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Abstract—In this review, we describe traditional systems where the molten globule (MG) state has been detected and give a
brief description of the solution of Levinthal’s paradox. We discuss new results obtained for MG-mediated folding of “non-
traditional” proteins and a possible functional role of the MG. We also report new data on the MG, especially the dry molten

globule.

DOI: 10.1134/S0006297918140043

Keywords: protein self-organization folding, phase transitions in proteins, kinetics of protein folding, molten globule, for-
mation and association of protein secondary structure, free-energy barrier, Levinthal’s paradox

Forty-five years ago, Oleg B. Ptitsyn proposed a
hypothesis of a stepwise mechanism of protein self-
organization [1]. The available data on renaturation of
globular proteins indicated that the primary structure of a
protein carries information about its spatial organization
[2, 3]. However, the protein chain is simply unable to
sample all possible conformations in search for its unique
spatial structure during a reasonable time (this is the so-
called “Levinthal’s paradox” [4]). Therefore, it was only
natural to assume that protein self-organization is a
directed multi-step process (Fig. 1). With almost no
experimental results to proceed from at the time (1973),
Ptitsyn proposed that the key step in the process is the
formation of what we now call the “molten globule”
(MG) [1].

In 1995 Ptitsyn published his extensive, detailed, and
most informative review on the “Molten Globule and
Protein Folding” [5], where this intermediate was shown
to occur not only in the course of protein folding, but also
during its denaturation, interaction with membranes,

Abbreviations: ANS, 8-anilino-1-naphthalenesulfonic acid;
apoMb, apomyoglobin; ASA, accessible surface area; Bo-LA,
bovine alpha-lactalbumin; 3-LG, B-lactoglobulin; DHFR, dihy-
drofolate reductase; FRET, fluorescence resonance energy trans-
fer; Ha-LA, human alpha-lactalbumin; HSQC, heteronuclear
single-quantum correlation (of NMR spectra); MG, molten
globule; N, I, U are native, intermediate, unfolded state, respec-
tively; TS, transition state; TTET, triplet—triplet energy transfer;
WMG and DMG, “wet” and “dry” molten globule, respectively.
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protein—protein interactions, etc. That review also cov-
ered the equilibrium molten globule, phase transitions in
proteins, kinetics and mechanisms of protein folding, and
the physiological role of the molten globule.

The years after publication of this review have
brought better understanding of how a polypeptide chain
finds the right way to its native, functional structure,
which intermediates and transitional states it must over-
come, and what is the energy of this process (see reviews
[6-17] and references therein). Novel methods have been
developed and applied to protein folding studies; they
have revealed various details of the process of protein
structure formation. In the same years, the attention of
researchers was shifted towards protein “misfolding”,
especially amyloid formation [6].

HISTORICAL EXCURSUS: THE MOLTEN
GLOBULE IS A COMMON INTERMEDIATE
IN THE PATHWAY OF GLOBULAR PROTEIN

SELF-ORGANIZATION

This section of the current review relates to the 50th
anniversary of the Institute of Protein Research, Russian
Academy of Sciences, and to the same anniversary of the
Protein Physics Laboratory that Ptitsyn founded at the
Institute. Here we focus on Ptitsyn’s concept (1973) that
self-organization of a protein molecule necessarily results
from a directed process encoded in its amino acid
sequence and realized in time as a series of steps.
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Fig. 1. The stepwise model of protein folding [1]. Secondary struc-
ture elements are shown: a-helices (cylinders) and -sequences
(arrows). Both predicted intermediates were later experimentally
demonstrated and termed the “pre-molten” and “molten” glob-
ules.

At that time, Ptitsyn’s team was developing a theory
of formation of the secondary structure of globular pro-
teins [18-25]. They showed that the stabilization of heli-
cal and elongated [-structural regions in the protein
globule is determined by inferactions between distant
chain regions rather than local ones. However, local
interactions alone are good enough for finding the sec-
ondary structure localization because they are related to
long-range interactions that stabilize helical and p-struc-
tural regions exactly at the sites of local interactions
within the unfolded chain. (Later, it was shown that sta-
tistically reliable matching of different interactions is
necessary for the stability of a protein structure [26].)
The further developed theories on other secondary struc-
ture elements, such as bends and loops, showed that their
localization also originates from local interactions and
are then stabilized by long-range interactions during for-
mation of the globular structure [1, 18-25]. In other
words, the type and localization of protein secondary
structures are largely determined by the local amino acid
sequence, although this structure is stabilized mostly by
long-range rather than local interactions between chain
regions.

Ptitsyn’s hypothesis implied that the fluctuating sec-
ondary structure seeds originate mostly from local inter-
actions (primarily H-bonding) within the unfolded pro-
tein chain. Then they coalesce to form a compact globu-
lar structure (Fig. 1), which is not yet the unique native
structure, but only an intermediate resulting mostly from
nonspecific interactions between amino acid residues and
the surrounding medium (water and the hydrophobic
core of the incipient globule) [1, 21].

According to Ptitsyn’s hypothesis, further formation
of the unique native structure consists of adjusting this
intermediate, where the main role should be played by
specific forces of interaction between adjacent amino acid
residues. This hypothesis is based on the theory of helical
structure of globular proteins, which indicated that the
stabilization of helical regions in compact globules is
determined mainly by long-range interactions rather than
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by local interactions, whose strength and specificity is not
large [19, 20, 23, 25].

