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of B-barrel IMPs is similar to that of soluble proteifis,
and they tend not to present the same analytical challenge
aso-helical IMPs!©

a-Helix Bundleproteins, the subject of this review, are
abundant species found in all membrane types, except for
the outer membrane of Gram-negative bacteria. IMPs are
predicted to make up 2825% of all ORFs in most
genomes!*? They are divided into the following catego-
ries: Bitopic, or single-pass, IMPs have one transmembrane
o-helical domain (TMD) with exposed globular domains on
either side of the membrane. Bitopic proteins often act as
cell surface markers, receptors, or adhesion factors, with the
cytoplasmic domains operating in cellular signaling pathways
or in contact with the cytoskeletdf.PolytopicIMPs have
multiple TMDs arranged in a bundle oriented approximately
normal to the membrane plaffeMany small molecule
transport proteins in eubacteria, archaea, fungi, and plants
are polytopic IMPs with 6 or 12 TMDs, while the 7-TMD
GPCRs account for almost 5% of mammalian protein coding
genes:! Monotopic or membrane-anchored proteins, are not
transmembrane proteins but are rather tethered to the
membrane bilayer by a lipid anchor, such as glycosylphos-
phatidylinositol (GPI). Such proteins can be dissociated upon
cleavage of the anchor with phospholipases, and they have
the hydrophilic characteristics of soluble protéinslembrane-
associatedproteins are bound to the membrane surface via
noncovalent interactions with phospholipid head groups or
membrane-embedded proteins. Many such proteins can be
readily solubilized by treatment with high-pH or high-salt
buffers, and they do not generally present the same analytical
challenge as IMPs.

Proteomics of Intact Proteins vs PeptidesNearly all
high-throughput proteomic platforms use mass spectrometry
(MS) to identify proteins and elucidate the details of their
primary sequences. Most studies take thwtom-upap-
proach, where intact proteins are digested by enzymes or
chemical means into peptides for MS or tandem MS (MS/
MS) analysis (see next paragraph). Bottom-up proteomics
can yield quantitative information as well, using methods
such as spectral counting or stable isotope labeling. The
downside to this approach is that much of the sequence
information can be lost, as the task of identifying all peptides
resulting from a complex digest is currently unfeasible, due
to limits in separation, instrumentation cycle times, and
variable peptide ionization/fragmentation efficiencies. Se-
guence coverage can be increased with replicate analyses,
but one is still left with the task of reconstructing detailed
protein information from an array of peptide data, and the

is the driving force behind IMP structure. Because peptide ability to distinguish between protein isoforms, splice vari-
bonds are highly polar, proteins must adopt secondary ants, or modified states involving multiple, varied post-
structures that shield the backbone from the hydrophobic lipid translational modifications (PTMs) may be lost. As such,
core by allowing extensive hydrogen bonding between the bottom-up approach is most useful for global proteomic
backbone amides and carbonyls. As a result, membrane-surveys and providing leads for further, detailed studies. The
spanning proteins are characterized by one of two structuralcomplementaryjtop-downapproach uses MS and MS/MS
features: a-helical bundles op-barrels. methods for the detailed study of intact proteins. Here, there

IMP Structure. S-Barrel proteins, or porins, exist in the is no disconnect in information, allowing the complete
outer membranes of Gram-negative bacteria, chloroplasts,classification of any sequence variations and all PTMs. It is
and mitochondria, where they regulate membrane integrity much less high-throughput, and is mostly used for single
and allow for the passive influx/efflux of small molecules. protein analysis due to difficulty in separating complex
For bacteria at leasf-barrel proteins likely account for only ~ mixtures and the need for sufficient quantities of material.
a few percent of all open reading frames (ORF3he As such, this review will be limited to the more global
B-strands are amphiphilic in nature, having alternating polar bottom-up approach for IMPs. Whitelegge et*@have
and hydrophobic residues in contact with the central pore recently reviewed top-down proteomics for membrane
and lipids, respectively. As a result, the overall hydropathy proteins.
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Common Proteomic Platforms Defined. Most IMP of numerous complex polytopic IMPs, which may be harder
bottom-up proteomic platforms can be grouped into one of to identify than simpler proteins with-12 TMDs owing to
three categories: (1) separation of proteins by two- their relatively higher TMD/soluble domain ratio. As such,
dimensional polyacrylamide gel electrophoresis (2D PAGE IMP-specific protocols should always report not only the
or 2DE), followed by in-gel trypsin digest and MS analysis; numbers but also the kinds of IMPs identified. It should also
(2) separation of proteins by one-dimensional sodium dodecyl be noted that, in much of the literature, the term “membrane
sulfate PAGE (1D SDS-PAGE or 1DE), in-gel trypsin digest, protein” typically includes integral, associated, and anchored
peptide separation by reversed-phase (RP) microcapillaryproteins, and thus, it should not be interpreted to imply
liquid chromatography «LC), and MS analysis; or (3) integral membrane protein.
shotguA” analysis of complex protein digests by chromato- ~ Another parameter to consider is whether or not TMD-
graphic, electrophoretic, isoelectric, and/or affinity separation containing peptides are identified or if sequence coverage is
followed by MS analysis. The most widely used shotgun restricted to soluble domains. Because IMPs may have a
platform is Multidimensional Protein Identification Technol- significant portion of their sequence embedded in the
ogy (MudPIT)!819 which involves peptide separation by membrane, analysis of TMD peptides increases the prob-
strong cation exchange (SCxgither on-line or off-line- ability of identifying IMPs, in addition to providing a more
followed by RRLC. comprehensive study. TMD coverage can be assessed either

Analysis of peptides by MS can be accomplished in one directly, by looking at overlap between identified peptides
of two ways: in the case of highly resolved gel spots from and TMDs predicted by topology algorithms, or indirectly,
2DE, matrix-assisted laser desorption/ionization (MAL2®I)  via hydropathy analysis using the GRAVY (grand average
peptide mass fingerprinting (PMitJs commonly used. The  of hydropathy) index, introduced by Kyte and Doolittfe.
technigue measures the mass of four or five peptide ionsWhile IMPs may have either positive (hydrophobic) or
using time-of-flight (TOF), from which the parent protein negative (hydrophilic) GRAVY scores depending on the ratio
can be assigned. Alternatively, one can use MALDI or of soluble to membrane-embedded residues, positive GRAVY
electrospray ionization (ESAPMS/MS instruments (e.g., ion  scores are highly correlated with TMDs due to their high
trap, TOF/TOF, Q-TOF) capable of providing fragmentation content of aliphatic residues. As such, the presence of
spectra of peptide ions from which their sequences can bepeptides with positive GRAVY scores is indicative of a good
determined. The higher information content allows for many TMD-targeted identification strategy.
protein assignments based only on one peptide, and locations |t must be emphasized that the relative success of different
of PTMs can be more precisely determined. MS-based methods is highly dependent upon individual expertise and
proteomics and instrumentation has recently been reviewedavailable instrumentation, and methods should be judged
by Aebersold and colleagués. based on the best, most reproducible examples. An additional

Review Summary.Problems witho-helical IMPs are two-  consideration is the level of automation and computation
fold: (1) their hydrophobic TMDs, which resist interaction  power available, which can have a very large impact on the
with aqueous buffers, and (2) their general low abundance.time frame for completing specific experiments. Attempts
Successful strategies for the global analysis of membranewere made to include all recent2003-2007) research that
proteins must take into account both of these factors for demonstrates a novel technology applied to IMPs and/or an
sample preparation and analysis. Fortunately, much effort efficient IMP enrichment strategy, or is otherwise instructive.
in recent years has led to the development of multiple We apologize in advance to any author whose work we have
techniques tailored to the analysis of IMPs. This review will inadvertently overlooked. Impressive work on the proteomics
discuss (1) enrichment strategies, including subcellular of IMPs has been made for a variety of organisms; however,
fractionation, removal of peripheral membrane proteins, and because plant membrane proteomics has been addressed in
delipidation; (2) principles and uses of common denaturing/ recent reviews527-29 the subject will not be discussed here.
solubilizing agents; (3) separation strategies, including gel-
based and gel-free platforms; (4) digestion strategies specif- ; i
ically targeted toward soluble and/or membrane—embeddedz' Enrichment Strategles
domains; (5) quantification methods tailored to IMPs; (6) 2 1 Qrganellar Proteomics and Subfractionation
principles of ionization and fragmentation of hydrophobic
peptides; and (7) global topology assignment by prediction  Fractionation for organisms with smaller proteomes, such
algorithms and experimental means. Where instructive, as bacteria and yeast, often involves cell lysis and sequential
insight into the underlying chemistry is provided. centrifugation steps to remove cell debris and isolate the

Method Evaluation. For the different techniques dis- membrane from the soluble fractiét32 Further purification
cussed throughout this review, the total proteins identified, can be accomplished by sucrose density gradient centrifuga-
IMP enrichment and diversity, and TMD coverage are tion**34 or sodium carbonate wash to remove membrane
included whenever that information is available. These associated proteifs® (see section 2.2.1). However, for the
parameters can be used as benchmarks for relative comparimore complex mammalian proteomes, which may contain
son. In general, the common topology prediction algorithms upward of 50 000 protein, fractionation on multiple
used to estimate IMP enrichment (e.g,. TMHMM(v1 of*2), levels—tissue, organelle, protein, and peptitle essential
SOSUIZ*HMMTOP22) are highly capable of distinguishing  for comprehensive analysis. One of the most widely used
between soluble proteins and IMPs, allowing for comparison techniques for subcellular fractionation is density gradient
across methods, and any outliers will be noted. Two good centrifugation (e.g., using sucrose, sorbitol, Ficoll, or Percoll),
numbers to keep in mind for evaluation of enrichment which has been used to isolate numerous subcellular struc-
strategies are that 225% of ORFs are predicted to encode tures, for example, plasma membraffe8mitochondriai®42
IMPs and that, in an unfractionated proteome, IMPs typically mitochondrial inner/outer membran®s'? Golgi,*® clathrin-
make up only~5-15% of identified proteins. A key coated vesicle® synaptic vesicle$*° and platelet mem-
indicator of comprehensive IMP analysis is the identification branes® based on the properties of specific membrane
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subtypes, prior to proteomic analysis. Free-flow electro- 2.1.2. Aqueous—Polymer Two-Phase Partitioning
phoresis (see section 4.2.1) has been used to isolate plasma
membrane vesicle$;5152 detergent-resistant membranés,
and mitochondri&? Alternatively, subcellular structures can
be affinity purified by immunoisolation, for example,
synaptic vesicle/$*° and caveolaé>>®
Of all subcellular structures of higher eukaryotes, the

plasma membrane (PM) has probably received the most
attention by the proteomics community. Composed of the

As discussed in a recent reviéwpartitioning of mem-
branes in aqueougolymer two-phase systems is one
method for affinity purifying the PM. If two structurally
distinct water-soluble polymers, such as polyethylene glycol
(PEG) and dextran, are mixed in aqueous solution, above a
critical concentration, the polymers will eventually separate
into two distinct phases, with membranes preferentially
e . segregating into the top (PEG), more hydrophobic phase
lipid bilayer and membrane-associated and embedded .pro'acgorging t% the specificpSL(Jrface) propertieg, digtated, apt least
teins, It Is responsble for maintaining a physical barne'r in part, by their lipid composition. In general, partition favors
between a eukaryotic cell and its environment. The protein py, -~ Golgi > lysosomes> ER > mitochondria. To
components carry out many important biological functions, improve separation, a secondary partitioning step, employing

including intercellular communication, transport of ions/ 5 p\_gpecific affinity ligand such as wheat germ agglutinin
solutes, and signal transduction. As such, characterlzm_g the(WGA) conjugated to one of the polymers, generally dextran
plasma membrane proteome, particularly IMPs, which bridge ’

he d Ul _ d directly eff (as its higher MW means that its partitioning behavior is
the Intra- and extracellular environments and directly effect |oqq jnfluenced by the ligand), can be used. Ideally, polymer
cellular interaction with the outside environment, is of

- Y X be difficult to isol concentrations are chosen so that any contaminating mem-
ga't;at;nount mgor(;ancc_a. owevetr,clltfcant_ € ditficu Lto |so{31te _branes left over from the first step will partition into the PEG
ecause (1) density-separated fractions may be contamippase while the affinity ligand causes the target membrane

nated by other cellular membranes, (2) it is relatively low- 1, 4 ition into the dextran phase. Due to its sensitivity to
abundant pompart_ed the entire ceIIuI.ar membrang Qomple'salt, temperature, affinity ligands, and exact polymer con-
ment, (3) its physiochemical properties make it similar to centration, application of the affinity two-phase partition
other membrane components, and (4) it has a tendency tGnehod requires carefully controlled conditions and optimi-
exist as multiple structures. zation for specific tissue sourc&sTwo-phase partitioning
21.1. Colloidal Silica Ik? also compatil_:)l_e vyith nonionic_ detergent-solubilized mem-
ranes for partitioning of proteiré.

One solution to the problem of PM isolation from cultured ~ When Schindler et & applied two-phase affinity parti-
cells was presented by Jacobson and co-wofRé?a) which tioning to brain plasma membranes followed by 1pE=-
they applied a thin layer, or pellicle, of cationic, aluminum MS/MS, out of~500 total proteins, 42% were estimated to
chlorohydroxide-coated colloidal silica to intact cells. The be PM proteins and 49% were estimated to be IMPs,
anionic phospholipid head groups of the membrane, as wellincluding a few (at least 50) with 2 TMDs (DAS-TMifilter;
as carbohydrate moieties of glycoproteins, form a strong ionic may overpredict TMDs with a higher rate than TMHM®1
interaction with the positively charged silicghe same In another report, Cao et &.analyzed rat liver PM
principle used in the polylysine coating of cell culture dishes purified by a sucrose density gradient and two-phase
to promote cell adherence. The cationic particles are thenpartitioning, identifying 428 proteins following 1DEEC-
cross-linked using the anionic polymer poly(acrylic acid), MS/MS. Plasma membrane enrichment was estimated at
forming a supportive matrix. Upon cell lysis, the PM remains 67%, with a fair number (87, 43%) of proteins integral to
associated with the support in the form of large, open sheetsthe plasma membrane, including a few (15) having more
which can be readily isolated by centrifugation owing to the than two TMDs (TMHMM).
increased density afforded by the pellicle. Membranes can From these limited examples, it appears that two-phase
then be washed with sodium carbonate and solubilized by partitioning method does provide enrichment of PM, on par
SDS. If adherent cultured cells are treated with the colloidal or slightly better than what could be expected from density
silica, the pellicle-coated apical surfaces can be selectively gradient centrifugation. Like the colloidal silica technique,
removed, while the basolateral membrane remains attachedaqueous-polymer two-phase partitioning requires a certain
to the plate, providing a means to differentially profile the degree of expertise as well as differential optimization for
two cell surfaces§? each sample.

