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thermal denaturation. The successful re-assembly of a small number of ATP binding cassette transporters is
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promise for furthering knowledge on the structure, function and biogenesis of ubiquitous membrane trans-
porter families. This article is part of a Special Issue entitled: Protein Folding in Membranes.
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1. Introduction
1.1. Folding transporters

There is currently a large imbalance in protein folding studies, with a
large body of knowledge relating to water-soluble proteins [1], whilst
the membrane protein field remains largely a mystery. Folding studies
to date have focussed mainly on small soluble proteins [2], with very
few studies on larger, multidomain soluble proteins [3] and even
fewer on integral membrane proteins [4-6]. Those few membrane pro-
teins that have been studied have generally also been single domain,
relatively well behaved, stable proteins. The significant, ubiquitous
membrane transporter families comprise large multi-domain or
multi-subunit proteins and are therefore a very under-represented
group of proteins in the folding field. The principles of water-soluble
protein folding cannot be applied wholeheartedly to membrane pro-
teins due to the radically different environments of the two protein clas-
ses, where membrane proteins fold within a hydrophobic, anisotropic
environment rather than a polar, aqueous solvent. Unlike water-
soluble proteins, membrane proteins expose their hydrophobic resi-
dues to the membrane, instead of burying them in the protein interior.
In contrast hydrophilic residues are found either on the surface of the
protein outside the membrane, or neighbouring the lipid headgroups
at the membrane edges, as well as sometimes on the inside of the pro-
tein structure, for example when forming a channel. Membrane pro-
teins exist in a heterogeneous environment, interacting with lipid
chains, headgroups and aqueous phases, and are also highly influenced
by their lipid surroundings, which take an active role in topology of the
protein and its function [5].

Membrane proteins, particularly transporters and receptors, have
been the subject of many reviews [7-11]. Receptors have been stud-
ied in great detail, and are reviewed elsewhere [12]. Transporters
have a high physiological relevance and represent over a third of all
drug targets [13].The lack of information regarding transporters
means that the molecular basis of action of many drugs is unclear.
In addition, there are many diseases associated with membrane pro-
teins [8,14-16], which are often as a consequence of mutation as in
the case of cystic fibrosis [17]. Disease creating mutations are often
far away from the active site [18], with an unknown mechanism of ac-
tion but frequently influencing folding, stability and trafficking within
the cell. Owing to the lack of information on membrane proteins, any
further elucidation of the molecular basis of these diseases is very dif-
ficult, which in turn means many therapies out currently of reach
until more information can be gained.

The current disparity in knowledge of water-soluble and mem-
brane protein folding is in part a consequence of the fact that, as
well as being more hydrophobic, membrane proteins are often
much more dynamic than soluble proteins. Such dynamic behaviour
is inherent to transport but makes membrane transporters very diffi-
cult to work with in vitro. In addition to this problem, membrane pro-
teins can be challenging to express and purify in sufficient quantities
in vitro, as their inherent hydrophobic nature means they have a high
tendency to aggregate once removed from their native lipid environ-
ment. However, these barriers to folding research must be overcome
in order to learn about the fundamental folding properties and thus
maintain and study the correct structure and function of membrane
proteins, and therefore ultimately to learn more about their physio-
logical roles. Current folding work in vitro therefore focuses on
elucidating how to stabilise and study relatively simple, usually

prokaryotic, membrane proteins, with the aim of extending the
knowledge gained to a wider range of physiologically relevant pro-
teins in the future. In vivo folding of helical membrane proteins
tends to involve co-translational insertion via a membrane-
embedded translocon complex. Cellular studies are thus also under-
taken, with notable examples including probing the role of lipids in
transporter topology [19] or the role of the translocon in identifying
transmembrane helices, and the order in which helices emerge from
the translocon into the bilayer [20,21]. There are also studies on {3
barrel membrane proteins, as they are often comparatively easy to
express as inclusion bodies which can then be dissolved in urea [22].

Transporters often have more than one domain or even multiple
subunits, which create further difficulties in vitro in ensuring the cor-
rect assembly is being studied (see references [7,23] for reviews on
transporter structures). Studying multidomain and multisubunit
membrane proteins provides information on the interfaces between
different domains and subunits, and the importance of these interac-
tions in the overall stability and fold of the protein [24,25]. These in-
terface regions are particularly important as they allow the flexibility
needed for transporter function. It is also important to establish
whether domains fold independently or cooperatively, as this may
shed some light on assembly of membrane proteins in vivo, and the
consequences of small alterations induced in assembly and stability
by mutations.

1.2. Detergent or lipid?

In addition to the heterogeneous environment surrounding mem-
brane proteins, there is the added complexity in that membranes in
different cellular locations contain very different lipid compositions
(for a review on these see reference [26]). It is becoming increasingly
obvious that these diverse lipid compositions are important, with cer-
tain specific lipids being essential for correct protein function, topol-
ogy, and overall fold [19,27]. There have been extensive reviews on
the effect of lipids on the topology of secondary transporters
[19,28,29]. There are other examples where the exact molecular
mechanism of these lipid effects on transporters is unclear, with evi-
dence varying as to whether these are due to bulk lipid effects [30-
32], or specific interactions between the lipid and the protein [33].
Several studies show that the lipid curvature and lateral pressure in
the bilayer alter the membrane insertion kinetics and folding rates
of membrane proteins [30-32,34,35]. It is therefore important to con-
sider these lipid effects for the protein in question, and whether the
absence of, or an incorrect, lipid influence would create artefactual
results.

The complex native membrane protein environment is challeng-
ing to reproduce and thus folding is studied in a simpler system in
vitro. During purification, membrane proteins are usually purified
into detergents or lipid vesicles, or liposomes, as a mimic of the
lipid bilayer. The validity of this is obviously questionable, but simpler
systems must first be used in order to gain sufficient information to
move forward successfully to a more complex and realistic artificial
system. Many in vitro membrane protein folding studies use deter-
gent micelles, however the lack of curvature stress in micelles could
alter the stability or structure of the protein [6]. Nonetheless the de-
tergent micelles used in vitro provide a convenient and practical solu-
tion for membrane protein study and in numerous cases can sustain a
stable, functional protein structure, highlighted in a recent review
by Sanders and Mittendorf, which argues the case for using model
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membrane systems in vitro. The similar structures seen between ho-
mologous membrane proteins across all organisms, and the differing
lipid compositions experienced by a single membrane protein in
its lifetime, both suggest that while the lipid environment is very
important, membrane proteins clearly have a high tolerance for the
surrounding membrane's composition. This is also illustrated by the
fact that in vitro studies using different model membrane systems
give similar results [36]. Therefore in vitro studies using non-
physiological model membrane systems can still be highly useful.

1.3. Membrane protein folding in vitro and mechanistic models

Several models and hypotheses have been proposed for the fold-
ing mechanisms of alpha helices within the membrane, as outlined
below.

The classic two stage model for folding was originally outlined in
1990 by Popot and Engleman [37]. This model is based on thermody-
namic principles, and whilst being oversimplistic, has nonetheless
often provided a useful framework for transmembrane helical pro-
teins. The two-stage model is based upon the principle that trans-
membrane helices can be inherently stable, thus in stage one helices
insert into the membrane, whilst in stage two they rearrange to
form their native interhelical contacts and tertiary structure. This
model is generally insufficient to explain transporter folding, espe-
cially in cases where there is more than one domain or subunit fold-
ing cooperatively. The two stage model was modified in 2003 to
include a third stage [38], which could involve any number of events
including higher order domain association, the binding of a prosthetic
group, or the folding of extramembrane loops after insertion. This
three stage model still contains the assumption that individual helices
are stable independently. Equally, however, some transmembrane
helices are often not stable entities, for example if they contain sever-
al polar amino acids, and there are cases where certain helices require
the existence of a pre-formed helical bundle in the membrane to in-
sert and fold.

The proposal that interactions between several helices occur in a
single second step most certainly masks a number of smaller steps
necessary to form these interactions. The early stage of o helical in-
teractions within the membrane is thought to involve minor docking
events, with few specific interactions between side chains, and little
or no change in the degree of solvent bound to the structure [39]. A
later folding stage would involve the formation of stabilising contacts,
where helices come together and the solvent is forced away due to
the higher stability of the helical contacts. Loops may be the final
parts to fold, after being brought together by the helices, which can
act as an initial scaffold.

This review will focus on the stability and folding of transporters,
and will briefly discuss different mechanistic models for folding, then
summarise the results from in vitro stability studies and the effects of
varying lipid composition on stability. Some examples of the effects of
mutation on folding and stability will also be discussed with respect

to a variety of different families of transporter. We will commence
with an overview of experimental approaches that are commonly
applied in studies of transporter folding and stability.

2. Methods to study transporters in vitro
2.1. Techniques to measure folding and activity

The unavoidable presence of detergents and lipids in membrane
protein samples increases the difficulty of in vitro work, due to the
high level of scattering in spectroscopic methods, which can create
artefacts in measurements [4,18]. The presence of lipids or detergent
also creates a highly anisotropic environment, and in addition the
usually relatively low quantities of protein make data interpretation
difficult due to a low signal to noise ratio, and the high likelihood
of artefacts in the data. Often there are only very small differences be-
tween the folded and unfolded state [18], which further adds to the
signal vs. noise problem. The method of expression and purification
of alpha helical membrane proteins is very important, as most mem-
brane proteins have a high tendency to form insoluble aggregates
when overexpressed, giving low yields (see reference [40] for a
review on this subject). Table 1 gives an overview of the expression
and purification methods of the transporters discussed in this review.

