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a b s t r a c t
Integral membrane proteins are generally under-represented in routine proteomic analyses, mostly because of
their relatively low abundance, hydrophobicity and lack of trypsin-cleavage sites. To increase the coverage of
membrane proteomes, various strategies have been developed, targeting mostly the extra-membrane segments
of membrane proteins. We focused our attention to the rather overlooked hydrophobic transmembrane segments. Such peptides can be isolated after carbonate stripping and protease “shaving” of membranes isolated
by simple centrifugation procedure. The treated membranes with embedded hydrophobic peptides can then
be solubilized in organic solvents, re-digested with CNBr, delipidated and subjected to LC-MS/MS analysis. We
modiﬁed the original “hppK” method, and applied it for the analysis of human lymphoma cells. We identiﬁed
1224 proteins of which two-thirds were IMPs with 1–16 transmembrane segments. This method allowed us to
identify 13 “missing proteins” — proteins with no previous evidence on protein level.
Biological signiﬁcance: Integral membrane proteins execute numerous essential functions and represent substantial part of eukaryotic proteomes. Our knowledge of their function and expression is, however, limited. Novel approaches extending our knowledge of membrane proteome are therefore highly desired. As we demonstrate
here, a non-conventional method which targets rather overlooked hydrophobic transmembrane segments of integral membrane proteins has wide potential to provide the missing information on the membrane proteome.
We show that it can deliver identiﬁcation and potentially also quantiﬁcation of hundreds of integral membrane
proteins including the so called “missing proteins”.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Approximately one third of eukaryotic genes code for integral
membrane proteins (IMPs). These molecules execute important functions — namely signal transduction, transmembrane transport, cell-cell
communication, cell adhesion to extracellular matrix and many other
processes [1]. Their roles make IMPs ideal pharmacological targets. In
fact, membrane proteins are the targets of 50–60% of all currently approved drugs [2]. Yet, because of relatively low expression and, above
all, their hydrophobicity, IMPs are generally under-represented in routine proteomic analyses [3]. Isolation of membrane-enriched fractions
is often inefﬁcient, being plagued by extensive contamination with
major cytosolic proteins, components of cytoskeleton and other proteins.
Carbonate washing only partially reduces the problem of nonspeciﬁc adhesion, as the percentage of IMPs of all identiﬁed proteins in isolated
membrane fractions is typically only up to 40–50% [4–6]. Presence of