Rahbar and Fenselduapplied the colloidal silica tech- o )
nique to MCF-7 cells using 1DE coupled witi.C-MS/ 2.2. Enriching for Integral Membrane Proteins
MS, identifying 366 proteins, with an estimated 43% . . .
localized to the PM. In a more recent study, 540 proteins 2-2-1- Removing Membrane-Associated Proteins
were identified with~40% localized to the PP Because IMPs are often in very low abundance, multiple

The colloidal silica technique is not limited to cultured enrichment strategies are beneficial. Membrane-associated
cells. For example, Schnitzer and colleagues have isolatedproteins interact with polar lipid head groups or IMPs and
PM directly from lung tissué'-®2In one experiment, isolated can be stripped (to some degree) using high-ionic-strength
PMs were analyzed by MudPIT, giving 450 identified or high-pH buffers. Owing to their interactions with the lipid
proteins, of which 81% were PM-localized. Of the total PM hydrocarbon chains, IMPs and anchored proteins are gener-
proteins, 31% were IMPs or GPl-anchored proteins (known ally only solubilized using detergents or organic solvéfs.
in literature, or predicted by TMHMM). Thus, colloidal silica  For ionic dissociation, typical salts include sodium chloride,
can provide a viable means to enrich for PM, although, like potassium chloride, sodium bromide, and potassium bromide.
any method, it may require a certain degree of skill and Concurrent sonication allows stripping of both sides of the
optimization to achieve better enrichment for PM than that membrane.
afforded by density gradient centrifugation (e.g.;%821% Alkaline treatment using sodium carbonate (or sodium
for rat liver PM reported by Zhang et af33° hydroxide) is widely used to enrich for IMPs; see, e.g., refs
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Table 1. Recommended Strategies for Removing Membrane-Associated Proteins and Lipids (Section 2.2)

comments
removing associated proteins
high-pH (sodium carbonate) wash removes many (not all) membrane-associated proteins
high-ionic-strength (salt) wash removes many (not all) membrane-associated proteins
enzymatic membrane shaving enzyme removes membrane-associated proteins missed by high-salt/high-pH, see section 5.1
removing lipids
methanol/chloroform precipitation removes lipids that can interfere in digestion, chromatography, MS analysis

35, 39, 43, 50, 69, and 70. Additionally, the high-pH1(1) facilitate digestion without (1) interfering with separation,
buffers cause membrane vesicles to open, allowing releasg?2) overly attenuating proteolytic activity, or (3) compromis-

of trapped soluble and membrane-associated proteins, withing MS analysis. The properties of chaotropes, detergents,
dissociation facilitated by sonication or mechanical agita- and other denaturants are discussed below, and a summary
tion.”>"73 Pasini et af* report that, with increasing number  of solubilizing/denaturing agents is given in Table 2.

and strength of carbonate washes, the number of identified

IMPs (as well as GPl-anchored proteins) remains stable, but3.1. Chaotropes

membrane-associated proteins experience a significant de-
crease in abundance.

A combination of high-ionic-strength and high-pH washes
can result in further enrichments of membranes; however
Fischer et al® note that the efficacy of such washes can be
membrane-dependent. Even in combination with sonication
and detergents for inhibiting vesicle formation, washing
procedures were ineffective at removing soluble and periph-
eral membrane proteins from the bacteri@mglutamicum
possibly due to its specific cell wall composition. Their
solution to removal of soluble and membrane associated
proteins was to predigest all loosely associated proteins
(including IMP soluble domains) with trypsin, a strategy that
has also been applied to mitochondfiglRecommended
strategies are summarized in Table 1.)

Chaotropes are strong denaturing agents that stabilize
unfolded protein states (as compared to native) via hydrogen
bonds and electrostatic interacticis?” The most common

' reagents are urea, thiourea, and guanidinium chloride. Urea

and/or thiourea, in combination with various detergents, are

often used to solubilize proteins for separation by isoelectric
focusing (IEF; see section 4.1.1). Thiourea is better than urea
at disrupting hydrophobic interactions, thus its inclusion for
membrane protein applications. It is also considerably more
soluble in aqueous solution if a high concentration of urea
is present® Typical trypsin digestion protocols for soluble
proteins call for the use of urea or guanidinium chloride

(thiourea can inhibit proteas@sto facilitate enzymatic attack

of otherwise occluded domains. While urea will not extract

most IMPs (particularly polytopic proteins) from the mem-

2.2.2. Delipidation brane’®° urea does significantly facilitate digestion of -

exposed soluble domains in on-membrane digestion experi-

A second sample preparation concern specific to IMPS is ments (see sections 5.1.1 and 5.2.1). It should be noted that,
the removal of lipids, which can interfere with enzymatic \when heated above 37C, urea can cause problematic
digestion (a property exploited for membrane shaving carbamylation of N-termini and lysine residi&sSmall
experiments, see section 5.1), gel electrophorésisPand  molecules such as chaotropes (also salts, buffers) do not
uLC.”™® The most widely used method (Table 1) involves interfere with peptide analysis by standartiC-MS/MS
protein precipitation by adding methanol/chloroform to a methods, as, unlike peptides, they do not bind to ion
proteomic preparatioff, whereby lipids partition into the  exchange or reversed-phase resins, and they are thus removed
chloroform layer and proteins precipitate at the chloroform/ pefore peptides elute from the column. A separate desalting
aqueous methanol interface. Separation can also be achievedtep is often necessary prior to MALDI analysis to prevent

via protein precipitation with cold acetone, either alone or interference by high concentrations of chaotrofes.
in combination with other organics (e.g., refs-88B),

resulting in the selective solubilization of the lipid compo- 3.2. Detergents

nent. Similarly, acetone washing following trichloroacetic

acid (TCA) precipitation will also remove lipid8;’8though

it should be noted that TCA precipitation itself does not result

in delipidation. Alternatively, ethanol treatment can be useful

for the precipitation of proteins/solubilization of lipids.
After precipitation, proteins are resolubilized using various

Detergents are a class of amphipathic molecules containing
both hydrophilic and hydrophobic domains. This particular
structure allows for self-association (e.g., micelle formation)
and binding to hydrophobic surfaces such as those found in
TMDs. In a broad sense, detergents are lipid-mimetic, but

buffers, denaturants, and detergents with the aid of heat,"€Y aré distinguished by the concentrations at which they
sonicat’ion and/or r'nechanical agitation. In the case 0f’self—assouate and the particular higher-order structures they

5 o )
methanol/chloroform, it has been found that sonication of can adopt” Detergents can be classified into four main

the protein pellet in aqueous methanol produces a fine protein_groups—llnear-chaln ionic, nonionic, bile acid, and zwitter-

. : o ionic—with each class differing in its ability to solubilize
powder that is much more readily solubilizéd. and denature IMPs. Also included are detergents specifically

3. Protein Solubilization and Denaturation designed to be compatible with MS analysis.
Protein solubilization and denaturation are of special 3.2.1. lonic Detergents

consideration for IMPs, as their hydrophobic domains resist lonic detergents have a cationic or anionic head group

exposure to aqueous solvents, causing aggregation, adsorpattached to a hydrocarbon chain. The classic example of an

tion, and precipitation, leading to sample loss and hindering anionic detergent is SDS, which is extremely efficient at

enzymatic access during digestion. Thus, reagents must besolubilizing and denaturing proteffisind preventing adsorp-

specifically chosen so as to maintain IMP solubility and tion onto container wall® As such, SDS is instrumental
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Table 2. Summary of Solubilizing/Denaturing Agents (Section 3)

compatibility
class common reagents general characteristics enzymatic digest MS
chaotropes urea, thiourea, strong denaturing agents, low potential urea and guanidinium may require desalting
guanidinium chloride for membrane disruption, used in chloride generally prior to MALDI, removed
conjunction with detergents for IMP compatible by uLC (does not bind to
solubilization and/or digestion solid phase)
detergents
ionic SDS strongest denaturing agent with high generally compatible causes severe ionization
potential for membrane disruption, at 0.1% suppression, somewhat
recommend solubilization &t 1% removed by SCX
with heating, generally used prior to
SDS-PAGE or when affinity purification
allows removal
nonionic Triton X-100, mild denaturants, moderate potential generally compatible  causes low to moderate
NP-40, Brij, OG, for membrane disruption, generally used ionization suppression,
digitonin, CYMAL-5 for solubilization prior to IEF or to aid in largely removed by SCX
in-gel digest (OG, CYMAL-5)
bile acid salts  SDC, sodium cholate mild denaturants, moderate potential f@% SDC compatible = SDC removed by
membrane disruption with trypsin acidification
zwitterionic CHAPS, ASB-14 moderate denaturants, more potential generally compatible causes low to moderate
for membrane disruption than ionization suppression
nonionic/bile acid detergents
MS compatible RapiGest (ionic), moderate denaturants, moderate potentiagenerally compatible RapiGest/PPS removed by
PPS (zwitterionic), for membrane disruption at~0.1% acidification; Invitrosol
Invitrosol (proprietary) compatible with MALDI
and ESI
organic solvents  60% methanol/ strongly denaturing, high potential for attenuates enzyme directly compatible or can
aqueous buffer membrane disruption activity be diluted/removed by
evaporation
organic acids 90% FA, 70% TFA strongly denaturing, high potential for used with CNBr digest directly compatible or
membrane disruption can be diluted

for solubilization prior to SDS-PAGE, but its incompatibility ~detergents such as @& 1% or CYMAL-51% facilitates
with IEF has led to significant problems for membrane recovery of IMP peptides during in-gel digest. Both reagents
proteomics by traditional 2DE (see section 4.1.1). At low appear to be generally compatible with MALDI aptiC-
concentrations (0.1%), SDS is readily compatible with most \s/MS analysis, though some interference for the former
digestive enzymes. was reported®1% In general, the nonionic glycosidic
_SDS is an efficient denaturant and solubilizing agent by getergents are fairly ESI-compatible at low (0-@L1%)
virtue of two chemical properties: (1) its long, flexible  concentrations (as measured by continuous infusion with
hydrocarbon tail forms hydrophobic interactions with polypep- myoglobin)1% Triton X-100 tends to be problematic for
tide chains-irrespective of amino acid identity or sequefice MALDI % and ESJ
breaking existing intra-protein interactions, and 2) its anionic '
head group associates with positively charged side chains, , )
disrupting ionic proteir-protein interactions and maintaining  3.2.3. Bile Acid Salts
electrostatic repulsion, preventing protein aggregation. SDS
binds proteins with a 1.4/1 w/w ratio, encasing the protein  Bile acid salts, such as sodium deoxycholate (SDC) and
in a virtual shell, which (1) may sterically hinder digestion sodium cholate, are also ionic detergents, but they have
enzymes and (2) can be difficult to remove completely by significantly different properties than linear-chain ionic
dialysis or ion exchang®.This can be quite problematic  detergents such as SDS. They are steroidal compounds,
for proteomic MS applications because SDS can interfere naying a polar and apolar face rather than a distinct “head”
W'tgrl 9%'-096_98 el‘g‘od severely suppress ionization by MAL-  gnq «ail", and they have significantly less solubilizing/
DI**®and ESE denaturing capability®® Zhou et al'° evaluated the use of
3.2.2. Nonionic Detergents SDC. in place of SDS for in-solution and in-gel digestion of
rat hippocampal plasma membrane as assessed by MALDI-
Nonionic detergents have polyoxyethylene (e.g., Triton pMF and uLC-MS/MS. Performing in-gel digest in the
X-100, NP-40, Brij) or glycosidic [e.g.n-octyl glucoside  presence of 0.1% SDC improved membrane proteome
(OG), S-cyclohexyl-1-pentyp-p-maltoside (CYMAL-5),  anavsis, giving 26 vs 19 protein IDs and 10 vs 5 IMPs as
digitonin] polar head groups combined with a hydrophobic compared to the case of no additive detergent. For in-solution

tail. Because nonionic detergents distupt lipighid and digest, SDC (in contrast to SDS) was found to be compatible

lipid —protein interactions rather than proteiprotein inter- ; -~ . 0
actions, they are considered relatively mild detergents. ForWlth tryptic digest at concentrations up to 2%. Use of the

some classes, this effect can be strongly influenced by thePil€ salt also resulted in more total protein identifications
hydrocarbon chain length, with shorter chain detergents (71 vs 31) and more IMPs (50 vs 22) bt C-MS/MS.
capable of greater solubilization and structural disrup- Because SDC precipitates at low pH, acidification prior to
tion 101192(Indeed, the insolubility of lipid rafts in nonionic ~ sample analysis results in SDC forming a gel-like precipitate,
detergents is often exploited for their isolatit§f1%) Despite facilitating removal from solution and preventing any
their mild nature, inclusion of small amounts of nonionic potential ion suppression.
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3.2.4. Zwitterionic Detergents

Zwitterionic detergents such as CHAPS or the sulfobe-
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3.2.6. Principles of Detergent Solubilization

For the more mild (nonionic) classes of detergents,

taines (e.g., ASB-14), have intermediate properties, beingsolubilization is a process by which detergent molecules first
better solubilizing agents than bile salts/nonionic detergents Partition into the membrane vesicle bilayer, until the native
but not nearly as strong as linear-chain ionic spetfsor membrane can accommodate no more detergent without
example, CHAPS, a synthetic derivafieof the naturally significant structural alteration due to the destabilizing effects
occurring bile salts, is generally nondenatutiddut is a of detergentdetergent interactions. This results in bilayer
better solubilizing agent than the bile salts and more fragmentation and the formation of mixed detergent/phos-
disruptive to proteir-protein interactions than either the bile Pholipid micelles. Individual proteins/oligomers thus become
salts or Triton X-10023 It also does not appear to signifi- €mbedded in their own small (nonsedimenting) mixed
cantly interfere with trypsin dige¥tor ESI (0.1%, continuous micelles or sheet structures, with hydrophobic TMDs largely

infusion of myoglobin}®but it can suppress ionization using €ncased in a detergent coating. At this point, proteins are
MALDI. % yod ) PP g considered solubilized, and any further addition of detergent

simply leads to dilution of phospholipid. It should be noted
that encasement of hydrophobic regions may not be com-
plete, potentially leading to protein aggregati@ft20-12

As mentioned above, many detergents can significantly In contrast, SDS is postulated to achieve solubilization by
interfere with MS analysi&®° To circumvent some of these  a different mechanism. SDS is observed to interact more
problems, “MS-compatible” detergents have been introduced. strongly with proteins than with lipids, effecting protein
These include the acid-labile surfactants RapiGest (ionic, extraction and unfolding prior to solubilization of the bilayer,
Waters}'* and PPS (zwitterionic, Protein Discoveryy, as demonstrated by the model protein,CATPase!?!
which have a labile ketal functional group between the Second, due to the low flip-flop rate of charged detergents
hydrophilic head group and the hydrophobic tail and thus such as SDS, membrane solubilization is thought to proceed
break down into innocuous nonsurfactant byproducts upon by outer-leaflet phospholipid extraction into detergent mi-
hydrolysis. Invitrogen has also marketed MALDI- and LC/ celles, leading to destabilization, fragmentation, and eventual
MS-compatible Invitrosol reagents (proprietary), which either micelle solubilization, rather than supersaturation of the
do not interfere with PMF/protein analysis or have orthogonal native membrane. Additionally, unlike more mild detergents,
LC elution (high organic %) to most peptides, respectively. SDS is capable of solubilizing protein aggregates formed
An acetal-based combination detergent/MALDI matrix has during the intermediate stages of solubilizatiéh.
also been reported® as well as fluoride-cleavable and
photolabile detergents’

To compare the relative efficiencies of some “MS- The critical micelle concentration (CMC) is the detergent
compatible” detergents for the analysis of a complex pro- concentration at which self-association gives rise to micelle
teome, Blackler et aft® solubilized an enriched HelLa cell formation. The CMC decreases with alkyl chain length and
membrane preparation in 1% solutions of RapiGest, PPS,increases with double bonds and branch points; for ionic
Invitrosol, SDS, CHAPS, or Triton X-100 oni8 M urea. detergents, CMC lessens with greater concentrations of
Solutions were diluted to 0.1% detergent @M urea) for counteriont®t is at or near the CMC that enough detergent
trypsin digest. The acid-labile surfactants (RapiGest, PPS)is present to disrupt membrane vesicles so that solubilization
were hydrolyzed, and all samples were analyzed:b@- of IMPs can begin to occuf?'?° In general, detergent

3.2.5. "“MS-Compatible” Detergents

3.2.7. Detergent Concentrations

MS/MS. It was found, not surprisingly, that SDS performed
very poorly due to significant ion suppression. In contrast,
the commercially marketed MS-compatible detergents

concentrations in the range of-2% are used to solubilize
proteins, which is above the CMC of most common
detergents (for list see le Maire et‘8and Banerjee et at?.

