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Abstract Thermodynamic aspects of protein stabilization
by two widespread naturally occurring osmolytes, [3-
hydroxyectoine and betaine, were studied using differential
scanning calorimetry (DSC) and bovine ribonuclease A
(RNase A) as a model protein. The osmolyte p-hydro-
xyectoine purified from Marinococcus was found to be a
very efficient stabilizer. At a concentration of 3M it in-
creased the melting temperature of RNase A (7)) by more
than 12K and gave rise to a stability increase of 10.6 kJ/mol
at room temperature. The heat capacity difference between
the folded and unfolded state (AC,) was found to be signifi-
cantly increased. Betaine stabilized RNase A only at con-
centrations less than 3M. Also, here AC, was found to be
increased. Calculation of the number of water molecules
that additionally bind to unfolded RNase A resulted in
surprisingly low numbers for both osmolytes. The signifi-
cant stabilization of RNase A by 3-hydroxyectoine makes
this osmolyte an interesting stabilizer in biotechnological
processes in which enzymes are applied in the presence of
denaturants or at high temperature.

Key words (-Hydroxyectoine - Betaine - RNase A - Differ-
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Introduction

Osmolytes were reported initially as small organic mol-
ecules that play a role in the adaptation of organisms to
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high-salt environments. Later on they were also identified
as an extrinsic protein stabilizer that enable cells to survive
denaturing stresses such as heat, freezing, and high
cytoplasmic concentrations of denaturants such as urea
(Arakawa and Timasheff 1985; Yancey et al. 1982;
Timasheff 1992; Santoro et al. 1992).

Several small molecular compounds such as 2,3-
diphosphoglycerate (Hensel and Konig 1988) and trehalose
(Hottiger et al. 1994), as well as di-myo-inositol-1,1" (3,3")-
phosphate (Martins et al. 1996), have been shown to
accumulate to high concentration as a response to environ-
mental stresses. Also ectoines, which belong to the most
common solutes found in the cytosol of aerobic het-
erotrophic bacteria (Galinski 1995), accumulate in cells
upon heat stress and are able to increase the thermo-
tolerance of bacteria (Malin and Lapidot 1996).

Osmolytes can be grouped into four major classes:
polyols including sugars and sugar derivatives, uncharged
amino acids, amino acid derivatives, and methyl ammonium
compounds. The presence of osmolytes has been shown to
significantly enhance the stability of proteins and preserve
their enzymatic activities in an aqueous solvent system. This
property makes these compounds not only interesting for
basic research but also for biotechnological applications
where enzymes may have to function in nonphysiological
environments.

As shown by Timasheff and coworkers, the main factor
responsible for the stabilization of the native protein is
related to the observation that osmolytes are excluded from
the protein surface, resulting in a preferential hydration of
the protein (Timasheff 1992). The predominant mechanism
is hereby an increase in the surface tension of water by the
osmolyte that opposes enlargements in surface area. Thus,
preferential hydration favors the native state of the protein
by making unfolding more unfavorable in the presence of
the osmolytes. Because compatible osmolytes act mainly on
the denatured state, they leave the native state largely un-
disturbed. As a result, enzymes show similar catalytic
activities in water as well as in osmolyte solutions. Further-
more, it has been demonstrated, by hydrogen exchange
experiments, that dynamic aspects of the native state are
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largely unaffected at high sucrose concentrations (Wang et
al. 1995).

Here we present a differential scanning calorimetry
(DSC) study on the thermal unfolding of bovine ribonu-
clease A (RNase A) in the presence of the naturally
occurring osmolytes betaine and [3-hydroxyectoine (2-
methyl-4-carboxy-5-hydroxy-3,4,5,6-tetrahydro-pyrimi-
dine), the 5-hydroxy derivative of ectoine. Tetrahydro-
pyrimidine derivatives, first discovered and named after the
sulfur bacterium Ectothiorhodospira halochloris (Galinski
et al. 1985), belong to the most abundant solutes of acrobic
heterotrophic bacteria (Galinski 1995). Our study demon-
strates that -hydroxyectoine, which can be isolated from
the halophilic bacteria Marinococcus (Galinski et al. 1985),
is a potent protein stabilizer. We found a linear increase of
the melting temperature of RNase A by 4.1K/mol (-
hydroxyectoine as well as a significant increase of the heat
capacity change on unfolding in the presence of this com-
patible osmolyte. At room temperature (298K) and an
osmolyte concentration of 3M, RNase A was found to be
stabilized by 10.6kJ/mol and at elevated temperature
(330K) even by 13.5kJ/mol. The thermodynamic data mea-
sured on the thermal unfolding of RNase A in the presence
of B-hydroxyectoine were compared with data measured
under identical conditions using the glycine derivative be-
taine as a cosolvent.