Secondary structure. The formation of secondary
structure is of great importance because it not only
decreases the chain volume and helps its transition from
the aqueous medium to the globule, but it also contributes
to correct topology of the chain (its spatial architecture),
which is already an element of the tertiary structure.
Experiments in support of this concept were reported later
([27], see also [47, 75, 78-80]) showing that H-bonding
leads to protein compaction when a urea-unfolded chain
is transferred into a “poor” solvent (water in this case)
[27, 28]. At early stages of protein folding, seeds of sec-
ondary structure that is afterwards observed in the native
protein usually appear. An interesting exception is exem-
plified by beta-lactoglobulin (B-LG) [29-32]. It has an
early kinetic intermediate with a nonnative o.-helix whose
presence there before the globule has been formed is not a
great surprise, because the B-LG site containing this helix
is known to encode precisely an a-helical structure; fur-
ther transition of this helix to B-structure is dictated by
tertiary interactions. This example shows that the men-
tioned coordination of different interactions in a protein
has a statistical rather than absolute character [26].

The MG, an equilibrium intermediate state. Ptitsyn’s
hypothesis proposed in 1973 was developed in his subse-
quent works [21, 23, 33-35]. Concurrently, experimental
studies of protein denaturation revealed an equilibrium
intermediate [36] termed the “molten globule” (MG)
[37] that showed properties of the folding intermediate
predicted in 1973 (see [10, 34, 36], [38] and references
therein, [39]). Studies of protein folding kinetics also con-
firmed the existence of kinetic intermediates of the MG
type (see [5] and references therein, [34, 35, 38, 40, 41]).

The Protein Physics Lab was broadly involved in
these studies ([41-44], also see references in review [45]).
Specifically, a method using MG staining with ANS dye
was proposed to test the accessibility of the hydrophobic
MG core for solvents [43, 44, 46]. This method proved to
be most useful in identifying the equilibrium MG [46].

As emphasized by Ptitsyn’s hypothesis, the forma-
tion of a native-like topology is a must for the existence of
the MG. This requirement was later demonstrated for
bovine alpha-lactalbumin (Ba-LA) [47, 75, 78], a cold
shock protein [48], and other proteins [10, 49].

Proteins folding with intermediates (multi-state pro-
teins) and without intermediates (two-state proteins).
Studies of protein folding kinetics revealed that proteins
mostly fold via their intermediate states formed in the
folding pathway [41, 49, 50]. Proteins having more than
two states (native, one, or several intermediates, and fully
unfolded) are called “multi-state proteins”. In their fold-
ing pathways, there are not one, but at least two free-
energy barriers (Fig. 2).

However, some proteins, which are usually small in
size, fold via one barrier, i.e. they have only two states —
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Fig. 2. Free-energy profiles for proteins having in their folding pathway two (a), three (b), four (c), and five (d) states (free-energy minima),
i.e. one, two, three, or four Kinetic stages, respectively. TS or TS*, the main rate-limiting folding intermediate (main free-energy maximum)
is always positioned before the tightly packed, native, or “almost native” state, and the transition between them is often associated with pro-

line isomerization in the tightly packed globule [41].

native and unfolded (two-state proteins) (Fig. 2a) [49-
51]. Galzitskaya and colleagues [52] and then Kamagata
and colleagues [49, 50] have analyzed the data on folding
kinetics of both protein types. Their conclusion was that
the folding rate constants of multi-state proteins (signifi-
cantly different in size) correlate well with the protein
chain length. On the other hand, differences in the fold-
ing rates of small two-state proteins correlate with the
backbone native topology (more precisely, with the aver-
age distance between interacting amino acid residues)
[53], but not with the backbone length, although the lat-
ter becomes important in large two-state proteins (few in
number) [54]. Kamagata and colleagues concluded [49]
that the multi-state protein folding (Fig. 2, b and c¢)
through accumulation of the productive kinetic interme-
diate (i.e. MG) represents a common model of the pro-
tein folding mechanism, while the intermediate-free
folding of two-state proteins is a simplified version
(Fig. 3) of this mechanism.

One review [11] reports that intermediates are pres-
ent even in the folding pathway of proteins that initially
were believed to be two-state proteins. Figure 3 demon-
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strates why the same protein can show both two-state and
multi-state behavior depending on conditions.

It is stated in [11] that the nonlinear character of the
dependence of the folding rate logarithm on the final
denaturant concentration (Fig. 4), which is sometimes
observed in folding kinetics of two-state proteins, often
results from the presence of intermediates that are stable
(in comparison with U) only at low concentrations of the
denaturant; with increasing denaturant concentration
their stability decreases, and they cannot be observed. This
study also reports that the model of successive protein
folding predicts stabilization of intermediates under spe-
cific conditions, supposedly due to changes in solvent
composition. For example, the addition of sodium sulfate
(which increases the stability of protein structures) leads to
the appearance of an additional “burst” phase (reflecting
the presence of intermediates) in mutants of ubiquitin [56]
and tendamistat [57], while a change in pH causes the
three-state folding of hisaxtophilin [58]. For protein G and
the immune modulator Im, a pH change together with the
addition of sodium sulfate also results in the appearance of
folding intermediates [59, 60]. As mentioned above, the
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Fig. 3. Scheme demonstrating why the same protein can show
either three-state or two-state behavior depending on conditions,
although its local free-energy minimum always corresponds to the
folding intermediate. The main folding-rate-limiting maximum of
free energy (TS) precedes the N-state. a) The free-energy profile
for transition from the unfolded (U) state to the native (N) state
through an intermediate (I) for the case when N is much more sta-
ble than U. Here, in comparison with U, I is stable in the wild-type
(WT) protein and unstable in the mutant (muf); this difference is
shown in the gray I area as a solid or dotted line, respectively. This
figure illustrates the situation when only I is affected by the muta-
tion. The U-to-N transition is a two-stage process (U - I — N)
in case of the WT protein (behaving like a three-state protein)
because the TS-preceding I is more stable than U. However, for a
mutant behaving like a two-state protein, the folding seems to be
one-stage (U — N) because in comparison with U, the I-state is
unstable, and therefore cannot be observed in an experiment. b)
The U-to-N transition for the case when N is only slightly more
stable than U. With increased free energy, N and U stabilities
become still closer to each other, thereby making the I-state unsta-
ble, which results in one-stage character of the U — N transition
in both the WT and mut proteins. In other words, here the WT pro-
tein (and the mut too) behaves like a two-state protein. ¢) The N-
to-U transition for the case when U is more stable than N. Then,
this N — U transition is a one-stage process (like that of the “all-
or-none” type [55] in two-state proteins) because the overall free-
energy maximum (TS) is positioned between N and I, thus allow-
ing the slow N — I transition to mask the rapid I — U transition.

