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A new window into the molecular physiology
of membrane proteins

Michael Landreh and Carol V. Robinson

Department of Chemistry, University of Oxford, South Parks Road, Oxford OX1 5QY, UK

Abstract Integral membrane proteins comprise �25% of the human proteome. Yet, our under-
standing of their molecular physiology is still in its infancy. This can be attributed to two factors:
the experimental challenges that arise from the difficult chemical nature of membrane proteins,
and the unclear relationship between their activity and their native environment. New approaches
are therefore required to address these challenges. Recent developments in mass spectrometry
have shown that it is possible to study membrane proteins in a solvent-free environment and
provide detailed insights into complex interactions, ligand binding and folding processes. Inter-
estingly, not only detergent micelles but also lipid bilayer nanodiscs or bicelles can serve as a
means for the gentle desolvation of membrane proteins in the gas phase. In this manner, as well as
by direct addition of lipids, it is possible to study the effects of different membrane components
on the structure and function of the protein components allowing us to add functional data to
the least accessible part of the proteome.
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Introduction

Cells, as the basic functional units of every higher
organism, are surrounded by membranes, which in turn
provide hydrophobic barriers for maintaining the out-of
equilibrium states essential to life. Interactions on the
outside and inside of the membrane control cellular
localization and integrity. This barricade comes at a cost,
however, as nutrients, signals and products have to be
able to traverse the membrane in a specific fashion, often
against gradients.
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To be able to meet all of these requirements
simultaneously, the membrane functions as a highly
dynamic partition rather than just a static barrier.
The foundations of this view were laid by Singer and
Nicolson, who described the membrane as a fluid
mosaic where proteins and lipids can diffuse laterally
to facilitate occasional interactions (Singer & Nicolson,
1972). However, it was subsequently shown that lipids and
proteins are not always distributed uniformly (Simons &
van Meer, 1988). As a consequence, the fluid mosaic model
was refined to include membrane domains rather than
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individual proteins as the principal components. These
domains, termed lipid rafts, represent local concentrations
of specific membrane constituents formed by lipid and
protein interactions (Simons & Ikonen, 1997; Anderson &
Jacobson, 2002).

The lipid raft model implies that a significant portion
of membrane-associated proteins are subject to lateral
sorting. As a result, these proteins reside in micro-
environments with dynamic yet defined protein–protein
and protein–lipid contacts. However, investigations of the
underlying molecular interactions remain challenging.
In this article, we describe how mass spectrometry
(MS)-based approaches can provide unique insights
into the molecular functions of membrane proteins.
Furthermore, we place the most recent findings into a
physiological perspective.

Membrane proteins in human physiology

Genome-wide computational screens suggest that at least
�25% of the human proteome is composed of proteins
that are inserted into the lipid bilayer (Fagerberg et al.
2010); similar values have been predicted for other
genomes (von Heijne, 2011). Integral membrane proteins
are of special interest for the pharmacological treatment
of disease and make up an estimated 50% of current
drug targets (Hopkins & Groom, 2002; Overington et al.
2006). The biomedical interest in the membrane proteome
is reflected in the large, coordinated efforts that are
being invested in its structural and functional elucidation
(Pieper et al. 2013). However, the combination of hydro-
phobic transmembrane regions and hydrophilic intra-
and extracellular domains makes integral membrane
proteins highly amphipathic and thus challenging
for existing structural biology tools such as X-ray
crystallography and NMR. Currently, less than 500 are
annotated as unique structures in the Structural Biology
Knowledgebase (http://blanco.biomol.uci.edu/mpstruc/).
Moreover these structures are often only static
snapshots of dynamic conformations, creating a gap
between molecular structure and physiological function.
Therefore, complementary approaches for the study
of membrane proteins are in high demand. Perhaps
surprisingly, MS has recently emerged as a tool capable
of studying multiple aspects of the dynamics and inter-
actions that underlie membrane protein function (Barrera
& Robinson, 2011; Whitelegge, 2013).

