
Enhancing Identifications of Lipid-embedded
Proteins by Mass Spectrometry for Improved
Mapping of Endothelial Plasma Membranes
in Vivo*□S

Yan Li, Jingyi Yu, Yipeng Wang, Noelle M. Griffin, Fred Long, Sabrina Shore, Phil Oh,
and Jan E. Schnitzer‡

Lipid membranes structurally define the outer surface and
internal organelles of cells. The multitude of proteins em-
bedded in lipid bilayers are clearly functionally important,
yet they remain poorly defined. Even today, integral mem-
brane proteins represent a special challenge for current
large scale shotgun proteomics methods. Here we used
endothelial cell plasma membranes isolated directly from
lung tissue to test the effectiveness of four different mass
spectrometry-based methods, each with multiple repli-
cate measurements, to identify membrane proteins. In
doing so, we substantially expanded this membranome to
1,833 proteins, including >500 lipid-embedded proteins.
The best method combined SDS-PAGE prefractionation
with trypsin digestion of gel slices to generate peptides
for seamless and continuous two-dimensional LC/MS/MS
analysis. This three-dimensional separation method out-
performed current widely used two-dimensional methods
by significantly enhancing protein identifications includ-
ing single and multiple pass transmembrane proteins;
>30% are lipid-embedded proteins. It also profoundly im-
proved protein coverage, sensitivity, and dynamic range
of detection and substantially reduced the amount of
sample and the number of replicate mass spectrometry
measurements required to achieve 95% analytical com-
pleteness. Such expansion in comprehensiveness re-
quires a trade-off in heavy instrument time but bodes well
for future advancements in truly defining the ever impor-
tant membranome with its potential in network-based
systems analysis and the discovery of disease biomarkers
and therapeutic targets. This analytical strategy can be
applied to other subcellular fractions and should extend
the comprehensiveness of many future organellar pro-
teomics pursuits. Molecular & Cellular Proteomics 8:
1219–1235, 2009.

The plasma membrane provides a fundamental physical
interface between the inside and outside of any cell. Beyond

creating a protected compartment with a segregated, distinct,
and well controlled internal milieu for the cell, it also mediates
a wide variety of basic biological functions including signal
transduction, molecular transport, membrane trafficking, cell
migration, cell-cell interactions, intercellular communication,
and even drug resistance. Plasma membrane-associated pro-
teins, especially integral membrane proteins (IMPs)1 that tra-
verse the lipid bilayer, are key elements mediating these vital
biological processes. Consistent with its fundamental impor-
tance in both normal cellular functions and pathophysiology,
the plasma membrane has also been targeted extensively for
biomarker discovery and drug development. In fact, more
than two-thirds of known targets for existing drugs are plasma
membrane proteins (1).

Despite the potential benefits, profiling the proteome of
plasma membranes comprehensively using standard large
scale methods including MS-based strategies has been lim-
ited and technically quite challenging. Intrinsic hydrophobic-
ity, a wide concentration range of proteins, and other factors
have hampered IMP resolution and identification using con-
ventional two-dimensional gel electrophoresis. Gel and gel-
free protein separations, including combinations of both, have
been reported as an alternative to two-dimensional gel elec-
trophoresis (2–9). Yet most such efforts have focused pre-
dominantly on identifying rather soluble proteins from body
fluids (i.e. plasma, serum, and cerebrospinal fluid), cell ly-
sates, or cytoplasm. These proteins, unlike IMPs, are rela-
tively abundant and readily susceptible to enzymatic digestion
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1 The abbreviations used are: IMP, integral membrane protein;
LCQ, LCQ DecaXP mass spectrometer; LTQ, LTQ mass spectrome-
ter; 2D, two-dimensional; 1D, one-dimensional; 3D, three-dimension-
al; 2DC, gel-free 2D LC/MS/MS on line with the LCQ DecaXP mass
spectrometer; G2DC, gel-based 2D LC/MS/MS SDS-PAGE on line
with the LCQ DecaXP mass spectrometer; GRPC, gel-based 1D
(reversed-phase) LC/MS/MS on line with the LCQ DecaXP mass
spectrometer; GRPT, gel-based 1D (reversed-phase) LC/MS/MS on
line with the LTQ mass spectrometer; EC, endothelial cell; TMH,
transmembrane helices; STM, single transmembrane helix; MTM,
multiple transmembrane helices; CLB, cell lysis buffer; SCX, strong
cation exchange; SI, spectral index; RPQ, relative protein quantity;
RP, reversed-phase; CV, coefficient of variation.
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in solution. Various attempts have been made to solubilize
and enrich for IMPs, including different detergents, solvents,
high pH solutions, and affinity purification (10–22). Even when
organellar membranes are enriched through isolation by sub-
cellular fractionation, the yield of proteins identified has been
below expectation, especially for multipass transmembrane
proteins such as G-protein-coupled receptors.

