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Abstract

Ž .Stability of hen lysozyme in the presence of acetonitrile MeCN at different pH values of the medium was studied
by scanning microcalorimetry with a special emphasis on determination of reliable values of the denaturational heat
capacity change. It was found that the temperature of denaturation decreases on addition of MeCN. However, the
free energy extrapolation showed that below room temperature the thermodynamic stability increases at low
concentrations of MeCN in spite of the general destabilizing effect at higher concentrations and temperatures.

Ž .Charge-induced contribution to this stabilization was shown to be negligible no pH-dependence was found ;
therefore, the most probable cause for the phenomenon is an increase of hydrophobic interactions at low
temperatures in aqueous solutions containing small amounts of the organic additive. The difference in preferential
solvation of native and denatured states of lysozyme was calculated from the stabilization free energy data. It was
found that the change in preferential solvation strongly depends on the temperature in the water-rich region. At the
higher MeCN content this dependence decreases until, at 0.06 mole fractions of MeCN, the difference in the
preferential solvation between native and denatured lysozyme becomes independent of the temperature over a range
of 60 K. The importance of taking into account non-ideality of a mixed solution, when analyzing preferential
solvation phenomena was emphasized. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

During recent decades the considerable inter-
est in cryobiology was attracted to the apparent
paradox that some organic substances, such as
dimethyl sulfoxide, polyethylene glycol, ethanol,
etc., could serve as cryoprotectants for proteins,
yet could also induce protein denaturation at
elevated temperatures. This subject was thoro-

w xughly addressed in some excellent reviews 1,2 .
They proposed that the most important factor
responsible for such dual behavior is the temper-
ature dependence of hydrophobic interactions of
cosolvents and water with proteins. There are
three groups of evidence available to illustrate
this phenomenon. The first one comes from the
very cryobiology, that certain substances of non-
polar organic character can be toxic for cells and
tissues at about, say, 08C while they are perfectly

Ž w x.working as cryoprotectants at y308C see 1 .
However, these observations cannot serve alone
as a basis for hypothesis that denaturants can
turn to stabilizers at low temperatures. There
could be another reason to account for such

Ž .behavior at least in some cases , namely, a dra-
matic decrease in unfolding rate upon both adding
non-polar components and lowering the tempera-

Ž w x.ture i.e. see 3 .
The second group of evidence is based on spec-

troscopic measurements of the effects of organic
co-solvents on the denaturation temperature. It
was found that the denaturing ability of some
additives decreases on lowering the temperature
Ždifferent pH values of the medium were used to
have denaturation transition in different temper-

w x.ature regions } 4]6 . The most convincing evi-
dence that this stabilization effect is a real pheno-

w xmenon was obtained by Fujita and Noda 7 for
RNAse A]ethylene glycol]water system. In that
work, the authors found that at higher pH values
and, correspondingly, at higher temperatures,
ethylene glycol imposed a destabilizing effect on
the protein denaturation temperature while at

Ž .lower temperatures lower pH the protein was
Žstabilized on addition of ethylene glycol i.e. the

.denaturation temperature increased .

At last, there is a number of DSC works on
various denaturing organic additives where au-
thors, using the free energy extrapolations, sup-
posed existence of the stabilizing effect at low

Ž w x.temperatures see, for example 7]11 . However,
in all of them, except for ethylene glycol]RNAse

w xsystem 11 , this phenomenon was predicted to
Žtake place at rather low temperatures about room

.temperature while denaturational data were ob-
tained in the temperature region 40]708C. There-
fore, all these predictions were made using ex-
trapolation of the stabilization free energy values
to the temperature of interest. However, in most
cases the heat capacity change DC was taken asp
temperature- and cosolvent-independent without
actual measurements and, though the free energy
estimates provide the most direct information
about the protein stability, this neglect of probable
changes in DC puts the conclusions on ratherp
shaky grounds.

Therefore, it appeared necessary to study the
effect of organic additives on protein thermody-
namic stability at low temperatures with a special
emphasis on obtaining reliable values of the heat
capacity change upon unfolding. Having this
quantity measured, one can safely use extrapola-
tion procedures to examine additives’ effect on
protein stability in the low temperature region.
This paper reports the results of such a study and

Ž . Žit addresses the effect of acetonitrile MeCN an
organic solvent widely used in protein chemistry

.and enzymology on hen egg lysozyme, a typical
small globular protein, whose thermodynamics in
aqueous solutions was well characterized.

2. Experimental

2.1. Chemicals and equipment

Hen Egg White Lysozyme was obtained from
Merck, Darmstadt and from Reakhim, Russia.
The protein was additionally recrystallized from
4% NaCl solution, extensively dialyzed against
doubly distilled water, lyophilized and stored at
48C. Purity of the protein preparations was
checked by SDS-gel electrophoresis which showed
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more than 95% homogeneity to the protein sam-
ple. No calorimetric difference between the pro-

Žtein preparations from the two suppliers Merck
. Ž .and Reakhim was observed. Acetonitrile MeCN

Ž .was obtained from Serva HPLC grade and used
without further purification. Water for experi-
ments was doubly distilled.

