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1. Introduction 

The denaturation of some globular proteins by 

Gu-HCl shows a non-simultaneous change of different 

optical properties: the CD spectrum in near UV 
(aromatic) region changes at smaller concentrations 
of Gu-HCl than the CD spectrum in far UV (peptide) 
region [l--4]. This suggests the existence of stable, 
partly denatured (intermediate) forms of these pro- 
teins with a more or less symmetrical environment of 
aromatic groups but with a more or less native-like 
secondary structure. For both bovine [2] and human 
[4] a-lactalbumins as well as for some other proteins 
[S] a similar state exists also at acid pH. While the 
partly denatured (P) form at moderate Gu-HCl con- 
centrations usually can be obtained only in mixture 
with native (N) and/or unfolded (U) forms, the acid 

(A) forms of these proteins can be studied in pure 
state. It was shown that for bovine (u-LA U + A transi- 

tion takes <l ms while A + N transition needs as 

much as 0.1-I s which suggests that the intermediate 
state similar to the A-form can be also a kinetic inter- 
mediate in the course of protein folding [6]. 

nounced than that of the native protein. This paper 
presents the results of investigation of acid and some 

similar forms of bovine and human a-lactalbumins 

which show that these forms are compact, have 
secondary structure similar to the native one but their 
tertiary structure can slowly fluctuate. More detailed 
experimental data and their discussion will be published 
later. 

2. Materials and methods 

Bovine and human cu-LAS were isolated as in [7,8] 
with small modifications. The homogeneity of the 
samples were proven by disc-electrophoresis in poly- 
acrylamide gels with and without SDS. Protein con- 
centration was determined by extinction coefficients 
El% 1 rm 280 nm equal to 20.9 for Bcr-LA and 18.2 for 
Ho-LA. Native forms of proteins were studied in 
Tris-HCl buffer (PH 7.0-7.4) and acid forms in 
KCl-HCl buffer, @H 2.0). 

Basing on the small time of U + A transition for 
Bar-LA and on CD spectra of its A-form it has been 
suggested [6] that this form is an unfolded one but 
its secondary (helical) structure is even more pro- 

Intrinsic viscosity has been measured by capillary 
viscometer Viscomatic, CD spectra by dichrograph 
J41A using standard procedures. Descriptions of 
other methods are given in the following papers: dif- 
fuse X-ray scattering [9], IRspectra [lO,l l],polarized 
luminescence [ 121, deuterium exchange [ 131 and 
microcalorimetry [ 141. 

Abbreviations: Ba-LA, bovine a-lactalbumin; Ho-LA, human 
crlactalbumin; Gu-HCl, guanidine hydrochloride;CD, circular 
dichroism; UV, ultraviolet 

3. Results 

Different forms of protein are abbreviated as: N, native form; 
A, acid form; P, partly denatured by Gu-HCl form; Apo, 
form with Cal+ removed by EDTA; T, temperature denatured 
form; U, completely denatured by Gu-HCl (unfolded) form; 
all forms have intact S-S bonds 

* To whom correspondence should be addressed 

Using an ‘unfolded-like’ CD spectrum in the aro- 
matic region and a ‘native-like’ CD spectrum in the 
peptide region as an empirical test for intermediate 
forms of a-lactalbumins we have shown that these 
forms can be obtained not only at moderate Gu-HCl 
concentrations (P-form) or at acid pH (A-form) but 
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also by temperature denaturation of these proteins 
(T-form) and by removing Ca2+ from human (Y-LA at 
room temperature and neutral pH (APO-form). The 
conditions at which these forms can be obtained are 
shown in table 1. All these forms have qualitatively 
similar properties which will be described below. 