Here we systematically characterize four analytical ap-
proaches to enhance the identification of proteins, specifi-
cally those embedded in plasma membranes isolated di-
rectly from vascular endothelium in rat lung. Endothelial
cells (ECs) constitute the tissue-blood interface that con-
trols many important physiological functions, including tis-
sue homeostasis, nutrition, vasomotion, and even drug de-
livery. In vivo mapping of the EC plasma membrane
proteome provides unique opportunities for extending basic
understanding in vascular biology and for directing the de-
livery of therapeutic and imaging agents in vivo (23–25). But
it also presents distinct challenges beyond those generally
associated with extraction, solubilization, and identification
of IMPs in cells and tissues. ECs form a thin monolayer
lining each blood vessel. They constitute a very small frac-
tion of all the cells existing in tissue, thereby making it
difficult to isolate sufficiently pure EC plasma membrane
fractions for proteomics analysis using conventional sub-
cellular fractionation techniques. Although relatively simple
to isolate from tissue and grow in culture, ECs require cues
from the tissue microenvironment to maintain their tissue-
specific qualities and thus undergo rapid and considerable
phenotypic drift after isolation (26).

We have developed a specialized coating procedure using
colloidal silica nanoparticles perfused through the blood ves-
sels of the tissue to isolate luminal plasma membranes of the
vascular endothelium as they exist natively in tissue (26–28).
Our initial survey of these plasma membranes isolated directly
from rat lungs used primarily three standard analytical tech-
niques of the time: two-dimensional electrophoresis, Western
analysis, and the shotgun method of two-dimensional liquid
chromatography-tandem mass spectrometry (24, 26). We
identified 450 proteins of which only �15% were IMPs. Al-
though at the time this was a notable total number of proteins,
more IMPs are expected. In fact, this large scale 2DC study
did not identify several well known EC surface marker pro-
teins, including specific enzymes, adhesion molecules, and
growth factor receptors.

Here we comparatively analyze four different MS-based
strategies involving two- and three-dimensional separation by
combining protein prefractionation via SDS-PAGE with in-gel
digestion to produce peptides separated by one- and two-
dimensional nano-HPLC before seamless and continuous
MS analysis. Each method used multiple replicate measure-
ments to comprehensively identify proteins, especially
IMPs, and in doing so achieved a clear statistical definition
of completeness that permits meaningful comparisons. Ul-

timately this analysis greatly expanded the EC plasma
membranome to 1,833 proteins of which nearly 30% are
membrane-embedded.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents

Sequencing grade modified trypsin was purchased from Promega
(Madison, WI), dithiothreitol and iodoacetamide were obtained from
Pierce, ammonium bicarbonate was purchased from Mallinckrodt
Baker, Inc. (Phillipsburg, NJ), HPLC grade Burdick & Jackson aceto-
nitrile was purchased from VWR (Westchester, PA), and formic acid
was from EMD Chemicals Inc. (Gibbstown, NJ). All other chemical
reagents were obtained from Sigma-Aldrich.