Materials and methods

Ribonuclease A from bovine pancreas was purchased from
Boehringer Mannheim (Germany) (#109169) and was used
without further purification. Betaine was purchased from
Sigma (St. Louis, MO, USA). 3-Hydroxyectoine was puri-
fied from Marinococcus strain M52 following a method de-
scribed by Frings et al. (1995).

For differential scanning calorimetry, a concentrated
stock solution of bovine RNase A (20mg/ml) was exten-
sively dialyzed against 1 mM sodium phosphate buffer pH
6.0; 100l of this stock solution was used to prepare 2-ml
samples for DSC measurements that contained 50mM
phosphate buffer of the desired pH, 200mM sodium chlo-
ride, and the osmolyte used in the individual measurement.
The protein concentration of the sample was determined
using an extinction coefficient at 278 nm of 98001/(molcm).
The pH of the sample was measured before and after the
calorimetric measurement and was found to be constant
within 0.1 pH unit. Both osmolytes are potent buffers at low
pH. To keep the ionic strength constant in all calorimetric
experiments, the pH range was restricted by the osmolyte
concentration, in the case of 5SM betaine to 4.5-6.5 and
to 3.5-6.5 for 3M p-hydroxyectoine. The concentration
of chloride ions was kept constant (200mM) in all
measurements.

Data were measured on a MicroCal MCS calorimeter
controlled by the MCS observer program (MicroCal).
Samples were routinely degassed for Smin before they were
used for a calorimetric analysis. Buffer baselines were col-
lected under identical conditions and were subtracted from

the corresponding data of the protein samples. The scan-
ning rate during the calorimetric measurement was 1 K/min.
A second (re-heating) scan was always performed after the
DSC experiment to assess the reversibility of the unfolding
transition. The reversibility of the unfolding transition was
found to be very high (typically 95%), as indicated by the
ratio of the areas under the calorimetric endotherm of the
first and second thermal scan.

Calorimetric enthalpies (AH*') and van’t Hoff enthalp-
ies (AH'") were calculated using the software supplied with
the instrument (MicroCal). However, directly determined
heat capacity changes of the individual scans scattered sig-
nificantly. AC, used in all calculations was therefore derived
from slopes of AH(T) plots, assuming that AC, is constant
in the investigated temperature region.

AH has been calculated at any temperature according to

AH(T) = AHy, + AG,(T - T,,) (1)

The number of protons exchanged between the protein and
the solvent upon denaturation (Av) was calculated from

_ 1000AH* 8T,

= ——n 2
2.303RT? dpH @

The temperature dependence of the Gibbs free energy dif-
ference upon denaturation was calculated using

AG(T) = AH,,@L - ;—m%— AC, Erm T+ gﬂn%% 3)

Subscripts were used according to the Scatchard convention
(1 for the solvent [water], 2 for the protein, and 3 for the
cosolvent). The change in protein—cosolvent preferential
interaction (A®,;) was calculated at constant pH and at 7,
using

_ AH, T, O
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or was derived using the calculated Gibbs free energy dif-
ference upon denaturation:

AD,,

AGO

MERPH = AD,, Q)

were m; is the concentration of the osmolyte in mol/kg. For
calculations of changes in protein—cosolvent preferential
interaction and hydration, the concentration of osmolytes
was expressed in moles of osmolytes per kilogram of water
rather than in moles per liter, using density measurements
of the osmolyte—water mixtures. The resulting values were
1.38mol/kg and 2.57mol/kg instead of 1.5M and 3M @3-
hydroxyectoine, respectively. The values for betaine were
1.96, 2.89, 3.73, and 4.59 mol/kg.

Changes in hydration (Al',;) between the native and de-
natured protein were calculated using:

AD,,

AL, = 6
T (©6)



Where V, is the molar volume of water and 8I1/0m; is the
dependence of the osmotic pressure (IT) on the osmolyte
concentration (m1;).