Differential scanning microcalorimetry experi-
ments were done using a SCAL 1 microcalorime-

Ž .ter SCAL Co. Ltd., Pushchino, Russia and a
ŽDASM-4A microcalorimeter BioPribor, Push-

.chino, Russia . Protein samples for calorimetry
were prepared by 12]16-h dialysis at 48C. Typical
protein concentrations were about 2 mgrml.
Thermograms recorded in calorimetric experi-
ments were processed to determine peak area

Ž .and transition temperature as a peak maximum
Žusing the original software SCAL 2.0 Scal Co.

.Ltd., Pushchino, Russia .

2.2. Buffer solutions and pH measurements in a
mixed sol̈ ent

The buffer solutions for experiments were pre-
Ž .pared to have 20 mM glycine]HCl for pH 2]3.6

Žor 20 mM Sodium acetate]acetic acid for pH
.3.8]5.5 using 0.1 M stock solutions of the above

buffer salts. The MeCN content was controlled at
all stages of the experiment using refraction index
measurements.

pH values of buffer solutions were adjusted
with concentrated acetic acid or HCl containing
the same amount of MeCN as in the buffer
solution to prevent the change of MeCN concen-
tration during pH adjustment. This procedure
allowed us to prepare a series of solutions with a
precisely constant MeCN content and different
acidity. Apparent pH values of water]MeCN so-
lutions were measured by a PHM82 Standard

Ž .pH-meter Radiometer, Copenhagen using a
standard universal electrode.

Ž .Conversion of the apparent pH value pHapp
of an organic]water solution to the real one
Ž .pH should involve two corrections: one isreal
associated with the appearance of the additional
potential at the surface of the reference electrode
membrane; another one stems from the change of
the proton activity coefficient g in the presenceH

w xof MeCN 12,13 . The influence of the added
organic solvent upon g could be estimated usingH
the Debye]Huckel equation with empirical con-¨
stants. Unfortunately, the latter were unavailable
for MeCN]water solutions, nevertheless, in order
to estimate the magnitude of the effect we calcu-
lated g for 60% DMSO, 40% methanol andH

Ž w x.40% ethanol solutions in water data from 13 .
The corrections in the apparent pH values due to
the solvent-induced change in activity coefficients
appeared to be 0.007, 0.019 and 0.029 pH units,
respectively. These values are really small, so one
could expect the effect of MeCN on the proton
activity also to be negligible. Therefore, the pro-
ton activity coefficients g for MeCN]water so-H
lutions were assumed to be constant in this work.

The correction for the additional potential at
Žthe membrane of the reference electrode at the

.surface of phase separation could be found from
the pH measurements at a constant real pH value.
Assuming g to be independent of the solventH
composition, the constant concentration of strong
acid could provide constant pH , so any changesreal
in apparent pH readings, to a good approxima-
tion, would correspond to the MeCN-induced ad-

w xditional potential 12,13 . Thus we measured the
pH values of 0.001 M HCl solutions with dif-real
ferent MeCN content. The dependence was weak
and non-linear; the correction values DpHs
pH ypH found were equal to 0.1 pH unitsreal app

Ž .for x s0.037 mole fraction of MeCN and 0.133
pH units for x s0.075.3

2.3. Protein concentration measurements

Protein concentrations in the solutions
were determined by UV absorption at 281 nm
using specific absorption « s 2.67 o.u.281
Ž .y1 y1mgrml cm . Possible influence of MeCN
upon UV-light absorption of lysozyme was shown
to be negligible: small aliquots of the protein
stock solution in water were added to aliquots of
MeCN]water mixtures and the resulting absorp-
tion was measured against the reference solutions
prepared by the same procedure without the pro-
tein; all measured values were about 2.67 within
5% error.
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2.4. Computational procedure for calculation of
thermodynamic functions taking into account
uncertainties of raw experimental data

Experimental enthalpies and temperatures of
transitions were fitted with a set of analytical
equations to obtain numerical model the transi-
tion parameters as functions of solvent composi-
tion and pH value of the medium. Details on
these equations are presented in Appendix A.
Reliability of fitting results was determined as

w xrecommended by Johnson and Faunt 14 and
w xStraume and Johnson 15 , and the procedure

employed was as follows.

1. Raw experimental data were fitted with cho-
sen analytical equations by weighted
Nelder]Mead simplex algorithm; ‘perfect’
Ž .best-fit values of temperatures and en-
thalpies for each experiment were calculated.

2. These ‘perfect’ data were perturbed using
random Gaussian distributed noise; each data

Žpoint corresponding to the result of a single
.calorimetric experiment was perturbed tak-

ing its individual uncertainty as a standard
deviation for perturbation.

3. The perturbed data set was fitted using the
same analytical equations.

4. Steps 2 and 3 were repeated 100 times col-
lecting parameters from fitting runs.

5. These 100 sets of fitting parameters were
used further in calculations of all thermody-
namic functions of interest; the calculations
were performed separately with each parame-
ter set and the results were averaged. Estima-
tion of the confidence interval for the result
gave us sensitivity of the calculated functions
to uncertainties in the initial experimental
data.

