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Abstract
The early secretory pathway (ESP) consisting of the endoplasmic reticulum (ER), pre-Golgi
intermediates and the Golgi stack links protein synthesis to folding and vesicle trafficking to generate
the membrane architecture of the eukaryotic cell. The fundamental principles that contribute to
organization of the ESP remain largely unknown. We raise the possibility that assembly of the ESP
is largely built on a foundation that is influenced by the kinetic and thermodynamic properties of the
protein fold. Folding energetics may provide an adjustable platform for adaptor-dependent
interactions with the transport machinery, suggesting the possibility that protein cargo energetics
plays a central role in directing both trafficking patterns and global compartmental organization of
the ESP. In this view, cargo energetics likely coordinates the composition and maturation of ER and
Golgi compartments with the physiological state of the cell in different tissue and environmental
settings.

Introduction
It is now appreciated that the early secretory pathway (ESP) is defined by a series of sequential
and hierarchal protein interactions that direct membrane trafficking patterns from the
endoplasmic reticulum (ER) to and through Golgi compartments. The ESP can be defined by
its capacity to link ER-associated protein folding (ERAF) pathways [1••] to both degradative
(ER-associated degradation, or ERAD [2]) and vesicle-based trafficking pathways involving
coat (COPII and COPI) and tethering/fusion (SNARE) machineries (referred to as the
membrome [3•]). These folding and trafficking pathways dictate the fate of nearly one-third
of proteins encoded by the eukaryotic genome, and are used to build the strikingly diverse
membrane architectures of eukaryotic cells.

Critical to understanding organization of the ESP is to define unifying molecular and
biochemical features that could direct protein trafficking and thereby establish compartment
function. The starting point for the ESP is the ER. Here, several lines of evidence support the
view that the vast majority of export decisions are defined by interactions between newly
synthesized protein cargo and adaptors that mediate coupling to a specialized scaffolding
machine, the COPII vesicle coat system that directs ER export [4•] Adaptor interactions are
dictated by the energetics of the protein fold [1••,5] and the biology and chemistry of the local
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folding environment [6••]. We use the phrase ‘folding energetics’ as a catch-all to mean the
combination of folding kinetics and thermodynamics, that is the kinetic and thermodynamic
properties of the protein fold, as a measure of how fast a protein folds (kinetics) and how stable
it is once folded (thermodynamics). These are described as folding energetics because they are
both dictated by energies: the kinetics by the energy of the transition state relative to the folded
and unfolded states (which determines the rate of folding) and thermodynamics by the energy
of the folded state relative to the unfolded state (which determines the population of the
unfolded and folded states). The link between the cargo fold and adaptor function raises the
possibility that the combination of folding energetics and the local environment particular to
each cell type may manifest together a variable, rather than a fixed, energetic profile that defines
the unique structures and composition of the pre-Golgi and Golgi compartments in different
cell types.

Herein, we highlight three potential integrating features of membrane trafficking through the
ESP. These include (1) protein folding energetics, (2) the local folding environment and (3)
adaptor recognition. Together they help explain the considerable variability found in the
operation of ER to Golgi trafficking systems for both maintaining and evolving eukaryotic cell
function.

Protein cargo—a foundation for global cellular architecture
The ESP encompassing the ER, pre-Golgi intermediates and Golgi compartments has complex
morphologies that differ considerably between cell types (Box 1). The underlying difference
reflects in large part the type of protein cargo generated by the ribosome mediated co-
translational insertion of protein into the ER - including both lumenal and transmembrane
anchored cargo - in response to developmental signaling pathways. Two types of cargo
dominate the ESP. One group (class I) is the ‘resident’ machinery that includes, for example,
protein folding chaperones found in the ER or glycan processing enzymes found in the Golgi
in nearly all cell types (Box 2). A second group (class II) encompasses the ‘itinerant’ cargo,
the variable, transiting cargo load that provides unique temporal identity to both ESP
compartments and defines the final composition and function of downstream exocytic and
endocytic compartments and the cell surface for each cell type. Imposed on this cargo load are
trafficking machineries (Box 3) comprising the membrome [3•], the latter including the COPII
[4•] and COPI [7] coats, and tethering [8] and fusion (SNARE) components that facilitate
protein cargo distribution [9]. Strikingly, the level and composition of membrome components
varies considerably between each cell type [3•]. As the activity of these trafficking components
reflect the local protein cargo load, it is apparent that a deeper understanding of the contribution
of the folding energetics of class I and II cargo in a given cell type may be an important and
underappreciated factor for globally assessing the operation and organization of the ESP.