Linking protein structure and function by means of
mass spectrometry

Generally, mass spectrometry denotes the analysis of
desolvated, ionized molecules and is used predominantly

to determine molecular masses of ions with high
accuracy. Whilst MS originated in physical chemistry,
the advent of techniques that allowed the analysis of
biomolecules paved the way for its application in medical
sciences. Following early attempts with 252-californium
desorption (Sundqvist et al. 1984), the development of
matrix-assisted laser desorption ionization (MALDI) and
electrospray ionization (ESI) allowed the direct analysis of
liquid samples, and most importantly proteins (Karas &
Hillenkamp, 1988; Fenn et al. 1989). Since the prerequisite
for MS analysis is the loss of solution phase interactions
during transfer into the gas phase, it was originally
considered suitable primarily for the study of denatured
proteins. However, Chait and co-workers reported the
observation of intact complexes between myoglobin and
its haem group following ESI, and thus provided evidence
that aspects of the native structure could be retained in
the gas phase (Katta & Chait, 1991). Subsequent studies
have shown that ESI reduces the impact of desolvation
on the protein fold and thus facilitates the preservation
of intra- and intermolecular interactions for MS analysis
(Breuker & McLafferty, 2008; Hall & Robinson, 2012).

The possibility of studying folded proteins with
so-called ‘native’ MS, in which proteins are introduced
from their native state in solution, has spawned a
range of analytical approaches designed to investigate
their structural and functional links (Fig. 1) (Sharon &
Robinson, 2007). By measuring the masses of protein
complexes and comparing the energy required for their
dissociation, binding constants and ligand preferences
have been extracted (Loo, 1997). A glimpse of possible
tertiary and quaternary structures may be offered by
ion mobility (IM)-MS, which measures the transit time
of an ionized protein molecule or complex through
a helium-filled drift cell. The transit time correlates
with the collisional cross-section, i.e. the rotational
space that the protein occupies, and in this manner
provides information about its overall fold (Lanucara et al.
2014).

In addition to the study of proteins in the gas phase, MS
can be integrated with chemical labelling, such as hydro-
gen/deuterium exchange, hydroxyl radical foot printing
and chemical cross-linking, to obtain information about
the solution structure. In these cases, mass determination
of fragments and denatured proteins informs about the
location of the labelled segments (Landreh et al. 2011).
‘Native’ and denaturing MS are often complementary,
with ‘native’ MS providing information about protein
complexes, e.g. architecture and stability, and denaturing
MS focusing on structural details, e.g. the locations of
secondary structure elements and interaction sites. Hybrid
approaches, combining both forms with computational
modelling, yield detailed information about the structure
and dynamics of protein interactions (Politis et al. 2014).
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Do observations from ‘native’ MS reflect
physiological structures?

Many initial reports of folded proteins and their inter-
actions in the gas phase were met with some skepticism.
Removing water molecules from the surface of a protein
represents a significant departure from any physio-
logical environment and does certainly impact the
protein structure. Structural perturbations probably occur
at the atomic level, moments after desolvation, but
stable secondary and tertiary structures can remain
intact during the timeframe of the MS experiment
(Breuker & McLafferty, 2008). Supporting evidence
comes from comparisons of gas phase-derived data with
high-resolution structures. For instance, the preferred
sites for protein backbone cleavage in the gas phase
can be correlated with the location of flexible sites in
crystal structures (Zhang et al. 2013), and collisional
cross-sections of protein complexes in general agree well
with crystallographic data (Hall & Robinson, 2012). Such
correlations are sensitive to the contribution from electro-
static interactions. Salt bridges protecting structures from
rapid unfolding (Schennach & Breuker, 2014), charged
side-chains form new intramolecular contacts that tether
the structure (Warnke et al. 2013), and charges that are

attached to the protein during the electrospray process
can affect the compactness of the structure (reviewed in
Hall & Robinson, 2012).

The stability of a protein fold in the gas phase
will depend on the relative contributions from these
factors to the overall structure. As a result folded
proteins and their complexes are generally preserved well
enough for structural investigations, while there are cases,
particularly with unstructured and disordered domains,
where collapse is observed as solvent is depleted (Pagel
et al. 2013). As a consequence ‘native’ MS may not provide
a full description of the protein structure in the gas phase or
indeed in its physiological setting, but can reliably inform
about structural features as illustrated below.

