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In adaptation biology the discovery of intracellular osmolyte molecules that in some cases reach molar levels,
raises questions of how they influence protein thermodynamics. We've addressed such questions using the
premise that from atomic coordinates, the transfer free energy of a native protein (ΔGtr,N) can be predicted by
summing measured water-to-osmolyte transfer free energies of the protein's solvent exposed side chain and
backbone component parts. ΔGtr,D is predicted using a self avoiding random coil model for the protein, and
ΔGtr,D−ΔGtr,N, predicts the m-value, a quantity that measures the osmolyte effect on the N⇌D transition.
Using literature and newly measured m-values we show 1:1 correspondence between predicted and
measured m-values covering a range of 12 kcal/mol/M in protein stability for 46 proteins and 9 different
osmolytes. Osmolytes present a range of side chain and backbone effects on N and D solubility and protein
stability key to their biological roles.
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1. Introduction

The Gibbs Conference began with the goals of promoting
thermodynamics as a powerful discipline in molecular biophysics,
and as a means to develop the careers of junior colleagues whose
research continues to broaden the scope and application of thermo-
dynamics to the solution of biological problems. Throughout the past
25 years the Gibbs Conference played an important role in the
education and career development of graduate and postdoctoral
students from our laboratory, and it served as a stimulating proving
ground and clearing house for ideas and concept development so
essential to progress. It is difficult to imagine how this laboratory
would have progressed without the advantage of the high-level
discussions experienced at the Gibbs Conference. In fact, the research
to be described here has its origins in discussions that began at an
early Conference. As the following report illustrates, thermodynamics
is built upon solid foundations laid by early practitioners whose clarity
of thought and ideas have a life of their own. Sometimes it takes
unexpected events and findings and viewing the problem from a very
different angle to rejuvenate the original idea and bring it to the point
of realization. Such is the case with protein folding/unfolding and
osmolytes.
The biology of adaptation has many facets [1], but none is so
fascinating to solution biophysicists as organic osmolytes. The
signature role of these small organic molecules is to manage cell
volume regulation under water-stress conditions that may include
extremes of temperatures, extremes of pressure, changes in extracel-
lular osmotic conditions, desiccation, or even the intracellular
presence of the protein denaturing osmolyte, urea [2–5]. Such
water-stress conditions are commonly encountered in the biosphere
and threaten cell volume maintenance either through the removal or
increase of cellular water. To maintain cell volume, the loss or gain in
cell water is mitigated by cellular control mechanisms that increase or
decrease intracellular concentrations of small organic molecules,
which act osmotically to return the cell volume toward normal [1].
Accordingly, these physiologically important compounds are called
osmolytes, and their action as osmoticants is the principal osmolyte
property of note.

But action as an osmoticant is not the only property of an osmolyte
that can help cell systems or organisms cope with the particular water
stress imposed [1]. In addition to osmotic stress, many of the water
stresses listed above also cause protein denaturation, so osmolytes
that have the property of protecting proteins against denaturation
provide additional protection to the organism or cellular system
[6–11]. In addition, varying intracellular concentrations of small
organicmolecules can potentially affect intracellular protein solubility
by means of their osmophobic effect [12–14], so particular organic
osmolytes with properties useful in obviating protein solubility
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Fig. 1. Transfer model. Shown is a thermodynamic cycle involving (un)folding
transitions between native and denatured protein in water (Nw and Dw) or osmolyte
solution (Nos and Dos), as well as the transfer of native or denatured protein from water
to the osmolyte solution.
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problems also help the organism or cellular system cope with specific
water stress situations. “Osmophobicity” [14] and how it is modulated
is discussed in detail below for various types of osmolytes. In essence,
there are three major chemical classes of osmolytes that protect
organisms of the plant, animal, and archaea kingdoms [3]; polyols and
sugars, methyl amines, and certain amino acids. In addition, there is
one denaturing osmolyte, urea, that presents a unique set of issues in
urea-rich cells [15,2]. Our long-range objective has been to uncover
those osmolyte properties that enable these four classes of osmolytes
to deal with the particular water-stress, and provide physiological
roles related to protein solubility and protein stability. This is the
subject of this report.

The strategy we adopted is to determine the free energy of
interactions between various osmolyte solutions and solvent-exposed
protein groups that comprise the protein structure. This strategy is
based on the hypothesis that it is possible to successfully model
protein free energy on transfer to osmolyte solutions if both the free
energy of each chemical type of surface element (backbone and the
various side-chain types), and the degree of exposure of each element
is known. To test this hypothesis, the task is then threefold, viz.

1. measure the energetics of appropriate model compounds that
mimic protein chemical components,

2. calculate the overall transfer free energy of a protein species by
weighting each chemical component's free energy (from point 1)
with the degree of its solvent exposure, and

3. compare the results with experimental data on these proteins.

The experimental approach to point 1 has its roots in the early work
of Thomas McMeekin, Edwin Cohn and John Edsall, essential elements
and references of which appeared in one of the earliest monographs on
biophysical chemistry, “AminoAcids, Peptides, and Proteins” [16]. Lewis
and Randall [17] presented the principle that at the solubility limits of a
crystalline organic compound in water and in a second solution (e.g.
osmolyte solution), the chemical potential of the compound is
equivalent in the two solutions (see note added in proof). From this,
Cohn and Edsall developed a simple method for determining the
transfer free energy of the organic compound fromwater to the second
solution. Much later, Tanford used this method to determine transfer
free energies of amino acids from water to urea (and other) solutions
[18]. Tanford subtracted the transfer free energy of glycine fromall other
amino acids, and the resulting free energy differences were taken to
represent the water to urea transfer free energies of each of the amino
acid side-chains. We adapted his methods for use in the studies
presented here, and we significantly extended the number of
investigated osmolytes [19,7,20] in addition to resolving some issues
with the backbone models that Tanford used [20–23].

