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Abstract. Most biological processes require the production and degradation of proteins, a task
that weighs heavily on the cell. Mutations that compromise the conformational stability of proteins
place both specific and general burdens on cellular protein homeostasis (proteostasis) in ways that
contribute to numerous diseases. Efforts to elucidate the chain of molecular events responsible for
diseases of protein folding address one of the foremost challenges in biomedical science.
However, relatively little is known about the processes by which mutations prompt the misfolding
of a-helical membrane proteins, which rely on an intricate network of cellular machinery to
acquire and maintain their functional structures within cellular membranes. In this review, we
summarize the current understanding of the physical principles that guide membrane protein
biogenesis and folding in the context of mammalian cells. Additionally, we explore how pathogenic
mutations that influence biogenesis may differ from those that disrupt folding and assembly, as well
as how this may relate to disease mechanisms and therapeutic intervention. These perspectives
indicate an imperative for the use of information from structural, cellular, and biochemical studies
of membrane proteins in the design of novel therapeutics and in personalized medicine.
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I. Introduction

A breakdown in the capacity of cells to produce and distribute functionally folded proteins and to
dispose of misfolded proteins has been implicated in many diseases. This dysfunction, often
spurred by mutations, causes a variety of biochemical outcomes, including enhanced protein degra-
dation, retention of proteins within the secretory pathway (Wiseman e a/. 2007a), formation of in-
tracellular protein aggregates (Kopito, 2000), and deposition of amyloid fibrils in tissues (Selkoe,
2003). These biological outcomes provide clues about the cellular components involved in patho-
genesis and the biochemical nature of the dysfunction. However, the mechanisms by which these
mutations trigger pathogenesis are often not obvious (Kelly & Balch, 2006; Powers ez al. 2009). This
is especially true for mutations occutring in a-helical membrane proteins, which must fold, as-
semble, and maintain functional structures within the chemically diverse membranes of the endo-
plasmic reticulum (ER), the Golgi complex, the plasma membrane (PM), and other organelles
(Kelly & Balch, 2006; Sanders & Mittendorf, 2011). It is clear that the production of many wild-
type membrane proteins in the cell is marginally efficient, which suggests that the energetics gov-
erning competing assembly and misassembly pathways is often compatable (Sanders & Nagy,
2000). This may account for the fact that, in many cases, a multitude of diverse mutations is capable
of prompting pathogenic misfolding of a-helical membrane proteins. For example, there are ca.
2000 mutations in the cystic fibrosis transmembrane regulator (CFTR) chloride channel that are
known to cause cystic fibrosis, a majority of which are likely to induce misfolding as the primary
cause of channel loss of function (cystic fibrosis mutation database: www.genet.sickkids.on.ca/cftr).
The precise origins of the cellular misfolding of a-helical membrane proteins remain elusive
for several reasons. First, much less is known about the structure and conformational stability
of a-helical membrane proteins compared to soluble proteins (White, 2009). Indeed, technical
limitations have long impeded the investigation of the structure and folding of membrane pro-
teins in their native membrane solvent (Booth & Curnow, 2009; Stanley & Fleming, 2008).
Second, the synthesis, folding, and assembly of membrane proteins are elaborate cellular pro-
cesses (Fig. 1a), which could potentially be disrupted in any one of a variety of ways (Fig. 14—d)
(Ng ez al. 2012). For these reasons, efforts to rationalize the mechanisms of the pathogenic misfold-
ing of a-helical membrane proteins often encounter technical and conceptual challenges.
Misfolding diseases are typically described as loss- or gain-of-function disorders; pathogenesis
may arise as a result of the loss of functional protein due to misassembly or from the accumulation
of cytotoxic protein aggregates (Cohen & Kelly, 2003). The inherent linkage between events that
lead to the loss of functional protein and those leading to the emergence of toxic protein aggregates
allows related disease phenotypes to arise from distinct biochemical mechanisms. Indeed, charactet-
istic phenotypes of misfolding diseases often stem from diverse genetic mechanisms, even within a
single disorder. For example, the majority of cystic fibrosis (CF) patients catry the AF508 mutation
in CFTR, which compromises its folding and biogenesis (Welsh & Smith, 1993). However, a num-
ber of other CFTR mutations are known to result in a loss of CFTR function through mechanisms
other than misfolding (Ramsey ef a/. 2011; Sheppatd ef al. 1993; Van Goor e al. 2009). Rapid iden-
tification of new disease-linked mutations resulting from the implementation of personal genome
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Fig. 1. Folding and misfolding of a-helical membrane proteins. Membrane protein biosynthesis involves
several coupled processes, which are vulnerable to the influence of pathogenic mutations. (@) A cartoon
depicts a typical biosynthetic pathway for an oa-helical membrane protein. Biosynthesis begins with
cotranslational integration of nascent a-helices (red) into the membrane (gray bar) by the translocon (gray
donut), which is accompanied by early folding events (I). The nascent membrane protein (yellow) is
released into the ER membrane following synthesis, where folding may continue with assistance of
chaperones and folding enzymes (II). Once the protein achieves its native fold (green), it may form
oligomeric complexes with potential interaction partners (blue) (III) prior to export from the ER. ()
Pathogenic mutations (red circle) may cause misincorporation of TM helices by the translocon, which
establishes an incorrect topology for the nascent protein. (¢) Pathogenic mutations may disfavor the
formation of native tertiary or quaternary interactions. (4) Mutations may favor the formation of
non-native contacts and/or aggregate formation. Here, we illustrate one of many possibilities, where the
mutation both destabilizes the monomer structure and promotes formation of a non-native heterodimer.

sequencing will provide new challenges and opportunities in mechanistic biology. Assessments of
the effects of newly identified pathogenic mutations on the cellular processing, biochemical activity,
folding, and structure of these proteins represents a laborious undertaking. Nevertheless, delineation
of the effects of pathogenic mutations on a-helical membrane proteins may be critical for optimal
design of therapeutics and, eventually, for the tailoring of therapeutic regimens. With regard to per-
sonalized medicine it should be emphasized that strategies to treat or avoid disease by cotrecting or
avoiding misfolding of a protein are likely to be distinct from strategies to correct defects in other
pathogenic variants of the very same protein with compromised function.

In this review, we discuss the physical principles governing the biogenesis and folding of

a-helical membrane proteins and the potential influence of pathogenic mutations on these
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Fig. 2. Structure of the translocon. (@) A surface representation of the structure of the Pyrococus furiousus
SecYES translocon in an open conformation (PDB code 3MP7) is shown. A yellow citcle indicates the
position of the protein conducting channel. The membrane is indicated in blue. () A cross-section of
the structure reveals that the protein conducting pore is lined with both apolar and polar side chains. (¢)
A top down view depicts the opening of the lateral gate, through which nascent TM helices may access
the ER membrane. (Figure from Ojemalm ef a/. 2011).

processes in the context of mammalian cells. Additionally, we highlight current progress and
demonstrate potential applications of existing tools to rationalize the influence of pathogenic
mutations on the biogenesis of a-helical membrane proteins.

2. Cotranslational folding and misfolding of a-helical membrane proteins
2.1, Translocon-mediated membrane integration of a-helical membrane proteins

In eukaryotic cells, translation of most a-helical membrane proteins occurs at the ER membrane
and is mediated by the Sec61 translocon complex (Fig. 14, step I). In addition to the Sec61 trans-
locon itself, which consists of the integral membrane proteins Sec61 a, f, and y (Denks ef al.
2014; Egea & Stroud, 2010; Van den Berg ez a/. 2004), the translocation process involves a num-
ber of accessory proteins that tune the function of the translocon complex and process the nas-
cent chain (Johnson & van Waes, 1999; Schnell & Hebert, 2003). During the catly stages of
membrane protein translation, the ribosome is docked to the translocon by the signal recognition
particle (SRP), which effectively extends the ribosomal exit tunnel through the ER membrane and
into the lumen. As translation continues at the ER membrane, the nascent polypeptide chain can
access the ER membrane through the lateral gate of the translocon (Fig. 2; Heinrich ez a/. 2000).
Transmembrane (TM) helices pass through the lateral gate and into the ER membrane during
translation, which establishes the initial topology of the a-helical membrane protein (topogenesis).
Tertiary interactions between TM helices begin to form during translation (Cymer & von Heijne,
2013; Khushoo e al. 2011; Meindl-Beinker e a/. 2006; Sadlish e# al. 2005), which represent the
eatliest steps of a-helical membrane protein folding (Fig. 14, step I). The structural properties
of cotranslational folding intermediates remain somewhat unclear. Thus, additional insights
into the structure and function of the Sec61 translocon complex will ultimately be needed to
enhance our understanding of the initial steps of a-helical membrane protein folding,

The structural and physical details of the events leading to the integration of individual nascent
o-helices into the ER-membrane provide insights into the topogenic process. In many cases, the
structure, dynamics, and functional mode of the translocon complex, which is regulated by a host
of protein—protein interactions (Johnson & van Waes, 1999; Schnell & Hebert, 2003; Snapp ¢ a.
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2004), may directly influence the manner by which individual helices are integrated into the mem-
brane (Devaraneni e/ a/. 2011). Nevertheless, a sizeable body of knowledge on the translocon-
mediated membrane integration mechanism has indicated that the selection of TM helices by
the translocon is principally guided by the physiochemical properties of the nascent chain itself
(White & von Heijne, 2008). Portions of the emerging polypeptide chain transiently sample both
the hydrated intetior pore of the translocon and a cross-section of the ER membrane in a manner
that is well described by equilibrium partitioning models (Hessa e a/. 2005; Ojemalm e# a/. 2011;
White & von Heijne, 2008). Moreover, the elucidation of an empirical code for the energetics of
translocon-mediated insertion has enabled reasonably accurate topogenic predictions from pro-
tein sequence (AG prediction setver, www.dgpred.cbr.su.se) (Hessa ¢ al. 2005; Kauko et al.
2010; Virkki ef al. 2014). Translocon—bilayer partitioning energetics of amino acid side chains
is generally consistent with both water—octanol and water—bilayer partitioning (Fleming, 2014;
Moon & Fleming, 2011; White, 2003; White & von Heijne, 2008; Wimley & White, 1996).
Notably, the influence of a given amino acid on partitioning is strongly dependent on its position
relative to the membrane (Hessa e 4/ 2005, 2007; Moon & Fleming, 2011), which reflects the
position-dependent polarity of the bilayer solvent (White, 2003; White & von Heijne, 2008).
Partitioning of TM helices into the bilayer is dominated by the energetics associated with the but-
ial of apolar surface area within the membrane core as well as by the positioning of positively
charged residues among anionic phospholipid lipid head groups (positive-inside rule)
(Ojemalm ez a/. 2011; von Heijne, 1986, 1992). These revelations provide a framework for under-
standing the sequence determinants of the eatly phase of a-helical membrane protein biogenesis

and folding as well as the potential influence of pathogenic mutations on these processes.

2.2. Topogenesis of a-helical membrane proteins

The logic of the translocon suggests that a topogenic code should be written into the amino acid
sequence of each a-helical membrane protein. Interestingly, a genomic survey of the predicted
partitioning energetics of TM helices has revealed stark differences between single-pass and
multi-pass oa-helical membrane proteins (Hessa ¢ a/. 2007; White & von Heijne, 2008). In
most cases, translocon-mediated insertion of the TM helices of single-pass a-helical membrane
proteins appears to be highly favorable. This implies that membrane integration of single-pass
TM helices is usually robust and may be insensitive to the influence of most single-point muta-
tions. Nevertheless, there are likely to be some exceptions, as recent work by Feige and
Hendershot has demonstrated that topogenesis of less hydrophobic single-pass TM helices
can require the formation of complimentary interactions with the TM helices of its native inter-
action partners (Feige & Hendershot, 2013).

Unlike single-pass membrane proteins, translocon-mediated membrane integration is predicted
to be unfavorable for about one quarter of the TM helices in multi-pass a-helical membrane pro-
teins (Hessa ef a/. 2007; White & von Heijne, 2008). These TM helices sometimes feature polar or
charged residues positioned deep within the membrane, which are often critical for protein func-
tion or conformational stability (Adamian & Liang, 2002; Cao & Bowie, 2012; Gratkowski ez a/.
2001; Mergard e al. 2011; Popot & Engelman, 2000). The energetic penalty for burial of polar
residues within the membrane may be partially offset by the formation of tertiary interactions
between neighboring TM helices during translation (Meindl-Beinker e7 /. 2006; White & von
Heijne, 2008) or perhaps in some cases by the formation of transient hydrogen bonds with buried

water molecules, which are often found in the crystal structures of a-helical membrane proteins
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(Miyano ez al. 2010). However, pathogenic mutations that introduce non-native polar side chains
within TM helices, which constitutes the most common class of amino acid substitution for
disease-linked point mutations in a-helical membrane proteins (Partridge e al. 2004), bear the
potential to disrupt these critical interactions. Both the influence of pathogenic mutations on
topogenesis and the ramifications of cotranslational misfolding on cellular proteostasis merit
further consideration.

The molecular details of multi-pass a-helical membrane protein topogenesis have been
intensely studied for a number of proteins. In particular, the topogenesis of CFTR has served
as a key model system (Kim & Skach, 2012; Sadlish & Skach, 2004). One interesting property
revealed by these studies is the heterogeneous nature of its biosynthetic pathway. For instance,
two charged residues within the first TM segment of CFTR prevent its efficient recognition as
a TM helix during the early steps of biogenesis (Lu ef a/. 1998). Because the initial topology of
the N-terminal TM domains influences that of the subsequently synthesized TM helices (Chen
& Zhang, 1999; Kanki ez al. 2002), inefficient recognition of the first TM helices may ultimately
cause topological heterogeneity in the nascent structural ensemble. Characterization of the top-
ology of various truncated CFTR constructs suggests that ca. 70% of the nascent proteins eventu-
ally acquire the correct topology in the first two TM helices (Lu ¢z a/. 1998; Xiong et al. 1997). 1t is
tempting to speculate that this topological heterogeneity may contribute to the poor efficiency
with which even wild-type CFTR is known to correctly fold and traffic to the cell surface
(Ward & Kopito, 1994). Topological heterogeneity appears to be a feature of the nascent
forms of a number of multi-pass a-helical membrane proteins including P-glycoprotein (Pgp,
MDR1) (Moss ez al. 1998; Skach ¢t al. 1993), sarcoplasmic/ER Calcium ATPase 2 (SERCA2)
(Bayle ez al. 1995), anion exchanger-1 (AE1, band 3) (Kanki e 4/ 2002), and aquaporin-1
(AQP1) (Buck & Skach, 2005; Lu ¢f a/. 2000; Skach ez a/. 1994). In some cases, the misincorpora-
tion of entire TM helices can occur during the biosynthesis of topologically ‘“frustrated” membrane
proteins (Gafvelin & von Heijne, 1994), which feature sequences with ambiguous topogenic
codes (von Heijne, 2006). Studies of AE1 (Kanki ez a/. 2002), thodopsin (Kanner e# al. 2002),
and AQP1 (Lu ez al. 2000; Vitkki ef al. 2014) biosynthesis have shown that aberrant topomers
of nascent proteins may be corrected post-translationally. However, to our knowledge, the
mechanisms and molecular players involved in correcting aberrant topomers are currently
unclear. Regardless of the mechanism, the reorientation of TM helices can sometimes require
hours (Lu ef /. 2000) and may often be outpaced by the rapid degradation of misassembled topo-
logical intermediates by the proteasome (Buck & Skach, 2005).

Non-ideal topogenesis of multi-pass a-helical membrane proteins is consistent with the predic-
tion that the translocon—bilayer partitioning equilibrium of many TM helices within these proteins
is predicted to be close to 0 kcal mol ™" (Hessa ez al. 2007; White & von Heijne, 2008), suggesting
that only a fractional population of the nascent TM helices should spontaneously assume the cor-
rect topology during translation. These findings highlight the inherent plasticity of the translocon-
mediated membrane integration process and again suggest the potential for facile distortion of

this process by pathogenic mutations.

2.3. Influence of pathogenic mutations on the translocon-mediated insertion of TM helices

The apparent biochemical inefficiency of topogenesis suggests a potentially disruptive role for
pathogenic mutations at the translocon. To our knowledge, it is not clear whether this is a com-
mon effect of pathogenic mutations. We utilized the AG prediction server to sutvey the effects of
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470 non-synonymous mutations known to be associated with misfolding diseases occurring with-
in or near the TM helices of five multi-pass a-helical membrane proteins including rhodopsin,
vasopressin V, receptor (V,R), CFTR, peripheral myelin protein 22 (PMP22), and the voltage-
gated potassium channel KCNQ1 (manuscript in preparation). In the absence of tertiary contacts,
13 of the 36 total TM helices are predicted to insert with moderate efficiency (—1 kcal mol ™' <
AG,p, app > 1 kcal mol ™).
Of the surveyed pathogenic mutations implicated in misfolding diseases, 63 mutations (ca. 10%)

<1 keal mol™") and 7 are predicted to insert with poor efficiency (AG,

were predicted to increase the predicted free energy for the insertion of their respective TM heli-
ces by more than 1 kcal mol ™! (disfavoring insertion). Furthermore, 31 of these 63 mutations
occur within TM helices predicted to have moderate or poor insertion efficiency in the wild-type
protein. The true partitioning behavior of these TM helices and the magnitude of the energetic
effects of these mutations are likely to be different in the context of the full-length protein due to
the formation of helical hairpins within the translocon (Engelman & Steitz, 1981; Heinrich &
Rapoport, 2003; Hermansson & von Heijne, 2003; Meindl-Beinker e a/. 2006). Nevertheless,
it seems feasible that some of these pathogenic mutations could interfere with topogenesis.
Furthermore, the rapid degradation of aberrant topological intermediates (Buck & Skach,
2005) suggests a mechanism by which pathogenic mutations that influence topogenic efficiency
may decrease the yield of mature protein. The considerations outlined in this section suggest that
the induction of misfolding by mutations that interfere with topogenesis are not rare, but may be
much less common than mutations that disrupt or alter later stages of folding (discussed below).
Testing this hypothesis is an avenue for future research.

