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Abstract: The prevailing current view of protein folding is the thermodynamic hypothesis, under
which the native folded conformation of a protein corresponds to the global minimum of Gibbs free
energy G. We question this concept and show that the empirical evidence behind the thermodynamic
hypothesis of folding is far from strong. Furthermore, physical theory-based approaches to the
prediction of protein folds and their folding pathways so far have invariably failed except for some
very small proteins, despite decades of intensive theory development and the enormous increase of
computer power. The recent spectacular successes in protein structure prediction owe to evolutionary
modeling of amino acid sequence substitutions enhanced by deep learning methods, but even
these breakthroughs provide no information on the protein folding mechanisms and pathways. We
discuss an alternative view of protein folding, under which the native state of most proteins does not
occupy the global free energy minimum, but rather, a local minimum on a fluctuating free energy
landscape. We further argue that ∆G of folding is likely to be positive for the majority of proteins,
which therefore fold into their native conformations only through interactions with the energy-
dependent molecular machinery of living cells, in particular, the translation system and chaperones.
Accordingly, protein folding should be modeled as it occurs in vivo, that is, as a non-equilibrium,
active, energy-dependent process.

Keywords: protein folding; entropy; free energy; free energy landscape; energy-dependent protein
folding; co-translational protein folding; molecular chaperones; physical model of protein folding

1. Introduction

For the last six decades, the general understanding in the protein folding field has
been that proteins fold into their native conformations driven by decrease in Gibbs free
energy (negative ∆G). This thermodynamic hypothesis of protein folding stems from the
iconic experiments of Anfinsen on in vitro folding of RNase A. Based on the successful
refolding of this enzyme into the active, native conformation, Haber and Anfinsen con-
cluded in a seminal 1962 paper that “the unique secondary and tertiary structure of RNase
is, thermodynamically, the most stable configuration” [1]. Codified in Anfinsen’s 1973 Nobel
lecture-based review [2], the thermodynamic hypothesis has become the default physical
description of protein folding.

The thermodynamic hypothesis of folding, and in particular, the idea that the native
state is the most stable one, that is, the global G minimum, is indeed highly attractive
and appears natural. Furthermore, this view drastically simplifies theory development
and modeling by effectively avoiding the need to explain how and why a protein reaches
the unique native conformation: indeed, the global minimum is unique by definition.
Assuming that the native conformation occupies a local rather than the global minimum of
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G immediately complicates the problem because this demands an explanation of how this
particular minimum is selected among the many other local minima.

In the last two decades, the protein folding problem has been addressed primarily
in terms of a free energy landscape that is usually represented as containing a funnel, the
bottom of which corresponds to the global G minimum, that is, the native conformation;
many different shapes of this hypothetical funnel have been considered [3–11].

Volcano-shaped landscapes have been also proposed, where during folding, the pro-
tein initially has to overcome a barrier of positive ∆G due to entropy decrease, but the
native structure still occupies the global G minimum [12,13] (Figure 1a). However, there
is effectively no information on the actual structure of the landscape, and the possibility
that the native conformation represents a local minimum in a rugged landscape that is
generated and continuously affected by dynamic interactions within the cell environment,
rather than the global minimum (Figure 1b), has not been systematically addressed. The
distinction between the two classes of models can be formulated, in general terms, as
thermodynamic vs. kinetic control of protein folding. Indeed, the early work of Wetlaufer
and others (reviewed in [14]) emphasized that the native conformation would be the one
with the minimum G among the kinetically accessible structures. However, this approach
to the study of protein folding has not received much attention or further development,
arguably, because it dramatically complicates modeling compared to the straightforward
thermodynamic approach.
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Figure 1. Protein folding energy landscapes in vitro and in vivo. Blue areas are occupied by “per-
fectly unfolded” conformations with no stable interactions between non-contiguous residues. Yel-
low and purple areas are populated by more compact protein conformations. Red zones are thought 
to arise mostly as the result of interactions between the protein and cellular components in a 
crowded environment. Green zones correspond to proteins in native conformation. (a) Canonical 
funnel-shaped energy landscape that most likely applies only to folding of small, thermodynami-
cally stable proteins as it occurs spontaneously, in vitro, in isolation from all cellular compounds. 
(b) Folding energy landscape for a protein that folds in vivo is poorly understood, but most likely, 
is complex, rugged, dynamic, and shaped by interactions of the folding polypeptide with multiple 
cellular components. (c) Folding energy landscape of the same small protein as in (a) is most likely 
substantially different and far more complex when folding occurs in a crowded cellular environ-
ment. (d) Native conformations of most proteins are likely to occupy local thermodynamic minima 
with higher Gibbs free energy than their unfolded conformations (positive ΔG of folding). Such 
native conformation can only arise as a result of active, energy dependent folding process. 

2. Review of Protein Folding 

2.1. Experimental Data on Free Energy of Protein Folding 
The ΔG of protein folding can be determined from denaturation-renaturation exper-

iments under the basic assumptions that proteins are completely denatured in the well-
controlled experimental conditions and that such denaturation is fully reversible. A care-
ful examination of the methodology of these experiments, however, reveals a complicated 
picture, with each class of methods employed for assessing the degree of denaturation rife 
with its own assumptions and biases (see, for example, [17] on chemical denaturation 
methods assayed by spectrophotometry, [18,19] for updates on urea- and guanidinium 
chloride-mediated denaturation methods, and [20,21] for thermal denaturation methods 
and microscanning calorimetry assays). A recent discussion of the biases, sensitivity is-
sues, and other concerns in the analysis of denaturation-renaturation data can be found 
in [22]. All told, the results of such experiments. that have been reported for only a handful 
of proteins, have led to the general consensus that ΔG of folding is a small negative value, 
that is, proteins (at least, single domain ones) fold spontaneously, but are only marginally 
stable (reviewed in [23–25]. 

There are several reasons why, in our view, the experimental evidence in support of 
the thermodynamic hypothesis of folding is far less compelling than it is usually perceived 

Figure 1. Protein folding energy landscapes in vitro and in vivo. Blue areas are occupied by “perfectly
unfolded” conformations with no stable interactions between non-contiguous residues. Yellow and
purple areas are populated by more compact protein conformations. Red zones are thought to arise
mostly as the result of interactions between the protein and cellular components in a crowded envi-
ronment. Green zones correspond to proteins in native conformation. (a) Canonical funnel-shaped
energy landscape that most likely applies only to folding of small, thermodynamically stable proteins
as it occurs spontaneously, in vitro, in isolation from all cellular compounds. (b) Folding energy
landscape for a protein that folds in vivo is poorly understood, but most likely, is complex, rugged,
dynamic, and shaped by interactions of the folding polypeptide with multiple cellular components.
(c) Folding energy landscape of the same small protein as in (a) is most likely substantially different
and far more complex when folding occurs in a crowded cellular environment. (d) Native confor-
mations of most proteins are likely to occupy local thermodynamic minima with higher Gibbs free
energy than their unfolded conformations (positive ∆G of folding). Such native conformation can
only arise as a result of active, energy dependent folding process.
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Although the funnel landscape concept dominates the protein folding field, it is not
without its critics. As argued in detail by Ben-Naim, the funnel folding landscape is
effectively a metaphor that lacks substantial support [15]. Furthermore, as pointed out by
Shakhnovich [16], in simulations, the shape of the landscape in low-dimensional spaces is
sensitive to the procedure used for dimensionality reduction, and the procedures that yield
the funnel landscapes tend to be physically unrealistic.

