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A comparison of the results of our polarimetric measurements with the polarographic experiments
reported earlier shows that the restoration of the secondary structure duting the renaturation of
human serum albumin is a process which is faster than the formation of the tertiary structure.
These results, which are in agreement with the data on the kinetic control of protein folding, are
discussed from the viewpoint of the importance of the individual types of interactions which take
place during the formation and stabilization of three-dimensional protein structures. We have
beenable to demonstrate the great importance of electrostatic and hydrophobic interactions which
together with the disulfide bonds are essential for the reversibility of the denaturation phenomena.
The discussion also shows the essential role which evolution processes play in the selection of the
mode of protein folding.

One of the key problems molecular biology is facing to date is the proper under-
standing of the physical forces and mechanisms which affect the formation of three-
-dimensional protein structures®. Efforts in this field have been aimed at the finding
of methods capable of predicting three-dimensional structures of proteins from their
amino acid sequences. Studies on protein denaturation and renaturation in vitro have
afforded many important findings necessary for the solution of this problem.

The denaturation and renaturation processes which undergo small globular
proteins can be usually represented by a two-state model® yet this model is insuf-
ficient for large multi-domain protein molecules®. The deviations of the process of
denaturation of human serum albumin from the two-state model have been demon-
strated experimentally* ¢, In contrast we have observed in our previous study’
that, according to the results of our polarographic measurements, the renaturation
of urea-denatured human serum albumin (HSA) corresponds to the two-state model.
None of the methods by itself, however, can provide us with sufficient information
on the conformational change since each physicochemical magnitude can reflect
a part of the conformational change only (the polarographic measurements charac-
terize the accessibility of cystine residues for the electrode reaction). The renaturation
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of HSA was therefore measured by polarimetry which reflects mainly changes in the
secondary structure and thus characterizes the conformational changes which paraliel
HSA renaturation from a different viewpoint than the polarographic measurements.

EXPERIMENTAL

Chemicals. Human serum albumin was a product of Imuna, Sariské Michal’any. The purifica-
tion of this preparation, the preparation of mercaptalbumin and nonmercaptalbumin and the
recrystallization of urea were described earlier®.

Methods. The optical rotary dispersion measurements (ORD) were done in Model ORD/UV-5
Jasco instrument equipped with a cell of 1 mm optical path. The change in ORD was read at
233 nm (minimum of Cotton effect). The optical rotation measurments at 589 nm were carried
out in ETL-NPL Automatic Polariter type 143A (British Physical Laboratories Radlett).

Denaturation. A defined quantity of the protein solution was placed in M urea to obtain
a final protein concentration in the denaturation mixture of 7-0. 1073 mol1™! and a urea
concentration of 8 mol1™!. The renaturation studies were carried out with proteins denatured
in 8v urea for 1 or 200 min. These preparations are marked as DéH and Dgf_}o in the case of
mercaptalbumin and as Dy and 233 in the case of nonmercaptalnumin.

Renaturation. The renaturation was effected by dilution of the reaction mixture with a triple
volume of distilled water or 2:-66M urea. The kinetics of renaturation was examined in the renatura-
tion mixture.

RESULTS

A great change in specific rotation [u],z)z was observed already before the first mea-
surement possible (1 min after dilution of the denaturation mixture). The values of
specific rotation did not undergo additional changes in the case of renaturation of
Dgy and Dy and were identical to the values corresponding to the specific rotation
or proteins denatured in urea of the same concentration as was the final urea con-
centration in the denaturation mixture (4 or 2mol 17, resp.). The initial big change

observed during the renaturation of D35° and D33 was followed by a smaller change

in specific rotation (the extent of this change was larger with D23° than with Dﬁgg).
Renaturation arrived in the equilibrium state as estimated by polarimetry after about

3 min in the case of Di3yand after 6 min in the case of D23°. The final values of

specific rotation were identical in the case of D39 to the values obtained by denatura-
tion in urea of the same concentration yet a certain difference between these values
was observed in the case of DZ3°. The results of polarimetric examination of the
renaturation of mercaptalbumin and nonmercaptalbumin at 589 nm are shown in

Figs | and 2.