3. Results

The DSC experiments were planned to de-
termine DC values with maximal practicallyp
achievable precision. For this purpose, the pH

values for solutions with the constant MeCN con-
tent were taken so that the transition tempera-
ture variation would be maximal: this allowed us
to evaluate the derivative ­D Hr­T most accu-d d
rately. Under all experimental conditions,
lysozyme denaturation was highly reversible and
shown to be fairly equilibrium: decreasing the
scan rate from 1 to 0.1 Krmin did not signifi-
cantly change the transition profiles. A slight de-
crease in the unfolding rate at the most acidic
conditions and the highest MeCN content caused
a shift of peak maxima down by 1]1.5 K when the
scan rate was decreased 10-fold. Reversibility of
the lysozyme unfolding was more than 95% as
judged from the repeated scans. The above-men-
tioned made it possible to apply equilibrium ther-
modynamics for analysis of the data obtained.
The raw experimental data are given in Table 1.

Fig. 1 represents the temperatures of denatura-
tion transitions T vs. the pH value of the mediumd
at the three solution compositions. The data for
solutions without MeCN are in excellent agree-
ment with those reported by Privalov and Khechi-

w xnashvili 16 for this protein. One can see that the
shape of dependencies is similar for all three
solution compositions: an addition of MeCN shifts
the curves down with no significant changes in
their slope. The lines in the figure are the best fits
by the polynomial model. Details on the tempera-
ture data fitting are given in Appendix A.

Fig. 2 shows the heat absorbed on unfolding
transitions plotted vs. corresponding transition
temperatures. Lines in this plot show the best fit

Ž .results for details see Appendix A . The slopes of
these lines appear to be statistically indistinguish-
able, so we can regard DC to be independent ofp
the MeCN concentration in our experiments.

The mechanism of unfolding transitions was
close to ‘all-or-none’ as reflected by the values of

w xthe van’t Hoff parameter D H rD H 17 pre-vh cal
sented in Fig. 3. The two-state character of un-
folding transitions allowed calculations of the un-
folding enthalpy and entropy changes, Gibbs free
energy of protein structure stabilization and other
derivative parameters such as proton uptake and
preferential solvation changes upon unfolding. For
the evaluation details see Appendix B.
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Table 1
aResults of DSC experiments with hen lysozyme in aqueous acetonitrile

D Hd vhŽ .x pH T K D H "dD H D H "dD H "d3 real d d cal d cal d vh d vh D Hd cal

Ž . Ž .kJrmol kJrmol

0 4.54 350.7 489 5 520 4 1.06 0.02
0 4.54 350.7 505 23 504 14 1.00 0.07
0 4.54 350.7 495 17 502 10 1.01 0.05
0 3.83 349.5 493 17 510 12 1.04 0.06
0 3.83 349.5 490 17 506 17 1.03 0.07
0 3.83 349.5 476 4 511 2 1.07 0.01
0 3.55 350.7 494 3 503 2 1.01 0.01
0 3.55 350.7 495 13 499 10 1.01 0.05
0 3.00 347.4 474 38 482 24 1.0 0.1
0 3.00 347.0 477 38 492 24 1.0 0.1
0 2.67 342.3 465 24 464 15 1.00 0.08
0 2.67 342.3 452 22 449 17 1.00 0.09
0 2.37 336.6 449 24 417 15 0.9 0.1
0 2.37 336.6 421 18 421 13 1.00 0.07
0 1.88 325.1 308 20 363 9 1.18 0.08
0 1.88 325.1 312 27 359 11 1.15 0.10
0 1.88 325.2 352 20 355 11 1.01 0.09
0 1.53 321.9 322 4 357 4 1.11 0.02
0 1.53 322.1 338 10 348 8 1.03 0.05

0.037 3.38 341.9 510 5 501 5 0.98 0.02
0.037 3.38 341.9 490 25 515 15 1.05 0.08
0.037 3.38 341.9 488 5 514 5 1.05 0.02
0.037 3.02 337.4 476 8 486 6 1.02 0.03
0.037 3.02 337.4 507 20 472 14 0.93 0.07
0.037 2.60 331.4 444 11 457 8 1.03 0.04
0.037 2.60 331.7 446 14 458 10 1.03 0.05

0.075 3.40 329.9 436 9 460 8 1.06 0.04
0.075 3.40 329.9 433 16 463 11 1.07 0.06
0.075 3.40 330.0 451 15 451 9 1.00 0.05
0.075 2.46 313.8 364 15 387 9 1.06 0.06
0.075 2.46 313.7 363 16 383 9 1.06 0.06
0.075 2.96 323.1 424 23 416 14 0.98 0.09
0.075 2.96 323.4 393 14 438 7 1.12 0.05

a Column headings are: x , the acetonitrile mole fraction; pH , the pH value of a mixed solution corrected the additional3 real
Ž . Ž .‘phase’ potential for details, see Section 2 ; T , the temperature of a midpoint of protein denaturation transition K ; D H , thed d cal

Ž .enthalpy of a denaturation transition, kJrmol ; dD H , the absolute uncertainty of the calorimetric enthalpy value; D H , thed cal d vh
Ž .effective enthalpy of a denaturation transition, van’t Hoff enthalpy kJrmol ; dD H , the absolute uncertainty of the effectived vh

enthalpy value; D H rD H , the van’t Hoff criterion for the two-state mechanism of denaturation transitions; the last column, d,d vh d cal
the uncertainty of the van’t Hoff criterion value.