It should be noted that CMCs for all detergents vary

according to the particular characteristics and composition
of the solution (detergent, protein, lipid, salt, pH, temperature,
etc.), and the properties of mixed systems are not readily
predicted based on the characteristics of less complex

RapiGest and PPS performed relatively well, witt220
proteins identified for each condition and IMPs making up
20—25% of the total. Invitrosol, CHAPS, Triton X-100, and
8 M urea performed moderately well, with a little over half
as many proteins identified and a similar percentage-(20 )
25%) of IMPs. It is somewhat surprising that Trition X-100 SyStems:

gave decent results, given its reputation as an MS-incompat- In the case of SDS, for optimal SqlubiIization/denaturation,
ible reagent and the presence of obvious detergent peaks ifnembrane preparations can be dissolved % SDS and

the chromatogram. In a similar MudPIT study by Ruth et heated briefly {-100°C) to facilitate complete denaturation.
al. " RapiGest was found to be fairly comparable to 8 M Because most d|gest|ye enzymes will be inactivated at Sl_Jch
urea as a solubilizing agent prior to trypsinization. Because high SDS concentrations as well, the SDS concentration
the relative success of each method depends on a variety o]_should be diluted te-0.1% for trypsin dlgest. This reduction
factors relating to digestion efficiency, chromatography, and N SDS below the CMC+0.23%}? will allow for some

MS detection/identification, the strengths and weaknesses ofd€gree of protein refolding, particularly for the more
each reagent are difficult to tease apart based on these fewlydrophobic species, but it provides better denaturation than
experiments. The outcome for each detergent is also highly'" Proteins were initially solubilized in 0.1% SDS.

sample and protocol dependent. It is clear, however, that the
relative effectiveness of a detergent as a solubilizing/
denaturing agent is only one of the factors that must be The cloud point, or critical point, is the temperature at
considered for the successful analysis of IMPs using awhich a clear, homogeneous nonionic detergent solution
shotgun approach. becomes turbid upon heating and eventually separates into

3.2.8. Phase Separation
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Table 3. Summary of Separation Strategies (Section 4)

IDs? %IMP comments
Gel-Based Protein Separation
IEF/SAS-PAGE 1000's <15% not advised for IMPs, good examples30% IMP) extremely limited/not
easily reproduced
BN/SDS-PAGE low 100’s ~50% good separation of protein complexes
16-BAC/SDS-PAGE low 100’s ~50% not highly orthogonal separation
dSDS-PAGE ~100 ~30% (?% not highly orthogonal separation, limited examples
1DEuLC high 100’s ~50% well established, very widely used, best gel-based method
Solution-Phase Protein Separation
solution IEF/1DE#LC or 2DE low 100’s ~50% limited examples
ion exchange/1DEA.C low 100’s ~50% limited examples
RPLC/1DE omulLC low 100’s ~20% (?) limited examples, best at elevated temperature
Shotgun Methods
UCIEFuLC 1000’s ~25% (?) limited examples, not applied to optimized samples, promising technique
MudPIT 1000's ~65% well established, very widely used
uLC or MudPIT + heat high 100’s ~80—98% combined with new TMD-targeted sample preparation technique

(see section S.2.1), greatly improves recovery of hydrophobic peptides

aNumbers are representative of the average protein identifications (IDs) or IMP enrichr{@rindicates higher enrichment may be possible,
but current examples are limited

detergent-rich and detergent-poor phases. This behavior hasial contact with bulk waterdeforming the membrane by
been exploited for the purification of membranes, which tend forming deep pockets or wells in the membrane surface,
to partition into the detergent-rich pha¥dlriton X-114 has where it accumulates within/below the lipid headgroup
a particularly advantageous cloud point of 2€; thus, region; however, due to its solvation shell, it does not directly
proteins can be solubilized at or neaf®, partitioned into interact with lipidst®>136|n general, as the number of GH
the detergent phase upon heating t6@0and then separated groups increases, an alcohol’s interactions with lipid tails
by centrifugationt?> However, proteins besides IMPs tend become more favorable, allowing for faster crossover rates
to partition into the detergent-rich phase, giving incomplete and increased incorporation into the bilayer. This partitioning
separatiorf.Aqueous-polymer systems (e.g., PEG/dextran) alters vesicle shape and increases membrane fluidity, dis-
will also separate according to the same principle (for a order, and permeabili}#>37 In excess, short-chain alcohols
review, see ref 63). have the potential to severely compromise membrane

integrity, leading to IMP solubilization and denaturation.
3.3. Aqueous —Organic Solvents

Aqueous-organic solvent systems (acetonitrileater, 3.4. Organic Acids
methanot-water) are an alternative to detergents for facilitat- ~ Organic acids [e.g., formic acid (FA), trifluoroacetic acid
ing protein digestion. Unlike most detergents, organic (TFA)] are also capable of membrane disruption and IMP
aqueous solutions are directly compatible witlC-MS/MS solubilization, and they are compatible with downstream
or can be easily removed by evaporation, reducing sampleuLC-MS/MS analysis. The technique was originally applied
handling and potential loss. While such solutions aid in the to membrane preparations by Washburn etéznd it has
denaturation and solubilization of substrate protéf#s?® since been used by a number of groups. Martosella 8t al.
trypsin and other proteases retain a useful degree of activ-used 80% FA to solubilize IMPs prior to RPLC separation,
ity.124126.127The denaturation potential of organic solvents achieving good recovery of very hydrophobic lipid raft
is due to their increased hydrophobicity relative to water, proteins. In another example, Da Cruz et%dolubilized a
which allows for some stabilizing effect on nonpolar residues membrane preparation in a minimal volume of 90% FA prior
exposed in the unfolded state. Studies by Russell & al. to dilution with an ammonium carbonate/8 M urea buffer
compared digestion of model proteins in orgarégueous for trypsin digestion, identifying a number of IMPs by off-
vs aqueous buffers, with 60% methanol, 40% acetone, 40%line MudPIT. However, by far the most common application
acetonitrile, or 80% acetonitrile affording superior digestion. is membrane proteome solubilization in 90% FA followed
Trifluoroethanol has also been advanced as an effectiveby in-solution digestion with cyanogen bromide (CNBr) for
organic cosolvent for protein solubilizatid#f 13! methionine-directed cleavaljé®4573.758413941 (see also

In addition to protein denaturation, organic solvents can sections 5.2 and 6.3). In contrast, in-gel digestion with CNBr
have disruptive effects on membrane bilayers and, thus, canhas been performed using -580% TFA to aid in protein
be used to solubilize IMPs as well. In particular, 60% denaturatior$é.105106
methanol has proven effective in solubilizing detergent
resistant lipid rafts prior to trypsin digestiti®* 13 (see also 4, Separation Strategies for Proteins and
section 5.2). Effects of short-chain alcohols (e.g., methanol, Peptides
ethanol) on lipid membranes have been studied extensively ] S .
in the literature (see refs 139.37 and references therein). A summary of separation strategies is given in Table 3.
Owing to their different hydrophobicities, ethanol and ) )
methanol tend to interact in distinct ways with the membrane. 4.1. Gel-based Methods for Protein Separation
Ethanol localizes to the hydrophilic headgroup region, just . ,
below the membranewater interface, forming extensive 4.1.1. Isoelectric Focusing (IEF)/SDS-PAGE
hydrogen bonds with resident lipids. In contrast, methanol |EF followed by SDS-PAGE (traditional 2DE) has long
maintains a shell of water molecuteand possibly substan-  been the standard method for the analysis of complex protein
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mixtures. This technique allows for the resolution~df000 proteins, including all IMPs and many soluble proteins. This
proteins and can be combined with quantitation techniques net negative charge confers electrophoretic mobility, aqueous
such as difference gel electrophoresis (DIGE)Resolved solubility, and reduced aggregation, even in the absence of
protein spots are excised from the gel and subject to in-gel detergents. Unlike SDS, which binds with a highly predict-
tryptic digestion and analysis by MS (either PMF or MS/ able detergent/protein ratio of 1.4 g/g, binding of Coomassie
MS) to identify proteins of interest. However, standard to proteins is much more variable. As such, a different
techniques are, by and large, not compatible with the mechanism-molecular sieving, rather than migration rates
proteomics of IMPs. Proteins are amphoteric compounds, allows determination of molecular weight, up to 10 000 kDa.
having both acidic and basic functional groups. As such, there While the lower acrylamide concentrations of SDS-PAGE
is a specific pH, defined as the isoelectric point (pl), at which allow for essentially unrestricted movement of all proteins
a protein carries no net charge and is thus stable in an electriqi.e., all but the extremely high-molecular-mass proteins
field. This property is exploited for first dimension IEF, would run out of the gel provided sufficient time), in contrast,
which separates proteins based on their pl. Proteins areit is the pore size of BN gradient gels that determines the
introduced to a pH gradient (e.g., created by carrier ampho- end-point of migration for individual proteins/complexXé&!4®
lites), and an electrical current is applied. At a pH either BN-PAGE does not have the protein precipitation problems
above or below their pl, proteins are negatively or positively associated with IEF because proteins are never net neutral:
charged, respectively, and migrate toward the opposite polethe anionic Coomassie dye remains associated with proteins
until their pl is reached. Under these neutral conditions, and, additionally, 6-aminocaproic acid or 6-aminohexanoic
solubility in aqueous buffer is at a minimum, and highly acid is substituted for NaCl, allowing for electrophoretic
hydrophobic proteins tend to precipitate, precluding transfer separation with constant ionic strengths opposed to having
into the second dimension. In the best case scenario,the salt migrate ahead of the proteihelping to maintain
polytopic proteins will partially transfer into the SDS-PAGE  solubility.1%° Following BN-PAGE, a second dimension SDS-
second dimension, compromising visualization, accurate PAGE step can be added to further resolve the individual
quantification, and MS identificatioff. Strong detergents components of each complex.

such as SDS, capable of solubilizing complex multipass A related approach is clear native (CN)-PAGE, which
IMPs, are incompatible with the low-ionic-strength require- follows the same protocol as BN, but with the Coomassie
ments of IEF. Proteins coated with ionic detergents have dye omitted. It is typified by lower resolution and is restricted
drastically altered pls, resulting in poor resolution (or to proteins with an intrinsic net negative charge at the running
complete loss of protein due to migration to the electrode). pH (typically 7.5), since there is no ionic additive to confer
Additionally, ionic compounds in solution will act as mobile 3 charge shift4314° However, Wittig et als! recently
ion exchangers, slowing and/or skewing protein migratfon.  described a “high-resolution” version of CN-PAGE. As in
As such, solubilizing agents are limited to compounds that previous applications of CN- and BN-PAGE, the cathode
are nonionic or zwitterionic over the entire pH range, which puffer contains a nonionic detergent (dodecylmaltoside or
are not nearly as effective at solubilizing IMPs. However, digitonin); however, the anionic detergent SDC is substituted
some IMPs can be successfully solubilized using urea andfor Coomassie, maintaining membrane protein solubility,

thiourea in combination with various detergents (e.g., dodecyl imparting proteins with a net negative charge, and increasing
maltoside, Brij56, C13E10, ASB14, and C7BZB}#3144 resolution to the level of BN-PAGE.

However, this does not alleviate the low transfer rates into BN/SDS-PAGE has proven generally successful for the
the second dimension, as demonstrated by protein stainingdentification of IMPs!®? Stenberg et a2 identified 44

of the IEF strip following transfet! These inherent difficul-  proteins-representing 34 protein complexesom inner
ties are now widely recognized by the proteomics com- membrane vesicles isolated frof. coli. According to
munity. And, while there are occasional repéts® of TMHMM prediction, 55% of proteins contained at least one

obtaining high percentages 80%) of IMPs using traditional ~ TMD. In an analysis of murine intestinal brush border
2DE, complex multipass and/or very hydrophobic proteins membranes, Babusiak et’&f.reported 27 predicted IMPs
are nearly always severely underrepresented. With regard(SOSUI) out of 55 identified proteins (49%) using the BN/
to work by Aivaliotis et al}**the prediction algorithm they ~ SDS-PAGE technique. Importantly, complex multispanning
used (TMpred) may overestimate TMDs in soluble proteins |MPs are amenable to separatfdi®3 155 In terms of overall

by 20%6" to 50%;“® so the actual enrichment they achieved numbers, BN/SDS-PAGE is able to resolve at least several
is questionable. In response to these limitations, there arehundred spots per g&l® Reifschneider et &t identified
now a variety of alternative gel-based techniques that are~140 proteins from crude mitochondria (19% IMP), and

now widely used for the identification of IMPs. Lasserre et a? were able to assign over 160 proteins
. representing 124 membrane protein complexes fronk.an
4.1.2. Blue Native (BN)/SDS-PAGE coli membrane preparation.

BN-PAGE was originally developed by Schagger et g 3 gen,yidimethyl-n-hexadecylammonium Chloride
all4n148for the determination of the mass and oligomeric (16-BAC)/SDS-PAGE
state of mitochondrial membrane protein complexes. As the
name implies, the method maintains (in many cases) enzyme Proteins analyzed by 16-BAC/SDS-PAGE are separated
activity and native proteiprotein interactions due to use according to molecular mass in a discontinuous acidic
of mild reagents and a running pH of 7.5. Proteins are gradient (pH 4.6-1.5) using the cationic detergent 16-BAC
initially solubilized in a minimal amount of mild, nonionic  in the first dimension and standard SDS-PAGE in the second
detergent (e.g., digitonin, Triton X-100, dodecylmaltoside), dimension. Even though protein migration is dictated by
and the anionic dye Coomassie brilliant blue G-250 is added. molecular weight in both dimensions, the two detergents have
Due to its hydrophobicity and relatively poor solubility in  different intrinsic binding properties, which allows for
water, Coomassie binds exposed hydrophobic surfaces ofreasonable separation of proteins of similar molecular
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weight!®” As a solubilizing agent for membrane proteins,
16-BAC is fairly potent-superior to the nonionic/zwitterionic
detergents used for IEFbut not quite as good as SBY.
Because only~20% of the gel surface is utilized for

Speers and Wu

SDS-PAGE, and 29% for 1D-SDS (prediction method not
reported).

4.1.5. 1D-SDS-PAGE

separation, resolution is compromised, so only a few hundred g, complex proteomes, 1D-SDS-PAGE (1DE) alone is
proteins can be visualized at one time. Accordingly, protein jnsufficient for adequate separation prior to direct MALDI

isoforms with variable modifications will tend to migrate analysis. For example, Moebius et al. report finding 10 or
together. Due to this comigration, some additional separation ,qre proteins per bané in a typical 1DE separation, v& 1

of in-gel digested peptidegI(C) prior to identification by
MS is generally necessatf®

Using 16-BAC/SDS-PAGE, Zahedi et ‘&P identified 146
proteins from whole mitochondria and 57 proteins from

proteins per spot in 16-BAC/SDS-PAGE separaffoHow-

ever, 1DE can be combined with any number of solution-
phase chromatographic techniques. The most common
method is RRLC, which separates analytes based on

enriched mitochondrial membrane preparations. Applying the hydrophobicity (see section 4.2.3 for discussion) and can be

SOSUI topology prediction algorithm, 47% and 70% of

directly interfaced with ESI or MALDI MS. A 1DE approach

identified proteins, respectively, were characterized as IMPs. has the advantage of being well-established, easy to use, and
Of the latter data set, more than two-thirds of identified h|gh|y reproducib|e, Capab|e of Separating proteins with a
proteins were reported to have pls greater than pH 8 andwide range of molecular masses, pl values, and hydropho-

thus were difficult to resolve by standard 2DE. Several
proteins also exhibited high GRAVY scores(.25), outside
the typical range of 2DE. The identification of such protein
species selectively in 16-BAC/SDS-PAGE is consistent with
efficient transfer into the second dimension, which was
confirmed by staining the first-dimension lanes following
second dimensional electrophoresis.

Moebius et aP® applied 16-BAC/SDS-PAGE to the

bicities, largely thanks to the use of SDS. WhileC has
some bias against long, hydrophobic peptides, it is expected
that not all peptides generated from digestion will have such
characteristics, allowing for protein identification, if not full
sequence coverage.