In analogy to optical rotation measurem.ents the results of optical rotary dispersion
measurements have demonstrated that already before the first measurement possible
(after 1 min of renaturation) a considerable change in the mean residual rotation
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Fig. 3
Time profile of mean residual rotation
[m’),35 during renaturation of mercaptal-
bumin denatured in 8M urea. The curves are
designated as in Fig. 1

Time profile of specific rotation [«]3% during
renaturation of nonmercaptalbumin dena-
tured in 8M urea. The curves are designated
as in Fig. 1
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Time profile of mean residual rotation
[m’],3; during renaturation of nonmer-
captalbumin in 8M urea. The curves are
designated as in Fig 1

Collect. Czech. Chem. Commun. (Vol, 54) (1989)



Renaturation of Urea-Denaturated Human Serum Albumin 2545

[m’],3; had taken place. The mean residual rotation did not change further during
renaturation of Dgy and Dy, whereas another small change still followed during
renaturation of Dgg° and Dy (see Figs 3 and 4). When Dgy and Dygy and Didy
were renaturated by decreasing urea concentration from 8 to 4 or 2 mol 17, respec-
tively the values of mean residual rotation were identical to the values obtained
when the proteins were denatured in 4 or 2M urea, resp. In contrast, the values of
[m"],35 measured during the renaturation of D23° differ from the values obtained

when the protein was denatured in 4 or 2M urea, resp. (cf. Fig. 3).

DISCUSSION

The physical character of optical rotation is very complicated and the interpretation
of its changes in terms of structure is ditficult. In analogy with the resulits of measure-
ments of synthetic polypeptides the changes in optical rotation can be interpreted in
terms of changes in the secondary structure of proteins®, which in the case of HSA
means in terms of changes of its a-helical structure®.

The results of our measurements show that the restoration of the secondary
structure of mercaptalbumin and nonmercaptalbumin is a rapid process. In experi-
ments with l-min denaturation the renaturation is completed already before the
first measurement is even possible, i.e. in less than 1 min (most likely during a much
shorter period'®). The values of optical rotation measured during the renaturation
are in such a case identical to the values obtained in denaturation experiments using
a concentration of urea identical to its final concentration in the renaturation mixture.
Practically the same results were obtained also with D3gg (the small changes after
1 min of renaturation are comparable to the error of the measurement). These
results show that the denaturation is reversible in the case of Dgy, Dy and D233,

in agreement with our electrophoretic and chromatographic measurements®.

The situation is more complicated with D3g°, unlike with the results discussed

above. Even in this case, however, the changes in optical rotation are over earlier
than the changes in the BrdiCka current measured during polarographic investigation
of the renaturation. This shows that the denaturation of D33° is irreversible and that
the reversibility of denaturation therefore depends on the length of the period of
urea treatment. This phenomenon is likely caused by the release of only SH group
(Cys 34) and following SH-SS interchange reactions.

A comparison of the results of polarographic measurements on the one side and
of the polarimetry data on the other indicates a difference in the rate of renaturation
of D?%° Whereas the polarimetric characteristics of D2°® markedly change within
a period shorter than that during which the first measurement can be made (in the
case of DZg° this great change is followed by a small change accounting for about
209, of the total change for 5min), the polarographic activity of D?°° gradually
decreases during 15 min. This shows that the renaturation of D?°® proceeds via an
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intermediary state which cannot be picked up polarographically. The renaturation

mechanism of DZ3° can then be described by the following scheme:

DI — Y2 — RE + Naw
where YZ3° represents the intermediary state characterized by the polarimetric
properties and Rgy represents an incorrectly folded conformation whose polaro-
graphic, chromatographic and electrophoretic® properties markedly differ from the
native conformation of Ngy.

The renaturation of D33 can be expressed by an analogous scheme except that

R794 is similar in its properties to the native protein:
200 200 200
Dxst = Ynsu = Risu ~ Nusu -

These results point to the importance of hydrophobic interactions and disulfide
bonds for HSA folding. Unless the action of the denaturant results in a marked
disturbance of the hydrophobic regions and in changes in disulfide pairing it is likely
that the conformational change will be reversible. If hydrophobic regions are unfolded
or the pairing of disulfide bonds changed the change in HSA conformation will be
irreversible.

The different rates of renaturation of D?°° as established by different assay
methods reflect differences in formation of secondary and tertiary structure. The
results of polarimetric measurement indicate a very rapid restoration of the secondary
structure (mainly of the a-helix in the case of HSA) whereas the refolding of the
three-dimensional structure examined polarographically from the viewpoint of the
accessibility of the cystine residues (i.e. of residues which of all amino acid residues
of proteins are the least accessible for the solvent' ') is markedly slower. The renatura-
tion time of D2°° corresponds to the kinetic control of protein folding since the time
necessary for a thermodynamic selection of all the conformations possible would
be by about 60 orders longer than the time of protein folding observed both in vivo
and in vitro!274, It is therefore likely that certain nucleation sites!® are formed
during the first phase of HSA renaturation; as a result the number of pathways
along which folding proceeds from the unordered polypeptide chain to the native
conformation is limited. Naturally only those nucleation sites which can overcome
the energetic barrier involved in the necessary decrease in configuration entropy of
the polypeptide chain by mutually stabilizing interactions of amino acid residues
can play a role in the formation of the native structure of the protein'®. The most
important stabilizing factors to be considered are electrostatic and hydrophobic
interactions. This shows us that essentially two types of nucleation sites can exist.
The first type is represented by segments of secondary structure o-helix, B-bend
and B-sheet, refs'”'8) and of the second type are hydrophobic clusters!®. It is im-
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possible to decide at present which type of nucleation sites will develop earlier or
whether there is a combination of both types. This question cannot be answered
unambiguously by our results either, nevertheless a rapid formation of the secondary
structure'® seems to favor the first type of nucleation sites.