presence of intermediates is manifested as nonlinearity of
the dependence of the folding rate constants on the final
denaturant concentration (chevron plots, see Fig. 4).

This behavior of the kinetic curves was observed to
result from change in temperature and from a mutation
made in the “WW domain” [61, 62]. The authors of those
studies emphasize that the difference between the two-state
and multi-state protein folding is related to the difference
in stability of partially folded intermediates. It is noted that
the above-mentioned curvature of the left side of the
chevron plot (Fig. 4) is caused exclusively by the interme-
diates (due to changes in the rate-limiting step), whose sta-
bility increases with decreasing denaturant concentration.
In addition, the authors suggested that the presence of
intermediates is of importance for the folding process,
because the conformational space becomes narrower, thus
facilitating the search for the native contacts [63].

Folding intermediates arising in different conditions
belong to one and the same region of the diagram of protein
conformations. It often comes into question whether
intermediates observed under different conditions (pH,

no transitions between them [64].

MULTIPLICITY OF INTERMEDIATE STATES
IN GLOBULAR PROTEIN FOLDING:
NEW RESULTS ON MOLTEN GLOBULES,
INCLUDING “DRY” MOLTEN GLOBULES

The problem of intermediate diversity is closely con-
nected with that of protein folding. As early as 1989,
Finkelstein and Shakhnovich proposed a theory of ther-
modynamic states of a protein chain [65-67]. According
to this theory, in the folding chain the stable (or
metastable) MG must occur between the N- and U-
states. In addition, the theory distinguished “wet” MG
(WMG) and “dry” MG (DMG); unlike the latter, the
WMG implies that the solvent penetrates pores of the
melted (loosened) protein (Fig. 5). It was proposed [65-
67] that in most cases a WMG is more stable than a
DMG. And it is the WMG that is commonly observed in
proteins [68].

The DMG was detected experimentally using newly
developed, sensitive techniques. An example of a DMG is
the intermediate observed during the unfolding of
ribonuclease A (RNase) [69]. The title of this study
describes well its result: “Direct NMR evidence for an
intermediate preceding the rate-limiting step in the
unfolding...”. Importantly, the authors declare that this
intermediate is exactly the DMG predicted earlier [66]!
Thus, contrary to the assertion [65-67] that the main TS
is located between N and MG (see Fig. 5a), it appears to
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Fig. 4. Typical view of a “chevron plot”, i.e. denaturant concen-
tration dependence of the rate of approximation to equilibrium
(kapp) by the native and denatured conformations of a protein mol-
ecule.
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Fig. 5. Compact stable states of a protein globule (tightly packed N and melted (loosened) MG), unstable TS’ (needed for globule melting)
between them, and the unfolded chain (U). MG can be either “wet” (with solvent molecules present in pores of the loosened protein) or “dry”
(without solvent molecules). The MG pores are sufficiently large to ensure free fluctuations of the side groups. The transition state required
for native-state melting is shown only schematically (as a homogeneous structure whose pores are smaller than those of the MG; being large
enough to disturb intraglobular interactions, these pores are yet too small for free fluctuations of the side groups, which underlies the instabil-
ity of TS’ [65, 66]). TS’ is heterogeneous in itself: it comprises a native-like part and a denatured part (see further [92]). a) TS’ is the main
transition state in the protein denaturation pathway (the case considered in [65-67]). b) TS" is the main transition state during the denatura-
tion of the protein with water penetrating the globule (which was not considered in [65-67] but was reported in several other studies [69, 70]).

be sometimes positioned between the DMG and the
WMG (see Fig. 5b).

More direct evidence for the existence of a DMG in
a protein (monellin) during unfolding has been reported
[70]. Both equilibrium and kinetic GdmClI-induced
denaturation of monellin was observed using FRET, CD,
and ANS-binding techniques. It was shown that in the
initial stage of the unfolding process the distance between
the C-terminus of the single helix and Trp of monellin
located near its N-terminus changed dramatically.
However, Trp fluorescence and ANS-binding show that
water was still away from the protein nucleus. This is
direct evidence for the presence of a DMG at the initial
stage of monellin unfolding. At this stage, the volume of
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the molecule increases, provoking rupture of the native
contacts, but without water penetration into the
hydrophobic protein nucleus. The authors concluded that
denaturation of the native protein structure is a coopera-
tive process, while the subsequent swelling of the globule
occurs gradually (as predicted in [67]).