both hydrophilic and hydrophobic domains makes IMPs amphipathic
and therefore difﬁcult to solubilize. Use of harsh conditions including
high concentration of organic solvents or inclusion of detergents may interfere with protease digestion and/or MS analysis and often requires laborious removal [7,8]. Analysis is further complicated by the fact, that the
hydrophobic (mostly alpha-helical) transmembrane domains of IMPs
are resistant to digestion by conventional proteases due to inherently
low solubility and the absence of speciﬁc cleavage sites.
To overcome some of these obstacles, methods targeting selectively
either the hydrophilic (extra-membrane) or the hydrophobic (transmembrane, TM) sections of IMPs have been introduced. Extracellular
hydrophilic sections of plasma membrane proteins can be targeted by
surface biotinylation of amine residues or glycosylated aminoacids,
followed by protease digestion and afﬁnity puriﬁcation of labeled extracellular peptides [9,10]. This strategy of “surfaceome” analysis has been
applied to human leukemia cells [11,12], adipocytes [13], glioblastoma
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[14], stem cells [15,16] and other cell types. The surface capture method
provides very high enrichment of IMPs, 45–90% of identiﬁed proteins in
these analyses contain at least one predicted TM segment. The strategy
is, however, limited to intact live cells and does not allow analysis of frozen samples, biopsies or post-mortem tissues, unless lectin-based
glycocapture is used instead of surface biotinylation as recently demonstrated [17].
Alternative or rather complementary approach targets the overlooked “dark side” of IMPs — hydrophobic membrane-embedded segments. This unique approach has been developed by Adele Blackler
and Christine Wu [18] and takes advantage of the fact, that the
phosholipid bilayer protects the transmembrane peptides from enzymatic proteolysis. Isolated membrane vesicles can thus be opened at
high pH and all non-protected non-membrane proteins can be “shaved”
by a protease from both surfaces of the membranes. The treated membranes with embedded hydrophobic peptides can then be solubilized
in organic solvents, re-digested with CNBr, delipidated and subjected
to LC-MS. The method is not limited to plasma membrane and can
also be applied to frozen samples or tissue biopsies. Despite its obvious
potential to tap the valuable information hidden in the phospholipid bilayer, the strategy has not attracted many followers, possibly because of
the laborious multi-step workﬂow and application of less common
cleavage strategies (non-speciﬁc proteinase K and CNBr).
We followed the directions set up by Blackler and Wu [18], modiﬁed
the method and applied it for a large-scale analysis of membrane proteins
in human lymphoma cells. Our modiﬁcation avoids ultracentrifugation
step, includes on-column sample delipidation and, most importantly, replaces the non-speciﬁc proteinase K employed in the original method
with trypsin. This critical modiﬁcation prevents the analysis of numerous
overlapping peptides generated by the non-speciﬁc proteinase K and
thus makes the technique more sensitive and makes it compatible with
quantitative analysis using SILAC labeling. Using this modiﬁed version
of the technique, we identiﬁed 1224 proteins in the lymphoma cell line
sample, of which two-thirds (802 proteins) were IMPs with 1–16 transmembrane segments according to the Tied Mixture Hidden Markov
Model (TMHMM) prediction [19].
2. Methods
2.1. Isolation of membranes, carbonate stripping and trypsin digestion
Human mantle cell lymphoma Mino cells (CRL-3000, purchased from
ATTC) were grown in 75 cm2 cultivation ﬂasks in Iscove's Modiﬁed
Dulbecco's Medium (Lonza) and upon harvesting were washed in chilled
Dulbecco's Phosphate Buffered Saline (Sigma). The harvested cells were
stored at −80 °C until further processing. The cell pellets were resuspended in hypotonic lysis buffer (10 mM NaCl, 10 mM HEPES pH 7.5),
kept on ice for 20 min, and homogenized by passing 20 times through
a gauge 25 hypodermic needle. The homogenate was centrifuged
(500 ×g, 5 min, 4 °C) to pellet unbroken cells and nuclei. The supernatant
was treated with bovine deoxyribonuclease I (Sigma) (120 Kunitz units,
60 min incubation at 37 °C with 25 mM MgCl2 and 5 mM CaCl2 added)
and centrifuged in a benchtop centrifuge (18,000 × g, 30 min, 4 °C).
The pellet was solubilized in ice-cold 100 mM Na2CO3, agitated for
30 min on ice and centrifuged again (18,000 ×g, 30 min, 4 °C). Resulting
pellet was solubilized in 25 mM (NH4)HCO3 with sequencing grade
modiﬁed porcine trypsin (Promega) and incubated at 37 °C overnight.
After the tryptic digestion the suspension was again centrifuged at
18,000 × g, the resulting pellet was solubilized in ice-cold 100 mM
Na2CO3, agitated for 30 min on ice, and the suspension was frozen and
thawed 3 times, before being ﬁnally centrifuged at 18,000 ×g.
2.2. Electron microscopy
Three aliquots were taken during the process of membrane isolation:
A) after the ﬁrst centrifugation at 18,000 ×g, B) after the ﬁrst incubation

