INTERNATIONAL AToOMIL ENTRGY AGTENOHY
UINITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANIZ ATION

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
LCT.P, P.O. BOX 586, 34100 TRIESTE, ITALY. Cantt CENTRATOM TRIESTE

H4.SMR/775-14

COLLEGE IN BIOPHYSICS:
EXPERIMENTAL AND THEORETICAL ASPECTS OF
BIOMOLECULES

26 September - 14 October 1994

Miramare - Trieste, Italy

Protein Dynamics III

William A. Eaton
National Institutes of Health
Bethesda, Maryland - USA



6

The Molten Globule
State

OLEG B. PTITSYN

1 INTRODUCTION

There are two main problems in the physics of proteins: how amino acid
sequences encode the three-dimensional (3D) structures of native proteins
and how protein chains fold into their native structures in spite of the
astronomically large number of alternatives.

It is very likely that the key to both of these problems is the
hierarchy of structural levels in native proteins. The most important gener-
alization that follows from the 30 years of X-ray studies of protein structures
is probably that they can be divided into three levels: secondary structure (the
positions of o-helices and B-strands along the chain), “protein fold” or
“folding pattern” (the mutual positions of the a-helices and B-strands in
3D-space), and tertiary structure (a set of coordinates of the protein atoms).
It is extremely important that only the third level is really unique for each
protein, while the first and second ones can be similar or even identical for
many related proteins. In fact, there are typical folds (“globin fold,” “im-
munoglobulin fold,” “trypsin fold,” and so on) that are common for protein
families, in spite of large differences in their amino acid sequences. This
suggests that only the third level is determined by all the details of the
amino acid sequence, while the codes for the first and second levels are
highly degenerate. If this is the case, the problem of the “physical code”
that connects protein 3D structures with their amino acid sequences can be
solved in two steps: a general physical theory to predict the secondary
structure and the tertiary fold, followed by conformational analysis to
predict the atomic coordinates (tertiary structure) within the framework of
this tertiary fold (Ptitsyn and Finkelstein, 1980a, b; Ptitsyn, 1985; Finkelstein
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The best experimental approach to study the levels of protein
structure may be to “switch off” part of the interactions in the native protein
in order to understand which type of structure can be preserved by the
remaining interactions. To this end it is useful to study the physical states
of a protein under different denaturing conditions, to identify and to investi-
gate possible equilibrium intermediates between the native and the com-
pletely unfolded states.' A related approach is to investigate the kinetics of
protein folding, to identify and to study kinetic intermediates in protein fold-
ing, and to compare them with the equilibrium intermediates.

The discovery of the equilibrium molten globule state of protein
molecules (Dolgikh et al., 1981,1983,1985) and the identification of this state
as a general kinetic intermediate in protein folding (Dolgikh et al., 1984;
Semisotnov et al., 1987; Ptitsyn et al., 1990) should be helpful in this respect.
This chapter is devoted to the description of the molten globule state, which
is also reviewed by Ptitsyn (1987), Kuwajima (1989), and Dill and Shortle
{1991). Section 2 of this chapter outlines briefly the history of the idea of
protein equilibrium intermediates. Section 3 describes the properties of the
equilibrium molten globule state. A model of the molten globule that
attempts to comprise all the available experimental data is presented in
Section 4. Section 5 describes the transitions between three main conforma-
tional states of protein molecules: native, molten globule, and unfolded.
Section 6 contains a list of proteins and the conditions under which some-
thing like the molten globule state has been observed. Section 7 describes
the role of the molten globule state in protein folding and the properties of
the kinetic molten globule state, which are similar to those of the equilib-
rium moiten globule. In Section 8, the possibie role of the molten globule
state in the living cell is discussed briefly.

2 BACKGROUND

More than 20 years ago, Tanford (1968) summarized all available data on
nonnative (or denatured) physical states of protein molecules. He came to
the conclusion that at high concentrations of strong denaturants (GdmCl
or urea) proteins are more or less completely unfolded, although even in
these cases some fluctuating structures cannot be excluded. (See also Dill
and Shortle, 1991.) Other denaturing conditions often lead to only “partly
unfolded” states. Denaturation of a number of proteins by high temperatures

“The term native is used here for the rigid state of a protein under physiological conditions in
which the majority of the atoms are more or less fixed. The term completely unfolded is less
definite, because an unfolded, statistical coil molecule can have a large number of
conformations that depend upon the solvent and the temperature (Flory, 1953). The term
completely unfolded will be used for all these states to distinguish them from partly unfolded
states in which some residual structure can be observed.
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and/or low pH (as well as by adding different salts) leads to remarkably
small changes in their hydrodynamic and optical parameters, as compared
to their denaturation by high concentrations of GdmCl.

Some of the differences between proteins denatured by different
agents can be explained simply by the solvent- or temperature-dependencies
of the physical properties of unfolded molecules, but many of them clearly
need other explanations. For example, the denaturation of serum albumin
by moderate pH (3.5) leads to a very small increase in its intrinsic viscosity,
from 3.7 to 4.5 cm’ /g (Foster, 1960), which suggests that the protein remains
globular under these conditions. The most definitive evidence for the
presence of residual structure in acid- and temperature-denatured proteins
is that they can undergo another cooperative transition under the influence
of GAmCI (Aune et al., 1967) or urea (Brandts and Hunt, 1967). Thus, the
existence of “partly folded” denatured states of proteins was well established
as early as the late 1960's, although their nature was not known at that time.

Later, the existence of residual structure in temperature- and pH-
denatured proteins was questioned by Privalov (1979) by a very convincing
argument that the changes of enthalpy, entropy, and heat capacity upon
denaturation are basically the same for temperature-, pH-, or GdmC(l-
induced denaturations. These data led him to the conclusion that temper-
ature- and pH-denatured proteins do not contain stable residual structure
and are nearly as unfolded as GdmCl- or urea-denatured proteins (Privaloy,
1979). Especially informative is the change in heat capacity of denaturation,
which is due mainly to the exposure of nonpolar side chains to water. (See
Privalov, 1979, Chapter 3.) The careful measurements of Spolar et al. (1989)
and especially of Privalov and Makhatadze (1990) have shown that the
changes in heat capacity upon temperature- and acid-denaturation of
apomyoglobin, cytochrome ¢, RNase A, and lysozyme are those expected

if all their nonpolar groups are exposed to water, as would be the case for
completely unfolded chains (Chapter 3).

The temperature melting of small proteins (Privalov, 1979) and
protein domains (Privalov, 1982) is well known from the work of Privalov
and his collaborators to be an “all-or-none” transition, Le., a transition
without any intermediate states apparent (Chapter 3). Together with the
evidence for temperature-denatured proteins being unfolded, it suggested
that there are no stable states of protein molecules that are intermediate
between the native and the unfolded states. This point of view became
popular in spite of hydrodynamic and optical data that showed that
temperature-denatured proteins are far from being completely unfolded
and that they can undergo another cooperative transition when GdmCl or
urea is added.

Strong evidence for the existence of equilibrium intermediates
between the native and unfolded states came from the studies of protein
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unfolding by GdmCl, especially on the unfolding of bovine (Kuwajima et
al., 1976} and human (Nozaka et al., 1978) a-lactalbumins. These proteins
undergo two different conformational transitions when GdmCl is added.
The first transition (at lower concentrations of the denaturant) causes a
drastic decrease of CD in the “aromatic” (near-UV) region, i.e., destruction
of the rigid environment of the aromatic groups in the fully fol'ed state.
The second transition (at higher concentrations of the denaturant) produced a
drastic decrease of CD in the “peptide” (far-UV) region, i.e., dest uction of
the secondary structure. Similar data had been obtained even . arlier for
bovine carbonic anhydrase B (Wong and Tanford, 1973), and fcr growth
hormones (Holladay et al., 1974). These observations demonstrated the
existence of one or more equilibrium intermediate states that differ from
the native state by the absence of a rigid environment of aromatic side
chains, but differ from the unfolded state by the presence of secondary
structure. Moreover, the optical properties of bovine growth hormone
(Burger et al., 1966), bovine carbonic anhydrase B (Wong and Hamlin, 1974),
and bovine (Kuwajima et al., 1976) and human {(Nozaka et al., 1978)
a-lactalbumins at acid pH are similar to the states observed at intermediate
concentrations of GdmCl. The absence of rigid tertiary structure and the
presence of secondary structure in these intermediates lead Kuwajima
(1977) to model these intermediates as unfolded, noncompact molecules
with local secondary structure.

The equilibrium intermediates described in those papers
seemed to be of key importance for the whole problem of protein
structure and protein folding. Therefore, we have studied the intermediate
forms of bovine and human a-lactalbumins (Dolgikh et al, 1981,1985;
Gilmanshin et al., 1982; Ptitsyn et al., 1983,1986; Pfeil et al., 1986;
Damaschun et al., 1986; Gast et al., 1986; Timchenko et al., 1986; Bychkova
et al., 1990; Semisotnov et al., 1991a) and bovine carbonic anhydrase B
(Dolgikh et al., 1983; Ptitsyn et al., 1983; Brazhnikov et al., 1985; Rodionova
et al., 1989; Semisotnov et al., 1989,1991a) by a wide variety of physical
methods. These studies revealed a novel physical state of protein molecules
that has been named the “molten globule” by Ohgushi and Wada (1983).
Similar states have been observed later in a number of other proteins.
(See Section 6.)

3 PROPERTIES OF THE MOLTEN GLOBULE

The physical properties of the molten globule state will be described using
bovine and human a-lactalbumins and bovine carbonic anhydrase B as
examples, because these three proteins have been studied more carefully
than have others. Other proteins for which data are not as complete will be
described briefly in Section 6.
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3.1 Compactness

One of the most important physical properties of the molten globule
state is that it is almost as compact as the native protein. Table 6-1
summarizes the corresponding data for a-lactalbumins obtained from
their diffusion and sedimentation coefficients. The very good coincidence
between three different methods, after correction for small amounts of
aggregation, indicates that the hydrodynamic radius of a-lactalbumin
increases in the molten globule state by 14 + 2% as compared to the
native state; this corresponds to a volume increase of 50 + 8%. For
comparison the hydrodynamic radii of these proteins in the unfolded state
(with intact 5-5 bridges) are increased by 49 + 5%, which corresponds to a
volume 3.3 £ 0.3 times larger than that of the native molecule. The large
difference between the volume expansion in the molten globule state (1.5)
and in the unfolded state (3.3) clearly shows that the molten globule state
is relatively compact.

Data on the intrinsic viscosities of a-lactalbumins (Dolgikh et al.,
1981,1985) and of carbonic anhydrase (Wong and Hamlin, 1974; Dolgikh et
al., 1983), as well as on the radius of gyration of bovine a-lactalbumin
(Dolgikh et al., 1981,1985; Izumi et al., 1983; Timchenko et al., 1986), are also
consistent with a small expansion of protein molecules in the molten
globule state.

3.2 Internal Water

The approximately 50% increase in a protein’s volume in the molten globule
state suggests that water can penetrate inside; indeed, there must be several
hundred such molecules in the case of a-lactalbumin. Several experimental
data support this point of view:

Partial specific volume. If the molten globule were “empty” (i.e., did
not contain water) its partial specific volume would be much greater
(~50%) than that of the native (or of the unfolded) protein. Although no
careful comparison of the partial specific volumes of molten globule,
unfolded, and native proteins has been carried out, there is little doubt that
this is not the case.

Heat capacity. As mentioned in Section 2, the change in protein
heat capacity upon denaturation reflects mainly the exposure to aqueous
solvent of nonpolar side chains. No careful comparison of the heat capaci-
ties of molten globule and other denatured proteins has been performed.
There is no doubt, however, that the heat capacity of a molten globule is
larger than that of native proteins, which suggests that some nonpolar
groups buried in the native protein become exposed to water in the
molten globule state.
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TABLE 6-1. Diffusion and Sedimentation Constants of a-lactalbumins in Different States
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3.3 Core

There is clear evidence, on the other hand, that the molten globule has a
relatively dense core. In native proteins, many atom pairs are in van der
Waals contact at a distance of ~4.5 A; consequently, diffuse X-ray scattering
by these proteins has a maximum corresponding to this Bragg distance
(Echols and Anderegg, 1960; Grigoryev et al., 1971; Gemat et al., 1986). This
maximum is due in part to van der Waals contacts in secondary structure
but is mainly due to long-range contacts in the tertiary structure (Fedorov
and Ptitsyn, 1977); it is absent or weak in unfolded or helical polypeptides
(Damaschun et al., 1986, Gernat et al., 1986).