To calculate the transfer free energy of a protein (point 2 in the list
above), it is necessary to weight the contribution of each protein
surface element (represented by model compound energetics) to the
extent that the groups are exposed in protein native and denatured
states. This procedure necessitates knowledge of the structure of the
protein. Since we are dealing with transitions, such as unfolding, both
native and denatured state solvent accessibilities must be known. For
the native state, we use atomic coordinates from crystal structures.
The denatured state is represented by the average exposures obtained
in a self-avoiding random coil [24–27]. In terms of transfer free
energy, this model is halfway between a random coil in a good solvent
and the compact denatured state defined by Creamer, Srinivasan and
Rose [27,25]. The details of calculating native and denatured state
transfer free energies are given briefly in the supplement and are
extensively described elsewhere [21–23].

Subsequent comparison of these calculations with experiment
(point 3) involves the application of Tanford's transfer model [28],
which is shown in Fig. 1. It is a thermodynamic strategy for evaluating
the free energy change of the overall folding or unfolding transition of
proteins in terms of the residue specific participants. What is typically
obtained in an experiment is the stability of a protein. The free energy
change in the transition from native to denatured ΔGN→D

0 in water
alone is at the top of the thermodynamic cycle (Fig. 1), while the
corresponding equilibrium below it occurs in the presence of 1 M
osmolyte. The free energy difference,ΔΔG=ΔGN→D

1M −ΔGN→D
0 , can be

obtained readily from various experimental approaches, such as urea
induced denaturation in the absence or presence of other osmolytes,
thermal unfolding in presence of osmolytes, or forced folding of
intrinsically unstructured proteins by protecting osmolytes
[29,13,30–33]. ΔΔG is equal to the slope (m-value) of the osmolyte
dependent protein stability; it has units of kcal/mol/M and is a
measure of the efficacy of a given osmolyte to either force proteins to
fold (protecting osmolytes) or to unfold (denaturing osmolyte, urea).
Them-value is a free energy quantity and because we want its sign to
express whether the N⇌D transition is favorable or unfavorable,
we use Eq. 1 which differs in sign from that traditionally used [29].

ΔGN→D = ΔGw
N→D + m·cosmolyte ð1Þ

The vertical equilibria in Fig. 1 represent the free energy change
upon transfer of native and denatured states from water to 1 M
osmolyte ΔGtr,N and ΔGtr,D; and these are the free energies obtained
from the calculations (point 2). The transfer free energies of N and D
complete the thermodynamic cycle, resulting in the relationship,
ΔGN→D

1M −ΔGN→D
0 =ΔGtr,D−ΔGtr,N. The right hand side of this

equation represents the predicted transfer free energy difference
between native and denatured states, whereas the left hand side
represents the experimental m-value.

Thus this equality provides a means to test the transfer model in
terms of the premise that one should be able to predict experimen-
tally determined m-values provided that 1) accurate transfer free
energies of the backbone unit and amino acid side-chains are known
for any given osmolyte solution, 2) the native state structure of a
protein is known, 3) the solvent accessible surface areamodel used for
the denatured state is appropriate, and 4) most importantly, the
assumption of additivity holds. These four conditions are essential for
successful implementation of the transfer model. Only when all of the
conditions are fulfilled are the predictions expected to be successful
for a broad range of proteins. The results presented below indicate
that these conditions are indeed fulfilled. Moreover, because the
thermodynamics are constructed from residue specific contributions
of protein groups at the amino-acid level, a successful prediction
provides unprecedented detail of the driving forces responsible for
protein folding/unfolding [21,23] as well as protein solubility [34] in
the presence of osmolytes. This provides the basis for our detailed
discussion below of the significant role of amino acid side-chains in
the case of some osmolytes.
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2. Results

2.1. Test of the transfer model through m-value predictions

Over the course of osmolyte studies in our lab, we have collected
complete sets of backbone and side-chain transfer free energies
determined at 25 °C for nine naturally occurring osmolytes, including
the protecting osmolytes, trimethylamine-oxide (TMAO), sarcosine
(N-methylglycine), glycine betaine (N,N,N-trimethylglycine), proline,
glycerol, sorbitol, sucrose, trehalose and the denaturing osmolyte, urea
[19,7,12,20–23,35]. During this time, we and others have thoroughly
investigated the effects of these osmolytes on protein transitions. After
collecting experimentally determined m-values from the literature
and from our own studies, we generated a database of 48 proteins (see
Supplemental Table S1) for which to test the transfer model
prediction. These proteins for which atomic coordinates are available
are monomeric, without ligands, and are reported to undergo
reversible two-state unfolding. A number of methods [33] have been
used here to obtain m-values for these proteins, including urea
denaturation of structurally stable proteins in the presence and
absence of protecting osmolytes, thermal unfolding of structurally
stable proteins in the presence of osmolytes, and osmolyte-induced
forced folding of intrinsically unstructured proteins.