Results

Calorimetric measurements of the thermal unfolding transi-
tion of bovine RNase A were performed at different
osmolyte concentrations in the acidic and neutral pH
region. The evaluation of the measurements was based on
the assumption that the unfolding transition of RNase A is
a reversible two-state process. RNase A is a well-studied
protein from a thermodynamic point of view (Makhatadze
and Privalov 1993). Also, under the measuring conditions
used in this study, the unfolding transition was found to be
highly reversible. The reversibility of each measurement
was assessed by comparing the calorimetrically measured
enthalpy of the first thermal scan to the enthalpy of a
second scan of the same sample. The reversibility of the
thermal denaturation was typically 95% or better. A repre-
sentative calorimetric experiment in the presence (3M) and
absence of (3-hydroxyectoine is shown in Fig. 1A. The two-
state nature of the unfolding transition was confirmed by a
perfect fit of the calorimetric endotherm to a two-state
model (Fig. 1B) as well as a near unity ratio of the calori-
metrically measured enthalpy and van’t Hoff enthalpy
(Table 1).
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Effects of B-hydroxyectoine and betaine on the melting
temperature of RNase A

Melting temperatures (7,,) of bovine RNase A were deter-
mined at pH 5.5 in 30mM sodium phosphate buffer in the
presence of increasing concentrations of f3-hydroxyectoine
and betaine (Fig. 1D). As shown in the figure, a significant
shift of T, toward higher temperature was observed at
increasing concentrations of f-hydroxyectoine. The T,, of
RNase A shows a linear dependence on the f-
hydroxyectoine concentration over the entire studied con-
centration range (0-3M), which can be described by the
equation 7, = 332 + 4.1T (r-value = 0.99), resultingina 7,,
shift of more than 12° at a concentration of 3M. Measure-
ment at even higher osmolyte concentrations were not pos-
sible because of the limited solubility of $-hydroxyectoine
in water. Betaine, however, showed an apparently linear
concentration dependence of 7,, only at low concentrations
(<2M) and deviated at higher concentrations significantly
from linearity. Finally, the function 7,,(7) flattened out at
betaine concentrations greater than 3M. Furthermore, be-
taine was at all concentrations found to be less efficient as a
stabilizer than f-hydroxyectoine. A similar dependence of
T,, on betaine concentration has also been described in an
earlier study by Santoro et al. (1992).

In a second set of experiments, the pH dependence of
the melting temperature of RNase A was studied at several
concentrations of B-hydroxyectoine and betaine (Figs. 2,
1C). Both osmolytes are potent buffers in the acidic pH

Fig. 1. A Effect of -
hydroxyectoine on RNase A
unfolding in phosphate buffer,
pH 5.5, shown by two calorimet-
ric experiments in the presence
of 3M f-hydroxyectoine (dotted
line) and without B-hydro-
xyectoine (solid line). The
corresponding buffer baselines
have been subtracted. B Fitting
of the data measured in the
presence of 3M f-hydro-
xyectoine (solid line) to a
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Table 1. Thermal unfolding of RNase A at pH 5.5 in the presence of [3-hydroxyectoine (HE) and betaine (B)

Concen tration (M) T, (K) AH;, (kJ/mol) R;, AS,, (kJ/(molK)) AC, (kJ/(molK)) n‘
B-Hydroxyectoine
0 333.0 364 = 14 0.99 1.09 = 0.05 4.4 * 0.6 6
1.5 3394 406 = 20 0.99 1.22 £ 0.06 5.0 =05 9
3 345.0 426 = 23 1.01 1.25 = 0.07 5.6 £ 0.6 S
Betaine
0 333.0 364 = 14 0.99 1.09 = 0.05 4.4 * 0.6 6
2 339.5 413 = 17 0.96 1.22 + 0.05 47 £03 7
3 341.0 424 = 13 1.01 1.26 £ 0.04 52+03 9
4 341.8 427 = 25 1.00 1.25 = 0.07 51x05 10
5 341.1 414 = 14 1.00 1.23 £ 0.04 51+03 11
*AH,, was calculated using the linear fitting functions of AH* versus T,, plots (Fig. 4)
z AHcal
bR = &
H z AH
“n, number of measurements
350 T T N T M T T T T T T T T 350 T T T T T T T T M T T
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Fig. 2A,B. pH dependence of the melting temperature (7,,) on the
osmolyte concentration. A Melting temperatures measured at different
pH values in the presence of 3M (triangles), 1.5M (circles), and 0M
(squares) f-hydroxyectoine. B Melting temperatures of RNase A mea-
sured at different pH values in 30 mM sodium phosphate buffer and an