A novel method to measure a high affinity association of helices
within the bilayer is to use a steric trap. The association of Glyco-
phorin A helices has been measured using this method, a biotin ac-
ceptor peptide was fused to Glycophorin A, and the binding of
streptavidin (mSA) was used to measure the dissociation constants
of helix association. The binding sites for mSA can be engineered in
such a way so that only one mSA can bind if Glycophorin A is a
dimer due to steric clashing, therefore the binding parameters of
mSA can be used to elucidate the dissociation constant of the dimer.
This method has the advantage in that it enables the measurement
of a high affinity association without the need to dilute the complex,
which is usually necessary to dissociate high affinity interactions. This
is an important tool for the investigation of multidomain membrane
complexes, and to compare the stability of the complex in different
systems. For example in this study, the dimer was much more stable
in POPC bilayers than in detergent micelles [41].

2.2. Reversible and irreversible folding experiments

There are several methods to study folding in vitro. A folding reac-
tion measured at equilibrium is fully microscopically reversible, i.e.
removing the denaturant is sufficient for full refolding back to the na-
tive state, and equilibrium unfolding and refolding curves will overlay
as folding and unfolding reactions follow the same pathway. Denatur-
ation can be either chemical or thermal; therefore reversibility would
involve either removing a chemical denaturant, for example by dialy-
sis or dilution, or decreasing the temperature for thermal studies.
Membrane transporters often unfold irreversibly by thermal

Table 1
Expression and purification systems for transporters.
Family Transporter Chromatograpy Detergent solubilisation and experiments Problems encountered? Reference
MFS GalP C terminal 6-His tag, Ni2 *-NTA DDM solubilised [43,92]
DDM/liposomes (DOPE/DOPC 60 mol% PE)
LacY Biotin/Avidin DM Aggregation during refolding [44]
GLUT1
SMR EmrE 6-His/Ni® "-NTA followed by DDM 6-His tag interferes with [34,35]
gel filtration dimer formation
ATPase CopA Purified at 4 °C with C terminal C12E10 solubilised Some detergents give [42,76]
6-His tag, Ni> "-NTA DDM/asolectin inactive protein
PTS e 6-His tag purified by Ni? *-NTA Decyl-PEG solubilised [25]

DM exchange

DMPC for experiments

The purification systems used for some of the transporters discussed in this review.
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Fig. 1. Determination of unfolding free energy from a denaturation curve. In an unfolding experiment the amount of native protein structure is measured, for example by fluores-
cence or CD, at increasing concentrations of denaturant. The change in the amount of folded structure is then plotted against the denaturant concentration, giving a denaturation
curve (A). Refolding curves are measured in the same way, by diluting the denaturant. If the folding and unfolding curves overlay, then it is a two state reaction, and the fraction of
folded and unfolded protein can be calculated at each denaturant concentration. From this, the equilibrium constant (K.q) can be calculated (see the equation in C), and free energy
of unfolding (AGy) can be calculated (see the equation in D) at each denaturant concentration, which is then plotted (B). The linear fit of these points can then be extrapolated to

zero denaturant, which gives the free energy of unfolding in the absence of denaturant, AG

denaturation, and tend to aggregate during the experiment. Chemical
denaturation however, can often be reversible [34,42-44] (see Fig. 1).
The reduction in native protein structure induced during titration
with denaturant is measured to produce a denaturation curve,
which for an equilibrium reaction can be exactly overlaid by the
refolding curve, during which the denaturant is diluted. An equilibri-
um constant, K, can be measured for both the forward and reverse re-
actions (unfolding and refolding respectively), and the associated free
energy of folding or unfolding, AG, can be calculated.

Unfolding can be fully reversible, but with a different reaction
pathway for unfolding and folding. This would happen for example
when lipids have been added after the removal of denaturant to

H20
U .

promote refolding. No thermodynamic equilibrium information can
be gained from these sorts of folding reactions, but it is useful as a
measure of stability for investigating the effects of varying the lipid
composition on refolding [31,32,34,35,43]. See Fig. 2 for a comparison
of reversible folding at equilibrium, and reversible folding via a sepa-
rate folding pathway.

Thermal denaturation can often be fit to a reaction scheme with an
initial, reversible equilibrium folding step up to a certain tempera-
ture, and a subsequent irreversible step at higher temperatures.
Thus, thermodynamic can still be obtained. In the case of membrane
proteins, lipids and detergent properties change at different tempera-
tures, which also affect the stability and the results seen.

Reversible folding at equilibrium: folding and
unfolding are via the same pathway, allowing K and AG

values to be determined

Add denaturant

Unfolded

~

N Remove denaturant

Folded

Reversible folding via a different pathway:
unfolding is fully reversible, but the unfolding and
folding reactions occur via different pathways

~~_

Remove denaturant, add lipids

Unfolded
laggregated
Irreversible denaturation: removal of °
denaturant does not allow refolding °
Add denaturant °
L]
® Qo °

Fig. 2. Reversible and irreversible folding. Different types of in vitro folding reactions, reversible folding at equilibrium is shown at the top, reversible folding via different pathways
in the middle and irreversible folding at the bottom. Denaturant is shown as red circles, with the location of the denaturant around the protein approximated. Detergents or lipids

have not been shown for clarity.
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2.3. Thermal denaturation

One of the earliest methods applied to probe transporter stability
was thermal denaturation. The enthalpy of a protein is usually affect-
ed by temperature, and increases with increased temperature [45].
The method of choice is Differential Scanning Calorimetry (DSC), a
highly sensitive technique giving quantitative thermodynamic infor-
mation [46-48]. DSC involves comparing the heat generated by a
sample in comparison to a reference cell at different temperatures.
Detailed thermodynamic information can be gained via this method,
including the temperature at which transitions occur (Tm), and the
heat capacity of these transitions (Cp). The calorimetric enthalpy,
AH® can be determined directly obtained from a DSC experiment
from the area under the heat absorption peak in the thermogram
and is expressed on a molar basis. It is often useful to also determine
the van't Hoff enthalpy, for which an effective equilibrium constant is
defined, based on the progress of the reaction as obtained from the
transition curve. However, this analysis is only valid if the sample is
in thermodynamic equilibrium throughout the experiment. This is
shown by the fact that the transition is reversible (as determined in
a rescan of the sample) and independent of the scanning rate used
in the experiment, which shows that the reaction is not under kinetic
control. Although this is rarely the case for membrane proteins, this
technique has been particularly useful for multidomain membrane
proteins, as it gives insight into the interactions between different do-
mains [25,46]. Data for most membrane proteins is fit to a model in-
volving a reversible reaction followed by irreversible denaturation.

There are many problems associated with measuring the thermo-
dynamic parameters of alpha helical membrane protein thermal de-
naturation. The detergent or lipid used and its effects are important
to consider, as the interactions with the protein are likely to be affect-
ed at different temperatures. Phase transitions of the detergent or
lipid can also occur, creating artefacts in the results. The altered inter-
actions between the solvent and the detergent can also prevent the
protein from being soluble, leading to aggregation during the experi-
ment. Membrane transporter unfolding by thermal denaturation is
usually only reversible up to a certain temperature, therefore irre-
versible transitions make DSC experiments and the subsequent data
interpretation difficult, it is also fairly common to be unable to get
replicable results. There have however been a few examples of
alpha helical membrane proteins investigated in this way, most
have been receptors and photosystems [46], but there have been a

small number of transporters also, as explained in greater detail in
Section 3 [25,45,47,48].

2.4. Reversible folding

The establishment of a two-state (or three-state) folding reaction
in vitro greatly facilitates a complete understanding of folding, includ-
ing thermodynamic stability. An experimental system is required in
which a microscopically reversible folding reaction is observed at
equilibrium. This is frequently established for helical membrane pro-
teins using chemical denaturants such as urea or SDS, and renaturing
micelles. Kinetic measurements have been used to confirm two-state
equilibrium folding between unfolded and refolded states [49].

There are only a handful of transporters for which reversible fold-
ing has been successful. These come from several different families of
transporter, and are summarised in Table 2. Briefly, these are the
Major Facilitator Superfamily galactose and lactose transporters
GalP and LacY [43,44], the Small Multidrug Resistance transporter
EmrE [34], the thermophilic copper ATPase CopA [42], and the Na™/
H™ antiporter NhaA [50]. These have been expressed and purified
using a variety of methods using different detergents, and unfolded
with different denaturants. As previous folding studies to date had
been confined to small soluble proteins or single domain, experimen-
tally amenable, helical membrane proteins and ( barrels, these more
recent studies on transmembrane « helical transporters represent a
major step forward in the folding field.

