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Calorimetric Study of the Interaction of Lysozyme with Aqueous

1-Propanol’

Julian M. Sturtevant* and Goniil Velicelebi?

ABSTRACT: The enthalpies of transfer of hen egg white lyso-
zyme from water to aqueous solutions of 1-propanol were
determined by isothermal flow calorimetry at 10, 17, 25, and
40 °C in 0.04 M, pH 2 glycine buffer. Alcohol concentrations
up to 3.4 M were employed. Four regions in the dependence
of the enthalpy of transfer on alcohol concentration can be
discerned: a region of linear increase observable at 10, 17,
and 25 °C, an inflection region observable at 17 and 25 °C,
a second linear region observable at 17, 25, and 40 °C, and
a region of decreasing enthalpies seen at 40 °C. Combination
of differential scanning calorimetric data on lysozyme in

W have previously reported (Velicelebi & Sturtevant,
1979) the results of an extensive DSC! study of the thermal
denaturation of lysozyme in aqueous mixtures of MeOH,
EtOH, and PrOH. It was shown that the unfolding of the
protein in these solvent systems is reversible and that the
calorimetric and van’t Hoff enthalpies of denaturation are
nearly equal, indicating that the transition under equilibrium
conditions is essentially two state in character. In this paper
we present the results of isothermal flow calorimetric deter-
minations of the enthalpies of interaction of lysozyme with
PrOH at 10, 17, 25, and 40 °C. PrOH was selected as the
alcohol to be used in this study since it is much more effective
than either MeOH or EtOH in altering the denaturational
behavior of the protein.
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Connecticut 06520. Received August 12, 1980. This research was aided
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PrOH-H,0 mixtures [Velicelebi, G., & Sturtevant, J. M.
(1979) Biochemistry 18, 1180-1186] with the transfer en-
thalpies reported here shows that the enthalpy in this system
can be regarded as a state function and that the apparent
specific heat is at first slightly decreased and then strongly
increased by the addition of 1-propanol. Comparison of the
results for the interaction of lysozyme with 1-propanol with
those reported for the interaction with guanidine hydrochloride
[Pfeil, W., & Privalov, P. L. (1976) Biophys. Chem. 4, 23-50]
indicates that the denaturing effects of these two reagents
involve very different mechanisms.

Materials and Methods

Hen egg white lysozyme (/V-acetylmuramide glycano-
hydrolase; EC 3.2.1.17) was obtained from Sigma Chemical
Co. as grade 1, 3 times crystallized, dialyzed, and lyophilized
powder. This product was further treated by dissolution in
and dialysis against 0.05 M ammonium formate buffer at pH
4.0 and subsequent lyophilization. All buffer solutions were
prepared from analytical grade reagents. Protein solutions
were prepared by dissolving the lyophilized protein in degassed
buffer, the concentrations being determined spectrophoto-
metrically by using E,g!® = 26.5 in aqueous solution (Bjurulf
& Wads6, 1972). The absorbance measurements were carried
out at 10 °C where the protein was native in all the alcohol
solutions employed as judged by DSC denaturation profiles.
All the calorimetric experiments were carried out in 0.04 M
glycine buffer adjusted in the presence of PrOH to pH 2.0 as

1 Abbreviations used: DSC, differential scanning calorimetry; MeOH,
methanol; EtOH, ethanol; PrOH, 1-propanol; Gdn-HClI, guanidine hy-
drochloride.

0006-2960/81,/0420-3091$01.25/0 © 1981 American Chemical Society



3092 BIOCHEMISTRY

STURTEVANT AND VELICELEBI

Table I: Enthalpies of Interaction of Aqueous Lysozyme with PrOH?