Using the 1DE4LC-MS/MS platform, many researchers
report the identification of+125-200 proteins, with any-
where from~20 to 55% IMPS1 3447 However, there are

analysis of the human platelet membrane proteome and wereseveral illustrative examples of the power of this technique

able to identify 233 total proteins usingLC-MS/MS
analysis. Of those proteinsy36% had at least 1 TMD;
however, the vast majority~93%) had only +2 TMDs
(TMHMM). This bias may not be inherent to the 16-BAC/

for identifying fairly large numbers of proteins, in some cases
rivaling shogun approaches. Zhao etfaldentified 898 cell-
surface biotinylated proteins by 1DH-C-MS/MS, with an
estimated 53% IMPs (SOSUI). Rahbar and Fenselau were

SDS-PAGE system but rather a factor of in-gel trypsin digest able to identify 540 proteins from colloidal silica-enriched
in general. Indeed, a 1D SDS-PAGE analysis yielded a plasma membrarfé,and Cao et &7 identified 428 proteins

sample of similar composition: 40% of 140 proteins with
at least one TMD and only 7% with more than two TMDs.
Morciano et al® experienced similar problems. They

from rat liver plasma membrane, with29% estimated
enrichment of IMPs (TMHMM). Schindler et &.applied
1DEuLC-MS/MS to an isolated rat brain plasma membrane

separated immunoisolated synaptic vesicles by 16-BAC/SDS-fraction, resulting in the identification of 506 proteins, of

PAGE, identifying over 100 proteins by in-gel trypsin digest
and MALDI PMF. While some complex IMPs were included

in their identifications, others could only be detected by
immunoblotting, suggesting inefficient in-gel digestion and/
or extraction; however, lack of peptide separation prior to
MS analysis could also have been a contributing factor.

4.1.4. SDS/SDS-PAGE
A third alternative form of 2DE is SDS/SDS (dSDS)

which 49% were IMPs and 67% had more than one TMD
(DAS-TMfilter, may overestimate as compared to TM-
HMM).

By far the highest identification rate came from Park et
al.'*2 who identified over 1300 proteins (60% integral,
anchored, or associated) from analysis of an enriched
membrane fraction isolated from human brain tissue.

Thus, in terms of overall numbers, 1DE-C-MS/MS
definitely ranks as a global proteomics platform. The routine

PAGE, where a low percentage acry|amide ge] is used for identif!cation of _Sevgral hundreds of proteins pUtS the
the first dimension and a high percentage one is used forresolving power in line or ahead of the alternative 2DE
the second. dSDS separation has been reported to result i@Pproaches discussed above (BN/SDS, 16-BAC/SDS, dSDS),

the migration of complex TMD proteins to a different region
of the gel as compared to hydrophilic speci®@dacilitating
spot picking for analysis. This variant of 2DE has not been
as widely implemented as BN/SDS or 16-BAC/SDS-PAGE.

Hunzinger et af? report the identification of 41 proteins

with a more straightforward implementation. This is not
surprising given that separation in the second dimension is
based on peptide rather than protein migration, providing a
more orthogonal separation. (However, it should be noted
that BN/SDS-PAGE is unique in its ability to analyze native

following dSDS separation (as compared to 71 for BN/SDS Protéin complexes.) Moderate enrichment of IMPS5%)

and 30 for 16-BAC/SDS using MALDI PMF). Burre et4l.

can be attained using 1DE, though hydrophobic domains may

applied dSDS to the analysis of the synaptic vesicle pro- be underrepresented in MS analysis (see_ next section). L.Ike
teome, resulting in the identification of 96 proteins after the other gel-based approaches, analysis of gel bands is a
MALDI-MS/MS analysis. Proteins were reported to be less limeé-consuming process, though potentially highly automated

well resolved as compared to separation by 16-BAC/SDS- With the appropriate robotic equipment.

PAGE, but only 59 proteins were identified by the latter ; . .

technology. 1DE-SDS-PAGELC-MS/MS, the subject of 4.1.6. Analytical Considerations for Gel-Based Methods

the next section, outperformed both methods, with 143 4.1.6.1. In-Gel Digest.Several authors report under-
identified proteins. Integral membrane protein percentagesrepresentation of hydrophobic TMD peptides following gel-
for the three methods were 25% for dSDS, 19% for 16-BAC/ based separation and tryptic peptide extractighi53155160.163
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suggesting an inherent bias against (1) generation of ana-affinity purified lymphocyte plasma membrane proteins. Of
lyzable TM peptides via in-gel trypsinization, due to the those proteins, many were not detected by conventional 2DE,
paucity of Lys/Arg residues in TMDs and/or structural and 74 (58%) were reported to contain at least one TMD
inaccessibility, as hydrophobic domains may reaggregate (prediction algorithm not reported). Pedersen &t fiaction-
after SDS is removed, or (2) the physical extraction of long/ ated yeast membranes (enriched via sodium carbonate
hydrophobic peptides from the gel. Application of different treatment) using a multicompartment electrolyzer equipped
digestion strategies, such as CNBr/TEA106can help to  with isoelectric membranes. The basic proteins (pH.@.5)
generate shorter, less hydrophobic peptides, achieving highewere then further separated by conventional 2DE. In-gel
representation of complex IMPs. Extraction may also be digestion and MALDI-PMF analysis gave 323 protein
facilitated by inclusion of small amounts of mild detergents identifications, of which 105 (33%) contained a predicted
(OG, CYMAL-5, SDC); see sections 3.2.2 and 3.2.3 for TMD (via MIPS yeast database, HMMTOP, and/or literature
discussion. However, these techniques have not yet beersearches). Moreover, 50% of identified peptides belonging
widely implemented. to IMPs overlapped with a TMD. Such good identification
4.1.6.2. Peptide Separation before MS AnalysisAn of IMPs, complete with TMD coverage, is exceedingly rare
important factor limiting overall protein identifications by 1 the 2DE literature, highlighting the importance of opti-
gel-based methods is whether or not peptides are furtherm'zed enrichment and fracthnanon strategies for identifica-
separated prior to MS analysis. Given that most gel spots fion Of low-abundance species.
will contain multiple proteins and that IMPs are generally 4.2 2 Anjon and Cation Exchange
low-abundant proteins, always adding a separation step (e.g.,
uLC) prior to MS analysis should aid significantly in the
identification of species that may otherwise remain obscured.
For example, when Rahbar and Fens&lanalyzed colloidal
silica-isolated PM by 1DE coupled with either nanoESI-MS/
MS (direct infusion) ouLC-MS/MS, protein identifications
increased from~45 to 366 upon inclusion of th@lLC
separation step.

Anion and strong cation exchange separation techniques
can be used for either proteins or peptides, and they are
compatible with the inclusion of mild detergents. Anion
exchange separates analytes as negatively charged species
at high pH via interaction with a positively charged (e.g.,
ammonium) stationary phase and competing negative coun-
terions (e.g., Cl, HCOO"). Conversely, strong cation
exchange (SCX) is based on the separation of positively
. . charged analytes at low pH based on their interaction with
4.2. Gel-free Methods for Protein Separation a negatively charged (e.g., phosphonic/sulfonic acid) station-
4.2.1 Solution-Phase IEE 2?’ [I)\Ihliilje).??qd competing positively charged ions (e.d:, Na
Solution-phase IEF has yet to be extensively applied to From a membrane-enriched fraction of the bacterim
the separation of membrane proteins, so its general utility is glutamicum Schluesener et &.separated proteins solubi-
somewhat unclear; however, it has the potential to circumventlized in the zwitterionic detergent ASB-14 via anion ex-
some of the precipitation and transfer problems associatedchange prior to 1DE. Analysis by MALDI-PMF and_C-
with gel-based IEF. Solution-phase IEF can be carried out MS/MS gave 170 protein identifications, 29% of which were
using several platforms. Multichambered devices are com- membrane-integral (TMHMM). Proteins exhibited wide pl
posed of a series of sample chambers separated by liquid{3.7—10.6) and molecular mass ranges {10 kDa), and
permeable membrané¥:165The pH gradient can be estab- the technique was preferred to 16BAC/SDS-PAGEIn
lished by carrier ampholites either in solution or immobilized another example of anion exchange prior to 1DE, Schmitt
on the membranes themsel#&n the presence of an electric €t al*® identified 92 proteins by MALDI-PMF and MS/MS
field. Protein precipitation on membranes may still be an fromanN. crassamitochondrial outer membrane preparation,

issue when protein pl coincides with membrane H. including a few TMD-containing IMPs. .
Alternatively, free-flow |EF54.165.168,ses a single-chamber Delom et at”®* applied anion exchange, 1D-lithium dode-

apparatus and relies on the continuous transport of acylsulfate-PAGE, and MALDI-PMF to th&accharomyces

proteomic sample in a pH-graded solution established by Cerevisiae plasma membrane proteome, identifying 86
carrier ampholites flowing as a thin, laminar film. An induced ~ Proteins with 53% IMPs according to TMAP (which may
electric field perpendicular to the direction of flow acts as a ©verpredict as compared to TMHMI). Using cation
deflecting force, allowing precise resolution and collection €xchange chromatography, Bagshaw et"akeparated a
of proteins based on their pl. Precipitation is theoretically !ysosomal membrane fraction using & M urea buffer
minimized as compared to the case of gel-based IEF, ascontaining FA and an alkyl glucoside detergent. 10Es-
proteins spend very little time at their pl, and detergents can MS/MS was then carried out on the resulting fractions, giving
be added to the counterflow buffer. After solution-phase IEF, 215 protein identifications, including a number of IMPs.

proteins within each chamber/fraction can be further sepa- Unfortunately, no assessment of protein recovery from ion
rated by gel-based or gel-free techniques. exchange columns was reported, so the relative success of

these analyses is difficult to gauge. However, adding such a

60 . . -
Weber et al* separated enriched (nitrogen cavitation, 4 ionation step prior to 1D-SDS significantly increases the
sodium carbonate treated) peroxisomal membrane proteins, \ mber of gel slices and, thus, the analysis time; however,

by free-flow IEF. After subsequent 1DE separation and ihiq effort has so far resulted in an overall protein identifica-

MALDI-PMF analysis, 35 proteins were identified, of which 5 rate/1MP enrichment that is similar to that obtained by
at least 15 had at least one predicted TMD (consensus OleE#LC-MS/MS.

five different algorithms). o

Using a multichambered Rotofor apparatus, Peirce 8fal. 4-2.3. Reversed-Phase Liquid Chromatography (RPLC)
reported the identification of 127 proteins by solution-phase  Reversed-phase resin consists of silica modified with long
IEF followed by IDEuLC-MS/MS analysis of avidiftbiotin straight-chain alkyl silanes, which preferentially bind analytes
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based on hydrophobicity, such that the most hydrophobic separated proteins onto MALDI plates, and the LC-MALDI

molecules are the most highly retained. As the mobile phasemethod has been applied in several ca&&3%®

ramps from a highly polar solvent (water) to a less polar

solvent (e.g., acetonitrile or methanol), interaction between 4.3.1. 1D vs 2D

the analyte and the mobile phase becomes more favorable, )

allowing transfer from the stationary phase to the mobile N general, 2D (or 3DuLC separations are generally

phase and subsequent elution. The major difference betweergonsidered superior to a 1D approach for complex samples.

RPLC for peptides and proteins is that resins with larger Typically, asingle RP separation is insufficient for in-depth

pore sizes are used for proteins. Solubility and elution can @nalysis, maxing out at750 proteins on a midrange (fast

also be more of a problem for IMPs, as they have a Scanning, low sensmwty).mstrument (1@ tryptic protelr_1

potentially much larger hydrophobic surface area than the digest, 12 cm RP3 h gradient, Thermo-Fisher LTQ), which

corresponding peptides.  RPLC is not amenable to theiS far below the number expected to make up complex

inclusion of detergents; however, the organic component of proteomes. Becau_se ions are chosen for fragmentation in a

the solution phase can aid in solubility to some degree. ~ Semirandom fashion based largely on abundance, low-
McDonald et a7 used a combination of chromatofocus- abundance proteins can easily be overlooked in a complex

86 i i i i -
ing and RPLC (proteins solubilized in 20% acetonitrile, 2% zirtnt%li rf\ﬁzl\zeiﬁgfeegg%?h? r?:gzgiiiﬁ;?scidggr?;ggn
TFA) at 50 °C to separate inner mitochondrial proteins, '

analyzing the tryptic digest of each fraction pyC-MS/ to maximize identifications from a single RPLC run. For

: - S : example, Smith and colleagues utilize long (65 quh)C
MS. They identified over 200 proteins, including some IMPs . )
and protéins with positive GFIQ)AVY scores. Ingcomparison, columns run at ultrahigh presséfté’®and acquire MS/MS

. X o spectra in narrowr/'z ranges (gas-phase fractionatiéi).8718°
fewer than 100 proteins were identified by standard 2DE. In one study ofP. aeruginosa623 proteins (44% IMP by

Martosella et at**found that protein solubilization in 80%  pSORT) were identified using an LCQ Deca ion trap, a fairly
FA and separation using a macroporous RP C18 column atimpressive number considering the LCQ Deca is a relatively
80 °C was optimal for protein separation and, importantly, gjq scanning instrument of lower sensitivify.
recovery. A cursory survey of proteins further separated by
1DE and analyzed byl C-MS/MS gave around 22% IMPs 432 Microcapillary IEF (uCIEF)jul.C-MS/MS
(of 158 proteins; as assessed by GOMiner). The authors note
that the elevated temperature is crucial to protein elution from  One potentially promising alternative to first dimension
the column. This study represents one of the more promisingSCX separation is solution-phase IEF. In addition to its

methods for the LC separation of IMPs. application for separation of intact proteins, IEF can be
applied to peptides by performing the separation in a fused

4.3. Gel-free Peptide Separation: Shotgun silica microcapillary tube £60—80 cm, 100um i.d., 360

Proteomics um o.d.). Separation byCIEF (also referred to as CIEF)

has been used as the first dimension separation in a shotgun

Shotgun proteomié$ is the separation of complex pro- technique, whereby fractions of focused peptides are further
teomic digests followed by either E3lor MALDI?° mass separated byl C for analysis by ESI MS/MS. FuCIEF,
spectrometric analysis. A variety of techniques for peptide a digested protein sample is combined with carrier ampholites
separation can be used either alone or in combination (e.g.,and introduced to a hydroxypropyl-coated microcapillary.
size exclusion, anion exchange, hydrophobic or hydrophilic The ends of the capillary are in contact with dilute solutions
interaction chromatography, monolithic columns, capillary of ammonium hydroxide (catholyte) and acetic acid (anolyte).
electrophoresis, capillary isoelectric focusing, and free-flow Focusing is initiated by the application of an electric field
electrophoresis; for reviews, see refs 171 and-4//). The  over the entire microcapillary and takes80 min. Like the
most widely used shotgun technigu®ludPIT—is a com-  cases of gel and solution-based methods, the pl range can
bination of SCX and RP separation. be varied from~3 to 12. Eluate from the column is loaded

One advantage of the shotgun approach is the greateronto a series of RP trap columns through an injection/
solubility of peptides as compared to proteins in aqueous switching valve interface. The trap columns serve a dual
buffers. A gel-free platform also has the added advantagepurpose: holding peptides awaiting separation and providing
of eliminating problems associated with successful digestion a mechanism for ampholyte removal. From there, sequential
and extraction of hydrophobic peptides from gel slices. fractions are eluted onto&.C column for separation and
However, because proteins are digested en mass prior tcanalysis by tandem MS? The two separation methods are
separation, the complexity problem becomes significantly highly orthogonal, with peptides segregated first by pl and
magpnified. For example, a yeast proteome with 6300 proteinsthen by hydrophobicity. The percentage of peptides found
gives 340 000 theoretical tryptic peptidé8.In addition, in more than one fraction (3825%) is reported to be
validation of protein identifications using biophysical pa- significantly less than that obtained by MudPIT separatidn.