Works by Baldwin and Rose (see reviews [13, 15] and
references therein) contribute to further development of
this issue. They emphasize that the discovery of the DMG
destroys the concept that the two-state protein folding is
a one-stage process. They note that so far, the DMG has
been found in the unfolding pathway of only a few pro-
teins, namely, RNase A [69] (see above), dihydrofolate
reductase (DHFR) (for the study of which five trypto-



S38

phan residues were replaced by ['°F]tryptophan, and
NMR in stopped-flow mixing was used) [71], monellin
(see above) [70], and villin (HP35) [72]. For the study of
HP35, the TTET method (triplet—triplet energy transfer)
was used. A reversible equilibrium between tightly packed
and loosely packed states was found to depend on tem-
perature and GdmCl concentration. The observed con-
formational fluctuations in this protein destroyed the van
der Waals contacts between its Trp residues and the intro-
duced label.

This issue was further developed in a detailed study
of human serum albumin (HSA) [73]. During the pH-
induced unfolding of this protein, its equilibrium inter-
mediate was identified as a DMG by a variety of tech-
niques, including FRET, dynamic fluorescence quench-
ing, and near- and far-UV CD. The data indicated that
two of the three HSA domains exhibit DMG properties,
specifically, a larger volume in comparison with the native
protein and disturbed tight packing of the side groups
without solvation of the hydrophobic core (it remained
dry). In these domains of HSA, side group disbonding
and core solvation occurred at different stages of the pH-
induced unfolding, contrary to the common unfolding
mode [73].

DMG, WMG, and a solvated transition state
between them were observed during the urea-induced
unfolding of barstar [74]. Using various fluorescence and
CD techniques, it was found that although the native-like
intermediate showed weakened tertiary interactions, the
core structure remained intact, thus preventing water
penetration. This suggests the following pathway of
barstar folding: a WMG forms rapidly from the U-state;
then the folding process slows, thereby implying that the
rate-limiting step might be positioned between the WMG
and the DMG. However, in this situation it is difficult to
study the DMG because its formation occurs after the
rate-limiting step [74].

NEW DATA REPORTED
FOR “TRADITIONAL” PROTEINS

New data about proteins traditionally used for MG
studies. Over the years after publication of Ptitsyn’s com-
prehensive review on the molten globule (1995), many
new studies have been reported in the literature. When
focus on proteins traditionally used in MG research,
these studies consider details of MG structure and pecu-
liarities in the behavior of proteins either with point
mutations or under drastically changing conditions.

a-Lactalbumin (a-LA). a) Kuwajima’s team pub-
lished a review covering the kinetic and hydrodynamic
aspects of the formation of the MG of a.-lactalbumin [10,
75]. The available data indicate that the a-LA MG is het-
erogeneous, that is its alpha domain is structured, while
its beta domain is significantly unfolded. However, its
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backbone fold is already native-like. The formation of a
MG from a fully unfolded chain occurs in milliseconds
[10, 75]. The structural stability of the kinetic intermedi-
ate is the same as that of the equilibrium MG, and this
kinetic intermediate is mandatory for the folding pathway
of this protein.

b) o-LA is a Ca*'-binding protein. Wu and col-
leagues showed [76] that Ca** binds to the B-domain of
a-LA, which leads to the cooperative formation of terti-
ary interactions promoting a more rapid MG-to-N tran-
sition.

¢) NMR studies of a-LA folding kinetics showed
that as much as 85% of its helical structure forms at an
early folding stage, and the compactness of this structure
is almost native [47]. According to H/D exchange, mass-
spectrometry, and NMR, this structure originates mostly
in the a-helical domain. The rest of the protein (-
domain) folds more slowly, and addition of Ca*" stabilizes
the already formed structure and accelerates the MG-to-
N transition. For the MG state, this study clearly demon-
strated the native-like character of the main chain topol-
ogy, especially in the rapidly folding a-domain, while
subsequent deceleration of the process is attributed to
structural arrangement of the f-domain and the transi-
tion state [10, 75].

d) Quezada et al. [77] used the N-H 2D HSQC
NMR technique to study the effect of mutations, espe-
cially Pro substitutions, on cooperativity of folding/
unfolding of the human lactalbumin (Ha-LA) MG. The
appearance of well-defined resonances suggested nonco-
operative unfolding induced by denaturants [77]. At low
denaturant concentrations, the resonances corresponded
to the Ho-LA MG segments in the least stable regions of
the structure. In experiment, Ho-LA with one disulfide
bond (Cys28—Cys111) was used. As shown, mutations in
the A-helix strongly affected stability of the Ha-LA MG.
It was demonstrated that the regions containing the
Cys28—Cys111-bonded peptides 1-38 and 95-120 are not
only highly helical, but they also show typical features of
a MG, including binding to the hydrophobic probe ANS.
The authors concluded that the MG is more likely stabi-
lized by a relatively large number of nonspecific
hydrophobic interactions rather than a small number of
highly specific interactions [77].

e) For bovine a-LA, a MG can be induced by heat,
various alcohols, and even by added oleic acid. Since the
latter induces apoptosis of cancer cells, the here MG can
be considered functional. Fontana’s team comparatively
analyzed Ba-LA by circular dichroism and limited pro-
teolysis. The Ba-LA intermediates observed at 45°C
and neutral pH or with 15% trifluoroacetic acid or 7.5
equivalents of oleic acid appeared to be structurally simi-
lar to the Ba-LA MG at pH 2.0. Limited proteolysis
using proteinase K revealed that peptide disbonding
occurred mostly in the -domain, while the proteolytic
fragments were linked by four S—S bonds. The main con-
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clusion was that the Ba-LA MG retained the native-like
tertiary fold manifested in the well-structured o.-domain
[78].