PrOH final PrOH concn,

y A‘Iprot;_—alc Aqale diln Aqprot diln AHt.J:ax‘ns(O,IP!f)
conen,’ M, Mg=1/,(M, + M,) (mcal min™!) (mcal min~?) (mcal min™")  [kcal (mol of protein) ']
0 0.34 -16.97 —-18.46 -0.14 9.7+ 0.4
0.34 0.67 -24.27 —25.69 -0.17 19.7+ 0.5
0.67 1.07 -46.06 -47,17 ~0.12 - 27.2+29
1.07 1.34 ~24.14 —24.85 -0.13 324+ 3.0
1.34 1.75 -70.00 -71.86 -0.19 443+ 3.3
1.75 2.01 -37.68 -38.68 -0.17 51.3£3.3
2.01 2.42 —-106.80 ~107.80 -0.17 58.2+ 3.8
242 2.69 —53.44 —54.04 -0.17 63.2+3.9
2.59 2.96 -42.08 -42.49 -0.20 66.6 4.0
@ Protein concentration 5.2-5.9 mg mL"'; 10.13 °C. P In solution containing protein.
Table 1I: Enthalpies of Interaction of Aqueous Lysozyme with PrOH®
P rOll,-l final PrOH concn, Adprot-ale Adglc giln Adprot diln AHyrang(0,M¢)
conen,” M,  Mz=1/,M, + M) (mcal min™) (mcal min~*) (mcal min™')  [kcal (mol of protein)™*]
0 0.33 —16.18 ~18.15 -0.07 13.3: 5.0
0.33 0.67 —23.80 -24.59 -0.10 18.9+5.2
0.67 1.07 —46.48 -47.93 -0.07 29.1 5.7
1.07 1.34 -24.39 -24.91 -0.15 33.1+5.7
1.34 1.74 -72.26 -73.78 -0.17 426+ 5.8
1.74 2.01 -36.67 -37.16 -0.18 46.9+ 5.8
2.01 2.41 -106.08 -106.41 -0.21 50.1+5.9
2.41 2.68 -45.61 -45.74 —-0.12 51.8+6.0
2.68 2.95 —37.46 -39.25 0.02 62.7+8.2
2.95 3.35 -52.28 -55.52 0.39 79.3 + 8.2
3.35 3.68 —28.66 -30.00 1.00 81.5+83
2 Protein concentration 4.9-5.8 mg mL™*; 17.20 °C. b In solution containing protein,
Table 111: Enthalpies of Interaction of Aqueous Lysozyme with PrOH®?
PIOII;I final PrOH concn, Adprot-ale Adale diln Adprot diln AHyransco,m¢)
conen,” M, Mz=1/,(M, + M,) (mcal min™?) (mcal min™!) (mcal min™*) [keal (mol o proftein)"]
0 0.33 -16.95 —18.50 -0.08 9.5+ 0.9
0.33 0.67 —-23.90 ~25.48 -0.06 18.9 = 1.7
0.67 1.07 —45.75 -46.93 -0.08 26.9+1.8
1.07 1.34 —23.50 -24.08 —-0.06 31.0+ 2.0
1.34 1.74 —68.55 —69.55 —-0.06 37.7+ 2.7
1.74 2.00 -33.86 -34.91 -0.05 44,4+ 2.8
2.00 2.40 —-80.07 -84.42 —-0.05 71.0+ 3.2
2.40 2.67 —-29.34 —35.07 0.71 101.1£ 3.3
2.67 2.94 —23.76 -28.26 1.32 120.0= 3.4
2.95 3.35 -36.46 -37.63 0.16 125.5 + 4.1

¢ Protein concentration 5.1-6.1 mg mL™%; 25.06 °C. b In solution containing protein.

measured by a Radiometer pH meter standardized at pH 4.0
in aqueous solution. Densities were determined in a vibrating
tube densimeter (Model 01D, Sodev, Inc.).

Isothermal calorimetric measurements were made with a
sensitive flow calorimeter developed in collaboration with
Beckman Instruments and described in detail elsewhere
(Sturtevant, 1969; Sturtevant & Lyons, 1969; Velicelebi,
1978). The calorimeter was submerged in a water bath, the
temperature of which was regulated within £0.01 °C in the
range 5-60 °C by using a Tronac precision temperature
controller. Temperature measurements were made with a
Hewlett-Packard quartz thermometer.

Measurements of the enthalpy of mixing of lysozyme so-
lutions with PrOH were carried out over a range of final
alcohol concentrations of 2.5-25% v/v at 10, 17, 25, and 40
°C. The calorimeter was calibrated at each temperature by
reacting HCl with excess NaOH, using the heats of formation
of H,O given by Grenthe et al. (1970).