2.5. A brief note on denaturants

SDS is a common denaturant used for o helical proteins, with sev-
eral theories proposed for its denaturant action [39,51], whilst con-
versely it has been found to stabilise and induce helical structure
[52]. SDS maintains a micellar environment by forming mixed mi-
celles with the renaturing detergent in the system. Morever, although
SDS causes reductions in tertiary structure and loss of function, at best
it only causes partial reductions in helicity of transmembrane pro-
teins and sometimes the native « helical content is maintained [53].
As a result, the unfolded state created by SDS contains significant he-
lical structure (see Fig. 3). For more detailed information on the inter-
actions between SDS and membrane proteins, see references [54,55].
Fully unfolded states of helical membrane proteins require strong

Table 2
Reversible folding methods.
Family Transporter  How it was unfolded, and How it was refolded How was the return of What did we learn? Reference
how it was measured function demonstrated?
ABC Vitamin B12  Unfolded in urea Bound to Ni?*-NTA column  Correct oligomeric state by ~ More efficient [24]
transporter ~ Measured by fluorescence, CD and and eluted into DDM gel filtration and SDS-PAGE, re-assembly from
(BtuCD) loss of ATPase activity return of ATPase activity unfolded subunits
MFS Galp Unfolded in urea or GuHCl Dilution into DDM or into Return of ligand binding Liposome composition  [43]
Measured by fluorescence, CD or liposomes and transport affects refold yield
loss of ligand binding
Lactose Unfolded in GuHCl Dialysis into DM in presence  Return of substrate Presence of TDG did [44]
Permease Measured by MIANS fluorescence of 3:1 POPE/POPG protection against not accelerate
(Lacy) and substrate protection thermal denaturation refolding
SMR EmrE Unfolded in 10 M urea plus 5% or 10% SDS  Either by dilution or by Return of TPP binding Liposome composition  [34]
Measured by fluorescence, CD binding to Ni2*-NTA column measured by ITC affects refold yield
and cysteine labelling and eluted into DDM
ATPase CopA Unfolded in 8 M GuHCl Dilution into DDM and Return of transport Unfolded state present [42]
Measured by fluorescence, CD and asolectin function undetected by
loss of transport activity spectroscopic methods
Na*/H* NhaA Unfolded by AFM Helices reinserted Not done Helices are associated ~ [50]
antiporter spontaneously in pairs

The conditions and methods used for reversible folding of transporters, and how this reversibility and return of function was demonstrated. BtuCD has been included in this table, as
while not strictly a two state reversible folding study, the re-assembly was specifically investigated from both unfolded and folded subunits.
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Fig. 3. Reversible unfolding of proteins. Alpha helical membrane proteins have a lot of residual helical structure remaining when reversibly unfolded, unlike (3 barrels and water
soluble proteins which tend to unfold into a more random coil-like structure. Denaturant is shown as red circles, with the positions of the denaturant around each protein approx-
imated. The denaturant is not necessarily the same for each protein. Detergents or lipids have not been shown around the {3 barrel and alpha helical proteins for clarity (PDB IDs

1B2X, 2BRD, 1THQ).

organic acids which are unsuitable to direct refolding into detergents
or lipids, since they also destabilise these latter structures.

Chaotrope denaturants such as urea and guanidine hydrochloride
(GuHCl) may preferentially bind to the unfolded state, stabilising it
over the folded state, and altering the folding equilibrium. These de-
naturants may also solvate charged residues, or directly hydrogen
bond with the backbone, disrupting native interactions [56]. This is
a different mechanism of action from that proposed for SDS denatur-
ation, thus limiting direct comparisons between these two methods
of unfolding in that SDS can readily partition into micelles and desta-
bilise lipid bilayers, whilst urea and GuHCI do not. Urea does, howev-
er, alter the dynamics and phase behaviour of detergents and lipids,
for example by a change in the detergent critical micelle concentra-
tion. The relative inability of urea to denature micelles or bilayers
means it often cannot denature helical membrane proteins, although
in acidic conditions — as is the case for diacylglycerol kinase (DGK) —
quaternary trimer interactions are perturbed in micelles but little
helix reduction occurs. Urea can also denature aqueous extrinsic re-
gions of helical membrane proteins. The flexibility of transporters
with hydrophilic binding pockets may also provide access for urea
into the protein interior for denaturation. Urea is however an effec-
tive denaturant for [ barrel proteins, as seen in Fig. 3 [22].

2.6. What is the unfolded state?

The denatured state of a folding reaction is not a single state, but
an ensemble of multiple unfolded conformations [19,42], all with
many long range interactions still present. Therefore the unfolded
state measured experimentally is an average representative state of
this ensemble, so specific structural information is difficult to access.
o helical membrane proteins tend to aggregate when unfolded.
Moreover, as described in Section 2.5 and shown in Fig. 3, there is a
considerable amount of structure remaining in the experimental un-
folded state, in contrast with (3 barrels and water-soluble proteins
[4,5]. This partly structured unfolded state may provide a critical he-
lical core that is required as a scaffold for successful folding [5]. This
is perhaps more physiologically relevant than a folding study from a
completely denatured state, as a helical membrane protein is never

in a completely random coil in vivo since they are translated directly
into the translocon, and the helices are subsequently inserted lateral-
ly into the bilayer from the translocon [20,57].

3. Families of transporters

There are several examples of transporters which have been stud-
ied in vitro for stability and folding, both by irreversible thermal dena-
turation and reversible systems. These are summarised in Table 3,
along with the methods applied to each transporter.

3.1. Major Facilitator Superfamily

The Major Facilitator Superfamily (MES) is a very large group of
transporters found in all organisms and is responsible for transporting
a large range of substrates such as sugars, amino acids and peptides
[9,10]. There are now several high resolution crystal structures, for a
range of members and in different conformations with both bound
and unbound ligand [58-62]. Each has a very similar structure, with
12 transmembrane helices divided into two helical domains and a
large central cavity between them. There have been extensive studies
into the transport mechanism of this family [63-65], the location and
contacts within the substrate binding sites [61,62,66,67], and specific
lipid effects on function [19,33], but only a handful of studies on stabil-
ity as outlined below.

An MFS member to be investigated by thermal denaturation is the
facilitative glucose transporter GLUT1, using DSC. Thermal denatur-
ation of GLUT1 is irreversible, as demonstrated by the lack of struc-
ture when the sample was cooled. It was found that the GLUT1
substrate D-glucose specifically stabilises the protein, increasing the
Tm of 68.5°C to 72.6 °C. It is thought that substrate binds to the
folded state and stabilises it, shifting the equilibrium between the
folded and unfolded states. The calorimetric transition enthalpy was
comparable with other membrane proteins, at 2.8 cal/g [45].

The only two state reversible unfolding study to date of an MFS
member is on the Escherichia coli galactose transporter, GalP [43]. Re-
versible folding in urea was measured at equilibrium, with intrinsic
tryptophan fluorescence indicating the exposure of tryptophan
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Table 3
Summary of stability studies on transporters.
Family Protein Method Results Reference
MFS GalP Reversible folding by fluorescence and CD Two state free energy of unfolding [43]
Effects of lipid composition on folding and insertion
Lactose Permease (LacY) Reversible folding by fluorescence Demonstration of folding reversibility [44]
Glucose transporter 1 (GLUT1) Thermal denaturation by DSC Substrate binding increases thermal stability [45]
SMR EmrE Reversible folding by fluorescence and Demonstration of folding reversibility [34]
with lipids, ligand binding measured by ITC  Effects of lipid composition on folding and insertion
ATPases CopA Reversible folding by fluorescence and CD Reversible system and free energy [42]
NaK-ATPase Thermal denaturation by DSC Thermal stability (48]
Ca-ATPase Thermal denaturation by DSC Thermal stability [47]
ABC Histidine permease (HisQMP,) Re-assembly of subunits Non-cooperative assembly of subunits [86]
Maltose transporter (MalFGK;) Re-assembly of subunits Cooperative assembly of subunits [87]
Arginine transporter (Art(MP),) Re-assembly of subunits Assembly of subunits [88]
Vitamin B12 transporter (BtuCD)  Re-assembly of subunits from Cooperative assembly of subunits [24]
folded and unfolded states
Na*/H" antiporter ~ NhaA Reversible folding measured by AFM Demonstration of folding reversibility [50]
PTS Mannitol Permease (II™") Thermal denaturation by DSC Interactions of domains and contribution to stability — [25]
AE Anion Exchanger 1 (AE1) Thermal denaturation by DSC Interactions of domains and contribution to stability  [46]

A summary table of all the transporters discussed in this review, what was measured, and the important findings from each.

residues to a more polar environment that is indicative of unfolding.
Fluorescence studies on GalP are complicated to interpret however,
due to the large number of tryptophans in a range of different envi-
ronments. A more useful technique in this case is to monitor the re-
duction in secondary structure that is induced by urea through the
use of circular dichroism (CD) spectroscopy. The free energy of
unfolding in the absence of denaturant, AGH?°, was found to be
2.5 kcal/mol + 0.2 kcal/mol, with a linear dependence on denaturant.
GalP has also been found to partially refold from 3.5 M GuHCl, a much
harsher denaturant.

As discussed above, it is thought that urea is able to denature mem-
bers of the MFS due to the large proportion of solvent accessible areas in
comparison to other membrane proteins. There is currently no crystal
structure for GalP, but it is thought to be similar to GIpT and as all the
MEFS structures solved thus far are very similar, it is likely that GalP
also has large solvent exposed ends of helices and a large hydrophilic
cavity that will allow access of the urea to large areas of the protein.

The most well characterised MFS member, Lactose Permease
(LacY) has also been successfully refolded after denaturation in
3.5 M GuHClI [44], with the denaturant removed by dialysis into rena-
turing dodecylmaltoside (DDM), in the presence of the lipids palmi-
toyloleoyl phosphatidylethanolamine (POPE) and palmitoyloleoyl
phosphatidylglycerol (POPG). The reversibility and recovery of func-
tion after refolding were demonstrated by a return of the substrate
TDG protecting LacY from thermal denaturation, in a manner similar
to GLUT1 as discussed above. It was necessary for refolding of LacY
to be done at a very low protein concentration (0.05 mg/ml), in
order to prevent aggregation during refolding.