f) Development of NMR techniques, and specifical-
ly photo-CIDNP (chemically-induced dynamic nuclear
polarization using pulse labeling), allowed the study of
side-group conformations in partially folded states and in
kinetic intermediates during the real folding time [79].
This technique was used to characterize various MGs of
bovine and human a-LA at the level of individual amino
acid residues. Photo-CIDNP can distinguish interactions
between aromatic residues such as Trp, Tyr, and to a lower
degree His. It was found that the main backbone fold is
stabilized by a rather small number of solvent-inaccessi-
ble groups, and that contacts between the hydrophobic
residues involved in this process are not necessarily
native.

g) The Raman optical activity (ROA) technique
developed by Barron’s team was used for characterization
and comparison of various MGs. The vibrational optical
activity can be measured due to small differences in the
scattering intensity of right- and left-polarized light, thus
distinguishing in ROA spectra bands typical for loops and
turns, as well as for secondary structure elements and side
chains [80]. This gives information about the backbone
fold and protein structure dynamics. ROA spectra of cal-
cium-binding equine lysozyme were compared with those
of bovine o-LA; hydration of their a-helices was also
revealed. Together, these results indicate that the equine
lysozyme MG has a more structured core than that of the
a-LA MG, including three interacting protected helices
against two in a.-LA. In addition, it was reported that the
structure of the Ca?*-binding loop remained unchanged
even in the absence of Ca?* [80].

B-Lactoglobulin (B-LG). a) The folding of B-LG is an
interesting case: although it is mostly a B-structured pro-
tein [29, 30, 32], a nonnative a-helical sequence was
observed during the “burst” phase where an intermediate
is typically formed. Stopped-flow CD and optical absorp-
tion demonstrated that the main properties of this inter-
mediate closely resemble those of other proteins.
Submillisecond observations of the 3-LG folding by CD
and SAXS (small-angle X-ray scattering) indicated that
the conformation of its early intermediate was almost as
compact as that of the native form [32]. A peculiar feature
of B-LG is the presence of a residual B-sequence in its
unfolded chain, while its intermediate conformation has
a nonnative a-helix whose localization was encoded by
local interactions.

b) It was suggested by Sakurai and colleagues [30]
that a-helix is required to accelerate the folding of B-LG
and to prevent its aggregation. In the context of Lim’s
hypothesis on the formation of highly helical intermedi-
ate globules [81], it was suggested that a nonnative o.-
helix would promote long-range contacts with the native
helix, thereby stabilizing the intermediate conformation
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and facilitating its transformation into the correctly fold-
ed B-structure of the native protein [32].

¢) On the other hand, it was reported that short N-
terminal fragments of apomyoglobin, a completely helical
protein, coalesce to form a B-structure or possibly even
amyloids [82]. This is explained by the fact that these
short helical fragments cannot be effectively packed into
a hydrophobic core at the intramolecular level, and there-
fore self-association (or interactions with chaperones) is
required to screen hydrophobic groups.

Apomyoglobin (apoMb). a) Folding/unfolding of
apomyoglobin, a completely helical protein, attracts great
attention. The most intensive studies of its folding kinet-
ics have been reported by Wright’s team (see review [17]
and references therein). It has been shown that destabi-
lization of the H-helix and substitution of Gly for its
amino acids cause an altered folding pathway of apoMb
[83]. New techniques provided detailed information
about early events in apoMb folding. During the dead
time (<300 ps), rapidly formed helices and structural col-
lapse were registered by a continuous-flow technique
combined with CD and SAXS [84]. H/D exchange and
2D NMR techniques used to monitor rapid apoMb fold-
ing (during 400 ps) revealed formation of a compact state
that included the major parts of the A, G, and H-helices
already inaccessible for H/D exchange, while the B, E,
and C-helices underwent H/D exchange later and
became stabilized within milliseconds, thereby confirm-
ing the hierarchical character of the folding of apoMb
[85].

b) Measurements of NMR line-broadening for spin-
labeled samples revealed time-varying hydrophobic inter-
actions between different regions of the polypeptide chain
that arise in the initial stage of protein folding [86].
Considering the average surface embedded into the struc-
ture during protein folding, numerous native and nonna-
tive hydrophobic clusters of different stability were iden-
tified. Using directed spin-labeling, an increase in para-
magnetic relaxation of the unfolded protein was observed.
The localization of spin-labeled residues was determined
using 'H-"N HSQC NMR for apoMb at acidic pH. In
the same report [86], the role of the embedded surface in
initiation of hydrophobic collapse is discussed.

c¢) In NMR experiments "N, 'HY, and '*CO relax-
ation dispersion profiles were used to study spontaneous
processes of folding and unfolding of apoMb. At pH
above 5.0, the dispersion is determined by fluctuations of
the F-helix region, which cannot be seen on NMR spec-
tra. The measured relaxation values of the residues in
contact with the F-helix in its native state were the basis
for identifying a transition state that resulted from the
local unfolding of the F-helix and its undocking from the
core. This transition state closely resembled the equilibri-
um MG of apoMb observed at high temperature and low
pH [87]. Analysis of these data led to the conclusion that
in this state changes occur in the protein backbone and in
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other parts of the chain, thus indicating significant
rearrangements in the native and MG states or their folds.
The authors of this report believe that NMR relaxation
dispersion can be used under moderately destabilizing
conditions when the folding and unfolding kinetics can be
measured in the experiment. It is also applicable to char-
acterization of the early unfolding intermediate, which is
of importance for understanding the processes of protein
aggregation and amyloid formation [88].