Figure 6~1 demonstrates that this maximum is present also in the
acid molten globule state of human a-lactalbumin (Damaschun et al., 1986).
The only difference is that it is shifted from 4.50 to 4.65 A, i.e., by 3% to 4%,
This small shift is similar to the greater contact distances that are present in
typical liquids, as compared to crystals. A similar result has been observed
in the heat-denatured molten globule state of this protein (Ptitsyn et al.,
1986; Ptitsyn, 1987). This indicates that the nonpolar groups in the protein
core remain in contact in the molten globule, although their packing is not
astight as in the native protein. There is also NMR evidence for the presence

of a cluster of aromatic groups in the molten globule state of guinea pig
g-lactalbumin (Baum et al., 1989), (See Section 3.5)

3.4 Secondary Structure

Circular dichroism spectra of a-lactalbumins (Kuwajima et al., 1976;
Nozaka et al,, 1978; Dolgikh et al., 1981, 1985) and carbonic anhydrases
(Wong and Tanford, 1973; Wong and Hamlin, 1974; Jagannadham and
Balasubramanian, 1985; Bolotina, 1987; Rodionova et al., 1989) in the far-UV
region are very pronounced in various molten globule states (acid pH, high
temperature, or ~2 M GdmCl) and suggest a high content of secondary
structure. The CD spectra are not the same as those of the native proteins,
but they usually are even more pronounced. For example, in human
carbonic anhydrase B the negative molar ellipticity at 210 nm is nearly
four times greater in the acid molten globule than in the native state
(Jagannadham and Balasubramanian, 1985). This does not necessarily
mean a change in secondary structure, however, as far-UV CD spectra can
be influenced by aromatic side chains. These side chains can contribute to
CD spectra not only in the near-UV, but also in the far-UV region (Sears and
Beychok, 1973; Manning and Woody, 1989). This contribution may be
especially large for clusters of aromatic groups.

Aromatic groups lose their rigid environment in the molten globule
state (see Section 3.6), so the contribution of these groupsto far-UY CD must
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FIGURE 6-1. Diffuse X-ray scattering curves of human o-lactalbumin in the
native (O) and in the acid-denatured, molien globule (@) states, measured at
protein concentrations of ~10% (wfv). s = (4nfA) sin@® is the value of scattering
vector (wavelength, A = 1.54 A, 20-scattering angle), d = 2n/s is the Bragg
distance. The shift of the maximum from s = 1.40 A’ for the native protein to

s = 1.35 A for the molten globule corresponds to an increase of d from 4.49 to
4.65 A. (Adapted from Damaschun et al., 1986)
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vanish or at least be greatly reduced, which can lead to the large changes
of far-UV optical properties (Kronman et al., 1966). It is worthwhile to note
that aromatic groups can have both positive and negative bands in the
far-UV region (Brahms and Brahms, 1980; Manning and Woody, 1989);
therefore, far-UV CD spectra of the molten globule state may be either more
or less pronounced than those of the native protein.

An approximate method for the decomposition of far-UV CD
spectra into the contributions of peptide and aromatic groups (Bolotina and
Lugauskas, 1985) suggests that these spectra of the molten globule states of
o-lactalbumins and carbonic anhydrase differ from those of the native
proteins mainly by the contribution of aromatic groups (Bolotina, 1987).

More precise information can be obtained from infrared spectra, as
in this case the contribution of side chains can be measured and subtracted
from the total absorption (Chirgadze et al., 1975; Venyaminov and Kalnin,
1991). Figure 6-2 shows that the infrared spectra of bovine a-lactalbumins
in the amide I region are almost identical for the native and molten globule
states (Dolgikh et al., 1985). Very small differences between these spectra
exclude any changes in content of o-helices and f-structure of greater than

FIGURE 6-2. Infrared spectra of bovine w-lactalbumin in the amide I region of
the native ( ) and acid-denatured molten globule (- — -) states (after the
subtraction of the side chain contributions). (Adapted from Dolgikh et al., 1985)
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10% and 5%, respectively. Infrared spectra of native and of acid-denatured
bovine carbonic anhydrase B have different shapes, but their decomposi-
tion into the contributions of B- and unfolded structures gives nearly
identical B-content: 39% for the native form and 37% for the molten globule
state (Dolgikh et al., 1983; see also Brazhnikov et al., 1985; Ptitsyn, 1987).
The difference in the shapes of the spectra can be due to the broadening of
the main B-band, which suggests some disordering of the f-structure.

3.5 Native-like Structural Organization

Definitive evidence that at least some a-helices of a-lactalbumin are located
in their native positions along the polypeptide chain in the molten globule
came from NMR studies of hydrogen exchange (Baum et al., 1989 Dobson
et al., 1991). In these experiments, the protein was first allowed to
exchange in the molten globule state for a given time; it was then transformed
into the native state, and 2D-NMR was used to identify those NH protons
that were protected from exchange in the molten globule state. In this
way, Dobson and his collaborators (Baum et al., 1989; Dobson et al., 1991)
have shown that the NH-protons of the B- and C-helices in guinea pig
a-lactalbumin (see Figure 6-3) are protected in the acid molten globule
state. It is almost certain that protected protons are involved in intra-
molecular hydrogen bonds and are shielded from solvent (e.g., Udgaonkar
and Baldwin, 1988). Therefore, at least two a-helices of native a-lactalbumin
(B, residues 23 to 34, and C, residues 86 to 99) are present also in the molten
globule state. These a-helices contribute to a common nonpolar core in the
native protein (Acharya et al,, 1989), and there is the intriguing possibility
that this may also be the case in the molten globule (Dobson et al., 1991).
On the other hand, no evidence for a native-like structure has been found
thus far for the other subdomain of this protein, which has predominantly
3-structure in the native state.

In a similar way, Baldwin's group has shown the existence of at
least three native o-helices in the molten globule state of sperm whale
apomyoglobin {Hughson et al., 1990). They have measured individual
exchange rates for many protons and have shown that the NH-protons of
helices A, G, and H exchange 5 to 200 times more slowly than expected for
the unfolded state (although much faster than in the native state). The
NH-protons of helix B exchange only 2 to 10 times more slowly than in the
unfolded protein, which suggests that this helix is only partly folded or is
unstable. No traces of protection have been observed for helix E, which
therefore seems to be unfolded. The NH-protons of helix F and of the short
helices C and D could not be studied. These observations lead to the
attractive idea that the compact unit formed by helices A, G, and H in native
myoglobin may rematin in the molten globule state (Hughson et al., 1990).

1 He Motten Globuie siate Fae ]

FIGURE 6-3. The structure of a-lactalbumin, showing the locations of the major
o-helices and B-strands. (Adapted from Acharya et al., 1989)

Similar results have been obtained for cytochrome ¢ {Jeng et al.,
1990). In this protein, the main parts of all three large native o-helices
(residues 6 to 14, 60 to 69, and 87 to 102) (Bushnell et al., 1990) remain
protected from hydrogen exchange in the molten globule state at acid pH
and high ionic strength.” This protection is, of course, much weaker than in
the native state. On the other hand, many NH groups that are involved in
hydrogen bonds in reverse turns and in the tertiary structure of the native
protein are not protected substantially in the molten globule state.

A direct approach to the study of the tertiary fold of the molten
globule would be by 2D-NMR spectra. NMR spectra of the molten globule
state are very poorly resolved (see Section 3.6), however, and cannot be

*The existence of the molten globule state of cytochrome ¢ at acid pH and high ionic strength
was first claimed by Ohgushi and Wada (1983). Later it was suggested {Ptitsyn, 1987) that this
state is native-like (differing only by the change of the heme state) as it melts cooperatively
upon heating (Potekhin and Pfeil, 1989). However, recent experimental data presented by Jeng
etal. (1990} and by Goto et al. (1990a) suggest that the acid form of cytochrome ¢ at high ionic
strength really has many properties typical of the molten globule state.
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assigned by conventional methods. In Dobson’s group, such assignments
have been partly achieved by magnetization transfer. If the rate of intercon-
version between the native and the molten globule state in the transition
region is faster than the nuclear relaxation rates, magnetic saturation of
resonances of a given residue in the native state can be transferred to the
resonances of the same residue in the molten globule. This can permit the
“transfer” of the assignment of the NMR spectrum of the native state to that
of the molten globule. Using this approach, Dobson’s group (Baum et al.,
1989; Dobson et al., 1991) has succeeded in correlating the strongly perturbed
aromatic resonances of guinea pig o-lactalbumin in the acid molten globule
state of those in the native state. The result was that the resonances of four
aromatic residues, which are assigned tentatively to Trp 26, Phe 31, Tyr 103,
and Trp 104, have the largest NMR chemical shifts in both the native and
the molten globule states. The corresponding residues (two of them belong
to o-helix B, residues 23 to 34, and two others are between o-helices C,
residues 86 to 99, and D, residues 105 to 109; see Figure 6-3) are close
together in the native structure of baboon a-lactalbumin (Acharya et al.,
1989). It is very likely that this cluster of aromatic groups exists also in the
molten globule state.

Recently, the molten globule state has been obtained for ubiquitin
in 60% methanol at pH 2 (Harding et al., 1991). In this case, the NMR
spectrum of the molten globule state was relatively sharp and permitted
assignment of a number of resonances. As a resuit, it was shown that three
B-strands of the f-sheet of the native protein are also present in the molten
globule state, both in their positions in the polypeptide chain and in their
mutual positions in space. The single a-helix of ubiquitin is also present
and probably has a native-like position relative to the B-sheet. The other
parts of the native conformation of this small protein, including two small
additional B-strands, could not be detected in the molten globule state.

3.6 Fluctuating Environment of Side Chains

The data just presented may create an impression that a protein in the
molten globule state is “almost native.” The other properties of the molten
globule state, however, are quite different from those of the native protein
and are similar to those of the unfolded state.

'H-NMR spectra of acid- and temperature-denatured forms of
bovine (Ptitsyn et al., 1983; Dolgikh et al., 1985; Ikeguchi et al., 1986;
Kuwajima et al., 1986) and guinea pig (Baum et al., 1989; Dobson et al., 1991)
a-lactalbumins are quite different from those of the native proteins and are
more similar to the spectra of the unfolded proteins. This is illustrated by
Figure 64, which shows that the NMR spectrum of the molten globule state
is much simpler than that of the native protein; the number of perturbed
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FIGURE 6-4. Five hundred~MHz 'H-NMR spectra of guinea pig o-lactalbumin
in the native (pH 5.4), acid (pH 2.0), and unfolded (in 9-M urea) states recorded
at 52°C. (Adapted from Baum et al., 1989)
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resonances is much smaller, and the overall picture is much more similar
to the unfolded state. Note particularly that some pronounced high field
resonances (at <1 ppm) of the native protein almost completely disappear
in the molten globule state. This shows that the rigid mutual arrangement
of aromatic and aliphatic side chains in the protein core is largely destroyed.
On the other hand, a number of resonances are still remarkably perturbed,
which reflects traces of structure and distinguishes the NMR spectrum of
the molten globule state from that of the unfolded state. These are the
perturbed resonances that have been used by Baum et al., (1989) for a
tentative assignment of the molten globule NMR spectrum and for the
conclusion of the existence of the native-like aromatic cluster in the molten
globule state. (See Section 3.5.)

'H-NMR spectra of the acid molten globule states of bovine carbonic
anhydrase B (Rodionova et al., 1989; Semisotnov et al., 1989; Ptitsyn, 1987)
and human retinol-binding protein (Bychkova etal., 1992) are also much more
similar to those of the unfolded than of the native state.

In a similar way, the near-UV CD of a-lactalbumins (Kuwajima et
al.,, 1976; Nozaka et al., 1978; Dolgikh et al., 1981,1985), carbonic anhydrase
(Wong and Tanford, 1973; Wong and Hamlin, 1974) and other proteins is
practically absent or greatly reduced in the molten globulesstate, suggesting
that the local environment of the aromatic side chains is much more flexible.

3.7 Side Chain Movements

NMR and near-UV CD measurements show that the environment of many
side chains is much less rigid in the molten globule than in the native state.
This means that the fluctuations of side chains in the molten globule state
are greatly increased as compared with the native state. This conclusion
has been confirmed by direct experiments on spin-lattice and spin-spin
relaxation times (T, and T.,) for bovine carbonic anhydrase B in the native,
molten globule, and unfolded states (Semisotnov et al., 1989).

The spin-spin relaxation time decreases with an increase in the ratio
of molecular movements. Figure 6-5A illustrates that the spin-spin relax-
ation on time T, of methy! groups in the molten globule state coincides with
that of the unfolded state (0.085 sec) while it is quite different for the native
state (0.021 sec).?