LacY is well known for being very tolerant of mutations [68], with
only six residues absolutely irreplaceable for transport activity. There
is however an interesting example of how a single point mutation can
have unexpected large consequences on transport activity and stabil-
ity. The LacY C154G mutation is completely folded and able to bind li-
gand, but has highly impaired transport function. It is also much more
thermally and chemically stable in comparison to the wild type [69].
It is believed, but still unclear, that altered packing interactions be-
tween helices account for this increased stability [70].

The effects of varying lipid composition on topology, stability and
activity have been investigated for several members of the MFS with
some very interesting findings. Most of the topology studies have
been on LacY, where it has been found that when in vivo, and when
reconstituted into bilayers in vitro, the topology is severely affected
by the absence of the lipid PE, in that the entire N domain assumes
an inverted topology. It is thought that this drastic topology change
is not necessarily due to a specific requirement for PE, but is due to
the high amount of negatively charged headgroups in the bilayer

that would be the result of an absence of PE. This high negative charge
of the bilayer may disrupt the “positive inside rule” and the normal
topogenesis signals, causing an inversion of N domain topology.
Nonetheless, this inverted LacY is still folded and able to catalyse
downhill transport (see references [19,28,29] for detailed discussion
on the effects of PE on transporter topology). To date, there is no ev-
idence of an inverted topology when detergent micelles are used in-
stead of lipid vesicles. In addition, the Lactococcus lactis multidrug
MES antiporter LmrP, which uses the proton gradient to transport cy-
totoxic compounds out of the cell, is an example of the requirement of
a specific interaction between a transporter and lipid headgroups for
correct function [71]. Hydrogen bonding with the lipid headgroup
seems to be necessary for transporter function, although the exact
mechanism is unclear [33]. The effects of varying lipid compositions
on GalP folding and insertion have also been investigated. Refolding
into liposomes has an optimum composition of 60 mol% DOPE, but
is around 2.5 times less active when in this manner in comparison
to when directly reconstituted into liposomes [43].

3.2. Na*/H™ antiporters

The maintenance of an internal cellular pH, and the homeostasis of
sodium ion concentration is essential for cell viability. This is the role
of Na*/H™" antiporters, and there are many homologues found across
all organisms [11]. The most well characterised Na*/H™ antiporter,
the E. coli NhaA, was unfolded by Atomic Force Microscopy (AFM).
AFM uses a stylus attached to either the N or C terminal end of the
protein, with an increasing force applied to sequentially unfold indi-
vidual helices. This method has the advantage in that it can be done
on single transporters embedded in membranes. The NhaA unfolding
results showed that the transmembrane helices unfolded two at a
time, suggesting that they are associated in pairs. It was also found
that the whole protein is required to form native interactions. Unfold-
ing of NhaA by AFM was reversible, as shown when the polypeptide
chain was relaxed and the helices spontaneously re-insert (“snap
in”) in an immediate refolding step, followed by a slower refolding
step of the remaining helices [50].

3.3. Phosphoenolpyruvate dependent phosphotransferase system

The phosphoenolpyruvate dependent phosphotransferase system
(PTS) couples transport and phosphorylation of substrates, using
phosphoenolpyruvate (PEP) as the energy source to overcome the
substrate concentration gradient. The transporters in this system are
known as enzyme II, and one of its members, mannitol permease
(I, has been studied by DSC. This transporter, like the other
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members of this family, has one transmembrane domain and two cy-
toplasmic phosphorylation domains, so DSC can give information on
the interactions between the domains as well as their thermal stabil-
ity. The constituent domains were expressed separately and their sta-
bility compared with that of the complete transporter. There was
more than one calorimetric transition seen in the full transporter,
with the cytoplasmic domains being responsible for the reversible
transitions at around 60 °C, and the transmembrane domain being at-
tributed to the irreversible transition at 76 °C. The Tm of the trans-
membrane domain decreases when the B cytoplasmic domain is not
present, indicating that association is necessary for stability. The calo-
rimetric transition enthalpy of 4.2 cal/g was found to be slightly
higher than other membrane proteins investigated in this way [46],
thought to be due to the degree of solvent exposure [25].

3.4. Anion exchangers

Anion Exchanger 1 (AE1), or Band 3, is a chloride-bicarbonate
antiporter mainly found in eukaryotes [72], with a transmembrane
domain and large cytoplasmic domains which interact with other cel-
lular proteins and the cytoskeleton. The stability and domain interac-
tions of AE1 have been studied by DSC, with the different domains
giving separate peaks in calorimetric thermograms. The cytoplasmic
domain transition was found to be pH dependent, with a Tm of
72 °C at pH6, and a Tm of 55 °C at pH8. The transmembrane domain
transition was between 66 and 68 °C, with the calorimetric transition
enthalpy varying depending on whether peripheral proteins were
present [46], indicating that interactions with other proteins affect
the stability of AE1. An early study of AE1 found that the membrane
spanning domain is much more resistant than the cytoplasmic do-
main to GuHCl denaturation when measured by CD, as at 4 M
GuHCl the cytoplasmic domain unfolded to a random coil, and the
membrane spanning domain retained around 70% of its helical con-
tent. This further illustrates the notion that membrane spanning re-
gions of proteins are more resistant to denaturation [73].

3.5. Small Multidrug Resistance Family

The Small Multidrug Resistance Family (SMR) is a subgroup of the
Drug/Metabolite Transporter Superfamily. The members of the SMR
family have four transmembrane helices, and function as dimers
[74]. Some reversible refolding work has been done on the SMR trans-
porter EmrE [34], which functions as a homodimer. EmrE exchanges
two protons for a substrate, which is usually hydrophobic and cation-
ic, but the transporter has a broad specificity and broad range for sub-
strates. EmrE has very stable helices, with only a small amount of
structure loss when denatured in a combination of 10 M urea and
5% SDS. From this EmrE can be refolded into both DDM micelles and
lipid vesicles. CD has been used to monitor the loss of secondary
structure, and fluorescence for the degree of tryptophan exposure.
The loss of helix when unfolded is small and unquantifiable due to
the high amount of urea, but it is believed that urea disrupts the
dimer, as it has been found to be monomeric when visualised by
SDS-PAGE.

EmrE has also been investigated in liposomes of different compo-
sitions, to elucidate the effects of different lipids on refolding and in-
sertion efficiencies. It has been found that there is lower transport
activity in bilayers of higher curvature stress, as seen by increasing
the dioleoylethanolamine (DOPE) content in DOPE/dioleoylphospha-
tidylcholine (DOPC) liposomes [34,35].

3.6. Transmembrane ATPases
Transmembrane ATPases are transporters which use the hydroly-

sis of ATP as an energy source to transport substrates against their
concentration gradient [8]. There are several types of ATPase,

classified by the types of substrate they transport, with a high diver-
sity in structure and oligomeric state between each transporter [16].

There are examples of P-Type ATPases which have been investi-
gated by DSC, being the sarcoplasmic reticulum Ca®*-ATPase and
the Na*t, K*-ATPase [47,48]. In these studies the protein used was
isolated from native membranes, therefore the data is difficult to
compare with other studies due to the lower purity of the sample.

CopA is a thermophilic alpha helical P-Type ATPase, which trans-
ports Cu™ in Archaeglobus fulgidus. It belongs to the Pjz-Type ATPase
family responsible for transporting heavy metals [75], and has an op-
timum transport activity at a temperature of 75 °C[42,76]. Mixed mi-
celles of DDM and asolectin were used to unfold CopA in GuHCI. The
change in tryptophan fluorescence was used to monitor the changes
in tertiary structure, and the change in CD used to monitor the de-
crease in secondary structure. Unfolding was achieved through incu-
bation in GuHCI for 2h, with no further reduction in structure
occurring if incubated overnight. CopA was refolded by dilution into
renaturing micelles of DDM and asolectin. During unfolding the func-
tion of CopA was measured at each denaturant concentration, show-
ing a loss of activity before any structural differences could be
detected. This shows the existence an early unfolding state not
detected spectroscopically, suggesting that a two state model is not
applicable to the unfolding of this protein under the experimental
conditions.

CopA was successfully refolded from 7.5 M GuHCl, showing a higher
stability than the members of the MFS which are reversible only up to
3.5 M [43,44]. This higher stability could be due to its nature as a ther-
mophilic protein. Nevertheless, the AG{}?° of 3 kcal/mol is still roughly
of the same magnitude as GalP [43]. Similarly to the MFS transporters,
CopA is accessible to water soluble chaotropes, and it also has a large
extramembrane domain which may or may not account for the major-
ity of structure loss seen.

3.7. ATP binding cassette transporters

Most membrane protein folding studies to date have focussed on
monomeric proteins. A large number of membrane proteins however
have multiple subunits, both within the membrane and in the peri-
plasm or cytoplasm. ABC (ATP Binding Cassette) transporters are a
class of transmembrane ATPase, and are a ubiquitous group of multi-
subunit membrane proteins responsible for transporting a range of
substrates either into or out of the cell with the hydrolysis of ATP.
They generally have two transmembrane domains, and two nucleo-
tide binding domains in the cytoplasm (see reference [77] for a re-
view on ABC transporters), and require molecular chaperones for
their correct assembly in the membrane [78]. Prokaryotic ABC im-
porters also have a periplasmic substrate binding protein associated
with the complex, to deliver substrate for transport. Folding studies
on ABC transporters are complicated by the possibility of cooperative
interactions between the multiple subunits [24], and is almost cer-
tainly not as simple as a two state process, due to the necessity of
the different subunits having to interact with each other.