MS of intact membrane proteins

Given the versatility of MS, it comes as no surprise
that it can be applied to study the vast yet elusive
molecular physiology of membrane proteins. Early
reports have demonstrated how MS can circumvent
the detection problems posed by hydrophobic protein
segments (Eichacker et al. 2004) and consequently
facilitate mapping of the membrane proteome using

Figure 1. Mass spectrometry provides insights from the primary to the quaternary structure of
membrane proteins
Top left: mass determination and MS-based sequencing shows the primary protein structure and attached
components. Bottom left: hydrogen/deuterium exchange occurs predominantly in protein regions that lack a
defined secondary structure. MS can be used to localize the incorporated deuterium ions and thus informs about
the presence of secondary structure elements. Right: ion mobility and chemical crosslinking can be combined with
MS to study tertiary and quaternary structures of proteins and their complexes. IM-MS measures the collisional
cross-sections of desolvated proteins, while the identification of chemical crosslinks with MS reveals intra- and
intermolecular distances. In the same manner, the effects of ligands and lipids or environmental changes such as
altered pH or salt concentrations can be detected at all structural levels.

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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protein fragmentation and MS analysis (Savas et al. 2011).
Parallel to the broad view of physiological processes offered
by membrane proteomics, the usefulness of the same
techniques to investigate the architecture and function
of individual membrane proteins was also recognized.
In an early example, substrate binding to a membrane
transporter, a protein that selectively transports molecules
across the membrane barrier, was monitored by chemical
modification of carboxyl groups in the cargo-binding
region and identification of the modified fragments by MS
(Weinglass et al. 2003). Using a less invasive approach, it
was shown that the complex between a transporter and its
cargo could be ionized directly from a detergent solution.
Complex dissociation then released the components for
MS analysis and thus allowed indirect monitoring of ligand
binding (Ilag et al. 2004).

These studies hinted at the possibility of observing
directly folded membrane proteins and their intact
complexes. The interior of the lipid bilayer and the vacuum
conditions inside the mass spectrometer both represent a
low dielectric environment (Jarrold, 2007), implying that
the three-dimensional structures of membrane protein
could be largely preserved. In addition, electrostatic
interactions contribute only modestly to the stability
of membrane proteins (Joh et al. 2008), and hence,
their relative strengthening in the gas phase (Daniel
et al. 2002) is unlikely to skew the balance between
hydrophobic and hydrophilic interactions. Yet, despite
these promising circumstances, the observation of intact
membrane complexes by MS proved elusive. For folded
membrane proteins to be able to withstand the conditions
inside the mass spectrometer, labile interactions with
detergent molecules must first be lost during the
desolvation process, while interactions with lipids, ligands
and complex subunits must survive the flight through the
mass spectrometer.

The answer to this challenge proved to be the use of
detergent micelles as membrane protein shuttles during
desolvation (Barrera et al. 2008). Here, the protein
is electrosprayed from a solution containing detergent
above the critical micelle concentration. The micelles can
be maintained during ionization (Sharon et al. 2007)
and transport an embedded membrane protein into
the collision cell of the mass spectrometer. Subsequent
activation through collisions with argon gas removes
detergent molecules to release the intact complex while
providing protective effects similar to those afforded by
other hydrophobic electrospray additives (Borysik et al.
2013; Landreh et al. 2014a).

In an initial study, this method was shown to pre-
serve the heterotetrameric structure and co-operative ATP
binding ability of the BtuC2D2 (B12 uptake complex
composed of two C and two D subunits) ATP-binding
cassette transporter in the gas phase (Barrera et al.
2008). In addition, its collisional cross-section was
found to correspond closely to that calculated from the

crystallographic data, indicating that not only the subunit
interactions, but also aspects of the overall fold remained
intact (Wang et al. 2010).

Following these studies, the detergent micelle-based
approach was successfully applied to a number of
membrane protein complexes (reviewed in Marcoux &
Robinson, 2013). However, detergents are rarely found in
the natural environment of membrane proteins and can
impact their stability (Sonoda et al. 2011). These problems
can be alleviated by ionizing membrane proteins directly
from lipid bilayer nanodiscs in place of detergent micelles
(Hopper et al. 2013). As a result, proteins can be desolvated
from a more native-like environment to accommodate
interactions with a range of membrane components.

MS reveals specific interactions between membrane
proteins and lipids

Already in early MS studies of native membrane proteins,
desolvated transporter complexes were found to contain
non-covalently bound lipids (Barrera et al. 2009; Lin
et al. 2009; Velamakanni et al. 2009). The fact that lipid
binding occurred at fixed stoichiometry and persisted even
in detergent-purified complexes indicated the specificity
of these interactions, and further examples have sub-
sequently been reported (Barrera et al. 2013).