Despite the attractive simplicity of the notion that the native conformation of a protein
occupies the global minimum of G, it remains a hypothesis. Several lines of evidence
can be and often are construed as supporting this thermodynamic hypothesis, including
direct measurements of the ∆G of folding for multiple proteins, refolding of numerous
proteins after denaturation, and spontaneous folding of proteins that were produced by
complete chemical synthesis. Crucially, however, all this data pertains to a small number of
small, highly stable proteins that have been studied in vitro, in isolation. Even apart from
problems with the quantity and quality of this data, the question remains how generalizable
these results are and how relevant are they for protein folding under native conditions, that
is, in the crowded cell environment (compare panels (a) and (c) in Figure 1).

In this article, we critically assess the empirical data behind the thermodynamic hy-
pothesis of protein folding and discuss an alternative, non-equilibrium folding hypothesis.

2. Review of Protein Folding
2.1. Experimental Data on Free Energy of Protein Folding

The ∆G of protein folding can be determined from denaturation-renaturation ex-
periments under the basic assumptions that proteins are completely denatured in the
well-controlled experimental conditions and that such denaturation is fully reversible. A
careful examination of the methodology of these experiments, however, reveals a compli-
cated picture, with each class of methods employed for assessing the degree of denaturation
rife with its own assumptions and biases (see, for example, [17] on chemical denaturation
methods assayed by spectrophotometry, [18,19] for updates on urea- and guanidinium
chloride-mediated denaturation methods, and [20,21] for thermal denaturation methods
and microscanning calorimetry assays). A recent discussion of the biases, sensitivity issues,
and other concerns in the analysis of denaturation-renaturation data can be found in [22].
All told, the results of such experiments. that have been reported for only a handful of
proteins, have led to the general consensus that ∆G of folding is a small negative value,
that is, proteins (at least, single domain ones) fold spontaneously, but are only marginally
stable reviewed in [23–25].

There are several reasons why, in our view, the experimental evidence in support of
the thermodynamic hypothesis of folding is far less compelling than it is usually perceived
to be. In particular, only in very few folding experiments, the completeness of protein
unfolding at the start of the experiment has been convincingly demonstrated. Although it is
often claimed that proteins in such experiments were completely denatured, a closer exami-
nation shows that typically this is an assumption rather than an experimentally validated
observation. In early work (1950s–1970s), the extent of denaturation was typically assessed
using indirect methods, such as circular dichroism (CD), which yields a general measure of
the proportion of secondary structure in a protein, or fluorescence, which assesses the expo-
sure of individual aromatic residues to the solute, or other, similarly indirect, approaches.
However, reanalysis of a subset of cases with more advanced, direct methods has shown
that proteins that have been initially characterized as completely denatured often turn
out to be only partially unfolded [26]. For example, an NMR analysis of staphylococcal
nuclease, the second enzyme extensively studied by Anfinsen after the seminal experiments
with RNase A, has demonstrated persistence of native-like structure in the protein that was
denatured in 8 M urea [27]. Subsequent NMR analysis of multiple, diverse proteins has
similarly revealed preservation of extensive structure in 10 M urea [28]. Strikingly, for the
paradigmatic case for the thermodynamic hypothesis, RNase A itself, advanced methods,
such as small-angle X-ray scattering (SAXS) and time-resolved fluorescence energy transfer,
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have demonstrated that compact regions survive many thermal and chemical denaturation
regimes [29]. Furthermore, it has been shown that both the degree and the character of
unfolding of the same protein can substantially differ depending on the denaturation
protocol (e.g., [30,31]). A computational study of protein conformers, in which backbone
torsion angles were randomly varied for only 8% of the residues, while the remaining
92% of the residues remained fixed in their native conformations, has shown that the vast
majority of these ensembles had end-to-end distances and mean radii of gyration that were
within the range of the random-coil expectations. Therefore, it has been concluded that
observation of random-coil statistics for denatured proteins cannot be taken as evidence of
the absence of residual structure [32].

Measurements of ∆G of folding have been collected in protein thermodynamics
databases, of which the most comprehensive one is ProTherm/ProThermDB. The lat-
est release of this database [33] contains more than 30,000 entries. It would be important
to determine how many records in the database are informative for estimating ranges of
folding ∆G. We analyzed the slightly smaller, 2017 release of ProTherm (available at [34])
that contained 26,045 records representing ~700 unique wild-type proteins, of which less
than 500 were annotated as reversibly denatured. Strikingly, only for 18 of these proteins,
denaturation was monitored using a rigorous method, such as NMR, and for three of those
the actual values of ∆G for the entire molecule were not reported (Supplementary Files S1
and S2). Thus, in actuality, the “vast body of curated literature” does not amount to much.
Nearly all experimental data that are cited in support of the hypothesis of spontaneous
refolding was obtained on a limited set of compact, stable, globular proteins. Most of these
are small, single-domain monomers that are marginally stable (∆G of folding between
−3.5 and 7 kcal/mol) and have been shown to fold rapidly- typically, on the millisecond
time scale [35]. Furthermore, the most thoroughly studied set of spontaneous refolders
is enriched in extracellular proteins, often containing disulfide bonds, which are likely to
dominate the fold stabilization mechanisms (see more on this below where we discuss total
protein synthesis).

With all these caveats in mind, the reported ∆G values are within the range of −1
to −20 kcal/mol, with a Poisson-like distribution peaking around −5 kcal/mol [36]. The
common range that is pervasively quoted in the literature is −5–15 kcal/mol, which is
typically interpreted qualitatively as “proteins are marginally stable”, or in other words,
the folding funnel is thought to be extremely shallow (e.g., [37–40]).

New opportunities to study the thermodynamics of protein folding/unfolding could
be provided by single-molecule methods; for an overview of these methods as applied
to protein folding, see [41,42], and for ∆G measurement using these methods, see [43–45].
However, these studies face the same major problem as bulk denaturation experiments
discussed above: most proteins do not unfold completely in single-molecule manipulations,
such as atomic force microscopy or optical tweezers. Almost always, there is an uncertainty
about the amount of residual structure, as indicated by the fact that the stretched form of
a protein is often measured to be shorter, or occasionally, paradoxically longer than the
theoretically predicted length (e.g., [46–48]). There also indications that the theoretical
length of a polypeptide chain can be sequence- and structure-dependent [48]. Taken
together, these data suggest that single-molecule methods are not yet sufficiently reliable
for a confident determination of the state of protein unfolding.

Overall, the survey of the experimental study of protein folding/unfolding shows that
∆G has been measured only for a highly biased set of a few small, compact, single domain
proteins, and even for most of these, the obtained values cannot be considered reliable due
to the lack of evidence of complete unfolding or, worse, presence of evidence of persisting,
residual secondary structure. Even for those few proteins, for which reliable experimental
data have been obtained, the negative ∆G values were low, in many cases, not far above
the level of thermal fluctuations.
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2.2. Chemically Synthesized Proteins Folding into Native Conformations

Another major argument in support of the thermodynamic hypothesis of folding is
thought to come from experiments on proteins obtained by complete chemical synthesis. By
and large, ∆G of folding for these proteins has not been measured directly, but is strongly
believed to be negative because these proteins were produced by ligation of individual
amino acids or peptides in a chemical reaction, in the complete absence of ribosomes,
chaperones or other cell components, and then folded into native conformations in solution.
Such spontaneous folding from the denatured form is commonly seen as direct, highly
convincing evidence in support of the thermodynamic hypothesis (notably, the Nobel Prize
has been awarded to Anfinsen only after the appearance of papers from Hirschmann and
Merrifield groups on the complete synthesis of RnaseA [49,50]).

