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Review
Cellular membranes are composed of proteins and
glyco- and phospholipids and play an indispensible role
in maintaining cellular integrity and homeostasis, by
physically restricting biochemical processes within cells
and providing protection. Membrane proteins perform
many essential functions, which include operating as
transporters, adhesion-anchors, receptors, and enzymes.
Recent advancements in proteomic mass spectrometry
have resulted in substantial progress towards the deter-
mination of the plasma membrane (PM) proteome, reso-
lution of membrane protein topology, establishment of
numerous receptor protein complexes, identification of
ligand–receptor pairs, and the elucidation of signaling
networks originating at the PM. Here, we discuss the
recent accelerated success of discovery-based proteomic
pipelines for the establishment of a complete membrane
proteome.

Application of mass spectrometry (MS) to study
membrane proteins
The water insoluble nature of transmembrane proteins
renders them challenging, but not impossible, to investi-
gate by traditional biochemical approaches in conjunc-
tion with MS [1]. In this review, we focus on the
eminence of shotgun MS for accelerating the identifica-
tion and study of membrane proteins. Specifically, we
briefly cover recent MS advancements to determine the
complete membrane proteome, as a way to better under-
stand membrane protein topology, membrane protein–

protein interactions, and signaling networks that origi-
nate from the membrane surface. Indeed, recent techno-
logical and methodological advancements have reduced
the barriers that previously impeded membrane protein
analysis by MS.

Membrane proteins have been investigated by a gamut
of approaches at many stages of sample preparation and
peptide MS analysis (for an in-depth discussion see [2]).
Membrane proteins are chemically tractable entities and
represent �30% of the molecular targets for currently
available pharmaceuticals; largely because they often pos-
sess ligand binding domains that can be therapeutically
targeted [3]. Thus, the application of MS to membrane
protein drug discovery represents a powerful new ap-
proach (reviewed in [4]). The importance of membrane
proteins is evident and MS continues to edge us closer
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towards the determination of a complete membrane prote-
ome.

Shotgun MS proteomics to determine the complete
membrane proteome
The relatively low abundance of membrane proteins in
unfractionated samples has undoubtedly resulted in their
under-representation in large proteomic datasets. Howev-
er, plasma membrane (PM) proteins are not completely
absent in these datasets; they are just more challenging to
identify. Several recent technological advancements, in-
cluding improved sample preparation, instrumentation
and better liquid chromatographic (LC) performance, have
led to a substantial increase in PM protein representation
in large data sets [5]. Although the majority of membrane
proteins are not accessible by traditional sample prepara-
tion techniques, it is a topic of great importance to this
discussion, which has previously been reviewed in detail
[2]. To characterize membrane proteins fully, we must first
identify the complete collection; shotgun MS is well suited
for this challenge and can identify thousands of proteins in
a single analysis. The determination of a complete mem-
brane protein catalog could represent a substantial devel-
opment because it could provide a global overview of all the
proteins at the PM.

Membrane proteins associate with lipid bilayers in
various ways, therefore, a conclusive localization assign-
ment is highly complex [6,7]. Membrane proteins are
categorized based on how they associate with membranes:
integral (membrane penetrating); peripheral (attached
via non-covalent bonds); or lipid-anchored (attached
through covalent bonds). Integral membrane proteins
are further categorized based on the secondary structure
of the membrane-spanning domain: the majority crosses
the PM in an a-helical arrangement (e.g. the insulin
receptor), whereas a few form b-barrels (e.g. maltoporin).
a-Helical transmembrane proteins are further classified
into four basic types based on which terminus of the
protein resides in the lumen, and the number of times
the protein traverses the membrane. Peripheral mem-
brane proteins can attach to the PM in several ways, such
as an in-plane a-helix (e.g. microtubule-affinity-regulat-
ing kinase or via electrostatic interactions (e.g. diphtheria
toxin). Lastly, lipid-anchored PM proteins are attached by
covalent bonding directly to lipids (e.g. G proteins)
through attachment to a fatty acid, prenyl group, or a
glycophosphatidylinositol anchor. If we also consider
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Box 1. Discovery-based shotgun analysis of the membrane proteome

A complete catalog of membrane proteins is currently lacking, and

data-dependent shotgun proteomics is the best suited approach for

discovery-based investigations of the membrane proteome (Figure I).