4. Discussion

4.1. Enthalpy of unfolding

Fig. 4 shows the enthalpy difference between

the native and denatured states of lysozyme ex-
trapolated to four temperatures and plotted as a

Žfunction of the MeCN mole fraction the error of
.extrapolation is shown by error bars . This plot

indicates that within the studied MeCN concen-
tration range the heat absorbed on unfolding
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Fig. 1. The lysozyme denaturation temperatures plotted vs.
the pH values of the solution. The MeCN content is indicated
by: black circles, x s0; white circles, 0.037; black triangles,3
0.075. The lines are best-fit results for the pH range of
interest.

grows up on addition of MeCN, and after passing
through a maximum tends to decrease.

Fig. 2. The denaturation enthalpies plotted vs. corresponding
transition temperatures. Markers for the MeCN series are the
same as in Fig. 1. The lines are best fit results and drawn for
the constant MeCN concentrations: solid line, x s0; long3
dash, 0.037; short dash, 0.075.

Fig. 3. The van’t Hoff parameter values calculated for all
experimental transitions and plotted vs. the pH value of the
solution. Markers are the same as in Fig. 1 and Fig. 2.

w xAccording to Murphy and Freire 18 , the
growth of DH on addition of an organic solvent
can be explained by the assumption that MeCN
diminishes the hydrophobic contribution to the

Žunfolding enthalpy which is believed to be nega-
.tive while the hydrogen bonding contribution

Žauthors argue that this is positive and is the
.major contribution to the heat of unfolding re-

mains nearly constant at a low organic solvent
concentration. On the other hand, the situation
might not be that simple for the hydrophobic part
of the unfolding enthalpy which may not be a
monotonic decreasing function of the MeCN con-

w xtent. Ben-Naim reported data 19 that the pair-
wise hydrophobic interaction enthalpy in
water]ethanol solutions initially increases and
only above some ethanol content begins to de-
crease; the phenomenon that at different solvent
compositions different modes of solvent packing
Ž .different mixing schemes are present in aqueous

w xsolutions was thoroughly discussed elsewhere 20 .

4.2. Thermodynamic stability of lysozyme in aqueous
solutions of MeCN

The most attractive feature of thermodynamic
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Fig. 4. The enthalpy difference between the native and dena-
tured states of lysozyme vs. the MeCN mole fraction extrap-
olated to the constant temperatures: solid line, 270 K; long
dash, 300 K; short dash, 330 K; dash-dot-dash, 360 K. Symbols
stand to indicate the solution compositions at which DSC
experiments were carried out. Error bars show the accuracy of
extrapolated values.

analysis is that it allows one to estimate stability
of a protein over a range of conditions of interest.

ŽIt should be noted following Plaza del Pino and
w x.Sanchez-Ruiz 21 that we speak here about ther-

modynamic stability which is in effect the work
required to disrupt the protein tertiary structure
under particular solution conditions and tempera-
ture, in contrast to thermal or operational stability
which is understood simply as a temperature at

Ž .which a protein denatures or inactivates at a
particular solvent composition and pH.

ŽThermodynamic stability the stabilization free
.energy is directly related to the equilibrium

between native and denatured states of the pro-
tein. This means that the higher the thermody-
namic stability the less the probability for the
native protein molecule to unfold due to thermal
fluctuations and the less the time interval during
which each protein molecule is unfolded. This, in
turn, determines sensitivity of the protein to hy-
drolysis or inactivation due to some chemical
modifications or aggregation of unfolded polypep-

Žtide chains. Thus, thermodynamic stability or

.stabilization free energy of a protein is a
parameter which is directly related to a real
lifetime of proteins in solutions under natï e con-
ditions.

The knowledge of reliable DC values allowedp
us to estimate the thermodynamic stability of
lysozyme over a range of solution composition
and temperature. Details on the free energy cal-
culations are given in Appendix B.

Fig. 5 represents the extrapolated values of the
free energy of native structure stabilization DGo

as a function of mole fraction of MeCN at four
temperatures and constant pH of 3.4. A rather
small error associated with DGo values in the
high temperature region is somewhat surprising.
One might expect it to be much greater since
DGo is calculated as a difference between two
large terms D H and TDS. However, in fact, DS is
calculated using D H data, therefore, the errors of
the D H and TDS terms are highly correlated
leading to a significant cancellation of error in the
result.

The most prominent phenomenon seen in Fig.

Fig. 5. The free energy difference between the native and
denatured state of lysozyme vs. the MeCN mole fraction at pH
3.4 extrapolated to the constant temperatures: solid line, 270
K; long dash, 290 K; short dash, 310 K; dash-dot-dash, 330 K.
Symbols stand to indicate the solution compositions at which
DSC experiments were carried out. Error bars show the
accuracy of extrapolated values.
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5 is that the destabilizing effect of MeCN on
lysozyme decreases on lowering the temperature
Žthe pH value of 3.4 showed the most pronounced

.effect . Moreover, below room temperature our
calculations predict stabilization of the protein on
addition of MeCN. This finding is in line with the
results cited above on stabilizing effect at low

w xtemperatures predicted for alcohols 9,10 , 2-
w xmethyl-2,4-pentanediol and ethylene glycol 7,11 .

