by the CHARMM-type CSFF model,46 using MD simulation parame-
ters as previously described.47 The forcefield was appropriately extended to account
for adamantane. The resulting molecular ensemble was used for SASA calculations
of each species, where we have assumed that the conformational landscape of the
complexed and unassociated molecules is unaltered by the presence of salt (while
the ratio of complexed to uncomplexed molecules changes). Each configuration
was assigned a SASA using the Richards set of atomic radii35,44,48,49 and a 1.4 �A
water probe radius, and these molecular surfaces were further decomposed into
different classes (aliphatic, hydroxyl, or ‘‘other’’). The contribution of each surface
type to the change in free energy of transfer of the entire molecule (or complex)
into each cosolute was then calculated using the available group transfer free ener-
gies (Table 1), while assuming group additivity.21,44,36 Calculating the average trans-
fer free energy for each separate molecule and for the complex allows calculation of
DDGcom due to the presence of salt, where DDGcom ¼ DGCD+AD � (DGAD + DGCD),
and terms on the right hand side represent the transfer free energy of the molecules
from water into a solution containing cosolute at a specific concentration.
Assuming DDGcom to be linear with cosolute osmolality (as is often found for

weakly interacting or excluded cosolutes), we have predicted m-values, where the
Fig. 2 (a) Changes in the free energy of b-cyclodextrin association with adamantane versus co-
solute concentration. Lines are linear fits of the data. (b) Calculated versus experimentally
derivedm-values. Data represented by the triangle is based on an alternate set of group transfer
free energies that in addition ascribes a value for hydroxyl groups (Table 1) based on measure-
ments of alcohol model compounds.40,41
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Table 1 Group transfer free energies for various cosolutes used in this study

Cosolute

Group transfer free energies, J mol�1 m�1 �A�2

Aliphatic Aromatic Amide Hydroxyl Carboxyl

KBra 4.2 � 0.2 3.0 � 0.5 �10 � 1

KFa 8.4 � 0.2 5.9 � 0.2 �11.4 � 0.7

KCla 5.0 � 0.2 4.2 � 0.2 �10.4 � 0.5

NaCla 5.5 � 0.2 5.0 � 0.2 �10.4 � 0.5

NaClb 6.3 � 0.5 �5 � 2

K2SO4
a 13.9 � 0.2 13.1 � 0.5 �17 � 1

LiClc 4.0 � 0.5 4.0 � 0.5 �9 � 1

GuHCla 0.7 � 0.2 �2.0 � 0.5 �9 � 1

NH4Cl
a 2.0 � 0.7 �3 � 2

Betained 0.87 � 0.40 �5 � 1 6 � 1 (O) 0.2 � 0.3 6.9 � 0.5

�4.2 � 0.7 (N)

a Data by Pegram et al.44 The values for K2SO4 were derived from the available data on NaCl,

KCl and Na2SO4, assuming ion-additivity. b Values were determined by analyzing salting out

constants for various alcohols in NaCl41,40 according to the procedure described in ref. 21.
c Derived from ref. 21 and 44 by globally fitting the solubility data. d Data by Capp et al.36
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m-value is defined here by DDGcom¼mcOsm, for the complexation reaction, and cOsm

is the cosolute concentration on the osmolal scale.50–53 These values are compared
with experiment in Fig. 2b. The m-values show quantitatively excellent fits for
KCl, KBr, and K2SO4, and fits for the other salts are close to the experimental
and calculation errors. By contrast, the effect predicted for betaine is stabilizing
(m ¼ �0.36 kJ mol�1 Osm�1), while experiments show a destabilizing effect on the
complex (m ¼ 0.98 kJ mol�1 Osm�1) that suggests preferential inclusion of betaine
in the solute vicinity. This discrepancy is probably due to cooperative effects of
the segments of the convex inner interface of CD on the favorable association
with betaine, a relatively large molecule with respect to simple inorganic ions.
This may suggest that the group transfer free energies per surface area are non-addi-
tive in special cases where interacting surfaces are structured very differently from
expanded, well-exposed, or flat interfaces. For such convex or corrugated interfaces
(relative to the cosolute’s size) the transfer free energy may scale nonlinearly with
surface area.
We conclude that the free energy change upon addition of cosolute as determined

by the Record approach allows fair estimates of the experimental m-values. In addi-
tion, decomposition of SASA to the different moieties to which transfer free energies
are assigned works best when the different SASA elements are decoupled. However,
when such coupling does exist, surface convexity and cosolute size become impor-
tant, and could result in non-additive free energy contributions. In addition, we
expect some discrepancies may result when not all group types are accounted for
in the overall molecular SASA. Indeed, we find that by including the hydroxyl group
transfer free energy into NaCl solutions, the fit of predicted and experimental m-
value was improved, though only very slightly (compare the blue square and triangle
in Fig. 2b). We note, finally, that taking group transfer free energy to be linear with
either osmolal or molal concentration result in almost indistinguishable predictions
for the concentration range used here.
3 Charged peptide in the presence of neutral cosolute

