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SUMMARY 

The thermal denaturation of lysozyme in aqueous alcohol 
solutions has been investigated through ultraviolet differ- 
ence spectrophotometry and optical rotation measurements. 
Alcohols used were CH30H, C2H50H, and C3H70H; con- 
centrations up to 50% (v/v) of alcohol in water were em- 
ployed. It was found that upon increasing the size or the 
concentration of the aliphatic alcohol, the denaturation tem- 
perature is gradually depressed. At low alcohol concentra- 
tion, the Q! helix content of the protein decreases through 
the thermal transition. However, on increasing alcohol size 
or concentration, the CY helix content goes through a maxi- 
mum during denaturation. Apparent equilibrium constants 
and corresponding van? Hoff heats of denaturation were 
determined. The data indicate that the depression of the 
denaturation temperature due to addition of alcohols is essen- 
tially entropy dependent. It is suggested that these results 
may be explained in terms of a theoretical expression con- 
taining a binding constant for the alcohol to the nonpolar 
sites of the protein plus a diluent term accounting for changes 
in the dilution parameters of different conformers. 

Systematic investigations of the role of aliphatic alcohols on 
the stability of a fibrous protein (1) (collagen) and or1 the helix 
- coil transformation of poly(L-ornithine) and poly(L-glutamic 
acid) (2) were recently presented. It was found that the series 

CsH&lOH > CaH,OH > C~HBOH > CH,OH (1) 

characterizes the effectiveness of alcohols for the stabilization of 
the (Y helical form of the syntetic polypeptides and of the ran- 
domly coiled form of collagen at low alcohol concentration, i.e. 
alcohols raise the helix -+ coil transformation temperature of 
poly(L-ornithine) and poly(n,-glutamic acid) and lower the de- 
naturation temperature of collagen and tropocollagen. These 
opposite effects were justified assuming (1) that Series 1 charac- 
terizes diluents which possess increasing solvating power toward 
the apolar side chains which become exposed during the con- 
version of the helical or crystalline forms of collagen to the ran- 
dom coil. This suggestion is similar to that advanced by Schrier 
el al. (3) who studied the effect of several alcohols on the de- 
naturation of ribonuclease. For poly(L-ornithine) and poly(~- 

glutamic acid), when side chains are exposed to the solvent in 

both conformations, a reduction of the entropy of mixing of the 
peptide groups in the random coiled conformation, due to in- 
creased organization of t.he solvent according to Series 1 was 
suggested to occur (2). 

The above results lead to the expectation that for globular 
proteins capable of assuming extended cr helical conformations, 
Series 1 should still characterize alcohols of increasing denatu- 
rating power. However, thermal denaturations involving the 
occurrence of intermediate (Y helical conforma.tions (between the 
globular and random coiled extremes) should occur on increasing 
the size of the alcohol or alcohol concentration. Although there 
is scattered evidence indicating that this is indeed the case (4-7), 
we have considered useful a more systematic investigation of the 
thermodynamics of denaturation of lysozyme in alcohol solu- 
tions. In particular, we have aimed at an evaluation of the 
thermodynamic components of the unfolding process and to their 
interpretation in terms of binding and solvent organization ef- 
fects. 

EXPERIMENTAL PROCEDURE 

Jlaterials-B.D.H. lysozyme (Lots 0744670 and 0811520) was 
used without further purification. The concentration of stock 
solutions was determined by optical density using an extinction 
coefficient E at 280 nm of 43860 cm2 per mg (8). Alcohols em- 
ployed were methanol, ethanol, and 1-propanol of reagent grade. 
Lysozyme solutions, obtained by mixing suitable aliquots of 
stock solution with alcohol, were buffered at pH 3 using a mixture 
of 0.1 M glycocoll and 0.1 M HCl (t’he ionic strength was kept 
constant at 0.1 by adding suitable amounts of NaCl). This pH 
was chosen because of the convenient occurrence of denaturation 
on the temperature scale. 

Optical Densify-Difference spectra at X = 294 nm (at which 
the optical density of lysozyme exhibits a maximum) were ob- 
tained using a Carl Zeiss PM& II Spectrophotometer. The 
concentration of protein was about 0.8 to 1.2 mg per cm3. To 
obtain denaturation curves, the temperature of sample and sol- 
vent cells was raised taking measurements at about 1” intervals. 
At each temperature about 10 min were allowed for thermal 
equilibrium. Samples were allowed to stay one night at 4” 
before determinations. 