rameters, such as pl and molecular weight, cannot be carried \wang et at*2useduCIEF/«LC to analyze microdissected
out. However, excellent methods exist to estimate false gyarian tumor tissue. After removal of soluble proteins from
discovery rates (e.g., as calculated from matches to athe sample, the pellet was solubilized in 1% SDS and then
randomized protein databa¥€!®' Unlike 2DE, shotgun  dialyzed against 100 mM Tris buffer to remove excess
_methods can be readily tallored to the analysis if IMPs and, detergent prior to trypsinization. FollowingCIEF, tryptic
importantly, TMDs (see sections 4.3.4 and 5.2.1). peptides were separated into 18 fractions, each subject to
Most shotgun studies interface separation with ESI rather uLC-MS/MS analysis. Their study resulted in the identifica-
than MALDI MS due to the extreme ease with which ESI tion of 3303 proteins, 773 (23%) of which were predicted
can be combined on-line wi C separation. However, new  to contain at least one TMD by TMHMM, making this the
techniques have allowed for the off-line depositionC- largest number of total membrane proteins identified from a
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single microdissected tumor sample. The authors alsofide Golgi proteins, of which 70 (64%) were predicted IMPs
confirm good separation using tp€IEF technique, as 75% (HMMTOPZ2). Modification searching identified numerous
of peptides were identified from only one fraction. However, proteins with Arg dimethylation.
the 23% IMP enrichment is quite low (28% predicted IMPs  In order to maximize proteome coverage of the yeast
in the database), and no TMD-containing peptides were mitochondrial proteome, Reinders et*alapplied off-line
identified. MudPIT, 1DEuLC-MS/MS, and standard 2DE-MALDI
The yeast proteome was subject to a similar analy3is. PMF to the yeast mitochondrial proteome, giving 491
Cells were lysed and soluble proteins removed following proteins (26% IMP) for off-line MudPIT, 630 (23% IMP)
centrifugation. The pellet was washed w8 M urea and for IDE«uLC-MS/MS, and 169 (5.9% IMP) for classic 2DE
solubilized in 1% SDS. After dialysis to remove SDS and (assigned from th&accharomyce§enome Database). The
digestion with trypsin, peptides were subject to separation numbers for MudPIT and 1DE were both fairly good, and
and analysis as described above, exQeplEF was con-  they included many low-abundant, extreme pl, and high
ducted in the presencd 4 M urea to help maintain peptide  molecular weight proteins, as well as hydrophobic peptides.
solubility. A total of 2513 proteins were identified, with 634  They were also considerably more comprehensive than 2DE,
(25%) predicted to contain at least one TMD and 407 (16%) which resulted in only five unique protein identifications.
predicted to contain two or more TMDs by TMHMM. In  Notably, MudPIT and 1DE appeared largely orthogonal,
comparison, the entire yeast proteome (6598 ORFs) isoverlapping by approximately one-third (three replicate runs
predicted to contain 884 (13%) IMPs with two or more per condition). Given the large number of identified proteins,
TMDs. this is suggestive of some true degree of orthogonality
In both of theses studies, and in a recent analysis of pbetween the two methods rather than just undersaturation of
formalin vs fresh frozen tissué&} IMPs were not significantly ~ sampling.
enriched beyond that expected for the unfractionated cell/  An important parameter to consider for shogun proteomics,
tissue proteome as a whole. These statistics could likely begr any type of global analysis, is saturation of peptide
improved through the application of more stringent enrich- sampiing. It has been estimated that at least nine MudPIT
ment conditions, such as high-salt or high-pH washes. ryns are required to achieved5% saturation, in agreement
Additionally, no TMD-containing peptides were identified, jith studies by Durr et al., who note that-Z0 runs were
which is not too surprising given that no detergent was addedneeded for significant analytical completen&sgvhile the
for trypsin digestion, which is unlikely to generate peptides apove study by Reinders et al. only used three replicates, it
from hydrophobic domains in sufficient quantity or of s encouraging to findany implementation of replicate
amenable size for analysis. There is also the possibility thatsampling in the literature. One common pitfall resulting from
TMD peptides did not make it through the separation. Given yndersampling is the overinterpretation of comparative exper-
the promise of this technique for the orthogonal separation iments. For example, McCarthy et‘df.applied differential
of large numbers of peptides, easily comparable to that of getergent fractionation (digitonin, Triton X-100, deoxycho-
MudPIT (see below), it would be interesting to 36BIEF/  |ate/Tween-40, SDS) to the separation of the chicken B-cell
#LC-MS/MS applied to a more stringently prepared mem- proteome for off-line MudPIT analysis. The authors reported
brane protein sample. significant orthogonality (location, class) between the dif-
4.3.3. MudPIT ferent types of membrane proteins isolated, which may in-
R deed be the case, but it is difficult to reach such a conclusion

The most widely used shotgun proteomic platform is i o5 ;
N . X y measure of certainty when ony20 IMPs were
MudPIT **®which involves peptide separation by SEX  jgentified in each fraction, representing an extremely small

either on-line or off-line-followed by RR.LC. For on-line :
. percentage of the total membrane protein content.
s s e Lke most separaton techigues dscussed, MudPIT
P p requires skilled implementation and proper equipment in

illary column (360um o.d., 25-150 um i.d.; ~5-10 um order to obtain optimal results. For example, Cutillas &t al.
tip opening) and eluted directly into an ESI tandem mass report that they prefer 1DELC-MS/MS to off-line MudPIT

sp'\e/l(?it:]ong?ttehré roteomic studies discussed throughout this because, in their hands, MudPIT was not as robust a
y P 9 technique and they did not have adequate software for

review use on-line and off-line MudPIT approaches; indeed, handling large datasets.

in the_following section_s _discuss_ing_ specifiq digestion Overall, MudPIT experiments are capable of routinely
strategies (section 5), affinity purification (section 6), and identifying thousands of proteins, representing52fold

quantitation strategies (section 7), this shotgun approach is . .

used for nearly all sample analysis. Protein identifications ﬂ\]/loFie capr;cny t??n 1DE%C'MS/.MS' ,'E—loys"g%’;r’ t?e typtlc.al

in excess of 1000 are typically reported, with IMP enrich- 'V €nrichmentior most experments, o al most, 1S

ments anywhere fromy20 to 65%659.70.75.1951% A few more IS'E" Oﬁly gg[,ppaf?b'e to dthe 1Dr|15 apprc(>a_ch_.|_©|nd a:jr;y outllersd
- ike the 81% estimated enrichment (via TMpred) reporte

examples, not discussed elsewere, are presented. by Da Cruz et al*s are likely overestimated by 20500635146

Schirmer et al® used MudPIT to analyze the membrane it miaht thouah there | fling limiting the d
proteome of the rat nuclear envelope, generating two enriched might seem as though Nere 1S a ceiling imiting the degree

fractions following salt/detergent or high-pH washes. Over © Which IMPs can be enriched; however, if combined with
2000 unique proteins were identified, including a large OPtimized preparation and analysis protocols, shotgun pro-

number of IMPs, 67 of which were previously unknown teomics is indeed capable of far better results, as discussed

The group used a subtractive approach to identify proteins below and in section 5.2.1.
unique to the nuclear envelope by excluding identifications
(>300) also found in a microsomal membrane preparation.
Wau et al*® characterized a stacked Golgi fraction using A common finding in proteomic studies of IMPs is that
MudPIT, identifying over 421 proteins, including 110 bona TMD-containing peptides are severely underrepresented in

4.3.4. ulLC at Elevated Temperature



3700 Chemical Reviews, 2007, Vol. 107, No. 8 Speers and Wu

Table 4. Summary of Solubilization/Digestion (Section 5), Affinity Purification (Section 6), and Quantitation (section 7) Strategies

solubilization/digestion techniques comments
soluble domains (membrane shaving)
hppK nonspecific protease, not reliant on specific cleavage sites in soluble domains,
high-pH opens vesicles allowing access to both sides of membrane
Lys-C requires Lys in soluble domains
trypsin requires Lys or Arg in soluble domains
embedded and soluble domains
hppK-CNBI/FA combines benefits of nonspecific protease shaving with targeted
TMD solubilization/analysis, gives97% IMPs and~68% TMD peptides
60%MeOH/trypsin efficient solubilization strategy for targeting both soluble and TM
domains, gives-45% IMPs
trypsin/hppK-60%MeOH/trypsin combines benefits of nonspecific protease shaving with good
solubilization of TMD regions, gives-40% IMPs
trypsin-60%MeOH/trypsin/chymotrypsin some enrichment afforded by shaving, good solubilization and

use of orthogonal enzymes for TMD regions, gives-80% IMPs,
targets hydrophobic peptides

affinity purification comments
glycosylation good for identifying sites of glycosylation, not yet effective as
global IMP enrichment strategy, IDs in low 100’s65% IMPs
biotinylation widely used, established strategy for cell-surface IMPs, some topological assessment
also possible, higher numbers (mildigh 100’s) than glycosylationy60% IMPs
protein sequence tag limited examples, a de-enrichment strategy, IDs in low 106 )Z0IMPs
quantitation comments
ICAT Cys modification, compatible with SDS and 60% methanol
HysTag Cys modification, limited examples, limited analysis of IMP recovery
ICPL Lys modification, no affinity tag, limited examples
80 modification of peptide N-terminus, not sequence limited, compatible

with 60% methanol, more IDs as compared to ICAT

shotgun MS/MS analysis (see, e.g., refs 10 and 119). As will in the gradient, high organic was not required, as nearly all
be discussed in section 8, hydrophobic peptides are expectegeptides eluted by-45% organic, well within the window
to ionize better and fragment at least as well as hydrophilic for optimized chromatography. Thus, the ability of elevated
species, so other factors, namely sample loss and maskingemperature to induce peptide elution appears to be a unique
by more abundant species, are the likely culprits. With regard phenomenon, not replicated by simply using a higher percent
to sample loss, a recent stidtiguggests that conducting.C organic in the mobile phagsé.
separation at elevated temperature improves elution of High temperature was also beneficial for theC-MS/
hydrophobic peptides, a phenomenon that has been previMS analysis of a high-pH-enriched plasma membrane trypsin
ously demonstrated for intact lipid raft proteit¥8To assess  digest. Long, TMD-length ¥20 residues) peptides with
the effects of temperature on hydrophobic peptide recovery, substantial ¥ 75%) TMD overlap were observed almost
a sample enriched in TMD-containing peptides was preparedexclusively at high temperature (3 vs 25 peptides at 20 and
according to a recently optimized high-ptproteinase K 60 °C, respectively). However, as those numbers suggest,
(hppK)—CNBI/FA protocol (see section 5.2.1). Membrane- TMD-containing peptides made up an extremely low2%
embedded peptides, resulting from proteinase K shaving of of the overall peptide population, owing to the less efficient
enriched HelLa cell membranes, were further digested with trypsin digestion and enrichment strategy as compared to
CNBr in 90% FA. When this TMD-enriched sample was the hppK-CNBI/FA protocol.
analyzed byl C-MS/MS, it was found that increasing the Due to these dramatic increases in hydrophobic protein
separation temperature from room temperature to°60  and peptide identifications, re-integration of the column
resulted in a 4-fold increase in protein identifications (28 vs heater functionality with the«LC platform should prove
105) and a 5-fold increase in unique peptide identifications highly beneficial for the comprehensive analysis of IMPs
(69 vs 327). Moreover, with elevated temperature, the and TMDs, especially when combined with an optimal
observed peptide population was more hydrophobic, with enrichment stratedy for targeting TMDs.
an average GRAVY score of 0.63 vs 0.41 for room
temperature. Overall, the IMP enrichment was estimated at5_Sojypilization and Digestion Techniques for
98%, with TMD-containing peptides making up 63% to 68% Shotgun Proteomics
of the sample at room temperature and°@) respectively S ) _ )
(TMHMM). Peptides with high TMD overlap %75% of ~ Asummary of the solub.|I|zat|on and digestion techniques
peptide sequence) in particular showed a significant increaseis given in Table 4 and Figure 1.
from 11% at 20°C to 27% at 60°C. . )

Importantly, the high-temperature runs seem to be both 5.1. Targeting Soluble Domains: Membrane
necessary and sufficient to capture the majority of proteomic Shaving
information, as the protein and peptide populations observed . .
at elevated temperature were largely inclusive of those found 5-1-1. The High-pH—Proteinase K (hppK) Method
at room temperature. While longer and/or more hydrophobic  The problem analyzing IMPs can be distilled down to an
peptides were observed, as expected, to elute slightly laterinability to achieve and maintain dissolution in aqueous
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Figure 1. Summary of solubilization/digestion techniques discussed in section 5 for generation of complex protein digests for analysis by
MudPIT. The starting material (center, indicated by a green arrow) is an intact cell or membrane vesicle preparation, ideally enriched by
high-salt and/or high-pH washing to remove membrane-associated proteins and soluble proteins trapped inside vesicles. For each digest
generated for analysis, the section/method name is provided (blue italics). Me@Ethanol.

media without the aid of lipids or lipid-mimetic detergents CNBr/FA digest, identified over 100 Golgi proteins, the
that interfere with separation, digestion, or MS analysis. One majority of which (68%) were IMP$>

possibility is to simply ignore the problematic hydrophobic  The hppK method, or any of the on-membrane digestion
regions and restrict analysis to the hydrophilic extramem- schemes discussed below, has the potential to be used for
brane domains. Several years ago, Wu éf%@leported a  the assessment of membrane protein topology (see also
method whereby membranes are first induced to form opendiscussion in ref 200). In the case of hppK, exposed external
vesicles upon mechanical agitation in high-pH buffer. IMP soluble domains (of PM or other organelles) can be
However, the bilayer itself, along with the embedded completely digested by proteinase K at neutral pH, where
proteins, remains intact. Upon treatment with the nonspecific the protease has maximal activity, into very short di/
protease, proteinase K, all exposed soluble domains andtripeptides. The hppK method is then carried out as described
soluble proteins are digested. A nonspecific enzyme is usedabove, except only the soluble domains formerly protected
so that digestion efficiency is not reliant upon the presence on the interior of the membrane vesicles remain for digestion,
of specific cleavage sites in all extramembrane loops. The giving the relative sidedness of IMP¥.0One caveat to this
proteolyzed soluble domains can then be analyzed byapproach is that topology analysis can be complicated, to
MudPIT. The original implementation of the hppK method some degree, by vesicles ruptured during cell lysis re-forming
resulted in the identification of some 1600 proteins from a with an inside-out conformation and/or contamination be-
mouse brain homogenate, of which 28% were IMPs (TM- tween PM and intracellular membranes.

HMM), with over half having at least two TMDs. This One downside often mentioned regarding proteinase K is
percentage is fairly representative of IMPs in the sample that it is a nonspecific protease and, thus, prone to generate
composition, as no effort was made to exclude soluble much larger numbers of peptides than proteases with specific
proteins. The hppK method was also applied to analysis of cleavage site¥€ However, proteinase K does appear to have
the Golgi proteome and, in combination with a separate certain preferred sites that may be strongly influenced by
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local structural motifs, limiting the number of possible loops may be short, especially for IMPs with numerous
peptides (unpublished results). As such, for specialized TMDs,!* or heavily modified (e.g., glycosylated), further
applications such as membrane shaving, it can be usedcomplicating identification unless steps are taken to remove

without significant problems. (e.g., PNGaseFj-elimination) and/or account for modifica-
tions during analysis and sequencfiiyAs such, targeting
512 Lys-C TMD domains should be a particularly beneficial strategy.

However, owing to the length (:740+ residuesf® and
extreme hydrophobicity (due in large part to membrane
occlusion and a lack of tryptic cleavage stfs they can

be difficult to extract from gels (see section 4.1.6) and elute
from RP column$! and they may be out of thevz range

of typical MS/MS instruments (see section 8.2). According
to a study by Eichacker et dP the analysis of TMDs can
be facilitated by a reduction of hydrophobicity and/or length,
host easily accomplished by alternate solubilization and
cleavage strategies.