Isolation of Luminal Plasma Membranes from Vascular
Endothelium in Rat Lung

Sprague-Dawley female rats (150–250 g; Charles River Laborato-
ries) were used for all experiments. Animal procedures were carried
out in accordance with the Sidney Kimmel Cancer Institutional Animal
Care and Usage Committee standards. Luminal vascular EC plasma
membranes were isolated directly from rat lung tissues using a nano-
particle coating procedure as described previously (26–28). Quality
controls using Western analysis showed �20-fold enrichment for
several known EC and plasma membrane markers as well as �20-
fold depletion of markers of other cell types and subcellular organelles
(26–29).

Mass Spectrometric Analysis of Membrane Proteins

Sample Preparation

Proteins (40 �g unless otherwise noted) in lung plasma membranes
and tissue homogenates were solubilized in cell lysis buffer (CLB; 2 M

urea, 0.17 M Tris base, 3 mM EDTA, 1.2% �-mercaptoethanol, and 3%
SDS). The solubilized samples were boiled for 5 min and were re-
solved by SDS-PAGE (PAGEr gel, 8–16% T, 10 � 10 cm; Cambrex
Bio Science, Inc., Rockland, ME) and visualized by colloidal Coomas-
sie Blue staining (Invitrogen).

In the early sample preparations, the gel lanes were cut into �50
slices for manual digestion performed in a 0.5-ml microcentrifuge
tube as described in Wilm et al. (30). After purchasing a robot system
(MassPrep Station II from Waters Corp., Milford, MA), �70 slices were
cut to facilitate the in-gel digestion performed in 96-well plates ac-
cording to the manufacturer’s instructions. All of the gel slices were
cut into �1-mm2 pieces for the digestions. Digested peptides were
extracted from the gel slices three times with 20% acetonitrile and
10% formic acid solution. The extracted peptide fractions were trans-
ferred into 0.5-ml microcentrifuge tubes individually or combined into
seven fractions before lyophilizing (Heto Vacuum Centrifuge, Appro-
priate Technical Resources, Inc., Laurel, MD).

Strategies of MS Analysis

GRPC—For gel plus reversed-phase LC/MS/MS analysis using
LCQ (Thermo Fisher Scientific, Inc., Waltham, MA) (see Fig. 1), the
lyophilized peptides from each gel slice were resuspended in 10 �l
of buffer A (0.1% formic acid and 5% acetonitrile) and loaded onto
a self-packed C18 microcapillary column (see supplemental infor-
mation) manually under a helium pressure cell with approximately
600 p.s.i. The bound peptides were eluted with 5–80% acetonitrile
gradients containing 0.1% formic acid over a 60-min period as
controlled by Agilent 1100 HPLC quaternary pumps (Agilent, Palo
Alto, CA) directly coupled to the LCQ equipped with an ESI nano-
spray ion source (Micro Sprayer, Mass Evolution, TX). The flow rate
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was maintained at 200–250 nl/min by a precolumn flow splitter, a
50-�m fused silica capillary tube.

GRPT—For gel plus reversed-phase LC/MS/MS analysis using the
LTQ (Thermo Fisher Scientific, Inc.) (see Fig. 1), the lyophilized pep-
tides from each gel slice were resuspended in 5 �l of buffer A and
injected into a 5-mm trap cartridge (Dionex Corp., Sunnyvale, CA) for
desalting using a FAMOS autosampler and a Switchos II system
(Dionex Corp.). The desalted peptides were then back-eluted onto the
analytical column (PepMap 100, C18) for the separation steps. The
bound peptides were separated by a 110-min acetonitrile gradient
(5–80% containing 0.1% formic acid) controlled by an UltiMate HPLC
system (Dionex Corp.) directly coupled to an LTQ equipped with a
Nanospray I ion source (Thermo Fisher Scientific, Inc.). The flow rate
was maintained at 200–250 nl/min by an internal precolumn flow
splitter.