Box 1 Morphology of the ESP

The ESP is defined morphologically as sequential compartments comprising the cisternal/
tubular ER, pre-Golgi intermediates (also referred to as vesicular tubular clusters (VTCs)
or ER-Golgi intermediates (ERGIC) [55•]) and the Golgi stack. ER exit sites (ERES) are
thought to generate transit vesicles and pleiomorphic tubular carriers through the activity
of the COPII coat machinery (Box 3) to yield pre-Golgi intermediates [29]. Pre-Golgi
intermediates are defined by the recruitment of the COPI coat machinery (Box 3) and have
been suggested to be formed by either homotypic fusion of COPII vesicles [4•,30••,31] or
to serve as stationary elements for receiving COPII generated vesicles [55•]. Pre-Golgi
intermediates have been shown to move en bloc to the Golgi stack [32,33], or have been
proposed to be involved in the generation of tubular transport intermediates that traffic to
the Golgi [6••,34], both processes being microtubule dependent. The Golgi is a stack of
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polarized tubular/saccular compartments with a defined cis to trans content reflecting the
presence of specialized processing enzymes that extensively modify newly synthesized
proteins [35••,36,37]. The overall morphology of the ER-Golgi system can vary remarkably
between cell types-being composed of completely separated and randomly distributed
stacks (budding yeast), fragmented mini-stacks juxtaposed to ERES (fission yeast, plants),
or elaborate inter-connected tubules and cisternal saccules that function as a central, peri-
nuclear structure where cargo delivered to cis face exits at the trans-most face (higher
eukaryotes) (Figure 4). Compartments comprising the ESP are highly dynamic structures
whose physical organization and modus operandi largely remains elusive, but are currently
thought to function through maturation models [38••,39••].

Box 2 The chaperome and UPR machineries

The ER chaperome [6••,13] facilitates the folding of structurally unique ER cargo to prevent
their premature degradation by ERAD and facilitate folding for export [2]. Canonical
chaperones such as lumenal BiP (Hsp70-like) and GRP94 (Hsp90-like), and cytosolic
Hsp90 and Hsp40/70 utilize ATP-dependent pathways to sequester polypeptides via
hydrophobic patches preventing aggregation [14]. While these chaperones are promiscuous
in their function, other chaperones and co-chaperones provide specificity to folding [14].
Moreover, specialized lumenal chaperones are required for the folding of protein cargo
modified by N-linked glycans—the most well-characterized of these pathways being the
lectin-based calnexin/calreticulin monitoring pathway [5,40]. This pathway is thought to
monitor protein conformation through modification of N-linked glycans covalently attached
to Asn residues through the activity of glycosyl transferases, glucosidases and chaperones.
Folding enzymes such as PDI and ERP57 interact with polypeptides displaying non-native
disulfide bonds, effectively reorganizing these covalent cross-links to their native pattern
[17]. Through processive interactions with chaperone networks, the ER environment
prevents misfolding events that can lead to disruption of folding homeostasis. Importantly,
in order to maintain the proper balance between the chaperome and protein cargo load, three
sensors of the unfolded protein response (UPR) (IRE1, ATF6, and PERK) actively monitor
the state of misfolded proteins in the lumen [24]. These sensors are activated in response
to the accumulation of misfolded proteins resulting in a PERK-mediated translational
attenuation reducing cargo flux into the ER and a re-organization of the chaperome and
ERAD pathways by transcriptional upregulation mediated by IRE1 and ATF6. Thus, the
UPR continuously matches protein cargo load to the folding capacity of the ER in response
to both endogenous and exogenous stimuli.