It is currently impossible to conclude that all membrane proteins have

been analyzed. The membrane proteome is dynamic and certainly

varies between cell types; thus, it is impossible to determine it

completely in a single analysis (this is true for any proteome type). In

the best case, MS can accomplish a comprehensive membrane

proteome analysis under one set of biological conditions. To

determine that an analysis is truly comprehensive, however, repeated

analyses of the same sample should show no new protein identifica-

tions. Another way to gain confidence that a proteomic analysis is in

fact comprehensive is to compare the proteome to the transcriptome

mRNA profiles. Although this mRNA–protein comparison might not

be entirely fair, it should provide a useful quantitative benchmark of

the portion of the protein-encoding genome that could potentially be

identified in an MS experiment [73].

Recently, the prospects and advantages of single ion-reaction

monitoring (SRM) on triple quadrupole mass spectrometers have

been highlighted [74]. In SRM experiments, the mass spectrometer

is set up to monitor specific intact peptides and fragment ions

(called transitions). This is in contrast to the data-dependent

approach that is commonly used in shotgun experiments in which

nearly all peptides are potentially available for analysis. Although

targeted proteomics might hold some promise for accurate protein

abundance determination, it is not without its limitations. First, ion

suppression crucially limits the ability to detect low-abundance

ions in complex mixtures [75]. Enrichment or depletion is required

to detect membrane proteins in complex mixtures such as whole

brain homogenate. Second, confidence in the identity of the

observed peptide is not measured relative to all possible digestion

products (incomplete and nonspecific digestion), and the false-

positive rates are unknown and probably high, unless a large

number of transitions are performed. Lastly, targeted analysis

requires a priori knowledge of what proteins are present and

therefore is a limited discovery tool. SRM is, however, a valuable

tool to verify results as long as knowledge of its limits are

understood.
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Figure I. Views of the membrane proteome based on different enrichment strategies.
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protein–protein interactions with PM proteins, it becomes
clear that proteins associate with the PM in many complex
arrangements. Thus, it is not trivial to determine if a given
protein is a membrane protein by simple computational
examination of the amino acid sequence. Indeed, tradi-
tional biochemical approaches to characterize membrane
proteins involve isolation of these hydrophobic and
insoluble proteins – a process that is both laborious and
technically challenging. Consequently, discovery-based
approaches such as shotgun MS are particularly well
suited for the elucidation of membrane proteins.

Analysis of membrane proteins is complicated by their
hydrophobicity, complex post-translational modifications
(PTMs), and the fact that they are present at low abun-
dance. Improved instrument performance boosts mem-
brane protein identification compared to previous
analyses, such that a more in-depth analysis of complex
protein mixtures is now easily attainable. Optimization of
peptide chromatography and processing can also facilitate
the analysis of low-abundance proteins in complex mix-
tures; this has helped in the deep probing of the PM
proteome and represents an active area of research that
holds great promise. Raising the temperature from 20 to
60 8C during micro LC has recently been shown to boost the
number of membrane proteins identified in a standard
analysis, and should become standard practice with the
commercial availability of column ovens [8]. The develop-
ment of MS-compatible detergents has also aided the
identification of PM proteins, and has been shown to
increase PM protein identification and sequence coverage
from the insoluble fraction of rat brain homogenate[9,10].