Protein folding poses additional challenges for analysis. Beyond non-polar hydro-
phobic residues, the macromolecular protein–water interface itself may carry
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 160, 225–237 | 229
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charges, so that subtle changes to the solvating environment can strongly impact the
stability of the folded and unfolded protein conformational ensembles. For
simplicity, we first describe the effect of non-electrolytes on peptide folding. The
model system we used in these studies is a 16 amino-acid peptide previously
described54 that carries a net-total of +3 elementary charges at neutral pH. The
peptide was determined in circular dichroism and NMR experiments to fit a two-
state folding process from the unfolded to folded, b-hairpin states, Fig. 1b. We
have followed the effect of two electrostatically neutral cosolute classes on the
stability of this peptide. The first includes stabilizing osmolytes: sugars, such as
the dissacharide trehalose, as well as polyols, including sorbitol, glycerol, erythriol,
manitol, and xylitol. The second cosolute group consists of ‘‘macromolecular crowd-
ing’’ polymers, including various molecular weights of polyethylene glycol (PEG
100, 400, and 4000) and dextran (20 k and 40 k).
Molecular crowding theory has been proposed to rationalize the observed discrep-

ancies between macromolecular interactions in the crowded milieu of the cell and in
vitro experiments performed in dilute aqueous solutions. Briefly, by taking up
volume in solution, non-interacting or ‘‘excluded’’ cosolutes promote any process
that results in freeing up of space excluded by the macromolecules, or in liberating
translational and conformational degrees-of-freedom for cosolutes. Such crowding
has been shown to drive protein folding,55,56 complexation,57 and aggregation.56,58

The magnitude of this stabilization scales with the molecular size of the cosolute.
Indeed, the changes in free energy have been accurately predicted by using scaled
particle theory for protein association in the presence of various macromolecular
crowders including dextran.58

Using circular dichroism spectroscopy to monitor the change in free energy of
peptide folding with increasing cosolute concentrations, we find that all cosolutes
tested here stabilize the folded state. In addition, the change in free energy for the
folding process, DDG, is linear with cosolute concentration, Fig. 3. This linearity
is characteristic of stabilization through non-specific interactions, and similar trends
have been shown for other folding and interacting proteins upon addition of these
and other cosolutes.59–61,44 The change in free energy is proportional to the size of
the perturbing cosolute, as might also be expected for macromolecular crowders.
Interestingly, however, our recent experiments29 showed that for polyol osmolytes,
the stabilizing mechanism is dominated by a favorable enthalpy, which cannot be
accounted for by the simple molecular crowding model alone. As we further discuss
Fig. 3 Change in free energy of peptide folding with cosolute concentration. Dashed lines are
linear fits of the data.
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in section 5, these findings may indicate a fundamental mechanistic difference
between the effects of macromolecular crowders and stabilizing osmolytes.
4 Charged peptide in the presence of salt

Because both electrolytes and protein are charged, their interactions can show the
most complex cosolute effects, so that both electrostatic and ‘‘chemical’’ or ion-
specific preferential interactions must be considered. We used circular dichroism
spectroscopy to follow folding of the model peptide presented in section 3 in various
salts at several concentrations. These data allow us to derive the change in free
energy of folding, DDG, in the presence of the cosolute salts, Fig. 4. At low concen-
trations (less than �0.25 M) all salts destabilize the native conformation of the
peptide. As salt concentration increases, however, a stabilizing effect becomes prom-
inent for most salts at concentrations higher than �0.5 M, leading to a maximum in
DDG. This type of non-monotonic behavior is often encountered for proteins.37,38

For the more strongly destabilizing salts, GuHCl and to a lesser extent NH4Cl,
DDG continues to rise with salt concentration, albeit with a reduced slope.
The Hofmeister ranking of ions dictates that certain cations and anions more

strongly confer stability to proteins than others.14,12 The classical Hofmeister
ranking for the ions we have used, listed from the most stabilizing to the most desta-
bilizing, is: for anions SO4

2� > Cl�, and for cations Na+ > K+ > Li+ > NH4
+ > Gu+.