d) The MG of apoMb is “wet”; water dynamics in
the nonpolar MG core have been considered (see [88]
and references therein). Hydration dynamics were stud-
ied using dynamic nuclear polarization and EPR. The
former method reveals the local dynamics of the solvent
within 10 A of a spin label, whereas the latter tests the
polarity near the label and the mobility of the spin-
labeled protein. It was found that in the MG state, the
nonpolar apoMb core is hydrated with water molecules
whose mobility was only 4-6 times lower than that in the
free solvent, while in the unfolded state at pH 2, the
hydration water diffuses rapidly. The conclusion was that
in apoMb, the water dynamics are site-specific and fold-
ing degree-dependent; the residues located on the native
protein surface may appear to be less hydrated in the MG
state than in the N-state. The presence of diffusing (albeit
slowly) hydration water can facilitate conformational
rearrangements, which consolidate the loosely packed
MG side chains into a compact, water-free native
hydrophobic core ([88] and references therein).

e) In 1999, Ptitsyn compared the sequences of 728
globins and found that they had only six conserved
residues not bound to heme, located pairwise on the A-
helix (Alal0 and Trp14), G-helix (Ile111 and Leull5),
and H-helix (Met131 and Leul35) [89]. It was suggested
that these nonfunctional conserved residues were
required for fast and correct folding of apoMb into its sta-
ble 3D structure. Appropriate mutants were synthesized
in Ptitsyn’s lab, along with six others which, though car-
rying Ala substitutions for nonconserved residues, were
theoretically important for protein folding, and specifi-
cally for the folding rate of apoMb [90, 91]. These
residues belonged to the B-helix (128, F33), C-helix
(L40), D-helix (M55), and E-helix (L61, L76). The pH-
induced unfolding of all these mutants was studied,
including determination of thermodynamic characteris-
tics of their U — I and I — N transitions, as well as
Fersht’s parameter ¢ (reflecting comparative contribu-
tion of the replaced side groups in I-state stabilization
[92]). It was concluded that for conserved residues, the
interaction force shown by side groups in the MG state
does not exceed 50% of that in the native state, while for
nonconserved residues it is close to 0% [93, 94]. This sup-
ports Ptitsyn’s hypothesis that conserved residues are
important for the apoMb folding intermediate, whose
structure serves as the basis for formation of other helices
and then the native fold of this protein.
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For the same mutant proteins, kinetics of their fold-
ing over a wide range of urea concentrations was studied
using Trp fluorescence. Solely kinetic results showed that
the apoMb folding involves one intermediate that is sim-
ilar to the equilibrium MG. The study of 12 mutant pro-
teins clarified the role of the selected amino acid residues
in protein stability and the rate of formation of the native
fold. It was found that the introduced mutations strongly
affected stability of the N-state of the mutant, while the
stability of the I-state was influenced only slightly. As
shown, amino acid residues of the A,G,H-helical com-
plex contribute to stability of the intermediate and the
folding nucleus in the U — I — N transition. On the
other hand, in the I — N transition, the folding nucleus
arises after the A,G,H-complex has been formed and
includes mostly residues belonging to the B-, C-, and E-
helices [95]. The ¢-values (Fersht’s parameter) were
obtained for the barrier existing in both the I —» N and
U — I - N transition of apoMb.

Together, these results support Ptitsyn’s hypothesis
about a significant role of conserved residues in the U —
I transition [89] and show that these residues are of
importance for the intermediate formation at an early
stage of the folding of apoMb. In the folding process, the
side group interaction force increases step-by-step and
reaches its maximum in the native state of apoMb.

FUNCTIONAL ROLE AND OCCURRENCE
OF THE MOLTEN GLOBULE STATE IN LIVING
SYSTEMS: NONTRADITIONAL SYSTEMS
WITH THIS STATE OBSERVED

It seems important and interesting that the area of
identification of the molten globule expands with time.
Also, it appears that in some cases a MG with its fluctu-
ating tertiary structure has functional significance, there-
by supporting the hypothesis proposed in 1988 [96, 97]
and further developed in numerous studies on “intrinsi-
cally disordered” proteins (see, e.g. [98-101]), where
properties of a MG are often demonstrated under physio-
logical conditions. The functional specificity of intrinsi-
cally disordered proteins is manifested mostly in the
mechanism of their interaction with ligands.

a) When in the MG state, some proteins can under-
go co-folding and co-binding to a substrate, coupled with
effective catalysis. Hilvert’s group [102] reported synthe-
sis of a monomeric form of chorismate mutase (mCM) by
introducing an additional loop into the molecule that
otherwise exists as a dimer. The resulting structure was
characterized by fast H/D exchange, mass-spectroscopy,
CD, NMR spectroscopy, and ANS binding. The mono-
meric enzyme appeared to have not a rigid, but rather a
MG-like structure and to exhibit high activity. Upon sub-
strate binding, its MG structure became tightly packed in
many respects. This “enzymatic molten globule” was
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studied by 3D NMR [103]. Kinetics and thermodynam-
ics of ligand binding to mCM showed that the
binding/release process of this ligand was much more
rapid than that typical for the native dimeric form of CM
[104]. These results suggest that MGs may be promising
for generating new catalysts.

b) The case of ligand binding to a partially unfolded
protein was considered using dihydrofolate reductase
(DHFR) from Escherichia coli [105]. Binding of NADP*
(a functional ligand) to DHFR showed that the partially
unfolded enzyme could bind the substrate in a manner
similar to that of the native enzyme. Also, it was found
that DHFR could be partially unfolded without ligand
release, although its binding capacity was reduced.
Analysis of the crystal structure of the DHFR—NADP”*
complex and free energy required for the partial unfold-
ing of DHFR at various NADP™ concentrations suggest-
ed that the adenine-binding domain of the partially
unfolded protein retained its structure and the ability to
bind adenine.