The Cystic Fibrosis Transmembrane conductance Regulator (CFTR)
is perhaps the most well known ABC transporter, and the most well
known example of how a small mutation can have devastating conse-
quences to transporter function. CFTR is a eukaryotic chloride ion
channel gated by the hydrolysis of ATP. Like other eukaryotic ABC
transporters, it is formed of two halves, each of these composed of a
transmembrane spanning domain (TMD) and a nucleotide binding
domain (NBD). There is also a cytoplasmic regulatory domain, R,
which contains serine residues for regulation by phosphorylation.
There are many cystic fibrosis causing mutations in this R domain,
often leading to trafficking defects [79]. However, the mutation re-
sponsible for over 90% of cystic fibrosis cases is AF508 in NBD1,
which lies at the interface between NBD1 and intracellular loop 4
(ICL4) of TMD2 [17].
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There is evidence to suggest that the loss of F508 directly affects the
folding of NBD1, both in vitro and in vivo [80], not due to the loss of side
chain interactions but due to the deletion of backbone. This has been
shown by the lack of an effect on isolated NBD folding caused by mis-
sense mutations [81,82]. AF508 may slightly slow the rate of folding, al-
tering the equilibrium of chaperone binding and therefore causing more
of it to be degraded by cellular quality control mechanisms [17]. Larger
downstream effects on assembly due to AF508 may also occur, as the in-
teraction of NBD1 with ICL4 is altered by this deletion [17], and the
TMDs are not as stable in the bilayer when the NBDs are absent [81].
The missense mutations which did not affect NBD1 folding when in iso-
lation were shown to lower the amount of mature full length CFTR, il-
lustrating the importance of F508 interacting with ICL4 [81]. The
AF508 mutation illustrates how general domain packing and domain
interactions rather than specific residue effects are important, which
is demonstrated by the ability of suppressor mutations in sites away
from F508 partially reversing the folding defects of AF508 [17,80].

The bacterial homologue of CFTR, Yor1p, has several destabilising
mutations, including an analogous AF deletion. It has been found
that two suppressor mutations (F270S and R1168M) correct many
of these mutations, and enable the protein to avoid the quality control
machinery of the cell. These mutations do not directly correct folding
defects, but it is thought instead that due to their location near the
transmembrane domain, that they alter helix packing and bilayer in-
sertion, giving some extra tolerance for the original mutation [83].
The mechanisms of why this should be are not understood, and high-
light the need for further understanding of interactions between heli-
ces within the membrane.

Like other transporters, ABC transporter function is affected by the
presence of specific lipids. HorA is an ABC multidrug transporter of
Lactobacillus brevis, and has been found to require the presence of
the native lipid PE for transport. When HorA was reconstituted into
liposomes containing DOPC instead of DOPE, HorA was still able to ca-
talyse ATP hydrolysis, but lost the ability to transport the substrate
Hoechst 33342. In this case the lipid effects are thought to be the
more general bulk properties of PE affecting transport function and
orientation of transmembrane helices, as detected by Attenuated
Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
[84]. Another ABC transporter affected by general bulk lipid effects
is the yeast Candida albicans multidrug transporter Cdrlp, with a
higher flippase activity recorded bilayers of increased fluidity, but a
corresponding lower transport activity [85].

Table 4
Purification, expression and re-assembly of ABC transporters.

3.8. Re-assembly of ABC transporters

There are a few examples of ABC transporters which have been re-
assembled in vitro, in order to learn about the specific interactions be-
tween subunits, and to gain insight into assembly of these large com-
plexes within the cell. Re-assembly requires the individual expression
of each subunit, or failing this, the removal of subunits from each
other once expressed as a whole. These subunits are then tested for
a lack of transport activity, to demonstrate the requirement of a cor-
rectly re-assembled complex for activity. The activity is then demon-
strated to have returned once the subunits are mixed together and re-
assembled. Table 4 gives the re-assembly conditions for those that
have been re-assembled successfully in vitro. These re-assembly stud-
ies differ from the folding studies already discussed, as shown in
Fig. 4, in that they often start from prefolded subunits (with the
exception of BtuCD, [24]), and are not reversible systems.

The Type I ABC transporters Histidine Permease (HisQMP;) [86],
the Maltose Transporter (MalFGK;) [87], and the thermophilic
Arginine Transporter (Art(MP),) [88] have all been re-assembled in
vitro, with slightly different findings from each study. HisQMP, was
found to be uncooperative in assembly, with the two soluble NBD
subunits recruited separately [86]. In contrast, the recruitment of
the two NBDs was found to be highly cooperative in MalFGK;, [87].
In both these transporters it was necessary to express the entire com-
plex, and remove the NBDs with urea during purification, indicating
the need for interactions between the TMDs and NBDs in vivo for
the correct fold. In contrast however, the subunits in the transporter
Art(MP), were expressed entirely separately, and re-assembled
without aggregation problems [88].

To date, the only Type Il ABC importer that has been used in a
refolding and re-assembly study is the E. coli vitamin By, transporter
BtuCD. The re-assembly of BtuCD was investigated from starting
states both unfolded and refolded, with the results indicating that
the most efficient transporter re-assembly occurs when the subunits
have been partially unfolded prior to re-assembly, indicating some
cooperativity in folding and assembly. The results also indicated
that hydrophobic interdomain contacts increase the likelihood of co-
operative folding between subunits, perhaps explaining cooperativity
has not been observed during folding of all ABC transporters studied
[24].

The ability for each of these ABC transporters to re-assemble in
vitro from separate components illustrates that assembly does not

Extraction of NBD
from TMD

Transporter ~ ABC Type System for

overexpression

Re-assembly

Lipid or detergent used What problems were Reference

encountered?

His permease Type | E. coli TA1889 NBD HisP extracted

Subunits mixed on ice for
30 min and centrifuged,
re-assembled complex
pellets with liposomes

attached to a Co® ™,
column, only NBD

Solubilised with OG and
E. coli lipids

Subunit HisP has a high [86]
aggregation tendency

Complex solubilised in DDM,
PC liposomes used for
transport assays

Aggregation of MalFG if [87]
expressed separately

subunit MalK binds

(HisQMP,) with 15 mM
ATP,15 mM MgSOy,,
6.6 M urea
Maltose Type E. coli BL21(DE3) NBD MalK extracted TMD subunit MalFG
transporter with 4-6 M urea
(MalFGK;)
Arginine Type | E. coli Rosetta2 for TMD Subunits expressed
transporter ArtM (22 °C overnight) separately
(Art(MP)5) E. coli Rosetta for
NBD ArtP (37 °C)
Vitamin B12  Type Il E. coli BL21 (DE3) NBD BtuD extracted Tagless NBD BtuD and
transporter (20 °C induction) with 3 M urea
(BtuCD)

Tagless TMD ArtM and
NBD ArtP incubated at
4 °C for 12 h and reapplied
to TALON resin for removal assays using Geobacillus
of any unbound ArtP

TMD BtuC incubated for
30 min on ice, followed

Complex solubilised in DS,
DDM used for re-assembly
Liposomes used for transport

ArtM does not stain [88]
well, giving inaccurate
quantification of

re-assembly
stearothermophilus total lipids
BtuCD solubilised in LDAO,
exchanged into DDM

during purification

Aggregation of subunit  [24]
BtuC if expressed
separately

by binding to Ni2* -NTA
column and elution

Overexpression and re-assembly conditions for the Type I ABC transporters HisQMP,, MalFGK5, Art(MP),, and Type II BtuCD. All of the ABC transporters in the table were purified
with a poly His tag. The “extraction of NBD from TMD” column gives details on the separation of the NBD and TMD subunits from each other if they were expressed as a complete

transporter.
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Add denaturant

~

Non-native unfolded or
disassembled protein

N\ Remove denaturant

Native, assembled
protein or complex

S

Folded subunits mixed
together at the correct ratios

>

Fig. 4. The difference between re-assembly and refolding. The reaction at the top shows a reversible folding system, with the unfolded and folded states at either end of the folding
equilibrium, and the denaturant shown as red circles. The reaction at the bottom shows the re-assembly of a multisubunit protein from individual subunits. Re-assembly and
disassembly occur via different pathways under different conditions, with no denaturant involved.

need to occur cotranslationally for formation of an active complex.
There in some variation however in whether or not there is coopera-
tivity in assembly, with each giving different results. BtuCD and
MalFGK; are highly cooperative in assembly, whereas there is no ev-
idence for it with HisQMP,. These different results between illustrate
the need for more information on ABC transporters before generalisa-
tions and patterns emerge in their folding behaviour.

4. Comparison of transporter stability with other
membrane proteins

A common feature of the thermal denaturation studies discussed
in Section 3 is that the transmembrane regions of the transporters
have a higher Tm than the cytoplasmic domains [25,45,46]. The
higher stability of transmembrane regions is thought to be due to
their environment in the lipid bilayer shielding the helices, although
this does depend on the system used in the experiment.