A particularly striking example of specific lipid binding
was observed in the transmembrane ring of the V-type
ATPase (Zhou et al. 2011). An MS analysis of the
intact ATPase from Thermus thermophilus as well as
the dissociated rotor domain, not only clarified its
twelve-piece stoichiometry, but also revealed the pre-
sence of six phosphatidylethanolamine (PE) molecules.
These lipids formed a hydrophobic lining for interactions
with the stalk that translates the rotational movement
to the ring. Interestingly, this lipid lining appears to be
a general feature: the ten-cardiolipin central lipid plug
observed in the rotor ring of Enterococcus hirae correlates
with the ten subunits in the ring and with the stalk unit
diameter when docked into the inside of the available
high-resolution structure (Murata et al. 2005), and a
similar correspondence between lipids, rotor subunits and
stalk size was found in the chloroplast ATPase (Zhou et al.
2011; Schmidt et al. 2013). Together these results suggest
that this lipid bushing is not only a common feature
of ATPases, but can also be adapted to the individual
architecture of each complex.

Lipid interactions as regulators of protein function

In recent years, MS studies have extended the range of
known protein–lipid interactions significantly (Contreras
et al. 2011; Barrera et al. 2013) and lent new support
to the notion that such interactions do not merely stem
from the convenient availability of lipids as building
C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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blocks, but can actually be of functional importance
(Contreras et al. 2012). This raises the question as
to whether MS can inform about the modulation of
protein function by lipid interactions. In this context,
three unique abilities of MS have proven useful: (1) the
ability to monitor synchronized binding events and
conformational changes, (2) the capacity to observe
directly even small sub-populations, and (3) the potential
to study multiple environmental parameters such as pH
and lipid composition simultaneously.

Taking advantage of these features, we probed the effects
of substrate binding to the ATP-dependent multidrug
efflux pump P-glycoprotein (P-gp), a membrane trans-
porter with multiple binding sites for nucleotides and
drugs (Aller et al. 2009). The monomeric P-gp transporter
recognizes and exports small hydrophobic molecules,
lipids, and even peptides, and represents a major challenge
in cancer therapy due to its ability to remove cyto-
toxic compounds from the cell (Martinez et al. 2014).
However, its considerable substrate heterogeneity and the
fact that its ATPase activity can be modulated by lipids
and detergents have thwarted detailed investigations of its
molecular action (Clay & Sharom, 2013). In ligand binding
experiments using ‘native’ MS, we observed well-resolved
signals for P-gp complexes with diacylglycerides, cardio-
lipins, ATP and the peptide ligand cyclosporin A
(Marcoux et al. 2013). By exposing the protein to
different combinations of these ligands, and subjecting
the complexes to IM-MS, it was possible to monitor
synergistic effects of concomitant binding events on the
P-gp structure. We found that the presence of cyclo-
sporin A enhances subsequent binding of cardiolipins,
while simultaneous interactions with ATP induce the
formation of a more compact conformer. These results
illustrate how MS can be used to monitor ligand- and
lipid-induced structural changes in membrane trans-
porters (Marcoux et al. 2013).

Besides conformational changes, a much more
fundamental role for protein–lipid interactions was
revealed recently. In a study comparing three multimeric
membrane channels, MscL, AqpZ and AmtB, different
lipid-bound states could be observed for all three protein
complexes (Laganowsky et al. 2014). Interestingly, these
lipid-bound sub-populations proved to be significantly
more resistant to gas phase unfolding while exhibiting
differential binding preferences. MscL was most efficiently
stabilized by phosphatidylinositol phosphate, a known
regulator of its activity (Zhong & Blount, 2013). Similarly,
AqpZ was found to be stabilized by cardiolipin, which
can also be coupled to its function (Romantsov et al.
2010; Laganowsky et al. 2014). However, both of these
proteins otherwise showed rather promiscuous binding
preferences and could be stabilized to a lesser extent by
non-specific lipid interactions. AmtB, on the other hand,
showed a clear preference for phosphatidylglycerol, which
was then revealed by X-ray analysis to engage specific

lipid binding sites to induce conformational changes in
the protein (Laganowsky et al. 2014). In summary, these
findings demonstrate that lipid interactions can indeed be
both structural and functional in nature and are probably
not restricted to individual proteins, but instead constitute
a wide-spread phenomenon.