in Na2CO3 and C) after digestion with trypsin. Upon centrifugation at
18,000 × g, all four aliquots were resuspended in 250 mM sucrose at
1:1 v/v ratio. Fixation was done by overlaying samples with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2), incubation for 30 min on
ice and centrifugation at 18,000 × g, 20 min, 0 °C. Postﬁxation was
done in 2% OsO4 in the same buffer. Fixed tissue was dehydrated through
an ascending ethanol series and embedded in Araldite – Poly/Bed® 812
mixture (Polysciences). Thin sections were cut on a Reichert–Jung
Ultracut E ultramicrotome and stained using uranyl acetate and lead citrate. Sections were examined and photographed using a JEOL JEM-1011
transmission electron microscope.
2.3. Preparation of standard membrane protein sample
Proton coupled chloride transporter from Escherichia coli (CLC-EC1,
UniProt accession number P37019) was expressed and puriﬁed as described previously [20]. Protein was precipitated using acetone in the
presence or absence of a model lipid, 1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC, Avanti Polar Lipids).
2.3.1. Cyanogen bromide digestion
The pellet of isolated membranes (approx. 60 μl) was resuspended
in 100 μl 70% triﬂuoroacetic acid (TFA) with 20 mg/ml cyanogen bromide (CNBr) and digested in dark at room temperature overnight.
Digested peptides were then dried in speedvac and twice solubilized
in 70% methanol and dried again to remove the remaining CNBr.
Standard protein was digested by CNBr according to the same protocol. Five micrograms of pure or DMPC-spiked CLC-EC1 were subjected
to digestion overnight. DMPC alone was processed in the same manner
as well. For method comparison purposes, CLC-EC1 was also digested by
the original procedure as described previously by [18], where the samples were digested in 90% FA and no CNBr removal step followed the
reaction.
2.3.2. Standard sample preparation for LC-MS analysis
To optimize the sample preparation method, the standard samples
containing CLC-EC1, DMPC or their mixture were processed by three
different protocols. In two of those, dried sample was reconstituted in
80% acetonitrile/10% H2O/10% formic acid, sonicated and diluted with
solvent A (0.5% formic acid in H2O) to 10% acetonitrile concentration.
The sample was then loaded on a peptide Macrotrap in an off-line holder (Optimize Technologies) and desalted using solvent A. Next, the trap
was either subjected to direct elution with 150 μl solvent B (90% acetonitrile/5% water/5% formic acid) or to a modiﬁcation of lipid removal
procedure described previously [21,22]. In the latter, the trap was
washed (sample delipidated) with dichloromethane/0.5% FA (up to
2500 μl). After delipidation the elution was done with 150 μl solvent
B. In all cases the trap was ﬁnally cleaned by 40% acetonitrile/20% methanol/10% isopropanol/10% formic acid/10% water. Alternatively the
sample was also processed by the procedure described by Blackler
et al., where the supernatant as well as the pellet after lipid precipitation
was desalted [18]. In all the three protocols, aliquots collected at every
step of the preparation were analyzed by mass spectrometry.
Following the method optimization, the cyanogen bromide digested
transmembrane peptides isolated from Mino cells were processed according to the procedure with dichloromethane delipidation on a peptide trap. Desalted and delipidated peptides were dried in speedvac
and stored at −80 °C.
2.3.3. MS analysis of the standard sample
Development of the sample preparation procedure was monitored
by MALDI-FT-ICR and ESI-FT-ICR on a 12T SolariX XR (Bruker Daltonics).
Samples from the individual steps of ofﬂine clean-up and delipidation
were either directly infused via an ESI source or spotted on a MALDI
plate and overlaid with α-cyano-4-hydroxycinnamic acid. MALDI
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spectra were recorded with mass range from 400 to 6000 and ESI spectra from 200 to 3000.
2.4. LC-MS/MS analysis
For the trans-membrane peptide sample, the material was dissolved
in 5 μl of 10% aqueous formic acid containing 80% (v/v) acetonitrile. The
sample was further diluted by the addition of 4 volumes (20 μl) of
water, and 5 μl of that solution were loaded onto a Thermo Scientiﬁc
PepMap peptide trap (internal diameter 100 μm, length 2 cm, 5 μm particle size) using 0.05% aqueous formic acid containing 2% acetonitrile at
ﬂow rate 8 μl/min. Peptides were further separated on Thermo Scientiﬁc
Acclaim EasySpray PepMap C18 RSLC column (internal diameter 75 μm,
length 50 cm, 2 μm particle size, 100 Å pore size) maintained at a constant temperature (40 °C) and equilibrated with 2.4% (v/v) acetonitrile
in 0.1% (v/v) aqueous formic acid (FA). Pumping was done by nano
UHPLC (Easy-nLC 1000; Thermo Fisher Scientiﬁc) with a 90 min linear
gradient of solvent B (80% acetonitrile in 0.1% aqueous formic acid) in
solvent A (0.1% aqueous formic acid), according to the following proﬁle:
0–5 min 10% B; 5–10 min ramping to 15% B; 10–95 min ramping to 55%
B; 95–100 min ramping to 100% B; 100–104 min hold at 100% B; 104–
105 min return to 10% B; 105–120 min equilibration at 10% B; ﬂow
rate of 300 μl/min. Total run time was 120 min.
Separated peptides were detected with the quadrupole-Orbitrap
mass analyzer (Q Exactive; Thermo Fisher Scientiﬁc) using a data dependent acquisition in positive mode. Peptide parent ions were detected in a high resolution full scan (mass range 350–1500 m/z, 70,000
resolving power setting at m/z 200). The instrument was set so that
10 most intense ions of every full scan spectrum, meeting speciﬁc
threshold criteria (minimum intensity 1.7 × 104 , charge state N1),
were selected for MS/MS. Peptides were isolated with an isolation window of 3 Da, fragmented (HCD fragmentation with NCE 27 collision energy setting), and the resulting fragment ions were detected (17,500
resolving power setting). Other settings: target value 3 × 106 and
1 × 105 for full scan and MS/MS scan, respectively; maximum ion time
50 ms and 120 ms for full scan and MS/MS scan, respectively. Following
their fragmentation the precursors were put on an exclusion mass list
for 30 s (exclusion width ±10 ppm from the parent ion).
Data processing: Proteome Discoverer v. 1.4 (Thermo Fisher Scientiﬁc)
software package was used for protein identiﬁcation. The spectra were
searched using Thermo Fisher Scientiﬁc Sequest HT search engine against