The molecular volumes of the molten globule and native states
are similar (Wong and Hamlin, 1974), so the main reason for the difference
in their relaxation times must be intramolecular movements. The similarity
of the spin-spin relaxation times for the molten globule and for the unfolded

3Spirn-spin relaxation time decreases with the increase of times of molecular movements.
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FIGURE 6-5. Time-dependence of the spin echo amplitudes for protons of the
methyl (A) and aromatic (B) groups of bovine carbonic anhydrase B in the
native (pH 7.2), molten globule (pH 3.3), and unfolded (in 8 M urea) states.
Spin echo of the methyl groups was measured at 0.89 ppm and of the aromatic
groups at 7.1 ppm. (Adapted from Semisotnov et al., 1989)
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states suggests that the intramolecuiar movements for methyl nonpolar groups
in the molten globule and in the unfolded states are practically the same.

On the other hand, spin echo curves for aromatic groups in the
molten globule state are intermediate between those in the native and in
the unfolded states (Fig. 6~5B), and the spin-spin relaxation time for these
protons in the molten globule state (0.062 sec) is much closer to those in the
native state (0.031 sec) than those in the unfolded protein (0.22 sec). There-
fore, intramolecular movements of aromatic side chains (unlike aliphatic
ones) are much more hindered in the molten globule than in the unfolded
state, although not as hindered as in the native state. It appears that there
is sufficient space inside the molten globule state for the “free” movements
of small and symmetric aliphatic groups, but not enough for the move-
ments of larger and less symmetric aromatic groups (see also Shakhnovich
and Finkelstein, 1989},

Hindering of the motion of aromatic side chains in the molten
globule state is confirmed by the study of urea denaturation of bovine
carbonic anhydrase B (Rodionova et al., 1989). The proton resonances of the
aliphatic side chains change at the first stage of denaturation (together with
near-UV CD), i.e,, at the transition from the native to the molten globule
state. The proton resonances of aromatic side chains change at the second
stage of denaturation (together with the decrease in far-UV CD and
compactness), i.e., at the transition from the molten globule to the unfolded
state. (See Figure 6-7B.)

Polarization of luminescence of Trp residues also shows that intra-
molecular mobilities of the Trp indole rings in the molten globule states of
bovine and human a-lactalbumins (Dolgikh et al., 1981,1985) and in bovine
carbonic anhydrase (Rodionova et al., 1989) are nearly as restricted as in the
native state, while the restriction in the unfolded state is much less.

3.8 Large-scale Movements

Restricted large-scale fluctuations in the molten globule state are reflected
in the field-dependent broadening of individual resonances in "H-NMR
spectra. This broadening is especially apparent for aromatic groups and has
been observed in the acid molten globule state of guinea pig a-lactalbumin
(Baum et al., 1989). This is consistent with interconversion of different local
conformations of the molten globule at rates slower than ~10% sec’.
Another approach to the study of large-scale fluctuations is the
accessibility of the internal parts of protein molecules to the solvent or to
other molecules. The most common technique used in these studies is
hydrogen-deuterium exchange. Measurements of the overall rate of this
exchange for the NH-protons of the backbone of bovine a-lactalbumin
{Dolgikh et al., 1981,1985) and of bovine carbonic anhydrase B (Dolgikh et
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al., 1983) have shown that deuterium exchange is much faster in the molten
globule than in the native protein and is closer to that in unfolded chains.
More detailed studies of deuterium exchange using 2D-NMR (see Section
3.5) have shown that NH groups of many o-helices are still protected in the
molten globule state (although much less than in the native state), while
the NH groups of loops are not protected (Baum et al., 1989; Hughson et
al., 1990; Jeng et al., 1990; Dobson et al., 1991; Baldwin, 1991).

The accessibility of a protein molecule to proteases also increases
in the molten globule state. For example, digestion of channel peptide of
colicin E1 by papain and bromelain is much faster in the molten globule
state than in the native one (Merrill et al., 1990).

3.9 Stability

The small increase in protein volume in the molten globule should be
sufficient to destroy the tight packing of side chains, which should lead to a
large decrease in their van der Waals attractions. Even though being packed
more loosely (“liquid-like”), nonpolar groups still preserve their attraction
in an aqueous environment. It was suggested (Shakhnovich and Finkelstein,
1982; Gilmanshin et al., 1982; Dolgikh et al., 1985), therefore, that the molten
globule state is stabilized mainly by the liquid-like interactions of nonpolar
groups in water that are often called hydrophobic interactions.

This idea has been confirmed recently by site-directed mutagenesis
of apomyoglobins (Hughson and Baldwin, 1989; Hughson et al., 1991;
Baldwin, 1991). These experiments have shown that an increase in side
chain hydrophobicity (replacements of Cys — Leu, Ala — Leu, Phe — Trp,
Ser — Leu, Ser — Phe) stabilizes the molten globule state against unfolding,
while the same mutations almost always destabilize the native state: This
suggesis that the molten globule state is stabilized mainly by less specific
hydrophobic interactions (i.e., liquid-like interactions of nonpolar groups),
while specific tight packing is important for the native state.

It is important to note that although the molten globule state is
already “molten” (as it has lost the tight packing of side chains—see also
Section' 4 and 5), it still preserves many elements of structure that can be
melted >y the influence of stronger denaturants. First, a-helices and other
types ol secondary structure certainly are preserved in the molten globule
(see Sec ions 3.4 and 3.5) and the enthalpy of the helix-coil transition in water
is as large as ~1 kcal/mol (Finkelstein et al., 1991; Baldwin, 1991). Second,
the enthalpy of hydrophobic interactions is small at 20°C, but greatly
increases with an increase in temperature and thus can provide an important
contribution to heat effects of protein unfolding (Baldwin, 1986). It is not
possible, therefore, to exclude that unfolding of the molten globule state may
be accompanied by measurable heat effects, especially at high temperatures.
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Unfortunately the available experimental data do not provide
much information on this important point. In all proteins that have been
studied, the molten globule state can be unfolded by GdmCl or urea in an
apparently cooperative transition. (See Section 6, Table 6-2.) In one case
—for human o-lactalbumin—this unfolding at 40°C is not accompanied by
alarge cooperative heat absorption (Pfeil et al., 1986). This suggests that the
enthalpy of the molten globule state in this protein and at this temperature
does not differ very much from the enthalpy of the unfolded state.

Unfolding of the molten globule state can also be caused by a
further increase in electrostatic interactions. For example, the acid molten
globule state of carbonic anhydrase can be unfolded by further decrease in
the pH (Wong and Hamlin, 1974) and the acid molten state of cytochrome
¢ by a decrease in the ionic strength (Ohgushi and Wada, 1983). Interesting
effects occur when the ionic strength is varied by an increase of an acid (e.g.,
HC) rather than a salt (e.g., KCI). Fink and his collaborators have shown
that some proteins (e.g., f-lactamase, cytochrome ¢, and RNase A) first
become fully or partly unfolded at acid pH (in the absence of salt), but with
further decrease in pH they change into the molten globule state (Goto and
Fink, 1989,1990; Goto et al., 1991a,b; Fink et al., 1990,1991). The explanation
Is simple: after deionization of all (or the majority of) the acid side groups,
further decrease of the pH leads, not to an increase, but to a decrease of
electrostatic interactions, due to the increase in the concentration of ions.

Data on the temperature melting of the molten globule state are

controversial. The acid molten globule states of bovine (Dolgikh et al., 1985)
and human (Pfeil et al., 1986) o-lactalbumins do not melt cooperatively
upon heating. This can be expected because these proteins have sirnilar
molten globule states at low pH and at high temperatures (Dolgikh et al.,
1981,1985; Gast et al., 1986). Microcalorimetric data on the acid form of
retinol-binding protein (Bychkova et al., 1992} are consistent with a coop-
erative melting of the molten globule, with a small enthalpy change.
Cytochrome c is in a state similar to the molten globule at low pH and high
ionic strength (see Section 3.5) and melts upon heating in a manner similar
to the native protein (Potekhin and Pfeil, 1989). Itis unknown to what extent
these proteins are unfolded at high temperatures.

4 MODEL OF THE MOLTEN GLOBULE

4.1 Initial Model

As early as 1973, the author predicted the molten globule state as a kinetic
intermediate on the protein folding pathway (Plitsyn, 1973). This state was
specified as an “intermediate compact structure which is still different from
the unique native protein structure and which formation is determined mai nly
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by non-specific interactions of amino acid residues with their environment
(water and a hydrophobic core of a forming globule),” i.e., by hydrophobic
interactions. This hypothesis implied that the intermediate compact struc-
ture is formed “by ‘the merging’ of pre-existing embryos of chain regions
with secondary structure and that the mutual arrangement of chain regions
In this structure satisfying the crude criterion of the maximal screening of
hydrophobic side groups from contacts with water must be close to their
arrangement stabilized by specific long-range interactions between space-
neighboring residues in the final compact structure” (Ptitsyn, 1973). Ac-
cording to this hypothesis, therefore, the predicted intermediate structure
15 compact, has native-like secondary structure and a native-like tertiary
fold, but differs from the native state by the lack of specific interactions
between neighboring residues, i.e., by the lack of a rigid tertiary structure.

Section 3 of this chapter shows that the equilibrium “molten
globule” state is compact, has native-like secondary structure, and differs
from the native state by the lack of the rigid tertiary structure. There is some
preliminary indirect evidence that the molten globule state also has a
native-like tertiary fold, The molten globule appears therefore to be
consistent with the model that was proposed in 1973,

There are some contradictions, however, between experimental
data that need to be explained. (See, e.g., Baldwin, 1990.) One group of
experimental data-—on specific partial volume and heat capacity (see
Section 3.2}—suggests that the molten globule must have a lot of water
inside and is something like “an amorphous squeezed coil of fluctuating
helices” (Grikoetal., 1988). In more rigorous terms, these data are consistent
with an unfolded chain below the O-temperature’ (see Flory, 1953); i.e, a
chain with a predominance of intramolecular attractions that stabilize its
squeezed state by occasional contacts between attracting groups (Finkelstein
and Shakhnovich, 1989).

Another group of experiments, however, strongly contradicts this
model. Large angle diffuse X-ray sca ttering shows the existence of a protein
core with many van der Waals contacts at distances only ~3% to 4% larger
than in the native state. (See Section 3.3.) Moreover, there is evidence that
at least some of the contacts of native structure remain also in the molten
globule state. (See Section 3.5.)

The most plausible explanation for this contradiction is the
assumption on a nonuniform expansion of a protein molecule in the molten
globule state. This assumption was proposed several years ago (Ptitsyn et
al., 1986; Damaschun et al., 1986) and will be presented in this section.

*The © temperature is that at which interactions between nonadjacent atoms of a polymer

compensate for interactions between the polymer and the solvent, so that the polymer has the
average dimensions expected for a random coil.
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4.2 “Nonuniform” Model

The hypothesis of nonuniform expansion implies that the “frame” of the
native protein is essentially preserved in the molten globule state, while
other parts of the molecule can be more or less unfolded (Fig. 6-6). The
frame includes central parts of the main a-helices and B-sheets, i.e., those
parts of these regions that carry nonpolar side chains contributing to the
hydrophobic core. The rest of the molecule can be unfolded and includes
loops, ends of a- and f-regions, and those o- and B-regions that are not part
of the frame of the protein.

According to this hypothesis, a protein core formed mainly by non-
polar groups of a- and pB-regions must expand only slightly in the molten
globule state, so that water molecules may not penetrate inside this core to
any considerable extent. The packing of nonpolar side chains in the core
becomes looser (as in usual crystal-liquid transitions), but at least a substantial
part of these contacts is preserved. The looser packing of the side chains
permits them to increase the amplitudes of their rotational vibrations;
moreover, aliphatic side chains probably can even jump from one rotational
isomer into another (Shakhnovich and Finkelstein, 1982, 1989). Therefore,
this expansion will lead not only to an increase in the van der Waals energy
of the core, but also to an increase in its entropy. In this (and only in this!)
sense, the molten globule is liquid-like, as the native-like mutual arrangement

FIGURE 6-6. Schematic representation of the native and the molten globule
states of protein molecules. Nonpolar side chains are hatched.

MOLTEN GLOBULE
STATE

NATIVE STATE
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of a- and f-regions may be stabilized by liquid-like hydrophobic contacts
between their nonpolar side chains. The point is that these side chains
belong to rigid o- and P-regions, so their interactions are cooperative
(Ptitsyn and Finkelstein, 1980b); this permits preservation of the native-like
mutual arrangement of the a- and B-regions. “Liquid crystal” is probably
the best way to describe this situation in usual molecular physics terms.