Optical Rotation-Optical rotation data were obtained with a 
JASCO model ORD/UV spectropolarimeter, equipped with lo- 
mm path length cells. To determine denaturation profiles, the 
reduced mean residue rotation at 233 nm (in degrees square 
centimeter per dmole) (9) 
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[m’]233 = n-2 M* 

was measured as a function of temperature. Here n is the re- 
fractive index of solvent, [a] the specific rotation, and J!Lo is the 
mean residue molecular weight (equal to 110). Experimental 
conditions similar to those employed for obtaining the optical 
density data were used. Refractive index corrected to 233 nm 
was used. 

In same cases we also determined the optical rotatory disper- 
sion curves. The data were analyzed using the Moffitt-Yang 
equation (10) 

uow 
[m’]i = - 

boW 
x2 - x0* + (P - x0*)* 

The parameter b. was obtained from the slope of [m’] [(X2 - 
X0*)/X0*] versus X0*/(X2 - X$) plots, taking (9, 10) X0 equal to 212 
nm. For a-helical poly(L-amino acids), b. is generally between 
-600 and -650, whereas for randomly coiled polypeptides, b. is 
between 0 and +50 (9). 

RESULTS 

Temperature variations of optical density and optical rotation 
for lysoeyme solutions containing various amounts of methanol, 
ethanol, and propanol are reported in Figs. 1 and 2. 

In the case of C3H70H (cf. Fig. l), both optical density and 
optical rotation decrease with increasing temperature at low 
alcohol concentration. Thus, the a helical content present in 
globular lysozyme decreases (9) with increasing temperature 
during denaturation. However, when CLHrOH concentration 
is greater than 10% the behavior of the optical rotation is quite 
different from that of the optical density. The value of [m’]233 
increases with increasing temperature, indicating (9) an increase 
of the or helix content until a maximum which, in some cases, 
approximately corresponds to the end of the optical transition 
curve. The trend of b. supports (10) the initial increase of (Y 
helix content with increasing temperature. Upon further in- 
crease of temperature, the a helix content decreases and even- 
tually becomes smaller than that of the native protein. We also 
note a vertical displacement of the [rn’lZZ3 versus T curves re- 
ported in Fig. 1. In particular, the data seem to imply that 
native lysozyme, in the low T limit, is more helical in concen- 
trated propanol solutions. An alternative interpretation is that 
alcohol causes a wave length shift of the absorption bands which 
affects the ORD curve. Although the origin of this effect re- 
mains unclear, we note that a similar behavior has also been 
reported by others (7). 

In the case of CHIOH (% <50%) and C2HsOH (% <40%), 
the behavior of optical density is similar to that of the optical 
rotation, both quantities decreasing continuously with increasing 
temperature, just as in the case observed with the 10% C8H70H 
solution. The similarity of the behavior of the two quantities in 
CHIOH (% <50%), GHsOH (% <40%), and CIHTOH (% = 
10%) solutions is well documented in Fig. 2. The decrements 
AeT and A[m’]. of optical density and optical rotation, obtained 
from subtracting values observed at any temperature T from 
values observed at low temperature (native state), are divided by 
the total decrements AcTOr and A[m’lToT of the corresponding 
quantities observed at low and high temperature (denaturated 
state). The corresponding ratios (y and y’), reported in Fig. 2 
as a function of temperature, define a single denaturation curve. 
Only when CHIOH and C2HsOH concentrations are greater 
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FIG. 1. Temperature variation of optical density and optical 
rotation for lysozyme solutions containing propanol of the indi- 
cated molarity (or % v/v) ; pH 3. bo values at different tempera- 
tures are indicated. 
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FIG. 2. Temperature variation of the ratios y  = A/A~+~~~ (0) 
and y’ = A[m’]r/A[m’]ToT (0) for 1ySOZymC SOhtiOnS COntaining 
methanol, ethanol and propanol of the indicated molarity (or % 
v/v); pH 3. c , points obtained on decreasing temperature to 
assess reversibility. 

optical density and optical rotation (similar to those observed 
when C$H?OH concentration is greater than 10%) were noticed. 
Thus, upon increasing alcohol size or concentration, the thermal 

than 50 and 40%, respectively, differences between the trends of denaturation of lysozyme (which in water or at low alcohol 
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concentration is a transformation of the globular ---f random coil 
type) tends, at least for some portion of molecules, to become a 
transition of the globular + cr helix + random coil type. As 
indicated in Fig. 2, the denaturation processes investigated were 
found to be reversible ones (providing comparable rates of 
heating and cooling were used, and retention at the highest 
temperature for more than 1 hour was avoided). 

