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Abstract

In this review, we compare and contrast current knowledge about in-vitro and in-vivo protein
folding. Major advances in understanding fundamental principles underlying protein folding in
optimized in-vitro conditions have yielded detailed physicochemical principles of folding
landscapes for small, single domain proteins. In addition, there has been increased research
focusing on the key features of protein folding in the cell that differentiate it from in-vitro folding,
such as co-translational folding, chaperone-facilitated folding, and folding in crowded conditions
with many weak interactions. Yet these two research areas have not been bridged effectively in
research carried out to date. This review points to gaps between the two that are ripe for future
research. Moreover, we emphasize the biological selection pressures that impact protein folding
in-vivo and how fitness drives the evolution of protein sequences in ways that may place
foldability in tension with other requirements on a given protein. We suggest that viewing the
physicochemical process of protein folding through the lens of evolution will unveil new insights
and pose novel challenges about in-cell folding landscapes.

Introduction

In the sixty-odd years since Anfinsen’s pioneering work showing the ability of RNaseA to
re-fold from a reductively denatured state [1] the mechanism of protein folding and how an
amino acid sequence encodes a folding reaction have been extensively studied. Increasingly
powerful experimental and computational methods have been focused on the intellectually
seductive in-vitro ‘protein folding problem’. As a consequence, we know a great deal about
protein folding, but our knowledge is largely confined to how a protein folds at high dilution
in conditions that are optimized for folding success.

In parallel with progress in understanding in-vitro folding, the chaperone concept has
emerged, and chaperones have been recognized as essential players that facilitate protein
folding in vivo [2]. More recently, researchers have begun to pay attention to the cellular
complexities of folding during ribosomal synthesis of a polypeptide (co-translational
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folding), the critical need for proteins to be degraded in an ongoing way, and the impact of
the highly concentrated cellular milieu with concomitant macromolecular crowding, spatial
organization, and weak intermolecular interactions (reviewed in [3]).

Thus, it is clear that both in vitro and in vivo folding have seen major progress over the past
decades. Ironically, there remain major gaps between these two perspectives on folding, and
more crucially between most research in protein folding and the biological driving forces
that exert selective pressures on protein folding in vivo. The irony of this gap is made all the
greater by the realization that misfolding is a very dangerous problem for an organism—one
that must be prevented and reckoned with efficiently when it occurs. Both the loss of a
protein’s function and the potential toxicity of misfolded and aggregated states must be
avoided [4]. Only very recently has attention begun to be paid to the evolutionary context
that underlies selection of protein sequences and their folding landscapes [5]. This last point
is crucial because present-day protein sequences are the result of a complex fabric of
selective pressures, and evolutionary selection may not produce generalized solutions to the
protein folding problem.

In this short review, we first give a brief reminder of issues affecting folding that are
different in vivo and in vitro; we then highlight examples from the last two years of in-vitro
folding research that may be relevant to in-vivo folding; we next describe recent work on in-
vivo folding; and we end by describing recent research that should provoke the reader to
think about protein folding in an evolutionary context and how folding relates to the fitness
of an organism. We want to issue an apology up front: The brevity of this review and
restricted number of papers that can be cited unavoidably led us to leave out many excellent
and informative papers. We apologize to the authors!

vitro versus Folding in the Cell: What’s Different?

Proteins initially fold in vivo upon their biosynthesis. Hence, the first environment they are
subjected to is created by the ribosome and ribosome-associated enzymes and chaperones. In
addition, chains may fold co-translationally before the entire chain has been made. In
contrast, folding of proteins in vitro generally is initiated from an unfolded ensemble in
which a population of full-length chains (or in the case of single molecule experiments, one
polypeptide) is subjected to folding conditions. Thus, the possibility of co-translational
folding constitutes a major difference between the de novo folding reaction in the test tube
and in a living organism.

Second, in vitro proteins sample their unfolded state in a dynamic equilibrium governed by
their thermodynamic stability. Whether proteins spend much time unfolded in vivo is
unclear. Many factors may disfavor accumulation of any significant population in the
unfolded state, including chaperone binding, ongoing degradation, and kinetic barriers.
Nonetheless, there may be lessons to be drawn from in vitro studies of unfolded states.

Third, protein-folding experiments in vitro are done at high dilution. In vivo, macromolecule
concentrations range from 200 to 400 mg/ml, and surfaces present all around a folding chain
are highly interactive. Thus, the impact of crowding and the influence of protein-protein
interactions, including weak “quinary” interactions [6], must be taken into account.