The important point of this hypothesis is that the stability of the molten
globule state is due to “liquid-like” (hydrophobic) interactions in a relatively
small part of the protein molecule. This possibility is justified by the fact
that only a relatively small number of side chains are completely buried in
globular proteins; e.g., in globins the number of these side chains is 33 out
of approximately 150, or only ~20% (Perutz et al.,, 1965}. As a rule, all, or almost
all, of these residues are conserved as nonpolar in all members of the given
protein family, e.g., in globins (Perutz et al., 1965). It is natural to assume
that these 20% of the side chains (plus probably some nonpolar side chains
that are only partly buried in the native state but enter or belong to a hydro-
phobic core) preserve their contacts in the molten globule state. The energies
of these contacts, even when reduced due to the expansion of the core, seem
sufficient to stabilize the a-and p-regions and their native-like arrangement.

The hypothesis of a nonuniform expansion probably can help to
reconcile the apparently contradictory experimental data mentioned pre-
viously. On the one hand, the hypothesis implies preservation of native-like
core, which is consistent with the large-angle X-ray scattering and the NMR
data. On the other hand, it implies that a large part of the molecule is
unfolded and therefore that water penetrates into a thick shell of the
molecule, “washing” its nonpolar core, which may be consistent with the
data on the partial specific volume and the heat capacity.

The unfolded part of a molecule must have the partial specific
volume of an unfolded protein, which is very near to that of a native one
(e.g., Bendzko et al., 1988). Therefore, the difference between the partial
specific volumes of the molten globule and the native states is reduced to
the small expansion of a small part of a molecule that remains impenetrable
to the solvent (i.e, to a few percent). In a similar way, the penetration of
water inside the molecular shell can lead to a large increase in the heat
capacity, even in the case when the small part of a molecule remains
screened from water.

Of course, this is no more than a crude draft of a possible explanation
for this contradiction, Precise experiments are needed to check the existence
of expected differences in partial specific volumes and heat capacities
between the molten globule and unfolded proteins. We need quantitative
measurements of the partial specific volume, the heat capacity, and the
intramolecular contacts in the molten globule state to understand why it
preserves many intramolecular contacts, while having a lot of water inside.

p



Unfolding of the loops of a molecule make them susceptible to
rapid hydrogen exchange. This is consistent with the evidence that those
INH-protons that are involved in native hydrogen bonds of reverse turns or
tertiary structure are not protected from exchange in the molten globule
state. (See Section 3.5.) On the other hand, parts of a molecule that are
involved in regular secondary structure become much more accessible to
water, which facilitates their “breathing” and thus dramatically decreases
the protection from exchange of even these fixed parts.

One of the consequences of this “double nature” of the nonuniform
expanded molten globule is its high affinity to hydrophobic probes like
8-anilinonapthalene-1-sulfonate (ANS), which is bound by the molten
globule state much stronger than by unfolded chains and by the majority
of native proteins (Semisotnov et al,, 1987,1991a; Rodionova et al., 1989;
Ptitsyn et al, 1990). This probe binds to solvent-accessible clusters of
nonpolar atoms (Stryer, 1965), which are absent in unfolded chains and
relatively rare in native proteins. A molten globule in which the nonpolar
core 15 preserved, but becomes less tightly packed and accessible to the
solvent, is the ideal case for this binding.

4.3 Terminology

It is worthwhile now to discuss some terminology questions. As was
mentioned in the beginning of this section, the molten globule state was
predicted as a compact state with native-like secondary structure and
native-like tertiary fold, but without rigid tertiary structure. When this state
was detected experimentally (Dolgikh et al., 1981) it was called a “compact
globule with native-like secondary structure and with slowly fluctuating
tertiary structure.” The term molten globule was introduced later by Ohgushi
and Wada (1983).

When designating the molten globule as a state with a “fluctuating
tertiary structure,” the term tertiary structure was used in its modern sense,
Le., for the detailed protein structure at atomic resolution, to distinguish it
from the crude protein structure (or tertiary fold). It led later, however, to
some misunderstandings. For example, Kim and Baldwin (1990) have
described “Ptitsyn’s model” as “the rapidly fluctuating liquid-like structure”
which “is incompatible with a structure determined by fixed tertiary
interactions” (p. 642). In fact, my model implied just the opposite picture—
a fixed native-like tertiary fold with greatly increased fluctuations of
side chains and irregular regions.

Kim and Baldwin (1990} proposed distinguishing between “the
term 'molten globule’ for Ptitsyn’s model and the term ‘collapsed form’ for
the experimentally observed intermediate.” Itis a good idea to distance the
model (which implies the native-like tertiary fold) from the existing
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expenimental data. The term molten globule has been widely used, however,
as an operational term for a compact state with pronounced secondary
structure but with unknown location of secondary structure elements in the
sequence and in space, and it is probably too late to change its meaning,
Therefore, I propose to retain the general term molten globule for this
state of our knowledge and to introduce the terms native-fike molten globule
and disordered molten globule for compact states with and without a native-like
tertiary fold. Thus, we shall designate the “molten globule” state of a given
protein as either the “native-like” or “disordered” one when we learn whether
it does or does not have a native-like tertiary fold. If it happens that the
globularization of a protein molecule during folding occurs before formation
of the native-like tertiary fold, we can speak of fast formation of a “disordered
molten globule” and of its slow transition to a “native-like molten globule.”
The advantage of this terminology is that it avoids any misunderstanding
when reading papers published since the early 1980's on this subject. It is
of course too early now to speculate on the possible properties of “disor-
dered” molten globules and Particularly on their relation to squeezed coils.

5 TRANSITIONS BETWEEN
CONFORMATIONAL STATES

5.1 Denaturation as an All-or-None Transition

Many years ago it was suggested that denaturation of globular proteins is
an all-or-none process, i.e., that in the transition region there are only native
and fully denatured molecules, without any measurable amount of inter-
mediate states. The first evidence supporting this point of view was the
coincidence of denaturation curves measured by different methods ( Lumry
etal., 1966; Tanford, 1968). The definitive evidence, however, was obtained
by Privalov and his collaborators (Privalov and Khechinashvili, 1974;
Privalov, 1979; Chapter 3) after they had developed the technique of precise
microcalorimetric measurements (Privalov, 1974; Privalov et al.,, 1975).
These measurements have shown that for small, single-domain proteins,
the calorimetric enthalpy of denaturation per protein molecule is practi-
cally equal to the enthalpy per cooperative unit calculated from the tem-
perature interval of melting. Therefore, the cooperative unut coincides with
a protein molecule, ie., a single-domain protein denatures as a whole
without any visible intermediate states. For larger proteins consisting of
two or more domains, a cooperative unit usually coincides with a domain
(Privalov, 1982). The all-or-none mechanism of protein denaturation has
been strictly established only for temperature denaturation. A number of

less definitive data, however, strongly suggest that it is true also for other
types of denaturation.
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The all-or-none mechanism of protein denaturation is very important
for the stability of protein function. If proteins could denature non-
cooperatively (i.e., in small pieces), thermal motions would destroy a
protein structure at all temperatures. As a result, proteins would not have
rigid active centers, and this would inhibit their biological activities. Only
the high cooperativity of denaturation makes a protein structure resistant
to thermal motions unless and until the temperature becomes large enough
to destroy the structure as a whole.

Thus, proteins are unique examples of molecules that can possess
an intramolecular all-or-none transition—a fact that requires a full and
convincing explanation.

The first attempt to explain the all-or-none character of protein denatur-
ation (Ptitsyn and Eizner, 1965; Ptitsyn et al., 1968} was based on the “liquid
drop” model of a protein molecule and describes protein denaturation as a
globule-coil transition. Two approximate versions of the theory have been
proposed; the first one used the virial expansion of the free energy of long-
range intramolecular interactions (limited by the interactions of pairs and
triplets of residues), while the second one used the approximate expression of
this free energy similar to the van der Waals expression for real gases. Both
of these lines have been followed afterwards—the first one by De Gennes
(1975) and others and the second one by Sanchez (1979); for further refer-
ences, see the review by Chan and Dill (1991). Birshtein and Pryamitsyn
(1987,1991) have improved this treatment by replacing distribution functions
for the end-to-end distance by that of the radius of gyration, which better
represents the linear dimensions of squeezed coils. A more strict and sophis-
ticated, but physically equivalent treatment has been elaborated by
Lifshitz et al. (1978).

All of these versions of the theory give the same result—they
predict a cooperative but not an all-or-none globule-coil transition for
flexible homopolymers. Formally, an all-or-none transition is predicted for
rigid chains, but even in this case the barrier between native and denatured
states is approximately of magnitude kgT (A. V. Finkelstein, private commu-
nication) and therefore intermediate states can also be populated. The
drastic difference between a phase liquid-gas transition and a smooth
globule-coil transition is due to the fact that monomers in polymer molecules
are connected in a chain; therefore, each monomer has a limited freedom
that does not depend upon the dimensions of the entire molecule.

The existence of cooperative coil-globule transitions in a
homopolymer has been confirmed experimentally (Anufrieva et al., 1972)
by polarized fluorescence, which permits the use of small concentrations
of polymer and avoids it aggregation. Neither this nor the subsequent
studies (see, e.g., Sun et al., 1980), however, give a clear answer to the
character of this transition. See reviews by Chan and Dill (1991), Anufrieva
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(1982), and Anufrieva and Krakovyak (1987) for other references. Although
there is some evidence against the all-or-none character of such transitions
{Anufrieva et al., 1972), the problem still needs careful investigation. Monte
Carlo computer experiments on the collapse of a nonintersecting chain on
a cubic lattice (Kron et al., 1967) also did not show an all-or-none transition.

The theory of collapse of heteropolymers has also been developed
(Dill, 1985; Grosberg and Shakhnovich, 1986a,b; Dill et al., 1989). Grosberg
and Shakhnovich (1986a,b} extended the approach of Lifshitz et al. (1978)
to heteropolymers and have shown that the coil-globule transition in a very
long heteropolymer must be similar to that of a homopolymer.

Aliquid drop is, of course, not the best model for a protein mole-
cule, which has rigid a- or B-regions. There are no detailed theories that
take this important fact into account. Grosberg (1984) has considered a
simple model of a polymer chain in which collapse {coil-globule transition)
is coupled with the helix-coil transition. He has shown that this coupling
may dramatically increase the cooperativity of the transition, transforming
itinto an all-or-none transition.

Another approach to this problem (Ptitsyn, 1975) is based on the
fact that proteins (or protein domains) consist of only a few “structural
blocks” (a-helices and B-strands). If these blocks are unstable in the
unfolded state, there are only few states that can be intermediate between
the completely unfolded states. In this system, even relatively small
cooperativity (e.g., the unfavorable initiation and/ or favorable termination
pf a folded structure) will lead to a small total statistical weight of all the
intermediates. This will lead to a transition that practically is all-or-none
not because intermediates are forbidden but because there are only a few
slightly unstable intermediates. The difference between this case and the
real all-or-none transition is the height of the free energy maximum
between the folded and unfolded states—for the “quasi all-or-none” tran-
sition this maximum must be relatively low.

5.2 Native-Molten Globule Transition

The problem of protein denaturation dramatically changed after it was
shown that all-or-none temperature transitions occur in bovine (Dolgikh
et al.,, 1981,1985) and human (Dolgikh et al., 1981; Pfeil et al., 1986)
a-lactalbumins. The temperature-denatured states of these proteins are
compact (Dolgikh et al., 1981,1985; Gast et al., 1986) and have pronounced
secondary structure (Dolgikh et al., 1981,1985), i.e., they are in the molten
globule state. Therefore, at least for these proteins, the all-or-none transition
is not a globule-coil transition, i.e., is not connected with the unfolding of a
protein chain or with the destruction of its secondary structure. The single
common feature of all denatured proteins—from molten globules to unfolded
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chains—is the absence of the tight packing of side chains. This suggests that
the common reason for the all-or-none character of protein denaturation is
the destruction of the tight packing.

This idea was the basis of the novel theory of protein denaturation
proposed by Shakhnovich and Finkelstein (1989). Their theory descri};)es
protein denaturation as melting of a crystal rather than as the evaporation
of aliquid drop. It explains the all-or-none transition by using the model of
tightly packed side chains attached to rigid regions (o-helices and -
strands). Due to this attachment, the movement of side chains can be
released only cooperatively, because it is impossible to increase the distance
between a few of them, while leaving the other distances unaltered. In the
native state, side chain movements typically are limited to their rotational
vibrations with relatively small amplitudes. Therefore, the entropy of this
state is low. However, its energy also is low (due to large van der Waals
attractions, which stabilize this state). If the distances between side chains
increase, amplitudes of rotational vibrations increase, but the correspond-
ing gain in entropy is too small to compensate for the increase in energy. At
some threshold distance, however, a new type of aliphatic side chain
movement is released—these groups begin to jump from one rotational
isomer to another. The additional increase in entropy compensates for the
increase in energy, and the denatured state becomes stable. As side chain-
side chain distances can change only simultaneously, they can be described
by a single parameter—the molecular volume. This means that a protein
molecule as a whole can have two stable states: an energetically stable
native state with a small volume and an entropically stable denatured state
with an increased volume. The states with intermediate volumes have high
energy and low entropy and therefore are unstable,

According to this theory the “fate” of the denatured protein mole-
cule depends upon the solvent and upon the temperature. Sometimes it can
be the molten globule state with a moderately increased volume and release
of some new movements. In other conditions {e.g., at high concentrations
of strong denaturants), however, it can be the completely unfolded state,
with a large increase of the volume and the release of all movements.