To assess the evidence obtained from this type of experiments, we performed a liter-
ature search on the proteins that, in the last 50 years or so, were produced by complete
chemical synthesis and refolded to the biologically active form. In the set of about 60
unique proteins (not counting mutants and variants) studied in these experiments, only
two were longer than 200 aa; the mean protein length in this group was 94 amino acids,
which is at least 3–5-fold less than the proteome-wide mean lengths in Archaea, Bacteria,
and Eukarya (Table 1). The proportions of secreted proteins and proteins containing disul-
fide bonds (DSB) in this dataset was several-fold higher than in the complete proteomes
of various organisms (cysteine preference in these sequences is built in because modern
methods of complete chemical synthesis assemble proteins from peptides, which usually
requires internal cysteine residues for conjugation chemistry). Thus, recapitulating the
properties of spontaneously refolded proteins discussed in the preceding section, the set
of chemically synthesized proteins is heavily biased and not at all representative of real
proteomes. Furthermore, there is no reliable data on those targets that were synthesized but
could not be refolded. Even apart from these limitations, successful folding of chemically
synthesized proteins requires non-physiological renaturation times in the hours’ range.
The yields of the native conformations are often omitted from the reports, but vary widely
when reported (5–48%; Supplementary File S3); the folding protocols are complex and are
developed on a case-by-case basis. Thus, even for this collection of privileged proteins,
folding to the active forms in vitro is not straightforward and likely proceeds differently
than in vivo.

Table 1. Properties of 59 proteins produced by total chemical synthesis and refolded to their active
forms, as compared to the properties of whole proteomes.

Total
Chemical

Synthesis 1
Archaea Bacteria Eukarya

Data Sources for
Archaea, Bacteria

and Eukarya

mean protein length,
amino acids 94 283 320 472 [51]

% secreted 62 6–19 18–30 13
(humans) [52–54]

% with DSB in the
known 3-D
structures

57 15 11 30 [55]

1 For the full data compilation from the literature, see Supplementary File S3.

Then, there is an even deeper problem with the folding of chemically synthesized
proteins as the ultimate argument for the thermodynamics hypothesis. Through the course
of the chemical synthesis, these proteins remain attached to solid phase, with limited
degrees of freedom for the main chain rearrangement. The structure of the Gibbs energy
landscapes (or other landscapes) for such proteins and their precursor peptides, before
or after they are released from the solid phase into the solution, is completely unknown.
These landscapes would be important to study, not only to resolve this open question as
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such, but also because this might yield clues both to the mechanisms of protein folding
inside cells and to the folding of primordial peptides during the early evolution of life (see
discussion towards the end of this paper).

2.3. Refolding of Insoluble Overexpressed Proteins from Denatured Bacterial Inclusion Bodies into
Soluble Active Proteins in Native Conformations

A widely used approach to protein production is based on the fact that, when a recom-
binant protein is overexpressed in bacterial cells, it often forms insoluble inclusion bodies
that are easy to isolate from other cellular components. Such aggregates of overexpressed
proteins can be collected, further purified, denatured in vitro and often can be successfully
refolded into soluble, active proteins. Because of the numerous industrial applications,
protein purification and refolding from bacterial inclusion bodies have been extensively
studied (for overview, see [56–59]).

If indeed the proteins that are purified from inclusion bodies were shown to unfold
completely and then routinely refold to the native, active conformation, this would com-
prise strong evidence that spontaneous protein folding is common, in accord with the
thermodynamic hypothesis. However, experiments with overexpressed proteins that form
inclusion bodies resulted in a key observation that suggests quite different conclusions. Typ-
ically, proteins within the aggregates that form the inclusion bodies are neither disordered
nor unfolded, but have specific secondary and tertiary structures, which are substantially
ordered and are often enriched in in-register beta-sheets [60–63]. Detailed analysis of the
refolding process shows that some of the ordered structure is preserved throughout the
purification stages ([64–66], reviewed in [67]). Moreover, harsh denaturing conditions tend
to be detrimental for protein refolding to the native conformation, so that new protocols for
unfolding–refolding under mild conditions are constantly proposed in attempts to improve
the yield of functional proteins (e.g., [68–70]).

Thus, experiments on refolding of overexpressed proteins demonstrate the key role of
the residual secondary and tertiary structures, which are generated in the first place by the
cell during protein expression in vivo and apparently have to be retained by the protein
for efficient refolding. Furthermore, even when refolding occurs, it barely resembles the
folding processes that occur in living cells. Indeed, purification and refolding of nearly
every protein requires extensive protocol development, which often includes solutions and
treatments that are far from physiological conditions and refolding times that are typically
much longer than the biologically relevant time scale. All these efforts notwithstanding,
the yields of the refolded native proteins vary widely [57,59]. Therefore, in general, refold-
ing of proteins from inclusion bodies cannot be counted as a showcase for spontaneous
refolding of completely denatured proteins and hence does not provide clear support for
the thermodynamic hypothesis.

2.4. Scarcity of Data on ∆G of Protein Folding Reflects Pervasive Non-Refoldability and Instability
of Proteomes

A general conclusion from all of the above is that the evidence for the negative ∆G
of folding is quite thin, at best, and that the data on the ability of proteins to refold
from a completely denatured state is fragmentary and comes from small, heavily biased
datasets. What causes this scarcity of data, especially for larger proteins? The principal
cause appears to be quite simple: most proteins actually cannot refold once completely
unfolded, but the negative results of this type, that is, failed attempts to refold proteins,
are almost never published. To our knowledge, no representative samples of proteins
have been studied under this angle until very recently. However, in a recent proteome-
wide study, protease-resistance assay was used in combination with quantitative mass-
spectrometry to show that about 50% of the proteins in E. coli cell lysates could not refold
into their native states following chemical denaturation, even when the conditions were
optimized for refolding [71]. These findings indicate that non-refoldability in vitro is a
general characteristic of at least this bacterial proteome, especially, taking into consideration
that the completeness of unfolding was not monitored in these experiments.
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Another widely observed but often misinterpreted phenomenon is the general pro-
teome instability, that is, pervasive spontaneous loss of native structure and activity in
proteins that have been originally properly folded in the living cells. This loss of native
conformation and functional activity is commonly observed both in vitro, in preparations
of isolated proteins, and in vivo. Indeed, it is well known that all cells maintain elabo-
rate proteostasis machineries that functions to repair or destroy any proteins that have
irreversibly lost their active conformations [72,73].