Fourth, while proteins fold on their own in vitro, a significant fraction have ‘helpers’ in vivo
[2]. It remains unclear to what extent and how chaperones alter the fundamental folding
energy landscapes of proteins.

Fifth, proteins are vulnerable to competing intermolecular aggregation reactions to an extent
that depends quite straightforwardly in vitro on the concentration of aggregation-prone
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species. Aggregation also competes with folding in vivo, but translating the parameters and
mechanistic insights from aggregation studies in vitro to the in vivo context must be done
with caution.

Lastly, folding reactions in vivo are spatially organized such that some interactions will be
preferred over others. In vitro it is very difficult to mimic a spatially organized,
inhomogeneous environment. This point is absolutely central to the folding of membrane
proteins, which, despite their importance, will not be a focus of this review due to space
constraints. Similarly, protein folding in organelles, in particular the endoplasmic reticulum
and the secretory pathway, depend critically on the compartmentalization and sub-cellular
organization (for a recent review, see [7]).

Recent in-vitro protein folding research advances with potential relevance
to in-vivo folding

Small fast-folding domains have been the subject of extensive in-depth study in vitro
because they are amenable to detailed physico-chemical analysis. For multiple reasons, it
might be expected that the intrinsic folding behavior of these domains will determine their
in-vivo folding properties. They fold on time scales that are much faster (e.g., microseconds
to msec) than co-translational events (average polypeptide synthesis rate in eukaryotes 5 aa/
sec, or 15 aa/sec in E. cali). Also, they generally do not populate long-lived intermediates
and do not present extensive hydrophobic surfaces—both necessary to mediate binding with
many chaperones. If such domains retain their intrinsic properties and their properties are
not dominated by context, they may be viewed as the “building blocks” of well-folded
proteins in the cell. This view would allow researchers to treat large proteins as composites
of smaller domains (and, if parsed into even smaller units, ‘foldons’ [8]). Thus, the insights
on folding of small domains provided by ever more powerful experimental methods and
impressive new computational capabilities may translate to folding in vivo. For example, the
description of transition path times using single-molecule fluorescence resonant energy
transfer (FRET) sheds light on timescales of fundamental folding events [9], and the
promising simulations of folding at realistic timescales have afforded the opportunity to
compare experiment and theory directly [10,11]. Analysis of the folding trajectories
computed by Anton, the supercomputer designed for protein folding simulations, offered a
unifying mechanism for a dozen proteins and suggested that native-like contacts are formed
in the unfolded state, with successive stabilization of key contacts driving the folding
reaction. Progress in the simulation of folding reactions has also been reported by the Pande
group, who showed the utility of Markov state modeling, a method that enables the
generation of kinetically relevant folding trajectories from molecular dynamics simulations
over time scales that would otherwise be insufficient to sample folding steps [12]. These
researchers found evidence of glass-like kinetics using Markov state modeling of folding
[13]. Computational studies such as these may provide a possible bridge from theory to
experiment.

However, small single domain proteins are quite rare; for example, they represent less than
15% of the E. coli proteome [14]. Moreover, recent work from several groups suggests that,
even though large proteins can generally be broken down into smaller units by domain
dissection, the folding of these component domains may not be independent, and thus what
is seen for free-standing small-domain proteins may not be applicable to the universe of
larger proteins in the proteomes of all organisms. Specifically, the domains of repeat
proteins have been found to display context-dependent folding [15,16]. In addition, the
coupling of domains of large proteins is often a key part of the function of the large protein
[17].
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Thus it will be necessary to push the envelope of in vitro approaches and tackle larger
proteins. Some recent research has taken on this challenge, and results show how new
complexities in folding landscapes will emerge when larger proteins are examined: Pirchi et
al. deployed single molecule FRET coupled to hidden Markov analysis to uncover six
metastable states and multiple folding routes along the folding landscape of adenylate
kinase, a three-domain 23.5 kDa protein [18]. The Reif laboratory used optical tweezer
pulling experiments and hidden Markov analysis to study the folding of the two-domain, 17-
kDa protein, calmodulin, and observed four on-pathway intermediates along with two off-
pathway intermediates that compete with the productive folding reaction [19]. Dahiya and
Chaudhuri examined the folding of the 82-kDa multi-domain protein, malate synthase G,
and concluded that weak interdomain cooperativity may add complexity to a folding
pathway, including the possibility of a functional intermediate [20].