region. To keep the ionic strength constant (200mM) the
pH range was therefore limited and depended on the con-
centration of the osmolyte. In the case of 3-hydroxyectoine
the pH dependence of T,, was studied at a concentration of
1.5 (pH, 3-6) and 3M (pH, 3.7-6.5). A typical set of experi-
ments at fixed osmolyte concentration and different pH
values is shown in Fig. 1C. T,, was unaffected by pH changes
in the region pH 5-6 at both concentrations as well as in the
absence of osmolyte (Fig. 2). At low pH values, 7,, de-
creased rapidly until this osmolyte lost its ability to stabilize
RNase A. A similar behavior of the pH dependence of T,,
can be seen in the case of betaine (Fig. 2B), which destabi-
lizes protein even at pH values lower than 3.5.

Effects on the denaturation enthalpy change AH,,

As shown in Fig. 3, the calorimetrically measured enthalpy
(AH*") determined by integration of the area under the

T T T T T T T T T T T T
3.0 3.5 4.0 45 50 55 6.0 65 7.0

T T T T T T T T T T T
3.0 3.5 40 45 50 55 6.0 65 7.0
pH

ionic strength of 200mM (sodium chloride) in the presence of SM
(diamonds), 4M (triangles), 3M (X), 2M (circles), and OM (squares)
betaine. To guide the eye of the reader, data were fitted to a second-
order polynomial function

heat absorption peak was in good agreement with the calcu-
lated van’t Hoff enthalpy, assuming a two-state transition.
Principally, in all calorimetric measurements of RNase A
unfolding in water—f3-hydroxyectoine and water—betaine
mixtures, the ratio (AH“/AH') did not deviate by more
than 5% from unity.

At the melting temperature (7,,), the calorimetric en-
thalpy (AH™) was always higher in osmolyte-water mix-
tures than in the absence of the osmolyte for both
B-hydroxyectoine and betaine (Fig. 4). At room tempera-
ture, however, the calculated AH*® was significantly lower
because of an increase in AC, in the presence of osmolytes
(Table 2). Enthalpies measured at different pH values
showed a linear temperature dependence (Fig. 4), and lin-
ear least squares fit of the measured calorimetric enthalpies
plotted versus T, resulted in the equations AH,(T) =
—1298 + 5.02T (r = 0.96) (for 1.5M B-hydroxyectoine)
and AH(T) = —1487 + 555T (r 0.96) (for 3M f-
hydroxyectoine); for betaine, AH(T) = —1167 + 4.67T (r =



Fig. 3A,B. Ratio of the
calorimetric enthalpy (AH) to
van’t Hoff enthalpy (AH"") of
the thermal denaturation of
RNase A; a deviation of 5% is
indicated by dotted lines.

A Ratio at different pH values
in the presence of 3M (tri-
angles), 1.5M (circles), and 0M
(squares) B-hydroxyectoine.

B Ratio at different pH values
in the presence of 5M (dia-
monds), 4M (triangles), 3M (X),
2M (circles), and OM (squares)
betaine

Fig. 4A,B. Calorimetric
enthalpy change (AH“) of
thermal RNase A unfolding
versus temperature (T) shown
by data measured at different
pH values in the acidic and
neutral pH region. A Measure-
ments in the presence of 3M
(triangles), 1.5M (circles), and
OM (squares) p-hydroxyectoine
and the fitted functions (solid
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0.96) 2M), AH(T) = —1366 + 525T (r = 0.99) (3M),
AH(T) = —1300 + 5.05T (r = 0.96) (4M), and AH(T) =
—1326 + 5.107 (r = 0.98) (5M). Data measured in the
absence of osmolyte resulted in the equation AH(T) =
—1103 + 4.40T (r = 0.96).