Using the transfer model, we calculated the m-values of these
proteins for the transfer from water to 1 M osmolyte and Fig. 2
compares the predicted m-values (ordinate) with the experimental
m-values (abscissa) for each of these nine osmolytes. In total, there
are 73 data points plotted, since several proteins have been studied in
the presence of several osmolytes. The experimental proteinm-values
range up to ∼+6 kcal/mol/M for protecting osmolytes (upper right
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Fig. 2. Comparison of predictedm-values with experimentalm-values: 73 experimental
data points of m-values calculated from pdb files are plotted versus their experimental
values. Some experimental data were taken from the literature, and some measured
using the methods described in the Methods section (see also supplementary Table S1).
The m-values span a range of about 12 kcal/mol/M. The best fit of a straight line to the
data is statistically indistinguishable from the identity line (thick diagonal line). The
thin diagonal lines serve as a guide to the eye, representing deviations of ±1 kcal/mol/
M from the identity line. Almost all data fall within this limit. The distribution of the
data around the identity line is shown as a histogram, with an overlaid Gaussian
distribution. Key: colors indicate the osmolyte, while the symbol shapes indicate the
method of determining the m-value.
quadrant) and down to ∼−6 kcal/mol/M for the denaturing osmo-
lyte, urea (lower left quadrant), resulting in a complete range of
∼12 kcal/mol/M. The constraint for a perfect prediction is that all data
fall on the identity line of unity slope with an intercept of zero.

The inset of Fig. 2 shows a histogram of the difference between
experimental and predicted m-values with the corresponding
probability distribution function. The Gaussian distribution is cen-
tered on approximately zero, corresponding to the identity line, with
a mean=0.055±0.022 kcal/mol/M and standard deviation=
0.336 kcal/mol/M. Thus, 68% of the data fall within ±0.34 kcal/mol/
M of the identity line and 95% of the data fall within±0.68 kcal/mol/M
of the identity line. These standard deviations are, in many cases,
comparable to the error associated with the experimentally deter-
mined m-values. However, it is evident that m-values of some
proteins deviate from the identity line, and this could result from a
variety of factors including deviation from two-state behavior,
deviation of the denatured state from the self-avoiding random coil
model, some degree of non-additivity and inaccuracies in the group
transfer free energies or in experimental m-values. Lack of additivity
from surface patches of net charge that could interfere with group
independence does not seem to be a major factor [36,37]. Potential
inaccuracies in the group transfer free energies have been addressed
for urea by proper data treatment [23] and are in general agreement
with conclusions regarding urea–backbone interactions drawn by
others [38,39]. However, the principal cause for the scatter of the data
around the identity line is likely to be the denatured state structure. It
is known that the compactness of the denatured state depends both
on the osmolyte used [40,12], and on the type of protein [41].

Despite the observed deviations between prediction andmeasure-
ment, the exceptional one-to-one agreement over a 12 kcal/mol/M
range in stability for nine different osmolytes ensures that the transfer
model is robust and predictive. On the strength of the agreement in
Fig. 2, we assessed the relative roles of backbone and side-chains of
proteins in solutions of the various osmolytes.
2.2. Residue specific contributions to the stability and the solubility of protein
native and denatured states

Rather than a “top–down” approach, which derives average
thermodynamic properties from the study of whole proteins, the
transfer model is “bottom–up” in that it is predictive of a thermody-
namic property of proteins based solely on the physical chemical
properties of amino acids and peptides in solution. As such, its
predictive success provides a unique opportunity to identify residue
specific properties of osmolyte interactions with protein native and
denatured states that comprise the overall effect on protein stability
and solubility. In fact, the transfer model has its historic roots in the
principle of solubility where an increase in the solubility of an amino
acid or peptide upon transfer from water to osmolyte solution defines
a favorable interaction (−Δgtr) between the solute and osmolyte and
a decrease in solubility upon transfer corresponds to an unfavorable
interaction (+Δgtr). When these group contributions are summed for
protein native and denatured states, a net favorable interaction will
increase protein solubility and a net unfavorable interaction will decrease
solubility.

In terms of the stability and solubility of proteins we first consider
the effects of two counteracting osmolytes commonly found in sharks
and rays: urea, which forces proteins to unfold [42], and TMAO, which
forces proteins to fold [13,2]. Afterward, we examine the effects of
glycine betaine, proline and glycerol whose roles in biology do not
require strong effects on protein stability. They serve primarily as
osmoticants and preserve protein function, stability and solubility in
response to the osmotic stress [10]. To consider how different
osmolytes affect transfer free energies of N and D states as a function
of amino acid composition and protein molecular weight, we predict
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ΔGtr,N, ΔGtr,D, and m-values for a multitude of proteins from the
Protein Databank.

2.2.1. The urea–TMAO counteraction paradigm
For purposes of illustration, we examine the effects of these

osmolytes on Nank4−7⁎, a segment of notch ankyrin protein
containing the tandem repeats 4 to 7 of the DrosophilaNotch Receptor
with two internal cysteines replaced with serines [30]. This particular
protein is special in that at 34 °C and pH7 it is poised at themidpoint of
the native to denatured transition, allowing evaluation of them-values
of counteracting osmolytes alone or in combination. The experimental
and calculated m-values for the effects of the osmolytes, TMAO,

sarcosine, glycine betaine, urea, and the combination of
2
3
M urea

+
1
3
M TMAO are given in Table 1 for Nank4−7⁎ as well as Nank1−7⁎

and Barnase. As expected, there is good agreement between the
predicted and experimentally determined m-values for the pure
osmolyte solutions. The mixture of two parts urea to one part TMAO,
such that the total osmolyte concentration is 1 M, represents an
important facet of the urea–TMAO counteraction paradigm with
respect to protein stability. The rationale for using the 2:1 ratio is that it
is found in elasmobranchs [43,2]. Here, we have calculated from the
experimental m-values the ΔΔG stability change of these proteins in

the presence of
2
3
M urea+

1
3
M TMAO by using Eq. 2 (see Methods

section). Similarly, from the predictedm-values derived from transfer
free energies, we have taken one-third of the value for urea and two-
thirds of the value for TMAO. The results of the comparison show that
1) the urea:TMAOmixture has very little effect on the stability of these
proteins and 2) the transfer model illustrates that TMAO completely
counteracts the effects of urea on protein stability at the 2:1 urea:
TMAO ratio found in sharks and rays. This is not surprising because it is
well established that the efficacy of urea-induced protein unfolding is
independent of the presence or absence of protecting osmolyte, and
vice versa [6,30,32]. That is, the effects of urea:protecting osmolyte
mixtures on protein stability are additive.