Membrane proteins are analyzed at several degrees in
shotgun proteomics (Box 1). The coarsest, yet most unbi-
ased, level of membrane protein analysis is within the
whole proteome, as in a crude cell lysate or tissue homoge-
nate. Multidimensional protein identification technology
(MudPIT) facilitates proteome-level analysis of proteins
that are present across many orders of magnitude in
abundance, by separating peptides based on their charge
and hydrophobicity [11]. Membrane proteins are readily
identified by MudPIT in crude, complete proteome sam-
ples. In theory, whole proteome-level analysis is least
likely to be biased by differences in sample preparation
between scientists and laboratories; therefore, it should
yield the most comparable data. The removal of highly
abundant cytoskeletal proteins also can increase PM
389
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protein identifications; however, the reproducibility of
these depletions probably complicates the comparison of
multiple independent analyses [12]. Furthermore, all
types of membrane proteins are available for analysis in
the comprehensive protein identification given that there
is minimal sample manipulation.

Membrane proteins can be easily enriched by centrifu-
gation. The question of which proteins are associated with
membranes in specific cell types has been addressed many
times by various biochemical enrichments followed by MS
analysis. However, the complex arrangement and connec-
tivity of cellular membranes make isolation of perfectly
pure PM fractions nearly impossible. Fractionation and
enrichment procedures are simple and useful approaches
to analyze membrane proteins by reducing the protein
complexity, and in turn, increasing the chances that
less-abundant PM proteins are identified. The mammalian
brain represents a tissue of long-standing interest that is
vastly enriched for membranous structures. Within the
central nervous system, neurons are connected in complex
arrangements to form circuits. Specialized neuron–neuron
junctions called chemical synapses represent key mem-
brane-enriched structures because they facilitate molecu-
lar communication between neurons. A good example of
the usefulness of MS for analysis of biochemical membrane
fractions comes from the postsynaptic density (PSD) that
has been performed many times with great, but probably
incomplete, determination [13,14].

It has been predicted that 20–35% of the mammalian
genome encodes membrane proteins, and this represents a
benchmark for any purification comparison [15]. A recent
MudPIT analysis of the insoluble fraction of rodent brain
homogenate has found that 35% of the identified proteins
were annotated by gene ontology as PM proteins, and that
22% contained at least one transmembrane domain [10].
No fractionation is absolute, and highly abundant, soluble
non-PM proteins (nuclear and endoplasmic reticulum)
often cannot be completely removed from PM fractions.
However, isotopic labeling allows relative quantification of
the degree of enrichment of PM proteins, and represents a
substantial improvement from the vast majority of the
previous studies performed without any quantitation
[16]. Comparison of the PM and endomembrane fractions
has revealed that as many as 25% of the proteins found in
the PM fraction are indeed biological contaminants rather
than true PM proteins [16]. In other similar studies, abso-
lute membrane protein quantitation by isobaric tag for
relative and absolute quantitation (iTRAQ) tagging has
been successfully used to identify previously uncharacter-
ized membrane proteins in pancreatic zymogen granules
and HeLa cells [17,18].

MS has also proven to be effective for analyzing the
protein components of detergent-resistant membrane
domains, microdomains or so-called ‘rafts’, which have
been proposed to be enriched with proteins that are re-
sponsible for a concentrated function, and which constitute
a very active area of membrane research [19,20]. In hopes
of comprehensively analyzing the membrane proteomes of
microorganisms and rodent lung endothelial cells, multi-
plexed fractionation approaches have been used with
some success, but require increased MS data acquisition
390
duration [21,22]. Many 1D and 2D gel-based approaches
have also been effectively used and represent a valuable
method to separate intact proteins by molecular weight
(reviewed in [5]). Another angle is to couple membrane
fractionation with quantitative comparison of wild-type
and disease states for differential membrane protein anal-
ysis [23–25]. Lastly, membrane capture followed by PM
protein ‘shaving’ (peptides are cleaved from intact mem-
brane protein fractions) holds promise, given that peptides
are often removed into solution away from the membrane
(reviewed in [26]).

Finally, purified samples facilitate the deepest analysis
because the protein and peptide complexity is significantly
reduced, thereby affording the mass spectrometer the op-
portunity to analyze many peptides and proteins of interest,
given that there are far fewer proteins present. Additionally,
highly enriched samples are still required to investigate
PTMs or protein complex stoichiometry. The investigation
of PM protein PTMs represents yet another active area of
research in which MS-based approaches are making sub-
stantial contributions (see [5]). Another successful approach
is to isolate membrane proteins by affinity capture of a
specific PTM; this approach has been useful for studying
both glycosylated and palmitoylated proteins [27,28]. Anti-
body-based purification of specific target membrane pro-
teins provides the highest degree of enrichment and can
facilitate analysis at substantially increased resolution.

