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Thermodynamic investigations of o-Jactalbumin have been performed by isothermal calorimetric guanidine hydrochlo- 
ride titrations as well as by scanning calorimetric measurements in the presence and absence of guanidine hydrochloride. 
Compared with lysozyme, a-lactalbumin is less stable, and its changes of enthalpy and heat capacity at unfolding are 
lower. Thermal unfolding of a-lactalbumin can be described to the first approximation by the twostate transition model 
even in the presence of guanidine hydrochloride_ 

1_ Introduction 

Since folding of polypeptide chains to proteins is 
rather complicated, investigations have always been 
attractive which elucidate stable intermediates in 
folding or unfolding reactions_ A physically unam- 
biguous criterion for two or multistate behaviour of 

transitions is equality of van? Hoff and calorimetric 
enthalpy [I] _ This criterion is fulfilled, as a rule, for 
thermal unfolding of compact proteins having a mo- 
lecular weight of less than 25 000, i.e., a cooperative 
folding mechanism seems to be a privilege of small 
globular proteins [2] _ 

Recently a three-state folding pathway of LY- 

lactalbumin has been deduced from guanidine hydro- 
chloride (GuHCl) denaturation studies [3] _ This 
folding model is based on indirect, chiefly optical in- 
vestigations [4] _ Therefore, it should be desirable to 
apply additionally the thermodynamic criterion_ Un- 
fortunately, thermodynamic data of cx-lactalbumin 

unfolding published so far are already based on as- 
sumptions such as the two-state hypothesis or pro- 
posed denaturant interaction mechanism [3-9]_ 
Therefore calorimetric investigations of ar-lactalbumin 
unfolding will be presented in this paper, and some 
parallels with the homologeous lysozyme will be 
drawn. 

2. Materials and methods 

cy-lactalbumin was prepared from bovine fresh 
milk according to method IIb of Armstrong et al. 
[ IO,1 I] _ The electrophoretically homogeneous cr- 
lactalbumin was rechromatographed on Sephadex 
G 75 in 0.04 molar imidazole buffer pH 6.3 before 

use_ Concentration determinations were performed 
optically using E iSrn = 20.1 at 280 mn [ 121 _ 

All reagents used were of analytical grade. GuHCl 
was purified and checked according to [ 13] _ 

Scanning calorimetric measurements were carried 
out on differential scanning microcalorimeter DAShl 

lhl at a heating rate 1 K min-l _ For the determina- 
tion of heat capacities the partial specific volume of 

or-lactalbumin u = 0.704 ml g-1 [ 141 was used. 
Isothermal calorimetric measurements were per- 

formed on a LKB flow calorimeter_ For the proce- 
dure see refs. [IS,161 _ 

3. Results 

3.1. Scannittg calotimerq, i?t the absejtce of 

derzaturants 

cr-lactalbumin achieves maximal thermostability 
in dilute solutions (0.05-0.270) at neutral pH, i.e. 
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t+_ 1. Temperature dependence of partial heat wpacity of 
&nctalbumin and lysozyme. (1) u-lactalbumin in 0.04 molar 
imidazotc-HCI buffer pH 6.3 (25”C), (2) lysozymc in 0.04 
molar $ycinc buffer pH 2.4. (3) lysozymc in O-04 motor 
acetate buffer pH4.5+ 

the rransition temperature (r,j remains unchanged 
within pfi range from 5.6 to 7-S_ When comparing 
scanning oaiorirnetric recordings of lysozyme and a- 
?actnlbumin, the following differences me obvious 

(fig. 1): 

fi) the partisl heat capacity of ~-lact~burn~~~ in 
diluted solution is higher than those of lysozyme be- 
fore rexhing the transition region, Both proteins es- 
hibit equaf heat capacity after thermal denaturation; 

(ii) 4actalbumin is Iess thermostable than lyso- 
zyme; 

(iiij cu-lactalbumin exhibits Iower enthaipy 4-M) 

Table I 
Thermodynamic paramrters of lysozyme and a-lactalbumin 
unfolding obtained by scanning microcalorimetry 

L~sozymc a) a-lnctslbumin 
------_--. .---~_ 

(C )IS”C 
P 

J K-t g-’ 1.34 I .65 t 0.08 

Ttrs OC 78.5 62.0 t 0-Z 

tif kJ mot-t 590 276 r 9 

-scp kJ Ii-’ mol-’ 6.6 4.0 = 5.8 

<&$cal~&“-l.l-) 1.04 1.06 f 0.03 

a) Data from ret?.. [Z,lS] _ 

and heat capacity changes (ACp) at unfolding than 
fysozyme. 