A detailed perspective of the urea–TMAO counteraction is
obtained from a residue-level accounting of the backbone and side-
chain free energy contributions to the native and denatured states of
Nank4−7⁎ and the m-value for transfer to 1 M TMAO, 1 M urea, and
the 2:1 mixture of Urea:TMAO. Fig. 3A and B shows transfer free
energies per protein surface area, Δgtr/Area, versus the exposed
surface area of native and denatured states. These group-wise free
energy contributions are illustrated as blocks of different areas for
each of the side-chains and the backbone. The area of each block
represents the free energy contribution of the indicated protein group.
Table 1
Experimental and predicted m-values for three example proteins. Various methods
were employed: urea-induced denaturation (UD), urea-induced denaturation in the
presence of added osmolyte (UD+O), and thermal unfolding in the presence of added
osmolyte (TU).

Protein Osmolyte mExperim.�
kcal

mol M

� mPredicted�
kcal

mol M

� Experimental
method

Reference

Nank4−7⁎ Sarcosine 2.73 2.80 UD+O [32]
Betaine 1.49 1.52 TU This work
TMAO 3.74 3.28 UD+O [30]
Urea −1.94 −1.64 UD [32]
2:1 Urea:TMAO −0.045 0.001 (mTMAO +

2mUrea)/3
[30]

Nank1−7⁎ TMAO 6.52 5.64 UD+O [30]
Urea −2.75 −2.81 UD [30]
2:1 Urea:TMAO 0.34 0.007 (mTMAO +

2mUrea)/3
[30]

Barnase TMAO 1.66 1.59 UD+O [30]
Urea −1.55 −1.41 UD [30]
2:1 Urea:TMAO −0.48 −0.41 (mTMAO +

2mUrea)/3
[30]
The algebraic sum over all block areas given by the dashed lines
represents the net transfer free energy per Å2 of the native and
denatured states. Fig. 3C illustrates the group-wise free energy
contributions to the m-value (ΔΔgtr/ΔArea) as a function of the
surface area that becomes buried upon folding or exposed upon
unfolding (ΔArea) and the algebraic sum of these contributions is the
m-value (ΔGtr,D−ΔGtr,N).

In the case of TMAO, the side-chain contributions to the transfer of
N and D and to the m-value vary according to side-chain type,
exhibiting different magnitudes and signs; however, collectively they
are favorable to transfer (a net −Δgtr). In contrast, the large
unfavorable interaction between backbone and TMAO dominates
the collectively favorable side-chain transfer free energies of N and D
states fromwater to 1 M TMAO. This raises the free energy of both the
N and D states and results in a net positive m-value. It is clear that in
the presence of TMAO, the protein will be forced to fold, driven by the
unfavorable interaction with backbone. In addition, the net unfavor-
able interactions between N and D states and TMAO, the osmophobic
effect, will necessarily decrease the solubilities of these species in the
presence of TMAO relative to that of water.

Upon transfer to urea solution the free energies of protein
component parts are opposite in sign from that observed with
TMAO. The side-chain contributions are both positive and negative,
but collectively they are unfavorable to transfer from water to 1 M
urea. The large favorable interaction between backbone and urea
dominates the (collective) unfavorable side-chain interactions with
urea, lowering the free energy of both the N andD states, and resulting
in a net negative m-value. So, the favorable interactions with the
backbone are the reason that the proteinwill denature in the presence
of urea. [44,38,7,39,23]. Also, the net favorable interactions between N
and D states and urea will necessarily increase the solubilities of these
species in the presence of urea relative to that of water.

In the case of the 2:1 urea:TMAO mixture, the net contribution of
both side-chains and backbone are small. As a result, the m-value is
also close to zero, showing that urea and TMAO completely counteract
one another under these conditions. Because the net transfer free
energies of N and D states fromwater to the 2:1mixture are both close
to zero, the N and D states in the mixture will have about the same
solubility they would have in buffer alone.

A similarity in the pattern of effects by these two opposing
osmolytes is that in both cases, side-chains oppose the shift in N to D
equilibrium induced by the osmolyte; that shift is driven by the sign
andmagnitude of the free energy effect of the osmolyte on the peptide
backbone. Quantitatively, on a per Å2 basis, the unfavorable TMAO–
backbone interaction is approximately twice the magnitude of the
favorable urea–backbone interaction [20] and because the opposing
side-chain contributions are relatively small by comparison, the
counteracting effects of a 2:1 molar ratio of urea to TMAO on protein
stability is in large part due to the backbone.

2.2.2. Glycine betaine, proline and glycerol
For glycine betaine, proline and glycerol, the contributions of the

side-chains rival those of the backbone, which is inmarked contrast to
both urea and TMAO. Fig. 4 illustrates the competing interactions of
side-chain and backbonewith these osmolytes using the block plots of
the group-wise free energy contributions in Nank4−7⁎.