All these substances, including MeCN, have sig-
nificant hydrophobic moiety in the molecule.
There is evidence from solution chemistry that at
low temperatures and small concentrations of
non-ionic additives, hydrophobic interactions in
aqueous solutions are increased relatively to those

Žin pure water i.e.: argon solubility in ethanol and
w x.dioxane aqueous solutions 22,23 . Therefore, the

presence of small amounts of such additives would
shift folding]unfolding equilibrium to the left,
thus stabilizing the folded form of a protein.

Another factor influencing protein]solvent in-
teractions is the presence of charges on the sur-
face of a protein exerting repulsive forces onto
molecules of non-aqueous component in the

w xneighborhood of the protein in solution 2 . There
is evidence for very low solubility of charged

w xamino acids in aqueous acetonitrile 24 showing
strong repulsion of MeCN molecules from
charged groups. If this factor plays an important
role in the above stabilizing effect, the latter
should strongly depend on the pH value of the
medium. Fig. 6 represents values of the protein
stabilization free energy extrapolated to 270 K
and corresponding to minimal and maximal pH
values studied. Our estimates of the proton up-
take upon unfolding revealed that at the lowest

Ž .pH pH 2.5 lysozyme absorbs about 4]5 protons
per protein molecule, while at pH 3.5 this value is

Žclose to zero for details see Appendices B and
.C . This means that at pH 3.5 the native and

denatured forms of lysozyme have an equal
charges while at pH 2.5 the denatured lysozyme is
charged more positively than the native one.
However, as can be judged from Fig. 6, the
stabilization effect at the low temperature hardly

Žfeels this difference at least the difference is less
.than the extrapolation uncertainty . Therefore,

Fig. 6. The free energy difference between native and dena-
tured states of lysozyme extrapolated to 270 K at two pH
values: solid line, pH 2.5; dash, pH 3.5. Symbols stand to
indicate the solution compositions at which DSC experiments
were carried out. Error bars show the accuracy of extrapolated
values.

one could draw the conclusion that the charge-in-
duced contribution is not dominant in the
stabilization of lysozyme by small amounts of
MeCN at low temperatures; an increase of hy-
drophobic interactions in dilute acetonitrile seems
the most likely cause of the stabilization effect.

4.3. Proton uptake on unfolding

Exposure of anomalous titratable groups on
lysozyme unfolding at acid pH of the medium
leads to absorption of protons on transition D ¨d
w x25 . This quantity was calculated for the constant
pH 3.0 and found to be independent of T and
slightly growing on increasing the MeCN content
Ž2.2"0.1 mole protons per mole of a protein at
0% MeCN; 3.0"0.2 at 10%; and 3.3"0.2 at

.19% MeCN . This is unlike the situation found by
w xPlaza del Pino and Sanchez-Ruiz 21 for ribonu-

clease A in sarcosine]water solutions where the
D ¨ values were independent of the solutiond
composition as well as of the temperature. In our
case, the growth of D ¨ was attributed to thed



( )E.L. Ko¨rigin, S.A. Potekhin r Biophysical Chemistry 83 2000 45]59 53

increase in pK values of titratable groups caused
Žby the presence of MeCN for details see Ap-

.pendix C .

4.4. Preferential sol̈ ation change

The knowledge of the stabilization free energy
for lysozyme in aqueous MeCN allowed us to
calculate a direct measure of the solvent]protein
interactions: the difference in preferential solva-
tion of native and denatured states of the protein.
The preferential solvation phenomena have been
extensively studied in the last decade in a number

Žof theoretical and experimental works for exam-
w x .ple 2 , and references therein . Preferential sol-

vation is a purely thermodynamic characteristic of
the interactions of a macromolecule with solution
components. Its value can be measured in a num-
ber of ways; denaturational studies appear to be
particularly suitable for measuring the change of
this quantity for conformational transitions in
proteins. The thermodynamic background of this

w xapproach was elaborated by Wyman 26 , Tanford
w x w x Ž27 , Schellman 28,29 and others for details see

.Appendix D .
In our earlier paper we demonstrated that the

preferential solvation change DG on protein un-
folding could be a useful parameter for rational-
ization of interrelations between the properties of
a solution itself and protein thermodynamics in

w xsuch a solution 30 . In the present work we
determined the accurate values of the denatura-
tional heat capacity increment DC , and it al-p
lowed us to calculate DG values not only for the

Žtemperatures of transitions as in that previous
.work but also for arbitrary temperatures. Thus,

we can separate the temperature and solvent
contributions to the preferential solvation change
of protein unfolding.