For each alcohol concentration at each temperature, three
different enthalpy measurements were made: (1) the enthalpy
of mixing protein in an alcohol solution of a certain concen-
tration with an equal volume of a buffered alcohol solution
of higher alcohol content (Agp1c); (2) the enthalpy of mixing

the same lower and higher alcohol concentrations in the ab-
sence of protein (Aq,qim); (3) the enthalpy of dilution of the
protein on addition of alcohol of the same composition
(AGprorgim).  The large heat of dilution of PrOH solutions
precluded measuring directly the enthalpy of mixing aqueous
lysozyme solutions with PrOH solutions at concentrations in
excess of 0.67 M. The net enthalpy of transfer, Agyans(ar, ap»
of the protein from the initial alcohol concentration, M), to
the final alcohol concentration, My, is given

Aqtrans(Ml,Mf) = qurot—alc - Aqalc diln — qurot diln (1)

It is convenient to express the observed heat effects in milli-
calories per minute normalized to the maximum available flow
rate of 0.4351 mL min™'. Actual flow rates were !/s~!/4 this
large. At these flow rates, heating due to viscous flow was
negligible. Ag is readily converted to a molar quantity by
using the known protein concentration and molecular weight.

Results

The heats of dilution of PrOH and lysozyme and the heats
of transfer of the protein from one PrOH concentration to
another at 10, 17, 25, and 40 °C are presented in Tables I-IV.
In each case, the alcohol concentrations prepared as volume
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Table IV: Enthalpies of Interaction of Aqueous Lysozyme with PrOH¢

PrOH final PrOH concn, Aqprot-ale Adgle diln Adprot diln AHpang(o .,Mf)'

conen® M,  Mg='[,(M, + M) (mcal min~™") (mcal min™Y) (mcal min~?) [kcal (mol of protein)~!]

0 0.33 -18.82 -19.57 0.00 4,5+ 04

0.33 0.67 -24.33 —-25.85 0.00 13.9: 0.5

0.67 1.06 ~42.42 ~46.51 0.23 36.8+ 1.1

1.06 1.33 -17.98 —23.83 0.82 67.2+1.3

1.33 1.72 -55.93 -62.74 1.15 101.7+ 2.4

1.72 1.99 -26.28 -29.01 0.84 112.7+ 2.4

1.99 2.38 -58.52 -59.48 0.25 117.0 £ 3.2

2.38 2.65 -20.53 —-20.00 -0.04 113.8+ 3.4

2.65 2.91 —15.16 —14.54 -0.11 110.8+ 3.4

@ Protein concentration 5.3-5.9 mg mL™?; 40.00 °C. ? In solution containing protein.

fractions were converted to molarities by using the appropriate
density values (Velicelebi, 1978).

Apparent Molar Enthalpies of Propanol in 0.04 M Aqueous
Glycine Buffer. The values obtained for Agg 4, permit
calculation of the relative apparent molar enthalpy, ¢ = ¢y
— @i, of PrOH in solution in 0.04 M aqueous glycine buffer.
The results for Ag,. 4 at different alcohol compositions and
temperatures are listed in Tables I-IV. Since the densities
of PrOH-H,0 mixtures were found to be accurately linear
in PrOH concentration, the final concentration of PrOH, M,
was taken equal to the mean of the two initial concentrations,
M, and M,. The dilution process consists of the two steps

n; moles of PrOH (M) — n, moles of PrOH (M;): Ag;

(2)

n, moles of PrOH (M,) — n, moles of PrOH (M;): Ag,
(3)

Adycain = Ag = Aq; + Ag, (4)

Since
Agy = m[en(Myp) — ou(M))]
Ag; = my[en(My) — eu(M))] )

where ¢y(M) is the apparent molar enthalpy of PrOH at
concentration M, it follows that

Aq
m + n,

eu(M;) -

M,

(Mx)-mm

My M) (6
TSR (y) (©)
If it is assumed that ¢y is a linear function of PrOH con-
centration, it follows that

eu(My) = Yolou(M;) + ou(M))]

and
den _do _ ou(My) - en(M) _ 289(M, + M)
dM dM M2 - M] ("1 + nz)(A{2 - M1)2

(7

¢ may thus be obtained as a function of M by plotting
dey /dM vs. M; and graphically integrating. The resulting
values of ¢ are plotted as a function of alcohol concentration
in Figure 1.