Shakhnovich-Finkelstein’s theory is a very important step in our
understanding of the all-or-none character of protein denaturation. It
emphasizes two essential points: the role of the destruction of tight packing
of the side chains and the release of new types of movements at some
threshold value of the volume. This theory, however, refers to the “uniform”
model of the molten globule, i.e., it does not distinguish between the protein
core and the protein shell.

According to the nonuniform model of the molten globule state
(see Section 4), the main difference between the molten globule and the
native protein is the state of the protein shell rather than that of the protein
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core; loops forming the protein shell are more or less unfolded, while the
protein core still exists, becoming only a little less compact. In native
proteins, loops are attached to the hydrophobic core by their nonpolar side
chains. The small increase in volume of this core will release these side
chains and this process can be cooperative if all side chains need the same
threshold value of core volume to be released. This threshold value can be
smaller than the value that permits side chains to rotate inside a core, as it
is easier to remove a side chain than to rotate it in a dense environment,

The cooperative release of nonpolar side chains belonging to loops may
lead to the cooperative unfolding of these loops, because their native structure
may become unstable without this support. This unfolding will lead to a large
increase in entropy, which can compensate for the increase in the core volume.

The release of a number of nonpolar side chains from the core will
permit other side chains to increase the amplitudes of their rotational
vibrations and probably even to jump from one rotational isomer to another.
Therefore, this interpretation probably supplements the Shakhnovich-
Finkelstein theory rather than contradicts it. The main point is that “new”
movements that must be switched on at the threshold volume can be not
only the rotational isomerization of core side chains, but also, or even
predominantly, the unfolding of loops (of course, together with rotational
isomerization of their side chains). According to this point of view, the
cooperative increase of a core volume may be more the trigger than the
reason for the all-or-none transition.

5.3 Globule—Coil Transition

Does the existence of an all-or-none transition between the native and the
molten globule states mean that the moiten globule state is thermo-
dynamically equivalent to the unfolded state? In other words, is the
molten globule just a limiting case of the unfolded state, with maximum
compactness and secondary structure, or is it divided from the unfolded
state by another all-or-none transition?

GUmCl- and urea-induced molten globule—oil transitions appear
to be coop rative, in that they occur within a relatively narrow interval of
concentral ons of strong denaturants, These intervals are determined by the
differences of the number of denaturant molecules “bound” to a cooperative
unit in the unfolded and in the molten globule state. We cannot measure
the numbers of denaturant molecules bound to one residue in the unfolded
and in the molten globule states, so it is practically impossible to evaluate
the number of residues in a cooperative unit and to compare it with the
number of residues in a protein orina proteindomain. Thus, the cooperativity
of the molten globule—coil transition does not give us any information as
to whether this transition is all-or-none.
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On the other hand, the small enthalpy of the molten globule—oil
transition in human a-lactalbumin (Pfeil et al., 1986) does not exclude the
existence of an all-or-none transition, as the solvent-induced transition
may be connected with a jump in the number of bound denaturant mole-
cules rather than with a jump of enthalpy.

A common, but not definitive, criterion for all-or-none transitions
is to compare the transition curves obtained by different methods. If all
these curves coincide, it is likely to be an all-or-none transition; if not, this
type of transition is excluded. It was this method that had been used in the
“precalorimetric” era to suggest that protein denaturation is an all-or-none
transition. This method has been used to study the urea-induced molten
globule—coil transition in bovine carbonic anhydrase B (Rodionova et al.,
1989). The resuit was that the unfolding of the moiten globule state of this
protein monitored by the change of its compactness (intrinsic viscosity,
polarization, and spectrum of fluorescence) coincided with the unfolding
monitored by the change of its secondary structure, i.e., by the ellipticity at
220 nm (Fig. 6-7A). This suggests that in the transition region there are no
stable compact intermediates without secondary structure, as well as no
noncompact intermediates with secondary structure.

This result is confirmed in Figure 6-7B, which presents the
urea-induced unfolding of native carbonic anhydrase. This unfolding
process is biphasic. The first phase involves the destruction of the rigid
tertiary structure, while the second is the unfolding of the molten globule
state. Again the curves monitored by compactness (polarization and spectrum
of fluorescence) and by secondary structure coincide, which shows the
absence of intermediates between the molten globule and the unfolded
states. Similar results have been obtained for GdmCl-induced unfolding of
native human carbonic anhydrase B. In addition, the changes of the NMR
signals shown in Figure 6-7B demonstrate that the mobility of the aliphatic
side chains increases at the first stage of denaturation (at the native-molten
globule transition), while the mobility of the aromatic side chains changes
only at the second stage (at the molten globule—coil transition).

The results of this study suggest that the transition from the
molten globule to the unfolded chain may also be an all-or-none
transition. The most direct method to prove this would be to demonstrate
a bimodal distribution of protein molecules between the two states in the
transition region. Recently, we have used this approach (Uversky et al.,
1992) to study the unfolding of the molten globule states of two proteins by
FPLC size-exclusion chromatography. The main difficulty with these
experiments is that it is possible to separate only slow-exchanging confor-
mational states of protein molecules. We have found that this exchange is
slow enoughonly at a low temperature (4°C) and for GdmCl-induced (not
urea-induced!) unfolding. Under these conditions, two peaks in the
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FIGURE 6-7. Urea-induced unfolding of bovine carbonic anhydrase B at pH 3.6
(A)and at pH 7.5 (B). At pH 3.6 in the absence of urea, the protein is in the
molten globule state and unfolds by a one-step process. At pH 7.5, the protein
s in the native state and unfolds in two steps (native-molten globule and
moltgn globule-unfolded transitions) without additional intermediates. The
fraction of unfolding is given by f, = (x - %)/ (x, - x,), where x is the value ofa
measured parameter, x,, is its value in the absence of urea, and x,, is its value at
high concentration of urea. (A) @, the increase of intrinsic viscosity [n], L],
the decrease of Y20/, (1 is the intensity of tryptophan fluorescence at the given
wavelength), \, the increase of 1/ (P is the polarization of tryptophan
ﬂyorescence), /\, the decrease of the negative ellipticity at 220 nm. Intrinsic
viscosity and the spectrum and polarization of tryptophan fluorescence both
J.reﬂect the compactness of the molecule, while the ellipticity at 220 nm reflects
its secondary structure. {Adapted from Rodionova et al., 1989)

elution curves have been observed within the equilibrium molten globule-
coil transition for bovine carbonic anhydrase B and for B-lactamase from
Staphylococcus aureus. The first peak is close to that of the native
protein (reflecting the almost native compactness of the molten globule
state) while the second has a smaller elution volume, demonstrating
thaF this state is more expanded than the first. When the GdmCl concen-
tration increases in the transition zone, the more compact molten globule
peak decreases in magnitude, while the unfolded peak increases; this
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FIGURE 6.7.{B) /s, the increase of Lo/ 15, W, the increase of 1/P; ld and W, the
decrease of negative eflipticity at 220 nm () and 270 nm (W); &, t{:e decrease
of the area under high-field NMR resonances; other signs mean the increase of
signal intensities of protons of aliphatic side chains at 3.17 (x), 2.97 (O), 2:0()
(@), 1.38 (1.1}, and 0.86 (/) ppm as well as of aromatic side chains at 7.5 (),
7.10 (), and 6.79 (»} ppm. Lo /1, and P reflect the compactness of the
molecule, ellipticity at 220 nm reflects its secondary structure, while the
ellipticity at 270 mnr and the area under the high-field NMR resonances reflect
its rigid terbiary structure. (Adapted from Rodionova et al., 1989)

demonstrates the all-or-none transition of proteins from the molten globule
to the more expanded state.

This analysis of the molten globule—coil transition leads us back to
the general problem of the cooperativity of globule-coil transitions. (See
Section 5.1.) As has been already mentioned, the globule-coil transition may
be an all-or-none transition of the first order if it is coupled with a change
of linear order, e.g., with the helix-coil transition {Grosberg, 1984}). 'ljhere-
fore, unfolding of the molten globule, with the simultaneous destruction of
its secondary structure, can be similar to the melting of a liquid crystal and
may be an all-or-none transition.

Itis pertinent to mention that we also know an example of a‘smooth
(not all-or-none) molten globule—coil transition. The first experimental
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evidence for the molten globule state was actually obtained for random
copolymers of glutamic acid with leucine (Anufrieva et al, 1975; Bychkova
etal., 1980; Semisotnov et al., 1981). Upon deionization of the glutamic acid
residues, these copolymers first became helical and then collapsed to a com-
pact helical state. The transition of these copolymers from the noncompact
helical state to the collapsed helical state clearly is not an all-or-none
transition, because the relaxation time of depolarization of fluorescence
goes through a maximum. The difference between the pH-induced globule-
coil transition in these copolymers and the urea- or GdmCl-induced transi-
tions in proteins is that the pH-induced transition occurs between collapsed
helical and noncompact helical polymer, while the influence of urea and
GdmCl may transform a protein from a condensed state with secondary
structure to an unfolded state without secondary structure. Therefore, this
ditference suggests that the coupling between condensation and linear
structure of a chain may be very important for an all-or-none transition.

On the other hand, the molten globule, unlike globules from
random copolymers, may have a unique tertiary fold. (See Section 3.5.)
Although a globule-coil transition for a globule with a unique tertiary fold
has not been extensively studied theoretically, the possibility cannot be
excluded that this transition may be an all-or-none transition (Shakhnovich
and Gutin, 1990). Much more experimental and theoretical work is needed
to clarify the physical reasons for this unusual phenomenon, the all-or-none
globule-coil transitions of denatured proteins.

Depending upon the stability of the molten globule state, it can
unfold at different concentrations of strong denaturants (as well as at different
pH values and temperatures). Therefore, the unfolded protein at the end of
this transition can be expanded to different extents, depending upon the
properties of the solvent (Damaschun et al., 1991). One cannot exclude the
possibility that very unstable native or molten globule proteins can
unfold into “squeezed coils,” i.c., coils below the O-temperature. (See
footnote on p. 261.) These coils can be transformed into Gaussian ones and
then into expanded coils by a further increase in the concentration of the
strong denaturant. This transition is nof an all-or-none transition, rather it
may be a phase transition of the second order (Lifshitz et al., 1978).