G2DC—For gel plus 2D LC/MS/MS using LCQ, the peptides
extracted from each gel slice were first pooled into seven groups
before lyophilization. The dried digests were resuspended with 30
�l of buffer A and then loaded manually into a two-dimensional
(strong cation exchange (SCX) and reversed-phase; see supple-
mental information) self-packed microcapillary column under a he-
lium pressure cell with approximately 600 p.s.i. The loaded samples
were directly introduced into an LCQ equipped with ESI nanospray
ion source by eluting the bound peptides with a 2D LC/MS/MS
scheme (31) controlled by Agilent 1100 HPLC quaternary pumps.
Briefly 17 salt steps (ammonium acetate) were applied stepwise as
0, 10, 17.5, 25, 37.5, 50, 62.5, 75, 100, 125, 150, 175, 200, 225, 250,
375, and 500 mM over 2 min to elute the bound peptides from the
SCX column. The initial step was a 100-min run with the gradient of
80 min to 60% buffer B (0.1% formic acid and 80% acetonitrile), 10
min to 100% buffer B, and 10 min to 100% buffer A. The gradients
from steps 2 to 16 were 3 min at 100% buffer A, 2 min at 2 to 75%
buffer C, 10 min to 15% buffer B, and a 97-min gradient to 45%
buffer B. The gradient for step 17 was 2 min at 100% buffer A, 20
min at 100% buffer C, 8 min to 15% buffer B, and 110 min to 45%
buffer B. The flow rate was maintained at 200–250 nl/min by a
precolumn flow splitter of a 50-�m fused silica capillary.

2DC—For gel-free 2D LC/MS/MS analysis using an LCQ, plasma
membrane and lung tissue homogenate proteins (150 �g) were ana-
lyzed as described previously (26). Briefly the SDS-solubilized sam-
ples were precipitated by methanol/chloroform to remove the deter-
gent and then resolubilized in 8 M urea buffer. In-solution enzymatic
digestions were performed by both Lys-C and trypsin. The resultant
peptides were desalted before lyophilization. The dried peptide mix-
ture was resuspended in �30 �l of buffer A and then loaded manually
into a two-dimensional (SCX and reversed-phase; see supplemental
information) self-packed microcapillary column under a helium pres-
sure cell with approximately 600 p.s.i. The loaded samples were
directly introduced into an LCQ equipped with an ESI nanospray ion
source by eluting the bound peptides for 2D LC/MS/MS analysis (26)
similar to G2DC described above.

Data Acquisition

For both the LCQ and the LTQ, MS analysis was carried out in
data-dependent mode. A full MS scan of data acquisition was per-
formed at the range of 400–1400 m/z, and one MS scan was followed
by three MS/MS scans on the most abundant ions. The temperature
of the ion transfer tube of both mass spectrometers was set at
180 °C, and the spray voltage was 2.0 kV. The normalized collision
energy was set at 35% for both the LCQ and the LTQ. A dynamic
exclusion window was applied for a duration of 3 min for reversed-
phase LC/MS/MS and 10 min for 2D LC/MS/MS.

Bioinformatics

Database Search

MS/MS spectra were converted into peak lists using the default
settings of Extract_msn in Xcalibur 2.0 (Thermo Fisher Scientific, Inc.),
and the protein database search was performed with Sequest algo-
rithms in Bioworks 3.1 (Thermo Fisher Scientific, Inc.) using Linux
cluster. The forward and reversed databases used in the searches
contained human, rat, and mouse sequences downloaded from Uni-
Prot and NCBI RefSeq (non-redundant) protein databases April 2006
(see Table I for entry details). The accession numbers for all proteins
identified in the final data set were updated based on the January
2009 databases of UniProt, UniParc, and RefSeq. The false positive
rate for protein identifications was determined by the ratio of the
number of peptides found only in the reversed database searches to
the total number of peptides in both forward and reversed database
searches. Searches were performed as tryptic peptides only with two
missed cleavages and precursor mass tolerance of 1.5 Da for LTQ
data, 2.0 Da for LCQ data, and 0.0 Da for fragment ions in both LCQ
and LTQ. No modifications were applied to our database searching.
Accepted peptide identifications were based on a minimum �Cn
score of 0.1 and minimum cross-correlation scores of 1.8 (z � 1), 2.5
(z � 2), and 3.5 (z � 3). The peptides identified using these criteria
were shown to have much lower mass errors compared with other
Sequest scores tested (see supplemental information and supple-
mental Fig. 3). Protein identification results were extracted from Se-
quest .out files, filtered, and grouped with DTASelect software (32)
using the above criteria and a minimum of two unique peptides from
the same measurement.