Effects on denaturation heat capacity, AC,

Heat capacity differences between the native and dena-
tured state that were determined directly from individual
calorimetric scans did scatter significantly, whereas the plots
AH,, versus T,, measured at different pH values were essen-
tially linear in the investigated temperature range (Fig. 4).

Such a discrepancy between AC, obtained calorimetri-
cally and assessed from AH,, versus T,, plots has been re-
ported earlier (Liu and Sturtevant 1996): AC,, which has
been determined directly from individual calorimetric mea-
surements, is known to be very sensitive to inaccuracies in
baseline determinations whereas AH,, is less prone to such
errors. In addition, samples used for calorimetric experi-
ments were not dialyzed against the reference buffer but
were mixed from stock solutions because f-hydroxyectoine,
purified from the halophilic bacteria Marinococcus, was
only available in limited amounts. AC, values used in this

T T T T T T
330 335 340 345 350
Temperature (K)

320

T T T T T
325 330 335 340

Temperature (K)

—
320 345

report were therefore derived from the slope of the linear
function AH,(T).

In the case of B-hydroxyectoine, AC, increased with
increasing osmolyte concentration from 4.4 = 0.6 (kJ/
(molK)) in the absence of this osmolyte to 5.6 = 0.6 (kJ/
molK)) in the presence of 3M B-hydroxyectoine. Betaine
increased AC, as well to a maximal AC, of 5.2 + 0.3 (kJ/
(molK)) at a concentration of 3M betaine. At high concen-
trations, AC, decreased again slightly, correlating well with
the observation that betaine stabilized RNase A most effi-
ciently at concentrations around 3 to 4 M.

Effects on the Gibbs free energy change, AG

The change in Gibbs free energy upon denaturation (AG)
of RNase A at different osmolyte concentrations was calcu-
lated as a function of temperature using Eq. 3 (Fig. 5) and at
room temperature (298K) as well as at elevated tempera-
ture (330K) (see Table 2).

At an osmolyte concentration of 2M (betaine) and 1.5M
(hydroxyectoine), the stability of RNase A was significantly
increased. The stability curve (AG(T)) was shifted sym-
metrically upward by a AAG of =7kJ/mol in the entire
temperature range. Increasing the concentration of [3-
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Table 2. Calculated enthalpy and free energy changes

Concentration (M)  AH*®(kJ/mol)  AH*(kJ/mol)  AG™ (kJ/(mol))  AG™ (kJ/(mol))
B-Hydroxyectoine
0 208 + 10 349 + 16 29.8 3.2
1.5 198 = 8 359 £ 15 36.3 10.6
3 167 =9 345 £ 16 39.2 16.7
Betaine
0 208 = 10 349 + 16 29.8 3.2
2 224 = 8 374 + 14 38.0 10.9
3 199 = 6 367 £ 11 38.7 12.7
4 205 £ 12 367 £ 22 39.7 13.7
5 194 =7 357 £ 11 37.8 12.5

AG™ and AG™ were calculated using Eq. 3 and data given in Table 1
Errors for the denaturation enthalpy changes have been estimated from the errors of the linear
fitting functions calculated from the AH versus T, plots

50
40+
30 T .
20 N :
10: <\~._» ]

AG (kJ/mol)

104 ]
-20 A

T T T T T T T
300 320 340 360

Temperature (K)

—
280

Fig. 5. Gibbs free energy change (AG) of the unfolding transition of
RNase A as a function of temperature and osmolyte concentration.
The curves were calculated according to Eq. 3. Shown are calculated
temperature dependencies of AG in the absence of osmolyte (solid
line) and in the presence of 3M betaine (dashed line) and 3M f3-
hydroxyectoine (dotted line), respectively

hydroxyectoine from 1.5 to 3M resulted in an additional
stabilization of 6.1kJ/mol at 330K, thus in a AAG of 13.5kJ/
mol when compared to the protein in buffer only. At 3M (-
hydroxyectoine, the stability curve was significantly shifted
upward as well as toward higher temperature. In addition,
the curve was also somewhat flattened, indicating that at
lower temperatures RNase A was stabilized to a lesser ex-
tent than at elevated temperatures. Betaine stabilized
RNase A only at concentrations <3M (Fig. 1D), whereas at
higher concentrations this osmolyte apparently lost its abil-
ity to stabilize RNase A further. At concentrations of about
3 to 4 M, stabilization by betaine reached a maximum (AAG
= 9.9kJ/mol) and decreased again at even higher
concentrations.