Another research topic in in-vitro folding that has seen impressive progress recently is the
nature of the denatured or unfolded state ensemble [21,22] and under what conditions the
chains collapse [23]. A subject of long standing debate is how collapsed the unfolded state
ensemble is under differing denaturant concentrations, and a recent study shows that the
apparent results depend on the method of observation [24]. In any case, it remains unclear
whether and when a polypeptide freely explores the unfolded state in vivo, apart from
intrinsically disordered proteins, which need to maintain some degree of flexibility in order
to participate in diverse interactions. Domains may transiently unfold or populate non-native
states as they interact with chaperones (see below), and molecular machines that facilitate
either translocation across membranes or degradation likely actively unfold proteins [25,26].
Thus, the connections between non-native, unfolded states in vitro and in vivo should
continue to be explored.

Recent advances in in-vivo folding

In vivo, proteins must fold and be stable in a heterogeneous environment as concentrated as
400 g/L. Recent work by Pielak and colleagues reveals that the influence of the crowded in-
vivo environment may be dominated by the prevalence of weak interactions, rather than the
effects of excluded volume from macromolecular crowding, as previously believed [27,28].
These researchers found that protein crowding agents (bovine serum albumin, lysozyme)
destabilized a test protein, CI2, in contrast to the stabilization expected from excluded
volume effects [28]. Such effects are expected to be protein- and context-dependent, and
indeed Guo et al. used a novel rapid laser temperature stepping method capable of
measuring complete thermal melts and kinetic traces in vivo to deduce that phosphoglycerate
kinase was more stable in mammalian cells than in vitro [29]. The seemingly contrasting
results may differ because the experiments were performed at different temperatures, and the
entropic component of crowding is temperature-dependent [30]. In addition, Dixit and
Maslov have argued compellingly that protein-protein interaction networks will stabilize
proteins in vivo relative to in vitro [31]. In a recent commentary, Gruebele and colleagues
underlined the importance of the panoply of weak interactions influencing a protein in vivo,
both specific and non-specific: terming them “quinary structure’ [32], as originally
suggested by McConkey [6] and re-introduced in an earlier review of ours [33].

How co-translational folding modulates the folding landscape of proteins has been examined
in a number of recent experimental and computational studies. O’Brien et al. introduced a
computational approach to explore the impact of factors such as translation rate on folding
[34]. Their findings suggest that mutations in mMRNA that lead to altered translation rates
may markedly alter folding outcomes. In a subsequent study, this group compared folding of
ribosome nascent chain complexes that are arrested with those that are actively translating
and concluded that at in-vivo translation rates, one-third of E. coli proteins would fold co-
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translationally. Krobath et al. also applied computational methods and found major
differences between co-translational folding of arrested chains and freely folding
(untethered) chain fragments [35]. They observed that the ribosome enhanced the population
of low energy conformations dominated by local interactions. The interrelatedness of
translation rate and folding points to a level of selective pressure acting at the RNA level.
Experiments with synonomous codons [36], as well as a computational analysis correlating
codon usage with protein structural motifs [37], and ribosome display [38] indeed point to
the encoding of RNA-level information that might be woven together with the sequence
code for folding in vivo. The ribosome itself has been shown to affect folding. Using single
molecule force experiments, Kaiser et al. found that electrostatic interactions between the
ribosome and their test protein (T4 lysozyme) retarded premature folding and allowed the
nascent chain to remain in a folding-competent state [39]. Knight et al. examined the
dynamics of a model nascent chain (a disordered protein) with varying charge and
concluded that the ribosome surface electrostatically influenced the behavior of the chain,
causing nascent protein variants carrying more negative charge to be more mobile [40].