In the case of glycine betaine, the backbone contribution is still quite
large and unfavorable, but the net favorable contributions of the side-
chains slightly dominate in the native state. As a result, glycine betaine
lowers the free energy of the native state of Nank4−7⁎ by ∼−600 cal/
mol/M (a solubilizing effect). In contrast, this osmolyte raises the free
energy of the denatured state by ∼900 cal/mol/M due to a slight
dominance of the backbone over side-chains. As a result of the opposite
effects of glycinebetaineon theNandDstates, thenative state is favored
in the presence of glycine betaine with anm-value equal to ∼1500 cal/
mol/M. Proline also behaves similarly to glycine betaine with nearly
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equivalent opposing favorable side-chain and unfavorable backbone
contributions, only the magnitudes of these contributions are smaller
than for glycine betaine. Lowering the free energy of theN state through
favorable interactionswith side-chainswhile increasing the free energy
of the D state through unfavorable interactions with the backbone has
the dual benefit of solubilizing theprotein native statewhile at the same
time conferring stability to the protein.

The interaction of glycerol with Nank4−7⁎ is different from either
glycine betaine or proline. While the backbone contribution is
unfavorable, it is weak, and collectively the stronger favorable
contributions of the side-chains out-compete the backbone. This
results in a nearly equivalent reduction in the free energies of both the
N and D states and anm-value close to zero. Lowering the free energy
of both the N and D states by an equal amount will necessarily
increase the solubility of both these species in the presence of glycerol
relative to water.

2.3. Average effects of osmolytes on protein stability and solubility

Up to this point, Nank4−7⁎ is used as a specific example to assess
the residue specific contributions to stability and solubility of native
and denatured states. The question is how general these conclusions
are with respect to other proteins. To address this issue, we extracted
∼1800 structures from the Protein Databank ranging up to 50 kD in
molecular weight according to the criteria stated in the methods and
calculated the transfer free energies of the N and D states and the m-
value. (A 50 kD protein is about the maximum size for which an
accurate m-value can be determined experimentally.) The data
generated from these proteins were plotted as a function of molecular
weight and fit to a linear regression. Plots of the backbone, side-chain,
and net total transfer free energies of the native and denatured states
and the m-value along with a breakdown of the side-chain
contributions into charged, polar and apolar classes as a function of
the molecular weight of the protein are given in Fig. 5 for urea. Plots
for other osmolytes are provided as Supplemental Figures S1-S9.
These proteins may or may not undergo two-state unfolding, electron
density for parts of some proteins may be missing, and they may not
all be globular proteins. However, even with these uncertainties that
undoubtedly contribute to data scatter, it is possible to consider the
overall effects on protein stability and solubility. In order to distill the
information contained in these supplemental figures succinctly, we
have taken the slope ∂ΔGtr/∂MW of these plots as a metric for
establishing generalizations concerning the average effects of osmo-
lytes on the stability and solubility of proteins.

The parameters, ∂ΔGtr/∂MW, are plotted in Fig. 6, for the native
and denatured states and the m-value, respectively. In each of the
panels, the net total ΔGtr is plotted in the top panel, backbone
contributions in the middle panel and side-chain contributions on the
bottom panel. The purpose of Fig. 6 is to show trends. For clarity,
errors are not shown; but they are significant and care should be
taken in comparing proteins of the same molecular weight but with
widely different amino acid compositions. The osmolytes are ranked
in each figure according to the net total transfer free energy.

Upon inspection of Figs. 5 and 6 and the Supplemental Figures
S1–S9, several generalizations become immediately apparent that
enable the classification of osmolytes.

2.3.1. Generalizations
1) The net transfer free energy of proteins is a delicate balance

between backbone and side-chain contributions. Taken separately,
these contributions can vary considerably in both sign and
magnitude of the free energy among the various osmolytes.
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2) The transfer free energy of the peptide backbone from water to
protecting osmolytes is unfavorable and is favorable for transfer to
urea.

3) Regardless of the net transfer free energy of N, D or them-value for
any given osmolyte, the collective contributions of the side-chains
always oppose the contribution of the backbone. With some
-5
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and the m-value (bottom) as a function of molecular weight. The order of labels in the
keys is the same as the order of the curves in all panels below each key.
osmolytes, the collective side-chain ΔGtr contributions can be
indifferent with a net zero contribution.

4) When segregated by class into charged, polar and apolar amino
acid side-chain types, the charged ones make up the majority of
the side-chain transfer free energy contribution that opposes the
backbone. Net polar side-chain contributions are generally
smaller, and for some osmolytes they are indifferent with a net
zero contribution. Apolar side-chain contributions, when opposing
the backbone, are also generally lower than the charged side-chain
contributions, but collectively they can also be indifferent. For
some osmolytes they have the same sign of the transfer free
energy as the backbone.

5) Results in Fig. 6 represent averages, and individual proteins may
vary from the average as evident in Figures S1–9. Accordingly, the
rank order of osmolyte m-values may differ for proteins that have
significantly different amino acid compositions.