Enthalpies of Transfer of Lysozyme. The enthalpy of
transfer, AH  ang(, > Of lysozyme from one PrOH concen-
tration, M, to another, M, was determined over the PrOH
concentration range 0-3 M and at 10, 17, 25, and 40 °C. The
results are tabulated in Tables I-IV. For evaluation of the
molar enthalpy of transfer of the protein from water to the
final alcohol concentration, AHne0.n, the values of

1500
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FIGURE 1: Variation of ¢, relative apparent molar enthalpy of PrOH
in 0.04 M aqueous glycine buffer, with PrOH concentration at 10.13
(0), 17.20 (A), 25.06 (), and 40.00 (@) °C.
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FIGURE 2: Variation of enthalpy of transfer of lysozyme from H,O
to My molar PrOH, AH,p 0., 25 a function PrOH concentration
at 10.13, 17.20, 25.06, and 40.80 °C. A broad vertical line through
each curve indicates the alcohol concentration at which, according
to DSC data (Velicelebi & Sturtevant, 1979), the protein is 5%
denatured.

AH rans, M) Were added stepwise. The molar enthalpies of
transfer from water are also listed in Tables I-1V and plotted
in Figure 2.

Discussion

The relative apparent molar enthalpy, ¢, of PrOH is shown
in Figure 1 as a function of temperature and alcohol con-
centration. It is seen that within experimental uncertainty ¢
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Table V: Coefficients B and D in Equation 8 as
Functions of PrOH Concentration

PrOH concn (M)
0 0.67 1.34 2.00 2.67 3.34

B (cail K™ mol™) 17 34 22 52 82 86
D (cal K™ mol™") 1.3 -49 14 35 S8 65

is independent of temperature up to 2 M. Above this con-
centration ¢ decreases with increasing temperature at constant
PrOH concentration. The general shape of the curve for ¢
at 25 °C is similar to that deduced by Dimmling & Lange
(1951) from integral heats of dilution, but our values are
~20% higher. This difference is presumably at least in part
due to the presence of 0.04 M glycine in our solutions.

The transfer enthalpies, AH\ 50,0, 8iven in Tables I-IV
and Figure 2 are subject to considerable uncertainty since their
derivation from the experimental data involves the evaluation
of small differences between large quantities. The error ranges
given in the last column of each of the tables are based on the
standard errors for each of the series of experiments listed in
columns 3-5 of the tables. The actual uncertainties are
thought to be no larger than 1.5 times the listed error ranges.
The reliability of the data is supported by the fact that rep-
etition of the experiments at 25 °C after a lapse of 2 years
gave results falling well within the previously assigned un-
certainty limits.

The transfer enthalpies can be used in conjunction with the
unfolding enthalpies determined by DSC (Velicelebi &
Sturtevant, 1979) to compute the enthalpy changes involved
in going between two different states of lysozyme by two
different pathways, as shown in Scheme I. If the states of
the protein, P-Pyy, are thermodynamically defined states, then
the enthalpy is a state function and we must have AH, + AH,
= AH, + AH,. However, as discussed below, it is necessary
to include heat capacity contributions as well as unfolding
contributions in AH, and AH,. As pointed out earlier (Vel-
icelebi & Sturtevant, 1979), the unfolding transitions observed
in the DSC experiments can be regarded as being closely two
state in character since the ratio AH,y/AH, is approximately
unity, It was observed that the apparent heat capacities of
both the native (IN) and unfolded (D) states of the protein are
linear functions of the temperature within experimental un-
certainty:

CN=A+.B(T—Td) Cd=C+D(T—Td) (8)

where T is the temperature at which half of the unfolding

STURTEVANT AND VELICELEBI

enthalpy has been absorbed. The average apparent heat ca-
pacity is then

Cow=A+a(C-A)+ [B+a(D-BT-Ty )

where « is the extent of the unfolding transition (o = 0.5 at
Ty) and the enthalpy at temperature T is

AHr = AHg + (C~ ANT - Ty + /4(D - BY(T - Ty)?
(10)

Integration of the van’t Hoff equation, assuming the van’t Hoff
enthalpy, AH,p, to be governed by the same heat capacity
change as the calorimetric enthalpy, AH,,;, and noting that
the equilibrium constant for the unfolding is given by o/(1
- ar) leads to the result