Proteomic methods to determine membrane protein
topology
MS is one of the most powerful tools available to study
proteins. MS can now easily identify and quantify proteins,
determine PTMs, and also explore protein structure
[29,30]. PM protein topology can be complex and is a crucial
determinant of function that can be effectively investigated
with MS. Membrane protein structure is notoriously diffi-
cult to study by traditional high-resolution methods such
as X-ray crystallography and NMR spectroscopy. Recently,
however, MS in conjunction with hydrogen/deuterium (H/
D-MS) exchange, oxidative or hydroxyl radical probing, or
covalent tagging with regents such as carbodiimide diiso-
propylcarbodiimide (DiPC-MS) have become more widely
applied; these techniques provide powerful approaches to
investigate protein structure, folding and topology in mem-
branes at the submolecular level (Figure 1a,b) [31–33]. The
pioneering MS studies to probe membrane protein topology
have been accomplished by identifying protease-sensitive
regions: these amino acids probably represent surface-
exposed and protease-accessible stretches that are exclud-
ed from membranes [32]. Initial studies of membrane
protein topology by MS were small in scale and focused
on well-characterized proteins of interest, for example,
bacteriorhodopsin [34–36]. One key attribute of MS-based
topology approaches is that they can be potentially applied
to any membrane protein given that this technique
requires no structural information.

Most MS-based PM protein structure studies take ad-
vantage of unequal labeling of PM protein domains, which
are dictated by the physical accessibility of the protein.
Typically, two or more experimental conditions are com-
pared to probe structure topology. H/D-MS is based on the
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Figure 1. MS in conjunction with H/D-MS exchange and DiPC-MS chemical probing reveals membrane protein structural characteristics. (a) Upon ligand binding, PM

receptors can undergo structural rearrangements. Changes in domain labeling of the ligand-bound GPCR b2-andrenergic receptor (PDB:2RH1), after various exchange

durations, is shown as an example of how H/D-MS can be used to probe the molecular details of ligand activation [41]. Blue regions indicate protein domains that exchange

<20%, green regions show 20–60% exchange, yellow 70–80%, and red 90–100%. From these results, one can conclude that some regions of integral membrane proteins are

more dynamic than others of this PM protein [41]. (b) Specific binding pocket amino acid residues can play an important role in ligand binding of PM receptors. Differential

DiPC labeling of lactose permease (PDB:1PV6) in the ligand-bound and ligand-free state reveals a key role for Asp (E) 269 [44]. Shown are the ligand-bound (i) and ligand-

free (ii) states and the percentage of the 268-GELLNASIM-276 tagged peptide. This analysis revealed a dramatic change in the distribution of E269, which was modified, from

a nearly equal proportion in the free state to a nearly threefold increase of the unmodified form in the bound state.
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chemistry of hydrogen atom exchange between proteins
and the surrounding aqueous solution [37]. For transmem-
brane proteins, the rate of H/D exchange is dictated by the
extent of solvent accessibility through the lipid bilayer; the
degree of participation of amide hydrogens in secondary
and tertiary structural H-boding; and can be complicated
by electrostatic effects [38,39]. In combination with struc-
ture–function mutational analysis, H/D-MS has revealed
that most H-bonding interactions in membrane proteins
only moderately stabilize the folded state; this finding was
unexpected and exemplifies the strength of the approach
[40]. Additionally, HD-MS analysis of the b2-adrenergic
receptor with increasing deuterium incubation durations
has revealed several dynamic regions within this G-pro-
tein-coupled receptor (GPCR) [41]. Overall, H/D-MS can
readily reveal structural characteristics at medium reso-
lution (on average, 10 amino acids) and is capable of
moderate-throughput analyses [38].
391
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Figure 2. Membrane protein–protein interactions are identified by biochemical approaches in combination with shotgun proteomics. (a) Antibody purification effectively