2.3.2. Classifications
1) Osmolytes that stabilize proteins, raising the free energy of both the

native and denatured states — The osmolytes that fall within this
class (TMAO, sarcosine, sorbitol, sucrose and trehalose; see Figures
S 5, 1, 2, 3, 4 resp.) have an unfavorable interaction with the
peptide backbone that outcompetes the favorable interaction with
the side-chains, which collectively oppose folding. For these
osmolytes, the solubilities of N and D states will necessarily be
reduced relative to water. The charged class of side-chains
generally has favorable interactions with these osmolytes as do
the polar class of side-chains. However, for TMAO and trehalose,
polar side-chain free energy contributions are typically indifferent,
with a net zero contribution. The transfer of apolar side-chains to
1 M TMAO is favorable and to 1 M sucrose is indifferent. In the case
of sarcosine, sorbitol and trehalose, the apolar side-chain contri-
butions are unfavorable to transfer.



Charged
Polar
Apolar

U
re

a

G
ly

ce
ro

l
 U

re
a

 T
M

A
O

B
et

ai
n

e

P
ro

lin
e

S
o

rb
it

o
l

S
u

cr
o

se

S
ar

co
si

n
e

T
M

A
O

Tr
eh

al
o

se

Denatured State

G
tr

an
sf

er
/

M
W

 (
kc

al
/m

o
l/M

/k
D

)

B

U
re

a
 U

re
a

 T
M

A
O

G
ly

ce
ro

l

B
et

ai
n

e

P
ro

lin
e

S
o

rb
it

o
l

S
u

cr
o

se

S
ar

co
si

n
e

T
M

A
O

Tr
eh

al
o

se

Stability / m-value

G
tr

an
sf

er
/

M
W

 (
kc

al
/m

o
l/M

/k
D

)

C

Charged
Polar
Apolar

U
re

a

B
et

ai
n

e

G
ly

ce
ro

l

P
ro

lin
e

 U
re

a
 T

M
A

O
S

o
rb

it
o

l

S
u

cr
o

se

Tr
eh

al
o

se

S
ar

co
si

n
e

T
M

A
O

G
tr

an
sf

er
/

M
W

 (
kc

al
/m

o
l/M

/k
D

)

Native StateA

Charged
Polar
Apolar

Fig. 6. The slope of ΔGtr with respect to protein molecular weight for the native state (panel A), denatured state (panel B) and m-value (panel C). The total transfer free energy
contributions are given at the (top), the total backbone contribution (middle) and the total contribution of side-chains (bottom). The total side-chain contributions are further split
into their charged, polar and apolar classes. Osmolytes are ranked according to the net total.

96 M. Auton et al. / Biophysical Chemistry 159 (2011) 90–99
2) Osmolytes that only moderately change protein stability — The
osmolytes that fall within this class (glycine betaine, proline, and
glycerol; see Figures S 7, 8 and 9 resp.) generally have nearly
equivalent but opposing contributions of unfavorable backbone
interactions and favorable side-chain interactions. For these
osmolytes, the solubilities of N and D states will either increase
due to slightly dominant favorable interactions with the side-
chains or remain unchanged relative to water. All classes of amino
acid side-chains interact favorably with these osmolytes with the
exception of glycerol in which the polar and apolar side-chains are
generally indifferent with a net zero free energy contribution (see
also Fig. 6).

3) Denaturing osmolytes — Urea denatures proteins predominantly
through its favorable interaction with the peptide backbone
(Fig. 5). This favorable interaction outcompetes the collective
unfavorable interactions with the side-chains that oppose dena-
turation. The contribution of charged residue side-chains accounts
for themajority of the unfavorable interaction, with the polar side-
chains remaining indifferent and the apolar side-chains favorable
for both the native and denatured states of proteins. The
solubilities of N and D both increase in urea solutions.

4) Counteracting osmolytes — In the 2:1 mixture of urea to TMAO,
found in sharks and rays, TMAO more than offsets the opposing
backbone contributions fromurea (see Fig. 3), but to a lesser degree
the opposing side-chain contributions are also offset (Figure S6).
The net effect of this mixed osmolyte system is such that the
cumulative and favorable side-chain contributions slightly out-
weigh the unfavorable contribution of the backbone. As a result, the
solubilities of N and D states in the mixture will be enhanced
relative to water. The transfer of charged and apolar side-chains
makes up the collectively favorable side-chain interactions with
the polar side-chains remaining indifferent.
3. Discussion

With reference to the biology of adaptation, the principles
revealed from the application of the Transfer Model are compatible
with and highlight the particular roles that osmolytes play in biology.
While the mechanisms of adaptation to extreme environments can
involve adjustments in the macromolecular components of the cell
that give rise to alterations in both the quantitative and qualitative
properties of the macromolecules themselves, a strategic and
advantageous mechanism involves adjustments in the cellular solvent
system within which macromolecules function [11]. The use of
specific small molecules as biochemical protectants by organisms and
cellular systems in essentially all taxa serves multiple roles, one of
which is to preserve the structural integrity of macromolecules and
macromolecular ensembles for function in environments that would
normally be detrimental to the organisms' survival [1]. Because the
primary role of osmolytes is cell-volume regulation, attention to other
needs imposed by the cellular microenvironment affords organisms
and cellular systems the ability to more fully respond to changes in
water stress. Be it extremes of temperature, desiccation, osmotic
imbalance, or the presence of intracellular urea, osmolytes provide
protection to macromolecules by enhancing stability and/or solubility
over a significant range of water stress. The use of the Transfer Model
for the study of a variety of osmolytes from each of the major classes,
methylamines, polyols and sugars, and certain amino acids, reveals a
delicate balance between opposing interactions of osmolytes with the
backbone and the side-chains, and the relative magnitude of these
contributions determines an osmolyte's efficacy at stabilization and
solubilization of proteins.