Membrane shaving can also be accomplished using pro-
teases with specific cleavage sites. Nielsen étaligested
intact, extensively enriched mouse hippocampal plasma
membranes with endoproteinase Lys-C. The resulting pep-
tides were isolated by centrifugation and separated by RPLC
and then were further digested with trypsin. MS/MS analysis
resulted in 1600 protein identifications. Some 60% of
proteins were annotated as membrane or membrane-assoc
ated, but the total percent of IMPs was not reported. In a
more recent study by Wisniewski and colleagifésalt and
sodium carbonate washed mouse fore- and hindbrain mem- ; ;
branes were digested with Lys-C, and soluble peptides were5'2'1' HppK—CNBr/formic acid
isolated and digested with trypsin. Samples were analyzed As discussed in section 5.1, one approach for studying
by off-line MudPIT, identifying 1213 proteins, including 459 |MPs is to shave off the soluble domains from intact
(38%) predicted IMPs (TMHMM). One might expect thata membranes using strategies such as hppK diget{darhe
more general protease than Lys-C would produce more soluble (protease-accessible) peptide fraction is then isolated
peptides from IMP soluble domains; however, their choice by centrifugation for subsequent shotgun analysis; however,
of Lys-C was likely dictated by its potential compatibility  analysis of the membrane-embedded peptide (MEP) fraction
with their HysTag affinity/quantification reagefft, which is less straightforward. In addition to the difficult biophysical
has an internal Arg cleavage site and, thus, would not be properties of TMDs mentioned above, due to their high lipid

compatible with trypsin or any nonspecific protease. content, MEP samples tend to be highly viscous, leading to
. loading and elution problems duringL,C separation. A
5.1.3. Trypsin recently reported protocol, employing CNBr digestion in 90%

Rodriguez-Ortega et &% analyzed trypsin- or proteinase FA and an optimized method for lipid removal, resolved both

i i 6
K-shaved bacterial surface proteins from intact group A ©f these issue€. According to the hppK protocdf® a
StreptococcusUsing a combination of MudPIT-MALDI- sodium-carbonate-washed membrane fraction is digested with

MS/MS anduLC-MS/MS for analysis of the isolated soluble prote(nase Kiin high-p.H.buffer,. removing acc'essible IMP
peptides, a total of 72 proteins were identified, 51% of which domains and any remaining peripherally associated proteins.

contained at least one TMD according to PSORT. The The shaved membranes are reisolated by centrifugation and

authors note an almost complete lack of cytoplasmic proteinstﬂen iolubil(ijzed ‘.’éith 9(;\%’ FA IjorLCNBthighestidﬁ.UnIilke. |
(6%) observed in the protease-susceptible digest, indicating.t € charged resi uesoe fg and Lys, which occur relatively
that the method is highly specific for surface-exposed Nfrequently in TMDsI® Met s predicted to occur in nearly
proteins. Moreover, the group correlated the experimentally Nalf Of allf euka(;yo'qc T‘IMMDD& mak_ldng lCNBrg:jgdgst a ‘ljlserI
derived topology with that predicted by PSORT, and they Stategy for reducing peptide lengthAdditionally,
found good correlation for 26/37 (70%) of IMPs. For the (O & steric hindrance standpoint, chemical digestion
remaining 11 proteins, experimental evidence was strongMethods do not pose the same accessibility problem as
enough to call into question the PSORT assignment for at ENZymatic digestion in cases where cleavage sites may be
least six topologies. Thus, data derived from experiments °¢¢luded by lipids or protein folds. To remove lipids prior
that allow assessment of IMP topology can be used for [© @nalysis, the CNBr digested sample is suspended in an
enhancing structural information and refining topology 2du€ousorganic buffer, which fortuitously allows for the
prediction algorithms (see also section 9.3). Importantly, precipitation of lipids upon centrifugation. Analysis of the
bacteria surface shaving gives useful information regarding MEP samples bV‘LC'M.S/.MS a.t-eleyated temperature (sge
the accessibility of potential antigens for vaccine develop- segnon 4.3.4) resulted in |der(1)t|f|c§1t|on of 285 proteins, with
ment, as readily cleaved proteins should also be antibodygzth?\;T\’/‘lj'Ctﬁd. IMPs I\Eﬂingpﬁﬁ_/" with mr(])re Than tW(? TMDS
accessible. Membrane shaving with trypsin has also proven( )- Using a Mu approach (also at elevate

useful for assessing the membrane-embedded nature Ofemp'e.ratu_re) significantly increased the numbgr of protein
potential mitochondrial IMP&68.203 Identifications to 639, with enrichment dropping slightly

(81% IMP, 56% with more than two TMD), as the improved
chromatographic resolution allowed more low-abundant
species (in this case the depleted soluble proteins) to be
identified.

For any proteomic analysis, it is desirable to maximize  Importantly, the overall TMD/protein distribution was very
sequence coverage; however, many digestion strategies, asimilar to that predicted bin-silico genome-wide analysé$,
discussed in the preceding section, are targeted towardsuggesting that the hppKCNBr/FA method is not biased
hydrophilic domains. Because IMPs often have a significant against any particular protein class. The hppK-CNBr/FA
portion of their sequence embedded in the membrane, evermethod did indeed result in good coverage of membrane-
the probability ofidentifyingthe protein may decrease using spanning regions, with an impressive 68% of all identified
methods restricted to soluble domains. Additionally, exposed peptides overlapping with a predicted TMD for the 1D

5.2. Targeting Membrane Embedded and Soluble
Domains
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analysis and 49% for the 2D, by far the highest report to the overall percent of IMPs showed modest improvement,
date. Importantly, the increased coverage resulted in athe overall number of IMPs increased by almost two-thirds

substantial increase in protein identifications as well; 55%
of all proteins identified in the MEP sample were not found
during analysis of the soluble domaiffsThus, restricting
analysis to the soluble domains is a significant handicap
regarding comprehensive IMP identification.

5.2.2. 60% Methanol/Trypsin
In a different solubilization approach, Blonder et al. took

advantage of the membrane-disruptive potential of methanol

(see section 3.3) for the specific solubilization/digestion of
IMPs. Their detergent-free sample preparation method
involves the solubilization of high-pH-enriched membrane
fractions in a 60% methanol buffer, trypsin digestion, and
analysis by shotgun proteomics. While trypsin activity is
attenuated in the presence of 60% methano~&D% as
compared to aqueous conditions), it is sufficient for com-
prehensive digestio?t® The method was originally applied
to D. radiodurand®and resulted in the identification of 215

and, importantly, more complex proteinsZ TMD) were
identified with a much higher frequency50% vs~32%).

This improvement is likely do to a concerted effort to enrich
for IMPs by combined washing and on-membrane digestion
and to generate as many usable peptides as possible from
orthogonal digestion conditions.

5.2.4. Trypsin—60% Methanol/Trypsin/Chymotrypsin

Fischer et al® compared two enrichment/digestion meth-
ods for the MudPIT analysis of the membrane proteome of
Gram-positive C. glutamicum In the first protocol, the
membrane preparation was predigested with trypsin (in a
nondenaturing buffer) to remove soluble proteins/extracel-
lular domains. Shaved membranes were then isolated,
solubilized (or, perhaps more appropriately, destabilized) in
60% methanol, and then redigested using trypsin followed
by chymotrypsin, giving 274 IMPs (prediction method not
reported). In a second protocol, membranes were washed

inner membrane IMPs, corresponding to 21% of the predicted with high-pH buffer, digested with CNBr in 90% FA, and

population (PSORT). In contrast, a control experiment in
which methanol was omitted identified only 2% of predicted

then digested with trypsimi2 M urea, giving 202 IMPs.
Both protocols gave~22% IMPs out of total protein

IMPs. The method does not appear to be biased against anydentifications (authors’ supplemental Table 2), witii0%

particular type of IMP; among the IMPs identified using 60%
methanol solubilization are numerous complex, highly
hydrophobic specie’$® The methanol/trypsin method has
been applied to a variety of sampR8432-134.187.189.208210 One
study of lipid rafts identified 358 proteins with 44% IMPs,
of which one-third contained more than two TMDs (TM-
HMM). 18 An inventory of the human epidermis membrane
proteome identified 1306 proteins, of whiek46% were
IMPs, as extrapolated from TMHMM analysis of 223
identified hypothetical proteirfs.

Zhang et aP® compared solubilization/trypsinization of an
E. coli membrane proteome in 60% methanol vs 1% SDS
(10x dilution before digestion) followed by off-line MudPIT
(where SCX serves a dual functiepeptide fractionation

containing more than two TMDs (authors’ supplemental
Table 1). While this is not a particularly significant overall
enrichment, it is worth considering that (1) previous 2DE
experiments (internal citations) were not able to identify any
IMPs, (2) in the current study, approximately one-third of
all known IMPs (660 annotated) were identified in each
experiment, and (3) a separateC-MS/MS analysis gave
an IMP enrichment of50%, so possibly the use of SCX,
or some other MudPIT-specific variable, is compromising
elution of hydrophobic peptides, thus reducing IMP identi-
fications. As a comparison between the two methods, the
authors note that trypsin shaving0% methanol digestion
gave more hydrophobic proteins (GRAVY 0.36 vs 0.28) and
more TM domain-containing peptides (135 vs 32) than

and removal of SDS not tightly bound to peptides). The carbonate Washing/_CNBr/FA digest_ion. From trials varying
authors report that more proteins were detected by 60%each of the steps independently, it appears that both the
methanol solubilization as compared to SDS (358 vs 299) enrichment-via-shaving and solubilization/digestion strategies

and the identified proteins and peptides were overall
significantly more hydrophobic, indicating enhanced diges-
tion of IMPs/TMDs in addition to peptide detection.

5.2.3. Trypsin/HppK—60% Methanol/Trypsin

Wei et al?** compared two approaches to the on-membrane
digestion ofShigella flexneria membrane proteins. In an
initial experiment, a purified membrane pellet was digested
according to the hppK protocol and analyzed by MudPIT,
giving 331 protein identifications, which included (according
to supplemental materiay125 (38%) IMPs (32% IMPs with
more than two TMDs; TMHMM). In an effort to increase

contributed to the relative success of the first method.

Of note is the use of chymotrypsin with 60% methanol
rather than trypsin alone, which has the potential to generate
more peptides from cleavages in TMD domains since
chymotrypsin cleaves at hydrophobic residues (Phe, Tyr,
Tryp) more likely than Arg and Lys to be present in TM#%.
The trypsin/chymotrypsin combination has also been pre-
dicted byin silico analysis by Fischer and Poet3Ho yield
good coverage of IMPs.

6. Affinity Purification
A summary of affinity purification techniques is given in

the numbers of IMPs, the authors modified their protocol to Taple 4.
remove interfering membrane-associated proteins and added
additional digestion steps. As such, the isolated membranes ;
were first washed with high-salt buffer and high-pH buffer 6.1. Glycosylated Proteins

containing DTT. Thereafter, membranes were isolated and While not specific to IMPs, glycosylation can be exploited
resuspended at neutral pH, and exposed domains werdor affinity purification. Membrane proteins, especially those
digested with trypsin. Membranes were reisolated and subjectfound in the extracellular membrane and recirculating
to hppK, and the remaining membrane-embedded fragmentsntercellular vesicles such as endosomes and lysosomes, are
were finally solubilized in 60% methanol for trypsin digest. often heavily glycosylate#t3-2'> Appendage of carbohydrate
MudPIT analysis of all isolated peptides gave 528 protein moieties can occur at Ser or Thr residu€slihked) or at
identifications with~223 (42%) IMPs (TMHMM). While Asn (N-linked) in the following sequence motif: NX—S/
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T, where X denotes any residue except PP variety of
methods exist for affinity purification of glycoproteins and
glycopeptides, including lectin-mediated affinity purification

Speers and Wu

limited. It appears, for now, to be more suited for the specific
analysis of glycoproteins and their sites of glycosylation.

and chemical derivatization methods. To facilitate separation, 6.2. Biotinylation

analysis, and sequencing of modified peptides, the carbo-

hydrate moiety is generally removed prior to MS analysis,
by either enzymatic or chemical me&A&This literature has
recently been reviewet}#218

For example, Ghosh et &P applied lectin affinity capture
(Con A and WGA) to a crude K562 cell lysate, resulting in
the identification of~150 proteins by RPLC MALDI-MS/
MS analysis of tryptic peptides, a third of which were
classified as IMPs (ENSEMBL). This enrichment is fairly

good given that no prefractionation was attempted, suggestin
that the use of membrane enriched samples could increas

the IMP enrichment dramatically.

Following up on an earlier study® Fan and colleaguésd
applied lectin affinity chromatography to the proteomic
analysis ofN-glycosylatedC. eleganamembrane proteins.
However, instead of enriching glycoproteins directly, the

Biotinylation reagents, consisting of a biotin moiety linked
to an amine-reactivéN-hydroxysuccinimide (NHS) oN-
hydroxysulfosuccinimide (sulfo-NHS; increased water solu-
bility) group, are generally regarded as membrane-imper-
meable and, thus, are applicable to labeling of IMPs exposed
at the cell surface. Sulfo-NHS-SS-biotin, with an internal
disulfide bond, is a more hydrophilic reagent and is reported
to be superior to the other commonly used reagent, sulfo-
NHS-LC-biotin (LC denotes hydrocarbon spacer), in terms

f plasma membrane specificity and labeling efficiefty.

he disulfide allows for cleavage from avidin resin upon

treatment with reducing agent, leaving the biotin moiety
attached to the avidin/streptavidin affinity support upon
elution. Following labeling, enrichment can be performed
at either the peptide or protein level; enrichment of proteins
allows for broader sequence coverage, whereas enrichment

sample was predigested with trypsin, and the resulting of peptides allows for targeted analysis of labeled residues.

glycopeptides were affinity purified on a Con A lectin

Nunomura et at?® labeled the cell surface of mouse

column. Bound glycopeptides were eluted with excess gmpryonic stem cells with sulfo-NHS-LC-biotin. Isolated
monosaccharide and deglycosylated using PNGase F, res““plasma membranes were digested with trypsin, and labeled

ing in a signature Asn to Asp conversion (which can be
exploited for'®0 labeling to enhance the mass shift). Using
a combination of MALDI-MS/MS, RPLC-MALDI-MS/MS,
and MudPIT analysis, 117 glycoproteins were identified,
including 73 (62%) predicted IMPs (SOSUI variant).

In another study, Atwood et &2 applied lectin affinity

peptides were affinity purified via avidin. Eluted peptides
were analyzed by MudPIT, giving 608 unique peptide
identifications, 551 of which were biotinylated. Specific
fragmentation of the biotin tag in addition to sequence
information confirmed labeling in the tandem MS spectra.
In total, 324 proteins were identified, 62% of which were

capture to an organellar subfraction of the human parasitepredicted IMPs (SOSUI). An interesting benefit afforded by

Trypanosoma cruziTrypsin digested glycopeptides were
affinity purified on a Con A lectin column. Eluted peptides
were then deglycosylated with PNGase F. Analysigbg-

MS/MS gave 17 glycoproteins, 15 (88%) of which were
predicted IMPs (TMHMM). While the numbers are rather
low, possibly the result of extensive sample filtration and

the membrane-impermeability of the biotinylating reagent
is that it should only label lysines exposed on the cell surface,
which allowed for topological assessment of 122 single pass
IMPs, localizing the N-terminus to the extracellular space
in 80% of cases, and the rest unambiguously assigned by
selective C-terminal modification.

desalting, the IMP enrichment compares quite favorable to  7hao et al®! labeled a human carcinoma cell line with
the non-glycan-enriched organellar subfraction, which yielded sy|fo-NHS-SS-biotin and collected labeled proteins on

42 proteins, only 6 (14%) of which had predicted TMD
domains.

In an older study using hydrazide chemistry, Zhang &tal.
demonstrated the affinity purification of-linked glycopep-

magnetic streptavidin beads. Affinity captured proteins were
then subject to high-salt and high-pH washes. Proteins were
eluted upon treatment with DTT and analyzed by LidF:-
MS/MS, giving 898 proteins, with an estimated 53% IMPs

tides from cell surface IMPs from a prostate cancer epithelial (SOSUI) and an additional 96 with lipid-anchored consensus
cell line. Glycoproteins from an enriched membrane fraction sequences. The authors compared this result to a previous

were first oxidized with periodate to convert carbohydrate

study??® in which only ~16% of 918 total identifications

cis-diols to aldehydes, which can form a covalent hydrazone were IMPs or lipid-anchored. The major difference between

linkage with immobilized hydrazines. (For gquantitation

the two studies was the high-salt and high-pH washes,

purposes, immobilized peptides can be isotopically labeled demonstrating the importance of removing cytosolic and
at the N-terminus.) Subsequent treatment with PNGase F membrane-associated proteins for detection of the lower

results in cleavage at the peptigdearbohydrate bond,
releasing bound species. Following analysis#hC-MS/
MS, 64 glycoproteins were identified, including 45 (70%)
IMPs (SWISS-PROT and/or PSORT II).