Spontaneous protein unfolding (denaturation) in vitro is an extremely common ob-
servation which suggests that at equilibrium many if not most proteins are in unfolded
conformations. Unfortunately, to our knowledge, there is no published comprehensive
statistics on protein (in)stability in vitro. Studies on protein stability and approaches to
stabilization are a major expense in the pharma/biotech/industrial enzymology industry,
and apparently, much of the results comprise intellectual property of these companies. The
physical and chemical processes that are associated with instability have been thoroughly
studied for a relatively small number of proteins [74–76]. The principal take-home message
from these experiments is that even correctly folded proteins are often not intrinsically
stable, as it would have been expected if they were in a deep free energy minimum, either
global or local; instead, many lose native conformation easily.

Protein engineering experiments indicate that many proteins are easily destabilized
with small sequence changes. However, despite years of research, predicting the effect of
mutations on protein stability remains challenging. Nevertheless, the general conclusion is
that most proteins are only barely stable, such that there are many destabilizing mutations
(reviewed in [77,78]). Poorly understood tradeoffs seem to exist between protein stability
and solubility such that a mutation on the exterior of a protein that increases its solubility
is often destabilizing [79–82]. Similarly, there are tradeoffs between protein activity and
stability such that mutations that enhance enzyme activity often destabilize the protein,
and vice versa, stabilizing mutations often decrease activity [83].

Over the decades, many ad hoc explanations have been given for the spontaneous
unfolding, denaturation, and destabilization that proteins typically undergo. Mostly, some
irreversible events are postulated to occur during unfolding, such as protein oxidation,
other chemical modifications, and/or aggregation, and such secondary effects are claimed
to shift the equilibrium towards the unfolded state, preventing thermodynamically driven
folding [74,76,84,85]. However, few targeted studies of protein denaturation mechanisms
have been published. Usually, the loss of the native conformation and consequently activity
by an isolated protein is perceived as a (often major) nuisance and is rarely seen as an
opportunity to study the mechanisms of irreversible denaturation, and apparently, for this
reason, not much systematic research has been done in this field. A notable exception are
experiments of Klibanov and colleagues on the mechanisms of amylase denaturation. In
these studies, the processes involved in thermal inactivation of this enzyme were dissected,
showing that denaturation (unfolding), chemical modification, and aggregation are all
distinct processes separated in time, and irreversible denaturation of this enzyme precedes
chemical modifications and aggregation [86,87]. Several studies on other enzymes have
also demonstrated that denaturation by irreversible chain unfolding is a process distinct
from protein aggregation [88–90].

There is a call in the literature to apply modern approaches, such as new meth-
ods of spectroscopy and mass-spectrometry, for the proteome scale analysis of protein
stability [91–94], but the actual experiments of this type remain to be performed.

A rough estimate of the failure rate of attempts on isolation of proteins in the native
conformations can be extracted from large-scale structural genomics projects, which publish
some statistics of protein production and purification. For example, Page et al. [95] reported
that of more than 1800 proteins encoded in the genome of the hyperthermophilic bacterium
Thermotoga maritima and cloned into expression plasmids, only 539 (~29%) could be purified
in the form suitable for crystallization. In the Northeast Structural Genomics Consortium
project [96], 6493 proteins could be purified out of the total 16,992 expressed (34%). The
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New York Structural Genomics consortium has not reported consolidated statistics, but
~30% purified-to-expressed ratio seems to be a general trend across many participating
projects [97]. It should be noted that in all these efforts, except for the Thermotoga case, the
set of targets is strongly biased by pre-selection for predicted solubility, globularity, and
evolutionary conservation. Even in these privileged sets of proteins, two-thirds could not
be purified in the native conformation.

Generally, for the vast protein space, the thermodynamic parameters of protein folding
and unfolding remain effectively unknown. There is no strong evidence that negative ∆G
of folding is a general property of many proteins. On the contrary, a wealth of data seem to
present evidence against this possibility, showing instead that unfolding of most proteins
occurs spontaneously, whereas folding does not. Thus, protein folding appears to be a
non-equilibrium process that is accompanied by free energy increase.

2.5. Special Features of Protein Folding In Vivo

Complex proteostasis systems operate in every cell, and malfunction of these systems
leads to (often lethal) accumulation of unfolded and misfolded proteins in the cell [72,73].
Proteomics shows that more than two thirds of all proteins in yeast specifically interact
with one, or often more than one, of the proteostasis systems, and more specifically, with
molecular chaperones [98]. Hundreds of proteins in E. coli interact with the chaperone
GroEL-GroES alone [99]. The most abundant proteins in eukaryotes (actin, tubulin) do
not fold in vitro at all, and to fold in vivo, they require, in addition to general chaperone
systems, also the specialized co-chaperone prefoldin [100,101]. Apparently, proteostasis
mechanisms consume a substantial fraction of the cellular energy supply; although the
estimates do not seem to achieve high precision, the fraction of the energy budget dedicated
to these processes is thought to be greater than 10% [102].

Chaperone clients are classified based on how closely they interact with the chaperones
(for example, obligately-dependent vs. partially-dependent clients, based on the occupancy
of the client-chaperone complexes [99]) and what, specifically, do they need chaperones for
some proteins aggregate in the absence of chaperones, others stay soluble but are inactive,
yet others need chaperones only under stress [103,104].

How do chaperones facilitate protein folding? The dominant view is that they help
client proteins to quickly reach the minimum of free energy, that is, the chaperones create
conditions for the thermodynamically driven folding of a substrate protein molecule into
the native conformation. Some specific mechanisms include: (1) holding the client in
isolation so that it does not aggregate with other proteins and folds correctly by itself,
a mechanism known as “Anfinsen’s cage” in the case of GroES/GroEL [105–107], (2)
preventing client proteins from getting stuck in kinetic traps during folding, conceivably,
via partial unfolding [108–110], (3) unfolding misfolded or aggregated substrates before
proceeding with mechanisms (1) or (2) [111–114], (4) reshaping the folding landscape in
ways different from mechanism 2, known as “kinetic assistance”, but typically not specified
further [115–118].

Some chaperones, known as foldases, are ATPases, whereas others, dubbed holdases,
are not [119], but the distinction does not appear to map well onto the mechanisms listed
above. Indeed, some chaperones from each functional class seem to exercise mechanisms
1–4 (see, e.g., [120]), whereas some appear to combine properties of foldases and holdases,
as argued for the ATP-independent chaperone trigger factor [121] as well as the ATP-
dependent HSP70 [122,123].

Crucially, all proposed chaperone mechanisms are predicated on the thermodynamic hy-
pothesis, and to our knowledge, the relevance of these mechanisms has not been tested against
the alternatives. A different view of the chaperone mechanisms will be discussed below.

2.6. Is Protein Folding In Vivo an Active, Energy-Dependent Process?

In our view, the above discussion shows that there is very little experimental evidence
that ∆G of folding is negative for most proteins. Conversely, a massive amount of experi-
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mental observations indicates that native conformations of proteins are only metastable.
Taken together, these lines of evidence compel us, in the least, to seriously consider the
possibility that, for the majority of proteins, ∆G of folding is positive (Figure 1d). The key
implication of this hypothesis is that protein folding in vivo does not occur spontaneously,
but rather, is an active, energy-dependent process.

This conceptual shift in our understanding of protein folding further implies that
the ribosome itself is likely to act as a giant chaperone and the most important part of
the protein folding machinery [124–126]. Clearly, this possibility is fully compatible with
the numerous observations indicating that folding of most if not all proteins occurs co-
translationally [127–151].