The corresponding therr~~ody~~r~ljc data are listed 
in table 1 for the two proteins under conditions en- 
suring maximal stability. Based on these data the 
del~turation~l Gibbs energy change (.&G) can be cal- 
culated according to eq. ( I): 

_- ACp(T, - T) + TACp In (T,,IT)- (1) 

The results plotted in fig_ 2 show the iower stability 
of ~-la~talbumirl compared with lysozyme. The Gibbs 
energy change amounts at 25°C to 21.9 3- 1 .S k.l 
m01-~ for a-lactalbumin, and to 60-7 kf mol-’ for 
lysozyme f2,l S,16] _ For comparison. from GuHCI 
and guanidine thiocyanate d~naturatiorl studies of 
or-lactalbunrin AG = (18-28) k.i mol-t has been re- 
ported using different extrnpolatiou procedures to 
zero denaturant concentration f4,17,18] _ 

The isothermal calorimetric GuHCf titration curve 
of ru-lactnlbumin (fig_ 3) is similar to that of lysozyme 
f 161. ~emi~onversi~1~ of the GuHCI induced transition 
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Fig. 2. Denaturationat Gibbs energy chan_re of u-iactaibumin 
and lysozymc versus temperature. 
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FiF_ 3. Isothermal calorimetric titration curve of a-lactalbumin 

with GuHCl at 25°C in 0.04 molar imidazole at pH 6.3. It 
follows tiPpp = 84 + I7 kJ mole’ and after correction of 

“preferential binding heat” AH = 122 + 19 kJ mol-’ _ The 

correction was performed according to the approach de- 
scribed elsewhere [ 161 usinp tile prefercntiai bindins param- 
eter LIP? = 13.5 [ 17 J _ and total number of bindins sites oL, 
=84 [14]. 

occurs at about 2.4 nlol-’ GuHCI consistently with 

the reduction of molar ellipticity of a-lactalbum~in 

at 222 nm [4] _ The enthalpy change obtained by 

GullCl titration Affz5”c = 122 k 19 kJ mol-’ is in 
fair agreement with AHZ5”c = 130 2 17 kJ nlol- * 
from thermal denaturation as we!1 as with the results 
of [7] . When coinparing the calorimetric GuHCI ti- 
tration curves of a-lactalbumin and lysozyme [ 161 
we find the sanlc slope in the postdenaturational 
region. This corresponds to the nearly identical num- 
ber of sites available for denaturant interaction of 
both proteins [ 14]- A nontrivial differcncc exists 
in the predenaturational region. cY-lactalbwnin should 
have more sites available for denaturant interaction 
in the predenaturational region since its “preferen- 
tial binding” parameter &I is considerably lower 
than that of lysozynle (see legend to fig_ 3). III con- 
trast, the initial slope of the titration curve sN = 
(atiqaC)r of a-lactalbunlin is reduced by about 
25% conlpared wit?] that*of lysozynle. 

3_3_ Scamzitzg calorinzrt~~ irz tJre presence of GuHCJ 

As reported above. a-lactalbwnin unfolding fol- 

::t~_l_~_;_-----e__! 
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A CGYHC, Irroli-'~ 

l’ir. 4. Transition temperature (Ttrs), heat capacir)l change 
(ACT): and ratio (AI/ ca’/~~lv.Li~) of wkxrnlbumin unfold- 

ins versus GuliCI concentration. 

lows different xnechanisms: three-start 31 GUI-iC1 in- 
duced denaruration [3,4] . and two-slate at thermal 
denaturation [Y] _ Therefore, a lransition from mic 

mechanism into the other is to be expected if ther- 

mal denaturation ofc~-lactalbumin is performed in 

the presence of GuHCI. The results of scanning calo- 
rimetric measurwients of cY-lactalbumin unfolding 
in GullCl solution. however. do not show any dcvia- 

tion from the two-state mechanisni (fig. 4). With in- 
creasing GuliCl concentration the ratio (K) of calo- 
rinlctric (IHw’) and van? Iloff (LvPJ’-) enthalp> 
(K = lllw’/~vIv-l’-) remains constant within the es- 
periniental error. whereas the transition tcniperature 
(T,,) and heat capacity (AC,,) ofcr-lactalbumin de- 
crease. 