6 OCCURRENCE OF THE MOLTEN GLOBULE

After the molten giobule state was first described for bovine and human
a-lactalbumins, a number of other proteins have been reported to have
similar properties. These are collected and classified in Table 6-2. (See also
Bychkova and Ptitsyn, 1992.) Table 6-2A collects proteins for which all three
main features of the molten globule state (compactness, the presence of
secondary structure, and the absence of rigid tertiary structure) have been



275

274

pPanuLjuod
2861 ‘sePy (uugzon) (BLON'810=d pesnpal
pue MUy £gsl 05— ‘N 00%'61 ‘N _ 1asuey aopqryuy uisdAn
‘1861 “1® 13 U3SOY - — (WUgn)n g(uuOT)osTEl  Aweuasyweds pupo e oueanued autaog
1861 DwpD
"UOR Pue [UPpEWSS(] ~ [ DUpD T - N Wod %09 Ny ="y W 07 L H auifzosAq ¥
(o
) ydny ez
0661 "[e 18 {uid - - (103 2e[nuIg N 01 depung Ny =5y Hd 10) 7> Hd
2861
“[e 12 UOIUNT ‘6261 000'6 ‘N SLNFEN "o
"moadig pue peunyy - BANGT  0GT-INOZ- 0008 gg=1u]  We'eHd  vasmpnuoqgy
661 B {D,07 18 [DUWPD DUIpS snaing
12 Ays1oA0 ‘q'P9261 WL 009°E N Weso smaosopiydms
‘e pue uosqoy — [DWPDSL0 aAmdeuoN  QOO'E="EE[ - NSy =5y ¥ L Hd aseurelre-
696112 00<°L ‘1 a D
12 BAOUOTPOY ‘G861 SNY  [DWPDST N Woy %01 ‘06N 000 N o3 requns 2/ 2L H
‘uergeuresqnsereq 008'L g sespAyue
pue E.m:ﬁq.b_mwmm — —_ 081- N 0¥— 009 N 0F'S — € I& JTucqIed ueumpy
DwWpo
SNV [DWPDET [} 03 Sequng N 01 refung NEW =% WelLHd
WPy W
] SNV DDWPDS§L - — NG =S¥ €'17D,p L Hd
p el R ,eIn
AswAM) 661 e —  zipueg — — — d
1 AomoonES ER6T 7L PuRGS9 . LH
“Ie 12 eACUOTPOY orE="""
‘£861 "Te ¥ PIoq S00N
%261 UMDRH A PBION 600=d
pue Juom ‘€261 0:17001- N 00S'E ‘N 6TN g aseipAyue
‘paojire], pue Suom SNV vam g¢ (ua gz G+ 009'p LENTE=[U] ggHd  oruogres autaog
. ]
aay- e
— zud oy repung 7 Hd o3 sepung o=y D057 Hd
. I L6l [DWPD N
[e 32 AoYeAULISd —  DWpPDSE 09- 000’6 9ge=""" @Iy LHd
‘0661 1® LEe="""y
12 rAOM\PAY ‘9861 e
18 12 1589 ‘7861 2venN
“Te J3 LySURWIo) L LUN e pE=TY
‘1851 T P B0 HRW 05— NPT~ N 0006 ‘N 990 oM uTumge3e[-o
'gL61 T2 13 BEZON SNV — (WU £2) 09— 000'F L Nl WsoozHd uewngy
005 0L N DM W
— — 00€- ‘N ‘001~ 00SP1="[@] ¥Rz 891="d SU0'ETLH
Y- e
AWN 1D W 500
Piesl - — 0g- 000’2 og={u] D05z Hd
“I® 19 AOWIOSTUISG Dwpo
‘D661 18 — [9Tpue0T — — - £Hd
18 rAOYAY ‘9861 geE="y
Wy pue umy ‘£861 oy et -
o o iy
“Te 19 URSUePWIo) o
‘G861°1861 T8 AL
wndiod 961 T8 spidy HAN ol PENTE=[Y)
12 eunfemny 0261 -oydsoyd 0z€- N 0056 ‘N €78 )| UNUN4eIoe]-n
‘Sunoy pue sulqqoy SNV — (wu g7y 02— 00001 ‘PBLINLI1Z=9 Wso0'zHd autaog
SUIVIS FTNFOTO NILTOW JIHSITAYIST-TIIM 'V
saTuaLTy 29044 vwz._E&.zb SAmmag Aamyaag a 2AMIINLIG mmmu:t&EcU SUOLHPUHOD) uraoLd
ngoydoiphyy  dayuiadood Auppuodas
o3 Surpuig

SU13104J Ul SIIVIS I[NQOLS) UIBOJN "Z-9 I19Vi



277

o Suipurg

panuyuod
2461 ‘prUny pue 006°S 'N rer=[l) '
: =[l) AW L
ueuedereueyjueuy —  DwpHz 0l- 00011 ¢ :u&g&w 2,06 T wﬁ
LL61 7R 0009 N
% uey _ i . 1 UES
1 ueyrderpuEyuALy 1DWps og 06 ‘.z g1~ 0059 — WeTigHd utnqor3ose;-¢
i 0006 'N B3N
066L "¢ )2 uTWrZ[OY — Baun ¢°g 000°2="%3 (N %09) 000'8 N2y W 0p 1
6861 0OFz ’
‘ParH pue Suiaug 0086 N 000°ST N Zhe=""Sy ‘.
aey pt ¢'E 1 [
‘GB6L 1B 19 suralg -  DwpH /g Qop’ £=1%73 000°LL BLNOZ=YY Wi ..m.mwa
) . [DeN JuouLioy
9961 “[2 12 dRing - — pBump s o7 err 0q pe N €o1=/%0 W ipzHd Yimou8 surrog
SLVLIS TINFOTO NILIONW 37815504 8
- AN 9ge="""y uuoj-ode
el N 000°'s ‘N Sbzin ( d
) o - e ) Waos
Z661 “[e 18 BAO YIAg SNV (WU GET) S+ (WU 207) 00S°2 Fh TN sp= /4 ZHd  Bupuiq jouney
SSE N SEE N
0661 6£E=""5 (3,9 {fawouour)
) Iutrp TTOLPEN L Iselajsue.
13UISITY pu® PIOJI — DHO /2T UIBIONL]  AAQRU WY %05 1 ‘I'E=s w ﬁ._wwm.o ounire Bmmtm%ﬂ.\
) ZeE="" 1160 Y|
20661 *Te 12 0109) SNV — 0z+ 000’11 PON'GRZ=SY  Wgp iz Hd
. 00021 N ZEE=""" ‘sg o) Sna4a2 sty
6861 "ful{ pue 0109 SNV - 00I- N ‘0 00001 NETNTE= Wet 7 ud aseuree.g
0661 ‘rudewosu przipxo Ansea eam
pue ZILMOIoH — eam g atesdnosd pyg- N woy 208 ST Wb pd
6861 stsdjoaend 95€ 1 DWwp
‘Zjlmolol pue uopire] SNY  IDHTD £'g N ueys ssap yonpy N WOy %06 'S¢ N8>y 7%/ pd asaurpoyy
A
(13jua>
aanoe sapnpun DEN  87L-[jusw3ey
6861 y3nongy) 000°€L N (IDEN N W s00 "asEapnu
‘Layao PUe SRIOYS —  Dupg g aapoeuON 0008 T0) 127 N’1Z2=5Y ‘2 Hd [essosordydeg
BPe N DeN  {epudad [puueyd)
0661 212 LIS S3UeIqUIS|y — s1s&[oa101] NOVIFUIS 277 NL0Z=5 W10 '5eHd e
(ureutop
005FL N oy Suruiog-asod)
“[e 13 pIRARD  SOURIQUIApY — S154[03100] 000FL  99°€:N99E=s  W1p%HHd ¥ U0
8961 "1 .
6861 '1e 13 MeIqeD)
‘QREL ‘SPIEYOTY  SeuRIquISW Al 108N
pue juown(] ‘gge6l Wall 000 <N 0s€ 11 Westo v uuidey
‘uopuc] pue oeyz  ‘sawosodry gam 57 SISAJOAIOU ] 000'€  '8TE N 9ge=""" ‘etHd  umxos euayydig
spidy
g861 "Wy pue -oydsoyd 00€°8L N FAvAY
257 5861 “¥ 12 YLD SNV — 0T+ N0 008"t ‘g NOSsUf DyuzevyHd  wqoRokwedy
ERTIc Ao T T
071N 00€°€ :N o3[ Jo
£861 T8 13 1ZSIALDPUOA - —  (wuQD) 08~ 005's AP NLY=S 395y H 4 wausdey
paonpal
0096 ‘N 000°S L N eam Auoutoy
9861 “[® @ UWZIOH — vam g/ 00€'L=02 0058 COCHEY WEPsH]  imosd sutog
(IDENIES'T
1e) adueypxa
d & H isurede
uononod fewsg
wsonap 86l 'N
0661 "¢ 1o Fu3( ‘cg61 LD POz T [DEN 2 awonpo)l>
‘epepm pue iysn3yQ - —  ANTEUEM 0090LN00EET ‘9T NLe=(U] Weo Tz Hd 38I0H
ﬂutm.rﬁmx qosd nw:_n__c\fﬁ SHNIIR4S Aamngag q ampng mmwu:tua_:cu SUCIIPHOT) uidjod g
ngoydodpAyy  aoyvadood) inpriorsg




278

References

Rydrophobic

Binding to
Probe

d

Cooperative

Tertiary Structure® Unfalding

b

Secondary

Structure

Compactness’

Conditions

Protein

Cave et al., 1979

6,500 NMR

~[mlzy

pH 7;42°C

Parvalbumin,

N: 7,500

9,000

carp,

Kuwajima et al,, 1988

—-20 (267 nan) 0.7 Gdm(Cl]

N 14,000

pH25-28
01=M

apo-form

N:-40; U:-15

NaCl;4.5°C

pH 15

Bewley et al,, 1982

N:-150
ON:+120

(292 nm)

N: 15,000

9,000
12,000

o-interferon

Human
Human

Arakawa et al., 1987

N: 15,000

10,000

NaCl
pH20; ¢05M —

pH35,005M —

y-interferon

Arakawa et al., 1987

+10

NaCl

radius of gyration from diffuse X-ray and neutron

, respectively; R,

1

.g ). respectively; P, polarization of fluorescence of tryptophan residues; s,

)i A e Wavelength of the maximum of tryptophan fluorescence spectrum {in nm). Data for native

(N} and unfolded (U) states (if available) are shown for comparison. A, for N-state is usually equal to 325 to 330 nm and for U-state 350 to 355 nm.
! .em™} is not stated. Data for N-state are shown for comparison. "NMR"

ficient
ndary structure.
like) NMR spectrum. "Proteolysis” means an increase in susceptibility to proteases as compared to the native state. "Fluorescence”

3

ty (in am
f tryptophan fluorescence as cornpared to the native state.

4 Molar concentrations of urea or GdmCl corresponding to the midpoint of the transition to the unfolded state.

or —[B)yp (in deg,c:m2 .dmol™) unless otherwise stated {([m']in deg.cm2 dmol™ or b, in degrees). Data for the N-state are shown for com-
® ANS: 8-anilino-1-naphthalene sulfonate.

HraE
§& %E

g g
gfgdc o
Egi 5B 2
ESfETg B
ERLE g2k
ues 5
54 -~
35 Eg
BEEgERss:
A._E -80 E
<& 8s R
E3Ey pETe
f25i 22352
&-—-. ™~
%%§ §E.
nEgIFE pe
2 E %Egs
283 A 358
58§ 6.8355
ege il

fIn these cases two overlapping urea- or GdmCl-induced transitions have been observed by [©]x, and 18], which indicates the existence of an

intermediate state.
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(continued)
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established. Therefore, it is fairly certain that these proteins adopt the
molten globule state. Table 6-2B includes proteins for which only the
presence of secondary structure and the absence of tertiary structure have
been established; the data on compactness are either absent or doubtful.
These proteins may be assumed to be in the molten globule state, although
additional information is necessary to be certain.

Four conclusions can be drawn from this table:

1. About 20 to 25 different proteins have properties similar to that
of the molten globule state. This means that the molten globule
state is not a rare exception. Rather, it is probably typical for
many proteins under mild denaturation conditions.

2. Proteins can be transformed into the molten globule state by
low or high pH, by high temperature, by moderate concentra-
tions of GdmCl or urea, and by the influence of LiClQ, and
other salts, i.e., by quite different mild denaturation conditions.

3. Proteins can be transformed into the molten globule state with-
out a change of the environment (i.e., almost under physiolog-
ical conditions) by small alterations of their chemical structure.
Some examples include:

a. Staphylococcal nuclease with 21 C-terminal residues removed
(Shortle and Meeker, 1989);

b. Point mutants of A repressor (W. A. Lim and R. T. Sauer,
personal communication);

¢. Bovine pancreatic trypsin inhibitor with reduced disulfide
bridges (Amir and Haas, 1988),

d. Bovine and human o-lactalbumins after removal of the Ca”*
ion (Kuwajima, 1989).

4. Among proteins that possess a pH-induced molten globule
state are a number of membrane-binding proteins {colicins, retinol-
binding protein, growth hormone, o- and yinterferons, dipthe-
ria toxin). The question arises as to whether the electrostatic
field of the membrane (McLaughlin, 1989; Stegmann et al.,
1989) can produce similar transitions in these proteins. This is
part of the very important question of the possible role of
molten globules in a living cell. (See Section 8.)

Table 6-2 fogtnotes, continued

" “Native” values ate the values at pH7

PTID: 3-(lriﬂu0mmethyl)-3-(m-l125|I iodophenyl)-diazirine.
“ Calculated from data for dimeric protein.

: Tlsp/ ¢ at acid pH and low ionic strength may be increased relative to the native state due to
electrostatic repulsion of tonized molecules,
All data refer to room temperature, unless otherwise stated,



7 PROTEIN FOLDING
7.1 The Molten Globule and Protein Folding

The problem of the kinetics of protein folding, especially of kinetic
intermediates in folding pathways, has been extensively reviev-ed (e.g.,
Kim and Baldwin, 1982,1990); Creighton, 1978,1990; Fischer and Schmid,
1990) and is the subject of Chapters 5 and 7 of this book. There¢ ore, this
chapter does not give a full description of the problem, but it cor. entrates
on the role of the molten globule state in protein folding and >n some
related questions.