Fig. 7 shows the difference between native and
denatured lysozyme in preferential solvation by

Ž . ŽMeCN DG panel a and by water DG , panel23, 21
.b , extrapolated to the constant temperatures and

plotted versus the MeCN mole fraction. These
two measures of preferential solvation are funda-
mentally linked and in effect carry the same ther-
modynamic information; moreover, each of them
contains contributions from both water and com-

Fig. 7. The difference in the preferential solvation of native
Ž . Ž .and denatured protein by MeCN panel a and water panel b

vs. the MeCN volume fraction. The solvation difference was
evaluated for pH 3.0 at the constant temperatures: solid line,
270 K; long dash, 300 K; short dash, 330 K; dash-dot-dash, 360
K. Symbols stand to indicate the solution compositions at
which DSC experiments were carried out. Error bars show the
accuracy of extrapolated values.

ponent 3 molecules in the solvent volume over
which a protein molecule affects the chemical

w xpotential of MeCN 31 . However, since the con-
centration of MeCN in our experiments is low
compared to that of water, DG can be viewed as23
the difference in the number of MeCN molecules
between such volumes surrounding native and

Ždenatured states of the protein this approxima-
tion holds true in dilute solutions of component 3
w x.28,29,31,32 . In contrast, DG cannot be inter-21
preted in such a simple way since the water
concentration is high; however, it appears to be
more suitable for the analysis because DG val-23
ues grow on increasing x rather rapidly and3
reach high values hindering observation of the
difference between the curves for various temper-
atures. Overall changes of DG are less dramatic21
giving an easier-to-see plot.

Fig. 7 show that at high temperatures, the
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Žvalues of DG are always negative DG } posi-21 23
.tive indicating that unfolding at these tempera-

tures leads to a state with a larger affinity to
Ž .component 3 MeCN than that of the native

state. Lowering of the temperature leads to a
decrease in the absolute values of a preferential
solvation change; at approximately 300 K, DG21
reaches zero in the water-rich region implying
that at these conditions the total interaction of
MeCN with lysozyme is exactly the same for the
native and denatured states. Further lowering of
the temperature would change the sign of the
solvation difference implying that the native state
would be more solvated by MeCN than the dena-
tured state. This is in effect the other side of the
same coin, the above hypothetic stabilizing action
of MeCN at low temperatures in the water-rich
region.

An interesting phenomenon can be seen at
approximately 0.06 mole fractions of MeCN: the
isotherms of preferential solvation change cross
here and DG appears to be independent of tem-
perature over a fairly wide range. This implies
that the change in the composition of the protein
solvation shell occurring on the unfolding transi-
tion does not ‘feel’ the temperature of the medium
at this MeCN content over at least 60 K.

When analyzing the pH-dependence of the
preferential solvation change, we found that DG21
values at pH 3.5 are less negative than at pH 2.5
and this effect turns to the opposite one at about

Žthe same 0.06 mole fractions of MeCN data not
.shown .

As mentioned above, the change of the prefer-
ential solvation is a purely thermodynamic quan-
tity; it is calculated directly from experimental
thermodynamic data with no a priori assumptions.
Thus, the above-mentioned findings directly char-
acterize equilibrium between native and dena-
tured states of lysozyme in MeCN]water solu-
tions with no regard to the particular model of a

Žmolecular mechanism by definition, DG is an2 i
increment of the unfolding equilibrium constant
on increasing the activity of the i-th component
Ž . Ž . w x.d ln K rd ln a 26,27 . Nowadays, there arei

some theoretical approaches developed to de-
Žscribe the protein solvation in mixed media see,

w x.for instance: 2,29,33]35 . However, to be ap-

Žplied, they require a number of parameters in
.addition to the protein DSC data to be esti-

mated, such as:

1. equilibrium constants for binding of an or-
ganic additive and water to side chains of
various amino acid residues and to a peptide
backbone;

2. to what extent solvent binding at the neigh-
Žboring sites is really independent for exam-

ple, Schellman’s solvent exchange model re-
w x.quires such independence 29 ; and

3. how much the structure of the denatured
state of the protein changes upon addition of
an organic additive } it is well known that
high concentrations of additives often cause
dramatic changes in the structure of unfolded

Ž w x.proteins and peptides e.g. see 36]40 .

The latter condition is of great importance
because any protein unfolding model deals either
with initial and final states of constant structure
or they should explicitly take into account that

Žthe structure of an unfolded state as more flexi-
.ble than the native one is likely to change on

increasing the concentration of a non-aqueous
component.

At present time, most of the above mentioned
parameters are unavailable for lysozyme in aque-
ous MeCN. The only data of such a kind are in

w xthe paper of Gekko et al. 24 concerning the
preferential solvation of native lysozyme in aque-
ous MeCN as well as the transfer free energies
for amino acid side chains from water to these
solutions. Data of such a kind are exactly what
are needed for detailed analysis of lysozyme
stabilization by small amounts of MeCN in water.
However, results of that study cannot be applied
here because the lowest concentration point of

ŽGekko’s data set is x s0.1 while our highest3
MeCN concentration is x s 0.075 with the3
stabilization effect taking place at about