the human subset of Swiss-Prot database with added contaminant protein sequences (20,249 sequences in total). The search settings differed
between the standard and membrane sample in the cleavage speciﬁcity,
trypsin with 3 missed cleavage sites and cyanogen bromide (semi-specific) with 2 missed cleavage sites, respectively. Also, there was an extra dynamic modiﬁcation, Met changing to homoserine lactone (Met −48.003)
on any peptide C-terminus, deﬁned for the membrane sample search. The
other settings were the same for both samples: precursor mass tolerance
10 ppm; fragment mass tolerance 60 mDa; oxidation of Met residues
(+15.995) set as dynamic modiﬁcation; maximum 3 equal dynamic
modiﬁcations per peptide allowed. The search results were validated
with decoy database search strategy using Percolator [23] with target
FDR 0.01 and validation based on q-value.
3. Results and discussion
The pioneering work of Adele Blackler and Christine Wu [18] tapped
the previously unexplored information on transmembrane segments of
membrane proteins buried in the lipid bilayer — it enabled identiﬁcation of almost 500 IMPs. The use of proteinase K at high pH facilitates
membrane stripping of associated proteins and promotes membrane
vesicle opening resulting in efﬁcient shaving of extramembrane protein
material from both sides of membrane vesicles [18].
However, the low speciﬁcity of proteinase K produces numerous
overlapping peptides leading to increased complexity of sample and
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potentially decreases the number of identiﬁed proteins. In our modiﬁed
approach we used trypsin instead of proteinase K and veriﬁed its efﬁcacy for the membrane shaving and analysis of integral membrane peptides. In the course of our experiments we also introduced several
other modiﬁcations. We avoided the relatively laborious puriﬁcation
of membrane vesicles by ultracentrifugation steps, used different CNBr
digestion protocol and performed on-column delipidation of solubilized
membranes instead of lipid precipitation. In reference to the original
hppK (high pH, proteinase K) strategy [18,24], we propose an acronym
hpTC (high-pH-Trypsin-CNBr) for this modiﬁed method.
3.1. Isolation of membrane-enriched fraction
Instead of ultracentrifugation steps used in the original protocol we
homogenized the lymphoma cells simply by passing through a hypodermic needle in a hypotonic buffer and isolated the crude membrane
fraction as described previously [25] (Fig. 1A).
To cope with the viscous clump of DNA released from residual nuclear
fragments during the subsequent steps, we treated the crude membrane
sample with DNAse prior to the digestion. The crucial step – opening of
membrane vesicles in 100 mM Na2CO3 at high pH – was performed essentially as described in the original protocol [18] (Fig. 1B). For the digestion of all non-membrane proteins and extramembrane sections of
membrane proteins we chose trypsin instead of proteinase K employed
by Blackler et al.
Since the peptides produced by non-speciﬁc proteinase K are highly
overlapping, the resulting sample would be unnecessarily complex,
compared to identical digest resulting from speciﬁc cleavage with trypsin. Also, since current state-of-the-art MS instrumentation provides
better fragmentation spectra and also higher resolution and mass precision, it is no longer necessary to increase the protein identiﬁcation conﬁdence by fragmenting several overlapping peptides covering the same
protein sequence. This in turn leads to higher individual signal intensities as the amount of each analyte protein is not split into several overlapping peptides concurrently occurring in the sample. Further, Cterminal arginine or lysine in each peptide generated by trypsin cleavage facilitate ionization and conﬁdent protein identiﬁcation and validation. Last but not least, trypsin is compatible with SILAC labeling,
enabling convenient semi-quantitative expression analysis of IMPs.
The successful digestion with trypsin in the re-formed membrane
vesicles is visible in Fig. 1C as the vesicles are more sharply deﬁned. To
release the cleaved extramembrane peptide content from the vesicles
we re-opened the vesicles again in 100 mM Na2CO3 at high pH and
washed and pelleted the trypsin-treated membranes. To remove all potential soluble peptides, the vesicles were repeatedly freeze-thawed in
the carbonate buffer.
3.2. Re-digestion of membrane peptides
Membrane-embedded peptides produced by the treatment of membranes with trypsin alone are rather large and hydrophobic for optimal
LC-MS analysis. A typical vertebrate transmembrane alpha-helix consists
of 20–30 amino acids depending on particular membrane type (ER, Golgi
or plasma membrane) [18,26]. Furthermore a variable number of amino
acid residues to the nearest trypsin cleavage site(s) or protein terminus
must be added to such a theoretical calculation as well. In order to reduce
the size of the peptides and lower their hydrophobicity, solubilization of
the trypsin-treated membranes in strong acid (preferably FA or TFA)
followed by chemical cleavage of hydrophobic peptides with CNBr can
be used [27]. CNBr cleaves proteins or long peptides C-terminal to methionine residues and generates peptides with homoserine lactone at their
C-termini. Also, as the cleavage is mediated only by a small chemical
agent, it is well suited to digesting samples even in the membrane bilayer
environment, where enzymatic digestion suffers from the very limited
accessibility of large protein-based enzymes to the substrate. High toxicity of CNBr and its byproducts, however, needs to be considered and all
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Fig. 1. Isolation, carbonate stripping and proteolytic shaving of membranes steps visualized by transmission electron microscopy (TEM). A) Upon homogenization and centrifugation steps,
the isolated crude membrane fraction consists of variously sized membrane vesicles containing trapped proteins and other material. B) Carbonate stripping allows opening of the vesicles
and release of trapped content. Due to the use of centrifugation during ﬁxation for TEM, the opened membranes appear to be stacked. C) After tryptic digestion, the membrane outlines are
more sharply deﬁned and the vesicles appear empty compared to 1A. Due to previous opening and stacking, some of the resulting vesicles are multilayered.