3. Energetics of folding and misfolding of a-helical membrane proteins
3.1. Physical principles of post-translational a-helical membrane protein folding

As is true for soluble proteins (Anfinsen, 1973), the conformational trajectories of membrane
proteins seek free-energy minima (Fleming, 2014; Huang e a/. 1981; Kim e al. 2014; Popot
et al. 1986; Stanley & Fleming, 2008; White, 2003). Furthermore, the conformational energy
landscapes of a-helical membrane proteins may dictate the nature of their post-translational
interactions with the cellular quality control machinery (Roth & Balch, 2011; Sanders &
Myers, 2004). After TM helices are inserted into the bilayer by the translocon, the helices as-
sociate in order to establish their native tertiary structure (Fig. 14, step II; White, 2003); a pro-
cess often rationalized by the two-stage model (Engelman e a/. 2003; Popot & Engelman,
1990). Despite long-standing interest in this phenomenon, practical limitations have long
hampered the characterization of the tertiary folding of a-helical membrane proteins under
equilibrium conditions (Booth & Curnow, 2009; Hong ef al 2009). As a result, our current
understanding of the conformational energy landscapes of a-helical membrane proteins re-
mains rudimentary (Bowie, 2005; Kim e a/. 2014).

Surveying the energy landscapes of a-helical membrane proteins ideally involves measure-
ment of the kinetic and thermodynamic barriers separating native and non-native states occut-
ring within biological membranes; a daunting challenge. Nevertheless, the characterization of
experimentally tractable conformational equilibria has revealed a number of fundamental prin-
ciples. Despite the low dielectric environment within the membrane, the energetic contribution
of hydrogen bonds to membrane protein conformational equilibria appears similar to that of
soluble proteins (Bowie, 2011; Faham e a/. 2004; Joh et al. 2008; Li et al. 2006). The energetic

contribution of van der Waals packing interactions also appears to be similar for soluble
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proteins and a-helical membrane proteins (Doura ¢f al. 2004; Faham e¢f a/. 2004; Fleming e# al.
1997; Joh e al. 2009). However, unlike soluble proteins, membrane proteins are subject to
forces imposed by cellular membranes. Various lines of evidence involving both a-helical
and f-batrel membrane protein folding in lipid bilayers have suggested that the width and cur-
vature of the membrane can significantly influence folding reactions (Allen ez a/. 2004a; Booth &
Curnow, 2009; Brown, 2012; Burgess ¢ a/. 2008; Hong & Tamm, 2004). Determination of the
means by which these forces combine to shape the conformational equilibria of a-helical mem-

brane proteins in membranes represents a frontier in protein science (Dill & MacCallum, 2012).

3.2. Conformational energetics of multi-pass a-helical membrane proteins

Efforts to probe the basic features of the conformational energy landscapes of multi-pass
o-helical membrane proteins have proven challenging due, in part, to the fact that commonly
used denaturing agents such as urea are rarely capable of sufficiently disrupting their conforma-
tional equilibria (Fleming, 2014; Stanley & Fleming, 2008). For this reason, such studies have re-
lied heavily on the use of mild detergent micelles or detergent-lipid mixed micelles that
energetically favor the native ensemble, which can be titrated with a charged denaturing detergent
(i.e. SDS) that promotes the formation of a denatured ensemble. Perturbation of the conforma-
tional equilibrium can be accomplished in mixed micelle systems by modulating the mole fraction
of the denaturing detergent. Providing that reversibility can be achieved (Fleming, 2014; Moon
et al. 2011), observations of the conformational ensemble upon the addition or dilution of the
denaturing detergent can provide quantitative insights into the kinetic and thermodynamic
properties of the conformational equilibrium. Such experiments facilitate the measurement of
an equilibrium between the native ensemble and a non-native ensemble that typically retains
some a-helical secondary structure but lacks tertiary or quaternary structure (Dutta ez 2/ 2010;
Krishnamani e a/. 2012; Lau & Bowie, 1997; London & Khorana, 1982; Riley ¢t al. 1997,
Schlebach ef al. 2011; Stanley & Fleming, 2008). Although mixed micelle solvents are certainly
not a perfect proxy for biological membranes (Matthews e a/. 2006; Warschawski ez a/. 2011;
Zhou & Cross, 2013), the loss of tertiaty structure and partial loss of secondary structure that
accompanies denaturation of a-helical membrane proteins with a charged detergent is generally
consistent with the documented structural defects in the misfolded forms of pathogenic rhodop-
sin variants responsible for retinitis pigmentosa (Liu ¢f a/. 1996). Thus, assessment of the confor-
mational equilibria of a-helical membrane proteins in mixed micelles may provide insight into the
nature of the energetic transitions relevant to the misfolding process. Nevertheless, strategies to
measure conformational stability of proteins within bilayers and even native membranes are on
the horizon. For instance, the recent advent of the ‘steric trap’ approach by Hong and Bowie
(Fig. 3), has enabled quantitative assessments of conformational equilibria under bilayered mem-
brane conditions (Chang & Bowie, 2014; Hong ef a/. 2010; Hong & Bowie, 2011). Application of
the steric trap has already demonstrated, quite strikingly, that dimerization of glycophorin A
seems to be weaker in membranes than in micelles (Hong & Bowie, 2011). Thus, many aspects
of the nature of the interplay between the conformational equilibrium of membrane proteins with
biological membranes remain to be explored.

The conformational stability of a handful of purified a-helical membrane proteins have been
quantitatively assessed in various membrane mimetics. Interestingly, conformational stability
measurements of diacylglycerol kinase (DAGK) (Lau & Bowie, 1997), bacteriorthodopsin (bR)
(Curnow & Booth, 2007), the KecsA potassium channel (Barrera e a/ 2008), and
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Fig. 3. Steric trap method originally developed by Heedeok Hong and James Bowie to assess the
conformational equilibria of a membrane protein by measuring interactions between biotinylated
membrane proteins and engineered monovalent streptavidins (mSA). Biotin labels are introduced at two
proximal sites in the native conformation of the protein of interest (black circles). Binding of a single
mSA to one of the biotins attached to the folded membrane protein occurs with high affinity. Binding
of a second mSA to the other biotin can take place only after the membrane protein spontancously
unfolds. Unfolding and binding of this second mSA are therefore thermodynamically coupled. The
position of the equilibrium between the single mSA-bound folded protein and the mSA-double bound
unfolded form is assessed as a function of mSA concentration using any one of a variety of possible
methods (unfolding-induced dissociation of a fluorescent excimer pair is implied in this example).
Changes in the observed signal as a function of [mSA] can be fit for the equilibrium constant for
unfolding (K,nsoq) by accounting for the known binding affinity of mSA for avidin. This method relies
on use of an engineered series of mSA with Ky ,igin Spanning several orders of magnitude. Choice of

the optimal engineered mSA to use is based on the need to tune the balance between the binding and
unfolding equilibria.

aquaglyceroporin GIpF (Veerappan ez al. 2011) have suggested large thermodynamic separation
of the native and denatured reference states (AG,,¢ = 16-31 kcal m()lq). On the other hand, stu-
dies of disulfide bond-reducing protein B (DsbB) (Otzen, 2003), galactose transporter GalP
(Findlay ez al. 2010), lactose permease LacY (Hartis e a/ 2014), human PMP22 (Schlebach
et al. 2013), and the rhomboid protease (Baker & Urban, 2012) have suggested a more modest
thermodynamic preference for their native conformations (AG.,¢ = 0—4-5 keal mol ™). Can it be
that the range of thermodynamic stabilities of single-domain wild-type a-helical membrane pro-
teins varies by more than an order of magnitude? This remains to be resolved. However, in ad-
dition to technical issues involving empirical stability extrapolations (Chang & Bowie, 2014;
Schlebach e al. 2012; Sehgal e al. 2005), the seemingly large dynamic range of stability measure-
ments may arise, in part, from the distinct structural and energetic properties of the #nfolded states
generated by the different denaturants employed in these studies (Stanley & Fleming, 2008).
Indeed, a recent work by Chang and Bowie has revealed that the proposed free-energy difference
between native bR and SDS-denatured bR is about twice as large as that separating native bR
from a sterically trapped unfolded bR ensemble under identical phospholipid bicelle conditions
in the absence of SDS (Chang & Bowie, 2014; Curnow & Booth, 2007). Comparisons of the
thermodynamic stabilities is also complicated by the fact that unfolding is coupled to changes
in the oligomeric state for some of these proteins (DAGK, KcsA, and GIpF), the energetics
of which are dependent on the protein-to-detergent (and/or lipid) ratio utilized in the chosen
reaction conditions (Fleming, 2002). Despite such difficulties, apples-to-apples comparisons of
stability measurements for wild-type and mutant variants in mixed micelle systems have proven
widely useful (Baker & Urban, 2012; Cao & Bowie, 2012; Curnow & Booth, 2009; Curnow e7 al.
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2011; Joh et al. 2009; Otzen, 2011). Nevertheless, the steric trap method (Chang & Bowie, 2014;
Hong et al. 2010; Hong & Bowie, 2011), alternative applications of current methods (reviewed in
(Hong et al. 2009)), and possibly new approaches will be needed to characterize the thermodyn-
amic preference for the native ensemble within bilayered vesicles and actual biological
membranes.

Conformational energy landscapes also dictate the razes of a-helical membrane protein folding.
The rates of soluble protein folding reactions vary greatly but are generally rapid (Plaxco ez al.
2000); folding of soluble proteins generally requires anywhere from microseconds to minutes
in vitro. Similar to soluble proteins (Brockwell & Radford, 2007), kinetic intermediates of helical
membrane proteins can form within milliseconds of the initiation of folding from
detergent-denatured states (Allen ez al. 2004b; Booth e al. 1995; Krishnamani & Lanyi, 2011;
Lu & Booth, 2000; Otzen, 2003). Howevet, complete refolding and/or oligomerization can re-
quire anywhere from minutes to days zz vitro (Allen et al. 2004b; Cao ef al. 2011; Jefferson ez al.
2013; Krishnamani & Lanyi, 2011; Riley e# a/ 1997; Schlebach ez a/. 2012, 2013). The folding of
the soluble denatured forms of fS-barrel membrane proteins into membranes also appears to be
quite slow (Burgess ¢f al. 2008; Gessmann e/ al. 2014; Huysmans e/ a/. 2010, 2012), though in this
case the rate-limiting step seems to involve the transfer of the unfolded protein from the aqueous
phase to the membrane phase (Gessmann ef a/. 2014; Huysmans ez a/. 2010, 2012). Slow-folding
relative to biological time scales suggest an essential biological role for chaperones and folding
enzymes, a possibility consistent with the observed differences in the chaperone binding of wild-
type CFTR relative to the slow-folding pathogenic AF508 variant (Coppinger ¢# al. 2012; Qu et al.
1997; Wang et al. 2006). Thus, characterization of folding intermediates and their reactivity with
the components of cellular quality control may be central to understanding the folding and mis-
folding mechanisms of pathogenic variants (Roth & Balch, 2011).

The cellular turnover of a-helical membrane proteins is also likely to depend on their rates of
unfolding (kinetic stability). For many soluble proteins (Park e a/. 2007; Xia et al. 2007), confor-
mational stability is effectively achieved through a high kinetic barrier to unfolding (Jaswal ez /.
2002). Several lines of evidence indicate that some a-helical membrane proteins may also be
kinetically isolated from non-native states in some cases. For instance, the extrapolated unfolding
rate of bR in mixed micelles suggests that accessing the detergent-denatured ensemble under
native conditions would require a very, very long time (Curnow & Booth, 2007, 2010).
Futthermore, the dissociation and/or unfolding of trimeric DAGK in lipid bicelles has been
found to require weeks (Jefferson er a/. 2013). High kinetic battiers to unfolding and/or dis-
sociation of oligomers would be consistent with the slow subunit exchange observed for both
DAGK and ActB in membranes (Jefferson ez al. 2013; Lu et al. 2012). Thus, in contrast to rap-
idly folding and unfolding single-domain soluble proteins, it is unclear whether most membrane
proteins effectively achieve an equilibrium conformational ensemble iz vivo. One intriguing possi-
bility is that nascent membrane proteins freely interconvert between native and non-native con-
formations in the ER in the presence of the chaperones of quality control and low cholesterol
concentrations, but become kinetically trapped in their native states after export to the Golgi and
beyond.

Collective elucidation of the interplay between the conformational stability, folding rates, and
unfolding rates of a-helical membrane proteins may ultimately be necessary to rationalize the

cellular proteostasis of a-helical membrane proteins.
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O Sites for which point mutations cause
Charcot-Marie-Tooth 1 or related diseases

Fig. 4. Topology of human PMP22 and distribution of pathogenic missense-encoded single amino acid
mutations within its sequence. Residues for which pathogenic variants have been identified are indicated
in red, and the identities of the pathogenic side-chain substitutions are indicated. Mutations in PMP22
result in Charcot—Marie—Tooth disease and related disorders.

3.3. Influence of pathogenic mutations on a-helical membrane protein folding and assembly

Numerous diseases are linked to the defective folding and/ot trafficking of membrane proteins.
The cellular biosynthesis and assembly of membrane proteins is an inherently inefficient process
(Ellgaard & Helenius, 2003; Sanders & Nagy, 2000) and pathogenic variants are typically
assembled with even lower efficiencies, which suggests that these mutations cause structural
defects that are detected by cellular quality control machinery (KKaushal & Khorana, 1994;
Naef & Suter, 1999; Sanders & Myers, 2004; Sung ez al. 1991). However, little is known about
the influence of pathogenic mutations on the conformational equilibria of such proteins. This
impasse primarily stems from the restricted number of a-helical membrane proteins that have
thus far been amenable to iz vitro investigations of folding and assembly. Nevertheless, a survey
of the nature of pathogenic side-chain substitutions and their distributions throughout the topo-
logical domains of a-helical membrane proteins suggests that these mutations are likely to disrupt
their conformational stability (Sanders & Myers, 2004). For example, the currently identified
pathogenic mutations in PMP22 are distributed throughout its sequence, with many involving
the introduction of charged or helix-breaking residues within its TM helices (Fig. 4). In the
case of thodopsin, a majority of pathogenic mutations seem to fall within a cluster of residues
predicted to be essential for folding (Rader ¢f a/. 2004). Regardless of their position within the
protein or the nature of the substitution, a majority of tested membrane protein mutations
have been seen to destabilize tertiary or quaternary structure (Baker & Urban, 2012; Cao e al.
2011; Curnow & Booth, 2009; Curnow e/ a/. 2011; Faham ef al. 2004; Fleming & Engelman,
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2001; Nagy & Sanders, 2004; Otzen, 2011), which may potentially explain why pathogenic muta-
tions in a-helical membrane proteins are often well-distributed throughout the sequence. The
magnitude of the effects of mutations on the conformational equilibria of a-helical membrane
proteins seem to be on par with that of soluble proteins. Furthermore, a semi-quantitative inves-
tigation of DAGK folding has suggested that the degree of destabilization imparted by point
mutations is inversely correlated with kinetic stability (Nagy & Sanders, 2004), which suggests
that an increase in the free energy of the native ensemble may be a common effect of such
point mutations. Mutations that specifically destabilize the rate-limiting transition state for folding
may be relatively rare, but have been documented (Curnow ef a/. 2011; Nagy & Sanders, 2002;
Otzen, 2011). Alternatively, a number of pathogenic mutations have been found to promote
the formation of alternative structures via non-native contacts and/or disulfide bonds (Fig. 14)
(Dhaunchak & Nave, 2007; Goldberg ¢f al. 1998; Hwa ez al. 1999; Li et al. 2006; Ng & Deber,
2010; Thertien et al. 2001; You et al. 2007). Thus, it seems that cellular misfolding of a-helical
membrane proteins may arise as a result of disruption of native contacts, formation of non-native
contacts, or some combination of both.