Notably, our results follow this ranking, showing that the peptide stabilizing effects
are strongest (when comparing anions) for Na2SO4, followed by NaCl and
(comparing cations) are largest for NaCl, followed by KCl, LiCl, NH4Cl, and finally
GuHCl, which is most destabilizing towards the peptide.
Pegram and Record44 were able to successfully account for the unfolding process

of a different protein, the lac-protein DNA binding domain, by fitting the energetic
contributions of the unfolding process to a functional form that accounts for electro-
static and ion-specific terms due to salt addition. The latter terms were predicted
quite accurately by summing contributions to polar and non-polar peptide groups,
derived by calculating the changes in SASA in the folded and unfolded states with
calibrated group transfer free energies, as described in section 2. Using a similar
approach, we have tried to fit the data in Fig. 4 with a sum of electrostatic and
ion-specific contributions. In addition, we directly calculated the electrostatic free
energy by numerically solving the nonlinear Poisson–Boltzmann (PB) equation.
These electrostatic contributions were summed with the preferential interaction esti-
mates, determined as described in section 2.
Fig. 4 Free energy of peptide folding as a function of salt concentration. Calculated values
derived from the addition of PB and preferential interaction energies are shown as dashed lines.

This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 160, 225–237 | 231
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To account for the electrostatic contribution to the folding free energy, folded and
unfolded conformations were chosen from a peptide ensemble derived from all-atom
MD simulations in explicit water.31 The unfolded ensemble was obtained by
sampling over 800 conformations that fulfilled a criteria based on SASA
(>2300 �A2). All conformations were assigned charges according to the CHARMM
potential to the net-charged moieties only. This was done to avoid double-counting
of ions around net-neutral surfaces that are separately accounted for in the prefer-
ential interaction energies; this procedure significantly improved the subsequent
fits with experiments. The PB equation was solved numerically using APBS62 for
each conformation using the same grid dimensions, at different uni-univalent salt
concentrations in the concentration range 0.01–2.0 M, The change in PB free energy
for folding (DDGPB) is the difference in the charging free energy GPB values for the
unfolded and the folded conformations at a specific salt concentration.
The predictions of DDG, evaluated as the sum of calculated transfer free energy

for uncharged surfaces and PB electrostatics for charged groups, are shown as
dashed lines in Fig. 4. While the trends and ordering of all salts from experiments
are faithfully reproduced, we do not find a full quantitative match. This may be
a result of ion-specific effects that are absent from the PB calculations, yet could
become important, particularly at higher salt content. We and others have previ-
ously shown that modified PB equations can be used to properly account for this
added salt-contribution.63,64 However, these formulations require additional knowl-
edge of the non-electrostatic preferential interaction of ions with the charged moie-
ties, which is at present lacking for peptides.65,66

In an attempt to more faithfully reproduce the experimental values, we tested four
different ensembles for both folded and unfolded conformations. These included
trajectories derived from replica-exchange MD, implicit solvation models and addi-
tional MD simulations (for descriptions of these simulation methodologies see for
example ref. 67 and 68). Because all ensembles were derived under pure water condi-
tions, we also tested reassigning probabilities to conformations in the ensemble ac-
cording to predicted shifts in free energy upon salt addition, which also contributed
to changes in the average differences in free energies. While the energies for preferen-
tial interactions of ions with the non-charged peptide surface were relatively insensi-
tive to the choice of ensemble, the energies derived from the electrostatic PB
calculations showed large variations with the choice of ensemble. In contrast with
the folded ensemble that had relatively low variability (standard deviation) for all
the ensembles we tested, the energies derived for the unfolded conformations were
more variable. Some forcefields tended to yield more extended, linear conformations,
while others show more compact forms. The sensitivity we find underscores a signifi-
cant challenge for protein stability predictions, because proper sampling is clearly
essential for quantitative estimates. Importantly, our prediction estimates of DDG
can only be considered to be semi-quantitative. Fig. 4 shows the ensemble that best
fit the experimental results for NaCl (the salt for which PB is usually most accurate).
The unfolded ensemble is composed of roughly 800 conformations, taken froma 50 ns
MD ensemble in explicit TIP3P waters. In addition, in line with the approach that
takes folded proteins using a single or few experimentally determined states, we repre-
sent the folded state by a single conformation. While the theory seems to properly
reproduce the trends in the ranking of ions and their effect on peptide stability, it is
hard to give quantitatively exact predictions. The most sensitive element of modeling
remains the electrostatic contributions related to ion–charged residue interactions.
5 Thermodynamic fingerprints characterizing mechanistic differences
in cosolute effect