Protein energetics in the ESP
The contribution of protein cargo to membrane trafficking is strongly influenced by a protein’s
ability to fold (Figure 1a) [10•]. The folding environment is defined by the composition of both
the organic phase (the lipid bilayer) and the soluble phase (e.g., the lumenal content of each
cellular compartment and the surrounding cytosol). Together, they provide an energetically
favorable ‘solvent’ to support protein-folding pathways dictated by the primary sequence of
the polypeptide chain [10•]. Since membrane trafficking in the ESP is closely linked to the
conformation-based interactions between folding polypeptides and the membrome trafficking
machinery [3•], trafficking decisions are strongly influenced by state of the fold [10•].

The energetics of the protein fold are defined by thermodynamic stability of the folded state
and the kinetics of protein folding pathway(s) (that are defined by the stability of the transition
state or states) that allow a specific polypeptide sequence to achieve its ‘native’ folded state.
In such an energetic view of ESP function, a critical question becomes- what could be the
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kinetic and thermodynamic basis for cargo selection by COPII membrome components that
contributes to the formation and function of downstream exocytic and endocytic
compartments? Conversely, what are the energetic and structural parameters that dictate cargo
delivery to the ERAD pathway? While the answers to these questions are still unknown, export
or degradation likely depend on the populations of the various folding conformations (Figure
1a) [10•]. Of course, a problem arises in defining these populations as biologists typically only
measure endpoints of trafficking decisions (e.g., the appearance of protein cargo in downstream
compartments based on imaging techniques, biochemical processing by Golgi-specific
enzymes or delivery to the cell surface), not the initiating events (e.g., the defining events
directing folding and export from the ER by COPII (Box 3)). Thus, a possible alternative
approach for understanding the first step of the exocytic pathway is to simply define the
relationship between folding, degradation and export efficiency in terms of the protein folding
energetics that are necessary to gain access to the COPII pathway [1••,10•].

Box 3 Membrome trafficking machinery components

Trafficking through the ESP is directed by components belonging to the membrome [3•].
Export from the ER can occur at exit sites (ERES) (Box 1) whose formation involves the
Sec16 component [29,41] and where vesicle formation is directed by the COPII coat
machinery. COPII consists of the cytosolic Sar1 GTPase that is activated by the ER-
associated Sec12 guanine nucleotide exchange factor (GEF) to recruit the cytosolic
Sec23-24 adaptor complex that binds protein cargo containing various ‘exit’ sorting codes
[4•,26••]. These adaptor-cargo ternary-complexes are collected and concentrated into
vesicles [42] or larger pleiomorphic elements [32,43]in a PI-4-dependent fashion [44•] by
the self-assembling properties of the Sec13-31 cage complex [25••] that undergo fission
from the ER in a Sar1-dependent fashion [45•,46•]. Following disassembly of the COPII
coat, potentially by the activity of the Sec23 and Sec31 GTPase activating proteins (GAPs)
[4•], newly formed pre-Golgi intermediates (Box 1) recruit the COPI complex, consisting
of the F-‘adaptor’ subcomplex containing β, γ, δ, and ζ subunits, and the B-‘cage’
subcomplex containing the α, β’, ε subunits [4•,7]. COPI interacts with a subset of cargo in
an ARF GTPase-dependent reaction [7] to promote retrieval and retrograde transport to the
ER in a fashion that is sensitive to membrane curvature [47,48•]. The Golgi stack (Box 1)
consists of a complex collection of components and cargo [35••] that appear to utilize
different ARF-dependent reactions to recruit COPI and maintain the organization the stack
by directing either anterograde and/or retrograde transport between stacks [7,35••]. Exit
from the trans face of the stack to post-Golgi compartments occurs through clathrin coat-
dependent and independent mechanisms using cargo selective adaptors. Tethering
components including golgins [49,50••] and COGs [51], that dictate membrane recognition,
in conjunction with Rab GTPases [3•] and their effectors [30••,52] and SNARE machinery
components [51], mediate vesicle docking and fusion [8•] through Hsp90-dependent
chaperoning mechanisms [56•]. It is thought that linked anterograde/retrograde recycling
pathways (Box 1) insure a steady-state balance of the essential lipid components and
membrane embedded and lumenal proteins necessary to maintain functionality of the ESP.