New insights into the influence of pathogenic mutations on the tertiary folding of a-helical
membrane proteins have been afforded by recent characterizations of the conformational stability
and the structural dynamics of human PMP22, the cellular misfolding of which causes a spec-
trum of peripheral neuropathies (Jetten & Suter, 2000; Li e a/. 2012b; Sanders e al. 2001;
Suter & Snipes, 1995). As of 2014, the Human Gene Mutation Database lists 44 point mutations
in PMP22 that are known to cause Charcot—Marie—Tooth disease (CMTD), Dejerine—Sottas syn-
drome (DSS), or hereditary neuropathy with liability to pressure palsies (HNPP; hgmd.cf.ad.uk)
(Fig. 4). The AG prediction server (www.dgpred.cbr.su.se) suggests favorable translocon-
mediated membrane integration for each of the four TM helices of PMP22 and few of these
mutations are predicted to significantly influence topogenesis (manuscript in preparation).
Thus, the primary sequence suggests that the TM helices should spontaneously partition into
the membrane even in the absence of favorable tertiary contacts. For this reason, it seems likely
that pathogenic mutations in PMP22 primarily influence folding and assembly processes that
occur affer translocon-mediated membrane integration, which is consistent with the observation
that the cellular trafficking of pathogenic PMP22 variants is stalled at the so-called ‘intermediate
compartment’ between the ER and the Golgi (Tobler ez a/. 1999).

Emerging evidence suggests that the tertiary structure of wild-type PMP22 is only marginally
stable and that most pathogenic mutations further reduce conformational stability. Reversible
unfolding measurements of wild-type PMP22 have revealed a minimal free-energy difference be-
tween folded and unfolded conformations in #-dodecylphosphocholine (DPC) micelles
(AG e~ 0 keal mol™") (Schlebach ef al. 2013; Fig. 5a). It is, of course, likely that PMP22 pos-
sesses a somewhat greater degree of conformational stability in biological membranes.
Nevertheless, slow folding and marginal stability of wild-type PMP22 in cellular membranes
could potentially account for its poor cellular trafficking efficiency (only ~20% of cellular WT
PMP22 reaches the PM) and rapid cellular degradation (T},, ~ 30 min) (Pareek ez al 1997).
Characterization of the effects of the quintessential pathogenic mutations L16P and G150D,
which cause CMTD in mice and humans (Suter ¢f a/. 1992), has suggested that these mutations
both decrease conformational stability and enhance the aggregation propensity of PMP22 (Myers
et al. 2008; Tobler et al. 2002). Furthermore, a comparison of the dynamics of WT and L16P
PMP22 by NMR has revealed that this mutation enhances transient dissociation of the first
TM helix and the transition of its other three TM segments into a molten globular domain
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Fig. 5. Folding and conformational dynamics of human PMP22. (z) WT PMP22 was equilibrated in mixed
micelles containing DPC in the absence (diamonds) and presence (circles) of 15% glycerol and varying levels
of the denaturing detergent lauroyl sarcosine (L.S). For each point tertiary structural content was monitored
using the near-UV circular dichroism signal at 299 nm ([f)]599). Closed symbols ate for a forward titration
(unfolding) with LS. Open symbols are for a reverse (refolding) titration. The match between the
forward and reverse titration data indicates the complete reversibility of the unfolding/refolding
transitions, as confirmed by complementary kinetic studies (Schlebach ef a/ 2013). Kinetic and
thermodynamic analyses suggest that the fraction of folded PMP22 in the absence of 15% glycerol
(diamonds) is close to 0-5 in DPC micelles in the absence of IS (AGyns 0 keal mol™"). PMP22 is
stabilized in the presence of 15% glycerol, which shifts the unfolding transition to higher mole fractions
of denaturing detergent under this condition (circles). However, a fit of the unfolding transition to a
two-state equilibrium model (black line) suggests that the folded conformation is still only marginally
favored in the presence of glycerol (AGyn¢=1-5% 0-1 keal mol ™). (Figure from Schlebach e al. 2013) (b)
The structural dynamics of WT and L16P PMP22 were assessed in tetradecylphosphocholine (TDPC)
micelles using solution NMR and other methods. The results indicate that the initial state of PMP22
unfolding involves dissociation of its first TM segment from the four-helix bundle, with the remaining
three-helix bundle adopting a molten globule-like state in the membrane. The pathogenic L16P mutation
breaks the first TM segment and shifts the folding equilibrium towards the partially unfolded state.
(Modified figure from Sakakura ez a/. 2011).

(Fig. 5b) (Sakakura e¢f /. 2011), which may suggest that the nature of the unfolding reactions re-
sponsible for cellular misfolding of PMP22 may be relatively minor. We have recently expanded
our analysis of pathogenic PMP22 variants and found that most pathogenic mutations do indeed
destabilize its tertiary structure and decrease its cellular trafficking efficiency (manuscript in
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preparation). These findings will provide much needed insight as to how the conformational stab-
ility of pathogenic a-helical membrane proteins variants is tied to their cellular fates.

Although mutations in PMP22 appear to influence the native tertiary structure, many other
pathogenic mutations are known to perturb the oligomerization of a-helical membrane proteins.
Dimerization and activation of receptor tyrosine kinases (RTK) is a critical step in a number of
cellular signaling pathways and mutations within the TM domains of these proteins are known to
cause a various forms of cancer and developmental disorders. Investigation of pathogenic RTK
variants iz vitro has provided strong evidence that these mutations can promote unregulated RTK
dimerization through the formation of non-native hydrogen bonds or perhaps non-native dis-
ulfide bonds (Li ez a/. 2006; You ez al. 2007). Interestingly, quantitative studies of such mutations
in vivo have suggested that energetic effects of mutations as little as 0-5 kcal mol ™" can have pro-
found consequences on biochemical activity and cellular turnover under certain circumstances
(Chen ez al. 2011; He & Hristova, 2008; Placone & Hristova, 2012). Despite these advances,
exhaustive efforts to identify consensus sequence motifs specifying the interaction of TM helices
or to predict the effects of mutations on dimerization from structure have been somewhat un-
successful (Li ef al. 2012a; MacKenzie & Fleming, 2008). Thus, the rationalization of the effects
of pathogenic mutations on the folding and assembly of a-helical membrane proteins in the cell
presently remains a pressing challenge in membrane protein biophysics.

4. Proteostasis and the cellular trafficking of a-helical membrane proteins
4.1. a-Helical membrane protein misfolding in the context of ER quality control

Both in concert with and following translocon-mediated integration of TM segments into the
membrane of the ER, eukaryotic membrane proteins form tertiary and quaternary structures
to attain their native structural state (Fig. 14). During this process, membrane proteins interact
with a host of proteins that are dedicated to faciliation of the folding process and also to policing
of the misfolding of nascent proteins. These proteins include chaperones, prolyl isomerases,
disulfide-bond isomerases, glycosyltransferases, glycosidases, ubiquitin ligases, and proteases.
In this section, we explore the later stages of membrane protein folding and misfolding in the
context of the complex environment of mammalian cells. Elucidation of the molecular basis
of misfolding diseases will ultimately require interpretation of the effects of these conformational
defects on the native (and non-native) interactions of the protein with other proteins as well as
lipids and metabolites (Ellgaard & Helenius, 2003; Kelly & Balch, 2006; Vembar & Brodsky,
2008). Elucidation of pathogenic mechanisms will also hinge on our understanding of the re-
sponse of cells to dramatic changes in the flux of misfolded proteins caused by these mutations
(Brodsky & Skach, 2011).

In many cases, only a fraction of nascent membrane proteins achieve maturity (Pareek ez al.
1997; Sanders & Myers, 2004; Sanders & Nagy, 2000; Ward & Kopito, 1994), and eukaryotic
cells have evolved elaborate systems to cope with the hazards of error-prone membrane protein
synthesis and assembly. Nascent membrane proteins are subject to the scrutiny of a variety
folding-sensor proteins within the ER-associated folding (ERAF) and ER-associated degradation
(ERAD) pathways (comprehensively reviewed in (Vembar & Brodsky, 2008)). Collectively, these
processes are referred to as ER-folding quality control (Fig. 6). As a consequence of their resi-
dence in the ER membrane, the cytosolic, lumenal, and TM portions of nascent membrane pro-
teins are interrogated by distinct sets of quality control machinery in each of these compartments
(Brodsky & Skach, 2011; Buchberger e al. 2010). Gross conformational defects in the soluble
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Fig. 6. ER quality control in eukaryotic cells. This diagram depicts the interplay between the ERAF and
ERAD pathways within the pathway of membrane protein biosynthesis, folding, and trafficking. Nascent
o-helical membrane proteins are cotranslationally inserted into the ER membrane as they come off the
ribosome. The proteins then engage in quality control through numerous interactions with chaperones
and folding sensors in the ERAF pathway. Nascent proteins that pass quality control are eventually
exported to their destination membranes by way of the Golgi apparatus. Proteins that fail to achieve
their native fold are eventually extruded from the ER membrane into the cytoplasm and
polyubiquitinated. These proteins are ultimately disposed of by proteasomes or form aggregates that may
be degraded or might ultimately elicit cellular toxicity.

domains of membrane proteins (or perhaps the misincorporation of TM helices) may result in the
inapproptiate exposute of hydrophobic patches, which are likely recognized by soluble molecular
chaperones such as Hsp70 in the cytosol and the Hsp70 homolog BiP in the lumen (Buchberger
et al. 2010; Meacham ef al. 1999; Otero et al. 2010). ER quality control machinery also uses
N-linked glycosylation markers to monitor the folding process, wherein nascent membrane pro-
teins enter the kinetically controlled calnexin/calreticulin chaperone cycle (Ellgaard & Helenius,
2003; Hebert & Molinari, 2012; Sanders & Myers, 2004; Vembar & Brodsky, 2008). It is less clear
how defectively folded TM domains are recognized (Houck & Cyr, 2012). However, a number of
proteins potentially capable of recognizing defectively assembled TM domains have been iden-
tified including the E3 ubiquitin ligase HRD1 (Sato e @/ 2009), the rhomboid homolog
Detlin-1 (Sun e al. 2006), UDP-glucose: glycoprotein glucosyltransferase (Dedola es al. 2014;
Taylor e al. 2004), and the translocating-chain-associated membrane protein (TRAM)
(Tamborero e al. 2011). Calnexin itself has also been reported to directly sense defective TM
domains in membrane proteins in a manner that is independent of its ability to recognize glycans
(Cannon & Cresswell, 2001; Fontanini e a/. 2005; Swanton ez al. 2003). Recognition of incom-
pletely folded or misfolded proteins in which natively buried trafficking sequence motifs are ex-
posed also plays a key role in ER retention or Golgi-to-ER retrieval (Geva & Schuldiner, 2014;
Lee ez al. 2004; Michelsen ez al. 2005; Teasdale & Jackson, 1996; Yamamoto e a/. 2001). The bio-
synthesis of most membrane proteins is typically governed by interactions with some combi-
nation of the folding sensors described above. Protein quality control pathways are not
typically ‘one set fits all’ (Buchberger e a/. 2010). Rather, different client proteins are engaged
by different components and subsystems of quality control based on their physiochemical
properties and the cellular physiological state (Eletto ez a/ 2012; Jung e al. 2011; Kanechara
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et al. 2010; Maattanen e al. 2006; Molinari e al. 2004). For instance, the conformational equilib-
rium of CFTR is known to be surveyed and adjusted by at least three different components of
protein folding quality control: (1) its large cytosolic domain interacts with cytosolic heat-shock
protein (HSP) chaperones (Hsp40, Hsp70, and Hsp90); (2) the luminal/extracellular and TM
domains of the protein interact with the components of the calnexin cycle; and (3) small sequence
motifs are recognized by the gatekeepers of the ER-to-Golgi transport pathway, leading to ER
retention (Farinha ez a/. 2013).

The collective interrogation of nascent membrane proteins by folding sensors leads to one of
two fates for each client protein (Brodsky, 2012; Merulla e @/ 2013; Olzmann et al. 2013).
Proteins deemed to be correctly and fully assembled by quality control are exported to their
intended cellular compartment by way of the secretory pathway. Alternatively, proteins that fail
to achieve a native fold in a timely fashion are retrotranslocated into the cytoplasm and polyubi-
quitinated, leading either to degradation by the proteasome or to formation of intracellular inclu-
sions, as discussed below. The precise identity of the retrotranslocon (also referred to as the
disolocon) has long been debated. It is quite possible that there is more than one protein or pro-
tein complex, including the Sec61 translocon itself, capable of serving as a retrotranslocon for
vatious client proteins (Brodsky, 2012; Merulla ez a/. 2013; Olzmann ef al. 2013). The genetic,
cellular, and structural details of the ERAF and ERAD protein networks remain an active and
fascinating area of research that can be expected to yield key insights into the molecular basis
of a number of misfolding diseases. Closely aligned with ERAF and ERAD is the cellular
‘unfolded protein response’ (UPR) system that activates to relieve the burden of misfolding
and/or excess nascent protein on QC pathways and the ubiquitin—proteasome systems (Bence
et al. 2001; Buchberger e al. 2010; Fortun et al. 2005).

Perhaps the most obvious outcome of the misfolding of a-helical membrane proteins is the
loss of native protein function associated with a reduction in the efficiency of trafficking to
the intended cellular compartment (Cheng ez al. 1990; Naef & Suter, 1999; Sanders ef al. 2001;
Sung e al. 1991; Wiseman ef a/. 2007a). In some cases, the pathogenesis arising as a result of mis-
folding seems to be due almost exclusively to the absence of functional protein in its native cellu-
lar compartment. For instance, the loss of CFTR channel function and related pathophysiology
seems to be the most common outcome of the many genetic aberrations that cause CF. However,
the toxic accumulation of excess misfolded membrane proteins may also represent a pathogenic
stressor in some cases. Failure by the cell to fold or dispose of immature protein results in ac-
cumulation of the misfolded protein as aggregates (Kopito, 2000), usually following retrotranslo-
cation of the misfolded protein into the cytosol. Although chaperones and proteasome
components often colocalize with protein inclusions (Garcia-Mata ez al. 1999; Wigley ez al.
1999), the aggregates themselves tend to be relatively homogenous in composition (Rajan ez 4/
2001). Nevertheless, intracellular aggregation of one protein can sometimes trigger the precipi-
tation of other aggregation-prone proteins (Gidalevitz ez a/. 20006) as a result of competition be-
tween multiple proteins for shared components of the ERAD and ERAF pathways (Garcia-Mata
et al. 2002; Gidalevitz ez a/. 2010). This principle has been elegantly demonstrated through a series
of experiments involving genetically modified Caenorbabditis elegans, where the expression of
temperature-sensitive variants of vatious soluble proteins was found to enhance the aggregation
of fluorescent polyglutamine repeat proteins under ambient conditions (Fig. 7) (Gidalevitz ez 4.
2006).

The mechanisms by which eukaryotic cells cope with the burden of accumulated misfolded

membrane proteins are currently the subject of intense investigation. Such mechanisms
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Fig. 7. Finite capacity of cellular quality control. The #rans-effects of protein misfolding were examined
using genetically modified Caenorbabditis elegans. Fluorescence images are shown of larvae carrying one
(Q40 m het, @) or two (Q40 m, b) copies of a fluorescently-labelled, aggregation-prone polyglutamine
repeat protein at permissive growth temperatures. Images are also shown of Q40 m larvae carrying
temperature-sensitive mutations in the ras (¢ and paramyosin (4) proteins grown at permissive
temperatures. (¢) Quantification of visible polyglutamine aggregates in these organisms demonstrates that
the expression of other unstable proteins (i.e. mutant ras or paramyosin) can prompt the aggregation of
an otherwise soluble protein (Q40 m), presumably due to competition between the two proteins for
shared components of the ERAF pathway (Figure from Gidalevitz e a/. 2006).

principally include the sequestration of misfolded and extruded membrane proteins into specia-
lized subcellular compartments (Sontag e a/. 2014). Depending on the identity and ultimate fate
of the misfolded protein, it is targeted to one or more subcellular quality control compartments
which include Q-bodies (Escusa-Toret et al 2013), the juxtanuclear quality control (JUNQ)
(Kaganovich e al. 2008), the insoluble protein deposit (IPOD; Kaganovich et al 2008),
aggresome-like induced structures (ALIS) (Szeto er al. 20006), or aggresomes (Johnston ef al.
1998). While both soluble proteins and a-helical membrane proteins are capable of forming
these structures under certain conditions (Garcia-Mata ef a/. 1999, 2002), aggresome formation
has been characterized in considerable detail for a number of misfolding-prone a-helical mem-
brane proteins, in particular for CFTR (Johnston ef a/. 1998), PMP22 (Notterpek ez al. 1999;
Ryan et al. 2002), and rhodopsin (Saliba e /. 2002). Targeting of extruded and/or aggregated
membrane proteins to aggresomes is achieved through an intricate network of cytosolic pro-
tein—protein interactions. First, poly-ubiquitinated aggregates are recognized by HDACG6
(Kawaguchi ef a/. 2003) and HSP70-bound proteins are detected by BAG3 (Gamerdinger e al.
2011). These sensors then facilitate dynein-mediated retrograde transport of small diffusive aggre-
gates to the microtubule-organizing center (MTOC) (Garcia-Mata e/ al. 1999; Johnston ez al. 2002;
Kopito, 2000). A collapse of intermediate filaments around clusters of aggregates then leads to
the formation of stable micron-scale aggresomes (Garcia-Mata ef a/. 2002). These aggresomes
are then gradually degraded by proteasomes and/or in lysosomes via autophagy (Fortun e al.
2003; Johnston ef al. 2002; Wigley e al. 1999). Importantly, it has been found that such seques-
tration and disposal mechanisms preserve the function of the secretory pathway (Garcia-Mata
et al. 1999) and enhances cellular fitness (Escusa-Toret ef a/. 2013), suggesting that aggresomes
may serve in a protective capacity (Kawaguchi ez 2/ 2003; Kopito, 2000; Sontag ez al. 2014).
Nevertheless, as these mechanisms appear to be saturable (Gidalevitz ez 4/ 2006), an increase
in the flux of nascent a-helical membrane proteins through these degradation pathways or failure
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to propetly complete aggregate disposal may have catastrophic consequences for the cell. It
should also be noted that some of the critical degradation pathways appear to decline in efficacy
with aging, a factor that may contribute many aging-related disorders (Taylor & Dillin, 2011).