The most obvious way the ribosome could cause the increase in the Gibbs free energy
that seems to accompany protein folding is by lowering the entropy of the protein by
reducing the number of possible conformations of the peptide backbone. Some strained
conformations with elevated enthalpy appear possible, too.

A common assumption in modeling of protein folding and in theoretical discussions is
that the protein backbone can be well approximated by a freely jointed chain (FJC), so that all
energy that could be applied to it would rapidly dissipate because of unrestricted rotation
around each psi and phi bond. However, theoretical argument against this assumption,
based on the available data on excluded volume effects and steric hindrances, has been
brought up (e.g., [152]). Recently, our all-atom molecular dynamics simulations have
revealed the situations when the backbone indeed is not FJC. When rotational force is
applied to the protein backbone during the simulation, diverse helical peptides, despite
their purported freedom to rotate about the psi and phi bonds, rapidly fold into the native
structure, which remains stable [153].

It is important to recall that translation is coupled to the hydrolysis of massive amounts
of GTP, but there is no clarity as to what this energy is actually expended on [154]. If ∆G of
protein folding is positive, it appears likely that at least some fraction of the energy of GTP
hydrolysis contributes to active, non-equilibrium, co-translational folding. Apart from the
ribosome, other molecular players are likely to be involved in active co-translational (and
“co-translocational”) folding as well, in particular, the signal recognition particle (SRP) that
contains two GTPases of its own, while the role of GTP hydrolysis is no better understood
than it is in the case of the ribosome [155].

The energy-coupling machine framework has been suggested also for chaperone
mechanisms as an alternative to the Anfinsen’s cage. Once again, it is unclear what the
energy of ATP hydrolysis by ATP-dependent chaperones is actually spent on. Most studies
link the ATPase activity with rearrangements of the chaperone itself [156,157]. However, the
energy balance of these reactions remains unknown, and the possibility of coupling between
ATP hydrolysis and the client protein rearrangements is typically not even considered
because folding is assumed to be spontaneous. In contrast, a series of studies pioneered
by Lorimer, De Los Rios and Goloubinoff argue that ATP-dependent chaperones, such as
HSP60, HSP70 or HSP90, might expend at least part of the energy of ATP hydrolysis to
manipulate the substrate directly (“non-equilibrium activation”) although the mechanistic
details remain unclear [158–163].

Apart from the empirical evidence and thermodynamic considerations, the notion
of active, non-equilibrium protein folding also appears to be better compatible with the
evolutionary history of the relevant cellular components than the thermodynamic hypothe-
sis of spontaneous folding. Indeed, the ribosome, translation factors with GTPase activity,
and the SRP are universal to all cellular life, and several key chaperones also are among
the most highly conserved proteins. All these molecular machines are likely to antedate
the Last Universal Cellular Ancestor [164–166]. During all the 4 billion years or so of their
existence, natural selection (including purifying selection for most of this time) would
have acted primarily on the foldability of proteins on these machines, rather than their
ability to fold/re-fold spontaneously. Perhaps, spontaneous folding could be a factor only
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occasionally, in particular, for secreted proteins that have little access to chaperones once
outside the cell.

2.7. Towards a Realistic Physical Model of Active Protein Folding

If the thermodynamic concept of protein folding generally fails, a new physical model
of protein folding as an active, energy-dependent process is needed. Where to start? To
begin with, a better definition of a “perfectly unfolded” protein conformation is essential.
In such a fully unfolded conformation, there are no stable contacts between any two
amino acids that are not adjacent in the polypeptide chain. It is currently unclear whether a
perfectly unfolded conformation actually exists in vitro or in vivo for any particular protein,
but this definition will be an appropriate starting point for building a physical model and
recreating the folding process in silico.

Depending on the length of the polypeptide chain, there are theoretically on the order
of 10100 perfectly unfolded conformations for each protein [167,168]; more recently, sug-
gestions have been made for a more conservative upper bound which, however, remains
astronomically high [169]. From this vast set of perfectly unfolded conformations, one can
build up and arrive at all kinds of structures: active intrinsically disordered (“natively un-
folded”) conformations, stable misfolded conformations, conformations that only emerge
through interaction with other proteins, classic globular native conformations with hy-
drophobic cores, and more. What do we know about “perfectly unfolded” conformations?
If we measure (calculate) Gibbs free energy for these conformations, we should observe
approximately the same value for each of them because these are random conformations
with no interactions other than with the solvent. Even a single contact that forms within the
polypeptide chain, whether it is a short or long distance one, makes the polypeptide more
compact and increases the Gibbs free energy both due to the entropy reduction resulting
from limiting the degrees of freedom and to changing enthalpy if, for example, the contact
is hydrophobic or ionic.

Considering that most of protein folding in vivo takes place co-translationally, while
the polypeptide chain is built up one amino acid at a time, simultaneously exploring the
shifting folding landscape while interacting with multiple other molecules in a crowded
environment, the task of incorporating all known cellular biochemistry and structural
biology into the physical model of non-equilibrium protein folding as it occurs in vivo
seems daunting. Nevertheless, this goal no longer appears to be out of reach. Advanced
methods for quantitative measurement of various energy inputs, molecular motions, heat
transfers and other relevant quantities should provide the values, or at least the bounds, of
many parameters that determine protein folding as in vivo. Such work has already started
although it is notable that many crucial parameters of the relevant processes, even some
basic ones, such as the translation rate, rely on estimates obtained decades ago [170,171]
and refined only very recently [172].

A complementary class of approaches involves building, both in silico and in vitro,
simplified artificial protein folding machines that apply various forces to the folding
polypeptide in an attempt to directly manipulate the peptide backbone into the desired
conformations, imposing various kinds of physical constraints on the folding process, and
thus, causing shifts and introducing kinetic barriers into the folding landscape. Work in
this direction has already started as well. In the next section, we provide a brief overview
of several advanced techniques and some recent observations, which suggest a more
sophisticated understanding of the mechanisms of protein folding than what was provided
by the canonical models of spontaneous protein folding in vitro.

2.8. Non-Equilibrium Protein Folding: New Approaches and Recent Results

In recent years, a variety of novel experimental techniques have been applied to
study co-translational and chaperone-assisted protein folding. Particularly informative
are methods that can manipulate a defined single molecule using a specific force probe,
such as atomic force microscope, optical tweezers, or magnetic tweezers; these methods are
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sometimes collectively referred to as single-molecule force spectroscopy methods (SMFS;
reviewed in [173]). The SMFS methods have been recently applied to the study of co-
translational folding of nascent protein chains, using “life-like” in vitro translation systems
(reviewed in [149]). Although SMFS approaches have not yet reached the precision required
to infer the thermodynamic parameters of protein folding (see Section 2.1 above), these
approaches are well-suited to address questions about the effects of specific treatments
and interactions on the folding process. Recent observations made using such methods
include, for example, detection of co-translational folding intermediates, suggesting a
defined folding pathway for a small domain that had been thought to fold in a two-step
fashion in vitro [174], and observation of a direct accelerating and stabilizing effect of the
ribosomal tunnel on the co-translational folding of another small domain [151]. Although
often discussed within the conventional framework of thermodynamically-driven folding,
these and similar results can be productively exploited to develop the non-equilibrium
protein folding model. Furthermore, with regard to chaperone-assisted protein refolding,
SMFS methods have revealed that the chaperones of the Hsp90 family use the energy
of ATP hydrolysis to perform mechanical work, which is applied to compact unfolded
chains against the counteracting denaturing forces [175], in an apparent contradiction to
the traditionally envisaged, Anfinsen chamber-like mechanisms of chaperone action.