Data Analysis

All MS measurements were imported into Accessible Vascular
Targets Database (AVATAR), an in-house, MySQL-based relational
protein database that facilitates data mining, including grouping and
sorting of proteins by shared peptide sequence. Rat protein identifi-
cations were supplemented by searching the mouse and human
protein databases. If no rat homologue was present for a given
protein identification, then the mouse or human homologue with the
highest number of peptides and best sequence coverage was kept.
Splice isoforms and all proteins exhibiting identical peptide coverage
were manually deleted from the data set to ensure that only one
representative protein was kept. We also manually removed the most
obvious protein contaminants, including keratins, histones, and most
ribosomal proteins, from our final data set.

Calculation of Analytical Completeness

To estimate the number of measurements required to reach 95%
analytical completion for a given analytical method, all MS measure-
ments for a given method were analyzed to determine the number of
new proteins identified by the addition of each new experiment as
described previously (26). The percentage of new proteins identified
by each replicate was calculated as the average value (�S.D.) of all
possible combinations of MS measurements to eliminate any possi-
ble bias introduced by the order of the experiments.

Estimating Relative Protein Quantity

The relative quantity of each protein identified was determined by
a normalized label-free quantification method, SIN, recently devel-
oped in our laboratory. Briefly we first calculated the spectral index
(SI) of each protein. As depicted in Equation 1, three major MS
characteristics, spectral count, peptide number, and fragment ion
intensity, were all considered.

Methods for Identifying EC Membrane Proteins

Molecular & Cellular Proteomics 8.6 1221

http://www.mcponline.org/cgi/content/full/M800215-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M800215-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M800215-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M800215-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M800215-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M800215-MCP200/DC1


SI � �
k � 1

pn ��
j � 1

sc

ij�k (Eq. 1)

sc is the spectral count for peptide k, i is the fragment ion intensity of
each spectrum of peptide k, and pn is the number of peptides
identified for that protein.

To rule out the variation introduced by day-to-day sample prepa-
ration, instrument performance, and size of the protein, we developed
the normalized spectral index (SIN) for each protein identified. The
protein SI was normalized by the length of the protein (number of
amino acid residues) (L) and the total fragment ion intensity of the n
proteins identified in a given MS measurement (�j� 1

n ) to yield the
normalized spectral index (SIN) for each protein.

SIN �
SI/L

�
j � 1

n

SIj

(Eq. 2)

The relative protein quantity (RPQp) of each protein (p) was
estimated by converting the SIN values into ng based on
Equation 3.

RPQp �
�SIN	p

�
i � 1

j

�SIN	i

� Q � 1000 (Eq. 3)

j is the number of all proteins identified with �2 unique peptides, and
Q is the amount of sample in �g used in a given MS measurement.

Dynamic Range of Detection

The dynamic range for protein detection was measured as the
average ratio of the highest RPQ to the lowest RPQ from each
measurement of the method.

Enhancement of Protein Coverage

The ratio of the number of peptides detected by each gel-based
method, Rpep, relative to 2DC, of common proteins identified by all
four methods was calculated as follows.

Rpep �

�
i � 1

j

ri

�
s � 1

i

�rs�

(Eq. 4)

j is the number of proteins identified with more peptides than from
2DC, t is the number of proteins identified with fewer peptides than
from 2DC; and r is the log ratio of peptide number relative to that from
2DC of each protein identified.