Viewing co-translational folding in terms of a naked nascent chain exploring conformational
space is, however, greatly oversimplified. A whole host of chaperones and quality control
mechanisms lie in wait to greet the emerging polypeptide chain and assist its folding. The
nature of this ribosome-associated greeting committee in E. coli is reviewed by Bukau and
co-authors in this issue of COSB [41]. Their studies and others have revealed the order of
events upon ‘birth” of a nascent polypeptide, beginning with N-terminal processing, and
followed by chaperone interactions with trigger factor, the chaperone that has privileged
access to nascent chains of cytoplasmic proteins. These authors have provided compelling
arguments for an unfolding role of trigger factor [42]. Single-molecule pulling experiments
on maltose binding protein by Mashaghi et al. make a strong argument that trigger factor
promotes productive folding by protecting partially folded states from misinteractions with
neighboring molecules [43]. The emerging role of trigger factor in nascent chain folding is
supported by computational work from Dobson and colleagues [44], which posits that
trigger factor interacts with emerging chains and retards folding in addition to shielding the
polypeptide from unfavorable interactions. Moving to eukaryotes, the Frydman lab has
recently examined the co-translational roles of Hsp70 in yeast through a global analysis of
ribosome-associated nascent chains [45]. They found that Hsp70 interacted preferentially
with large multidomain proteins of complex topology that were unlikely to be able to fold
co-translationally, consistent with the function of Hsp70 in maintaining the nascent chain in
a folding-competent state.

Once a newly synthesized chain is away from the ribosome, it is further assisted by
chaperones to ensure its successful folding and minimize competing aggregation processes.
While data have been rapidly accumulating on the client repertoire of various chaperones in
vivo, much less is known about how chaperone interactions affect protein folding reactions.
For example, recent studies have asked how many and which proteins in E. coli are
facilitated by the major chaperone systems GroEL/GroES and DnaK/DnaJ/GrpE: The Hsp70
system interacts with 700 cytoplasmic proteins, with particularly strong interaction with a
subset of 180 that are aggregation-prone [46]. GroEL/ES was found in a proteomic study to
support the folding of 250 proteins, with 84 of these obligately dependent on the chaperonin
for folding [47]; a recent revisiting of this question concluded that there were fewer true
GroEL substrates [48], but the two studies agreed on the nature of the obligate substrates:
small enough to fit in the cavity, and enriched in metabolic enzymes and TIM barrels.
Interestingly, Taguchi and coworkers found using a cell-free system that the major E. coli
chaperone systems GroEL/GroES and DnaK/DnaJ/GrpE improved the solubility of 66% of
their test group of 800 marginally soluble E. coli proteins [48].
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These studies have provided insight into the cellular dependence on chaperones for
productive folding. Yet how do chaperone-substrate interactions sculpt folding landscapes?
Single particle cryo-electron microscopy has provided glimpses of substrates encapsulated
in the GroEL chaperonin cavity, suggesting that they are quite collapsed [49,50]. Using in
vivo experiments and monitoring growth as a criterion for fitness when mutant versions of
the essential protein dihydrofolate reductase were expressed in the presence of differing
amounts of GroEL/ES or the major protease Lon, Bershtein et al. concluded that both the
chaperonin and the protease act on the molten globule intermediate [51]. These studies are
consistent with current models in which GroEL smooths the folding landscape of poor
folders, while DnaK largely acts to unfold its substrates, or to maintain folding-competent or
unfolded states [2,52]. There have been numerous efforts to determine the clients of Hsp90
chaperones [53], and several labs have applied biophysical methods to deduce the nature of
the binding interaction and likely impact on substrate folding, but many questions remain for
this chaperone as well [54]. Data suggest that Hsp90 substrates are folding intermediates
that have dynamic character. As an example, p53 was observed to adopt a molten-globule
state upon interaction with Hsp90, and the model substrate staphylococcal nuclease has been
proposed to bind Hsp90 in an unfolded state via a local structural element [55]. The elegant
recent single molecule study of trigger factor-substrate interactions described above
demonstrated directly an unfolding activity [43]. The interaction of small heat shock
proteins with their clients has been recently reviewed [56], but here also we lack mechanistic
understanding about how these chaperones affect folding. Similarly, the periplasmic
chaperone HdeA binds molten globular substrates at low pH [57,58], but the consequent
effects on their folding are as yet unexplored The eukaryotic chaperonin, TRiC, has to deal
with larger proteins than encountered in E. coli, and a recent study concludes that it binds
partially folded intermediates at domain boundaries, which helps explain how it may act on
multidomain substrates but does not reveal details of its impact on their folding [59]. All
told, current understanding of the impact of chaperone interactions on the folding landscapes
of proteins remains incomplete, and the confluence of data and ideas from both in vitro and
in vivo experiments will be needed to shed further light on this key question.