The variation of denaturation temperature, Tt, with alcohol 
concentration is reported in Fig. 3. The midpoints of the optical 
density curves in Figs. 1 and 2 were taken as denaturation 
temperatures. Accordingly, in these pseudo phase diagrams, 
the final state is the pure random coiled form only for methanol 
and ethanol. In the concentration range investigated, the plots 
for methanol and ethanol are nearly linear, while a curvature is 
exhibit.ed in the case of C~HTOH, as found by Schrier et al. (3) in 
the case of ribonuclease. 

In the search of a coherent interpretation of these effects, we 
consider in more detail the role of enthalpy and entropy con- 
tributions to the denaturation process. The value of AH ob- 
tained in water (78 Cal per mole) appears to be in line with re- 
cent independent determination of AH, indicating a value of 
-60 Cal per mole for lysozyme at pH 1 (12)) and of -100 Cal per 
mole for lysozyme at pH -5 (13). The peculiar variation of 
AH with alcohol content is unexpected (3). Since it is known 
(12, 14) that AH increases with increasing pH, a small electro- 
static component due to alteration of the relevant pK values by 
the alcohol is likely present. In any event, since AH is con- 
sistently higher than its value in water, and the denaturation 
temperature is continuously depressed (cf. Fig. 3) on increasing 
alcohol concentration, the latter depression seems to be asso- 
ciated to a prevalence of an increased entropy of the globular -+ 
random coil transformation. This result is surprising in view 01 

Apparent equilibrium constants were calculated from denatu- 
rated form to native form ratios deduced from the data in Figs. 1 
and 2. Typical plots Ink versus l/T are reported in Fig. 4. The 
plots were found to be linear for all solutions for which the de- 
naturation was of the globular + random coil type. The plots 
exhibited a curvature when CSH~OH concentration was greater 
than 10% and coincidence of the degree of transformation ob- 
tained from optical density and optical rotation was not verified. 
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Accordingly, enthalpies of denaturat,ion were obtained from the $ 0 - 20% 20 % 

R\\ 

P_c t-- 
slopes of the In k versus l/T straight lines (11) in the case in - 

4.95 M 3.46 M 

which the transition appeared to be a two-step process. These 
denaturation enthalpies are plotted in Fig. 5 as a function of 
alcohol concentration. 
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DISCUSSION 
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The data in Fig. 3 confirm that Series 1 characterizes alcohols 
of increasing effectiveness toward destabilization of the compact, 
tertiary structure of proteins. On the other hand, the optical 
rotation data at high alcohol concentration confirm that Series 1 
characterizes the order of effectiveness of alcohol toward stabili- FIG. 4. Apparent equilibrium constants for the denaturation of 

zation of the a! helical, secondary structure of polypeptides. 
lysozyme in alcohol solutions (containing 20% alcohol) plotted as 
a function of reciprocal temperature. 
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FIG. 3. Variation of the denaturation temperature of lysozyme 
with alcohol concentration. Denaturation temperatures taken 

FIG. 5. Van% Hoff heat of denaturation for lysozyme in alcohol 

as midpoints of optical density curves in Fig. 1. 
solutions when the transition is of the globular -+ random coil 
type. 
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FIG. 6. Schematization of globular ---f random coil (a) and helix + random coil (b) transformations in aqueous alcohol solutions. 
X represents alcohol and 0 Represents water molecules. 

the data of Conio et al. (2), indicating a prevailing role of the 
reduction of the entropy for the helix-coil transition in the 
stabilization of the secondary structure of poly(n-ornithine) and 
poly(n-glutamic acid) by alcohols. The present results are, how- 
ever, in agreement with the suggestion of Schrier et al. (3) sug- 
gesting that the lowering of the transition temperature of ribonu- 
clease by the alcohols is largely entropy dependent. Moreover, 
recent results obtained by Nozaki and Tanford (15), for the free 
energy of transfer of several amino acids from water to aqueous 
ethanol solution, indicate that the alcohol favors the solubilisa- 
tion of apolar side chain groups, and the insolubilization of the 
peptide group. Conio et a1.l have recently reported that the 
free energy of transfer, from water to aqueous alcohol solution, 
for the peptide group is positive, and that the decreased solu- 
bility of the peptide group is due to an unfavorable entropy of 
transfer. They indicated that this effect accounts for the 
stabilization of the a! helix in water-alcohol solutions. 