4. Discussion 

a-lactalbun~in unfoiding scenls to be rather com- 
plicated as compared with other small globular pro- 
teins. Various denatured states and different unlold- 
ing mechanisms of a-lactalbunlin from bovine milk 
have been proposed on the basis of optical studies 
and viscosity nxasurenients involving inorganic pro- 
tein denaturants and temperature [3-9.2 1.221 _ 



TJte tJwec-state mecflanism of ~-lactalbll~l~J~~ un- 
foldin:: is we11 documented j3,4] . In so~ne contradic- 
tion, thermal unfolding of a-factalbumin proceeds in 
a two-stare process. TJlis has been proposed on the 
basis of aromatic difference spectra 19 J and is now 
confInned by the calorimetric results presented here. 
TJie thermodynamic criterion. i.e. the ratio between 
calorimetric and van? Jioff heat ~ gives analogous 

tlr~foIdln~ of other smaii globular proteins (K = I.05 
2 0.03 12 J ) under conditions of maximal protein 
stabiiitv K = ~Pat/A!P’~lf* = I .06 + 0.03_ The char- 
acterization of tfle denatured states of cu-iactaibumin 
is somewhat contradictory. The completely unfotd- 
ed state of a-iactaibumin in GuJKI (D-state) and the 
acid denatured one (A-state). wfkh contains order- 
ed structure to a considerable extent, are well char- 
acterized 13.4.71 _ The thermal denatured protein 
(H-state) has been described as being similar to the 
A-state f9] _ The far ultraviolet circular dichroism 
spectra. however. are different for the two forms [5J. 
indicating unlike the A-state a significantly lower 
content of ordered structure o~~-ia~taibu~~lin at 7 1 “C 
where the transition is almost complete (see fig. I). 
Furthermore. the heat capacity of or-lactaibumin af- 
ter thermal dcnaturstion is equal to that of tJle coni- 
pietely unfolded Iysozyme [ 16 J . FinaIly, tiizs”C 
has the same value for Guf-iCI and for heat denatura- 
tion, which wouid be impossible if either AU or ACP 
of a transition H + D were unequal to zero. There- 
fore, ttlerntaiiy denatured a-iactaiburnin must be close 
to the completely unfolded form. the D-state. In 
other words, the residual structure observed at thermal 
unfofding cannot measurably contribute to the entbalpy 
change. 

A similar tertiary structure of lysozyme and ty- 
lrrctalbumin has been proposed on the basis of homo- 
logeous amino acid sequences and identical position 
of disuffide Iinkages [23,24 J _ IVevertJwAess thermo- 
dynamic parameters of unfolding are strikingly dif- 
ferent for the two proteins (table 1). As shown in 
fig_ 2. the stabiiity of cu-lactalbutnin is considerably 
lower than that of Iysozynie_ Furthermore, the heat 
capacity change (AC,) which results mainly front 
exposure of apolar residues at unfolding [25] ~ amounts 
for wlactalbuntin to only 2f3 of the iysozyme value. 
Since partial heat capacities of the two proteins are 
equal above the transition region. the lower ACP of 
a-lactalbumin must be due to its higher partiaf heat 

capacity below transition. Therefore a hi& amount 
of apohr residues can be assumed to be in contact 
with water already in the “native” rY-iactaibumin 
structure. 

The same behaviour is reflected by the statistical 
tnecllanicaf treatment as given in the appendix, which 
does not differentiate between hydrogen bonds and 
nonpolar contacts. but it shows that less secondary 
bonds must be broken at ~-la~talburnin uIlfoldin~ 
compared with Iysozyme. The conclusion that a frac- 
tion of apolar groups of native a-factalbumin is ex- 
posed to tfic sofvent is consistent with some experi- 
mental observations. 

Cotnpared with Iysozyme ~-iactalbu~~lin exhibits: 
(a) Jti&er heat capacity. at standard temperature. 

and a relatively low stabilization energy (fig. 2): 
(b) a lower content of slowly exchanging peptide 

bonds in J-I-D exchange studies [5 J : 
fc) higher reducibility of the disulfide bonds 1261 ; 
(d) JGgfier fluctuation around the average struc- 

tural state (see appendix); 
(e) 3 lower preferentiai interaction parameter Ai2 

at GuHCI denaturation [ 173. 
Therefore it can be concluded that not only is the 

structure of or-iactaibutnin in solution more flexible 
but is maintained by less noncovalent contacts than 
the iysozyme structure. The presence of moderate 
GulX’I concentration at thermal denaturation C~SBS 

lowering of thermostabiiity of lysozyme without 
change of 2CP [ 161 whereas both transition temper- 
ature and ACP afar-lactalbumin decrease (fig. 4). 
This indicates loosening ofa-lactalbumin structure 
under the influence of increasing denaturant concen- 
tration already below unfolding conditions. How- 
ever. the effects brought abbollt by adding GuHCl to 
ru-lactalbumin (below I.5 molar) reflect only gradual 
changes: ACP and T,, it1 fig. 4? and AHapp in fig_ 3 
change nionotonousIy without any transition-like 
behaviour. Furthermore, the thermodynamic crite- 
rion does not indicate any significant deviation from 
the two-state mecllanism of or-lactaibumin unfolding 
even in tlie presence of GuJKl (fig_ 4). 