Chaperones work in teams and in partnership with degradation enzymes to facilitate folding
in vivo and maintain protein homeostasis. A recent thrust is focused on admitting the
complexity of integrated chaperone networks to elucidate the impact on folding of a
substrate. A computational model for the flux of protein through the E. coli protein
homeostasis network (including chaperones, degradation enzymes, disaggregases),
beginning with a translated nascent chain, has been developed jointly by Powers’ and our
labs [60]. This model enables generation of hypotheses about the involvement of the
proteostasis machinery and the folding outcome of a polypeptide given its folding
parameters. Also, by implementing in vivo FRET on fluorescently labeled chaperones
Kumar and Sourjik were able to capture some of the interplay between the chaperone
systems in E. cali, thus showing that the quality control systems are not isolated, but rather
synergistic [61]. The authors show how DnaK (or more generally Hsp70) seems to be a
central player in the de novo and re-folding branches of the proteostasis system.

Evolutionary perspectives: balancing function, evolvability, and successful

folding

The canonical definition of ‘the protein folding problem’ viz., how is the information for a
protein folding landscape encoded in a given sequence vastly oversimplifies the many
selective pressures and stochastic events that have led to the existence of that sequence in a
particular organism. Figure 1 depicts the panoply of protein properties that likely contributed
to the evolution of current protein sequences. Adding to this complexity is the fact that there
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are also many pressures acting on nucleic acid sequences, for example pressures to adjust
translation rate and to enable regulatory processes to occur in transcription and translation
[62]. The importance of understanding the impact of evolutionary selection on protein
sequences and consequently, their folding is a rapidly developing area of research.

Protein stability naturally appears to be a property that would be selected for during
evolution [63]. Using a theory-based and simulations approach, Shakhnovich and colleagues
make a strong case that destabilizing mutations are selected against in highly abundant
proteins, thus explaining their slow evolutionary rate. Yet, proteins designed in a laboratory
generally display significantly higher stability than naturally occurring proteins [64]. This
observation suggests that stability is not a dominant driving force for sequence selection
[65]. Interestingly, a recent study demonstrates that experimental measures of fitness may
underestimate the effects of mutations on protein function, which do not affect stability,
unless dependence on expression level is taken into consideration [66]. In toto, a protein
must possess a number of properties that are related to its folding, beyond stability, to
survive a selection for organismal fitness.

Perhaps the most obvious evolutionary pressure that impacts folding properties is the
requirement for function. Many have noted that the selection for folding and function
frequently leads to a trade-off [67,68]. Tawfik recently noted that some folds, like TIM
barrels, may possess a property, which he terms polarization, that enables them to adapt to
new functions (innovability) while maintaining foldability and stability [68]. Additionally,
deep mutational scanning by Fields and colleagues demonstrates the capacity of mutations
that stabilize the native state to increase the tolerance to additional secondary mutations
[69]. Mechanistic impacts of the folding-function tradeoff were also postulated for
interleukin-1f (IL-1p). Capraro et al. observed that a functionally important structural
feature, a p-bulge, acts to shape the IL-1p functional landscape so that only one folding route
is followed, whereas variants in which this bulge was mutated follow multiple routes [70].

Tawfik’s term ‘innovability” may also apply to the probability that a protein evolutionary
path will lead to new folds. In a very thought provoking study, He et al. [71] experimentally
identified ‘mutational tipping points’ that enabled proteins to switch folds and evolve new
functions. On the other hand, a study of ancestral thioredoxin proteins by the Gavira group
points out that although the ancestral protein differed considerably in sequence from the
present version and was more thermo-stable, it folds into the same conformation as extant
thioredoxins [72]. This highlights the robustness of a protein sequence to tolerate
destabilizing mutations yet fold to carry out its function. It may well be an evolutionary
advantage to retain this sequence nimbleness—the ability to absorb mutations that may cause
a change in fold or function, which may improve organismal fitness, and in turn will have an
impact on the ‘winning’ sequences we see in current proteomes.