While there are only few examples of transporters and two state
folding reactions, there are also only a handful of examples of other
membrane proteins that have been characterised in terms of the
free energy of folding. These include bacteriorhodopsin (bR, 20 kcal/
mol,[51]), diacylglycerol kinase (DGK, 16 kcal/mol, [53]), the potassi-
um channel KcsA (30.5 kcal/mol, [89]), disulphide bond reducing pro-
tein DsbB (4.4 kcal/mol, [90]), the B barrel outer membrane protein
PagP (14.3 kcal/mol, [91]) as well the transporters CopA (3 kcal/mol,
[42]) and MFS GalP (2.5 kcal/mol, [43]). Interestingly, most of these
former examples are similar to soluble proteins, in that the free ener-
gy stability is proportional to the size of the protein, as in smaller pro-
teins are less stable due to less small stabilising forces and vice versa.
The AGH?° for small soluble proteins has been found to be around
0.06 kcal/mol/residue [49], with a few membrane proteins, for exam-
ple bR (4 0.08 kcal/mol [49]), DGK (+ 0.13 kcal/mol, [53]), and PagP
(4+0.09 kcal/mol, [91]) following this trend. However, the trans-
porters CopA and GalP have very low values of 0.004 kcal/mol [42]
and 0.005 kcal/mol [43] respectively, suggesting that this linear rela-
tionship with size is not always the case. These lower per residue sta-
bility values more likely reflect the fact there is much more flexibility
and solvent exposure in these two than in the average membrane
protein, giving more accessibility to denaturant. The AGH?° is perhaps
more related to exposed surface area than to the actual size of the
protein. It should also be noted that although all above values of

AGH?20 are obtained via extrapolation of a linear free energy relation-
ship to zero denaturant and thus are in principle comparable, they
relate to different detergent/lipid folding systems as well as different
degrees of residual structure induced by different denaturants (e.g.
urea or SDS).

Determining the kinetics of a reaction is particularly important, as
it is the essential piece of information needed to understand the
mechanism of any reaction, and gives information on the transition
state of the reaction. There are only three cases where a full kinetic
analysis of reversible folding has been measured for a membrane pro-
tein; the (3 barrel outer membrane protein PagP [91], and the o helical
proteins bR [51] and DsbB [39], all of which are stable one domain
proteins. The kinetics of a flexible multidomain or multisubunit pro-
tein would therefore significantly advance the membrane protein
folding field.

5. Conclusions

Folding studies of integral membrane proteins have become well
established since the pioneering work of Khorana, Engelman and
others in the 1980s on bR. Investigations into larger, flexible trans-
porters are now coming of age. In spite of the renowned challenges
of hydrophobic membrane proteins, these transporter studies are
also forging new ground in folding studies in general, through inves-
tigations of intricate, dynamic multidomain and multisubunit protein
assemblies. Major experimental obstacles have been overcome, most
notably in reversible folding reactions of transporters and the deter-
mination of folding free energies. This paves the way for further fun-
damental studies on transporter folding. Nonetheless, significant
barriers remain to be overcome that will require intensive work and
novel approaches if investigations are to progress to lipid bilayers
and beyond to cellular and misfolding studies.

References

[1] V.Daggett, AR. Fersht, Is there a unifying mechanism for protein folding? Trends
Biochem. Sci. 28 (2003) 18-25.

[2] V. Daggett, A. Fersht, The present view of the mechanism of protein folding, Nat.
Rev. Mol. Cell Biol. 4 (2003) 497-502.

[3] J-A. Rumfeldt, C. Galvagnion, K.A. Vassall, E.M. Meiering, Conformational stability
and folding mechanisms of dimeric proteins, Prog. Biophys. Mol. Biol. 98 (2008)
61-84.



(4]

[5

6

[7

8

[9

[10]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]
[21]
[22]

[23]

[24]

N.J. Harris, PJ. Booth / Biochimica et Biophysica Acta 1818 (2012) 1055-1066

PJ. Booth, P. Curnow, Folding scene investigation: membrane proteins, Curr.
Opin. Struct. Biol. 19 (2009) 8-13.

PJ. Booth, P. Curnow, Membrane proteins shape up: understanding in vitro folding,
Curr. Opin. Struct. Biol. 16 (2006) 480-488.

J.U. Bowie, Solving the membrane protein folding problem, Nature 438 (2005)
581-589.

0. Boudker, G. Verdon, Structural perspectives on secondary active transporters,
Trends Pharmacol. Sci. 31 (2010) 418-426.

P.L. Pedersen, Transport ATPases: structure, motors, mechanism and medicine: a
brief overview, J. Bioenerg. Biomembr. 37 (2005) 349-357.

M.H. Saier Jr., ].T. Beatty, A. Goffeau, K.T. Harley, W.H. Heijne, S.C. Huang, D.L. Jack,
P.S. Jahn, K. Lew, ]. Liu, S.S. Pao, LT. Paulsen, T.T. Tseng, P.S. Virk, The major facil-
itator superfamily, J. Mol. Microbiol. Biotechnol. 1 (1999) 257-279.

CJ. Law, P.C. Maloney, D.N. Wang, Ins and outs of major facilitator superfamily
antiporters, Annu. Rev. Microbiol. 62 (2008) 289-305.

E. Padan, M. Venturi, Y. Gerchman, N. Dover, Na(+)/H(+) antiporters, Biochim.
Biophys. Acta 1505 (2001) 144-157.

M.A. Cooper, Advances in membrane receptor screening and analysis, J. Mol.
Recognit. 17 (2004) 286-315.

E.S. Lander, L.M. Linton, B. Birren, C. Nusbaum, M.C. Zody, J. Baldwin, K. Devon, K.
Dewar, M. Doyle, W. FitzHugh, R. Funke, D. Gage, K. Harris, A. Heaford, ]. Howland,
L. Kann, . Lehoczky, R. LeVine, P. McEwan, K. McKernan, J. Meldrim, J.P. Mesirov,
C. Miranda, W. Morris, J. Naylor, C. Raymond, M. Rosetti, R. Santos, A. Sheridan, C.
Sougnez, N. Stange-Thomann, N. Stojanovic, A. Subramanian, D. Wyman, ]. Rog-
ers, J. Sulston, R. Ainscough, S. Beck, D. Bentley, J. Burton, C. Clee, N. Carter, A.
Coulson, R. Deadman, P. Deloukas, A. Dunham, I. Dunham, R. Durbin, L. French,
D. Grafham, S. Gregory, T. Hubbard, S. Humphray, A. Hunt, M. Jones, C. Lloyd, A.
McMurray, L. Matthews, S. Mercer, S. Milne, J.C. Mullikin, A. Mungall, R. Plumb,
M. Ross, R. Shownkeen, S. Sims, R.H. Waterston, RK. Wilson, L.W. Hillier, ].D.
McPherson, M.A. Marra, E.R. Mardis, L.A. Fulton, A.T. Chinwalla, K.H. Pepin, W.R.
Gish, S.L. Chissoe, M.C. Wendl, K.D. Delehaunty, T.L. Miner, A. Delehaunty, J.B.
Kramer, L.L. Cook, R.S. Fulton, D.L. Johnson, P.J. Minx, S.W. Clifton, T. Hawkins, E.
Branscomb, P. Predki, P. Richardson, S. Wenning, T. Slezak, N. Doggett, ].F.
Cheng, A. Olsen, S. Lucas, C. Elkin, E. Uberbacher, M. Frazier, R.A. Gibbs, D.M.
Muzny, S.E. Scherer, ].B. Bouck, E.J. Sodergren, K.C. Worley, C.M. Rives, ].H. Gorrell,
M.L. Metzker, S.L. Naylor, R.S. Kucherlapati, D.L. Nelson, G.M. Weinstock, Y. Sakaki,
A. Fujiyama, M. Hattori, T. Yada, A. Toyoda, T. Itoh, C. Kawagoe, H. Watanabe, Y.
Totoki, T. Taylor, ]. Weissenbach, R. Heilig, W. Saurin, F. Artiguenave, P. Brottier,
T. Bruls, E. Pelletier, C. Robert, P. Wincker, D.R. Smith, L. Doucette-Stamm, M.
Rubenfield, K. Weinstock, H.M. Lee, ]. Dubois, A. Rosenthal, M. Platzer, G.
Nyakatura, S. Taudien, A. Rump, H. Yang, J. Yu, J. Wang, G. Huang, J. Gu, L. Hood,
L. Rowen, A. Madan, S. Qin, RW. Davis, N.A. Federspiel, A.P. Abola, M.J. Proctor,
R.M. Myers, ]. Schmutz, M. Dickson, ]. Grimwood, D.R. Cox, M.V. Olson, R. Kaul,
N. Shimizu, K. Kawasaki, S. Minoshima, G.A. Evans, M. Athanasiou, R. Schultz,
B.A. Roe, F. Chen, H. Pan, J. Ramser, H. Lehrach, R. Reinhardt, W.R. McCombie,
M. de la Bastide, N. Dedhia, H. Blocker, K. Hornischer, G. Nordsiek, R. Agarwala,
L. Aravind, J.A. Bailey, A. Bateman, S. Batzoglou, E. Birney, P. Bork, D.G. Brown,
C.B. Burge, L. Cerutti, H.C. Chen, D. Church, M. Clamp, R.R. Copley, T. Doerks, S.R.
Eddy, E.E. Eichler, T.S. Furey, J. Galagan, J.G. Gilbert, C. Harmon, Y. Hayashizaki,
D. Haussler, H. Hermjakob, K. Hokamp, W. Jang, LS. Johnson, T.A. Jones, S. Kasif,
A. Kaspryzk, S. Kennedy, W J. Kent, P. Kitts, E.V. Koonin, I. Korf, D. Kulp, D. Lancet,
T.M. Lowe, A. McLysaght, T. Mikkelsen, ].V. Moran, N. Mulder, V.J. Pollara, C.P.
Ponting, G. Schuler, ]. Schultz, G. Slater, A.F. Smit, E. Stupka, ]. Szustakowski, D.
Thierry-Mieg, J. Thierry-Mieg, L. Wagner, ]. Wallis, R. Wheeler, A. Williams, Y.I.
Wolf, KH. Wolfe, S.P. Yang, RF. Yeh, F. Collins, M.S. Guyer, ]. Peterson, A.
Felsenfeld, K.A. Wetterstrand, A. Patrinos, M.J. Morgan, P. de Jong, ]J. Catanese,
K. Osoegawa, H. Shizuya, S. Choi, Y.J. Chen, Initial sequencing and analysis of
the human genome, Nature 409 (2001) 860-921.