4.2. a-Helical membrane proteins at the proteostasis boundary

Efforts to understand the linkage between protein stability and cellular proteostasis represent a
frontier bridging protein biophysics with systems biology. Simplistic models are beginning to re-
veal the mechanisms by which the physical chemistry of protein folding gives rise to the collective
functions and dysfunctions associated with cellular proteomes. Recent studies have provided
reasonable predictions of the folding energetics of soluble proteins directly from the amino
acid sequence (Ghosh & Dill, 2009). Genomic sutveys using this model predict that the coop-
erative unfolding of a few unstable proteins can give rise to a ‘proteostasis catastrophe’ at elevated
temperatures, which coincides with the thermal cell death temperatures of bacteria, yeast, and
nematodes (Ghosh & Dill, 2010). Moreover, physical limitations imposed on cells by the collec-
tive instability of the proteome, the rates of biochemical reactions, and the diffusion rates of sol-
uble proteins within the cell also seem to account for growth rates and cellular protein
concentrations (Dill ez 2/ 2011). These observations suggest a prominent role for protein stability
in organismal fitness.

Bridging the knowledge gap between the energetics of protein (mis)folding and the function-
ality of cellular protein—protein interaction networks represents a considerable challenge.
Nevertheless, a promising formalism has emerged from characterizations of transthyretin
(TTR), a secreted soluble tetramer that causes systemic amyloid disease when mutated.
Exhaustive folding measurements revealed an empirical relationship between the effects of
pathogenic mutations on the kinetic and thermodynamic stability of TTR and both the efficiency
with which the proteins are secreted by mammalian cells and the inherent amyloidogenicity of the
variants (Sekijima e a/. 2005). Furthermore, it was also found that secretion efficiency is highly
dependent on the functionality of cell-specific chaperone machinery as well as the concentration
of native TTR ligands, which act as a chemical chaperones in the secretory pathway. Wiseman
et al. later constructed a minimal model describing the linkage between folding and export
(FoldEx) by simplifying the relevant interactions in the ERAD and ERAF pathways using
Michealis—Menten formalism and estimated rate constants for the relevant protein—protein inter-
actions (Wiseman ef a/. 2007b) (Fig. 8a). Strikingly, this model was able to account for the
observed relationships between the conformational stability and observed secretion efficiency
of both TTR and bovine pancreatic trypsin inhibitor (BPTI) (Kowalski ez a/. 1998a, b), which
suggests that the principles of physical chemistry may offer utility in efforts to rationalize the elab-
orate cellular processes encompassed by cellular quality control. Among the concepts emerging
from this model is that of a ‘proteostasis boundary’ (Powers et al. 2009; Roth & Balch, 2011;
Fig. 85). This concept suggests that the concentrations and activities of chemical and molecular
chaperones within the cell define a ‘minimal export threshold’ that corresponds to a minimal de-
gree of conformational stability required for proteins to pass cellular quality control. According to
this model, pathological misfolding may occur when a mutation increases the misfolding rate or
decteases the folding rate and/or decreases thermodynamic stability to an extent that falls below
the minimal export threshold. Such variants with non-permissive conformational energetics may
be targeted to ERAD, which may decrease the yield of functional protein, destabilize interaction
partners, and potentially leads to the formation of cytotoxic aggregates. Together, these advances
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Fig. 8. Physical chemistry of folding and export. (#) A schematic illustration of a simplified model for
FoldEx of nascent proteins from the ER. Secreted proteins are synthesized by the translocon (T), and
the nascent protein (U) either productively forms the native conformation (F) (pathway 8), or is entered
into a chaperone (C) binding cycle (pathway 3). Hydrolysis of ATP is coupled to conformational changes
that release the nascent protein (pathways 5 and 6) in order to enable productive folding (pathway 8) or
misfolding (pathway 13). Proteins that achieve the native fold are recognized by the export machinery
(E) and exported from the ER (pathways 9 and 10). However, proteins that misfold or fail to fold
quickly are either reengaged by chaperones (pathways 7 and 14) or are recognized by the retrotranslocon
machinery (pathways 11 and 15) and targeted for degradation. Simplification of the relevant interactions
using Michaelis—Menten formalism and estimation of relevant rate constants (summarized in box)
recapitulates the observed relationships between the conformational stability and export of TTR and
BPTI. (Figure from Wiseman ef al 2007b) (b) Simplification of the FoldEx model suggests that
cell-specific expression and activities associated with ERAD and ERAF components are capable of
handling proteins (different proteins represented by green) with permissible combinations of
thermodynamic stability, folding rates, and misfolding rates as indicated by the cellular proteostasis
boundary (purple). Proteins that fall within the proteostasis boundary are produced and degraded
normally. However, destabilized variants (red) may breach this boundary (left), which can lead to the
saturation of quality control and pathogenic misfolding. Because folding and export hinge on protein—
protein interactions (connecting lines), destabilized variants may either directly destabilize interaction
partners or indirectly destabilize competing quality control substrates (right). The destabilized variant and
its interaction pattners may then saturate quality control, prompt pathogenic misfolding, and induce
cellular stress (Figure from Powers e al. 2009).
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provide a general framework that may ultimately provide a means to quantitatively assess the link-
age between the conformational equilibrium of a protein and its cellular fate.

The generality of these models suggests that they may eventually provide clarity to the physical
limitations governing the cellular trafficking and misfolding of a-helical membrane proteins.
However, rationalizing the proteostasis of membrane proteins may prove more difficult than
TTR and BPTI due to the fact that significantly less is known about the conformational ener-
getics of proteins in cellular membranes or the physical nature of their interactions with the qual-
ity control machinery. Moreover, it may be necessary to factor in the physiochemical properties of
the membrane to achieve a useful proteostatic model for membrane proteins. For instance, if cur-
vature is indeed a significant factor that influences the conformational stability of membrane pro-
teins (Brown, 2012), then the negative membrane curvature experienced by some proteins as they
traffic through some organelles may represent a destabilizing influence on proteins that have
evolved to maintain functional conformations in a destination membrane with positive curvature
(Fig. 94 and b). Additionally, given that the lipid composition of cellular organelles can vary dra-
matically (van Meer ef al. 2008), the conformational energetics of a-helical membrane proteins
and their capacity for export may be highly dependent on the compatibility of the native confor-
mation with the lipid compositions of the membranes that comprise each cellular compattment
(Fig. 9¢ and d; Lundbaek ¢ a/. 2003). For instance, the structural integrity of the f, adtenergic
receptor depends on the cholesterol concentration (Zocher ef al. 2012), yet the cholesterol con-
centration is known to be low in the ER where quality control takes place. The degree to which
these factors impact the partitioning of nascent a-helical membrane proteins between the ERAF
and ERAD pathways is a largely unexplored frontier. Additional biophysical studies of the effects
of membranes, metabolites, and chaperones on misfolding-prone a-helical membrane proteins
will be needed to formulate semi-quantitative models of the proteostasis boundary for

o-helical membrane proteins.

4.3. Pharmacological rescue of membrane proteins from misfolding and mistrafficking

Cutrent perspectives on misfolding and proteostasis suggest several avenues for the therapeutic
rescue of destabilized mutant proteins (Ong & Kelly, 2011; Powers ¢f a/. 2009). The most obvious
strategies involve increasing the conformational stability or suppressing misfolding and aggre-
gation of the mutant protein. Indeed, it has long been appreciated that decreasing growth tem-
peratures, which may increase conformational stability and suppress protein aggregation in the
cell, can afford partial rescue of pathogenically misfolded membrane protein variants (Denning
et al. 1992). Stabilization-based approaches have been validated by the rescue of the cellular
trafficking of a number of misfolded a-helical membrane proteins in the presence of non-specific
stabilizing osmolytes, including trimethylamine N-oxide (TMAO), glycerol, and dimethyl sulfox-
ide (DMSO; Brown ez al. 1997; Robben et al. 2006; Sato e al. 1996; Tamarappoo & Verkman,
1998). However, the non-specific effects of these compounds on cellular proteostasis as well
as the high concentration of osmolytes required to effectively stabilize proteins undermines
their potential therapeutic utility. On the other hand, small molecules that bind with high affinity
and specificity to native conformations are also capable of rescuing misfolded proteins, typically
at much lower concentrations (Yu ez a/. 2007). Thus, for loss of function mutations that cause
misfolding, low concentrations of a ligand, an agonist, or even an antagonist can facilitate a partial
rescue of activity (Fan ez a/. 1999; Ficker et al. 2002; Morello e al. 2000; Petaja-Repo et al. 2002;
Sawkar e al. 2002). Intriguingly, small molecule mediated rescue of proteins targeted for
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Fig. 9. Potential influence of membrane curvature and lipid composition on the conformational
equilibrium of oa-helical membrane proteins. A given membrane protein may experience a variety of
different membrane curvatures and lipid compositions as it traffics through the membranes of vatious
organelles and transport vesicles. Cartoons depict the potential influences of membrane curvature and
cholesterol content on protein stability. (#) For this hypothetical membrane protein the native
conformation (green) is favored over unfolded conformations (yellow) in membranes with positive
curvature. (Other membrane proteins may have the opposite preference.) (4) For this same hypothetical
protein, negative membrane curvature destabilizes the native conformation relative to unfolded
conformations. () For this hypothetical protein the native conformation is favored in membranes
containing high concentrations of cholesterol and is less stable in membranes than contain lower
cholesterol (). (Other membrane proteins may exhibit an opposite trend.)

degradation suggests that conformers recognized as non-native by cellular quality control must be
capable of sampling near-native, binding-competent conformations early in the secretory pathway
(Fig. 10a). These near-native states likely compete with the non-native states that feed kinetically
irreversible misfolding pathways (Fig. 10a—). Thus, the influence of these compounds can be
attributed to their preferential binding to and/or stabilization of the native and neat-native states
relative to those recognized by quality control (Bolen & Rose, 2008; Brown e al. 1997,
Perlmutter, 2002; Welch & Brown, 1996), which enhances both the population and the lifetime
of native conformers and facilitates their escape from the ER.

Compounds capable of restoring the cellular trafficking and/or native function to pathogenic

variants are often referred to as ‘pharmacological chaperones’. A number of pharmacological
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Fig. 10. Influence of pharmacological chaperones on the conformational equilibrium of multi-pass a-helical
membrane proteins. (#) Scheme depicting the influence of pharmacological chaperones on the folding of
nascent multi-pass a-helical membrane proteins. Nascent proteins are initially inserted into the ER
membrane, where they assume a partially folded intermediate ensemble. Funneling of these intermediate
ensembles through the biological folding pathway results in the formation of the correctly folded protein,
which is competent for export from the ER. However, failure to do so in an efficient or timely manner
may lead to a loss of the nascent protein through the ERAD pathway. The kinetics and thermodynamic
of the folding transition are sensitive to the influence of pharmacological chaperones, which selectively
stabilize the native conformation and/or the rate limiting transition state for folding. (4) The partitioning
of the nascent protein between folding and ERAD is illustrated with an energy diagram. Unfolded
conformations of nascent wild-type membrane protein (yellow) kinetically partition between the folding
pathway and the ERAD pathway. Nascent proteins must overcome a rate-limiting energy barrier for
folding (f) to achieve the native conformation (green) prior to recognition by components of the ERAD
pathway. () The incorporation of a pathogenic mutation within a TM helix (red circle) destabilizes the
native conformation and/or the rate-limiting transition state for folding, which dectreases the rate and
efficiency of folding of the mutant protein. The effects of the mutation (red) may be partially offset in
the presence of a pharmacological chaperone (blue) that preferentially binds and stabilizes the native
conformation and/or the rate-limiting transition state for folding. (4) Pathogenic vatiants with incorrect
topologies may be kinetically isolated from the native folding pathway. Reorientation of the TM helices
with respect to the membrane may be outpaced by the association of the nascent protein with ERAD
components. Thus, the influence of pharmacological chaperones on the conformational energy
landscapes may be insufficient to rescue nascent membrane proteins with aberrant topologies.

N
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chaperones capable of preventing the misfolding of soluble proteins have progressed through
clinical trials for the treatment of misfolding diseases including familial amyloid polyneuropathy
(Betk et al. 2013), Gaucher disease (Yu ef al. 2007), and Fabry disease (Fan ez a/. 1999). With
regard to diseases of membrane protein misfolding, pharmacological rescue of pathogenic
CFTR variants represents a long-standing goal. Several CFTR ‘correctors,” which mend defective
CFTR trafficking, and ‘potentiators,” which increase the open-state probability of the mature
channel, have been identified and entered into clinical trials (Eckford e a/ 2014; Odolczyk
et al. 2013; Rowe & Verkman, 2013; Sampson e/ al. 2011; Van Goor e al. 2009, 2011).
However, identification of a compound capable of mediating sufficient and robust rescue of
the common AF508 CF variant temains an ongoing challenge (Rowe & Verkman, 2013).
Efforts to develop novel pharmacological chaperones have also targeted a number of other
pathogenic membrane protein variants believed to promote misfolding including the E90K vari-
ant of gonadotropin-releasing hormone receptor (GhRHR), the cellular mistrafficking and the
associated disease phenotype of which have recently been corrected in mice using both a native
ligand and an agonist (Janovick ez a/. 2013). Numerous other misfolding-prone membrane pro-
teins are known to be competent for rescue by pharmacological chaperones include some 18
different GPCRs such as rhodopsin (retinitis pigmentosa), the V,R (diabetes insipidus) (Tao
& Conn, 2014), nicotinic acetylcholine receptors (Srinivasan es al. 2014), Karp channels
(Martin ef al. 2013), and the HERG potassium channel (Gong ez a/. 20006). These advances high-
light the growing interest in pharmacological chaperones as a therapeutic strategy for diseases of
protein folding.

Proteostasis regulators (PR), which alter the general capacity of cellular ERAD and ERAF
pathways, represent an emerging alternative in cases where the development of protein-specific
pharmacological chaperones may be impractical or ineffective (Balch e a/ 2008; Mu e al.
2008; Powers et al. 2009). This approach has recently shown great promise. Screening efforts
have yielded a number of compounds that may offer general therapeutic utility for misfolding
diseases (Calamini ¢# a/ 2012; Catlile et al 2012; Mu et al. 2008; Tardiff ef al 2013).
Interestingly, the rescue afforded by PRs seems to arise through diverse biochemical mechanisms
including the modulation of ER stress pathways (Ozcan ef al. 2006; Ryno e al. 2013; Wiseman &
Balch, 2005), the tuning of HSP expression and activity (Calamini ¢# a/ 2012), inhibition of the
proteasome (Mu ef a/. 2008), and inhibition of ubiquitin ligases (Tardiff ez a/. 2013). Therefore,
these compounds may represent a toolbox that can be used to address the potentially distinct
cellular stressors that arise as a result of various misfolding mechanisms. However, due to the
lack of specificity of such compounds, it is currently unclear what kinds of off-target effects
they may elicit in the context of the human body. Nevertheless, considering the systemic nature
of certain misfolding disorders, it may very well be that the therapeutic merits of these com-
pounds outweigh potential side effects.

It has been observed that certain pathogenically misfolded variants of a-helical membrane pro-
teins appear to be incompetent for ligand binding (Ficker ez 2/ 2002; Kaushal & Khorana, 1994;
Sung et al. 1991), which may indicate that the misfolded ensembles achieved by these variants
are kinetically isolated from binding-competent, near-native states. In the context of a-helical mem-
brane proteins, one possible cause of this class of misfolding are pathogenic variants that prompt
cotranslational misfolding and reside in binding-incompetent topologies, which may not readily
interconvert with native topologies (Fig. 104). In this case, pharmacological chaperones are unlikely
to be of use and modulation of the proteostasis boundary may instead represent a more effective

strategy to manage the consequences of misfolding. The effects of pathogenic mutations on the
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biochemical function of the rescued protein must also be factored into rational therapeutic design.
A pointed example was provided by a recent study demonstrating that a mutation in a sodium chan-
nel that prompts ER-retention also causes aberrant constitutive activation upon correction of fold-
ing defects (Cestele ef a/ 2013). One can imagine that, in such a case, a channel blocker-mediated
pharmacological rescue might be more desirable than rescue mediated by an activating ligand. Such
considerations provide the impetus for experimentally examining effects of a given pathogenic mu-
tation on the biogenesis, folding, and function of a target a-helical membrane protein, suggesting

important roles for biochemistry and structural biology in personalized medicine.