isolates intact PM receptor complexes from membrane extracts. Purified protein complexes are digested into peptides and subsequently analyzed by LC-MS/MS. The AMPAR

complex, which has been successfully characterized by antibody purification followed by MS analysis, is shown to illustrate the importance of this approach. Most AMPAR core
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Oxidative �OH labeling and DiPC covalent chemical
tagging with MS have revealed native membrane protein
structural details at high resolution [42].�OH labeling
occurs exclusively at Met residues, which represents a
key advantage over many other chemical tagging
approaches that can be promiscuous in the residues which
they modify. Met residues have been artificially introduced
into membrane proteins, and with �OH labeling, effectively
serve as conformational probes [43]. DiPC is also specific in
the residues which modifies and preferentially hits Asp
and Glu. DiPC-M/S has been applied to PM proteins and
has revealed an important role of Glu269 in substrate
binding of the membrane protein lactose permease [44].
The labeling specificity of these approaches provides struc-
tural information at higher resolution than H/D-MS does,
but is restricted by the amino acid identities in a protein
domain of interest.

A new and exciting approach is the application of phos-
pholipid bilayer nanodiscs with H/D-MS to the study of
membrane proteins. Phospholipid bilayer nanodiscs pro-
vide a stable and controllable native-like membrane envi-
ronment that aids solubility issues and allows protein
analysis in native conformations [45]. A new approach,
although not yet applied to membrane proteins, couples
laser temperature jumping with fast photochemical oxida-
tion, which enables MS-based folding analysis at sub-mil-
lisecond time resolution [46]. This novel technique could
hold promise for the investigation of transmembrane pro-
tein folding and membrane insertion dynamics in recon-
stituted systems. Perhaps the most exciting possibility for
determination of protein topology by MS and chemical
labeling is to determine membrane protein topology in living
cells; this goal, however, remains a daunting endeavor.

Shotgun MS facilitates the mapping of membrane
protein–protein interactions
MS applications are making progress toward the compre-
hensive identification of all PM proteins, and probe their
topology. MS has also proven to be particularly useful to
discover PM protein–protein interactions. Such experi-
ments can reveal which proteins physically (and often
functionally) interact, thereby representing an essential
step towards elucidating the molecular function of PM
proteins. Most investigations fall into one of two general
approaches: isolation of membrane protein complexes by
antibody purification, or in vitro binding experiments fol-
lowed by MS. Often, in vitro binding experiments are most
suitable for finding direct high-affinity interactions such as
ligand and receptor pairs, whereas antibody purification is
best for the identification of multiprotein complexes. With
current shotgun MS technologies, it is now possible to
identify nearly every protein in purified protein samples
of low complexity.

Antibody purifications have revealed the molecular
composition of receptor complexes with unexpected and
complexes are heterotetrameric, made from ‘a dimer of dimmers’ of glutamate receptor 2 a

sky and royal blue). MS-based protein analyses have identified the auxiliary AMPA rece

purple, cornichons (CNIH; fuschia), and cysteine-knot AMPAR modulating protein (CKAM

receptors as bait and membrane fractions as prey in conjunction with MS can effectively

[presynaptic neurexin (NRXN) and leucine rich repeat transmembrane protein (LRRTM)] 