¢) Ubiquitin (Ub) is another interesting case. It par-
ticipates in many cellular events, from cell degradation to
DNA reparation and chromatin rearrangement [106],
which requires a certain plasticity of its structure. It was
shown that at 3-kbar pressure the native structure of ubiq-
uitin undergoes a transition to an intermediate state with
properties close to a MG. The study of Ub mutants by
NOE, ®N spin relaxation, HSQC, and "N-'H NMR
revealed that the Q41N mutant of ubiquitin had similar
structural changes. What is still more interesting, similar
changes in ubiquitin structure were observed upon its
binding to E,-ubiquitinating enzyme [106]. The func-
tional role of the MG state is important not only for the
E,-ubiquitinating enzyme, but also for other modifying
proteins involved in E,—E,—E; cascade reactions [106].

d) Apart from mCM, periplasmic binding proteins
should be mentioned here [107]. They are carriers of spe-
cific ligands Leu, Ile, maltose, and ribose that they bind
both in the native state and when MG state (at pH 3-4),
though in the latter case their binding efficiency is
reduced. These states are stabilized only by hydrophobic
interactions, hydrogen bonding, and specific packing in
the absence of prosthetic groups. This might be explained
by the necessity to undergo translocation through a mem-
brane. The intermediate of the maltose-binding protein
interacts with the chaperone SecB. The ligand binding by
these transport proteins involves rather distant residues.
Therefore, it can be performed by proteins in the MG
state if this state retains native-like topology [107].

¢) Interesting data were reported on the folding of
staphylococcal nuclease (SNR121) fragment 1-121 syn-
thesized on the ribosome [108]. This fragment showed all
properties of a MG, unlike fragments of larger or smaller
size. The authors concluded that the folding of this pro-
tein proceeds step-by-step: from accumulation of the sec-
ondary structure through different structured states to the
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native structure, and that continuous adjustment of its
conformation is necessary for its correct folding and
active expression.

Appearance of the MG in different systems. a) In a
study of measles virus, an intermediate in the folding of
the tenth domain of phospholipid P was identified and its
structure characterized [109]. Some of its mutants fol-
lowed the two-state folding pattern, while others reached
their native state through intermediates with a native-like
a-helical structure.

b) An MG-like intermediate was identified by NMR
in the DNA-binding domain of protein p53 upon its
interaction with the chaperone Hsp90. Intensive H/D
exchange was observed in this complex, while in solution
protons of p53 itself exchanged only slightly, and Hsp90
exhibited H/D exchange only in the binding cavity [110].

¢) To understand the formation of cataracts, urea-
induced unfolding of the mutant cataract-associated
V75D yD-crystallin was studied [111]. Combined NMR
and SAXS analysis showed that at 4.2 M urea, this protein
was in an intermediate state where its C-terminal domain
was rather structured, while its N-terminal domain had
no distinct structure. The authors suggest that these con-
formations can contribute to the formation of early
cataracts also under physiological conditions.

d) A MG state was observed for [3Fe4S] [4Fe4S]
ferredoxin upon heating at pH 2.5. These conditions led
to loss of Zn?* and formation of apoferredoxin, in which
the MG state was observed upon cooling [112]. The
authors suggested that the apo-ferredoxin MG might be
physiologically functional because its flexibility can facil-
itate incorporation of the [3Fe4S] [4Fe4S] complex into
the apoferredoxin structure.

e) Another example is one of the o.-galactosidases, a
widespread enzyme catalyzing the hydrolysis of the ter-
minal a-galactosyl moieties from glycolipids and glyco-
proteins. The enzyme is used in therapy of Fabry’s dis-
ease, and it is effective in conversion of group B blood
into group O blood. It is also used for transglycosylation
and reversibility of hydrolytic reactions. For a legume o.-
galactosidase, it was shown [113] that at pH 2.0 it forms a
MG-like state that retains the secondary structure and a
screened Trp residue. Because loss of activity is associat-
ed with disturbed secondary structure, this enzyme
remains active over a wide range of denaturant concen-
trations. Therefore, the study of its folding is aimed at
synthesizing a recombinant enzymatic protein with
improved stability that is useful for biotechnological
application.

f) We now consider two cases of the folding of recog-
nized two-state proteins in which later studies revealed an
intermediate; these are acyl-CoA-binding protein and the
SH3 domain of PI3 kinase.

Acyl-CoA-binding protein. A modified continuous-
flow technique (dead time 70 ps) in Trp fluorescence
experiments showed that during the folding of this protein
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a dramatic increase in energy migration could be regis-
tered by FRET after 100 ps. This suggests the presence of
a previously unknown partially folded intermediate with
about 1/3 of the solvent-accessible surface embedded in
the structure [114].

SH3 domain of PI3 kinase. The folding/unfolding of
this protein previously used in TS studies as a two-state
protein was then studied by a combination of H/D
exchange and electrospray mass spectrometry [115]. In
the pathway of its guanidine hydrochloride-induced
unfolding, there first appeared an intermediate with five
exchangeable amide protons, and then the remaining 14
protons underwent exchange. During its folding, the
reverse order was observed.

g) Discussion of T4 lysozyme concludes this section
devoted to interesting cases of folding pathway intermedi-
ates. T4 lysozyme has two domains, N- and C-terminal.
For the latter, an additional “hidden” intermediate not
revealed by common kinetic techniques was detected.
Equilibrium urea-induced unfolding of T4 lysozyme
showed that its commonly observed intermediate consisted
of an unstructured N-domain and a structured C-domain.
On the other hand, kinetic H/D exchange studies revealed
an intermediate where both domains were structurally dis-
turbed [116]. To resolve this contradiction, kinetics of the
folding and unfolding of this protein was explored to yield
chevron plots for its mutant variants with turns on both of
their branches. Thorough analysis of the H/D data showed
two intermediates, one on each side of the major TS,
which adequately explained these experimental results.
The detected intermediate (termed “hidden” for going
unobserved by kinetic techniques) was structured solely in
the C-domain. However, in the case of T4 lysozyme, kinet-
ic techniques were useful in detecting this intermediate,
thus making a considerable contribution to understanding
the role of intermediates observed on the both sides of the
I-state barrier during folding of the protein [116].