5. Conclusions and outlook

Fundamental questions involving the principles of membrane protein folding and misfolding
have long remained elusive. Nevertheless, significant advances in recent years are beginning to
shed light on the relationships between the biophysics of a-helical membrane protein misfolding,
the role of the translocon in their biosynthesis, the nature of their interactions with components
of ER quality control, the biochemical nature of the resulting cellular pathology, and the molecu-
lar basis of misfolding disease. Delineation of the effects of pathogenic mutations on membrane
proteins may offer a new degree of clarity for therapeutic design. Moreover, future efforts to unite
structural biology with the tools and perspectives of cellular biology, biochemistry, and chemical
biology offer the potential to comprehensively elucidate the effects of pathogenic mutations at the
level of systems biology. These advances and perspectives offer hope for the development of
novel therapeutics that may be of use in a multitude of diseases, potentially in a genotype-specific
(personalized) manner. These diseases will include not only inherited (Mendelian) disorders with
simple mutation—disease relationships, but also ‘complex’ disorders such as sporadic Alzheimer’s
disease, various cardiovascular problems, and type 2 diabetes, where risk factors that promote

membrane protein misfolding may be common contributors to disease etiology and pathology.

6. Acknowledgements

This work was supported by NIH grants RO1 DC007416, RO1 DK083187, RO1 GM106672,
RO1 HL122010 and U54 GM094608. We thank Kathleen Mittendorf for helpful discussion. We
apologize to the authors of related work that was not cited herein because of author oversight or

because of space limitations.

7. References

ApaMIAN, L. & LIANG, J. (2002). Interhelical hydrogen
bonds and spatial motifs in membrane proteins: polar
clamps and serine zippers. Proteins 47(2), 209-218.

ALIEN, S., CURRAN, A., TEMPLER, R., MEUBERG, W. &
Boor, P. (2004a). Controlling the folding efficiency
of an integral membrane protein. Journal of Molecular
Biology 342(4), 1293-1304.

ALIEN, S., CURrRAN, A., TEMPLER, R., MEUBERG, W. &
Boorn, P. (2004b). Folding kinetics of an alpha helical
membrane protein in phospholipid bilayer vesicles.
Journal of Molecular Biology 342(4), 1279-1291.

ANFINSEN, C. B. (1973). Principles that govern the folding
of protein chains. Science 181(4096), 223-230.

BakER, R.P. & UrsaN, S. (2012). Architectural and ther-
modynamic principles underlying intramembrane pro-
tease function. Nature Chemical Biology 8(9), 759-768.

Barch, W. E., Mormvoto, R. 1., DiLLiN, A. & KELLy, J. W.
(2008). Adapting proteostasis for disease intervention.
Science 319(5865), 916-919.

Barrera, F.N., Renart, M.L., Povepa, J.A., DE
Kruyrr, B., KiLian, J.A. & GonzALEzZ-Ros, J. M.
(2008). Protein self-assembly and lipid binding in the
folding of the potassium channel KesA. Biochemistry 47
(7), 2123-2133.

BAYLE, D., WEEKs, D. & Sachs, G. (1995). The membrane
topology of the rat sarcoplasmic and endoplasmic

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

reticulum calcium ATPases by iz vitro translation scan-
ning. Journal of Biological Chemistry 270(43), 25678-25684.
Bence, N.F.,, Sampar, R-M. & Korrro, R.R. (2001).
Impairment of the ubiquitin-proteasome system by pro-
tein aggregation. Seence 292(5521), 1552—1555.
Berk, J.L.,, Sunr, O.B. Osic, L, Sexyma, Y.,
ZELDENRUST, S.R., YamasHrra, T., HENEGHAN, M. A.,
P.D,, W.J., J.F,
NorpH, E., Corato, M., Lozza, A., CORTESE, A,
Roemnson-Parp,  J.,  Corron, T., RysnN, D.V,
Bissee, A.B., Axpo, Y., Ikepa, S., SerpiN, D.C.,
MERLINI, G., SKINNER, M., KELLy, J. W., Dyck, P.J. &
Dirunisal. Triar, C. (2013). Repurposing  diflunisal

GOREVIC, Litchy, WIESMAN,

for familial amyloid polyneuropathy: a randomized clini-
cal trial. Journal of the American Medical Association 310(24),
2658-2667.

Boren, D. W. & Rosk, G. D. (2008). Structure and enet-
getics of the hydrogen-bonded backbone in protein
folding. Annual Review of Biochemistry 77, 339-362.

Boorn, P. & Curnow, P. (2009). Folding scene investi-
gation: membrane proteins. Current Opinion in Structural
Biology 19(1), 8-13.

BoorH, P.J, FrLiTscH, S.L., STERN, L],
GREENHALGH, D.A., Kiv, P.S. & Knorana, H.G.
(1995). Intermediates in the folding of the membrane
protein bacteriorthodopsin. Nature Structural Biology 2(2),
139-143.

Bowig, J. (2005). Solving the membrane protein folding
problem. Nazure 438(7068), 581-589.

Bowg, J. U. (2011). Membrane protein folding: how im-
portant are hydrogen bonds?
Structural Biology 21(1), 42—49.

BrockweLL, D. J. & RaDFORD, S. E. (2007). Intermediates:
ubiquitous species on folding energy landscapes?.
Current Opinion in Structural Biology 17(1), 30-37.

Bropsky, J.L. (2012). Cleaning up: ER-associated degra-
dation to the rescue. Ce// 151(6), 1163-1167.

BroDsKy, J. L. & Skach, W. R. (2011). Protein folding and
quality control in the endoplasmic reticulum: recent les-

Current - Opinion  in

sons from yeast and mammalian cell systems. Current
Opinion in Cell Biology 23(4), 464—475.

Brown, C. R., HonG-Brown, L. Q. & WeLcH, W. J. (1997).
Correcting temperature-sensitive protein folding defects.
Journal of Clinical Investigation 99(6), 1432—1444.

Brown, M. F. (2012). Curvature forces in membrane lipid—
protein interactions. Biochemistry 51(49), 9782-9795.

BuUCHBERGER, A., Bukau, B. & SomMER, T. (2010). Protein
quality control in the cytosol and the endoplasmic
reticulum: brothers in arms. Molecular Cell 40(2),
238-252.

Buck, T. M. & Skach, W. R. (2005). Differential stability of
biogenesis intermediates reveals a common pathway for
aquaporin-1 topological maturation. Journal of Biological
Chemistry 280(1), 261-269.

BuracEss, N., Dao, T., STANLEY, A. & FLEMING, K. (2008).
Beta-batrel proteins that reside in the Escherichia coli

The safety dance 25

outer membrane 7 vivo demonstrate vatied folding
behavior i vitro. Journal of Biological Chemistry 283(39),
26748-26758.

CaramiNi, B., Siva, M. C., Mapoux, F., Hurr, D. M.,
KuanNa, S, CHALFANT, M. A., SALDANHA, S.A.,
HobpbDER, P., Tarr, B.D., Garza, D., Barcy, W. E. &
Mormmoro, R.1. (2012). Small-molecule proteostasis
regulators for protein conformational diseases. Nazure
Chemical Biology 8(2), 185-196.

CaNNON, K. S. & CrEssWELL, P. (2001). Quality control of
transmembrane domain assembly in the tetraspanin
CD82. EMBO Journal 20(10), 2443-2453.

Cao, Z. & Bowig, J. U. (2012). Shifting hydrogen bonds
may produce flexible transmembrane helices. Proceedings
of the National Academy of Sciences of the United States of
America 109(21), 8121-8126.

CA0, Z., SCHLEBACH, ]., PArK, C. & Bowig, J. U. (2011).
Thermodynamic stability of bacteriorhodopsin mutants
measured relative to the bacterioopsin unfolded state.
Biochimica et Bigphysica Acta 1818(4), 1049-1054.

Caruite, G. W., Keyzers, R. A., Teske, K. A., RoBERT, R.,

Wirniams, D.E., Linweton, R.G., Gray, C.A.,
CENTKO, R. M., YAN, L., ANjOs, S. M.,
SAMPSON, H.M,, ZHANG, D, Liao, I

HANRAHAN, ].W., ANDERSEN, R.]J. & Tromas, D.Y.
(2012). Correction of F508del-CFTR trafficking by the
sponge alkaloid latonduine is modulated by interaction
with PARP. Chemical Biology 19(10), 1288-1299.

CESTELE, S., ScHiavoN, E., Ruscont, R., FRANCESCHETTI, S.
& ManTEGAZZA, M. (2013). Nonfunctional NaV1-1
familial hemiplegic migraine mutant transformed into
gain of function by partial rescue of folding defects.
Proceedings of the National Academy of Sciences of the United
States of America 110(43), 17546-17551.

CHANG, Y. C. & Bowig, J. U. (2014). Measuring membrane
protein stability under native conditions. Proceedings of the
National Academy of Sciences of the United States of America
111(1), 219-224.

CHEN, F., DEGNIN, C., LAEDERICH, M., HOrRTON, W. A. &
Hristova, K. (2011). The A391E mutation enhances
FGFR3 activation in the absence of ligand. Biochimica
et Bigphysica Acta 1808(8), 2045-2050.

CHEN, M. & ZHANG, J.T. (1999). Topogenesis of cystic
fibrosis  transmembrane  conductance  regulator
(CFTR): regulation by the amino terminal transmem-
brane sequences. Biochemistry 38(17), 5471-5477.

CHENG, S.H., GREGORY, R.]., MARSHALL, J., PauL, S.,
Souza, D.W., Wharre, G.A., ORiorpaN, C.R. &
Syirh, A.E. (1990). Defective intracellular transport
and processing of CFTR is the molecular basis of
most cystic fibrosis. Ce// 63(4), 827-834.

F.E. & Kewy, J.W. (2003).
approaches to protein-misfolding diseases. Nazure 426
(6968), 905-909.

COPPINGER, J. A., Hurt, D. M., Razvi, A., Kourov, A. V.,
Pankow, S., Yartes, J.R. III & Barch, W. E. (2012).

COHEN, Therapeutic

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

26 | P. Schlebach and C. R Sanders

A chaperone trap contributes to the onset of cystic
fibrosis. PLoS ONE 7(5), e37682.

Curnow, P. & BoorH, P. (2007). Combined kinetic and
thermodynamic analysis of alpha-helical membrane protein
unfolding. Proceedings of the National Academy of Sciences of
the United States of America 104(48), 18970-18975.

Curnow, P. & Boorh, P. (2009). The transition state for
integral membrane protein folding. Proceedings of the

lational Academy of Sciences of the United States of America
106(3), 773-778.

Curnow, P. & Boorh, P.]J. (2010). The contribution of a
covalently bound cofactor to the folding and thermo-
dynamic stability of an integral membrane protein.
Journal of Molecular Biology 403(4), 630—642.

Curnow, P., Di Barroro, N.D., MoreroN, K.M.,
AJojE, O. 0., SaGGEsE, N.P. & Bootn, P.]. (2011).
Stable folding core in the folding transition state of an
alpha-helical integral membrane protein. Proceedings of
the National Academy of Sciences of the United States of
America 108(34), 14133-14138.

CYMER, F. & Vox HElNE, G. (2013). Cotranslational fold-
ing of membrane proteins probed by arrest-peptide-
mediated force measurements. Proceedings of the National
Academy of Sciences of the United States of America 110(36),
14640-14645.

Depora, S., Izumi, M., MakiMURA, Y., SEKO, A,
Kanamory, A., Sakono, M., Ito, Y. & KajiHARA, Y.
(2014). Folding of synthetic homogeneous glycoproteins
in the presence of a glycoprotein folding sensor enzyme.
Angewandte Chemie International Edition English 53(11),
2883-2887.

Denks, K., Vocr, A., SAcHELARU, 1., PETRIMAN, N. A.,
Kupva, R. & KocH, H. G. (2014). The Sec translocon
mediated protein transport in prokaryotes and eukar-
yotes. Molecular Membrane Biology 31(2—3), 58—84.

DENNING,  G.M., ANDERSON, M.P., AwmArs, J.F,
MARSHALL, ]., SmitH, A.E. & WeLsH, M.]J. (1992).
Processing of mutant cystic fibrosis transmembrane
conductance regulator is temperature-sensitive. Nazure
358(6389), 761-764.

Devaraneny, P. K., Cont, B., MATSUMURA, Y., YANG, Z.,
Jomnson, A.E. & SkacH, W.R. (2011). Stepwise inser-
tion and inversion of a type II signal anchor sequence
in the ribosome-Sec61 translocon complex. Ce// 146(1),
134-147.

DuaunchAK, A.S. & Nave, K. A. (2007). A common
mechanism of PLP/DM20 misfolding causes cysteine-
mediated endoplasmic reticulum retention in oligoden-
drocytes and Pelizacus-Merzbacher disease. Proceedings
of the National Academy of Sciences of the United States of
America 104(45), 17813-17818.

Dz, KA. & Maccaroy, J. L. (2012). The protein-
folding problem, 50 years on. Secience 338(6110), 1042—
1046.

Di, K. A., GHosH, K. & Schwmrr, J.D. (2011). Physical
limits of cells and proteomes. Proceedings of the National

Academy of Sciences of the United States of America 108(44),
17876-17882.

Doura, A. K., Kosus, F. J., Dusrovsky, L., HiBBARD, E. &
FLEMING, K. G. (2004). Sequence context modulates the
stability of a GxxxG-mediated transmembrane helix—
helix dimer. Journal of Molecular Biology 341(4), 991-998.

Durra, A., Kiv, T. Y., MOELLER, M., WU, J., ALEXIEV, U.
& KLEIN-SEETHARAMAN, J. (2010). Characterization of
membrane protein non-native states. 2. The
SDS-unfolded states of rhodopsin. Biochenistry 49(30),
6329-6340.

Eckrorp, P. D., RAMJEESINGH, M., MoLINsKI, S., PASYK, S.,
DEkkERs, J. F., L1, C., Aumapy, S., Ip, W., CHUNG, T. E.,
Du, K., YEGer, H., BeekmaN, J., Gonska, T. &
BEeAr, C. E. (2014). VX-809 and related corrector com-
pounds exhibit secondary activity stabilizing active
F508del-CFTR after its partial rescue to the cell surface.
Chemical Biology, 21(5), 666—678.

EGEa, P.F. & Stroup, R. M. (2010). Lateral opening of a
translocon upon entry of protein suggests the mechan-
ism of insertion into membranes. Proceedings of the
National Academy of Sciences of the United States of America
107(40), 17182-17187.

Ererro, D., Macanty, A., Ergrro, D., DersH, D.,

Biswas, C., J.C,

Paron, A.W., DOROUDGAR, S., GrLEmBOTSKI, C.C. &

ARGON, Y. (2012). Limitation of individual folding

resources in the ER leads to outcomes distinct from

MakarewicH,  C., PaTon,

the unfolded protein response. Journal of Cell Science
125(Pt 20), 4865-4875.

ELLGAARD, L. & HeLENIUs, A. (2003). Quality control in
the endoplasmic reticulum. Nazure Reviews Molecular Cell
Biology 4(3), 181-191.

ENGELMAN, D.M. & Sterrz, T.A. (1981). The spon-
taneous insertion of proteins into and across mem-
branes: the helical hairpin hypothesis. Ce// 23(2), 411—
422,

ENGELMAN, D. M., CHEN, Y., CHIN, C.N., CurraAN, A.R.,
Drxon, A. M., Duruy, A.D., Leg, A.S., LEaNert, U,
Marthews, E.E., Resuemnvak, Y.K. Senes, A. &
Poror, J. L. (2003). Membrane protein folding: beyond
the two stage model. FEBS Letters 555(1), 122—125.

Escusa-Torer, S., Vonk, W.I. & FrypmaAN, J. (2013).
Spatial sequestration of misfolded proteins by a dynamic
chaperone pathway enhances cellular fitness during
stress. Nature Cellular Biology 15(10), 1231-1243.

Fanam, S., Yang, D., Barg, E. YoOHANNAN, S.,
WHITELEGGE, . & BowiE, J. (2004). Side-chain contribu-
tions to membrane protein structure and stability. Journal
of Molecular Biology 335(1), 297-305.

FaN, J.Q., IsHn, S., Asano, N. & Suvzuki, Y. (1999).
Accelerated transport and maturation of lysosomal
alpha-galactosidase A in Fabty lymphoblasts by an en-
zyme inhibitor. Nature Medicine 5(1), 112-115.

Farmnaa, C. M., Matos, P. & Amarar, M.D. (2013).
Control of cystic fibrosis transmembrane conductance

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

regulator membrane trafficking: not just from the endo-
plasmic reticulum to the Golgi. FEBS Journal 280(18),
4396-4406.