Implications for the functional organization of cell
membranes

But what are the consequences of specific lipid inter-
actions for membrane protein physiology? The plasma
membrane is a complex lipid mixture whose components
are not distributed randomly, but rather cluster into
specific microenvironments (Simons & van Meer, 1988;
Simons & Ikonen, 1997). Protein recruitment occurs pre-
dominantly through covalently attached lipid anchors.
However, specific lipid interactions of membrane proteins
have been suggested to contribute to the formation
of lipid rafts, and lipid binding was found to affect
the activity of some transmembrane receptors (Ernst &
Brugger, 2014). Yet, elucidating the relationship between
localization and activity of membrane proteins remains
challenging, as it requires detailed knowledge about the
molecular architecture as well as its modulation by the
natural environment.

The synergistic binding of ligands and lipids can control
membrane protein activity and their concerted inter-
actions are of importance for physiological function in
the plasma membrane (Fig. 2). As many lipids are not
uniformly distributed, they may only exert regulatory
effects in a spatially constrained manner. If interactions
with a substrate molecule increase a protein’s affinity
for a specific raft lipid, the formation of the active
ligand–protein–lipid complex would only occur in an
appropriate compartment of the plasma membrane
(Fig. 2). Alternatively, a protein could diffuse laterally
until a high local concentration of the preferred lipid is
found, which then increases ligand affinity or activity. At
the same time, the stabilizing or energetically favourable
protein–lipid interactions could help to tether the protein
to its specific membrane section and serve as a more
dynamic alternative to covalently attached lipid anchors.
Such a concerted process amounts to a dynamic lateral
organization of membrane protein functionality, as it
can be coupled to regulatory factors on the inside and
the outside of the membrane. Several observations are
compatible with this concept, such as the modulation of
G-protein-coupled receptor activity by lipid environments
(Mondal et al. 2014), or how mechanosensitive channels
are affected by the physical properties of their membrane
surroundings (Bavi et al. 2014).

Up to 30% of the raft proteins associate via unknown
mechanisms (Simons & Sampaio, 2011), and it is tempting
to speculate that the specific protein–lipid interactions

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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observed by MS will contribute to the organization of the
plasma membrane.

Outlook and concluding remarks

In the light of these encouraging results, it appears
possible that MS can be used to study other aspects of
membrane proteins and lipid interactions, such as folding
mechanisms. It has been demonstrated that specific inter-
actions with phosphatidylethanolamine (PE) are crucial
for the proper folding of the integral membrane protein
lactose permase (LacY) from E. coli (Bogdanov et al. 1996).
Mapping the orientation of the transmembrane helices of
LacY upon insertion into membranes with different lipid
compositions revealed that the entire N-terminal 6-helix

Figure 2. Possible mode for spatial regulation of membrane
protein activity by specific lipids
Several multimeric transporter proteins (such as AmtB, shown here)
are activated by specific lipids. The lipid-free form exhibits only low
transport activity (top). If the transporter is relocated to a membrane
raft (bottom) with a high local content of the preferred lipid (red),
the complex is stabilized, which promotes the transport of its
preferred substrate (green). Such a regulatory mode would result in a
strictly localized influx of the substrate, e.g. to facilitate the direct
delivery of the substrate to its target proteins (grey).

bundle was inverted in the absence of PE (Bogdanov
et al. 2014). The effects of PE are probably mediated by
interactions with LacY folding intermediates and in this
manner resemble the mechanisms used by conventional
chaperones (Bogdanov & Dowhan, 1999). Given the
ability of ‘native’ MS to correlate protein folding states and
lipid binding, as well as the availability of complementary
techniques to monitor folding processes in the membrane
(Khanal et al. 2012), it appears likely that MS could prove
useful in this area of membrane protein physiology.

With the advent of intact protein ionization, MS
rapidly moved into structural biology, and from there it
now extends towards physiology. In this article, we have
summarized recent developments in MS and shown how
they provide insights not only into the structure but also
the action of membrane proteins. Challenging questions
remain at the intersection of membrane physiology and
structural biology, such as the complex protein–lipid
interactions that facilitate hepatitis C virus replication
(Liefhebber et al. 2009), the roles of lipids in neuro-
transmitter transport (Erkens et al. 2013), and the
toxic membrane disruption events in protein aggregation
diseases (Landreh et al. 2014b). It is, however, reasonable
to believe that MS will contribute to solving some of
the fascinating questions that exist within the molecular
physiology of membrane proteins in health and disease.
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