protein analysis [55]. LRRs, leucine rich repeats; CHO, O-linked sugar domain; LNS6, lam
exciting results. The N-methyl-D-aspartate (NMDA) and 5-
hydroxytryptamine (5-HT2C)receptors were early exam-
ples characterized by MS, but recently, many more have
followed, including the a-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid receptor (AMPAR), g-aminobutyric
acid, and kainate receptors (Figure 2a) [47–50]. Further-
more, it has become increasingly evident that most cell
surface receptor complexes contain auxiliary subunits
(such as transmembrane AMPAR regulatory proteins
and receptor activity-modifying proteins), which can mod-
ulate functional properties and membrane insertion pat-
terns. Membrane extracts from rodent brains often serve
as input material for affinity purification. High quality
antibodies for endogenous proteins are required, but
tagged proteins also can be utilized. In one exceptional
case, an epitope-tagged glutamate receptor was selec-
tively expressed in the cerebellum and used to determine
a brain-region-specific receptor complex [51]. To ensure
accurate identification of specific versus nonspecific inter-
actors, the inclusion of negative control mice that lack the
target protein are of high value: any proteins found in
these purifications are probably irrelevant [52]. It is
important to note that endogenous antibodies can com-
pete for protein binding interfaces and that the addition
of epitope tags could artificially disrupt protein–protein
interactions. Although there is no easy way to counter
these challenges, utilizing polyclonal antibodies which
recognize multiple epitopes, or inserting the recombinant
tag at a different position, has proven to be useful.
Recently, blue-native PAGE has been used to character-
ize further affinity-purified receptor complexes by deter-
mining the molecular weight of the intact complex
[53,54]. Thus, by summing the molecular weight of the
components, one can show that all the masses can be
accounted for by the identified molecules present in the
complex.

Ligand–receptor pairs are of crucial biological impor-
tance, given that their binding is directly responsible for
important signaling and adhesion events. Shotgun proteo-
mics have proven to be a powerful tool to investigate these
events in detail. The ‘bait protein’ is often produced in
heterologous cells and generated as a fusion for easy
isolation, and the ‘prey proteins’ can be of any origin, which
can be extracted from membranes under conditions that
disrupt endogenous protein–protein interactions. Using
these fusion proteins, the binding event can be potentially
recapitulated in vitro. After binding, interacting proteins
are easily identified by MS, and in a well-performed exper-
iment, the interacting prey protein should be among the
most abundant proteins identified. For some bait proteins,
removal of background, nonspecific prey protein binders is
required to identify true interacting proteins. This works
perfectly for some ligand–receptor pairs; however, there is
no guarantee that all endogenous receptor–ligand pairs are
amenable to this approach. Thus, numerous false nega-
nd either glutamate receptor 1, glutamate receptor 3, glutamate receptor 4 (shown in

ptor subunits transmembrane AMPA receptor regulatory proteins (TARPs shown in

P44, navy blue) (47). (b) In vitro binding reactions with the extracellular domain of

 identify ligand–receptor pairs. To illustrate this approach, the ligand–receptor pair

is shown; their interaction was identified by in vitro binding assays followed by MS

inin neurexin and sex hormone-binding protein domain-6.
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tives can be encountered and must be considered in any
dataset that is generated through the use of this approach.
Another potential concern with this approach is that pro-
teins that never interact in endogenous biological contexts
(e.g. because they localize to opposite sides of membranes),
now have the opportunity to bind. A recent example of the
value of in vitro binding approaches comes from two stud-
ies that have both successfully identified neurexins as the
presynaptic ligands for the newly identified synaptogenic
molecule leucine rich repeat transmembrane protein 2
[55,56] (Figure 2b).

In addition to these commonly used approaches, several
groups have successfully used less-standard approaches to
study membrane protein interactions. High quality anti-
bodies are not always available and some proteins are not
easily expressed, therefore, purifying and analyzing native
membrane protein complexes would be a substantial de-
velopment. Most of the current work in this area relies on
front-end multidimensional biochemical separations, and
although still in its infancy, it certainly holds promise [57].
Progress has also been made in analyzing intact mem-
brane protein complexes directly in the mass spectrometer,
in a process termed ‘top-down native MS’ [58]. In theory,
top-down native MS is superior to all shotgun approaches,
given that the entire polypeptide chain is analyzed in the
mass spectrometer. Indeed, an intact membrane protein
complex ionized in a micellar solution could be maintained
and detected in the gas phase of the mass spectrometer
[59]. Although there are substantial challenges in all top-
down MS approaches, the potential payoff is great given
that proteins are analyzed intact without ‘dark regions’
that can be missed when using shotgun approaches.