work involving CNBr must be strictly performed in a fume hood. It
should be mentioned that a combined cleavage with CNBr/trypsin has
been used in membrane proteomics previously to analyze bacterial
membrane, however, in a reverse order – i.e. CNBr cleavage followed
by trypsin digestion and in different experimental design [28].
Initially, we performed a pilot experiment with a standard sample –
membrane protein CLC-EC1. We performed the digestion according to
the hppK-CNBr protocol which used solubilization and CNBr digestion
in 90% formic acid. When applied to our model protein, CLC-EC1, substantial portion of the digestion products was found to be modiﬁed by
formylation (Supplementary Fig. 1A). We therefore replaced the formic
acid by TFA and despite the fact that formic acid was used for subsequent sample desalting, virtually no formyl adducts were found (Supplementary Fig. 1B).

eluate from the trap column. Next we veriﬁed that CNBr treated lipid
(DMPC) can be efﬁciently removed. As expected, the lipid eluted from
the trap when dichloromethane was applied and no signal for the intact
lipid or the acid-generated degradation product, lysoDMPC was found

3.3. Sample delipidation
After the chemical cleavage, the phospholipid-rich sample must be
delipidated prior to the LC-MS/MS analysis. The original protocol
employed lipid precipitation in aqueous-organic buffer [18]. Since we
observed quite substantial amount of lipids in the supernatant of the
precipitated and centrifuged sample, we replaced the precipitation
step with on-column delipidation using dichloromethane [21,22]. The
method was originally designed for non-ionic detergent removal from
peptide digests but when applied to a detergent solubilized mitochondrial membrane protein ANT1, removal of the lipids was observed as
well [22]. In a pilot experiment we tested the lipid removal procedure
on pure CLC-EC1 digest and observed no peptide loss. In addition,
even very hydrophobic peptides were detected in the ﬁnal acetonitrile