Western Blot Analysis

Proteins in the samples were first separated by SDS-PAGE and
electrotransferred onto nitrocellulose (Bio-Rad). The filter was
blocked with 5% milk, immunoblotted with specific primary antibod-
ies, and then incubated with appropriate secondary antibodies ac-
cording to standard protocols (29). The antibodies were purchased
commercially or obtained as gifts from other researchers. They are
listed in supplemental Table 1.

RESULTS

In our initial proteomics survey of normal rat lung EC
plasma membranes (26), we failed to detect several well
known EC markers, many of which are lipid-embedded pro-
teins. IMPs are notorious for their hydrophobicity and resist-
ance to extraction and solubilization, which might contribute
to their under-representation in many past proteomics analy-
ses. Here prior to MS analysis, we vigorously solubilized the
membrane proteins under denaturing conditions with a strong
detergent followed by prefractionation using SDS-PAGE,
which is conducive to solubilizing, resolving, and separating
IMPs. To further enhance MS-based protein identification by
reducing sample complexity, after SDS-PAGE separation
each gel lane was cut into at least 50 gel slices before in-gel
tryptic digestion and MS analysis by three distinct ap-
proaches as illustrated schematically in Fig. 1 and as de-
scribed under “Experimental Procedures.” Briefly the pep-
tides from each gel slice were subjected to 1D LC/MS/MS
analysis, specifically reversed-phase (RP) C18 column sepa-
ration coupled with either an LCQ or LTQ mass spectrometer
(GRPC or GRPT, respectively). These two methods are two-
dimensional in terms of protein and peptide separation and
thus are categorized collectively as 2D methods. The third
approach, G2DC, analyzed the gel-extracted peptides using
2D LC/MS/MS (SCX and RP separation with 17-step elution
directly and seamlessly into an LCQ mass spectrometer). This
approach utilizes an extra dimension in peptide separation
and is categorized as a 3D method. For G2DC, the gel slices
after digestion and peptide extraction were pooled into seven
fractions prior to MS analysis. Because gel-free 2D LC/
MS/MS (2DC), another 2D approach, was used by us previ-
ously (26) and has been a popular choice for shotgun pro-
teomics, all results were compared directly with it to gauge
relative improvement.

First we assessed the effect of protein amount on the
number of proteins identified for the gel-based methods (Fig.
2a). Although we continued to use 150 �g for the 2DC analysis
as described previously (26), only 40 �g of the isolated endo-
thelial plasma membranes was necessary to reach near max-
imum protein identification for the gel-based techniques (Fig.
2a). Thus, the additional gel prefractionation step appeared to
reduce the protein amount required for MS analysis.

To determine the number of salt elution steps needed for
the gel-based 2D LC/MS/MS analysis, we examined the
peptide elution profiles of the G2DC. Each of the 17 elution
steps separated peptides albeit at different levels (details in
supplemental information) (supplemental Fig. 1). Thus, we
maintained 17 salt step gradients to ensure maximum pep-
tide separation and resolution necessary to facilitate MS
detection.

We previously discovered that each MS measurement of a
shotgun proteomics analysis identifies only a subset of pro-
teins. Therefore, multiple MS measurements should be per-
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formed to comprehensively define the full proteome (26). We
defined analytical comprehensiveness statistically from mul-
tiple replicate MS measurements of the same sample. Once a
level of 95% completion was reached, further MS measure-
ments produced little new information, and thus each became
harder to justify (26). 2DC required a minimum of seven rep-
licate measurements as reported previously (26) to reach 95%
completion. The gel-based techniques required only four to
five replicate measurements per sample (Fig. 2b). Apparently
when the overall sample complexity is reduced by SDS-PAGE
prefractionation, less sample and fewer replicate MS meas-
urements are necessary to analyze a sample to a statistically
defined end point.