P. Borst, R.O. Elferink, Mammalian ABC transporters in health and disease, Annu.
Rev. Biochem. 71 (2002) 537-592.

CJ. Pan, S.Y. Chen, S. Lee, ].Y. Chou, Structure-function study of the glucose-6-
phosphate transporter, an eukaryotic antiporter deficient in glycogen storage dis-
ease type Ib, Mol. Genet. Metab. 96 (2009) 32-37.

P. Chene, The ATPases: a new family for a family-based drug design approach,
Expert Opin. Ther. Targets 7 (2003) 453-461.

P.H. Thibodeau, ].M. Richardson III, W. Wang, L. Millen, J. Watson, J.L. Mendoza, K.
Du, S. Fischman, H. Senderowitz, G.L. Lukacs, K. Kirk, P.J. Thomas, The cystic
fibrosis-causing mutation deltaF508 affects multiple steps in cystic fibrosis trans-
membrane conductance regulator biogenesis, ]. Biol. Chem. 285 (2010)
35825-35835.

J.P. Schlebach, M.S. Kim, N.H. Joh, J.U. Bowie, C. Park, Probing membrane protein
unfolding with pulse proteolysis, J. Mol. Biol. 406 (2011) 545-551.

W. Dowhan, M. Bogdanov, Lipid-dependent membrane protein topogenesis,
Annu. Rev. Biochem. 78 (2009) 515-540.

S.H. White, G. von Heijne, Transmembrane helices before, during, and after inser-
tion, Curr. Opin. Struct. Biol. 15 (2005) 378-386.

S.H. White, G. von Heijne, How translocons select transmembrane helices, Annu.
Rev. Biophys. 37 (2008) 23-42.

LK. Tamm, H. Hong, B. Liang, Folding and assembly of beta-barrel membrane pro-
teins, Biochim. Biophys. Acta 1666 (2004) 250-263.

M.]. Lemieux, A perspective on the structural studies of inner membrane electro-
chemical potential-driven transporters, Biochim. Biophys. Acta 1778 (2008)
1805-1813.

N.D. Di Bartolo, R.N. Hvorup, K.P. Locher, P.J. Booth, In Vitro folding and assembly
of the Escherichia coli ATP-binding cassette transporter, BtuCD, J. Biol. Chem. 286
(2011) 18807-18815.

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]
[54]
[55]

[56]

1065

W. Meijberg, G.K. Schuurman-Wolters, H. Boer, R.M. Scheek, G.T. Robillard, The
thermal stability and domain interactions of the mannitol permease of Escherichia
coli. A differential scanning calorimetry study, J. Biol. Chem. 273 (1998)
20785-20794.

H.E. Findlay, P.J. Booth, The biological significance of lipid-protein interactions,
J. Phys. Condens. Matter 18 (2006) S1281-S1291.

AM. Seddon, P. Curnow, P.J. Booth, Membrane proteins, lipids and detergents:
not just a soap opera, Biochim. Biophys. Acta 1666 (2004) 105-117.

M. Bogdanov, ]. Xie, P. Heacock, W. Dowhan, To flip or not to flip: lipid—protein
charge interactions are a determinant of final membrane protein topology,
J. Cell Biol. 182 (2008) 925-935.

M. Bogdanov, J. Xie, W. Dowhan, Lipid—protein interactions drive membrane pro-
tein topogenesis in accordance with the positive inside rule, ]. Biol. Chem. 284
(2009) 9637-9641.

W. Meijberg, P.J. Booth, The activation energy for insertion of transmembrane alpha-
helices is dependent on membrane composition, J. Mol. Biol. 319 (2002) 839-853.

AR. Curran, R.H. Templer, P.J. Booth, Modulation of folding and assembly of the
membrane protein bacteriorhodopsin by intermolecular forces within the lipid
bilayer, Biochemistry 38 (1999) 9328-9336.

SJ. Allen, AR. Curran, R.H. Templer, W. Meijberg, P.J. Booth, Controlling the folding
efficiency of an integral membrane protein, ]. Mol. Biol. 342 (2004) 1293-1304.

P. Hakizimana, M. Masureel, B. Gbaguidi, ].M. Ruysschaert, C. Govaerts, Interac-
tions between phosphatidylethanolamine headgroup and LmrP, a multidrug
transporter: a conserved mechanism for proton gradient sensing? J. Biol. Chem.
283 (2008) 9369-9376.

D. Miller, K. Charalambous, D. Rotem, S. Schuldiner, P. Curnow, P.J. Booth, In vitro
unfolding and refolding of the small multidrug transporter EmrE, ]. Mol. Biol. 393
(2009) 815-832.

P. Curnow, M. Lorch, K. Charalambous, P.J. Booth, The reconstitution and activity
of the small multidrug transporter EmrE is modulated by non-bilayer lipid com-
position, J. Mol. Biol. 343 (2004) 213-222.

C.R. Sanders, K.F. Mittendorf, Tolerance to changes in membrane lipid composi-
tion as a selected trait of membrane proteins, Biochemistry 50 (2011)
7858-7867.

J.L. Popot, D.M. Engelman, Membrane protein folding and oligomerization: the
two-stage model, Biochemistry 29 (1990) 4031-4037.

D.M. Engelman, Y. Chen, C.N. Chin, A.R. Curran, A.M. Dixon, A.D. Dupuy, A.S. Lee,
U. Lehnert, E.E. Matthews, Y.K. Reshetnyak, A. Senes, ].L. Popot, Membrane pro-
tein folding: beyond the two stage model, FEBS Lett. 555 (2003) 122-125.

D.E. Otzen, Mapping the folding pathway of the transmembrane protein DsbB by
protein engineering, Protein Eng. Des. Sel. 24 (2011) 139-149.

D.N. Wang, M. Safferling, M.J. Lemieux, H. Griffith, Y. Chen, X.D. Li, Practical as-
pects of overexpressing bacterial secondary membrane transporters for structural
studies, Biochim. Biophys. Acta 1610 (2003) 23-36.

H. Hong, T.M. Blois, Z. Cao, ].U. Bowie, Method to measure strong protein-protein
interactions in lipid bilayers using a steric trap, Proc. Natl. Acad. Sci. U. S. A. 107
(2010) 19802-19807.

E.A. Roman, ].M. Arguello, F.L. Gonzalez Flecha, Reversible unfolding of a thermo-
philic membrane protein in phospholipid/detergent mixed micelles, ]. Mol. Biol.
397 (2010) 550-559.

H.E. Findlay, N.G. Rutherford, P.J. Henderson, P.J. Booth, Unfolding free energy of a
two-domain transmembrane sugar transport protein, Proc. Natl. Acad. Sci. U. S. A.
107 (2010) 18451-18456.

M.M. He, H.R. Kaback, In vitro folding of a membrane protein: effect of denatur-
ation and renaturation on substrate binding by the lactose permease of Escherichia
coli, Mol. Membr. Biol. 15 (1998) 15-20.

R.F. Epand, R.M. Epand, C.Y. Jung, Glucose-induced thermal stabilization of the na-
tive conformation of GLUT 1, Biochemistry 38 (1999) 454-458.

T. Haltia, E. Freire, Forces and factors that contribute to the structural stability of
membrane proteins, Biochim. Biophys. Acta 1241 (1995) 295-322.

J.R. Lepock, A.M. Rodahl, C. Zhang, M.L. Heynen, B. Waters, K.H. Cheng, Thermal
denaturation of the Ca2(+)-ATPase of sarcoplasmic reticulum reveals two ther-
modynamically independent domains, Biochemistry 29 (1990) 681-689.

J.F. Halsey, D.B. Mountcastle, C.A. Takeguchi, RL. Biltonen, G.E. Lindenmayer,
Detection of a ouabain-induced structural change in the sodium, potassium-
adenosine triphosphatase, Biochemistry 16 (1977) 432-435.

P. Curnow, P.J. Booth, Combined kinetic and thermodynamic analysis of alpha-
helical membrane protein unfolding, Proc. Natl. Acad. Sci. U. S. A. 104 (2007)
18970-18975.

A. Kedrov, C. Ziegler, H. Janovjak, W. Kuhlbrandt, D.J. Muller, Controlled unfolding
and refolding of a single sodium-proton antiporter using atomic force microsco-
py, J. Mol. Biol. 340 (2004) 1143-1152.

P. Curnow, P.J. Booth, The transition state for integral membrane protein folding,
Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 773-778.

B. Jirgensons, Effects of n-propyl alcohol and detergents on the optical rotatory
dispersion of alpha-chymotrypsinogen, beta-casein, histone fraction F1, and soy-
bean trypsin inhibitor, ]. Biol. Chem. 242 (1967) 912-918.

F.W. Lau, ].U. Bowie, A method for assessing the stability of a membrane protein,
Biochemistry 36 (1997) 5884-5892.

D. Otzen, Protein-surfactant interactions: a tale of many states, Biochim. Biophys.
Acta 1814 (2011) 562-591.

D.V. Tulumello, C.M. Deber, SDS micelles as a membrane-mimetic environment
for transmembrane segments, Biochemistry 48 (2009) 12096-12103.