To address the role of energetics in organizing the function of the exocytic pathway, a combined
biochemical, biophysical and cell biological experimental approach was recently applied to
study the export of the homotetrameric protein transthyretin (TTR) and numerous TTR variants
that are known to predispose individuals to amyloid disease, that is, extracellular aggregation
in response to a destabilized folded state [1••]. Notably, the COPII trafficking pathway was
found to equally secrete TTR molecules with a surprisingly broad range of thermodynamic
stability (ΔG from 5 to 35 kcal/mol), thus allowing the export of even highly destabilized
protein variants to the extracellular space (Figure 2). Moreover, different cell types had
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different export efficiencies. This is so because consideration of the combined thermodynamic
and kinetic parameters allowed a high proportion of even the most destabilized TTR molecules
to be recognized by the COPII machinery for trafficking [1••,4•]. The reader is recommended
to see reference [1••] for a more in-depth description of TTR trafficking energetics.

This study of TTR export energetics from the ER revealed what might be considered the first
feature of membrane trafficking in the ESP - here, protein populations are selected for
trafficking based on a fundamental, but flexible standard defined by protein folding energetics.
While the mechanisms linking energetics and trafficking remain to be fully defined, the variable
range of energetics that contribute to TTR export is likely applicable to trafficking decisions
directing the exit of all cargo from the ER. Thus, we speculate that protein folding energetics,
which is heavily influenced by the sequence of the polypeptide chain, may provide a primary
framework for initiating membrane trafficking patterns in the ESP [1••,10•]. Indeed, several
studies support this point indirectly by demonstrating that cargo largely controls vesicle
budding from the ER [1••,4•,11,12,26••].

The environment counts—the metabolome and chaperome defining the ESP
While it is simpler to think of protein folding conformations in purely biophysical terms (Figure
1a), polypeptides associated with the ER must fold in rich biological and chemical
environments consisting of protein chaperones (the chaperome [5,13,14]) defining the
biological environment, and small, soluble and hydrophobic metabolites (the chemical or
metabolome environment) that together generate a general solvent that defines the local lipid
and cytosolic or lumenal environments of each compartment [10•]. Moreover, unlike in vitro
folding of purified protein in a buffer solution, in vivo folding in the lumen of the ER or the
cytosol occurs in a highly crowded environment that favors misfolding and subsequent
misassembly leading to aggregation. Through both ATP-dependent and independent processes,
it is now thought that chaperones enable protein folding pathways by interacting with
hydrophobic patches exposed in unfolded and misfolded protein conformations, preventing
their misassembly and aggregation [14]. In addition, some folding enzymes are known to, for
instance, catalyze slow steps including peptidyl-prolyl amide bond isomerization or to promote
disulfide bond formation within the lumen of the ER [15-17]. Thus, chaperones and folding
enzymes provide an opportunity for unfolded/misfolded/misassembled protein to remain in the
productive folding pathway for repeated opportunities to gain access to the ESP, thus mediating
the overall energetic signature of the export pathway.

By reducing the probability of misfolding and aggregation, chaperones have a major impact
on membrane trafficking by altering the distribution of the folded states (Figure 1b). How
variable are these chaperome networks? Protein folding by the ER involves both lumenal - and
cytosol - oriented chaperones [15] (Box 2), the latter required to manage the folding of the
cytosolic domains of transmembrane spanning proteins [10•]. Microarray analyses
(http://symatlas.gnf.org/SymAtlas/) reveal that the content of these protein solvent networks
varies significantly between cell types, likely reflecting both a baseline level of folding activity
required for the more universal class of resident (class I) proteins, and a need to sustain efficient
folding of highly abundant and frequently highly specialized itinerant (class II) cargo species
specific to a particular cell type [6••]. The establishment of these tissue-specific chaperome
networks not only occurs in response to developmental regulation, but can be modified by a
robust inducible folding pathway—the unfolded protein response (UPR) (Box 2).