Several observations of osmolyte accumulation in nature make
sense in light of the average protein behavior depicted in Fig. 7. For
example, proline accumulates in halophytes in response to salt stress
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[45], and it is beneficial for certain plants to increase the concentration
of this osmolyte to counter a primarily osmotic challenge. In these
cases the primary threats to the organisms are osmotic and the risk of
precipitating proteins as a result of high intracellular proline
concentration. Protein stability is not threatened so the modest ability
of proline to stabilize proteins is not needed, but its ability to increase
the solubility of native proteins is essential for its role (Fig. 7I). This
solubilizing action of proline (and also glycine betaine) is well known
from in vitro experiments [46–49], and even in cells [50].

Intracellular accumulation of a strongly stabilizing osmolyte can
threaten to precipitate protein, as deduced from the increasing Gibbs
free energy of the native state, and even more of the denatured state
Fig. 7A–E. TMAOwould tend to precipitate proteins in sharks, rays and
other elasmobranch fish were it not for the accumulation of urea to
prevent such cellular catastrophe. These animals have an intracellular
concentration of urea that is two-fold greater than that of TMAO [3].
As a result, the combination of these osmolytes, on average, affects
neither the stability nor the solubility of proteins much (see Fig. 7G
and S6), and the mixture provides an effective osmotic balance
against seawater. The classical 2:1 mixture of urea:TMAO found in
sharks and rays has its counterpart in the mammalian kidney with the
mixtures of urea with glycerophosphocholine [51,52]. While we do
not have transfer free energy data available on this latter osmolyte, it is
significant that in the kidney a solubilizer (glycine betaine) accumulates
in countering the osmotic stress (primarily due to salt) that occurs along
side the high urea concentrations [51,52].

Trehalose has been found to protect yeast against thermal stress by
stabilizing proteins [53,54]. This is reflected again in Fig. 7D by the big
increase of the gap between the free energies of N and D states upon
addition of trehalose. However, it is also obvious that this stabilization
comes at a price: the solubility of N, and especially of D, strongly
decreases in trehalose (increased free energies in Fig. 7D). An
apparent paradox is posed by the observation that the presence of
trehalose may actually decrease protein aggregation in yeast under
conditions of heat stress [9], even though the solubilities of both
native and denatured states are predicted to decrease (Fig. 7D). To
resolve this paradox, it is important to realize that proteins tend to
unfold and precipitate at elevated temperatures. Trehalose provides
the driving force to shift the folding equilibrium back towards the
native state, thus reducing the population of the more aggregation
prone denatured state. Even though in the presence of trehalose ΔGtr,N

predicts the native state to be less soluble than in its absence (Fig. 7D
and S4), it is still considerablymore soluble than the denatured proteins
that would accumulate without trehalose.
Our previous work [19,14,20,21] has demonstrated that the
transfer free energy of the backbone dominates over side chains in
urea and in strongly stabilizing osmolytes, which in a natural setting
are designed to counteract protein denaturing stresses. This govern-
ing role of the backbone results in the strong ability of protecting
osmolytes and the non-protecting osmolyte, urea, to affect protein
stability. However, as illustrated above, osmolytes do play roles in
biology in which protein stability is not the primary issue, and, in
these cases, the transfer free energy of the side chains plays a key role.
We cited proline and glycine betaine as examples of osmolytes that
function primarily to increase the intracellular osmotic pressure, in
order to balance the increased external osmotic pressure due to
elevated salt concentrations. According to the solubilizing properties
of proline and glycine betaine, we see an additional protecting role of
keeping the intracellular proteins soluble that is essential for
protecting the organism. In these instances protein stability takes a
back seat to the issue of keeping intracellular proteins soluble, and so
does the backbone relative to the side-chains.

In summary, it is important to recognize that the manifestation of
these principles would not have been possible without the predictive
success of the Transfer Model as illustrated in Fig. 2. More than
40 years ago, Tanford proposed the hypothesis that knowledge of the
transfer free energies of protein backbone and side-chain groups from
water to aqueous solutions of urea could quantitatively account for
the thermodynamics of urea denaturation of proteins. The criteria for
m-value prediction presented in the introduction are stringent, and
the fact that the prediction holds over a 12 kcal/mol/M range,
covering a variety of osmolytes and a large number of proteins
demonstrate the validity of the approach by Cohn, Edsall and Tanford
[16,18].

4. Methods

4.1. Determination of experimental m-values

Many of the urea denaturation m-values were taken from the
literature (see Supplemental Table 1). Far fewer m-values are available
for the effect of other osmolytes on proteins. Thus we have measured
additionalm-values using variousmethods described below. Generally,
them-value of a stable protein with respect to a protecting osmolyte is
measured at 25 °C by evaluating the ability of the osmolyte to offset
urea-induced denaturation [30,32]. In other studies m-values for
protecting osmolytes are determined by evaluating their stabilization
against thermal denaturation (see below), and in still other cases
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proteins in buffer were destabilized by point mutations and m-values
measured using protecting osmolytes to force the destabilized proteins
to fold [13].

4.1.1. Forced folding of unstable proteins
Nank4−7⁎ (with at Tm of 34∘C) was forced to fold at 50 °C by

titrating with sorbitol and glycine betaine, while monitoring the
circular dichroism of the samples at 228 nm in a Jasco J-720
spectropolarimeter. The protein concentration was 0.18 mg/mL, and
the details of preparing the samples with two osmolytes are described
elsewhere [32,33].

The CD signal was fit to the usual expression [55], and extended to
global fits [33]. The stability equation in our case is [33]

ΔG∘ cs; cbð Þ = ΔG∘ 0;0ð Þ + mscs + mbcb; ð2Þ

where ΔG∘(0,0) is the protein's stability in the absence of osmolyte, cs
and cb are the concentrations of sorbitol and glycine betaine, and ms

and mb are the m-values for sorbitol and glycine betaine.