The breakdown of folding free energy into its enthalpic and entropic contributions
affords new insight into the mechanisms by which different cosolute families exert
232 | Faraday Discuss., 2013, 160, 225–237 This journal is ª The Royal Society of Chemistry 2013
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their stabilizing or destabilizing actions. We have measured the peptide folding free
energy in the presence of various cosolutes, at different concentrations and at
different temperatures, to determine the respective changes in enthalpy and entropy
using a van ’t Hoff analysis. These values are then subtracted from the enthalpy–
entropy values for the peptide folding in buffered aqueous solution to obtain
DDH and TDDS values, where T ¼ 298.15 K (for additional information see
ref. 29). A similar decomposition was performed for CD/AD association using
isothermal titration calorimetry.39 We find a clear separation of different cosolute
families in the resulting entropy–enthalpy plots, whereby the distinct groups tend
to occupy different regimes of the plot, Fig. 5.
The diagonal line in Fig. 5, representing full enthalpic–entropic compensation,

separates stabilizing cosolutes that lie above it (blue area highlighted in the inset
of Fig. 5a) from those causing destabilization lying beneath it (pink area). The stabi-
lizing region can be further divided into two specific regions corresponding to
different underlying thermodynamic effects. Region I includes solutes showing an
enthalpically driven stabilization, while cosolutes that fall within region II induce
increased stability that is primarily entropically driven. Similarly, regions III and
IV indicate an enthalpic and entropic destabilizing effect, respectively. For the
CD/AD complexation process (discussed in section 2), all salts tested stabilize the
complex via an entropically dominated process (region II) at low concentrations,
while at higher concentrations the effect becomes more enthalpically driven
(region I), Fig. 5a.
For the peptide folding process, the stabilizing cosolutes tested include polyol os-

molytes as well as the larger, polymeric crowders PEG and dextran, Fig. 5b. Poly-
mers span much of the upper left area of the plot, moving from an entropically
dominated mechanism at lower concentrations (region II) to a larger enthalpic
contribution to their stabilizing effect (region I) at higher concentrations. All poly-
ols, by contrast, fall close to a single line, which represents an enthalpic stabilizing
effect (region I). This effect is generally weaker than for the polymers at a given
concentration, seen as a shorter distance of data points from the diagonal. This
difference in thermodynamic fingerprint is surprising, as there is no hint to this
apparent difference in mechanism in the data shown in Fig. 3, where we find the
same trend and scaling of DDG with cosolute molecular size for both cosolute types.
Fig. 5 Entropy versus enthalpy plots for changes in macromolecular processes upon cosolute
addition. (a) CD/AD complexation. Inset shows the different corresponding regimes on the
plot, and the blue and red colors signify stabilizing and destabilizing regions, respectively;
see text for details. (b) Folding of a peptide. Inset shows the model enthalpic and entropic
contributions to charged (PB) and non-charged terms of electrolytes on peptide folding.
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The disparities seen in the thermodynamic fingerprint bespeak mechanistic differ-
ences in cosolute stabilizing effect for the polyol osmolytes versus the polymeric
crowders. We have previously traced the enthalpically driven stabilization induced
by osmolytes to the reordering of the hydrogen bond network in aqueous solution
in the presence of the polyols.31,69 Polymeric crowders, on the other hand, have
long been shown to act in an entropically driven fashion through steric, excluded
volume interactions,59 as also described in section 1. Interestingly, recent evidence
shows that at high concentration the mechanism of action may change for these
crowder molecules. Record and coworkers have found that while PEG induces
a stabilizing effect on DNA duplexation at low cosolute concentration, as predicted
by molecular crowding theory, high concentrations show a destabilizing trend that
has been attributed to the formation of a ‘‘mesh’’ of polymer molecules which comes
into direct interaction with the DNA surface.70 We propose that a similar balance of
forces may explain the shift we find from entropically to enthalpically driven peptide
folding at intermediate polymer concentrations.
The denaturing cosolute regime occupies the area below the full-compensation