Discussion

In this study we were interested in how the osmolytes f3-
hydroxyectoine and betaine influence the thermodynamic

parameters of thermal RNase A unfolding. We found that
even at high osmolyte concentration thermal unfolding of
RNase A is a highly reversible process that can be described
by a two-state transition between the native and denatured
protein, offering an ideal model system.

B-Hydroxyectoine was found to stabilize RNase A most
efficiently in terms of melting temperature (7,,), resulting in
a linear 7, increase of 4.1 K/mol in the entire concentration
range studied. Betaine, however, was less efficient in stabi-
lizing RNase A, and the plot 7, versus betaine concentra-
tion deviated significantly from linearity at high betaine
concentrations. This effect has already been noticed in a
study by Santoro et al. (1992) that compared the melting
temperatures of RNase A in the presence of glycine and its
derivatives sarcosine (N-methylglycine), dimethylglycine,
and betaine (N,N,N-trimethylglycine). Clearly, an increas-
ing number of methyl groups present in the different glycine
derivatives correlated well with its decreasing ability to sta-
bilize RNase A. This observation can be rationalized con-
sidering that a hydrophobicity increase of the osmolyte
results in an enhanced affinity to hydrophobic areas ex-
posed in the unfolded protein (Arakawa and Timasheff
1983). At low pH values, both p-hydroxyectoine and be-
taine lose their ability to stabilize RNase A, probably be-
cause of the increasingly ionic nature of the osmolyte as
well as that of the protein, which results in interaction of the
osmolyte to the protein surface rather than in its preferen-
tial exclusion. Therefore, osmolytes found in nature are
either nonionic or zwitter-ionic compounds (Timasheff
1992).

Some of the stabilizing contributions of f-
hydroxyectoine and betaine seem to be enthalpic in nature,
because measured enthalpies at the different melting tem-
peratures were always higher than the corresponding values
measured in the absence of osmolytes (Fig. 4). The fitted
functions AH,(T,,), calculated using data measured at dif-
ferent pH values and osmolyte concentrations, did not
however converge at high temperatures as in a study on the
thermal unfolding of RNase A in the presence of sarcosine
(Plaza del Pino and Sanchez-Ruiz 1995).

Heat capacity differences between the native and
unfolded protein have been reported to increase with in-



creasing osmolyte concentration (Plaza del Pino and
Sanchez-Ruiz 1995). This finding was confirmed by the
study presented here where AC, increased from 4.4kJ/
(molK) to 5.6kJ/(molK) in the presence of 3M f-
hydroxyectoine. In the case of betaine, AC, increased ini-
tially up to a concentration of 3M and remained constant at
higher concentrations. In general, AC, can be calculated
from changes in nonpolar (AASA, ) and polar-accessible
surface areas (AASA ) upon denaturation, assuming an
extended conformation as a model for the unfolded protein
and using data measured on small molecular model com-
pounds (Murphy et al. 1990):

AC, = AC,, AASA,, + AC,

np pol

AASA,, (7)

Nonpolar and polar groups contribute to the hydration heat
capacity increment with opposite signs, which is positive for
nonpolar groups and negative for polar groups
(Makhatadze and Privalov 1990, 1994, 1995; Murphey and
Gill 1991). Because in the presence of osmolytes AC,, and
AC,, as well as AASA may vary, we can at this point only
speculate about the molecular mechanisms of the measured
AC, increase. However, the comparison of the concentra-
tion dependence of AC, for sarcosine (Plaza del Pino and
Sanchez-Ruiz 1995) and betaine suggests a mechanism for
the effect that AC, did not increase further at high betaine
concentrations whereas a strong increase was still observed
at very high sarcosine concentrations. Because these two
osmolytes differ only in two methyl groups, it is reasonable
to assume that the additional hydrophobic groups in betaine
promote binding to nonpolar surfaces exposed upon dena-
turation and reduce the denaturational differences in
nonpolar-accessible surface area (AASA, ). Such a mecha-
nism leading to a decrease in AC, has been described for
other solvent systems with higher solvent hydrophobicity
such as alcohols (Velicelebi and Sturtevant 1979; Fu and
Freire 1992).