Fig. 2. Peptide hydrophobicity. Comparison of the distribution of peptide GRAVY score in
our hpTC dataset with the original hppK-CNBr method. Distribution of peptides in our
dataset is shifted toward higher GRAVY score (more hydrophobic peptides), presumably
due to different method of sample delipidation.
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in the acetonitrile elution. Finally, we used DMPC-spiked CLC-EC1 for digestion and performed the puriﬁcation procedure on this sample. The
result is shown in Supplementary Fig. 2 and conﬁrms that the oncolumn delipidation approach represents a feasible sample preparation
for membrane proteomics samples. This is further supported by the hydrophobicity calculation (GRAVY score) [29] of the peptides identiﬁed
in our dataset and those from the original dataset of Blackler et al. [18]
obtained after lipid precipitation. The distribution can be seen in Fig. 2.
Our dataset contained more peptides with high hydrophobicity (peptides with positive GRAVY score) probably due to their preferential capture on the hydrophobic stationary phase.
3.4. LC-MS/MS analysis
In the original paper, authors analyzed the delipidated membrane
sample using MudPit approach [30] consisting of twelve 2-hour steps
[18]. Our 1D LC-MS/MS analysis using a 90 min gradient on a 50 cm
heated column connected to Orbitrap Q Exactive mass spectrometer resulted in identiﬁcation of 1224 proteins with average sequence coverage 12.2%. Of the 1224 proteins 802 molecules (65.5%) were predicted
to have at least one transmembrane domain by TMHMM [19]. For the
complete list of the identiﬁed proteins see Supplementary Table 1.
3.5. Integral membrane proteins, transmembrane segments
Using the hpTC method we identiﬁed 802 IMPs with up to 16 transmembrane segments (except one outlying protein with 31 predicted
transmembrane segments, Piezo1, Q92508) in the human lymphoma
Mino cell sample, of which proteins with two or more TM segments represented roughly two thirds. (Fig. 3) The observed distribution is in
agreement with genome-wide predictions for human proteins [1] suggesting that the hpTC method is not biased toward a speciﬁc group of
transmembrane proteins. Furthermore a closer analysis showed that
approximately half (1274/2561) of the unique peptides used for the
identiﬁcation of the IMPs overlapped with predicted transmembrane
regions.
To illustrate the contribution of transmembrane peptides in the
hPTC analysis several topological maps generated by Protter software
[31] are shown in Fig. 4. Also, to determine the relative contribution of
trypsin digestion and CNBr cleavage among the identiﬁed peptides,
we calculated the distribution of terminal arginines and lysines and methionines converted by CNBr to homoserine lactones (Supplementary
Fig. 3). Roughly 75% of all the peptides identiﬁed in our analysis were
produced by CNBr or combined action of trypsin and CNBr. However,
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this proportion is signiﬁcantly higher (97%) for the peptides which overlapped with predicted transmembrane segments. This underlines
the beneﬁt of CNBr use in the analysis of membrane proteins.
3.6. Access to all cellular membrane compartments
Among the IMPs identiﬁed in the human lymphoma cells, there were
numerous transporters, membrane enzymes, receptors, signal transduction proteins, and proteins with immunity-related activities and other
functions. According to gene ontology annotations, the identiﬁed membrane proteins originate from various organelles, conﬁrming the ability
of the method to access not only plasmatic but all cellular membranes.
Due to dynamic nature of cellular membranes (and according to their
multiple G.O. annotations), many membrane proteins are associated
with two or more cellular compartments. This complicates the evaluation and prevents any clear-cut calculation of protein distribution
among the various membrane compartments. Nevertheless, we also observed proteins annotated exclusively to mitochondrial membrane (e.g.
ADP/ATP translocases 1–3, numerous components of respiratory
chain), to membranes of endoplasmic reticulum (e.g. GlcNAc-1-P transferase, UDP-glucuronic acid/UDP-N-acetylgalactosamine transporter)
and
Golgi
(e.g.
Alpha-(1,6)-fucosyltransferase,
Beta-1,4galactosyltransferase 3), proteins localized to nuclear envelope (e.g.
lamin-B receptor, nucleoporin NDC1) and proteins known for their typical plasma membrane localization such as proteins belonging among
the CD (cluster of differentiation) molecules. CD proteins expressed on
the cell surface represent promising targets of modern anti-cancer
drugs including therapeutic antibodies, as exempliﬁed by rituximab
targeting CD20 in B-cell lymphomas, trastuzumab targeting-HER2 in
breast cancer patients or ipilimumab targeting CTLA-4 in patients with
melanoma [32]. The information on expression of CD markers in cancer
cells is therefore of tremendous importance. We identiﬁed 48 CD molecules in our analysis of human lymphoma cells (Table 1.)
3.7. Opening the black box
IMPs with large extra-membrane domains can provide several tryptic
peptides and can be therefore identiﬁed in the conventional large scale
proteomic analyses or using the surface-capture strategy. However,
some membrane proteins possess only small extra-membrane segments
offering no tryptic peptides of reasonable size. Such proteins thus inevitably escape detection by both surface capture methods and routine proteomic analyses. Here we show, that the CNBr cleavage of intra-membrane
segments of such proteins may enable their identiﬁcation as demonstrated by several proteins identiﬁed in our hpTC analysis. Such a typical difﬁculty to identify proteins with no extramembrane tryptic peptide can be
exempliﬁed by the identiﬁed Dolichyl-diphosphooligosaccharide-protein
glycosyltransferase subunit 4 (OST4_HUMAN) or NADH-ubiquinone oxidoreductase chain 4L (NU4LM_HUMAN) in Fig. 4.
Recently, the Human Proteome Project sparked an interest in identiﬁcation of “missing proteins” i.e. proteins having no evidence of existence on protein level [33]. The latest release of the neXtProt database
(www.nextprot.org, September 2015) contains 3243 “missing proteins”
[34]. In our dataset we identiﬁed 13 of such “previously unseen” proteins, namely O15342, O60478, Q14330, Q14656, Q5SWH9, Q6UWH6
(evidence on transcript level), A8MWL7, A2A368, C9J798, P69849
(based on homology) and O60361, Q5T1J5, Q92928 (classiﬁed as uncertain). Seven out of the thirteen proteins (O15342, O60478, Q14330,
Q14656, Q5SWH9, Q6UWH6, A8MWL7) are IMPs with 2–7 transmembrane segments.
3.8. Proteins with no transmembrane domain. Contaminants?