The nucleation centers already formed control the subsequent formation of the
native structure so that it may follow the fastest pathway'’. A series of hypotheses
have been adduced to explain this phase of the folding. Levinthal assumesthat the
mode of protein folding is a result of evolution and that the final product of the
folding is the most thermodynamically stable state’°. According to Ptitsyn and
Rashin?! the mode of the folding is determined by the relative stabilities of inter-
mediates, multiple folding modes involve rapid reversible steps in each folding cycle
of the folding process and each subsequent step is determined by mutual thermo-
dynamic stabilities of all states accessible. According to the ‘‘diffusion-collision
model’"'*-2? the independent folding of short segments to microdomains is followed
by their stabilization via subsequent diffusion, collision and coalescence. Harrison
and Durbin??® assume that protein folding is analogous to putting together a jig-saw
puzzle and that there is no predetermined initial state, hence the pathway along
which folding will proceed depends on the selection of the initial state (out of a number
of possible initial states). In contrast Nall** was able to show the existence of a pre-
determined pathway of folding of yeast iso-2 cytochrome ¢. According to the model
presented by Eisenberg and coworkers?® the force driving the folding is a tendency
to attain the minimal potential energy possible.

It is likely that hydrophobic interactions play the key role in the formation of
microdomains during this phase of the folding. Whereas a correlation of the hydro-
phobic properties of the amino acids with their preference for certain types of sec-
ondary structure is only partial (B-structures, ref.26) the hydrophobic interactions
play an important role in the stabilization of the secondary structure and in the for-
mation of supersecondary and tertiary structure!*->7:2%_ The small number of struc-
ture motifs found in globular proteins is also in agreement with the kinetic control
of protein folding?®:3°,

The disulfide bonds are another factor stabilizing protein structures since the for-
mation of a disulfide bond markedly decreases the configuration entropy of the
polypeptide chain®!. This is probably also the case with HSA as follows from a com-
parison of the renaturation of reduced and nonreduced serum albumin in vitro and its
formation in vivo’.

The changes in the secondary structure (polarimetric measurements) and in tertiary
structure (polarographic measurements7) during the subsequent renaturation phase
can be caused also by the isomerization of proline residues32. During this isomeriza-
tion, which is regarded as the slowest phase of protein folding!®, both local changes
in secondary structure and changes in the localization of various amino acid residues
in the three-dimensional structure of the protein occur.
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Interesting information on the formation and stability of secondary and tertiary
structures afforded studies on homologous proteins. It has been shown?®3-3* that
a relatively small identity (even 16% only) in primary structures of proteins is suf-
ficient for the formation of closely related secondary and tertiary structures to occur.
In contrast it has been known that short identical sequences of polypeptide chains
of nonhomologous proteins can develop completely different conformations>-3¢.
These studies show that rather evolutionary than physicochemical reasons may be
responsible for the maintaining of a certain secondary or tertiary structure in spite of
the drastic changes the sequence or the organization of the gene may have undergone®”.

Evolutionary reasons play no doubt an important part also in the kinetics of the
formation of the secondary and the tertiary structure of HSA. 1t is likely that during
the first phase of renaturation of unreduced HSA a-helical segments are formed in
those parts of the polypeptide chain which contain a higher number of a-helix-
-preferring amino acid residues. Interactions between these segments during the
subsequent phase lead to the formation of more extensive structure units mainly
stabilized by hydrophobic interactions. Nonpolar groups become buried in the in-
terior of the domain formed during this stage. The establishment of the renatured
molecules is completed during the final stage of the process by interactions of the
domains leading to minimalization of the surface of HSA molecules; according to the
results of our measurements®” the renatured molecules are entirely identical to the
native molecules in the case of Dgy and Dygy, very similar to native nonmercaptal-

bumin in the case of DZ3}; the properties of the renatured molecule differ, however,

from those of native mercaptalbumin in the case of D3
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