Shotgun MS identifies signaling networks across
membranes
Once PM protein interaction networks have been eluci-
dated, it is crucial to determine how they are integrated to
transmit signals across PMs. The PM is a crucial cellular
location for the integration of signaling events, and is
enriched for surface receptors (e.g. GPCRs, receptor tyro-
sine kinases, adhesion signaling molecules, and chan-
nels). MS analysis of membrane protein signaling has
recently gained attention and is revealing signaling path-
ways at unprecedented levels [60,61]. Indeed, membrane
protein signaling has been investigated by increasingly
sophisticated methodologies that have revealed the
intricate complexity present in physiological signaling
networks.

To investigate membrane signaling, cell cultures are
typically treated with a ligand (such as a growth factor) and
changes in protein abundance or PTM (e.g. phosphoryla-
tion) are determined by MS. This approach generates high
quality data from hundreds to tens of thousands of proteins
per analysis. Although most studies have utilized very
similar experimental designs, the importance of thoughtful
controls is crucial if meaningful conclusions are to be
derived. To investigate brassinosteroid (BR) membrane
signaling, Arabidopsis thaliana seedlings were treated
with BRs and PM fractions were analyzed on 2D gels
followed by MS [62]. These analyses identified several
proteins whose abundance changed in response to BR
394
signaling; later analyses identified these proteins as
belonging to a family of membrane-associated kinases
downstream of BR transmembrane receptors. Although
this gel-based approach has proved successful in plants,
such analysis has not proven to be highly applicable to
mammalian systems.

Stable isotope labeling facilitates relative peptide and
protein measurements and has greatly accelerated the in-
vestigation of membrane proteins. In a seminal study, stable
isotope labeling has been used with affinity capture of
phosphorylated proteins to investigate epidermal growth
factor signaling [63–65]. More recently, similar analysis has
been performed to investigate ephrin B (EphB) and brain-
derived neurotrophic signaling [66,67]. These studies have
successfully identified hundreds of proteins with changed
abundances in ligand-treated samples when compared to
controls. However, one caveat of these studies, and many
others like them, is that phosphopeptides were not used for
the quantitation of signaling events. Rather, the changes
were assumed by calculating the changes in unmodified
peptides (and later protein) levels in the phospho-enriched
sample. More recently, similar experiments have been per-
formed to investigate T cell receptors, EphB, and Fms-like
tyrosine kinase 3; these investigations have uncovered
hundreds to thousands of regulated phosphorylation events
and quantitated these changes at the phosphopeptide level
[68–70]. The next challenge will be to extend such analyses
to the phospho-site level in vivo with a rigorous analytical
approach.

Other interesting, less orthodox studies of membrane
signaling have been reported, and include a chemical
proteomic approach in which kinases were enriched in
samples of drug-treated cells through the use of immobi-
lized nonselective kinase inhibitors, and then identified by
MS [71]. This approach could prove valuable for drug
development given that it enables the quantification of
the abundance of hundreds of kinases in drug-treated
versus control cells [71]. Another study of note has inves-
tigated postsynaptic signaling at the PSD after treatment
of organotypic brain slice cultures with NMDA [72]. In this
work, phosphorylation was found to be increased in 127
and decreased in 101 proteins. These results confirm the
existence of combinatorial signaling programs at synapses,
which probably confer complex information processing and
signaling diversity. Overall, although the analysis of PM
protein signaling networks by MS is relatively straightfor-
ward, the biology that it reveals is highly complex.

Concluding remarks
MS has proven to be a powerful approach to accelerate our
understanding of membrane proteins by facilitating discov-
ery-based investigations. These unexpected findings have
had a significant effect on the membrane protein field and
have propelled it in new and exciting directions. In summa-
ry, MS comprehensively identifies PM proteins, probes PM
topology, maps PM protein–protein interactions, and eluci-
dates PM signaling networks. The recent advancements in
shotgun proteomic instrumentation and experimental de-
sign ensure that MS will remain the method of choice to
study membrane protein structure, signaling, and molecu-
lar interactions in the near and distant future.
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