E.P. O'Brien, R.I. Dima, B. Brooks, D. Thirumalai, Interactions between hydropho-
bic and ionic solutes in aqueous guanidinium chloride and urea solutions: lessons
for protein denaturation mechanism, J. Am. Chem. Soc. 129 (2007) 7346-7353.



1066

[57]
(58]

[59]
(60]
[61]

[62]

N,J. Harris, P,J. Booth / Biochimica et Biophysica Acta 1818 (2012) 1055-1066

G. von Heijne, Membrane-protein topology, Nat. Rev. Mol. Cell Biol. 7 (2006) 909-918.
L. Guan, O. Mirza, G. Verner, S. Iwata, H.R. Kaback, Structural determination of wild-
type lactose permease, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 15294-15298.

Y. Huang, M.J. Lemieux, ]. Song, M. Auer, D.N. Wang, Structure and mechanism of the
glycerol-3-phosphate transporter from Escherichia coli, Science 301 (2003) 616-620.
Y. Yin, X. He, P. Szewczyk, T. Nguyen, G. Chang, Structure of the multidrug trans-
porter EmrD from Escherichia coli, Science 312 (2006) 741-744.

S.Dang, L. Sun, Y. Huang, F. Ly, Y. Liu, H. Gong, ]. Wang, N. Yan, Structure of a fucose
transporter in an outward-open conformation, Nature 467 (2010) 734-738.

S. Newstead, D. Drew, A.D. Cameron, V.L. Postis, X. Xia, P.W. Fowler, J.C. Ingram, E.P.
Carpenter, M.S. Sansom, M,J. McPherson, S.A. Baldwin, S. Iwata, Crystal structure of a
prokaryotic homologue of the mammalian oligopeptide-proton symporters, PepT1
and PepT2, EMBO J. 30 (2011) 417-426.

[63] J. Abramson, I. Smirnova, V. Kasho, G. Verner, S. Iwata, H.R. Kaback, The lactose

(64]

[65]

(66]

(67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

permease of Escherichia coli: overall structure, the sugar-binding site and the
alternating access model for transport, FEBS Lett. 555 (2003) 96-101.

I. Smirnova, V. Kasho, J. Sugihara, H.R. Kaback, Probing of the rates of alternating
access in LacY with Trp fluorescence, Proc. Natl. Acad. Sci. U. S. A. 106 (2009)
21561-21566.

S. Radestock, L.R. Forrest, The alternating-access mechanism of MFS transporters
arises from inverted-topology repeats, J. Mol. Biol. 407 (2011) 698-715.

M. Sahin-Toth, K.M. Akhoon, J. Runner, H.R. Kaback, Ligand recognition by the
lactose permease of Escherichia coli: specificity and affinity are defined by distinct
structural elements of galactopyranosides, Biochemistry 39 (2000) 5097-5103.
M. Sahin-Toth, M.C. Lawrence, T. Nishio, H.R. Kaback, The C-4 hydroxyl group of
galactopyranosides is the major determinant for ligand recognition by the lactose
permease of Escherichia coli, Biochemistry 40 (2001) 13015-13019.

S. Frillingos, M. Sahin-Toth, J. Wu, H.R. Kaback, Cys-scanning mutagenesis: a novel
approach to structure function relationships in polytopic membrane proteins,
FASEB J. 12 (1998) 1281-1299.

L.N. Smirnova, H.R. Kaback, A mutation in the lactose permease of Escherichia coli that
decreases conformational flexibility and increases protein stability, Biochemistry 42
(2003) 3025-3031.

Y. Nie, F.E. Sabetfard, H.R. Kaback, The Cys154 — Gly mutation in LacY causes constitu-
tive opening of the hydrophilic periplasmic pathway, J. Mol. Biol. 379 (2008) 695-703.
B. Gbaguidi, P. Hakizimana, G. Vandenbussche, J.M. Ruysschaert, Conformational
changes in a bacterial multidrug transporter are phosphatidylethanolamine-
dependent, Cell. Mol. Life Sci. 64 (2007) 1571-1582.

F. Wu, TJ. Satchwell, A.M. Toye, Anion exchanger 1 in red blood cells and kidney:
Band 3's in a pod, Biochem. Cell Biol. 89 (2011) 106-114.

K. Oikawa, D.M. Lieberman, R.A. Reithmeier, Conformation and stability of the
anion transport protein of human erythrocyte membranes, Biochemistry 24
(1985) 2843-2848.

D.C. Bay, K.L. Rommens, R.J. Turner, Small multidrug resistance proteins: a multi-
drug transporter family that continues to grow, Biochim. Biophys. Acta 1778
(2008) 1814-1838.

[75] J.M. Arguello, E. Eren, M. Gonzalez-Guerrero, The structure and function of heavy

[76]

[77]

[78]

metal transport P1B-ATPases, Biometals 20 (2007) 233-248.

AXK. Mandal, W.D. Cheung, J.M. Arguello, Characterization of a thermophilic
P-type Ag+/Cu+-ATPase from the extremophile Archaeoglobus fulgidus, ]. Biol.
Chem. 277 (2002) 7201-7208.

A. Moussatova, C. Kandt, M.L. 0'Mara, D.P. Tieleman, ATP-binding cassette trans-
porters in Escherichia coli, Biochim. Biophys. Acta 1778 (2008) 1757-1771.

D.O. Daley, The assembly of membrane proteins into complexes, Curr. Opin.
Struct. Biol. 18 (2008) 420-424.

[79] ]J.C. Cheung, P. Kim Chiaw, S. Pasyk, C.E. Bear, Molecular basis for the ATPase

[80]

[81]

[82]
[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

activity of CFTR, Arch. Biochem. Biophys. 476 (2008) 95-100.

H. Hoelen, B. Kleizen, A. Schmidt, ]. Richardson, P. Charitou, PJ. Thomas, I. Braakman,
The primary folding defect and rescue of DeltaF508 CFTR emerge during translation
of the mutant domain, PLoS One 5 (2010) e15458.

P.H. Thibodeau, CAA. Brautigam, M. Machius, PJ. Thomas, Side chain and
backbone contributions of Phe508 to CFIR folding, Nat. Struct. Mol. Biol. 12
(2005) 10-16.

D.M. Cyr, Arrest of CFTRDeltaF508 folding, Nat. Struct. Mol. Biol. 12 (2005) 2-3.

S. Pagant, JJ. Halliday, C. Kougentakis, E.A. Miller, Intragenic suppressing
mutations correct the folding and intracellular traffic of misfolded mutants of
Yor1p, a eukaryotic drug transporter, J. Biol. Chem. 285 (2010) 36304-36314.

A. Gustot, J.M. Smriti, H. Ruysschaert, C. McHaourab, Govaerts, lipid composition
regulates the orientation of transmembrane helices in HorA, an ABC multidrug
transporter, J. Biol. Chem. 285 (2010) 14144-14151.

S.S. Smiriti, R. Krishnamurthy, Prasad, membrane fluidity affects functions of
Cdr1p, a multidrug ABC transporter of Candida albicans, FEMS Microbiol. Lett.
173 (1999) 475-481.

P.Q. Liu, G.F. Ames, In vitro disassembly and reassembly of an ABC transporter, the
histidine permease, Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 3495-3500.

S. Sharma, J.A. Davis, T. Ayvaz, B. Traxler, A.L. Davidson, Functional reassembly of
the Escherichia coli maltose transporter following purification of a MalF-MalG
subassembly, J. Bacteriol. 187 (2005) 2908-2911.

V. Eckey, H. Landmesser, E. Schneider, Studying subunit-subunit interactions in a
bacterial ABC transporterby in vitro assembly, Biochim. Biophys. Acta 1798
(2010) 1250-1253.

F.N. Barrera, M.L. Renart, ].A. Poveda, B. de Kruijff, J.A. Killian, ].M. Gonzalez-Ros,
Protein self-assembly and lipid binding in the folding of the potassium channel
KcsA, Biochemistry 47 (2008) 2123-2133.

D.E. Otzen, Folding of DsbB in mixed micelles: a kinetic analysis of the stability of
a bacterial membrane protein, J. Mol. Biol. 330 (2003) 641-649.

G.H. Huysmans, S.A. Baldwin, D.J. Brockwell, S.E. Radford, The transition state for
folding of an outer membrane protein, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
4099-4104.

N.M. Sanderson, G.E. Martin, N.G. Rutherford, P.J. Henderson, Purification,
reconstitution and circular dichroism of the galactose-H+ transport protein
[GalP-(His)6] of Escherichia coli, Biochem. Soc. Trans. 25 (1997) 471S.



	Folding and stability of membrane transport proteins in vitro
	1. Introduction
	1.1. Folding transporters
	1.2. Detergent or lipid?
	1.3. Membrane protein folding in vitro and mechanistic models

	2. Methods to study transporters in vitro
	2.1. Techniques to measure folding and activity
	2.2. Reversible and irreversible folding experiments
	2.3. Thermal denaturation
	2.4. Reversible folding
	2.5. A brief note on denaturants
	2.6. What is the unfolded state?

	3. Families of transporters
	3.1. Major Facilitator Superfamily
	3.2. Na+/H+ antiporters
	3.3. Phosphoenolpyruvate dependent phosphotransferase system
	3.4. Anion exchangers
	3.5. Small Multidrug Resistance Family
	3.6. Transmembrane ATPases
	3.7. ATP binding cassette transporters
	3.8. Re-assembly of ABC transporters

	4. Comparison of transporter stability with other membrane proteins
	5. Conclusions
	References