Another group of powerful methods are modern structural biology approaches, in-
cluding cryo-electron microscopy, solid state nuclear magnetic resonance, SAXS and others,
which reveal the structure of nascent polypeptide chains during protein synthesis. Many
of these methods are focused on the kinetics and regulation of protein synthesis [176,177]
and on the functions of nascent chain, such as sensing the state of regulatory metabolites in
the environment and communicating the results to the peptidyltransferase center of the
translating ribosome [178,179]. These studies also highly informative for the study of co-
translational protein folding, and have already illuminated defined secondary and tertiary
structures adopted by nascent peptides in the ribosome tunnel and exit vestibule [180–182].
In the forthcoming years, we expect to see more explicit investigation of the interactions of
the nascent peptide with the peptidyl transferase center, ribosome exit tunnel, and other
components of the protein folding machinery.

Computational modeling of protein folding also is taking a new direction towards a
closer mimicking of the folding environment encountered by proteins in vivo. We recently
reported the results of all-atom molecular dynamics simulations, in which the standard
force field was augmented by the application of a mechanical force that rotated a single
N-terminal amino acid of peptides, while simultaneously restricting the movements of a
distal amino acid. Such directional rotation changed the peptide backbone behavior, facili-
tating rapid formation of native structures in several diverse alpha-helical peptides [153].
Apparently, steric clashes arising due to the forced directional rotation resulted in the
behavior of the peptide backbone that no longer resembled an FJC. Further studies are
needed to determine whether such an effect can be observed in single-molecule experiments
in vitro as well. Other attempts to build simplified folding machines to model aspects of
co-translational peptide folding in vivo include the molecular-dynamics studies of folding
in a tubular chamber representing the ribosome exit tunnel, either with uncharged elastic
walls or with charged walls [183–186]. Finally, sophisticated methods of visualization and
analysis of the massive dynamic data on protein folding, unfolding, and refolding are
also undergoing active development (see [187] for a recent review). Such methods should
greatly aid our understanding of the complex mechanisms of protein folding in vivo.

3. Conclusions

The cornerstone assumption in the field of protein folding is that proteins sponta-
neously fold into their native conformations driven by negative ∆G. Furthermore, it is
generally assumed that the native conformation of a protein is the global minimum of Gibbs
free energy. However, a survey of the available data on spontaneous protein folding and
refolding, in particular, for chemically synthesized and over-expressed proteins, presents
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little evidence in support of this thermodynamic hypothesis of folding. On the contrary,
the majority of proteins appear not to be spontaneously foldable and are only marginally
stable, at best. The totality of these observations along with thermodynamic considerations
suggest that across the protein world, there is a wide variety of rugged, dynamic landscapes
of folding free energy, resulting in a broad range of thermodynamic and kinetic stability,
and refoldability of proteins. For different proteins, ∆G of folding can be either negative or
positive, conceivably, for the majority of the proteins. Even regardless of the specific value
of ∆G, folding of most proteins is likely to be an active, non-equilibrium, energy-dependent
process. This conceptual shift in our understanding of protein folding appears to be best
compatible with the extensive molecular data on the universal translation and proteostasis
machineries that operate in all cells, and with the evolutionary history of these molecular
machines that is traced to the earliest stages of life evolution. We believe that this change in
perspective on protein folding can and should stimulate a dedicated program of theoretical,
modeling, and experimental studies.
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55. Bošnjak, I.; Bojović, V.; Šegvić-Bubić, T.; Bielen, A. Occurrence of Protein Disulfide Bonds in Different Domains of Life: A
Comparison of Proteins from the Protein Data Bank. Protein Eng. Des. Sel. 2014, 27, 65–72. [CrossRef]

56. Guise, A.D.; West, S.M.; Chaudhuri, J.B. Protein Folding in Vivo and Renaturation of Recombinant Proteins from Inclusion Bodies.
Mol. Biotechnol. 1996, 6, 53–64. [CrossRef] [PubMed]

57. Panda, A.K. Bioprocessing of Therapeutic Proteins from the Inclusion Bodies of Escherichia Coli. Adv. Biochem. Eng. Biotechnol.
2003, 85, 43–93. [PubMed]

58. Cabrita, L.D.; Bottomley, S.P. Protein Expression and Refolding–A Practical Guide to Getting the Most out of Inclusion Bodies.
Biotechnol. Annu. Rev. 2004, 10, 31–50.

59. Vera, A.; González-Montalbán, N.; Arís, A.; Villaverde, A. The Conformational Quality of Insoluble Recombinant Proteins Is
Enhanced at Low Growth Temperatures. Biotechnol. Bioeng. 2007, 96, 1101–1106. [CrossRef]

60. Georgiou, G.; Valax, P.; Ostermeier, M.; Horowitz, P.M. Folding and Aggregation of TEM Beta-Lactamase: Analogies with the
Formation of Inclusion Bodies in Escherichia Coli. Protein Sci. 1994, 3, 1953–1960. [CrossRef]

61. Przybycien, T.M.; Dunn, J.P.; Valax, P.; Georgiou, G. Secondary Structure Characterization of Beta-Lactamase Inclusion Bodies.
Protein Eng. 1994, 7, 131–136. [CrossRef]

62. de Groot, N.S.; Sabate, R.; Ventura, S. Amyloids in Bacterial Inclusion Bodies. Trends Biochem. Sci. 2009, 34, 408–416. [CrossRef]
63. Ramón, A.; Señorale-Pose, M.; Marín, M. Inclusion Bodies: Not That Bad. Front. Microbiol. 2014, 5, 56. [CrossRef]
64. Bowden, G.A.; Paredes, A.M.; Georgiou, G. Structure and Morphology of Protein Inclusion Bodies in Escherichia Coli. Biotechnol-

ogy 1991, 9, 725–730. [CrossRef]
65. Chaffotte, A.F.; Guillou, Y.; Goldberg, M.E. Inclusion Bodies of the Thermophilic Endoglucanase D from Clostridium Thermocel-

lum Are Made of Native Enzyme That Resists 8 M Urea. Eur. J. Biochem. 1992, 205, 369–373. [CrossRef]
66. Vandenbroeck, K.; Martens, E.; D’Andrea, S.; Billiau, A. Refolding and Single-Step Purification of Porcine Interferon-Gamma

from Escherichia Coli Inclusion Bodies. Conditions for Reconstitution of Dimeric IFN-Gamma. Eur. J. Biochem. 1993, 215, 481–486.
[CrossRef] [PubMed]

67. Doglia, S.M.; Ami, D.; Natalello, A.; Gatti-Lafranconi, P.; Lotti, M. Fourier Transform Infrared Spectroscopy Analysis of the
Conformational Quality of Recombinant Proteins within Inclusion Bodies. Biotechnol. J. 2008, 3, 193–201. [CrossRef]