The UPR is now recognized as a prominent ER-based signaling pathway that continuously
monitors the chaperome and membrome content of the ER and downstream trafficking
pathways in the ESP, coupling cargo load to ERAF and ERAD pathways in order to maintain
normal function in response to both intracellular and extracellular environmental challenge.
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For example, increased expression of chaperones has been shown to increase the trafficking
of specific substrates from the ER by increasing the population in folded state (Figure 1b) (e.g.,
[16]) and, conversely, ERAD components likely direct a potentially stable population of cargo
for degradation through interactions with the unfolded and misfolded states (Figure 1b) (e.g.,
[18]). Thus, the composition of downstream compartments may reflect the molecular and
biochemical properties of the local folding environment(s). Consistent with this possibility, it
has recently been shown that alteration of the chaperome composition can significantly
attenuate misfolding disease by changing the apparent ‘buffering’ capacity of the Hsp90-
dependent chaperone cycle associated with the folding of the cytoplasmic domains of cystic
fibrosis transmembrane conductance regulator (CFTR) [6••](Figure 3).

Not surprisingly, the chemical metabolome, that is, the lipid and soluble metabolite content of
compartments or the cytosol, can dramatically affect traffic through the ESP. For example,
previous studies have demonstrated that even non-specific chemical chaperones (e.g.,
osymolytes) can increase the stability of proteins in the ER reflecting the rather remarkable
influence of high concentrations of osmolytes on protein folding pathways and thermodynamic
stability [19]. Moreover, modification of the bilayer composition, or the changes in the
oxidizing or Ca2+ environments of the ER can also significantly affect protein export by
affecting the protein fold [20,21••]. This raises the possibility that alterations in the local
chemistry of the folding environment can shift the distribution of protein conformations on a
more global scale to favor or disfavor export and trafficking by altering the general protein
populations occupying the various folded states [10•](Figure 1b). Similarly, protein cargo-
specific metabolites found in the metabolome of each cell type may influence membrane
trafficking by stabilizing or destabilizing-specific protein cargo conformations in the ER. Here,
examples are provided by the level and composition of microsomal triglycerides required for
folding of ApoB100 in hepatocytes for export from the ER [4•], the capacity of lipid-bilayer
sterol concentrations to regulate HMG-CoA ERAD and SREBP trafficking to the Golgi
[22••], and small molecule metabolites such as thyroxine that increase the export efficiency of
destabilized proteins TTR variants from the cell by altering the energetic stability of the protein
fold [1••]. Interestingly, the metabolic and regulatory pathways defined by changes in either
specific (e.g., sterols) or global (e.g., Ca2+) metabolites are often found to be linked to the UPR
and biological folding pathways (e.g., chaperome [6••] composition), thus coupling the
metabolome to protein folding conformation states and hence, folding energetics (Figure 1b)
[23,24].

In general, the view derived from our quantitative energetic analysis of TTR trafficking [1••]
suggests that the local metabolome/chaperome networks provide an adjustable environment
that can both facilitate and/or alter the folding energetics of the protein cargo population. Thus,
a second defining feature of the ESP is that trafficking in different cell types is not a fixed
parameter, rather uses a flexible standard reflecting the local cargo folding energetics in
response to the local environment [6••]. This is also likely responsive to diverse stimuli, either
cell autonomous or cell non-autonomous [10•]. The mechanism(s) by which protein folding
energetics is quantitatively manipulated by biology for function remains a formidable barrier
to understanding the ESP.

Energetic coupling of cargo load to membrome machineries
While we have highlighted the importance of polypeptide chain folding energetics and the ESP
folding environment [1••,10•], by necessity, a third layer of interactions encompasses the
biochemical machines that respond to cargo load to direct movement and composition of
downstream compartments. Two coat systems, COPII and COPI, directing anterograde and
retrograde trafficking, respectively [4•,25••], and specific tethering and fusion machineries
(Box 3) maintain the organization of the ER, pre-Golgi and Golgi compartments at steady-state
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(Box 1) [4•,6••]. While the coat systems direct cargo selection and vesicle budding, the
tethering and fusion machineries direct targeting and delivery of cargo carriers. Given the
different roles of COPII and COPI in trafficking in the ESP (Box 3), they must clearly differ
in their ability to respond to the energetics of the cargo fold, although the mechanism(s) are
only beginning to be elucidated. One aspect that is currently a strong focus of attention is the
dependence of trafficking in the ESP on ‘adaptor protein complexes’ or APCs that recognize
protein cargo and thereby link cargo to the coat components that generate budding vesicles
(Box 3).