Fig. 3. Number of transmembrane segments in the identiﬁed IMPs. Number of predicted
transmembrane regions (based on TMHMM prediction) in the 802 IMPs identiﬁed in
our study.

The treatment of membranes with carbonate washing at high pH
followed by trypsin digestion was in our study effective for removal
of most but not all non-membrane contaminants. Among the 1224
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Fig. 4. Examples of sequence coverage of identiﬁed IMPs on topological prediction maps. Sequences of identiﬁed peptides used for the identiﬁcation are labeled blue. Topology maps were
generated using Protter (http://wlab.ethz.ch/protter). These examples illustrate that peptides overlapping with transmembrane segments signiﬁcantly contribute to the protein
identiﬁcation. As demonstrated by OST4_HUMAN and NU4LM_HUMAN this method allows proteomic identiﬁcation of small, highly hydrophobic IMPs with limited presence of trypsin
cleavage sites.

identiﬁed proteins, 422 were predicted to have no transmembrane segment. Presence of these proteins in the hpTC isolate may be explained by
their tight speciﬁc association with membrane lipids or proteins. For instance, we identiﬁed non-membrane protein beta-2-microglobulin,
which is known to exist as a component of a large membrane-bound
MHC class I complex and may be therefore shielded by the α1/α2
MHC heterodimer (also identiﬁed in our study) from the trypsin activity.
Similarly, the presence of hydrophobic segments in the structure of nonmembrane proteins may cause their non-speciﬁc sticking to the phospholipid bilayer during the sample preparation and may thus prevent
their complete removal. In our lymphoma cell study we observed contamination by major cytosolic (alpha enolase, GAPDH, glucose-6phosphate isomerase), cytoskeletal (actin, tubulin) and also nuclear (histones, small nuclear ribonucleoproteins) high-abundance proteins.
However, as exempliﬁed by histones, which may also be extra-nuclear
and have been shown to directly interact with membrane [35,36], it is
not always easy to decide where precisely to draw the line between proteins of interest and contaminants. Overall, despite the presence of some
contaminating proteins in the results of our analyses, integral membrane

proteins represented over 65% of all identiﬁed proteins, thus demonstrating high efﬁcacy of the hpTC method.
3.9. Quantitative analysis of membrane proteome?
Analysis of membrane-embedded peptides clearly taps the invaluable information on membrane proteome. However, mere cataloguing
of membrane proteome is not sufﬁcient. Can we make such an analysis
(semi)quantitative?
Implementation of trypsin instead of proteinase K to the method
workﬂow potentially opens the door to quantitative membrane analysis
using SILAC labeling [37]. To evaluate the theoretical potential of SILAC
labeling for the hpTC method, we queried the content of canonic
SILAC-compatible amino acids – arginine (R) and lysine (K) in the unique
peptides identiﬁed in our lymphoma cell line analysis (Fig. 5). Out of the
total number of 3884 peptides, 2055 (53%) contained at least one lysine,
while arginine was present in 1965 (51%). Almost 83% of the peptides
contained either K or R. Theoretically, an application of “double” (K and
R) SILAC could provide semi-quantitative information on a signiﬁcant

Please cite this article as: O. Vit, et al., Large-scale identiﬁcation of membrane proteins based on analysis of trypsin-protected transmembrane
segments, J Prot (2016), http://dx.doi.org/10.1016/j.jprot.2016.03.016

O. Vit et al. / Journal of Proteomics xxx (2016) xxx–xxx

7

Table 1
The list of identiﬁed CD molecules.
List of identiﬁed lymphoma membrane CD proteins
CD No.