68. Kudou, M.; Yumioka, R.; Ejima, D.; Arakawa, T.; Tsumoto, K. A Novel Protein Refolding System Using Lauroyl-l-Glutamate as a
Solubilizing Detergent and Arginine as a Folding Assisting Agent. Protein Expr. Purif. 2011, 75, 46–54. [CrossRef] [PubMed]

69. Singh, S.M.; Sharma, A.; Upadhyay, A.K.; Singh, A.; Garg, L.C.; Panda, A.K. Solubilization of Inclusion Body Proteins Using n
-Propanol and Its Refolding into Bioactive Form. Protein Expr. Purif. 2012, 81, 75–82. [CrossRef]

http://doi.org/10.1146/annurev.biochem.77.060706.093102
http://doi.org/10.1146/annurev-biochem-013118-111442
http://www.ncbi.nlm.nih.gov/pubmed/32569525
http://doi.org/10.1016/S0301-4622(02)00177-1
http://doi.org/10.1103/PhysRevLett.102.070602
http://doi.org/10.1103/PhysRevE.93.032412
http://www.ncbi.nlm.nih.gov/pubmed/27078395
http://doi.org/10.1073/pnas.97.1.139
http://doi.org/10.1073/pnas.0404549101
http://www.ncbi.nlm.nih.gov/pubmed/15531635
http://doi.org/10.1529/biophysj.106.091561
http://doi.org/10.1021/ja01030a055
http://www.ncbi.nlm.nih.gov/pubmed/5782509
http://doi.org/10.1016/S0021-9258(18)62396-8
http://doi.org/10.1186/1756-0500-5-85
http://doi.org/10.1016/S0378-1119(01)00436-X
http://doi.org/10.1016/j.micres.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18407482
http://doi.org/10.1126/scisignal.aaz0274
http://www.ncbi.nlm.nih.gov/pubmed/31772123
http://doi.org/10.1093/protein/gzt063
http://doi.org/10.1007/BF02762323
http://www.ncbi.nlm.nih.gov/pubmed/8887361
http://www.ncbi.nlm.nih.gov/pubmed/12930093
http://doi.org/10.1002/bit.21218
http://doi.org/10.1002/pro.5560031107
http://doi.org/10.1093/protein/7.1.131
http://doi.org/10.1016/j.tibs.2009.03.009
http://doi.org/10.3389/fmicb.2014.00056
http://doi.org/10.1038/nbt0891-725
http://doi.org/10.1111/j.1432-1033.1992.tb16789.x
http://doi.org/10.1111/j.1432-1033.1993.tb18057.x
http://www.ncbi.nlm.nih.gov/pubmed/8344315
http://doi.org/10.1002/biot.200700238
http://doi.org/10.1016/j.pep.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/20817098
http://doi.org/10.1016/j.pep.2011.09.004


Int. J. Mol. Sci. 2022, 23, 521 15 of 18

70. Singh, A.; Upadhyay, V.; Upadhyay, A.K.; Singh, S.M.; Panda, A.K. Protein Recovery from Inclusion Bodies of Escherichia Coli
Using Mild Solubilization Process. Microb. Cell Fact. 2015, 14, 41. [CrossRef] [PubMed]

71. To, P.; Whitehead, B.; Tarbox, H.E.; Fried, S.D. Nonrefoldability Is Pervasive Across the E. Coli Proteome. J. Am. Chem. Soc. 2021,
143, 11435–11448. [CrossRef]

72. Hartl, F.U.; Bracher, A.; Hayer-Hartl, M. Molecular Chaperones in Protein Folding and Proteostasis. Nature 2011, 475, 324–332.
[CrossRef]

73. Saibil, H. Chaperone Machines for Protein Folding, Unfolding and Disaggregation. Nat. Rev. Mol. Cell Biol. 2013, 14, 630–642.
[CrossRef] [PubMed]

74. Manning, M.C.; Patel, K.; Borchardt, R.T. Stability of Protein Pharmaceuticals. Pharm. Res. 1989, 6, 903–918. [CrossRef] [PubMed]
75. Manning, M.C.; Chou, D.K.; Murphy, B.M.; Payne, R.W.; Katayama, D.S. Stability of Protein Pharmaceuticals: An Update. Pharm.

Res. 2010, 27, 544–575. [CrossRef] [PubMed]
76. Wang, W. Advanced Protein Formulations. Protein Sci. 2015, 24, 1031–1039. [CrossRef]
77. Magliery, T.J.; Lavinder, J.J.; Sullivan, B.J. Protein Stability by Number: High-Throughput and Statistical Approaches to One of

Protein Science’s Most Difficult Problems. Curr. Opin. Chem. Biol. 2011, 15, 443–451. [CrossRef]
78. Magliery, T.J. Protein Stability: Computation, Sequence Statistics, and New Experimental Methods. Curr. Opin. Struct. Biol. 2015,

33, 161–168. [CrossRef]
79. Klesmith, J.R.; Bacik, J.-P.; Wrenbeck, E.E.; Michalczyk, R.; Whitehead, T.A. Trade-Offs between Enzyme Fitness and Solubility

Illuminated by Deep Mutational Scanning. Proc. Natl. Acad. Sci. USA 2017, 114, 2265–2270. [CrossRef]
80. García-Fruitós, E.; Arís, A.; Villaverde, A. Localization of Functional Polypeptides in Bacterial Inclusion Bodies. Appl. Environ.

Microbiol. 2007, 73, 289–294. [CrossRef] [PubMed]
81. Broom, A.; Jacobi, Z.; Trainor, K.; Meiering, E.M. Computational Tools Help Improve Protein Stability but with a Solubility

Tradeoff. J. Biol. Chem. 2017, 292, 14349–14361. [CrossRef] [PubMed]
82. Broom, A.; Trainor, K.; Jacobi, Z.; Meiering, E.M. Computational Modeling of Protein Stability: Quantitative Analysis Reveals

Solutions to Pervasive Problems. Structure 2020, 28, 717–726.e3. [CrossRef] [PubMed]
83. Siddiqui, K.S. Defying the Activity-Stability Trade-off in Enzymes: Taking Advantage of Entropy to Enhance Activity and

Thermostability. Crit. Rev. Biotechnol. 2017, 37, 309–322. [CrossRef]
84. Manning, M.; Colón, W. Structural Basis of Protein Kinetic Stability: Resistance to Sodium Dodecyl Sulfate Suggests a Central

Role for Rigidity and a Bias Toward β-Sheet Structure. Biochemistry 2004, 43, 11248–11254. [CrossRef]
85. Kazlauskas, R. Engineering More Stable Proteins. Chem. Soc. Rev. 2018, 47, 9026–9045. [CrossRef]
86. Ahern, T.J.; Klibanov, A.M. Analysis of Processes Causing Thermal Inactivation of Enzymes. Methods Biochem. Anal. 1988, 33,

91–127.
87. Tomazic, S.J.; Klibanov, A.M. Mechanisms of Irreversible Thermal Inactivation of Bacillus Alpha-Amylases. J. Biol. Chem. 1988,

263, 3086–3091. [CrossRef]
88. Nury, S.; Meunier, J.C. Molecular Mechanisms of the Irreversible Thermal Denaturation of Guinea-Pig Liver Transglutaminase.