SOLUTION OF LEVINTHAL'S PARADOX

Despite great success in studies of intermediates
occurring in protein folding pathways, there remained an
unanswered question associated with Levinthal’s para-
dox — how does a protein chain selects its native structure
from a huge number of possible variants during a short
“biologically reasonable” time? There have been many
attempts to explain or reject this paradox (which, using
Shakhnovich’s mot juste, “played the role of Fermat’s Big
Theorem for Protein Science”), but the results gave only
hints in the search for a solution, but not the solution as
such. Since several recent books and reviews published by
our research team are devoted to the analysis of these
results [117-121] (see the latest of them in this issue of
Biochemistry (Moscow)), we take the liberty not to dwell
on them in detail but to describe in outline the solution.
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A theoretical estimate of the time sufficient for a chain to
do so was obtained by approaching Levinthal’s paradox
“from the other end”, that is, by identifying the optimal
way of protein folding and then considering its unfolding
[122-124]. The theory used only two parameters: the time
required for amino acid residue transition from one con-
formation to another (~10 ns) and the average energy
required for its transition from the unfolded to the globu-
lar state (~5 kJ/mol). This was used to estimate the height
of the free-energy barrier in the protein folding pathway,
thereby giving the time range theoretically sufficient for
the folding of single-domain globular proteins of any size
and any stability of native structure. It appeared that all
proteins whose folding rates were measured both under
physiological conditions and near the point of equilibri-
um between their native and denatured state (these are
over a hundred already) fall into a “golden triangle” with
the following coordinates: protein size — logarithm of its
folding rate [124]. This region is permitted theoretically
(and confirmed experimentally) for both two-state and
multi-state proteins. The size of such a self-organizing
protein domain (again experimentally confirmed) is lim-
ited to ~500 amino acid residues. Longer sequences
should be divided into domains. Also, the theory shows
that the folding of proteins containing less than ~80-100
residues is solely under thermodynamic control, while
that of larger proteins is more likely controlled by kinet-
ics, because its task is not only to achieve a stable struc-
ture, but also in a “biologically reasonable” time.

So, the sequence length dependence of folding rates
(from ~exp(0.5L*3) to ~exp(1.5L*?) ns) has been deter-
mined, and Levinthal’s paradox has been solved in prin-
ciple. However, this solution is in terms of energy and
time, and not in terms of sampling of protein chain struc-

Levinthal:
Complete sampling R
of all chain structures "

Energy _
Energy

Sampling only of compact, i.e. stable chain structures

Fig. 6. Solution of Levinthal’s paradox “in Levinthal’s terms” was
obtained at the level of the complete sampling of all deep energy
minima, i.e. not all the chain structures in general, but only all
compact ensembles of secondary structures.
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tures to identify the most stable structure, which is not in
terms of Levinthal’s paradox as such.

The solution in terms of the necessary sampling was
obtained only recently [119-121, 125] (although seem-
ingly, this could have been done by Ptitsyn and
Finkelstein as early as 40 or even 45 years ago, when
working on studies described in [22] and [1]). For this
purpose, the necessary sampling was estimated not at the
level of all chain conformations in general (Levinthal’s
approach), but at the level of the complete sampling of
deep energy minima; in other words, only compact (glob-
ular, see Fig. 6) ensembles of secondary structures were
considered (likewise [1]). The sampling estimate
appeared to be approximately (to the order of magnitude)
equal to LY, where L is the number of amino acid
residues, and A is the number of secondary structure ele-
ments in the sequence. As a result, for a chain containing
L ~ 80-100 residues and typically N ~4-6, the sampling is
restricted to ~10'° variants (in contrast to ~10'” Levinthal
variants) and requires only minutes or hours at the most,
and not the entire life time of the Universe.

Thus, the final solution of Levinthal’s paradox has
been obtained.

In conclusion, we can say that Ptitsyn’s hypothesis
has received its experimental verification. Protein folding
follows the pattern encoded in its primary structure;
importantly, according to recent data [126, 127], the in
vivo folding of at least small proteins closely resembles
that observed in vitro. During folding, elements of sec-
ondary structure are formed in the initially unfolded pro-
tein chain, resulting first from local interactions and then
from long-range interactions. The formation of the sec-
ondary structure dramatically reduces the conformation-
al space, thereby provoking the appearance of a compact
chain structure with fluctuating tertiary structure. In turn,
this ensures the selection of the correct topology that is
also encoded by the amino acid sequence and realized
through linking all the secondary structure elements into
a single chain. In the course of protein folding, the fluc-
tuating tertiary structure of an intermediate (molten glob-
ule) is preserved for some time, thus facilitating the cor-
rect packing of the secondary structure elements and their
mutual adjustment. The duration of this process depends
on the chain length and sometimes on the necessity of
interactions with other folding participants. After the
adjustment of the tertiary structure stabilized by S—S
bonding (at times) and addition of cofactors or other sta-
bilizing systems, the protein acquires its functional terti-
ary structure in the right place and at the right time.
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