WJtat may be the reason for the different behavi- 
our of or-lactaibumin and iysozyme in GuHCl solu- 
tion? The most likely explanation is that GuHCl 
penetrates into tile more flexible structure of LY- 
lactalbumin, disrupts a few noncovalcnt bonds, thus 
diminishing 2KP as observed by scanning calorirne- 



try (fig. 4) and flattening the initial slope of calo- 
rimetric titration curve (fi g. 3). This. however, is im- 
portant for the understanding of the noncoincidence 
of optical changes of cx-lactalbumin ;Lt GuHCI titra- 
tion monitored by circular dichroism at different 
wavelengths [3.4] _ Gradual loosening of protein 
structure accompanied by salvation phenomena can 
disturb the spectral properties of aromatic residues 
aheady below unfolding conditions_ Therefore we 
have to ask whether the intermediate observed in 
GuHCl denaturation of cr-lactalbumin 13.41 can be 
considered as a “natural” state on the protein fold- 
ing pathway. 

From tile statistical mechanical model it follows 

that the parameters characterizing the noncovillent 

contacts of both proteins are identical (table 2). The 
only difference is in ,\‘O _ the nuntber of secondsr~ 
bonds, which amounts for a-lactalbumin to only 2!3 
of the lysozyme value. 

The statistical mechanical model according to 

Ikegomi [ 191 distinguishes between “structurrll trm- 

sitions“ and “grrtdual structural changes”. The Gibbs 

energy plotted against the structural state parameter 

(x) sl~own in fig-. 5 exhibits two nlinima for both pro- 
teins. corresponding to the “native” and “denaturedS‘ 
states. i.c. the typical protilc of proteins undergoing 

Appendix 

Sfatisticai mecl~anical treatinmt 

40 

; 

.4 better understanding of why thermodynamic 
of unfolding of the two hon~olo~ous proteins is so 
different can be reached applying Ikegami’s statis- 
tica] mechanical treatment of structural chanjies of 
proteins [ I9,30]. .&cording to this approach the 
structure of protein can be defined by the fraction 
of secondary bonds (number of possible bonds NO) 
being in bonded state. Thus Gibbs energy of the struc- 
tural state (s) of a protein cm be expressed by avcr- 
age bond energy (E). cooperative energy (ZJ). chain 
entropy ((Y) and a parameter (y) specifying the hy- 
drophobic nature. These parameters. which reflect 
average properties of a protein. cm be obtained b) 
a least square fitting of scaruxi, -1 0 calorimetric record- 
ings 1201 _ 

-80 

Table Z 
Results of least squares fit of scanning calorimetric recordings accordins to Ikegami [ 19,201 3) 
_-._ -_._--__~-...-~ _ ,_. - _ ~~_~. . .~ ~~ - 

Pxameler Dimension a-Lacislbumin Lysozymc 
pfl 6.3 

pH 1.4 pll -3.5 
__ __-..___~-~-- -_. _.__ .__.~. _. -._---. ~_ _-. ~ - -~~~--- - --- 

.\‘o 118 It)5 178 
ZJ kJ mol-’ 6.45 6.53 6.82 
Q J I;-’ mol-’ IS.0 IS.1 17.5 
E kJ mot-’ 4.17 4.35 4.35 

-Yb) 2.61 2.85 2.74 
___-.._--__. _ -.--~- __^_-._-_.._. _c- 

a) f‘or more dctaik the reader is rcfcrrcd to the or&in31 papers [ 19,20] _ Additionall_\’ included into the fitting proccdurc \rere 
rhc contributions from the infernal dqrccs of freedom, which enables further decreaac Of variance. 

b) Number of water molecules affccrcd bp the change in state per secondary bond. 



a “structural transition”. However, compared with 
lysoz~me the two minima of o-lactalbumin are less 
well separated from each other indicating lower sta- 
bility of the native protein in accordance with the 
Gibbs energy calculation shown in fig. 2. Itauld 
be added that the measure of fluctuation (2~‘) of 
a protein molecule around the average structural 
state (_?) gives a ratio between cr-lactalbumin (pH 6.3) 
and lysozyme (pH 4.5) of about 2.5 : 1 below and 
above the transition region indicating higher flexibili- 
ty of cu-lactalbumin in both. the native and denatured 
states. 
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