How do APCs sort cargo to different pathways? The conventional view focuses on the
importance of the primary sequence embedded in the polypeptide chain. For example, COPII-
mediated export requires a specific APC that recognizes ER ‘exit codes’ found in the cytosolic
domain of transmembrane cargo, or in the case of lumenal cargo, cargo receptors [4•] (Box 3).
COPI found in the Golgi, on the other hand, uses a different set of APCs along with accessory
proteins to selectively filter misfolded/misassembled protein conformations displaying a
‘retrieval code’ for return to the ER (Box 3). Of course, interaction with APCs will be affected
by the conformational accessibility or stability of export and retrieval codes—a feature that is
strongly influenced by protein folding energetics [1••,5]. Thus, APCs define a third functional
feature of the ESP, the role of which is to integrate folding energetics with cargo content to
direct compartment organization. Here, one might speculate that APCs utilize an energetic
framework to selectively direct forward or retrograde movement (Figure 4). For example, cargo
competing for exit from the ER via COPII likely populates conformations with different
degrees of stability pending the composition of the local chaperone and metabolome
environments [1••,10•]. Those that lack the appropriate recognition machinery (e.g., export
codes), of course, remain in the ER [1••,26••]. Those that are sufficiently stable (Figure 4, red
boxes) move efficiently from the ER across the cis, medial and trans Golgi to post-Golgi
compartments and the cell surface. By contrast, less stable folds (Figure 4, orange and yellow
boxes) could reach earlier Golgi compartments, but be subject to retrieval if sufficiently
unstable- movement being dictated by the biochemical properties of the COPII and COPI APCs
and their ability to assess folding energetics associated with presentation of transit codes (Box
3).

Given that multi-domain or oligomeric (multi-subunit) proteins may contain both folded and
unstructured domains, trafficking by membrome components in the ESP through exit codes
may reflect the folding energetics of either a single domain or the integration of folding
energetics of these domains or subunits [4•,26••]. Moreover, there are now many examples to
suggest that folding energetics in the ESP are likely affected by cargo-specific accessory factors
that augment their interaction with adaptors [4•] and/or with the tethering and fusion
machineries (Box 3). These could provide critical regulatory constraints on the folding
energetics facilitating membrane traffic [3•,8•,27]. For example, pro-sequences found on
numerous cargo may provide additional energetic signals to direct protein stability (or
instability) that is altered by further trafficking and processing (e.g., proteolytic removal) in
downstream compartments. Even class I resident cargo such as Golgi processing enzymes
would be expected to be continuously monitored through either COPI or other adaptor
mechanisms that detect the energetic status of the fold on the basis of their location in early or
late compartments. Perhaps the continuously changing chemical metabolome content of the
lumenal environment or changes in the polarized distribution of lipids such as cholesterol along
the cis to trans axis of the Golgi [53] leads to differences in the chemical potential of the bilayer
[54] that could significantly contribute to the stability (energetics) of the protein fold (Figure
4).

Thus, a more energetics-based view of the ESP suggests that kinetics and thermodynamics of
the cargo fold in a particular compartment defines the structure and capacity of the compartment
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to function and mature. In this view, we raise the possibility that the entire ESP, not just the
ER, represents a flexible folding environment that allows for continuous energetic maturation
of a protein to not only direct its trafficking but also to generate exocytic and, potentially,
endocytic compartments.