.0.03]0.04 .
As for preferential solvation, one may still com-

pare the magnitude of effects at the boundary of
two data sets. From experiments on equilibrium
dialysis, Gekko and co-workers found that native
lysozyme at 258C and x s0.1 is strongly prefer-3
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entially hydrated with G f800 mol waterrmolN1

protein. Extrapolation of our DG to x s0.121 3
Ž .gives fy1000 see Fig. 7 . Hence, denatured

lysozyme should be preferentially dehydrated with
G fy200 mol waterrmol protein.D1

Finally, we would like to emphasize necessity of
proper taking into account solution non-ideality
when calculating the preferential solvation
changes. Fig. 8 shows the same graphs as Fig. 7
but calculations of preferential solvation were
done this time assuming that the actï ity coeffi-
cient of MeCN remains constant. One can see
Ž .see Fig. 7 and Fig. 8 that in a very dilute region
Ž .x -0.03 this assumption does not change the3

result due to the large value of 1rx term in the3

denominator which greatly exceeds non-ideality
Ž . w Ž .xcontribution ­ln f r­x Appendix B, Eq. B4 .3 3

At the higher MeCN content the calculated val-
ues of the preferential solvation change deviate
the stronger the higher the MeCN mole fraction
is. This result indicates that it is highly important
to take properly into account solution non-ideal-

Fig. 8. The same quantities as in Fig. 7 but evaluated this time
assuming that the MeCN]water mixture is an ideal solution.

ity when dealing with aqueous solutions at high
concentrations of organic additives.

5. Conclusions

The phenomenon of increasing protein thermo-
dynamic stability in aqueous solutions by small
amounts of denaturing additives was investigated
in detail with lysozyme]acetonitrile]water system
as an example by means of scanning mi-
crocalorimetry. The heat capacity change on pro-
tein unfolding transitions was determined with
the highest achievable precision making it possi-
ble to calculate the free energy of protein
stabilization at low temperatures as well as the
corresponding preferential solvation changes. The
main findings of this study are as follows.

1. MeCN is a ‘denaturant’ under all conditions
studied } its presence diminishes the tem-
perature of lysozyme heat denaturation.

2. Examination of the free energy of protein
stabilization calculated from the DSC data
revealed that small concentrations of MeCN
should increase thermodynamic stability of
lysozyme below room temperature in contrast
to the destabilizing effect of MeCN at higher
concentrations and temperatures.

3. The stabilization phenomenon appears to be
pH-independent indicating thus that the
charge-induced contribution to the stabiliza-
tion of lysozyme is relatively small.

4. At low temperatures and small concentra-
tions of MeCN the denatured state of
lysozyme was predicted to be more hydrated
than the native one which accounts for a rise
in the protein stabilization free energy.

5. The temperature dependence of the prefer-
ential solvation difference between native and
denatured states was found to be significant
at low concentrations of MeCN and vanishing
on further addition of the co-solvent. When
the MeCN mole fraction is about 0.06, DG
appears to be independent of the tempera-
ture over a range of at least 60 K.

6. Importance of proper taking into account
non-ideal properties of mixed solutions, when
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analyzing preferential solvation is empha-
sized.
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Appendix A: Fitting of the temperature and
enthalpy data

A.1. Temperature of transition

For further evaluations we found the best fit of
Ž .the T x , pH data by the polynomial equation:d 3

Ž . Ž .T x , pH s t q t pHypHd 1 2 0

2Ž .q t pHypH3 0

3 4Ž . Ž .q t pHypH q t pHypH4 0 5 0

2Ž . Ž .q t xyx q t xyx6 0 7 0

Ž .Ž . Ž .q t xyx pHypH . A18 0 0

The equation of the fourth order was chosen to
reflect the fast decrease in the slope of the T vs.d
pH curve and had no theoretical significance;
t ,...,t are the parameters to fit; x is the MeCN1 8
volume fraction, x ; pH , x were chosen near3 0 0
the center of the area covered. This polynomial
equation simulates well the temperature of tran-

Žsitions within the pH range 2.1]3.5 this was the
.region of our interest .

A.2. Enthalpy of transition

The dependence of the enthalpy on the tem-
Žperature was taken to be linear this assumption

would not introduce large error into calculated
values of stabilization free energy, at least, as the

w x.first approximation; see 41,42 . The pH con-
tribution to the heat of unfolding was believed to

be negligible in this acid region, since heats of
titration under acid conditions are rather small
w x25 and the compensating buffer substance
Ž .glycine was present in the medium. The heat
capacity change was also assumed to be indepen-
dent of pH, so we chose the following equation to
fit the enthalpy data:

UŽ . Ž . Ž . Ž . Ž .D H x ,T sD H x qDC x TyT , A20 p 0

where

2Ž . Ž . Ž . Ž .D H x sh qh xyx qh xyx , A30 1 2 0 3 0

Ž . Ž . Ž .DC x sh qh xyx , A4p 4 5 0

h ,...,h are the parameters to fit; x is the MeCN1 5
mole fraction, x ; x , T are the center of the3 0 0
conditions area.