FrIGE, M. ]. & HENDERSHOT, L. M. (2013). Quality control
of integral membrane proteins by assembly-dependent
membrane integration. Molecular Cell 51(3), 297-309.

FickER, E., OBEJERO-PAZ, C. A., ZHAO, S. & BrowN, A. M.
(2002). The binding site for channel blockers that tescue
misprocessed human long QT syndrome type 2
ether-a-gogo-related gene (HERG) mutations. Journal
of Biological Chemistry 277(T), 4989—4998.

Finpray, H. E., RUTHERFORD, N. G., HENDERSON, P.J. &
Bootn, P.J. (2010). Unfolding free energy of a two-
domain transmembrane sugar transport protein.
Proceedings of the National Academy of Sciences of the United
States of America 107(43), 18451-18456.

Freming, K. G. (2002). Standardizing the free energy
change of transmembrane helix—helix interactions.
Journal of Molecular Biology 323(3), 563-571.

FLemiNG, K. G. (2014). Energetics of membrane protein
folding. Annual Review of Bigphysics 43, 233-255.

FrLemING, K. G. & ENGELMAN, D. M. (2001). Specificity in
transmembrane helix—helix interactions can define a hi-
erarchy of stability for sequence variants. Proceedings of the
National Academy of Sciences of the United States of America
98(25), 14340-14344.

FrLeminG, K. G., AckerMAN, A.L. & ENGELMAN, D. M.
(1997). The effect of point mutations on the free energy
of transmembrane alpha-helix dimetization. Journal of
Molecular Biolology 272(2), 266-275.

FonrtaniNg, A., Chies, R., Snapp, E. L., FERRARINI, M.,

G.M & (2005).
Glycan-independent role of calnexin in the intracellular
retention of Charcot—-Marie-tooth 1A Gas3/PMP22
mwutants. Journal of Biological Chemistry 280(3), 2378-2387.

FortuN, J., DunN, W. A, Joy, S, L1, J. & NOTTERPEK, L.
(2003). Emerging role for autophagy in the removal of

FaBrizi, Brancormi,  C.

aggresomes in Schwann cells. Journal of Neuroscience 23
(33), 10672-10680.

FortuN, J., Li, J, Go, J., FENSTERMAKER, A,
FLETCHER, B. S. & NOTTERPEK, L. (2005). Impaired pro-
teasome activity and accumulation of ubiquitinated sub-
strates in a hereditary neuropathy model. Journal of
Neurochemistry 92(6), 1531-1541.

GAFVELIN, G. & VoN Heyng, G. (1994). Topological
“frustration” in multispanning E. c/i inner membrane
proteins. Cell 77(3), 401-412.

GAMERDINGER, M., Kava, A.M., Worrrum, U,
CreMENT, A. M. & Benr, C. (2011). BAG3 mediates
chaperone-based selective
autophagy of misfolded proteins. EMBO Reports 12(2),
149-156.

Garcia-Mata, R, Bepok, Z., E.J. &
Szrur, E.S. (1999). Characterization and dynamics of

aggresome-targeting  and

SORSCHER,

aggresome formation by a cytosolic GFP-chimera.
Journal of Cell Biology 146(6), 12391254,

The safety dance 27

GARCIA-MATA, R., Gao, Y. S. & Szrut, E. (2002). Hassles
with taking out the garbage: aggravating aggresomes.
Traffic 3(6), 388-396.

GrssmanN, D, CHung,  Y.H., Danorr, E.J,
Prummer, A.M., SanpuiN, C.W., Zacca, N.R. &
Freming, K. G. (2014). Outer membrane beta-barrel
protein folding is physically controlled by periplasmic
lipid head groups and BamA. Proceedings of the National
Academy of Sciences of the United States of America 111(16),
5878-5883.

GEVA, Y. & SCHULDINER, M. (2014). The back and forth of
cargo exit from the endoplasmic reticulum. Current
Biolggy 24(3), R130-R136.

GHosH, K. & D, K. A. (2009). Computing protein stabi-
lities from their chain lengths. Proceedings of the National
Academy of Sciences of the United States of America 106(26),
10649-10654.

GaosH, K. & Dir, K. (2010). Cellular proteomes have
broad distributions of protein stability. Bigphysical
Journal 99(12), 3996—4002.

GmaLevitz, T., BEn-Zvi, A., Ho, K. H., Brionurr, H. R.
& Mormoto, R.1. (2006). Progressive disruption of
cellular protein folding in models of polyglutamine dis-
eases. Science 311(5766), 1471-1474.

Gmarevitz, T., Kikis, E. A. & Morivoto, R. 1. (2010). A
cellular perspective on conformational disease: the role
of genetic background and proteostasis networks.
Current Opinion in Structural Biology 20(1), 23-32.

GOLDBERG, A.F., LoEWEN, C.]. & MorLpAyY, R.S. (1998).
Cysteine residues of photoreceptor peripherin/rds: role
in subunit assembly and autosomal dominant retinitis
pigmentosa. Biochemistry 37(2), 680—685.

GoNG, Q., Jongs, M. A. & Znou, Z. (2006). Mechanisms
of pharmacological rescue of trafficking-defective
hERG mutant channels in human long QT syndrome.
Journal of Biological Chemistry 281(7), 4069—4074.

Gratkowskl, H., LEAR, J.D. & DrGrapo, W.F. (2001).
Polar side chains drive the association of model
transmembrane peptides. Proceedings of the National
Academy of Sciences of the United States of America 98(3),
880-885.

Harris, N.J., Finoray, H.E., Smms, J., Liu, X. &
Boorh, P.J. (2014). Relative domain folding and stab-
ility of a membrane transport protein. Journal of
Molecular Biology 426(8), 1812—1825.

HE, L. & Hristova, K. (2008). Pathogenic activation of re-
ceptor tyrosine kinases in mammalian membranes.
Journal of Molecular Biology 384(5), 1130—1142.

HeBerT, D. N. & MoLINARI, M. (2012). Flagging and dock-
ing: dual roles for N-glycans in protein quality control
and cellular proteostasis. Trends in Biochemical Sciences 37
(10), 404-410.

HEiNricH, S. U. & RarororT, T. A. (2003). Cooperation of
transmembrane segments during the integration of a
double-spanning protein into the ER membrane.
EMBO Journal 22(14), 3654-3663.

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

28 | P. Schlebach and C. R Sanders

Hemwrich,  S.U.,,  Morues, W., BrRUNNER, J. &
Rapoport, T. A. (2000). The Sec61p complex mediates
the integration of a membrane protein by allowing
lipid partitioning of the transmembrane domain. Ce//
102(2), 233-244.

HEiRMANSSON, M. & Vox HENE, G. (2003). Inter-helical
hydrogen bond formation during membrane protein in-
tegration into the ER membrane. Journal of Molecular
Biology 334(4), 803-809.

Hessa, T., Kiv, H., Binimaier, K., LunpiN, C., BOEKEL, J.,
ANDERssoN, H., Nusson, I, Warre, S.H. & Vox
HEeyNE, G. (2005). Recognition of transmembrane heli-
ces by the endoplasmic reticulum translocon. Nazure 433
(7024), 377-381.

Hessa, T., MEINDL-BEINKER, N. M., BErnser, A., Kiv, H.,
Sato, Y., LERCH-BADER, M., NILssoN, 1., WHITE, S. H. &
VoN  Heyng, G. (2007).
transmembrane-helix recognition by the Sec61 translo-
con. Nature 450(7172), 1026-1030.

Hone, H. & Bowig, J. U. (2011). Dramatic destabilization
of transmembrane helix interactions by features of natu-

Molecular  code for

ral membrane environments. Journal of the American
Chemical Society 133(29), 11389-11398.

Hone, H. & Tamm, L. (2004). Elastic coupling of integral
membrane protein stability to lipid bilayer forces.
Proceedings of the National Academy of Sciences of the United
States of America 101(12), 4065—4070.

Hong, H., Jon, N., Bowis, J. & Tamm, L. (2009). Methods
for measuring the thermodynamic stability of membrane
proteins. Methods in Enzgymology 455, 213-2306.

Hone, H., Bross, T. M., Cao, Z. & Bowig, J. U. (2010).
Method to measure strong protein-protein interactions
in lipid bilayers using a steric trap. Proceedings of the
National Academy of Sciences of the United States of America
107(46), 19802-19807.

Houck, S. A. & Cyr, D. M. (2012). Mechanisms for quality
control of misfolded transmembrane proteins. Biochimica
et Biophysica Acta 1818(4), 1108-1114.

Huang, K.S., Baviey, H., Liao, M.]., Loxpon, E. &
KHorana, H. G. (1981). Refolding of an integral mem-
brane protein. Denaturation, renaturation, and reconsti-
tution of intact bacteriorhodopsin and two proteolytic
fragments. Journal of Biological Chemistry 256(8), 3802—
3809.

Huysmans, G.H., Baipwin, S. A., BrockwerL, D.J. &
Raprorp, S. E. (2010). The transition state for folding
of an outer membrane protein. Proceedings of the
National Academy of Sciences of the United States of America
107(9), 4099-4104.

Huvysmans, G.H., Raprorp, S.E., Bampwiy, S.A. &
BrockwerL, D.J. (2012). Malleability of the folding
mechanism of the outer membrane protein PagP: paral-
lel pathways and the effect of membrane elasticity.
Journal of Molecular Biology 416(3), 453—-464.

Hwa, J., Reeves, P.J., KLEIN-SEETHARAMAN, ],
Davipson, F. & Kuorana, H.G. (1999). Structure

and function in rhodopsin: further elucidation of the
role of the intradiscal cysteines, Cys-110, -185, and
-187, in rhodopsin folding and function. Proceedings of
the National Academy of Sciences of the United States of
America 96(5), 1932-1935.

ILLerGARD, K., Kauko, A. & ELOFssoN, A. (2011). Why
are polar residues within the membrane core evolution-
ary conserved? Proteins 79(1), 79-91.

Janovick, J. A., STEWART, M. D., Jacos, D., MarTIN, L. D.,
DENG, J. M., StewarT, C. A., WaANG, Y., CORNEA, A,
Cuavary, L., Loprz, S., Mrrarrov, S., Kang, E.,
Lee, H.S., Maxxa, P.R., Srocco, D.M.,
BEHRINGER, R.R. & Conn, P. M. (2013). Restoration
of testis function in hypogonadotropic hypogonadal
mice harboring a misfoldled GnRHR mutant by phat-
macoperone drug therapy. Proceedings of the National
Academy of Sciences of the United States of America 110(52),
21030-21035.

Jaswar, S.S., SonL, J.L., Davis, J.H. & Acarp, D.A.
(2002). Energetic landscape of alpha-lytic protease opti-
mizes longevity through kinetic stability. Nazure 415
(6869), 343-346.

JerrerRsoN, R.E., Bros, T.M. & Bowig, J.U. (2013).
Membrane proteins can have high kinetic stability.
Journal of the American Chemical Society 135(40), 15183—
15190.

JeTTEN, A. M. & SUTER, U. (2000). The peripheral myelin
protein 22 and epithelial membrane protein family.
Progress in Nucleic Acid Research and Molecular Biology 64,
97-129.

Jon, N., MiN, A., FAHAM, S., WHITELEGGE, J., YANG, D.,
Woobs, V. & Bowig, J. (2008). Modest stabilization
by most hydrogen-bonded side-chain interactions in
membrane proteins. Nazure 453(7199), 1266-1270.

Jon, N.H., OBgRralL, A., YANG, D., WHITELEGGE, J.P. &
Bowig, J.U. (2009). Similar energetic contributions of
packing in the core of membrane and water-soluble pro-
teins. Journal of the American Chemical Society 131(31),
10846-10847.

Jonnson, A.E. & Van Wakes, M. A. (1999). The translo-
con: a dynamic gateway at the ER membrane. Annual
Review of Cell and Developmental Biology 15, 799-842.

Jomnston, J.A., Warp, C.L. & Korrro, R.R. (1998).
Aggresomes: a cellular response to misfolded proteins.
Journal of Cell Biology 143(7), 1883—-1898.

Jonnston, J. A., Iuing, M. E. & Korrro, R.R. (2002).
Cytoplasmic dynein/dynactin mediates the assembly
of aggresomes. Cell Motility and the Cytoskeleton 53(1),
26-38.

Jung, J., Cok, H. & MicHALAK, M. (2011). Specialization of
endoplasmic reticulum chaperones for the folding and
function of myelin glycoproteins PO and PMP22.
FASEB Journal 25(11), 3929-3937.

Kacanovich, D., Koprro, R. & Frypman, J. (2008).
Misfolded proteins partition between two distinct quality
control compartments. Nazure 454(7208), 1088—1095.

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

KANEHARA, K., XiE, W. & Ng, D. T. (2010). Modularity of
the Hrdl ERAD complex undetlies its diverse client
range. Journal of Cell Biology 188(5), 707-716.

Kanki, T., Sakacuchi, M., Kiramura, A., Sato, T,
MiHara, K. & Hamasaki, N. (2002). The tenth mem-
brane region of band 3 is initially exposed to the luminal
side of the endoplasmic reticulum and then integrated
into a partially folded band 3 intermediate. Biochemistry
41(47), 13973-13981.

E.M., Kiemnw, LK., FrREDLANDER, M. &

SIMON, S. M. (2002). The amino terminus of opsin trans-

KANNER,

locates “posttranslationally” as efficiently as cotransla-
tionally. Biochemistry 41(24), 7707-7715.

Kauko, A., HepiN, L. E., TueBauD, E., CristoBArL, S.,
ELorssoN, A. & Vox HENE, G. (2010). Repositioning
of transmembrane alpha-helices during membrane pro-
tein folding. Journal of Molecular Biology 397(1), 190-201.

KausHAL, S. & Knorana, H. G. (1994). Structure and
function in rhodopsin. 7. Point mutations associated
with  autosomal  dominant pigmentosa.
Biochemistry 33(20), 6121-6128.

KawacucHl, Y., Kovacs, J.J., MCLAURIN, A., VANCE, J. M.,
Ito, A. & Yao, T.P. (2003). The deacetylase HDACG6
regulates aggresome formation and cell viability in re-
sponse to misfolded protein stress. Ce// 115(6), 727-738.

KeLLy, J. W. & Barch, W. E. (20006). The integration of cell
and chemical biology in protein folding. Nazure Chemical
Biology 2(5), 224-227.

Knustoo, A., YANG, Z., Jouxson, A. E. & Skach, W. R.
(2011). Ligand-driven vectorial folding of ribosome-
bound human CFTR NBD1. Molecular Cell 41(6), 682—
692.

Ky, B. L., ScHarer, N.P. & WorLynes, P.G. (2014).
Predictive energy landscapes for folding alpha-helical

retinitis

transmembrane proteins. Proceedings of the National
Academy of Sciences of the United States of America 111(30),
11031-11036.

Kny, S.J. & Skach, W.R. (2012). Mechanisms of CFTR
folding at the endoplasmic reticulum. Frontiers in
Pharmacology 3, 201.

Korrro, R.R. (2000). Aggresomes, inclusion bodies and
protein aggregation. Trends in Cell Biology 10(12), 524-530.

KowaLsk, J. M., PARekH, R. N., Mao, J. & WrrTrup, K. D.
(1998a). Protein folding stability can determine the
efficiency of escape from endoplasmic reticulum quality
control. Journal of Biological Chemistry 273(31), 19453—
19458.

Kowarsk, J. M., PAREKH, R. N. & Wirtrup, K. D. (1998D).
Secretion efficiency in Saccharomyces cerevisiae of bovine
pancreatic trypsin inhibitor mutants lacking disulfide
bonds is correlated with thermodynamic stability.
Biochemistry 37(5), 1264—1273.

KrisHNAMANI, V. & Lanyl, J. K. (2011). Structural changes
in bacteriorhodopsin during iz vitro refolding from a par-
tially denatured state. Bigphysical Journal 100(6), 1559—
1567.

The safety dance 29

Krisunamang, V., Hecpe, B.G., R &
Lanvy, J. K. (2012). Secondary and tertiary structure of
SDS  denatured

LLANGEN,

bacteriorhodopsin  in  the state.
Biochemistry 51(6), 1051-1060.

Lau, F. & Bowig, J. (1997). A method for assessing the
stability of a membrane protein. Biochemistry 36(19),
5884-5892.

Leg, M. C., MiLLER, E.A., GOLDBERG, ]., Orcl, L. &
ScuEKMAN, R. (2004). Bi-directional protein transport
between the ER and Golgi. Annnal Review of Cell and
Developmental Biology 20, 87-123.

L, E., You, M. & Hristova, K. (2006). FGFR3 dimer sta-
bilization due to a single amino acid pathogenic mu-
tation. Journal of Molecular Biology 356(3), 600—612.

Ly, E., Wneey, W.C. & Hristova, K. (2012a).
Transmembrane helix dimerization: beyond the search
for sequence motifs. Biochimica et Biophysica Acta 1818
(2), 183-193.