An in silico evaluation of 261 CD molecules, representing
a diversity of plasma membrane proteins, suggests+tBa@o
could theoretically be enriched by glycosylation-based
enrichment, with~50% yielding at least one glycosylated
peptide identifiable by trypsin digestion and MS analyafs.

However, the enrichment potential suggested by this analysis

has yet to be borne out experimentally. Overall, affinity

abundant IMPs.

In another study, Sostaric et 4. undertook the global
profiling of the plasma membrane proteome of oviducal
epithelial cells using a biotinylation approach. Cultured cells
were labeled with sulfo-NHS-LC-biotin and labeled proteins
were avidin affinity purified. Proteins were either analyzed
by 2DEuLC-MS/MS (40 proteins) or digested and analyzed
by 1DEuLC-MS/MS (276 proteins), 56% of which were
IMPs (SOSUI).

In a different approach, hydrophobic, cell-permeable
biotinylating reagents were used by Tang et&to profile

purification of glycopeptides from membrane fractions has intact S. oneidensidacteria. It was anticipated that the

not yielded particularly high numbers of proteins1(50 or

lipophilic reagents would remain closely associated with the

less), so its utility as a general IMP enrichment strategy is membrane, where they would be in a position to preferen-



Proteomics of Integral Membrane Proteins Chemical Reviews, 2007, Vol. 107, No. 8 3705

tially react with membrane and membrane-associated pro-membrane proteins in mind, and thus, they may require
teins. Of 410 proteins identified, 174 were localized to the optimization. Because gel-based separation techniques com-
cell envelope, with 56 (32%) predicted IMPs (TMHMM). patible with IMPs do not have the resolving power of
Cell surface biotinylation can only be applied to cells rather classical 2DE, gel-based quantification is pos&ibi&2but
than tissue, limiting its utility. Other concerns with biotiny-  of limited utility. As a result, most current IMP quantification
lation include possible contamination from labeling internal strategies involve shotgun proteomics analysis (for review
components of nonviable cells, or the failure to label cell- and discussion of strategies, advantages, and disadvantages,
surface proteins with few reactive lysine residues (most Lys see refs 233236).

are cytoplasmically located), due to small extraceliular s compared to the case of soluble proteins, all quantifica-
regions or occluding PTMs (e.g., glycosylatiGi)?2 Ad- tion strategies may be hindered by the reduced number of
ditionally, biotinylation of cell surface proteins is less ,onhtides generated from IMPs using standard solubilization/
selective with bacteria containing large porins on the outer digestion techniques. This section is mostly limited to
membrane (e.gE. coli) that allow the hydrophilic reagent iscyssion of techniques specifically designed or adapted for
to be internalized into the periplasmic spage. IMPs. In the absence of IMP-specific protocols, references
However, despite these potential problems, cell surface ;¢ given for the application of standard quantification

biotinylation has proven to be a robust technique, likely due o .pnigues to membrane preparations, though these reports
to the near-quantitative labeling afforded by amine modifica- 4o nerally lack any discussion specific to their relative ability
tion by NHS derivatives (or thiols by iodoacetamide) and to quantify IMPs.

the exploitation of avidir-biotin binding for purification. . . . _

In terms of overall numbers, significantly more proteins per = Shotgun quantification strategies can be divided into two
experiment are identified using this technique as comparedPasic categories: label-free and stable isotope labeling.
to glycoprotein affinity purification. Biotinylation experi- Label-free quantification strategies have no particular bias
ments can also provide important topological information 2gainstIMPs other than the general considerations of efficient
by identifying domains exposed on the cell surface or labeled Solubilization, digestion, andLC separation. These methods

organelles, which can be helpful in defining protein structure are based on quantitation of peak areas/intensities (see, for
as well as refining structure prediction algorithms. example, refs 197, 237, and 238) or the number of MS/MS

spectra for a particular peptide (see ref 198, for example).

6.3. Protein Sequence Tag Stable isotope labeling involves the incorporation of heavy
The Protein Sequence Tag (PST) technology is more atoms into proteins/peptides by metabolic means or post-
appropriately classified as a chemical modification strategy processing chemical modification. DuringLC-MS/MS
for selective d_e-enrich_mentvia affinity purification of _analysis, isotopomeric peptides bearing heavy and light tags
unwanted peptide species. The method allows for the specifice|ute simultaneously, and the relative ion peak areas can be
isolation of N-terminal peptides from each polypeptide quantified, giving an indirect estimate of relative protein
generated by CNBr cleavage. Following solubilization in FA  apundance. Metabolic incorporation of amino acids can be
and CNBr cleavage, polypeptides are isolated by size gone at the cellular or organismal level usity, 2H, or

d_eriva_tive of N,N-dimethylglycine, _respectivgly. Trypsin_ IMPs.
digestion then breaks each polypeptide down into one peptide
with a blocked N-terminus and multiple peptides with free
N-termini. (Note: due to Lys modification, cleavage takes
place only at Arg.) All peptides with reactive amines are
then scavenged from solution using activated ester resin,
leaving behind a much smaller population of N-terminal
eptides from each original CNBr fragment, which are then . ) 9= :
gnglyzed by off-line MugdPIT. As appliged to yeast mitochon- (if present) in TMDs, Iabplmg is largely restricted to solvc'antj i
dria, 175 proteins were identified, of which 41 (23%) were exposed soluble domains. Consequently, there are signifi-

predicted IMPs and included 20 with more than 2 TMDs Cantly fewer quantifiable peptides/proteins for IMPs as
(authors’ Table 1, TMHMM predictions). This result com- compared to soluble proteins using Lys or Cys labefiig.

pared quite favorably to a classic 2DE approach, where only HOWever, several groups have adapted labeling strategies
5 (4%) of 112 proteins identified were membrane-integral SPecifically for membrane-embedded proteins, which are
and were limited to +2 TMD-containing proteins (authors’ ~ discussed below.

Table 2, TMHMM predictions}*° By adding a sodium For labeling at the peptide level, the general concern of
carbonate wash to their purification protocol, Hamon and reduced number of quantifiable peptides generated with
colleagues were able to increase their IMP enrichment to standard solubilization/digestion techniques applies. How-
72% (106 of 148 proteins identified) and the number of ever, the actual chemical modification step, such as peptide
proteins with more than 2 TMDs to 59 (authors’ Table 1, N-terminal modification with NHS-derivatized isobaric
TMHMM predictions). Overall, each protein was identified iTRAQ tags?*® should not be especially biased against
by ~1.5 peptides, of which>80% corresponded to the membrane proteins, given that peptide solubility properties
N-terminus of a CNBr fragment, demonstrating fairly selec- are much improved as compared to those of their parent

Alternatively, chemical modification can be performed at
the protein (e.g., ICAT, HysTag, and ICPL) or peptide (e.g.,
iTRAQ, *%0/1%0) level. Labeling at the protein level typically
involves modification of nucleophilic amino acids (mostly
Cys or Lys) with isotopically labeled tags. However, due to
the experimental challenges of targeting the reactive sites

tive isolation of modified peptide's? IMPs. There are a few examples of iTRAQ applied to
L membrane proteomé:-24’ The exception is when digestion
7. Quantitation and label incorporation are coupled, asi®/:¢0 labeling;

Like most methods in proteomics, quantification strategies then, the efficient solubilization of membrane proteins
(summarized in Table 4) were not necessarily developed with becomes a significant concern, as addressed below.
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7.1. ICAT possible to combine HysTag labeling and protein digestion
o 5 . ) ) with more aggressive solubilization strategies in order to
Quantification by ICAF**involves the differential labeling  target otherwise inaccessible cysteines. Alternative proteoly-

of two proteomic samples with light and heaw/Q/*C) sis could also improve the numbers of useful peptides
forms of a cysteine-reactive iodoacetyl-biotin affinity tag. generated.

Samples are then combined, digested, affinity purified, and
analyzed byulC-MS/MS. Because the standard ICAT 7.3 |CPL
labeling buffer (<6 M urea/0.1% SDS) may not be sufficient

to solubilize/denature all IMPs, alternative strategies may N contrast to ICAT and HysTag that target cysteine
be desired to maximize cysteine labeling. Prokai &alsed residues, isotope coded protein labeling (ICPL) involves the

the nonionic detergem-octyl glucoside for solubilization ~ réaction of primary amines (lysines and protein N-termini)

of synaptic plasma membranes, quantifying5 proteins with 2C/A3C derivatives of 6-nicotinoyl-NH%>*Bisle et al?%?
including some IMPs. ’ ’ applied this quantification strategy to the halophilic archaeon

H. salinarum and they were able to quantify 175 proteins
y uLC-MALDI-MS/MS, of which 101 (58%) were IMPs
MHMM). As compared to cysteine labeling strategies,
lysine labeling increased the number of theoretically quan-
tifiable peptides by approximately three times (though largely
restricted to soluble domains); however, the number of
guantifiable peptides for membrane proteins is still low in
contrast to that for soluble species, which could be amelio-
rated if different digestion strategies were employed. Also,
)the ICPL reagent contains no affinity tag, so labeled peptides
are not enriched before analysis; however, for the relatively
simple genomes of prokaryotes suchtassalinarum this
is not a significant obstacle.

Reports differ as to the compatibility of ICAT with higher
percentages of SDS. Aebersold and colleagues have use
0.5% SDS$ but also report decreased labeling at those
concentrationd>* Ramus et al. have used concentrations as
high as 4% to successfully label select proteins with ICKT.
However, to remove SDS, the group performed 1DE,
necessitating in-gel digest and affinity purification of ex-
tracted peptides. Alternatively, one could precipitate the
protein (e.g., methaneichloroform) and resuspend in a MS-
compatible denaturant (e.g., 60% methanol, RapiGest, PPS
for digest, dilute to 0.1% SDS prior to digest, or take
advantage of the affinity tag for protein purification.

The use of agueourganic solvents for solubilization
is also compatible with cysteine labelitt}:?°° Complete 7.4. 180
solubilization of proteins using 60% methanol was shown o )
to significantly increased the number of cysteine labeled Heavy oxygen labeling involves the enzyme-mediated

peptides obtained as compared to the standard proi®col. incorporation of*0 from bulk water into peptide C-termini
(for a recent review, see ref 255). Specifically, digestion with

7.2. HysTag the endoproteinases trypsin, Lys-C, and Glu-C results in the
net incorporation of two oxygen molecules from bulk water
Similar to ICAT reagent, HysTag was also designed to into the C-terminus of the peptide product. This phenomenon
modify cysteines, and it has been applied to quantify is due to the fact that, following cleavage, peptides continue
membrane protein®1?53The reagent is a decapeptide with to interact with the protease, undergoing further binding/
the sequence HyAlaArgAla(D,)Cys that, upon activation  hydrolysis cycles until equilibration is achieved. (This is in
with 2,2-dipyridy! disulfide (DPDS), reacts with cysteine contrast to chymotrypsin and Asp-N, which only incorporate
residues via disulfide bond formation. The reagent has anone oxygen atom from bulk wate®?§ The 4 amu difference
internal trypsin cleavage site (Arg) that allows for removal between isotopomeric peptides resulting from digestion in
of the HysAlaArg portion of the tag following affinity H,'%0 and H!?®0 can be successfully detected by MS,
purification by metal-affinity or cation-exchange chroma- allowing relative quantitation of two samples.
tography. Heavy and light forms are distinguished by four  Blonder et al. developed their 60% methanol/trypsin
D/H atoms in the alanine C-terminal to the trypsin cleavage protocof® specifically for the improved digestion of IMPs;
site. It should be noted that the use of deuterium as anhowever, the reduced trypsin activity in the high-organic
isotopic label is less optimal thakC, as isotopomeric  buffer is not sufficient for complete isotope incorporation,
peptides do not necessarily coelute. Consequently, peptidedue to the required repetitive interaction with the enzyme.
retention times may need to be corrected, and ion pairs mayTo remedy this problem, Blonder et'&f. modified the®O
be subject to differential ion suppression due to different labeling protocol by decoupling protein digestion and isotopic
ionization environments, potentially leading to skewed labeling, whereby trypsinization of the sample in 60%
quantification. Prior to labeling with HysTag, proteins (in methanol/H'®0 is followed by trypsin-mediated labeling in
intact membranes) are reduced with DTT (membrane- 20% methanol/k80, in which enzymatic activity is suf-
permeable) to expose reactive cysteines, and excess reducinficiently improved to allow for complete label incorporation.
reagent is removed by isolation of membranes by centrifuga- The method was applied to the lipid raft proteome of
tion. (This is not a concern for ICAT, as modification results differentially induced vero cells, and an off-line MudPIT
in an acetyl moiety, which is stable under reducing condi- analysis resulted in the quantitation of 1417 peptides from
tions.) Reaction with the tag is performed4 M urea, and 585 unique proteins, including 135 (23%) IMPs (TMHMM).
labeled proteins are digested with Lys-C (rather than trypsin, Importantly, TMD peptides were among those quantified.
to avoid premature cleavage of the tag). The HysTag protocol In a separate report, the IMP-optimiz&®/*%0 labeling
was used to quantify mouse brain membrane proteins, strategy was applied to a lipid raft proteome in combination
allowing quantification of several hundred proteins npiaC- with ICAT labeling of cysteine-containing peptid&$A total
MS/MS (281 in ref 201 and 555 in ref 253); however, of 706 and 129 proteins were quantified by each method,
because no breakdown of IMP percentage was reported, itrespectively (analysis by off-line MudPIT), with over 600
is hard to gauge how well this strategy worked to identify proteins uniquely identified b¥0/*0, but only 32 uniquely
IMPs. However, to increase targeting of IMPs, it should be identified by ICAT.
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Enzymatically mediated®0/*®0 labeling is a relatively — 8.2. Fragmentation

simple protocol, requiring minimal sample manipulation, and I L L L
allows for (1) labeling of all tryptic peptides (i.e., as In addition to successful ionization, peptide identification

compared to only cysteine-containing), (2) retention of any S also highly dependent upon fragmentation efficiency. Most
PTMs, (3) quantitation of differences as low as 1.5 fold, and, PEPtide sequencing experiments for routine proteomic analy-
as demonstrated, (4) adaptation for membrane proteins. OnéiS rély on low-energy fragmentation techniques such as
additional point to consider with quantitation methods is that, collision induced dissociation (CID), where internal energy
while the ability to quantify many peptides per protein may IS |mparted to peptide ions by collision with noble gas atoms.
provide seemingly redundant information, the increase As explained by the Mobile Proton Model of Wysocki and

. ; 63 i isi ion-
sequence coverage is extremely important when post-C0ll€aguesy energy imparted by collision causes the ion
translational modifications are considered. izing proton(s) to transfer intramolecularly until backbone

amide protonation (believed to occur at the carbonyl
oxygeny®4+265causes amide bond destabilization and subse-

8. MS Analysis of Hydrophobic Peptides quent fragmentation. Such cleavage events are referred to
o as “charge-directed”. The initiating charge is then retained

8.1. lonization on the most basic fragment, giving rise tdar y ion; the

811 ESI complementary fragmenty(or b) may or may not be

observed depending on whether it is charged or netffral.