Conclusion
One of the fundamental features of an energetics influenced view of membrane trafficking
through the ESP [1••] is that transport of protein cargo within each compartment can be
permissive or restrictive depending on the local environment that is, in turn, dependent on its
local chemical and biological composition (Figure 4). The permissiveness and variability of
export and trafficking through the ESP in different cell types observed with wild-type and
variant TTR [28], and likely other cargo, is difficult to envision with the more traditional quality
control (QC) views of ER export. Here protein folding defects compromising wild type
energetics through the activity of glycan folding monitors are suggested to lead to ERAD [5,
40]. Instead, we suggest that decisions to mobilize a protein through the various ESP
compartments are flexible and dependent on the energetics of various folding populations
[1••] (Figure 1)—states that are dynamically influenced by the composition of the metabolome,
chaperome and membrome of a particular cell type (Figure 1b), thereby providing a variable
standard in different cell types to define the role of cargo load in the directing the organization
and function of the ER, pre-Golgi and Golgi compartments comprising the ESP (Figure 4). We
suggest that ESP compartments may have co-evolved with increasing cargo folding complexity
to segregate and optimize energetically sensitive steps in protein cargo folding with further
processing by glycosyl transferases, proteases and the like to achieve functionality in evolving
environments. Such environmental optimization on the basis of a protein folding energetics
platform through compartmentalization would considerably enhance the versatility of the
protein cargo fold for function by the eukaryotic cell in order to respond to complex tissue and
host-specific needs
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Figure 1.
Energy landscapes for protein folding in the ESP. (left panel) The energy landscape for a protein
folding in vitro [10•]. The x and y axes specify protein conformations, while the z-axis
represents the energy of each conformation, with red being energetically more stable. The areas
circled on the plot indicate conformations corresponding to the unfolded (U), folded (F) and
misfolded (M) protein populations. (right panel) An energy landscape for the same protein as
described in left panel, but in vivo. The axes are as in the left panel but the in vivo folding
environment is such that folding and misfolding is managed (more) efficiently by the
chaperome and local metabolites (indicated by the colored reaction flasks), particularly for
multi-domain and membrane-spanning proteins [10•].
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Figure 2.
Plot of the export efficiency of variant TTR. A plot of secretion efficiency (y axis) for different
TTR variants (open circles (monomer) and closed circles (homotetramer) [1••]) with differing
folding stability scores, a value that includes both the thermodynamic and kinetic stability of
the protein fold [1••]. The broad energetic permissiveness of TTR export (an energetic profile
ranging from 5 to 35 kcal/mole indicated by the red and green arrows) demonstrates that the
COPII export machinery is relatively tolerant to destabilized protein products. This differs from
more traditional quality control (QC) views of ER export (gray circles) whereby protein-folding
defects compromising wild type energetics would lead to ERAD [1••].
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Figure 3.
Augmenting the buffering capacity of the cellular chaperome for export of CFTR. (left panel)
Depicted is the concentration range (indicated by the x axis) of the normal cellular chaperome
pool (defined by the yellow box) that supports the folding and ER export (z axis) of the
energetically stable CFTR wild-type protein (green curve). The folding stability score of wild-
type CFTR is indicated by its location along the y-axis. This chaperome pool cannot support
export of the more unstable ΔF508 mutant of CFTR (orange curve) as folding does not occur
within the concentration range of the normal chaperome environment (yellow box). (middle
panel) Modification of the chaperome pool by siRNA reduction of the Hsp90 cochaperone
Aha1 generates a rescue pool (pink box) that adds folding capacity to the normal chaperome
environment (yellow box) and results in increased export from the ER (orange line). (Right
panel) The new chaperome pool created by reducing the level of Aha1 creates an altered cellular
folding environment (green box) that can now support stabilization and export of mutant CFTR
(gray highlighted region) without altering the function of the wild-type protein, thereby
contributing to an increase of CFTR activity in the cell expressing mutant CFTR [6••]. See
Wang et al. [6••] for experimental details.
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Figure 4.
Folding energetics in trafficking through the ESP. Cargo exiting the ER populates ‘folded’
conformations with different degrees of stability. Those that are stable (red boxes) move
efficiently to the trans Golgi, whereas less stable folds (orange and yellow boxes) occupy earlier
Golgi compartments, or are quickly retrieved to the ER from pre-Golgi compartments if
sufficiently unstable. The protein load in the various compartments may be actively maintained
by a variety of different adaptor components that link to COPII and COPI cage assemblies in
response to protein folding energetics (Box 3). This model suggests that it is the folding
energetics of the cargo load in a particular compartment that determines the structure and
composition of maturation events that dictate the dynamic features of the ESP.
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