L1, J., PARKER, B., MarTYN, C., NATARAJAN, C. & GUO, J.
(2012b). The PMP22 gene and its related diseases.
Molecular Neurobiology 47(2), 673—698.

Liu, X., GARRIGA, P. & KHoraNA, H. G. (1996). Structure
and function in rhodopsin: correct folding and misfold-
ing in two point mutants in the intradiscal domain of
rhodopsin identified in retinitis pigmentosa. Proceedings
of the National Academy of Sciences of the United States of
America 93(10), 4554-4559.

LonDON, E. & KHoraNa, H. (1982). Denaturation and
renaturation of bacteriothodopsin in detergents and
lipid—detergent mixtures. Journal of Biological Chemistry
257(12), 7003-7011.

Lu, H. & Boortn, P. J. (2000). The final stages of folding of
the membrane protein bacteriorhodopsin occur by kine-
tically indistinguishable parallel folding paths that are
mediated by pH. Journal of Molecular Biolgy 299(1),
233-243.

Lu, W., CHaL Q., ZHONG, M., YU, L., FANG, J., WaNG, T,
Li, H., Znu, H. & WEL Y. (2012). Assembling of AcrB
trimer in cell membrane. Journal of Molecular Biology 423
(1), 123-134.

Lu, Y., XionG, X., HEv, A., Kivang, K., BraciN, A, &
SkacH, W.R. (1998). Co- and posttranslational translo-
cation mechanisms direct cystic fibrosis transmembrane
conductance regulator N terminus transmembrane as-
sembly. Journal of Biological Chemistry 273(1), 568-576.

Tu, Y., Turnsunl, LR, BraciN, A, CarverH, K.,
VERKMAN, A.S. & Skach, W.R. (2000). Reorientation
of aquaporin-1 topology during maturation in the endo-
plasmic reticulum. Molecular Biology of the Cell 11(9), 2973—
2985.

LuNDBAEK, J.A., ANDERseN, O.S., Werce, T. &
NiELsEN, C. (2003). Cholesterol-induced protein sorting:
an analysis of energetic feasibility. Biophysical Journal 84
(3), 2080-2089.

MaartaneN, P. Koziov, G., GeHrING, K. &
THomas, D. Y. (2006). ERp57 and PDI: multifunctional

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

30 | P. Schlebach and C. R Sanders

protein disulfide isomerases with similar domain archi-
tectures but differing substrate—partner associations.
Biochemistry and Cell Biology 84(6), 881-889.

Mackenzig, K. R. & FLemING, K. G. (2008). Association
energetics of membrane spanning alpha-helices. Current
Opinion in Structural Biology 18(4), 412—419.

MarTIN, G.M., CHeN, P.C., DEVARANENI,
SuyNG, S.IL.  (2013).
trafficking-impaired ATP-sensitive potassium channels.

P &

Pharmacological = rescue of
Frontiers in Physiology 4, 380.

MartrHEWS, E.E., ZooNexs, M. & ENGELMAN, D.M.
(2006). Dynamic helix interactions in transmembrane
signaling. Cel/ 127(3), 447-450.

MeacHam, G.C., Lu, Z., KiNG, S., SOrRscHER, E.
ToussoN, A. & Cyr, D.M. (1999). The Hdj-2/Hsc70
chaperone pair facilitates early steps in CFTR biogen-
esis. EMBO Journal 18(6), 1492-1505.

MEeINDL-BEINKER, N.M., LunpiN, C., Nmsson, L,
WhrtE, S.H. & Von HEepng, G. (2000). Asn- and
Asp-mediated interactions between transmembrane heli-
ces during translocon-mediated membrane protein as-
sembly. EMBO Reports 7(11), 1111-1116.

MERULLA, J., Fasana, E., Sorba, T. & MoLINARL, M.
(2013). Specificity and regulation of the endoplasmic
reticulum-associated degradation machinery. Traffic 14
(7), 767-777.

MicHELSEN, K., YuaN, H. & Scuwappach, B. (2005). Hide
and run. Arginine-based endoplasmic-reticulum-sorting
motifs in the assembly of heteromultimeric membrane
proteins. EMBO Reports 6(8), 717-722.

Mivano, M., Aco, H., Sawo, H., Hori, T. & Ipa, K.
(2010). Internally bridging water molecule in transmem-
brane alpha-helical kink. Current Opinion in Structural
Biology 20(4), 456—463.

Mormart, M., Eriksson, K. K., Caranca, V., Gar, C.,
CRESSWELL, P., MicHALAK, M. & Herenius, A. (2004).
Contrasting functions of calreticulin and calnexin in gly-
coprotein folding and ER quality control. Molecular Cell
13(1), 125-135.

Moon, C. P. & FLEMING, K. G. (2011). Side-chain hydro-
phobicity scale derived from transmembrane protein
folding into lipid bilayers. Proceedings of the National
Academy of Sciences of the United States of America 108(25),
10174-10177.

Moon, C.P., Kwon, S. & Freming, K. G. (2011).
Overcoming hysteresis to attain reversible equilibrium
folding for outer membrane phospholipase A in phos-
pholipid bilayers. Journal of Molecular Biology 413(2),
484-494.

MORELLO, J.P., SALAHPOUR, A.,
Bernier, V., ArtHus, M.F., LONERGAN, M.,
Prraja-Rero,  U.,  ANGErs, S, MornN, D,
Bichet, D. G. & Bouvier, M. (2000). Pharmacological

chaperones rescue cell-surface expression and function

TLAPERRIERE, A.,

of misfolded V, vasopressin receptor mutants. Journal
of Clinical Investigation 105(7), 887-895.

Moss, K., Herm, A., Lu, Y., BraciN, A. & Skach, W. R.
(1998). Coupled translocation events generate topologi-
cal heterogeneity at the endoplasmic reticulum mem-
brane. Molecular Biology of the Cell 9(9), 2681-2697.

Mu, T.W., OnG, D.S., WanG, Y.]., Barch, W.E,
Yartes, J.R. I, SEGaTory, L. & KeLry, J. W. (2008).
Chemical and biological approaches synergize to ameli-
orate protein-folding diseases. Ce// 134(5), 769-781.

Mykgrs, J. K., MoBLEY, C. K. & SANDERS, C. R. (2008). The
peripheral neuropathy-linked Trembler and Trembler-J
mutant forms of peripheral myelin protein 22 are
folding-destabilized. Biochemistry 47(40), 10620-10629.

Naer, R. & Suter, U. (1999). Impaired intracellular
trafficking is a common disease mechanism of PMP22
point mutations in peripheral neuropathies. Nexrobiology
of Disease 6(1), 1-14.

NaGy, J. K. & Sanpers, C. R. (2002). A critical residue in
the folding pathway of an integral membrane protein.
Biochemistry 41(29), 9021-9025.

Naay, J. K. & SanDERrs, C. R. (2004). Destabilizing muta-
tions promote membrane
Biochemistry 43(1), 19-25.

NG, D.P. & DesER, C. M. (2010). Modulation of the oli-
gomerization of myelin proteolipid protein by trans-

protein  misfolding.

membrane helix interaction motifs. Biochemistry 49(32),
6896-6902.

NG, D.P., Poursen, B.E. & Deser, C.M. (2012).
Membrtane protein misassembly in disease. Biochimica et
Biophysica Acta 1818(4), 1115-1122.

NorrerpEK, L., Rvan, M.C., TosrLer, A.R. &
SHOOTER, E. M. (1999). PMP22 accumulation in aggre-

implications ~ for ~ CMT1A
Neurobiology of Disease 6(5), 450—460.

Oborczyk, N., FrrrscH, J., Norez, C., SERVEL, N., DA

M.F, Brram, S,

Wiszniewskl, L., Coras, ],  Tarnowskl, K,

D., Roipan, A., Sauvssereau, E.L.,
MEeLIN-HEscHEL, P., WiEczorek, G., Lukacs, G.L.,
Dabpiez, M., FAUrg, G., HERRMANN, H., Or1ERO, M.,
Brcq, F.,, Zmrenkirwicz, P. & Epervan, A. (2013).
Discovery of novel potent DeltaF508-CFTR correctors
that target the nucleotide binding domain. EMBO
Molecnlar Medicine 5(10), 1484-1501.

Opemary, K., Hicucnr, T. Jiang, Y. Lancer, U,

Whrte, S.H., Suca, H. & Von

Henne, G. (2011). Apolar surface area determines the

somes:

pathology.

CUNHA, KupNiEwska, A,

TONDELIER,

Nisson, 1.,

efficiency of translocon-mediated membrane-protein in-
tegration into the endoplasmic reticulum. Proceedings of the
National Academy of Sciences of the United States of America
108(31), E359-E3064.

OrzmANN, J.A., Korrro, R.R. & CHRIsTIANSON, J.C.
(2013). The
reticulum-associated degradation system. Cold Spring
Harbor Perspectives in Biology 5(9), 1-16.

ONG, D.S. & KgiLy, J. W. (2011). Chemical and/or bio-
logical therapeutic = strategies to ameliorate protein

mammalian endoplasmic

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

misfolding diseases. Current Opinion in Cell Biology 23(2),
231-238.

OTERO, J. H., LizAk, B. & HENDERsHOT, L. M. (2010). Life
and death of a BiP substrate. Seminars in Cell and
Developmental Biology 21(5), 472—478.

OrzeN, D. (2003). Folding of DsbB in mixed micelles: a
kinetic analysis of the stability of a bacterial membrane
protein. Journal of Molecular Biology 330(4), 641-649.

OrzeN, D. E. (2011). Mapping the folding pathway of the
transmembrane protein DsbB by protein engineering.
Protein Engineering Design and Selection 24(1-2), 139-149.

Ozcan, U, Ynmaz, E. Ozcan, L., FuruHAsHi, M.,
VaiLancourt, E., SmitH, R.O., Goreun, C.Z. &
Horamssuci,, G.S.  (20006).
reduce ER stress and restore glucose homeostasis in a
mouse model of type 2 diabetes. Science 313(5790),
1137-1140.

PAReek, S., NorTerPEK, L., Snipes, G.J., Naeg R,
SossiN, W., LALBERTE, J., Iacampo, S., Suter, U.,
SHOOTER, E. M. & MurpHY, R. A. (1997). Neurons pro-
mote the translocation of peripheral myelin protein 22
into myelin. Journal of Nenroscience 17(20), 7754—7762.

Park, C., ZHou, S., GILMORE, J. & MARQUSEE, S. (2007).
Energetics-based protein profiling on a proteomic

Chemical chaperones

scale: identification of proteins resistant to proteolysis.
Journal of Molecular Biology 368(5), 1426—1437.

PARTRIDGE, A. W., THERIEN, A. G. & DEBER, C. M. (2004).
Missense mutations in transmembrane domains of pro-
teins: phenotypic propensity of polar residues for
human disease. Proteins 54(4), 648—656.

PERLMUTTER, D. H. (2002). Chemical chaperones: a phar-
macological strategy for disorders of protein folding
and trafficking. Pediatric Research 52(6), 832-830.

Peraja-Rero,  U.E., Hocug, M., BHaALLA, S,
LAPERRIERE, A., MORELLO, J. P. & Bouvier, M. (2002).
Ligands act as pharmacological chaperones and increase
the efficiency of delta opioid receptor maturation.
EMBO Journal 21(7), 1628-1637.

PLACONE, J. & Hristova, K. (2012). Direct assessment of
the effect of the Gly380Arg achondroplasia mutation
on FGFR3 dimerization using quantitative imaging
FRET. PLoS ONE 7(10), e46678.

Praxco, K. W., Simons, K. T., Ruczinski, 1. & BAKER, D.
(2000). Topology, stability,
defining the determinants of two-state protein folding
kinetics. Biochemistry 39(37), 11177-11183.

Poror, J. L. & ENGELMAN, D. M. (1990). Membrane pro-
tein folding and oligomerization: the two-stage model.
Biochemistry 29(17), 4031-4037.

Poror, J.L. & ENGELMAN, D.M. (2000). Helical mem-
brane protein folding, stability, and evolution. Annual
Review of Biochemistry 69, 881-922.

Poror, J. L., TREWHELLA, J. & ENGELMAN, D. M. (1980).
Reformation of crystalline purple membrane from pur-
ified bacteriorhodopsin fragments. EMBO  Journal 5
(11), 3039-3044.

sequence, and length:

The safety dance 3|

Powers, E. T., Morvoto, R. L, DinN, A., KeiLy, J. W. &
Batcn, W.E. (2009).
approaches to diseases of proteostasis deficiency.
Annual Review of Biochemistry 78, 959-991.

Qu, B.H., StrickianDp, E.H. & Thowmas, P.]. (1997).
Localization and suppression of a kinetic defect in

Biological and  chemical

cystic fibrosis transmembrane conductance regulator
folding. Journal of Biological Chemistry 272(25), 15739—
15744.

RADER, A.J., ANDERSON, G., IsiN, B., KHorana, H. G,
BaHAR, I & KLEIN-SEETHARAMAN, J.  (2004).
Identification of core amino acids stabilizing rhodopsin.
Proceedings of the National Academy of Sciences of the United
States of America 101(19), 7246-7251.

Rajan, R. S, Truing, M. E., Bencg, N. F. & Korrro, R.R.
(2001). Specificity in intracellular protein aggregation
and inclusion body formation. Proceedings of the National
Academy of Sciences of the United States of America 98(23),
13060-13065.

Ramsey, B. W., DAvies, J., McELVANEY, N. G., TuLLs, E.,
BeLi, S. C., DREVINEK, P., Griesg, M., MckonE, E. F.,
WamwriGHT, C.E., Konstan, M.W., Moss, R,
RateN, F., SermeET-GAUDELUS, L, S. M.,
Done, Q., Robriguez, S., YeN, K., Orponez, C,
ELBORN, J. S. & Group, V. X.S. (2011). A CFTR poten-
tiator in patients with cystic fibrosis and the G551D mu-
tation. New England Journal of Medicine 365(18), 1663—
1672.

RiLey, M., WarLacg, B., Fursch, S. & Bootn, P. (1997).
Slow alpha helix formation during folding of a mem-
brane protein. Biochemistry 36(1), 192—196.

RoseeN, J.H., Szi, M., KNoErs, N. V. & DEkN, P. M.
(20006). Rescue of vasopressin V, receptor mutants by
chemical chaperones: specificity and mechanism.
Molecular Biology of the Cell 17(1), 379-386.

Rorn, D.M. & Barch, W. E. (2011). Modeling general
proteostasis: proteome balance in health and disease.
Current Opinion in Cell Biology 23(2), 126—134.

Rowk, S.M. & VERkMAN, A.S. (2013). Cystic fibrosis
transmembrane regulator correctors and potentiators.
Cold Spring Harbor Perspectives in Medicine 3(7), 1-15.

Ryan, M. C., SHOOTER, E. M. & NoOTTERPEK, L. (2002).
Aggresome formation in neuropathy models based on

RowE,

peripheral myelin protein 22 mutations. Nexrobiology of
Disease 10(2), 109-118.

Ryno, L.M., Wiseman, R.L. & Kerry, J.W. (2013).
Targeting unfolded protein response signaling pathways
to ameliorate protein misfolding diseases. Current Opinion
in Chemical Biology 17(3), 346-352.

SapusH, H. & Skach, W. R. (2004). Biogenesis of CFTR
and other polytopic membrane proteins: new roles for
the ribosome—translocon complex. Journal of Membrane
Biology 202(3), 115-126.

SabLisH, H., Prronzo, D., JounsoNn, A. E. & SkacH, W. R.
(2005). Sequential triage of transmembrane segments by
Sec6lalpha during biogenesis of a native multispanning

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

32 | P. Schlebach and C. R Sanders

membrane protein. Nature Structural and Molecular Biology
12(10), 870-878.

SAKAKURA, M., Hapziserimovic, A., WaxG, Z.,
Schiy, K. L. & SANDERs, C.R. (2011). Structural basis
for the Trembler-] phenotype of Chatcot-Marie-Tooth
disease. Structure 19(8), 1160-1169.

SauBa,  R.S., Munxro, P.M., Lurherr, P.J. &
CHEETHAM, M. E. (2002). The cellular fate of mutant
rhodopsin: quality control, degradation and aggresome
formation. Journal of Cell Science 115(Pt 14), 2907-2918.

SampsoN, H.M., Roserrt, R., Liro, J., Marrues, E.,
CarLLE, G.W., HANRAHAN, J.W. & THomas, D.Y.
(2011). Identification of a NBD1-binding pharmacologi-
cal chaperone that corrects the trafficking defect of
F508del-CFTR. Chemical Biology 18(2), 231-242.

SANDERS, C. & MYERSs, ]. (2004). Disease-related misassem-
bly of membrane proteins. Annual Review of Bigphysics and
Biomolecular Structure 33, 25-51.

SANDERS, C. R. & MrrreENDORF, K. F. (2011). Tolerance to
changes in membrane lipid composition as a selected
trait of membrane proteins. Biochemistry 50(37), 7858—
7867.

SANDERS, C. R. & Naay, J. K. (2000). Misfolding of mem-
brane proteins in health and disease: the lady or the
tiger? Current Opinion in Structural Biology 10(4), 438—442.