Rin 2= AH““—(C-A)+1/(1)—B)x
1-a T, 2

T-T,

(T+ Td)] + [(C-A4) - (D~ B)T,] ln% (11)
d

The heat absorbed in a short temperature interval is given by
00 = AHy b + Co 8T = 6Qy + 6@, (12)

and integration over a longer temperature interval is accom-
plished by summation of 6Q’s. A value of 67 = 0.2 °C gives
accurate results with the fairly broad transitions observed with
lysozyme. The values of Ty, AHqy, AH,y, and AC,} = C -
A have been given previously (Velicelebi & Sturtevant, 1979)
for several PrOH concentrations. In addition, the coefficients
B and D in eq 8 are needed for the integrations; these are listed
in Table V. Integrals from O °C to the various temperatures
at which heats of transfer were evaluated are listed in Table
VI

In obtaining the enthalpy values in Table VI, we set the
apparent specific heat of the protein, Cy, equal to 0 at 0 °C
at each PrOH concentration. In Scheme I, however, we must
use a single reference value for Cy, for convenience setting
it equal to O at T, M,. This introduces an additional con-
tribution into AH,, since for concentrations of PrOH above
1.33 M there is a substantial increase in Cy in going from T,
M, to T\, M,. This increase in Cy of course adds nothing to
the isothermal AH;, but it does mean that in the heating step
to T,, M,, extra enthalpy must be absorbed in order to carry
this increased heat capacity through the temperature range
T, to T,. Thus, if values taken directly from Table VI are
used in connection with Scheme I, it is found that AH, + AH,
# AH3 + AH4 for M2 > 1.33.

If a series of cycles with constant T, M,, and M, is com-
puted, the quantity

Cu-G=(AH; + AH,- AH, - AH) /(T,-T)) (13)

should be constant and equal to the increase in apparent heat

Table VI: Denaturational and Heat Capacity Contributions to Enthalpy Change on Heating Lysozyme in PrOH-H 0 Mixtures from

0 °C to the Indicated Temperatures

10.13 °C 17.20°C 25.06 °C 40.00 °C
PrOH concn
oD 804 §Q.° §Q4° 6Q° §Q4° 8Q.° 8Q4° 6Q.°
0 0 0.87 0 2.53 0 5.35 0.57 13.7
0.67 0 0.88 0 2.52 0.01 5.34 3.27 13.8
1.33 0 1.13 0 3.25 0.06 6.91 28.87 18.78
2.00 0 2.67 0.05 7.69 1.61 16.37 92.31 54.67
2.67 0.07 4.22 1.59 12.21 33.54 25.23 76.77 78.14
3.34 5.20 4.84 35.72 15.89 56.93 37.07 58.48 90.42

¢ In kilocalories per mole.
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Table VII: Computation of Cycles According to Scheme I, with
T, =10.13°C, M, = 0, and Evaluation of ¢jjp — ¢y at 10.13°C

AH, +  AH, +
final  AH, AH,

T, PrOH (kcal (kcal c1p1 — €1
(°C)  concn,M; mol™) mol™) (calK™! g™
17.20 0.67 19.3 20.6 0.013
25.06 0.67 20.8 23.5 0.012
40.00 0.67 27.1 35.5 0.019
17.20 1.33 33.5 329 —-0.006
25.06 1.33 32.9 34.9 0.009
40.00 1.33 75.4 72.2 -0.007
17.20 2.00 47.3 52.6 0.052
25.06 2.00 46.3 58.8 0.058
40.00 2.00 120.9 172.5 0.120
17.20 2.67 52.2 66.8 0.143
25.06 2.67 103.0 107.3 0.020
40.00 2.67 122.0 189.0 0.155
17.20 3.34 79.7 113.9 0.335