3 .l . ‘Native-like' properties 

3 .l .l . Compactness 
The values of intrinsic viscosities [n] of A-, Apo- 

and T-forms of both bovine and human a-LAS shown 
in table 1 are typical for globular proteins (3-4 cm3/g) 
and very near to the values for native (Y-LAS (3 .l- 
3.4 cm3/g). On the other hand, the [n] values for un- 
folded forms of both bovine and human Q-LAS are 
equal to 6.1-6.6 cm3/g. It follows that all these inter- 
mediate forms are nearly as compact as the native one 
(the maximal possible increase of the molecular vol- 
ume does not exceed 25%). It was impossible to esti- 
mate the compactness of the P-form by measuring its 
[q] (due to aggregation at >l mg/ml) but the data on 
the polarized luminescence (see below) give evidence of 
the compactness of this form. 

The same results have been obtained for the A-form 
of B&LA also by diffuse X-ray scattering. Gyration 
radii of the N- and A-forms obtained from Guinier 
plots are very near to each other (~15.5 A) and typi- 
cal for globular proteins. 

Similar results can be obtained from the polariza- 
tion of intrinsic luminescence of Trp residues to both 
proteins. The mean values of relaxation times r of 
tryptophan movements presented in table 1 show 
that T for the APO- and P-forms of both proteins is 
near to r of their N-forms (-20 ns) and for the A-form 
of human (u-LA it is even greater (33 ns). At the same 
time r values for unfolded forms of both proteins are 
much smaller (8-9 ns). This confirms that intermedi- 
ate forms of a-LAs certainly are not unfolded and the 
intramolecular movements (in the interval of loo- 
1 O2 ns which can be registered by polarized lumines- 
cence) are not less restricted than in the N-form. 

3 .1.2 Secondary structure 
CD spectra in far UV (peptide) region of all studied 

intermediate forms of both bovine and human pro- 
teins shown in fig.1 are qualitatively similar to the CD 
spectra for the A-form of E&LA in [2]. They are 
typically even more pronounced than CD spectra of 
the native forms however the difference spectra can- 
not be interpreted in terms of change of o-or p-con- 
tent in these proteins. Amide I bands of infrared spec- 
tra of the A- and N-forms of Bo-LA are similar which 
confirms the suggestion that the secondary structure 
remains mainly unaltered. Some peculiarities of the 
difference CD and infrared spectra allow us to suggest 
that conformational changes may involve mainly 
irregular chain regions. 

Table 1 
Physical properties of different forms of bovine and human or-lactalbumins 

Form Conditions Sample Native-like CD spectra 

Near UV Far UV 

[Ol 
(cm’/& 

TTrp 
(ns) 

Cooperative 
temperature- 
transition 

Native (N) pH - I, 20°C Bovine + + 3.4 16 + 
Human + + 3.1 20 + 

Acidic (A) pH - 2,2O”C Bovine - + 3.1 19 - 
Human - + 4.2 33 - 

Partly -2 M Gu-HCl, 
denatured (P) pH - 7, 20°C Human - + 22 - 
Temperature 
denatured (T) pH - 7,9O”C Bovine - + 3.0a 

APO pH - I, 2O”C, 
10 mM EDTA Human - + 3.6 17 - 

Unfolded (U) -6 M Gu-HCl, Bovine - _ 6.1 gb 
pH - I, 20°C Human - - 6.6 9 

a Measured at 50°C in the presence of 10 mM EDTA which shifts the temperature transition from 65-37°C 
b Measured in 8 M urea 
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Fig. 1. CD spectra in far UV region: bovine a-LA, (-_) 
N-form; (- - _3 A- form; (-.-) T-form; human (U-LA (--_) 
N-form; (---) A-form; (...) P-form; (000) Ape-form; (---) 
U-form. 

3.2. ‘Unfolded-like’ properties 

3.2.1. Symmetrical environment of aromatic groups 
CD spectra in near UV (aromatic) region of all 

intermediate forms of both proteins shown in fig.2 
are very similar to CD spectra of their unfolded forms 
(the only exception is the CD spectrum for the Apo- 
form of Ho-LA which is between the N- and U-forms). 
This means that the environment of aromatic groups 
in all intermediate forms is much more symmetrical 
than in the native ones. 