Accession Entry name

CD10
CD11a
CD18
CD19
CD20
CD21
CD27
CD32

P08473
P20701
P05107
P15391
P11836
P41597
P26842
P31994

CD39

P49961

CD40

P25942

CD43
CD45

P16150
P08575

CD47
CD48
CD50
CD53
CD54
CD63
CD70
CD71
CD72
CD74

Q08722
P09326
P32942
P19397
P05362
P08962
P32970
P02786
P21854
P04233

CD79a

P11912

CD79b

P40259

CD81
CD82
CD84
CD92
CD97
CD98
CD99
CD102
CD107a

P60033
P27701
Q9UIB8
Q8WWI5
P48960
P08195
P14209
P13598
P11279

CD132

P31785

CD147 P35613
CD159a P26715
CD184
CD185
CD192
CD197
CD205
CD217
CD222

P61073
P32302
P41597
P32248
O60449
Q96F46
P11717

CD225

P13164

CD230
CD289
CD298

P04156
Q9NR96
P54709

CD361

P34910

Protein name

NEP_HUMAN
ITAL_HUMAN
ITB2_HUMAN
CD19_HUMAN
CD20_HUMAN
CCR2_HUMAN
CD27_HUMAN
FCG2B_HUMAN

Neprilysin
Integrin alpha-L
Integrin beta-2
B-lymphocyte antigen CD19
B-lymphocyte antigen CD20
C-C chemokine receptor type 2
CD27 antigen
Low afﬁnity immunoglobulin gamma Fc
region receptor II-b
ENTP1_HUMAN Ectonucleoside triphosphate
diphosphohydrolase 1
TNR5_HUMAN
Tumor necrosis factor receptor
superfamily member 5
LEUK_HUMAN
Leukosialin
PTPRC_HUMAN Receptor-type tyrosine-protein
phosphatase C
CD47_HUMAN
Leukocyte surface antigen CD47
CD48_HUMAN
CD48 antigen
ICAM3_HUMAN Intercellular adhesion molecule 3
CD53_HUMAN
Leukocyte surface antigen CD53
ICAM1_HUMAN Intercellular adhesion molecule 1
CD63_HUMAN
CD63 antigen
CD70_HUMAN
CD70 antigen
TFR1_HUMAN
Transferrin receptor protein 1
CD72_HUMAN
B-cell differentiation antigen CD72
HG2A_HUMAN
HLA class II histocompatibility antigen
gamma chain
CD79A_HUMAN B-cell antigen receptor
complex-associated protein alpha chain
CD79B_HUMAN B-cell antigen receptor
complex-associated protein beta chain
CD81_HUMAN
CD81 antigen
CD82_HUMAN
CD82 antigen
SLAF5_HUMAN
SLAM family member 5
CTL1_HUMAN
Choline transporter-like protein 1
CD97_HUMAN
CD97 antigen
4F2_HUMAN
4F2 cell-surface antigen heavy chain
CD99_HUMAN
CD99 antigen
ICAM2_HUMAN Intercellular adhesion molecule 2
LAMP1_HUMAN Lysosome-associated membrane
glycoprotein 1
IL2RG_HUMAN
Cytokine receptor common subunit
gamma
BASI_HUMAN
Basigin
NKG2A_HUMAN NKG2-A/NKG2-B type II integral
membrane protein
CXCR4_HUMAN C-X-C chemokine receptor type 4
CXCR5_HUMAN C-X-C chemokine receptor type 5
CCR2_HUMAN
C-C chemokine receptor type 2
CCR7_HUMAN
C-C chemokine receptor type 7
LY75_HUMAN
Lymphocyte antigen 75
I17RA_HUMAN
Interleukin-17 receptor A
MPRI_HUMAN
Cation-independent
mannose-6-phosphate receptor
IFM1_HUMAN
Interferon-induced transmembrane
protein 1
PRIO_HUMAN
Major prion protein
TLR9_HUMAN
Toll-like receptor 9
AT1B3_HUMAN Sodium/potassium-transporting ATPase
subunit beta-3
EVI2B_HUMAN
Protein EVI2B

portion of proteins identiﬁed in our current hpTC analysis. However, we
further evaluated the content of leucine, another essential amino acid
compatible with SILAC labeling, which also occurs frequently in hydrophobic transmembrane segments. Leucine was found in 3213 (83%) of
all the unique peptides. Taken together, vast majority of all identiﬁed
peptides (97%) contained at least one lysine, arginine or leucine, suggesting that using a triple (K, R and L) SILAC labeling of the cells could provide
semi-quantitative information on most proteins identiﬁed in our current
hpTC analysis (Fig. 5).

Fig. 5. Compatibility with SILAC. Percentage of unique peptides identiﬁed in our analysis
containing SILAC-compatible amino acids.

4. Conclusions
In this study we demonstrate that the analysis of membraneembedded peptides using the hpTC method enables very high enrichment of membrane proteins from all cellular compartments, including
proteins with numerous transmembrane segments.
Identiﬁcation of hundreds of integral membrane proteins in mammalian cells can be easily achieved in a single analysis and the whole experiment, including LC-MS/MS analysis, can be accomplished in
approximately 50 h. The modiﬁed method avoids ultracentrifugation
steps, employs more effective delipidation step and does not require
any specialized instrumentation. Another important novelty of our
modiﬁcation to the original hppK method is the introduction of trypsin
instead of non-speciﬁc proteinase K. This makes the method more sensitive and better suited for quantitative approaches, namely SILAC labeling and potentially opens the way toward a detailed semi-quantitative
membrane proteome analysis using SILAC or super-SILAC strategy [37,
38]. However, the amphipathic nature of integral membrane proteins
clearly calls for a combination of two complementary approaches. Joining forces of hydrophobic peptide-oriented hpTC approach with a
soluble-peptide oriented method should provide the best results and
enable deep expression analysis of membrane proteomes.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.03.016.
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