The fine-tuning of protein sequences under selection integrates agnostically over all protein
properties that contribute to fitness of an organism. The idea that chaperones can buffer
destabilizing mutations that directly improve their function, or serve as stepping-stones to
increase the rate of protein adaptation, has been experimentally supported [73,74]. Mapa and
colleagues performed experiments on a set of model substrates that populated kinetic
intermediates and demonstrated that each selectively bound its cognate chaperone from the
whole spectrum of E. coli chaperones present in lysate [75]. They postulated that chaperone
preferences co-evolve with foldability of protein sequences. This notion was recently
emphasized in a provocative review on the origins of proteostasis [76]. Furthermore, the
authors of this review, among others, have pointed out that protein evolution under the aegis
of proteostasis is also environment dependent, and that integration of all factors operating on
an organism leads to proteomic diversity [76,77].
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Another factor that constrains sequence evolution is the requirement that proteins in vivo
form productive interactions and avoid non-productive interactions [78]. A corollary of this
selective pressure is the avoidance of pathological aggregation, which may be viewed as a
non-productive interaction. As noted recently by Levy et al., the constraints on proteome
evolution imposed by the need to form productive interactions and to avoid non-productive
interactions is enhanced under the crowded conditions of the cell [79]. A computational
study by Yang and co-workers postulates that avoiding deleterious interactions causes
abundantly expressed proteins to evolve more slowly [80]. In addition, evolutionary trends
also suggest that there has been a decrease in the fraction of hydrophobic residues and a
tendency for increased disorder within the proteome over time [81]. Such changes may arise
as a function of natural selection; however, they have consequences on folding and protein-
protein interactions. Furthermore, interaction of proteins to form networks based on favored
partners has recently been hypothesized to add to protein stability [31]. This concept is
similar to that of chaperones being evolutionary buffers as discussed above, allowing
proteins to accrue destabilizing mutations, yet fold and be better at their function [73].

Protein function also involves the formation of higher order protein structures such as
quarternary and quinary structures [6], which require proteins to productively interact with
each other. These higher levels of “folding” have long been implicated in metabolic
functions, where the resulting organized pathways were termed ‘metabolons’ [82], and in
signaling pathways [83]. Although such weakly associated complexes are difficult to study
in situ, and would be difficult to isolate, recent efforts have led to new methods to
interrogate them [84,85]. A recent study from the Teichmann and Robinson labs utilizes
nano-electrospray ionization and gene fusion analysis to determine how several multimeric
complexes are assembled and disassembled [86]. Through their analyses the authors find
that the formation of quaternary structure and protein assembly pathways also appear to be
under evolutionary pressure. The roles of selection and drift in protein-protein interactions is
an emerging area of research, with theoretical work indicating that quaternary structure can
be driven by stochastic forces [87].

Quo vadis?

The questions we have touched on in this review are extremely challenging to answer. Our
hope for future clarity in understanding how protein landscapes in vivo relate to the deep and
detailed descriptions we are privileged to be learning in vitro is buoyed by emergence of
new methods to observe and simulate processes in intact cells. Work from the Xie lab
quantifying the E. coli transcriptome and proteome [88], methods to observe translation at
the resolution of a codon [89], advances in in-vivo NMR (e.g., [90] and [91]), and bold
computational efforts from the Elcock [92] and Luthey-Schulten [93] groups, among others,
should open doors in the future.

In parting, we cite words of Francisco Ayala written in an obituary for Theodosius
Dobzhansky [94] (N.B. We have taken the liberty of substituting the words ‘protein
sequence we examine today’ in place of the word ‘individual’ in the original quotation.):
“the protein sequence we examine today is not the embodiment of some ideal type or norm,
but rather a unique and unrepeatable realization in the field of quasi-infinite possible genetic
combinations.” Thus, pity those of us who seek to elaborate general principles from what we
see in protein behaviors in vivo! Nevertheless, physical chemistry abides....and its laws will
surely reveal emergent principles.
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Figure 1.

This figure draws a contrast between the in-vitro and in-vivo protein folding problems.
Top panel: Invitro, the protein folding problem is conceived as the challenge of
understanding the physical chemical basis for an energy landscape. From this energy
landscape, one can deduce the nature of the ensemble of folding polypeptides at different
points in a protein folding reactions. Such landscapes have been elaborated with increasing
detail as experimental and computational methods have advanced. However, the protein
folding reaction depicted is one that occurs under high dilution, optimized conditions.
Moreover, most of our knowledge about folding landscapes comes from studies of small,
single domain proteins.

Bottom panel: In vivo, the protein folding problem comprises a complex set of
interdependent responses to selective pressures integrated to optimize the fitness of an
organism. Protein sequences and their behaviors must be viewed in light of all of the
pressures acting simultaneously, and in some cases, orthogonally. For example, a protein
must be able to fold under cellular conditions well enough to perform its function, be cleared
with a physiologically necessary half-life, avoid pathological interactions, and be a favorable
subject for evolution of new folds and functions (innovable). Relating these selective
pressures to the folding landscapes pictured in the top panel is a challenging goal.
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