diagonal (regions III and IV). Here we find salts that tend to have an overall desta-
bilizing effect on the model peptide (discussed in section 4). Over the entire concen-
tration range tested, all salts, except GuHCl, promote entropically driven
destabilization (region IV). GuHCl represents a special electrolytic cosolute since
it bears a charge but also shows strong preferential inclusion to peptides and
proteins that are not purely electrostatic.71 We find that GuHCl shows a strong en-
thalpic denaturing effect, probably due to appreciable binding to the peptide, and
accordingly its thermodynamic fingerprint lies in region III.
The model calculations we have performed (detailed in section 4) dissect the effect

of salts into contributions from electrostatics and preferential (or ion-specific) inter-
actions, DDGexp ¼ DDGPB + DDGm. It is, therefore, possible to further decompose
these variations in free energy into enthalpic and entropic contributions, by
requiring that the contributions too must sum up to the experimental total changes
in entropies and enthalpies. Thus, we have derived the enthalpic and entropic contri-
butions to the PB free energy. We then derived the corresponding contributions to
DDGm, the transfer free energy of the uncharged surfaces for NaCl. Because the sum
of PB and preferential interaction contributions (Fig. 4, dashed lines) does not
completely overlap the experimental data, the values obtained from this breakdown
should only be considered as semi-quantitative. Nonetheless, the trends that appear
using this analysis are rather insensitive to the quality of the fit seen in Fig. 4.
We find that the free energy contribution to the interaction of ions with the

charged surfaces, DDGPB, is enthalpically destabilizing (region III), while the inter-
action with the non-charged surface DDGm falls in the same region as the polyol os-
molytes, and is enthalpically stabilizing (region I), Fig. 5 inset. While the interaction
of salts with both the charged and non-charged surfaces of the protein is enthalpi-
cally driven, the two contributions cancel each other to a large extent, and the
sum of these interactions creates an overall destabilizing, yet entropically dominated
change in folding free energy, as seen in Fig. 5b.
Comparing Fig. 5b with its inset suggests a possible common mechanism for the

non-electrostatic salt–peptide interaction and for the polyol–peptide interactions.
For both, the thermodynamic fingerprint is stabilizing and localized in region I.
This resonates with the ‘‘kosmotropic’’ nature of some salts – a term used to describe
the order-inducing tendencies of salts in water.14,13 Indeed, our simulations of
peptide folding have pointed to the strengthening of water’s hydrogen-bonds in
the vicinity of polyol cosolutes as the source for peptide stabilization.31 Possibly,
both polyol osmolytes and salts that interact with non-polar surfaces act through
similar cosolute-induced ‘‘water order’’ or water structuring.
Interestingly, while the salt induced CD/AD complex stabilization is entropically

driven, Fig. 5a, the calculated non-PB contribution of the same salts to the peptide
folding process is enthalpically driven, Fig. 5b (inset). This difference could be
234 | Faraday Discuss., 2013, 160, 225–237 This journal is ª The Royal Society of Chemistry 2013
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reconciled in at least two possible ways. First, the processes of peptide folding and
CD/AD complexation involve changes in exposed surface area carrying different
(chemical) propensities that could lead to different mechanisms. Alternatively,
simple electrostatic PB calculations cannot account for ion-specific effects, so that
more accurate approximations are possibly required. These could change the esti-
mated interaction free energy with charged residues in the presence of different salts.

6 Concluding remarks

Control of cosolute content and concentrations is an integral means of cellular regu-
lation and adaptation. While typically lacking strong, specific interactions, these co-
solutes are nonetheless able to induce a measurable effect on the stability of many
biological molecules and impact the way they interact. Here we have compared
the action of several families of cosolutes: sugars and polyols, polymers, and salts,
by measuring their effects on distinct macromolecular processes such as association
and folding. Following the unique enthalpic–entropic fingerprint of each cosolute,
we have found that certain cosolutes act through thermodynamically similar mech-
anisms that correlate with their chemical and physical characteristics. This finger-
printing allows to naturally separate cosolutes into families according to their
common action, and sheds new light on the possible underlying mechanisms of co-
solute effect. We suggest that similar analysis could be helpful not only in resolving
the behavior of additional cosolutes, but also in formulating and testing predictive
theories of their impact on macromolecular processes. Beyond thermodynamic
changes in stability, we have recently shown that polyols and PEG crowders have
disparate effects also on the kinetics of peptide amyloid aggregation.56,72 Different
salts, too, can differently influence kinetic steps (such as association versus dissocia-
tion) in molecular complexation.43,73 We propose that there could be a possible
mechanistic link between these kinetic changes and the corresponding thermody-
namic mechanism we find for the different cosolute families. These types of links
may eventually reshape our understanding of the way solvating environments are
actively involved in numerous biochemical processes.
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