ESl is the one area where studying hydrophobic peptides Other types of ions, such @s(b — CO), * (~NHs), and®
can actually be advantageous. ESI generates aerosolized—H20) are also common in MS/MS spectfédThe peptide
droplets with a charged surface, containing the excess protond?0nd cleavages observed and their relative intensities are
produced during ESI, and a neutral interior, consisting of dependent upon numerous variables, including peptide ion
solvent, electrolytes, and charged analytes paired by coun-charge state, residue content, sequence, size, and gas-phase
terions. As the solvent evaporates, ions are released into théecondary structure.
gas phase. Analytes with the largest proportion of nonpolar A variety of studie¥*®2%¥2’2 have allowed some gener-
functional groups are most likely to be found at the droplet alization of fragmentation pathways as follows: the most
surface and have the highest ionization efficiencies. Accord- important variables are the mobility of proton(s), the position
ing to the equilibrium partitioning model of Cech and E#fke and_ identity of bas[c res@ues, and the presence of Pro. Basic
(see also ref 258), each analyte has a partitioning coefficientresidues are of primary importance because they have the
(K) that is the ratio of its concentration on the droplet surface ablility to localize or “sequester” protons, so more energy is
to that in the neutral interior. Analytes with high¢values ~ required to intramolecularly transfer the proton to a backbone
thus exist predominantly on the surface of the droplet and carbonyl. The most basic residue is Arg, followed by His,
are in a more favorable position to carry the excess charge.Lys, N-terminal amines, and the amide carbonyl. This
This factor is critical for successful ESI analysis, as only ranking is in accordance with resonance structures capable
ions that are (1) part of the charged droplet surface phaseof delocalizing the extra charge. When a proton is localized
and (2) capable of carrying a charge will be present in the t0 Arg, the activation energy required to mobilize the proton
MS spectrum. Because hydrophobic peptides will be more May be more than is needed to initiate so-called “charge-
likely to exist on the droplet surface where their hydrophobic "émote” fragmentation, which does not involve the proton.
regions can be desolvated, they are better positioned toln such cases, cleavage C-terminal to acidic residues
compete for excess charge and thus experience greateflominates. In the absence of Arg or when the number of
ionization efficiency. It should be noted that even extremely Protons exceeds the number of Arg residues, then the proton
hydrophobic peptides still have a highly polar peptide IS mobile, and fragmentation occurs through the more
backbone, allowing them to carry a charge and thus satisfyingcommon charge-directed pathways. Frequently observed
criterion 2, above. From analysis of a series of tripeptides, cleavage sites are N-terminal to Pro and/or are near other
hydrophobic peptides were found to suppress ionization of Pasic residues (e.g., Hj or basic secondary structure
more polar peptides. In turn, hydrophobic peptide ionization r€gions (C-terminus of helical peptidesj.With a mobile
can be suppressed by species with even higherlues, proton in the absence of Pro, energy dn‘fe.rences between
such as surfactants. This study was further extended to relatélifférent backbone protonation sites are considerably reduced,
RP chromatographic retention time with ionization efficiency. With the proton having no strong preference for a particular
In accordance with their previous results, it was found that, @mide bond. Resulting cleavage is thus largely nonselective,
in general, compounds with higher retention times (typically Providing rich fragmentation patterns for sequencing.
longer and/or more hydrophobic) also had greater ESI Concerning peptide size, longer peptides (not surprisingly)

responsés tend to ionize in higher charge states, increasing the chance
of having a mobile proton and good fragmentation. Indeed,
8.1.2. MALDI singly charged peptides are reported to often generate poor

tandem MS spectra due to dominance of selective cleavage

In contrast, MALDI ionization proceeds by a different events?’° However, there are disadvantages to sequencing
mechanism, which is highly dependent upon peptide interac-very long peptides. Most sequencing algorithms (e.g.,

tion with the matrix. Different functional group<asic Mascot, Sequest) are optimized to handle lower charge states
(especially Arg), polar, or aromatic residuegnd to ionize (+1 to +3 ions), from which high-confidence assignments
with highest efficiency®©262 In a comparison between are relatively more straightforward to make: longer/higher

MALDI-TOF/TOF and ESI-QTOF analysis of a trypsin charge state peptides have more possible fragment ions,
digest ofE. coli DNA-binding proteins, Stapels and Barof- increasing the probability of multiple ion assignments to a
sky*®2 reported that peptides identified by ESI were more single peak and randomly matching peaks. Internal ions,
hydrophobic in character. resulting from two intramolecular cleavages, are also more
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Table 5. Recommended Topology Prediction Algorithms for Estimating Percent IMP Enrichment (Section 9.2)

program website comments
TMHMM2 http://www.cbs.dtu.dk/services/ TMHMM/ very good at distinguishing soluble from membrane-integral
proteins; conservative IMP prediction
SOSuUI http://bp.nuap.nagoya-u.ac.jp/sosui/ very good at distinguishing soluble from membrane-integral proteins
HMMTOP2 http://lwww.enzim.hu/hmmtop/index.html good at distinguishing soluble from membrane-integral proteins
PHOBIUS http://phobius.cgb.ki.se/ same as TMHMMZ2, but can distinguish N-terminal

signal peptides from TMDs

abundant. Instrumentation can also be a limiting factor, as NMR studies can be complicated by the presence of a lipid
low-charge parent ions of long peptides may lie outside the bilayer and require significant amounts of purified matetial.
typical full scan range, and significant numbers of high-mass-  With regard to their structural diversity, it is now clear
fragment ions may lie outside the MS/MS scan range (up to that TM helical structures are not nearly as limited as first
~2000 n/2).27° That being said, it has been shown that thought. Membrane spanning regions may be very long,
analysis of higher charge states4 to +7) is possible by containing 40 residues or mot®, highly tilted, flexed,
deconvoluting spectra generated on high-mass-accuracykinked, or interrupted by short intramembrane breaks in
instruments prior to a database search, allowing identification helicity 22°-282 Helices may not necessarily span the entire
of peptides up to 3400 DH? membrane-turning back to form a re-entrant loop rather than

It follows from these observations that hydrophobic an actuatransmembrane domaiff>23* _ _
peptides, being generally longer and lacking in basic residues, There are also rare cases of dual topology proteins, which
should provide good fragmentation spectra, provided that COexist in opposite orientations in equal abundaiicend
digestion strategies are used that avoid excessively long frustrated” proteins that can adopt multiple orientations due
peptides. Thus, in general, failure to identify TMDs tends to conflicting structural requiremeri§ (for reviews, see refs
to result from problems in sample preparation/separation 6 and 287). Thus, topological characterization is a challeng-

steps leading up to MS analysis, but not from MS itself. ~ ing task, and advances will be facilitated as more high-
resolution structures become available for training and testing

and more structural constraints are derived by experimental

9. Global Topology Assignment meang8

9.1. Integral Membrane Protein Structure 9.2. Topology Prediction Algorithms
In order to maintain energetically favorable interactions A variety of algorithms have been developed for IMP
with the bilayer core, the primary sequences of TMDs are topology prediction (for reviews, see refs 13 and 274).
composed largely of hydrophobic (mostly aliphatic) residues, Kyte and Doolittl@® first introduced the hydropathy index
and they must be at least 15 residues in length to span then 1982 for identifying probable TMDs using a “sliding
entire mgmbrané?“ The aromatic amino .aCIdS Tyr and Trp  window” approach, whereby the average hydropathy of the
are relatively abundant around the lipidiater interface, 19 contiguous residues in each window was calculated, with
while charged and polar residues are largely restricted to thepjgher scores being indicative of greater preference for the
soluble domain$? Additionally, because cytoplasmically |ipid environment. From there, the first significant advance
oriented loop regions do not have to be translocated acrossyas TopPred®® which combined the sliding window ap-
the bilayer upon folding, they tend to be longer and contain proach for TMD prediction with the “positive-inside rule”
a larger number of positively charged residues (which require for predicting orientation with respect to the cytoplasm. In
more energy expenditure to transloca&)providing a  a departure from a fixed length window, Jones et@l.
“positive-inside rule*’>>"*for the prediction of IMP orienta-  jntroduced MEMSAT, which was able to predict the most
tion. Owing to their strong constitutional bias and the probable TMD length, in addition to location and orientation.
propensity to adopt a semiregular secondary structure,The algorithm took into account the experimentally derived
predicting the general topology of-helical IMPs—the  propensity of each amino acid to be in one of five locatiens
number and location of TMDs and their orientation with  an inside or outside loop, inside end, middle, or outside end
respect to the cytoplastrshould be relatively straightfor-  of 5 helix—for its predictions. The first method to use a neural
ward, certainly easier than a priori prediction of soluble npetwork, trained on experimentally characterized proteins,
protein structuré!*277 was PHDhtn?°! It was soon joined by other algorithms using
However, much of what is known about IMP structure is circular Hidden Markov models (HMM}namely TMHMM
based on the high-resolution structures of only a handful of and HMMTOP-to choose between different possible states
proteins, and as more structures are solved, the topological(seven for TMHMM, five for HMMTOP) and pick the most
landscape becomes increasingly diverse. As of publication, likely topology by comparison with experimentally derived
there are only~125 unique high-resolution IMP structures models. With over 30 topology prediction algorithms avail-
in the Protein Data Bank® which are listed at http://  able to chose from, consensus programs have also been
blanco.biomol.uci.edu/Membrane_Proteins_xtal.html. The developed that take into account the predictions of multiple
number of entries for IMPs doubles everg years, but it algorithms, which tend to cancel out individual errors and
still lags behind structural assignment of soluble proteins by give higher accuracy than individual methcé.
~15 yearg’ This discrepancy is largely accounted for by ~ While several recent studi€$32%3have attempted to
the challenging biochemical properties IMPs, which can be compare prediction programs, interpretation of results is
difficult to recombinantly express, solubilize in active form, difficult due to (1) the paucity of high-resolution structures
and purify*—2 and which are notoriously hard to crystallize to use as a benchmark and (2) the fact that most of those
despite some recent technical advances. Similarly, structuralstructures were likely part of the programs’ initial training
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set. Some programs perform better or worse than others with  As such, Kim et af®* used the known topology reporter
respect to specific parameters, but no one method is superioHA/Suc2/His4G0311to create C-terminal fusion proteins for

in all regards. Common pitfalls include assigning TMDs in

617 S. cereisiae IMPs. Suc2 and His4C are only glycosy-

soluble proteins, classifying signal peptides as TMDs, and lated if translocated to the ER lumen, and His4C, the catalytic

misassigning TMDs due to minimum and maximum length
constraint$’4 As such, it is recommended that multiple pre-
diction algorithms be used to obtain the most reliable topol-
ogy assignments. According to a survey by Punta et’4l.,
programs that tend to rank highly overall are TMHMNE2,
HMMTOP22> PHDhtm?2°t SPLIT42%* and TMAP?2°® Their
review contains an excellent list of recommended prediction
methods and useful links.

For the analysis of the IMP content of a particular dataset,
TMHMM(v1 or 2)?°6 and SOSWA* stand out with respect to
their ability to distinguish soluble proteins from IMPs,
misclassifying fewer tharn-1% of globular proteins. Another
commonly used algorithm, HMMTOP2, gives slightly
higher false positives (6%) but misses fewer true IMPs (0
1% vs 4-8% for TMHMM and SOSUIf® As mentioned

domain of His4p histidinol dehydrogenase, can act on its
substrate only if located in the cytosol. Endoglycosidase H
digestion and growth assays (of ls4 mutant strain
expressing the fusion protein in minimal media containing
histidinol) can thus be used to assess the location of the
C-terminus for each fusion IMP: if lumenally oriented, the
protein would be glycosylated and not grow in minimal
media supplemented with histidinol; if cytosolically located,
protein would not be glycosylated but would grow under
restricted conditions. Topology information was obtained for
~550 IMPs, for which prior, unconstrained TMHMM
searches resulted in correct orientation for only 69%. The
overall topology distribution was similar to that &f coli,
except Nur 7TMD-Ci, proteins (e.g., GPCRs) were of higher
abundance. Through homology searching, the C-terminal

above, one of the most significant shortcomings of these constraints could be extended to over 13 000 eukaryotic

prediction algorithms is their tendency to misclassify signal
sequences as TMD%.However, this problem has been
addressed with the development of PhoBfig® which
allows for the simultaneous prediction of both TMDs (using
TMHMMZ2) and signal peptides (using SignalP-HMREAY.

It should be noted that many non-HMM topology predic-
tion methods (e.g., TMpred® MEMSAT1.52°° Toppred 2t
and DAS%) may predict TMDs in a considerable number
of soluble protein§%4¢ potentially giving highly inflated
estimates of IMP enrichment. For a summary of recom-

IMPs. Importantly, the C-terminal predictions for eukaryotic
proteins found by homology searching of both tecoli

and yeast data sets were in nearly 100% agreement, validat-
ing topology extrapolation for homologous prote#This

is an important finding, as similar C-terminal tagging studies
for higher eukaryotes are not yet feasible on a global séale.

10. Summary and Conclusion
The hydrophobic nature of the phospholipid bilayer core

mended algorithms for estimating IMP content, see Table is an extremely inhospitable environment for otherwise polar

5.

9.3. Experimental Constraints Improve Topology
Prediction

Providing prediction algorithms with constraints, such as

species. However, the necessity of communication, signaling,
and transport across bilayers forced the evolution of integral
membrane proteins. They adapted by tailoring their primary
sequence and secondary structures to maximize energetically
favorable hydrophobic interactions between lipids and residue
side chains, while at the same time shielding the polar

the relative location of the C-terminus, has been shown to backbone by extensive intrax-helix) or interstrandf-sheet)

improve the prediction modet€3 von Heijne and colleagues

hydrogen bonding. Unfortunately, this adaptation away from

used global strategies to define the location of the C-terminusan aqueous environment has proven quite problematic for

for both E. colf®® and S. cereisiae®® IMPs, and by
homology, they extended the topology information to over
51 000 bacterial inner membrane protésind ~15 000
eukaryotic IMPg04

For E. coli, the reporter proteins alkaline phosphatase

proteomic applications. Coupled with their low abundance,
IMPs are difficult species to study both individually and on
a global scale. Fortunately, there now seems to be a critical
mass of research labs devoted to the study of these biomol-
ecules. Indeed, there has been a virtual explosion of studies

(PhoA) and green fluorescent protein (GFP) were fused to devoted to the proteomic characterization of IMPs in the past
the C-terminus of 573 candidate IMPs. Because PhoA is few years, advancing different methods for enrichment,

active only in the periplast® and GFP fluoresces only in
the cytoplasn®®” simple, high-throughput assays can deter-
mine the orientation of protein C-termiff-2°°Without the
experimental constraints, TMHMM predicted the correct
orientation for only 78% of the IMPs in the dataset, and

solubilization, affinity purification, quantitation, and analysis.
In terms of mature strategies for IMP proteomics, 1IIE

and MudPIT are clearly the forerunners. Alternate 2DE
approaches, such as BN/SDS, 16-BAC/SDS, and dSDS,
while superior to classic 2DE in terms of compatibility with

results were generally lower scoring than after the C-terminal very hydrophobic species, do not have the resolving power

location was defined. In addition, they identified a number
of dual topology proteins and identified IMPs with,MCin
topologies as a predominant structural cR&Similarly, for
the 51 006- proteins found by homology searching, unre-
strained TMHMM prediction provided the correct orientation
in only 69% of cases. Thus, from an initial600 protein

to give them much advantage over a 1DE separation.
Additionally, like 1DE, they require an orthogonal peptide
separation step to maximize identifications. While several
techniqgues have been suggested for improving the gel
extraction of hydrophobic peptides, they have not been
widely implemented, limiting TMD coverage and hindering

dataset, significantly improved topology maps were obtained identification of IMPs. Until recently, shotgun methods

for more than 30% of all predicted bacterial inner membrane
proteins3°® However, for the majority of eukaryotic IMP
families, no bacterial homologues exi&t.From the initial

E. coli data set, only~4000 eukaryotic homologues could
be assigned

suffered from the same affliction, with IMP enrichment
maxing out~65% and TMD-containing peptides routinely
underrepresented. However, that shortcoming can largely be
alleviated with protocols that specifically target TMD
domains. Given that membrane-embedded regions may make
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up a large percentage of IMP structure, the success of thisTOF time-of-flight

strategy is not surprising. The targeted enrichment of TMDs WGA  wheat germ agglutinin

is achieved by removingoth soluble proteins and soluble

IMP domains (via _proteinase K shayipg at _high pH). 12. Acknowledgments
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