Thus, one is faced with the seemingly conflicting conclusion 
that, upon increasing alcohol concentration, the entropy of the 
globular -+ random coil transformation increases while, simul- 
taneously, the entropy of the helix + random coil transformation 
decreases. Binding of alcohol to the nonpolar side chains which 
become exposed during the former transition, coupled with water 
organization effects, satisfactorily explains the above findings. 
The model is qualitatively schematized in Fig. 6. Following a 
previously adopted formalism (16, 17), the total entropy of 
denaturation may be written as the sum 

ASTOT = Ah”‘+ ASb -k Asdil (2) 

where AS” is the conformational entropy change (always positive, 
the superscript refers to globular + random coil or helix + ran- 
dom coil transformations ipotetically induced by increasing 
temperature in absence of solvent) ; A& is the entropy of binding 
of alcohol to the nonpolar, exposed groups of the polymer (gen- 
erally a negative quantity) ; and ASd ir is the entropy of dilution 
(which may be positive or negative) representing alterations in 
the organization of the solvent and in the conformational adap- 

1 G. Conio, L. Curletto, E. Patrone, submitted for publication. 

tation of the bound polymer within the solution (diluent effect 
(16)). An increased organization of water due to addition of 
alcohols (according to Series 1) has been indicated in the liter- 
ature (18). On the other hand, selective absorption, or binding 
of alcohols to nonpolar groups of proteins has been experimentally 
evidenced (1, 6, 19). Thus, during the globular --f random coil 
transition, alcohol molecules are competitively absorbed by the 
nonpolar groups, simultaneously reducing the organization of 
the binary diluent. AS,,, may thus be positive (Fig. 6a), and 
increase with increasing alcohol size or concentration, leading to 
the observed depression of denaturation temperature. 

On the other hand, A& changes little during the helix --+ coil 
transition (Fig. 66) due to the similar exposition of nonpolar 
sites for the two conformations. Consequently, the contribution 
to ASdir due to alterations in solvent organization is negligible. 
As suggested by Patrone et al. (2), ASdir may nevertheless be 
negative due to the difficulty for a diluent of increasing organi- 
zation to be a good diluent for the peptide group in the random 
coil form. A&or may thus be positive (Fig. Bb), and decrease 
with increasing alcohol size or concentration, leading to the cor- 
responding stabilization of the a! helix. 

The interpretation of the globular -+ random coil transfor- 
mation for lysozyme schematized in Fig. 6a is essentially similar 
to that suggested by Schrier et al. (3) in their study of the thermal 
transition of ribonuclease (the occurrence of multistate transi- 
tions was not considered in the latter study). However, our 
approach tends to draw attention to a separation of binding 
effects associated to the liquid nature of the diluent. The 
advantages and the limitations of this approach, which have 
already been successfully used to explain the melting temperature- 
salt concentration dependence of insoluble collagen (20, 21), 
and the concentration dependence of the helix -+ coil trans- 
formation of poly(y-benzyl-n-glutamate) (17), have been 
discussed elsewhere (16). The theory, based on the recognition 
of separate contributions to the free energy of transformation, as 
exemplified in Equation 2, leads, in the case of a transformation 
between two soluble conformers, to the following limiting 
equation for the depression of the transformation temperature 

(17) 
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Tto - T, N_ z pKa + (1 - v) Ax (3) 

where the term pK, may, in the present case, be assumed to 
represent the contribution due to binding of alcohol to the non 
polar sites (p, number of sites per residue; K, binding constant; 
a, activity of alcohol), and the term in Ax coutains contributions 
related to alterations of the water structure (V, and V,, molar 
volumes of a residue and solvent, respectively; v, volume fraction 
of polymer; Ax, difference in the thermodynamic parameters of 
dilution for the two conformers). The analysis of Schrier et al. 
(3) is instead based on the Peller (22) equation 

Tt” - Tt N 
R(T?P 
-ka 

AH0 

which does not contain an explicit expression for the diluent 
effect. Accordingly, Schrier et al. include in k both the entropy 
loss due to binding and the free energy of hydrophobic bond 
formation, calculated on the basis of the theory of Eemethy and 
Sheraga (23). 

The Ax term may be amenable to independent, experimental 
evaluation (17, 24). When this is done, a quantitative analysis 
may be made concerning the generalization of the theory based 
on Equation 3 to the case of binding processes involving hy- 
drophobic interactions. 
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