capacity in going from state I to state III. A series of cycles
with T, = 10.13 °C and M, = 0 is given in Table VII. It
is seen that for each value of M, the three calculated values
of ¢ — ¢r, expressed in terms of specific heats, are reasonably
constant except for those corresponding to T, = 40.00 °C, M,
= 2.00 and T, = 25.06 °C, M, = 2.67. It is difficult to accept
that the values for AH,,,, involved in these two cases are in
error by as much as 28 kcal mol™!, one being too small and
the other too large, but we can propose no other explanation.
It appears that addition of PrOH has very little effect on
the apparent specific heat of the protein at 10.13 °C, which
is ~0.31 cal K™! g7! in water, at concentrations of 0.67 and
1.33 M, but that significant increases are caused by 2.00-3.34
M PrOH. At the latter concentration the apparent specific
heat is more than doubled.
It has been suggested by one of the reviewers of this paper
that a major part of these large changes in apparent specific
"heat could arise from the effect of temperature on the binding
of PrOH to the protein. If we take as a highly simplified model
a set of n equivalent binding “sites” for PrOH, we will have
the equilibria:

P+A=PA K =PA/P-A; PA = KA-P (14)

PA+ A = PA, K =PA4,/PA-A; PA;, = (KA)P (15)

PA,,+A = PA, K= PA,/PA,-A; PA, = (KA)"P

(16)
In these equations A, P, PA, etc. stand for the species PrOH,
lysozyme, a 1:1 complex of PrOH and lysozyme, etc. and also
for their concentrations (italic). Setting X = KA, protein
conservation gives
Py=P+PA+PA,+ ..+ PA, =
PA+X+X+..+X) U7

For n 2 100 and X < 0.95 we can with sufficient accuracy
write

__7r
1-x)
Since the alcohol concentration is very much larger than that

of the protein, we may set X = K4, and obtain by differen-
tiation and the van’t Hoff equation

dx AH
a1 = Xr

) (18)

(19)

VOL. 20, NO. 11, 1981 3095

where AH is the enthalpy change in each step of the reaction.
The total heat change, Q, is

0 = AH-PA + 2AH-PA, + ... + nAH-PA, =
XPAH(1 + 2X + ... + nX™1) (20)

For n 2 100 and X < 0.95, this becomes with sufficient ac-
curacy

_ X N
Q= 1= XP WAH cal (mol of protein) (21)

The excess apparent heat capacity due to increased binding
of PrOH to the protein resulting from an increase in tem-
perature is then

Ca=5 37 =T 5 (22)

If we assume # = 100 and AH = 1250 cal (mol of sites)™, then
at 10.13 °C a value of X = 0.935 gives C,, = 2150 cal K™
mol™ or ¢, = 0.15 cal K! g71, the value found at 2.67 M
PrOH. This contribution to the apparent heat capacity of the
protein must also be present in the DSC experiments reported
earlier (Velicelebi & Sturtevant, 1979), further complicating
the interpretation of those results.

It is quite likely that some of the increase in apparent
specific heat caused by the addition of PrOH is due to an
increase in the number of excitable internal degrees of freedom
(Sturtevant, 1977). There is, unfortunately, no way of esti-
mating the importance of this effect in the present case.

Inspection of Figure 2 shows that the dependence of
AHrans0.0 ON M has four distinguishable regions which are
most clearly evident in the curve for 17.2 °C. Inregion I the
enthalpy increases linearly with PrOH concentration with a
slope of 23.8 £ 2.2 kcal (mol of protein)™ (M PrOH)"! in-
dependent of temperature. This slope can be taken as a
measure of the enthalpy of binding of PrOH to the native
protein. No information concerning the stoichiometry of this
binding is available. An inflection region, II, is followed by
another approximately linear region, III, with a slope higher
than that of region I. Finally, in region IV there is a transition
to decreasing enthalpies. At 10 °C the curve has just barely
entered region II at the highest PrOH concentration studied,
while at 40 °C at the lowest PrOH concentration the curve
is already leaving region II and entering region ITII. The broad
vertical lines in Figure 2 indicate for each temperature the
alcohol ‘concentration at which DSC data (Velicelebi &
Sturtevant, 1979) show the protein to be 5% denatured. At
17, 25, and 40 °C the end of region II corresponds well with
the onset of denaturation. This suggests that region II may
indicate a saturation of the binding of PrOH to the native
protein.