3.2.2. Absence of temperature transition 
Native forms of both proteins have typical ‘all-or- 

none’ temperature transitions detected by micro- 
calorimetry technique [ 151. The removing of Ca2+ 
from Bo-LA shifts this transition from -65-37’C. 
However, the A-form of both proteins as well as the 
P- and Apo-forms of Ho-LA have no cooperative tem- 
perature transitions: heat capacity smoothly increases 
with the temperature and its value at 20°C (0.4 cal/ 

Fig.2. CD spectra in near UV region; ror notation see frg.1. 

g . deg) is between the typical values for globular 
(0.3) and temperature denatured (0.5) proteins. 

3.2.3. Deuterium exchange 
The deuterium exchange study of &-LA in both 

N- and A-forms shows that the exchange is much 
faster in acid form than in the native one. In fact, the 
exchange rate in the A-form is between those in the 
N-form and in oxidized ribonuclease which is com- 
monly used as model of an unfolded protein chain. 

4. Discussion 

It follows from the above that intermediate forms 
of o-LAS have a rather unusual mixture of ‘native-like’ 
and ‘unfolded-like’ properties. They are nearly as 
compact as native proteins and have a similar second- 
ary structure. However, they have a symmetrical 
environment of aromatic groups, no cooperative tem- 
perature transition and fast deuterium exchange. 

We have only one explanation of these unusual 
combinations of physical properties. The practical 
absence of CD spectra in near UV region could be 
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explained by the rapid rotation of the aromatic groups 
(for example due to exposure to water). This is cer- 

tainly not the case for the intermediate forms of 
o-LAS as is evidenced by the polarized luminescence 

of tryptophan residues (see above). However the data 
on the polarized luminescence does not contradict 
the assumption on the existence of slow intramolec- 
ular fluctuations in >lO* ns. These fluctuations which 
cannot be registered by polarized luminescence can 
lead to the time-averaged symmetrization of environ- 
ment of aromatic groups and, as a result, to the prac- 
tical absence of their CD spectra. The fast deuterium 
exchange in the A-form of Bo-LA confirms this assump- 
tion. It follows that all properties of the A-, P-, Apo- 
and T-forms of ~-LAS are consistent with the model 
ofa 

compact globule with native-like secondary struc- 
ture and with slowly fluctuating tertiary structure. 
Our data cannot answer the question on the scale 

of these slow fluctuations. They can involve only slow 
rotation of side chain groups or also rearrangements 
of irregular loops of a protein molecule or even mutual 
movements of secondary structure regions. An inter- 
esting point is that this intermediate state can be 
obtained also by temperature denaturation of a-LA 
and at least in this case it is separated from the native 

state by the ‘all-or-none’ transition. This means that 

the entropy of these intermediate forms is substantially 
greater and their energy is substantially smaller than 
that for the native state. The fact that the tempera- 
ture-denatured form of these proteins is similar to 
their acid, partly denatured and apo-forms explains 
the absence of cooperative transitions between these 

forms. 
The existence of an ‘intermediate’ compact state 

of globular proteins with slowly fluctuating tertiary 
structure can be important both for their folding and 
for their function. There is evidence that the rate- 

limiting intermediates of protein folding lie at the end 
rather than at the beginning of the folding process 
and are much more similar to the native form than to 
the unfolded one [16-l 91. Moreover, it has been 
shown for bovine carbonic anhydrase that kinetic inter- 
mediates observed at the early stages in the course of 
renaturation of the protein from the completely un- 
folded form by Gu-HCl revealed a native-like CD 
spectrum in the far W and unfolded-like CD spectrum 
in the near W [20]. On the other hand, the polarized 
luminescence of Trp residues reaches a maximum 
during the early stage of the folding process [21]. It 
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is possible that these kinetic intermediates are similar 
to the thermodynamically stable forms described 
above for (w-LA. 

Moreover, proteins forming native nucleoproteins 

with DNA or RNA may have a partly disordered struc- 
ture in their free state and the corresponding entropy 

increase contributes to the equilibrium of the associa- 
tion-dissociation reactions [22]. The possibility can- 
not be excluded therefore that some DNA- and 

RNA-binding proteins in their free state may have 
structures similar to the above. 
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