Biochem. J. 1990, 266, 487–490. [CrossRef]
89. Blaber, S.I.; Culajay, J.F.; Khurana, A.; Blaber, M. Reversible Thermal Denaturation of Human FGF-1 Induced by Low Concentra-

tions of Guanidine Hydrochloride. Biophys. J. 1999, 77, 470–477. [CrossRef]
90. Jahromi, R.R.F.; Morris, P.; Martinez-Torres, R.J.; Dalby, P.A. Structural Stability of E. Coli Transketolase to Temperature and PH

Denaturation. J. Biotechnol. 2011, 155, 209–216. [CrossRef]
91. Leurs, U.; Mistarz, U.H.; Rand, K.D. Getting to the Core of Protein Pharmaceuticals–Comprehensive Structure Analysis by Mass

Spectrometry. Eur. J. Pharm. Biopharm. 2015, 93, 95–109. [CrossRef]
92. Gan, J.; Ben-Nissan, G.; Arkind, G.; Tarnavsky, M.; Trudeau, D.; Noda Garcia, L.; Tawfik, D.S.; Sharon, M. Native Mass

Spectrometry of Recombinant Proteins from Crude Cell Lysates. Anal. Chem. 2017, 89, 4398–4404. [CrossRef]
93. Kaur, U.; Meng, H.; Lui, F.; Ma, R.; Ogburn, R.N.; Johnson, J.H.R.; Fitzgerald, M.C.; Jones, L.M. Proteome-Wide Structural Biology:

An Emerging Field for the Structural Analysis of Proteins on the Proteomic Scale. J. Proteome Res. 2018, 17, 3614–3627. [CrossRef]
94. Atsavapranee, B.; Stark, C.D.; Sunden, F.; Thompson, S.; Fordyce, P.M. Fundamentals to Function: Quantitative and Scalable

Approaches for Measuring Protein Stability. Cell Syst. 2021, 12, 547–560. [CrossRef] [PubMed]
95. Page, R.; Grzechnik, S.K.; Canaves, J.M.; Spraggon, G.; Kreusch, A.; Kuhn, P.; Stevens, R.C.; Lesley, S.A. Shotgun Crystallization

Strategy for Structural Genomics: An Optimized Two-Tiered Crystallization Screen against the Thermotoga Maritima Proteome.
Acta Crystallogr. Biol. Crystallogr. 2003, 59, 1028–1037. [CrossRef] [PubMed]

96. Northeast Structural Genomics Consortium Statistics. 2021. Available online: https://www.nesg.org/statistics_00.html (accessed
on 6 December 2021).

97. New York Structural Genomics Research Consortium. 2021. Available online: http://www.nysgxrc.org/psi3/progress_statistics.
html (accessed on 6 December 2021).

98. Gong, Y.; Kakihara, Y.; Krogan, N.; Greenblatt, J.; Emili, A.; Zhang, Z.; Houry, W.A. An Atlas of Chaperone-Protein Interactions
in Saccharomyces Cerevisiae: Implications to Protein Folding Pathways in the Cell. Mol. Syst. Biol. 2009, 5, 275. [CrossRef]
[PubMed]

http://doi.org/10.1186/s12934-015-0222-8
http://www.ncbi.nlm.nih.gov/pubmed/25889252
http://doi.org/10.1021/jacs.1c03270
http://doi.org/10.1038/nature10317
http://doi.org/10.1038/nrm3658
http://www.ncbi.nlm.nih.gov/pubmed/24026055
http://doi.org/10.1023/A:1015929109894
http://www.ncbi.nlm.nih.gov/pubmed/2687836
http://doi.org/10.1007/s11095-009-0045-6
http://www.ncbi.nlm.nih.gov/pubmed/20143256
http://doi.org/10.1002/pro.2684
http://doi.org/10.1016/j.cbpa.2011.03.015
http://doi.org/10.1016/j.sbi.2015.09.002
http://doi.org/10.1073/pnas.1614437114
http://doi.org/10.1128/AEM.01952-06
http://www.ncbi.nlm.nih.gov/pubmed/17085715
http://doi.org/10.1074/jbc.M117.784165
http://www.ncbi.nlm.nih.gov/pubmed/28710274
http://doi.org/10.1016/j.str.2020.04.003
http://www.ncbi.nlm.nih.gov/pubmed/32375024
http://doi.org/10.3109/07388551.2016.1144045
http://doi.org/10.1021/bi0491898
http://doi.org/10.1039/C8CS00014J
http://doi.org/10.1016/S0021-9258(18)69038-6
http://doi.org/10.1042/bj2660487
http://doi.org/10.1016/S0006-3495(99)76904-3
http://doi.org/10.1016/j.jbiotec.2011.06.023
http://doi.org/10.1016/j.ejpb.2015.03.012
http://doi.org/10.1021/acs.analchem.7b00398
http://doi.org/10.1021/acs.jproteome.8b00341
http://doi.org/10.1016/j.cels.2021.05.009
http://www.ncbi.nlm.nih.gov/pubmed/34139165
http://doi.org/10.1107/S0907444903007790
http://www.ncbi.nlm.nih.gov/pubmed/12777766
https://www.nesg.org/statistics_00.html
http://www.nysgxrc.org/psi3/progress_statistics.html
http://www.nysgxrc.org/psi3/progress_statistics.html
http://doi.org/10.1038/msb.2009.26
http://www.ncbi.nlm.nih.gov/pubmed/19536198


Int. J. Mol. Sci. 2022, 23, 521 16 of 18

99. Kerner, M.J.; Naylor, D.J.; Ishihama, Y.; Maier, T.; Chang, H.-C.; Stines, A.P.; Georgopoulos, C.; Frishman, D.; Hayer-Hartl, M.;
Mann, M.; et al. Proteome-Wide Analysis of Chaperonin-Dependent Protein Folding in Escherichia Coli. Cell 2005, 122, 209–220.
[CrossRef]

100. Lopez-Fanarraga, M.; Avila, J.; Guasch, A.; Coll, M.; Zabala, J.C. Review: Postchaperonin Tubulin Folding Cofactors and Their
Role in Microtubule Dynamics. J. Struct. Biol. 2001, 135, 219–229. [CrossRef] [PubMed]

101. Povarova, O.I.; Uversky, V.N.; Kuznetsova, I.M.; Turoverov, K.K. Actinous Enigma or Enigmatic Actin: Folding, Structure, and
Functions of the Most Abundant Eukaryotic Protein. Intrinsically Disord. Proteins 2014, 2, e34500. [CrossRef]

102. Finka, A.; Goloubinoff, P. Proteomic Data from Human Cell Cultures Refine Mechanisms of Chaperone-Mediated Protein
Homeostasis. Cell Stress Chaperones 2013, 18, 591–605. [CrossRef]

103. Fujiwara, K.; Ishihama, Y.; Nakahigashi, K.; Soga, T.; Taguchi, H. A Systematic Survey of in Vivo Obligate Chaperonin-Dependent
Substrates. EMBO J. 2010, 29, 1552–1564. [CrossRef]

104. Azia, A.; Unger, R.; Horovitz, A. What Distinguishes GroEL Substrates from Other Escherichia Coli Proteins? FEBS J. 2012, 279,
543–550. [CrossRef]

105. Hartl, F.U.; Hayer-Hartl, M. Molecular Chaperones in the Cytosol: From Nascent Chain to Folded Protein. Science 2002, 295,
1852–1858. [CrossRef]
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