The function AG(T') defines the thermodynamic stability
of a protein (Becktel and Schellman 1987). As shown in Fig.
5 and Table 2, the presence of f-hydroxyectoine and be-
taine gives rise to significant increases in AG and AAG and
demonstrates that osmolytes may stabilize proteins to an
extent comparable or even better than site-directed mu-
tagenesis approaches. Equilibrium dialysis and transfer free
energy measurements have shown that the stabilization of
proteins by osmolytes cannot be accounted for by the stabi-
lization of the native state of proteins in water osmolyte
mixtures (Gekko and Timasheff 1981; Lee and Timasheff
1981; Timasheff 1992; Liu and Bolen 1995). In fact, the
transfer of the native protein into an osmolyte solution is
even unfavorable. Stabilization results from the extremely
unfavorable transfer of the unfolded state from water into
osmolyte solution, leading ultimately to the observed stabi-
lization effect.

Surprisingly, the very large destabilization of the dena-
tured state in osmolyte solutions originates not from the
unfavorable transfer of exposed hydrophobic side chains,
but from the very unfavorable interaction of the peptide
backbone with osmolyte solutions (Liu and Bolen 1995).
Transfer free energy measurements estimated a stabiliza-
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tion of RNase A in 2M and 4 M solutions of sarcosine of
about 6.8 and 20kJ/mol, respectively. These values are in
good agreement with AAG values measured here in water—
[B-hydroxyectoine mixtures.

One of the interesting aspects of thermodynamic data
measured in the presence of different concentrations of
osmolytes is that denaturational changes in hydration
(AT,;) can be estimated. In the case of RNase unfolding in
the presence of sarcosine, such an estimation resulted in a
surprisingly low number of water molecules (<100) that
bind to RNase A upon unfolding. By assuming RNase A as
a fully solvated extended chain in the unfolded state, at least
600 bound water molecules have been predicted (Plaza del
Pino and Sanchez-Ruiz 1995).

For betaine, a concentration dependence of the osmotic
pressure (8I1/0m;) of 32.1atmkgmol ' has been reported
(Timasheff 1992). Using Eq. 4 and data from Table 1, the
change in cosolvent—protein preferential interaction (A®,;)
is 4kJkgmol *, which gives rise to only 68 water molecules
that additionally bind to RNase A upon unfolding (Eq. 6).

The effect of B-hydroxyectoine on the osmotic pressure
(811/8m) is to date not known. However, using an ideal
value of 23.5atmkgmol " (RT/V,/(55.56 + ms)) for 1.5M
(1.38mol/kg) p-hydroxyectoine or, alternatively, a value of
34.8atmkgmol ' calculated for a hypothetical supero-
smolyte (Timasheff 1992), AT, results also here in only 128
and 87 water molecules, respectively. The estimation of
AT, is based on a number of assumptions including that
OI1/0m; and Ad,; are not strongly temperature dependent.
However, at low osmolyte concentration it is reasonable to
assume A®,, to be largely temperature independent be-
cause OAG/dm, (Eq. 5) shows no strong temperature de-
pendence. Despite those approximations, it is safe to
conclude that the number of water molecules which bind
the RNase A upon denaturation is significantly lower than
expected for a fully hydrated extended chain. In accordance
with the observed low AT, values, several biophysical stud-
ies using a variety of independent methods have shown that
the denatured state of proteins is indeed rather compact
(Sosnick and Trewhella 1992; Neri et al. 1992; Wang and
Shortle 1995).

During the last few years osmotic stress strategies have
been successfully used to measure differences in macromo-
lecular hydration of different conformational states during
enzyme catalysis. These measurements have revealed a sur-
prisingly large influence of water activity on macromolecu-
lar reactions and conformational transitions. In a large
number of studies, the role of water during protein folding
and its role in protein stability have often been neglected.
It will be an interesting challenge to apply the osmotic
stress strategy to understand more about the influence of
water in protein folding and the extrinsic mechanism used
in the cell to maintain the functional native conformation of
macromolecules during stress situations. Results from such
studies will not only answer fundamental biological ques-
tions such as how thermophiles protect proteins at extreme
temperatures but will also promote our understanding of
how enzymatic activity can be conserved in industrial
processes.
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