Appendix B: Analytical expressions for entropy of
unfolding, Gibbs free energy of protein native
structure stabilization, proton uptake and
preferential solvation changes on unfolding

Having fitted the analytical equations to the
experimental enthalpy and temperature data we
can calculate all the thermodynamic quantities of
protein structure stabilization in MeCN]water
solutions as functions of T , pH and x using the3
following relations:

B.1. Entropy change

Ž . w Ž .xDS x ,T ,pH sD H x ,T x ,pH3 3 d 3

Ž .rT x ,pHd 3
UŽ .qDC xp 3

w Ž .x Ž .ln TrT x ,pH . B1d 3

B.2. Standard free energy of stabilization:

o Ž . Ž .DG x ,T ,pH sD H x ,T3 3

U Ž . Ž .yT DS x ,T ,pH . B23
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B.3. Proton uptake upon unfolding

UoŽ . w Ž . xD ¨ x ,T ,pH s ­DG x ,T ,pH ­pH T , xd 3 3 3

y1UŽ . Ž .= ln10 RT , B3

where Rs8.31 JrmolU K. The derivative of DG o

with respect to pH can be calculated either
numerically or analytically.

B.4. Preferential sol̈ ation change upon unfolding:

Ž . Ž o Ž .DG x ,T ,pH sy ­DG x ,T ,pH23 3 3

.r­x r RTT ,pH3

Ž Ž . .= ­ln a r­x T ,pH3 3

Ž o Ž .sy ­DG x ,T ,pH3

.r­x r RTT ,pH3

Ž Ž .= 1rx y ­ln fŽ 3 3

. Ž .r­x B4.T ,pH3

where x is x ; a is the MeCN activity in solution3 3
and f is the corresponding activity coefficient of3
MeCN on the mole fraction scale. For details on
the evaluation of solvation changes for protein
denaturation see Appendix D.

Appendix C: Proton uptake on unfolding

The proper interpretation of the changes in a
number of protons boundrreleased upon unfold-
ing requires knowledge of the ionization con-
stants of the amino acid side chains under condi-
tions of interest. No data of such a kind were
available for MeCN]water mixtures. However,
the assumption that their pK values grow up on
increasing the MeCN content can be supported
by the evidence that the pK values of such subs-
tances as phenol, acetic, propionic and benzoic

Žacids somewhat mimicking the protein a-COOH,
.Glu and Asp side chains increase by approxi-

mately 2 pK units on addition of ethanol up to
70% in water solutions and by 3]3.5 pK units on
addition of acetone up to the same high concen-

w xtration 43,44 . Therefore, an increase in pK val-

ues of the protein titratable groups in
MeCN]water mixtures can also be expected since
MeCN does not differ much from acetone and
ethanol by physico-chemical properties.

Appendix D: The preferential solvation change
upon protein denaturation

w xFollowing Schellman 29 , we define preferen-
tial solvation by the quantity G , which is read as23
‘the preferential solvation of component 2 by 3’
or as ‘the selective interaction of component 3
with 2’:

Ž . Ž .G ' ­¨ r­¨ D123 3 2

at the constant T and m . This quantity repre-3
sents the number of molecules of 3, ¨ , that must3
be added to the solution on addition of one
macromolecule, 2, to keep the chemical potential
of component 3, m constant. On the other hand,3
this quantity reflects directly the change of the
chemical potential of a macromolecule, m , on2
addition of component 3:

Ž . Ž .G sy ­m r­m , T , x sconst, D223 2 3 2

where m is the chemical potential of component3
3; x is the macromolecule mole fraction. The2
quantity G reflecting the selective interaction21
with water can be derived in a fully symmetric

w xfashion and has a fundamental relation to G 3123
by

Ž .G rG syx rx . D321 23 1 3

By definition preferential solvation depends on
the nature of the solvated surface, so its value is
conformation-dependent for macromolecules.
Therefore, we may define the denaturational
change of preferential solvation DG of protein23
by component 3 as the difference between prefer-
ential solvation of denatured and native states:

Ž .DG sG yG . D423 D3 N3

When the concentration of component 3 is low,
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DG represents a number of component 323
molecules entering or leaving the solvent volume
over which a protein molecule affects the chemi-

Žcal potential of component 3 one should note
that DG does not have such a straightforward21
interpretation since the water concentration usu-

w x.ally is very high 29,31 . DG can be readily23
found for protein denaturation as

Ž o .­DG r­x T , pH , x3 2 Ž .DG sy . D523 Ž .­m r­x T , pH , x3 3 2

Ž . oThe numerator of Eq. D5 contains ­DG r­x ,3
where DGo is the Gibbs free energy difference
between the native and denatured states. Since
we have DGo expressed in the analytical form
Ž .see Appendix B we can calculate it for any
conditions. ­m r­x in the denominator reflects3 3
the non-ideality of the water]organic solution
and, on condition x ª0, can be evaluated on the2
basis of the partial vapour pressures above binary
water]organic mixtures. The latter approach is

Žwell known and can be found elsewhere for
w x.instance, see 45,46 . The requirement of con-

stant pH in the denominator may be disregarded
in our particular case since MeCN doesn’t have
ionizable groups which make its activity insensible
to moderate pH changes. The MeCN activity data
were taken from and critically examined on self-

w xconsistency as recommended by Kogan et al. 45 .
The temperature effect on MeCN activity was
found to be negligible by comparing the data for
208C and 308C.
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