4.1.2. Thermal unfolding of stable proteins in the presence of osmolytes
Thermal melts were performed both with regular Jasco J-720 CD

spectropolarimeter (as described previously [32]) and in a high-
throughput Johnson & Johnson Thermofluor instrument [56,57].
Samples were prepared in 384-well PCR plates, at 5 μM concentration
of the C77S mutant of E. coli adenylate kinase [58]. The buffer
contained 10 mM PIPES (pH 7.7), 0.1 mM EDTA, and 0.15 M NaCl.
Gradients of osmolyte concentrations were separately prepared on
96-well plates, transferred to the 384-well plates, and samples were
mixed by mild sonication using a Misonix Sonicator (Cole Parmer)
equippedwith amicroplate horn. Samples were overlaid with silicone
oil to prevent evaporation during the thermal scans. The heating rate
was 1 K/min. Detection of the degree of unfolding was through
fluorescence of ANS (50 μM), added to the protein solution to monitor
the appearance of denatured protein, and the thermal transitions
were found tomatch the results from CD spectroscopic measurements
[59].

The thermal unfolding data were fit to obtain the transition
midpoint temperature Tm and the enthalpy of the transition ΔH∘ as
described previously [33]. These parameters were used to calculate
m-values using the relation [31]

m =
ΔH∘

Tm

∂Tm
∂c

� �
; ð3Þ

where c is the concentration of the osmolyte used. The m-value at Tm
could in principle be different from the one at room temperature.
However, its temperature dependence is generally small [33]. This
view is supported by the overall good agreement between prediction
and measurement for the m-values that were determined through
thermal unfolding.

4.2. Predicting the m-value

Transfer free energies were calculated using the procedure
described previously in detail [20,22]. We modified the approach for
one protein. In E. coli adenylate kinase, the lid domain has been found
to be less stable than the rest of the protein [59]. We performed
thermal scans with this protein, and accordingly, we assume in them-
value calculation that this domain (residues 110–164) is unfolded at
the midpoint temperature of denaturation.

We have developed a website for general use in calculating m-
values for proteins. The m-value calculator is located at http://sbl.
utmb.edu/mvalue.html, and requires uploading the atomic coordinate
file of a protein of interest, which may be obtained from the Protein
Databank. The computation is instantaneous, and the output is a tab-
delimited plain text file with m-values for each of the nine osmolytes
along with protein solvent accessible surface areas, transfer free
energies of native and denatured states, and residue-specific
group contributions to both the transfer free energy and to the sur-
face areas.

4.3. Classification of the general properties of osmolyte effects on protein
native and denatured states and protein m-values

A database of proteins was generated from the Protein Data Bank
(http://www.rcsb.org/) using the “Advanced Search” feature and the
following criteria. 1) Number of Chains in the Asymmetric Unit=1. 2)
Number of Chains in the Biological Assembly=1. 3)MolecularWeight
Structure=(0–50) kiloDaltons. 4) Experimental Method=X-Ray. 5)
X-Ray Resolution=Between 1 and 2 Å. 6) Macromolecule Type —

Contains Protein=Yes, Contains DNA=No, Contains RNA=No,
Contains RNA/DNA Hybrid=No. 7) Number of Entities — Entity
Type=Protein, Between 1 and 1. 8) Has Modified Residues=No. 9)
Remove Similar Sequences at 95% Identity which effectively removes
multiple structures of the same protein (e.g. multiple mutations)
leaving a single representative structure for each protein.

The results of these search criteria produced 2904 structures. Our
transfer free energy calculator further condensed this structure set to
1798 structures by eliminating structures with missing residues,
structures containing only backbone traces (i.e. no side-chains) and
PDB structure files with sequentially listed residues having the same
residue number.

The output of our transfer free energy calculator produced the
molecular weight and the cumulative side-chain, backbone and total
transfer free energies for the native (crystal structure) and denatured
states and the m-value of the proteins. In addition, it segregated
sidechain transfer free energies into charged (Asp, Glu, His, Lys, and
Arg), polar (Ser, Thr, Pro, Gln, Asn), and nonpolar (Ala, Phe, Leu, Ile,
Val, Met, Trp, Tyr) classes. These specific group contributions were
plotted as a function of the molecular weight of the protein, and this
dependence was fit to a linear regression to generalize the average
transfer free energies of proteins. These plots for all osmolytes (TMAO,
sarcosine, glycine betaine, proline, glycerol, sorbitol, sucrose, treha-
lose, urea and amixture of 2/3 M ureawith 1/3 M TMAO) are provided
in the Supplement.

For the purpose of computing m-values we strongly recommend
use of the online calculator at http://sbl.utmb.edu/mvalue.html,
rather than the average energetics obtained through the general
classification. It is clear from the scatter of the data in the supple-
mentary figures that the general classification provides good general
trends but may lead to skewed results for specific proteins. In fact, the
rank order of osmolyte m-values may differ for proteins of
significantly different amino acid compositions.

Note added in proof

Prof. R.L. Baldwin has noted that Gibbs expounded the principle in
1871, long before Lewis and Randall. ("The Collected Works of J.
Willard Gibbs,Volume I. Thermodynamics" Chapter III, On the
equilibrium of heterogeneous substances, pages 55 - 349. Yale Univ.
Press, 1948. New Haven.)
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Appendix A. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.bpc.2011.05.012.
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