The molten globule state was first predicted as a kinetic inter-
mediate in protein folding pathway. (See Section 4.) That hypothesis of
protein folding (Ptitsyn, 1973) suggested that folding starts with the formation
of “fluctuating embryos” of regions with secondary structure (s abilized
mainly by hydrogen bonds), followed by the collapse of these regions into
an “intermediate compact structure” (stabilized mainly by hydrophobic
interactions) and completed by the adjustment of this intermediate struc-
ture to the unique native structure (driven by van der Waals and other
specific interactions). This hypothesis implies that the positions of the
embryos of secondary structure in an unfolded chain must be close to their
positions in the folded globular state and that the tertiary fold of the
polypeptide chain in a compact intermediate must be similar to that in the
final native structure. This scheme has subsequently been designated the
“framework model” (Kim and Baldwin, 1982).

The first experimental evidence for the existence of a compact
kinetic intermediate during protein folding was obtained using urea-
gradient gel electrophoresis near 0°C (Creighton, 1980; Creighton and
Pain, 1980). It has also been shown that the folding of B-lactamase
(Robson and Pain, 1976b) and carbonic anhydrase (McCoy et al., 1980) is
accompanied by the accumulation of kinetic intermediates that have
pronounced secondary structure (monitored by far-UV CD) but no rigid
tertiary structure (monitored by near-UV CD). Similar evidence has been
obtained using amide hydrogen exchange and “H labeling for RNase A
(5chmid and Baldwin, 1979; Kim and Baldwin, 1980). Finally, Dolgikh et
al. (1984) have shown that the early kinetic intermediate of bovine
carbonic anhydrase B has viscosity and far-UV ellipticity similar to those
of the native state, but has no rigid tertiary structure and no enzyme activity.
Therefore, it was concluded that the molten globule state accumulates
during protein folding.

All of these studies have not answered, however, the question of
the time scale for the formation of the molten globule state and particularly
for the time scales of the formation of secondary structure and of the
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molecular globularization. These questions have been answered only after
the development of methods for the rapid monitoring of these processes
(Gilmanshin, 1985,1988; Kuwajima et al,, 1987; Gilmanshin and Ptitsyn,
1987; Semisotnov et al., 1987,1991a: Ebert et al., 1990).

7.2 Secondary Structure

By combining far-UV CD and the stopped-flow technique, Kuwajima et
al. (1987), Gilmanshin and Ptitsyn (1987), Goldberg et al. (1990), and
Semisotnov and Kuwajima (unpublished data reviewed by Ptitsyn and
Semisotnov, 1991} have shown that the far-UV ellipticity of proteins
changes drastically at a very early stage of their folding (within the dead time
of these experiments, which is approximately 0.01 sec). The negative far-UV
ellipticity that is reached after 0.01 sec can be smaller, equal to, or even
greater than the native value, but in all cases it is substantially different from
the value for the unfolded protein. This suggests the very fast formation of
pronounced secondary structure at an early stage of protein folding.

it the far-UV CD ellipticity value reached after 0.01 sec is not equal
to the native value, is usually approaches this value relatively slowly, with
a rate comparable to the rate of restoration of the rigid tertiary structure
monitored by near-UV ellipticity (Kuwajima et al., 1987,1988; Gilmanshin
and Ptitsyn, 1987; Goldberg et al., 1990); this is illustrated in Figure 6-8.

The interpretation of these data must take into account that the
tar-UV CD is very likely influenced by the contribution of aromatic side
chains, which can be much greater in the native, rigid state than in nonrigid
intermediates. (See Section 3.4.) Therefore, only the change of the far-UV
ellipticity that occurs before the change in the near-UV can be unambigu-
ously interpreted, while the slow changes can also reflect the increase in the
aromatic side chain contribution. Even an absence of slow changes may not
indicate that the secondary structure content is constant, as it could be due

to changes of secondary structure and the aromatic contribution compen-
sating each other.

7.3 Globularization

To study the next step of protein folding—the collapse of the protein
molecule—energy transfer from Trp residues to fluorescent dansyl labels
has been used (Semisotnov et al., 1987; Ptitsyn and Semisotnov, 1991). If the
Trp residues are close in space to dansyl labels, part of their excitation
energy can migrate to the dansyl groups and be emitted as dansyl fluorescence,
even if it is the Trp residues that are excited. In proteins with several Trp
residues and/or several dansyl labels, energy transfer is averaged over all
the Trp-dansy pairs; it therefore must reflect the overall dimensions of the
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FIGURE 6-8. Far and near UV circular dichroism spectra of B, subunit of
tryptophan synthase in the unfolded and folded states and time-dependence of
molar ellipticities at 225 nm (A) and at 285 nm (B) upon of its refolding from
5.5 t0 0.5 M urea at 12°C. (Adapted from Goldberg et al., 1990)

protein molecule. In addition, the intensities of electron spin resonance
signals of labels covalently attached to a protein also can be used to monitor
the compactness of a chain (Semisotnov et al., 1987; Ebert et al,, 1990),
because these intensities depend upon the environment of labels. Special
experiments on protein equilibrium unfolding (Rodionova, 1990; see also
Ptitsyn and Semisotnov, 1991) have shown that the energy transfer and ESR
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signals can be used to monitor the kinetics of the molecular collapse of
protein folding.

Figure 6-9 illustrates the kinetics of the restoration of the native
level of energy transfer, measured by the intensity of dansyl fluorescence
at Trp excitation, for bovine carbonic anhydrase B, and for fi-lactoglobulin,

FIGURE 6-9. Kinetics of energy transfer increase, monitored by the increase

of dansyl fluorescence, during (A) carbonic anhydrase refolding from 8.5 to
4.2 M urea at 23°C and (B) B-lactoglobulin refolding from 4 to 0.4 M GdmCli
at 4.5°C. (Adapted from Ptitsyn and Semisotnov, 1991)
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which reflects the collapse of the protein molecules. In both proteins, the
collapse occurs much more slowly than does the formation of a substantial
part of secondary structure; in both proteins, the CD molar ellipticity in the
far-UV region changes drastically within the first 0.01 sec.

As has been mentioned already (Section 4), a sensitive test for the
molten globule state is the binding of a hydrophobic probe, such as ANS
(Semisotnov et al., 1987,1991a; Rodionova et al., 1989). The kinetics of ANS
binding in carbonic anhydrase and in B-lactoglobulin, as measured by the
increase in ANS fluorescence, consist of two phases (Semisotnov et al.,
1991a; Ptitsyn and Semisotnov, 1991). The first phase occurs within the
dead time of the experiment (about 0.01 sec), while the second practically
coincides with the kinetics of restoration of energy transfer (Semisotnov
etal., 1987; Ptitsyn and Semisotnov, 1991). The first phase may reflect
ANS binding to the forming secondary structure and/or the first stage of
molecular collapse, which is not sufficient to be monitored by energy
transfer (Ptitsyn and Semisotnov, 1991). On the other hand, the coincidence
of the second stage of ANS binding with the kinetics of restoration of energy
transfer suggests that the globularization of a protein molecule leads to the
formation of a nonpolar core (Semisotnov et al., 1987,19914; Ptitsyn and
Semisotnov, 1991). Therefore, the increase in ANS fluorescence can be used
to monitor the formation of the molten globule state.

The left part of Figure 6-10 illustrates the increase of ANS binding
that occurs upon the folding of six proteins (Ptitsyn et al., 1990; Goldberg
etal, 1990). These data show that the globularization of a protein molecule,
with the formation of a solvent-accessible nonpolar core, occurs in a time
that varies from 0.05 sec (for B-lactamase at 23°C) to a few seconds (for the
B, subunit of tryptophan synthase; Goldberg et al., 1990), As the time
required for ANS binding to the molten globule state is less than 0.002 sec
(Semisotnov et al,, 1991a), these times reflect the rates of formation during
protein folding of a kinetic intermediate with strong affinity for ANS,

7.4 Tertiary Structure

The right part of Figure 6~10 shows the decrease in ANS fluorescence that
occurs during folding. This release of ANS from the protein suggests that
the non- polar core of the protein is being screened from the solvent. At least
in one case, for carbonic anhydrase (Semisotnov et al., 1987), it was shown that
high field "H-NMR resonances appear simultaneously with ANS desorption.
This suggests that the screening of the nonpolar core occurs simultaneously
withits tight packing. The restoration of near-UV CD ellipticity and of protein
activity in a number of proteins also occurs simultaneously with ANS
desorption (Goldberg et al., 1990; Semisotnov and Kuwajima, unpublished
data). In some cases, however, as with carbonic anhydrase (Semisotnov et
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al., 1987), the restoration of near-UV ellipticity and of enzymatic activity
occurs more slowly than does ANS desorption and the appearance of high
field '"H-NMR resonance; this suggests that the solidification of a protein
core can precede formation of the full native tertiary structure.

Slow phases of protein folding, which can be as slow as 500 to
2,500 sec at 25°C, are often due to cis,frans isomerization of peptide bonds
preceding Pro residues (Kim and Baldwin, 1982,1990; Chapter 5) as
described by the proposal of Brandts et al. (1975) which was extended by
Semisotnov et al. (1990). This is not always the case, however; in horse
(Betton et al,, 1985), pig, and yeast (Semisotnov et al., 1991b) phos-
phoglycerate kinases, slow refolding stages do not depend upon the time
of preincubation of the protein in the unfolded state and therefore are not
due to ’'ro peptide bond isomerization.

7.5 The Molten Globule as a General Kinetic
Intermediate

All proteins studies thus far have early kinetic intermediates with strong
affinity for ANS, i.e., with a solvent-accessible nonpolar core. The compact-
ness of these intermediates has been confirmed for some proteins by more
direct methods: urea gradient electrophoresis, energy transfer, and viscosity
measurements. (See above.) All of these kinetic intermediates have pro-
nounced secondary structure, as indicated by their far-UV CD ellipticities
(Kuwajima et al., 1987; Goldberg et al., 1990; Ptitsyn and Semisotnov, 1991).

On the other hand, these kinetic intermediates have no rigid tertiary
structures. For example, '"H-NMR spectra of kinetic intermediates of carbonic
anhydrase (Semisotnov et al.,, 1987; Ptitsyn and Semisotnov, 1991) and of
f-lactamase (Ptitsyn et al., 1990) are much simpler than are the spectra of
the native proteins and are similar to the spectra of thermodynarmically
stable molten globules. Near-UV CD ellipticities of these kinetic intermedi-
ates are virtually absent (Robson and Pain, 1976a,b; McCoy et al., 1980;
Dolgikh et al., 1984; Kuwajima et al., 1987,1988; Gilmanshin and Ptitsyn,
1987; Goldberg et al., 1990; Ptitsyn and Semisotnov, 1991). In addition, these
intermediates are totally inactive enzymatically (Ikai et al., 1978; McCoy et
al., 1980; Dolgikh et al., 1984; Mitchinson and Pain, 1985; Semisotnov etal.,
1987; Ptitsyn and Semisotnov, 1991).

All of these data taken together leave little doubt that a protein
molecule while folding passes through an early kinetic intermediate that is very
similar to the equilibrium molten globule state.

The list of proteins for which these kinetic intermediates have been
observed includes carbonic anhydrase, a-lactalbumin, B-lactoglobulin,
P-lactamase, phosphoglycerate kinase (Ptitsyn et al., 1990; Ptitsyn and
Semisotnov, 1991), and the [}, subunit of tryptophan synthase (Goldberg et al.,
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1990). In add ition, strong evidence for a molten globule kinetic intermediate
has been obtained by Roder et al. (1988) for cytochrome ¢ and by Matouschek
et al. (1989,1990) and Bycroft et al. (1990) for barnase (Section 7.6). These
proteins belong to different structural types and include both single- and
multidomain proteins, as well as proteins with and without disulfide bridges.
Therefore, we can conclude that the molten globule state is a general interme-
diate in protein folding (Ptitsyn et al., 1990; Ptitsyn and Semisotnov, 1991).

In addition, there are a number of proteins including RNase A
(Schnid and Baldwin, 1979; Kim and Baldwin, 1980), lysozyme (Kuwajima
et al., 1985; Ikeguchi et al., 1986), the & subunit of tryptophan synthase
(Beasty and Matthews, 1985), growth hormone (Brems et al., 1987) and
parvalbumin (Kuwajima et al., 1988) for which it has been shown that their
early kinetic intermediates have secondary structure but do not have rigid
tertiary structures although the compactness of these intermediates has not
been demonstrated.

7.6 Native-like Features of Structural
Organization

Now we know (Ptitsyn et al., 1990; Ptitsyn and Semisotnov, 1991} that
protein folding includes at least three main stages:

1. Formation of a substantial part of the secondary structure (<10 sec);
2. Formation of a compact (molten globule) intermediate (<1 sec);
3. Formation of a rigid tertiary structure (1 to 10” sec).