SANDERs, C. R., Ismar-BEiGy, F. & McENERY, M. W. (2001).
Mutations of peripheral myelin protein 22 result in de-
fective trafficking through mechanisms which may be
common to diseases involving tetraspan membrane pro-
teins. Biochemistry 40(32), 9453-9459.

Sato, B.K., Schurz, D., Do, P.H. & Hamrron, R.Y.
(2009). Misfolded membrane proteins are specifically
recognized by the transmembrane domain of the
Hrd1p ubiquitin ligase. Molecular Cell 34(2), 212-222.

Sarto, S., Warp, C.L., Krouse, M.E., WiNg, J.J. &
Korrro, R.R. (1996). Glycerol reverses the misfolding
phenotype of the most common cystic fibrosis mu-
tation. Journal of Biological Chemistry 271(2), 635—638.

SAWKAR, A. R., CHENG, W. C., BEUTLER, E., Wong, C. H.,
Barch, W. E. & KeLLy, J. W. (2002). Chemical chaper-
ones increase the cellular activity of N370S beta-
glucosidase: a therapeutic strategy for Gaucher disease.
Proceedings of the National Academy of Sciences of the United
States of America 99(24), 15428-15433.

ScHLEBACH, J. P., Kim, M. S., Jon, N. H., Bowir, J.U. &
Park, C. (2011). Probing membrane protein unfolding
with pulse proteolysis. Journal of Molecular Biology 406
(4), 545-551.

SCHLEBACH, J. P., Cao, Z., Bowir, J. U. & Park, C. (2012).
Revisiting the folding kinetics of bacteriorhodopsin.
Protein Science 21(1), 97-106.

ScHLEBACH, J.P.,,  PexG, D. Kronckg, B.M,
MitTENDORF, K. F., NARAYAN, M., CArTER, B.D. &
SaNDERS, C. R. (2013). Reversible folding of human per-
ipheral myelin protein 22, a tetraspan membrane pro-
tein. Biochemistry 52(19), 3229-3241.

ScHNELL, D. J. & HeserT, D. N. (2003). Protein translo-
cons: multifunctional mediators of protein translocation
across membranes. Ce// 112(4), 491-505.

SEHGAL, P., MoGexsiN, J.E. & Orzen, D.E. (2005).
Using micellar mole fractions to assess membrane pro-
tein stability in mixed micelles. Biochimica et Biophysica
Acta 1716(1), 59-68.

SexpMA, Y., WisemaN,  R.L.,  MATTESON, ],
HammarstrOM, P., MiLier, S.R., Sawkar, A.R.,
Barch, W.E. & Keiwy, J.W. (2005). The biological
and chemical basis for tissue-selective amyloid disease.
Cell 121(1), 73-85.

SELKOE, D. J. (2003). Folding proteins in fatal ways. Nazure
426(6968), 900-904.

SuepPARD, D.N., RicH, D.P., OsteEDGAARD, L.S.,
GREGORY, R.J., Smrth, A.E. & WELsH, M.]J. (1993).
Mutations in CFTR associated with mild-disease-form
Cl-channels with altered pore properties. Nature 362
(6416), 160-164.

SkacH, W. R., Carayag, M. C. & Lincarpa, V. R. (1993).
Evidence for an alternate model of human
P-glycoprotein  structure and biogenesis. Journal of
Biiological Chemistry 268(10), 6903—6908.

SkacH, W.R., Sui, L.B., Caravyac, M. C., FrRIGERI, A.,
Lingarpa, V.R. & VERKMAN, A.S. (1994). Biogenesis
and transmembrane topology of the CHIP28 water
channel at the endoplasmic reticulum. Journal of Cell
Biology 125(4), 803-815.

Snapp,  E.L., Remnbart, G.A. Bocerr, B.A,
LipPINCOTT-SCHWARTZ, J. & HEGDE, R.S. (2004). The
organization of engaged and quiescent translocons in
the endoplasmic reticulum of mammalian cells. Journal
of Cell Biology 164(7), 997-1007.

SONTAG, E. M., VONK, W. I. & FrYDMAN, J. (2014). Sorting
out the trash: the spatial nature of eukaryotic protein
quality control. Current Opinion in Cell Biology 26C,
139-146.

SrINIVASAN, R., HENDERsoN, B.J., Lester, H.A. &
RicHArDs, C.I. (2014). Pharmacological chaperoning
of nAChRs: a therapeutic target for Parkinson’s disease.
Pharmacological Research 83, 20-29.

STANLEY, A. & FLEMING, K. (2008). The process of folding
proteins into membranes: challenges and progress.
Archives of Biochemistry and Biophysics 469(1), 46—66.

Sun, F., ZHang, R., Gong, X., GENG, X., Dram, P.F. &
Frizzerr, R.A. (2006). Derlin-1
efficient degradation of the cystic fibrosis transmem-
brane conductance regulator (CFTR) and CFTR folding
mutants. Journal of Biological Chemistry 281(48), 36856—
36863.

SUNG,

promotes  the

C.H., ScHNEIDER, B.G.,
PAPERMASTER, D.S. & NATHANS, . (1991). Functional
heterogeneity of mutant rhodopsins responsible for

AGARWAL, N.,

autosomal dominant retinitis pigmentosa. Proceedings of
the National Academy of Sciences of the United States of
America 88(19), 8840-8844.

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

Sutkr, U. & Snipes, G. J. (1995). Biology and genetics of
hereditary motor and sensory neuropathies. Annual
Review of Neuroscience 18, 45-75.

Suter, U., Moskow, J.]., WELCHER, A.A., Sxiees, G.J.,
Kosaras, B., Sipman, R.L., BucHBerG, A.M. &
SHOOTER, E. M. (1992). A leucine-to-proline mutation
in the putative first transmembrane domain of the
22-kDa peripheral myelin protein in the trembler-]
mouse. Proceedings of the National Academy of Sciences of
the United States of America 89(10), 4382—-4386.

SwantoN, E., HigH, S. & WoobwmaN, P. (2003). Role of
calnexin in the glycan-independent quality control of
proteolipid protein. EMBO Journal 22(12), 2948-2958.

Szero, J., KaNnwk, N.A., CanaDIEN, V., NismMaN, R,
MizusHiMA, N., YosHIMORI, T., BazeETT-JONES, D. P. &
BrumeLL, J. H. (2006). ALIS are stress-induced protein
storage compartments for substrates of the proteasome
and autophagy. Autgphagy 2(3), 189-199.

TamararPOO, B. K. & VERKMAN, A.S. (1998). Defective
aquaporin-2 trafficking in nephrogenic diabetes insipi-
dus and correction by chemical chaperones. Journal of
Clinical Investigation 101(10), 2257-2267.

TAMBORERO, S.,  VILAR, M., MartiNez-Gi, L.,
Jonnson, A. E. & MINGARRO, 1. (2011). Membrane in-
sertion and  topology of the  translocating
chain-associating membrane protein (TRAM). Journal of
Molecular Biology 406(4), 571-582.

Tao, Y.X. & ConN, P.M. (2014). Chaperoning G
Protein-coupled receptors: from cell biology to thera-
peutics. Endocrione Reviews er20131121.

Tarpirg, D.F.,, Jui, N.T., KHURANA, V., TaMBE, M. A.,
ToowmpsoN, M. L., CHunG, C.Y. Kamapurai, H.B.,
Kmi, H.T., Lancaster, A.K. Cawbwrern, KA,
CapweLL, G.A., Rocuer, J.C., Buchwalp, S.L. &
Linpquist, S. (2013). Yeast reveal a “druggable”
Rsp5/Nedd4 network that ameliorates alpha-synuclein
toxicity in neurons. Science 342(6161), 979-983.

TAYLOR, R. C. & DiLLN, A. (2011). Aging as an event of
proteostasis collapse. Cold Spring Harbor Perspectives in
Biology 3(5), 1-17.

Tavior, S.C., FercusoN, A.D., BerGeroNn, J.J. &
TrHoMas, D. Y. (2004). The ER protein folding sensor
UDP-glucose glycoprotein-glucosyltransferase modifies
substrates distant to local changes in glycoprotein con-
formation. Nature Structural and Molecular Biology 11(2),
128-134.

TEASDALE, R. D. & Jackson, M. R. (1996). Signal-mediated
sorting of membrane proteins between the endoplasmic
reticulum and the Golgi apparatus. Annual Review of Cell
and Developmental Biology 12, 27-54.

THEREEN, A.G., Grant, F.E. & Deser, C.M. (2001).
Interhelical hydrogen bonds in the CFTR membrane
domain. Nature Structural Biology 8(7), 597-601.

ToBLER, A.R., Norrtereek, L., Narr, R., TAvLOR, V.,
Sutir, U. & SHOOTER, E.M. (1999). Transport of
Trembler-] mutant peripheral myelin protein 22 is

The safety dance 33

blocked in the intermediate compartment and affects
the transport of the wild-type protein by direct interac-
tion. Journal of Neuroscience 19(6), 2027-2036.

Tosrer, A.R., Liu, N., MUELLER, L. & SHOOTER, E. M.
(2002). Differential aggregation of the Trembler and
Trembler | mutants of peripheral myelin protein 22.
Proceedings of the National Academy of Sciences of the United
States of America 99(1), 483—-488.

Van Dex Berg, B., Cremons, W.M., CorLiNson, L.,
Mobis, Y., Hartmann, E., Harrison, S.C. &
Rapoport, T. A. (2004). X-ray structure of a protein-
conducting channel. Nazure 427(6969), 36-44.

Van  Goor, F., Habpmpa, S, P.D.,
Burton, B., Cao, D., NEUBERGER, T., TURNBULL, A.,
SINGH, A., JouBraN, J., HazLEwoop, A., ZHou, ]J.,
MCCARINEY, J., ARUMUGAM, V., DECKER, C., YANG, ].,
Young, C., Orson, E.R., WINE, ].]., FrizzeLL, ROA.,
AsHLOCK, M. & NEGULEscU, P. (2009). Rescue of CF ait-
way epithelial cell function 7z vitro by a CFTR potentia-
tor, VX-770. Proceedings of the National Academy of Sciences
of the United States of America 106(44), 18825-18830.

GROOTENHUIS,

Van  Goor, F., Hapma, S., Groorennus, P.D.,
Burron, B, Srack, J.H.,  Stratey, K.S,
Decker,  C.J.,, MiLErR, M.,  MCCARINEY, ],
Owson, E.R, Wmng, J.J, Frzzeu, RA,

AsHrock, M. & NEecGuLescu, P. A, (2011). Correction
of the F508del-CFTR protein processing defect in vitro
by the investigational drug VX-809. Proceedings of the
National Academy of Sciences of the United States of America
108(46), 18843-18848.

VAN MEER, G., Voriker, D.R. & FriGensoN, G.W.
(2008). Membrane lipids: whete they are and how they
behave. Nature Reviews Molecular Cell Biology 9(2), 112—
124.

VEERAPPAN, A., CyMER, F., KiEIN, N. & SCHNEIDER, D.
(2011). The tetrameric a-helical membrane protein
GIpF unfolds via a dimeric folding intermediate.
Biochemistry 50(47), 10223-10230.

VEMBAR, S.S. & BRODsKY, J. L. (2008). One step at a time:
endoplasmic reticulum-associated degradation. Nazure
Reviews Molecular Cell Biology 9(12), 944-957.

VIRKKI, M. T., AGRAWAL, N., EDSBACKER, E., CRISTOBAL, S.,
Erorsson, A. & Kauko, A. (2014). Folding of
Aquaporin 1: multiple evidence that helix 3 can shift
out of the membrane core. Protein Science 23(7), 981-992.

Von HEepNg, G. (1986). The distribution of positively
charged residues in bacterial inner membrane proteins
correlates with the trans-membrane topology. EMBO
Journal 5(11), 3021-3027.

Von HegNg, G. (1992). Membrane protein structure pre-
diction. Hydrophobicity analysis and the positive-inside
rule. Journal of Molecular Biology 225(2), 487—-494.

Von HEeNg, G. (2006). Membrane-protein topology.
Nature Reviews Molecular Cell Biology 7(12), 909-918.

WaNG, X., VENABLE, J., LaromNtg, P., Hurr, D.M.,

Kourov, A.V.  COPPINGER, ., Gurkan, C.,

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

34 | P. Schlebach and C. R Sanders

KELINER,  W.,  MATTESON, ],  PLUrNER, H.,
RiorbaN, J.R., Keoy, J.W., Yamss, J.R. &
Barch, W. E. (2006). Hsp90 cochaperone Ahal down-
regulation rescues misfolding of CFTR in cystic fibrosis.
Cell 127(4), 803-815.

Warp, C. L. & Koprto, R. R. (1994). Intracellular turnover
of cystic fibrosis transmembrane conductance regulator.
Inefficient processing and rapid degradation of wild-type
and mutant proteins. Journal of Biological Chemistry 269
(41), 25710-25718.

JARSCHAWSKI, D.E., ArRNoID, A.A., BEAUGRAND, M.,

GRAVEL, A., CHARTRAND, E. & MarcortE, 1. (2011).
Choosing membrane mimetics for NMR structural stu-
dies of transmembrane proteins. Biochimica et Biophysica
Acta 1808(8), 1957-1974.

WEeLcH, W. ]. & Brown, C. R. (1996). Influence of molecu-
lar and chemical chaperones on protein folding. Cel/
Stress and Chaperones 1(2), 109-115.

WELsH, M.]J. & SmitH, A. E. (1993). Molecular mechan-
isms of CFTR chloride channel dysfunction in cystic
fibrosis. Cel/ 73(7), 1251-1254.

WHITE, S. (2009). Biophysical dissection of membrane pro-
teins. Nazure 459(7245), 344-346.

WHrTE, S.H. (2003). Translocons, thermodynamics, and
the folding of membrane proteins. FEBS Letters 555
(1), 116-121.

WHITE, S. H. & VoN HENE, G. (2008). How translocons
select transmembrane helices. Annual Review of Bigphysics
37, 23-42.

WiGLey, W. C., Fasunmy, R. P, LEg, M. G., MariNO, C. R.,
MuALLEM, S., DEMARTINO, G. N. & THOoMAS, P. J. (1999).
Dynamic  association of proteasomal machinery
with the centrosome. Journal of Cell Biology 145(3), 481—
490.

WinLey, W. C. & WHrtg, S. H. (1996). Experimentally de-
termined hydrophobicity scale for proteins at membrane
interfaces. Nature Structural Biology 3(10), 842—-848.

WisEmaN, R. L. & Barch, W. E. (2005). A new pharma-
cology—drugging stressed folding pathways. Trends in
Molecular Medicine 11(8), 347-350.

WisemaN, R. L., Kourov, A., Powers, E., KerLy, J. W. &
Barch, W. E. (2007a). Protein energetics in maturation
of the early secretory pathway. Current Opinion in Cell
Biology 19(4), 359-367.

WisemaN,  R.L., Powrrs, E.T., Buxsaum, J.N.,
Kerry, J.W. & Barch, W.E. (2007b). An adaptable
standard for protein export from the endoplasmic reti-
culum. Ce// 131(4), 809-821.

Xia, K., MANNING, M., HEsHam, H., LIN, Q., BysTrROFE, C.
& CoLoN, W. (2007). Identifying the subproteome of
kinetically stable proteins via diagonal 2D SDS/
PAGE. Proceedings of the National Academy of Sciences of
the United States of America 104(44), 17329-17334.

XIoNG, X., BRAGIN, A., WippIcoMBE, J. H., ConN, J. &
Skach, W. R. (1997). Structural cues involved in endoplas-
mic reticulum degradation of G85E and G91R mutant
cystic fibrosis transmembrane conductance regulator.
Journal of Clinical Investigation 100(5), 1079-1088.

Yamamoro, K., Fum, R., Tovoruku, Y., Sarro, T.,
Kosexi, H., Hsu, V.W. & Aogr, T. (2001). The
KDEL receptor mediates a retrieval mechanism  that
contributes to quality control at the endoplasmic reticu-
lum. EMBO Journal 20(12), 3082-3091.

You, M., SPANGLER, J., Li, E., HaN, X., GHosH, P. &
Hristova, K. (2007). Effect of pathogenic cysteine
mutations on FGFR3 transmembrane domain dimeriza-
tion in detergents and lipid bilayers. Biochemistry 46(39),
11039-11046.

Yu, Z., A.R. & Keuy, J.W. (2007).
Pharmacologic chaperoning as a strategy to treat
Gaucher disease. FEBS Journal 274(19), 4944-4950.

Znou, H. X. & Cross, T. A. (2013). Influences of mem-
brane mimetic environments on membrane protein
structures. Annual Review of Biophysics 42, 361-392.

Z.OOCHER, M., ZHANG, C., RasmUsseN, S. G., Kosiika, B. K.
& MuLLER, D.J. (2012). Cholesterol increases kinetic,
energetic, and mechanical stability of the human

SAWKAR,

beta2-adrenergic receptor. Proceedings of the National
Academy of Sciences of the United States of America 109(50),
E3463-E3472.

https://doi.org/10.1017/50033583514000110 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000110