The values for AH,,,, include contributions arising from
unfolding of the protein. Similarly, the apparent heats of
unfolding determined by DSC (Velicelebi & Sturtevant, 1979)
undoubtedly are affected by changes in the binding of PrOH.
There appears to be no way to separate these two effects.
Denaturational contributions, AQj, including unknown binding
enthalpies, can be estimated from the DSC data as described
above, and deduction of these contributions gives the curves
plotted in Figure 3. The irregularities in the 25 and 40 °C
curves arise from the same points as those which gave ano-
malous results in Table VII.

The only regularity which can be discerned in Figure 3 is
that at 10-25 °C and 0-2.4 M PrOH, AH a0 — AQ4 has
the same slope, 23.8 + 2.2 keal (mol of protein)™! (M PrOH) ™,
as occurs in Figure 2. At 25 °C and 2.4 M PrOH the protein
is ~!/, denatured. It appears that at 25 °C and 3 M PrOH,
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FIGURE 3: Result of deducting denaturational enthalpies, AQy,
calculated from DSC data (Velicelebi & Sturtevant, 1979), from
transfer enthalpies, AH\any0,a displayed as a function of PrOH
concentration,

where the protein is ~2/, denatured, the course of the binding
enthalpy is not very different from that observed with the
native protein.

It is appropriate to compare our isothermal calorimetric
results for the interaction of lysozyme with propanol with those
of Pfeil & Privalov (1976b) for its interaction with Gdn-HCI.
Their curves of enthalpy vs. Gdn-HCI concentration displayed
three distinguishable regions: exothermic effects with linear
concentration dependence at low concentrations, followed by
a sigmoidal curvature corresponding to endothermic effects,
and finally another linear region with a large slope up to

Thermodynamics of Protein Association
to Stability’

Philip D. Ross* and S. Subramanian

ABSTRACT: Reviewing the thermodynamic parameters char-
acterizing self-association and ligand binding of proteins at
25 °C, we find AG®, AH®, AS®, and AC,° are often all of
negative sign. It is thus not possible to account for the stability
of association complexes of proteins on the basis of hydro-
phobic interactions alone. We present a conceptual model of
protein association consisting of two steps: the mutual pen-
etration of hydration layers causing disordering of the solvent
followed by further short-range interactions. The net AG® for
the complete association process is primarily determined by
the positive entropy change accompanying the first step and
the negative enthalpy change of the second step. On the basis
of the thermochemical behavior of small molecule interactions,
we conclude that the strengthening of hydrogen bonds in the

In the past decade, a complete thermodynamic description
of the self-association of many proteins and their interactions
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Metabolism and Digestive Diseases, National Institutes of Health,
Bethesda, Maryland 20205. Received September 23, 1980.

saturation. Privalov and Pfeil attributed the linear portions
of the curves to binding of Gdn-HC! to the native and dena-
tured protein and the sigmoidal region to denaturation. It is
evident that our results are not interpretable in this relatively
simple manner. Privalov and Pfeil found that all their en-
thalpies of denaturation, whether observed by DSC in the
absence or presence of Gdn-HCI or with change of pH or
observed isothermally by the addition of Gdn-HCl, when
plotted against temperature fell on the same straight line of
slope equal to the value of AC,® observed in the DSC exper-
iments. Again, it is evident that neither our isothermal data
reported here nor our earlier DSC data (Velicelebi & Stur-
tevant, 1979) follow this simple and significant behavior. It
must be concluded that Gdn-HCl and PrOH alter the stability
of lysozyme by entirely different mechanisms.
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Reactions: Forces Contributing

low dielectric macromolecular interior and van der Waals’
interactions introduced as a consequence of the hydrophobic
effect are the most important factors contributing to the ob-
served negative values of AH® and AS® and hence to the
stability of protein association complexes. The X-ray crys-
tallographic structures of these complexes are consonant with
this analysis. The tendency for protein association reactions
to become entropy dominated and/or entropy—enthalpy as-
sisted at low temperatures and enthalpy dominated at high
temperatures (a consequence of the typically negative values
of AC,°) arises from the diminution of the hydrophobic effect
with increasing temperature which is a general property of the
solvent, water.

with small molecular substrates has become available. Con-
comitantly, X-ray crystallography has provided a detailed
picture of some of these associations, and this has stimulated
a number of theoretical studies (Levitt & Warshel, 1975; Gelin
& Karplus, 1975; Chothia & Janin, 1975), based upon en-
ergetic considerations, to account for these structures. The
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