These three stages coincide with the predictions made by Ptitsyn (1973)
and occur in the folding of all proteins studied by his group. Sometimes,
the last stage can split into two or more stages-~the formation of the rigid
structure of a protein core can precede the formation of the full tertiary
structure described previously. Table 6-3 illustrates these three stages for
carbonic anhydrase.

These main stages of protein folding, monitored by methods
sensitive to the structure of a molecule as a whole, give a “time frame” for
the consideration of other, more specific events that can occur during
protein folding and reflect the formation of some native-like features of
structural organization.

A powerful method of looking for these specific events is to use
hydrogen exchange to label protected NH groups of kinetic intermediates,
with subsequent identification of the protected groups in the refolded
protein by 2D-NMR (Udgaonkar and Baldwin, 1988; Roder et al., 1988).
These studies identify NH groups that have been protected from exchange,
and therefore were involved in some structure, at different stages of folding.

/I
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TABLE 6-3. Folding Stages of Bovine Carbonic
Anhydrase B (4.2 M urea, 23°C)

Half-time
Formation of Technigues 1 (sec)? References
: intic b <<0.01 ; d
Secondary structure  Ellipticity at 222 nm Semisotnov an
Kuwajima,
unpublished results
Molten globule Energy transfer (.04 Semisotnov et al,, 1987
{(compact state) Spin-label immobilization 0.03 Semisotnov et al., 1987;
Ebert et al., 1990
Molten globule ANS binding 0.04 Semisotnov et al.,
(solvent-accessible 1987,1991a
nonpolar core)
Screened and tightly  ANS desorption 140 Semisotnov et al.,
packed nonpolar High-field NMR 140 1987,1991a
core
Native tertiary Ellipticity at 270 nm 580 Senusotnov et al., 1987
structure Esterase activity 530

* For monoexponential process with rate constant &, the half-time is given by t, 2=0n2)/k.
e Ellipticity at 222 nm can also be influenced by the contribution of aromatic side chains,

Interpretation of these data is based on the assumption that “most highly
protected amide protons in native proteins are both hydrogen-bonded
and inaccessible to solvent” {Udgaonkar and Baldwin, 1988). A good
illustration is that in the molten globule state only NH groups involved in
a-helices are protected but their protection is much weaker than in the
native state. (See Section 3.5.) This suggests that both the presence of
secondary structure and its screening from solvent are umportant for sub-
stantial protection from exchange.

Using this method, it has been shown that the NH groups of
residues that are part of f-sheets and of the main a-helices in the native
conformations of RNase A (Udgaonkar and Baldwin, 1988,1990) and of
barnase (Bycroft et al., 1990) are protected at early stages of folding, while
NH groups involved in the final tertiary structure are protected later. These
data suggest that the secondary structure that is formed at the beginning
of the folding process is present in the same positions in the polypeptide
chain as in the native conformation, in accordance with the framework
model (Udgaonkar and Baldwin, 1988).

Even more interesting results have been obtained for cytochrome
¢ (Roder et al., 1988), where the NH groups of the N- and C-terminal
0-helices became protected very early in folding, with a half-time of
approximately 107 sec. That these a-helices are protected simultaneously
(Roder et al.,, 1988) and that their protection follows the same pH-dependence
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(Roder, private communication) suggests that protection reflects their docking,
rather than their independent formation. This is extremely important evi-
dence that the basic feature of the tertiary fold of this simple protein is
formed at a very early stage of its folding pathway. It is especially inter-
esting that the rate of this packing is close to the rate of the first stage of
fluorescence quenching of the single Trp residue, number 59, as a result of
its proximity to the heme group, which suggests that “association of chain
termini may be accompanied by a general condensation of the initially
unfolded chain” (Roder et al,, 1988). In this case aiso, NH groups involved
in the tertiary structure are protected later.

It is worthwhile to mention that the NH groups of some elements
of secondary structure, for example, the o-helices of residues 60 to 69 and
71 t0 75 in cytochrome ¢ (Roder et al., 1988) and the N-terminal o-helix in
RNase A (Udgaonkar and Baldwin, 1990), become protected only at the
same time as restoration of the tertiary structure, and much later than the
other elements of secondary structure.

The protein for which the general time frame of tolding has been
most carefully compared with specific events is the {3, subunit of tryptophan
synthase, which has been extensively studied using energy transfer {Blond
and Goldberg, 1986) and monoclonal antibodies specific for the native
protein (Blond and Goldberg, 1987; Murray-Brelier and Goldberg, 1988;
Blond-Elguindi and Goldberg, 1990) to monitor specilic events of protein
folding, such as the approach of two pairs of residues and the formation of
an antigenic determinant. These specific events have been compared to the
restoration of the overall characteristics of protein structure (Goldberg et
al., 1990). The results presented in Table 6—4 show that an antigenic deter-
minant is formed within the molten globule state, before formation of the
rigid tertiary structure, while the close interaction of Trp177 with Lys87,
which are well separated along the polypeptide chain, occurs simulta-
neously with the first stage in formation of the rigid tertiary structure,

A new interesting approach to the study of the role of various
interactions in protein folding has been proposed by Matouschek et al,
(1989,1990). By changing different residues by site-specific mutagenesis,
they have determined the contribution of these residucs to the free energies
of three stages of protein folding: a kinetic intermediate (before the free
energy barrier), the transition state (at the barrier), and the fully folded state
(after the barrier). Applying this approach to barnase, and combining it
with NMR data, they came to the following conclusions:

1. All three a-helices and all B-strands of barnase are already
formed in the early kinetic intermediate;

2. The C-terminus of the first a-helix (residues 6 to 18) also is
stabilized in thjs intermediate;
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3. The hydrophobic core of barnase is present in the early inter-
mediate, becomes more condensed in the transition state, and
reaches its final tight packing in the folded state;

4. The N-termini of the first (residues 6 to 18) and the second
(residues 26 to 34) a-helices become stabilized only in the final
folded state.

and Goldberg,
1988; Blond-
Elguindi and
Goldberg, 1986

Goldberg, 1986
Goldbergetal,
1990

Goldberg et al.,
1990

Goldberg et al.,
1990

Murry-Brelier
Goldberg, 1990

Blond and

Blond and

Goldberg et al.,
1990

These data are consistent with the kinetic intermediate in barnase
being the molten globule state and with the packing of nonpolar groups in
the protein core increasing in the sequence molten globule — transition
state — folded state, as predicted by the theory of protein denaturation of
Shakhnovich and Finkelstein (1989). They contain much additional infor-
mation, as they present perhaps a detailed picture of what happens at
different stages of protein folding.

These data indicate that the native features of protein structure
may form at different stages of protein folding. Some features are formed
simultaneously with the molten globule, such as the docking of the N- and
C-terminal helices in cytochrome c, others are formed within the molten
globule state such as the antigenic determinant in B; subunit of tryptophan
synthase, and some (such as the N-termini of a-helices in barnase) occur
only in the final native state. Many more experiments are needed to clarify
this complicated picture.
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8 POSSIBLE ROLES OF THE MOLTEN GLOBULE

Is the molten globule state described in this chapter only a curious feature
of proteins in vitro or is it involved with proteins in a living cell? Trying to
answer this question, it must be remembered that a dilute solution of one
proteil: in a “native” buffer is far from being the ideal model for proteins in a
cell. In fact, proteins ina living cell can be subjected to different mild denaturing
influences, such as high temperatures, low pH, membranes, and so forth.
Therefore, it is not meaningless to consider the possible roles of “slightly
denatured” proteins, including the molten globule state, in a living cell.

f]/: (sec)

0-5 sec
003
0.2

1

57

<0.01 sec
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<0.007
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1. The typical time for biosynthesis of a polypeptide chain is
approximately 10 to 100 sec. It is greater than the time for
formation of the molten globule state (about 1 sec), but much
less than the time for maturation of rigid native structure in
some proteins, which can be as long as 10° sec. (See Section 7.4.)
Therefore, a nascent polypeptide chain during and im-
mediately after its biosynthesis may be in the molten globule
state. Cells may even want to keep a nascent protein in this
state, as it is sufficiently flexible to adjust to subsequent events,

Technigue
Ellipticity at
225 nm
ANS binding
Monoclonal
antibody
binding
Energy transfer —
desorption
285 nm

ANS

TABLE 6-4. Folding Stages of B, Subunit of E.coli Tryptophan Synthase (0.5 M urea; 12°C)

nonpolar core
Native tertiary  Ellipticity at

determinant

with Lys 87

with Cys 170
Screened

nonpolar core)
Native-like
Closing Trp 177

structure
Molten globule
(solvent-
accessible
antigenic
structure

“ Slow change of ellipticity at 225 nm may be determined or at least influenced by contribution of aromatic side chains.
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such as oligomerization, transmembrane transport, and so

forth. In fact, it is known that:

a. Heat-shock GroEL protein binds and stabilizes a non-native
state of a nascent polypeptide chain (Bochkareva et al., 1988;
Rothman, 1989);

b. Some heat-shock proteins bind inactive subunits of oligomeric
proteins to prevent them from nonspecific aggregation
and/or to transport them to the place of their assembly
(Pelham, 1986; Ellis, 1987,1990; Schlesinger, 1990);

¢. Some heat-shock proteins bind secretory and imported pro-
teins to prevent them from premature tight folding or aggre-
gation (Deshaies et al., 1988) and are involved in
transmembrane protein translocation (Goloubinoff et al,
1989; Scherer et al., 1990; Lazdunski and Benedetti, 1990).

Therefore, it is reasonable to assume that some heat-shock
proteins, particularly GroEL, recognize and bind a nascent protein in
the molten globule state (Bychkova et al., 1988). Recently, this
assumption has been confirmed by Semisotnov et al. (1992), who
have shown that GroEL retards protein folding, both when it is
added at the time when protein is completely unfolded and
when it is added 1 to 2 sec later, when the protein is already
folded into the molten globule state.

. There is numerous evidence (Vestweber and Schatz, 1988;

Vestweber et al., 1989; Lazdunski and Benedetti, 1990) that proteins
cannot be translocated through membranes in the native state,
but are competent for translocation when in a non-native state
in which they are susceptible to proteolysis. This has given rise
to the idea (Bychkova et al., 1988) that the molten globule state
might be involved in protein translocation through membranes.
Itis confirmed by the evidence that proteins can bind to membranes
or micelles at low pH (e.g., Zhao and London, 1986; Kim and
Kim, 1986), when at least sorme of them might be in the dena-
tured, molten globule state. It is possible that the interactions
of proteins with the membrane surface trigger their transition
to the molten globule state, in which they can easily adapt,
perhaps by partial unfolding, to various environments, such as
water, membrane surface, and the inner part of a membrane.
There is evidence (Rassow et al., 1990; Neupert et al., 1990) that
the part of the protein chain that is transversing the contact site
of mitochondrial membranes is in an extended conformation.

. It is possible that protein degradation in lysosomes, at acid pH,

or by ATP-dependent proteosomes, as in the ubiquitin-depen-
dent system, can be facilitated by prior denaturation, which

may be the transition to the molten globule state. It is interest-

ing that a heat-shock protein is involved in lysosomal protein
degradation (Chiang et al., 1989).

Although very little is known about non-native protein states in a living
cell, the possibility that they might play a role in cell processes is intriguing.

9 CONCLUSION

In summarizing this chapter, it should be emphasized that there is now no
doubt that the molten globule state actually exists as a separate equilibrium
state of protein molecules, that it occurs frequently in denatured proteins,
and that it plays an important role in protein folding. The main question that
has to be answered is to what extent the equilibrium molten globule state
possesses the native tertiary fold of the corresponding protein and at what
stage in the formation or maturation of the molten globule-like kinetic inter-
mediate it achieves the native tertiary fold. A very intriguing question, of course,
is the possible role of the molten globule state in protein life in a living cell.
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Note

Recently two important papers have been published that directly confirmed
the suggestion (Bychkova et al., 1988) that the molten globule may be
physiologically important. J. Martin et al. (1991, Nature 352, 36-42) have
shown that dihydrofolate reductase and rhodanese being in the complexes
with GroEL are in the molten globule state. They came to the conclusion
that “a molten globule-like pre-folded state is a physiological, early inter-
mediate of chaperonin-mediate folding.” F. G. van der Goot et al. (1991,
Nature 354, 408-410) have shown that pH-dependence of the membrane
insertion of the pore-forming domain of colicin A correlates with its transition
into the molten globule state. This paper documents a local pH decrease
near negatively charged membrane surface (see p. 282), which has been
measured and taken into account. Thus the idea of the physiological role
of the molten globule state may be meaningful.
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