Using four different analytical approaches, multiple repli-
cate measurements within each approach, a protein identifi-

cation criterion of at least two unique tryptic peptides within a
single measurement, and the rat database, we identified
14,526 unique peptides that matched to 4,652 proteins. After
further eliminating redundancies by selecting one represent-
ative protein among isoforms and homologues to determine
the smallest number of proteins that could account for all
assigned peptides (see “Experimental Procedures”), we iden-
tified 1,608 unique rat proteins. After examining mouse and
human databases and removing species and further redun-
dancies as described above, we found another 990 (6.8%)
unique peptides assigned to 135 (7.4%) mouse proteins and
383 (2.6%) unique peptides assigned to 90 (4.9%) human
proteins (Table I). These proteins did not yet have rat homo-
logues in the database used. Thus, 12% of the total 1,833
proteins identified (supplemental Table 2) required the use of

FIG. 1. Proteomics platforms in this study. Schematic illustration of the methodology used to define the EC plasma membrane proteome.
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FIG. 2. Analysis of protein and unique peptide identifications by all four methods. a, optimal sample quantity for gel-based method. The
number of proteins identified (from supposed non-redundant rat database without further removing redundancy) by GRPC based on one, two, or
three unique peptides is shown for 10-, 40-, and 150-�g samples. b, number of replicates required for 95% analytical completeness. The number
of newly identified proteins (mean � S.D.) (y axis) of any given measurement is shown as the percentage of total proteins of the indicated number
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the mouse and human databases. Table II lists the various MS
instruments, approaches, sample quantities, and throughput
and summarizes the number of proteins identified and peptide
assignments with each approach in this study. All positive
peptide identifications were determined by our optimized Xcorr

scores, 1.8 for singly charged, 2.5 for doubly charged, and 3.5
for triply charged peptides. These scores gave us the maxi-
mum number of protein identifications while maintaining a
false positive rate �1.1% (see “Experimental Procedures,”
supplemental information, and supplemental Fig. 3).

Having defined the number of replicates needed to reach
95% analytical completeness, we performed a series of com-
parisons of the overall effectiveness of each method to iden-
tify proteins as shown in Fig. 2, c–g. Of the four MS methods,
the 3D approach G2DC identified the greatest total number of
proteins (1,360; 74.2% of the total) followed by GRPT (1,109;
60.5%), and GRPC (531; 29%) (Fig. 2c). 2DC detected the
least (331; 18.1%). Addition of the SDS-PAGE prefraction-
ation step apparently enabled G2DC to detect �4 times the

number of proteins identified by 2DC (both techniques used
similar 2D LC/MS/MS). Although 2DC has been a popular
choice, SDS-PAGE combined with 1D LC/MS/MS recently
has gained favor. Interestingly for all the gel-resolved sam-
ples, the 2D LC/MS/MS was superior to the 1D LC/MS/MS.
G2DC identified 2.5 times more proteins than GRPC.

The three gel-based methods, when combined, more than
quintupled the protein identifications relative to 2DC (Fig. 2c).
A mere 10% of the total proteins were identified commonly by
all four approaches (Fig. 2d), whereas 53.2% were found
uniquely by a single method (28.8% by G2DC, 21.1% by
GRPT, 1.7% by GRPC, and 1.6% unique to 2DC). Overall the
gel-based methods accounted for �98% of the total protein
identifications. Likewise 95% of the total unique peptides
were detected by the three gel-based methods of which 39%
were detected by G2DC alone (Fig. 2e). Although the number
of protein identifications was very different among the meth-
ods, the profiles based on calculated protein size and isoelec-
tric point were rather similar (supplemental Fig. 2).

of measurement(s) (x axis). c, total number of proteins identified by each method individually and by all three gel-based methods. The y axis
on the left denotes the number of proteins identified by each method, and the y axis on the right shows the ratio relative to 2DC. d, distribution
of proteins identified among the four MS methods including all combinations (Three Gs means GRPC, GRPT, and G2DC). The number of
proteins identified is provided inside the pie chart, and the percentage is next to the designation of method(s). e, distribution of the unique
peptides detected by each method and all combinations. f, histogram of number of proteins identified by each method according to the number
of unique peptides for that protein. The number of proteins (graphed on a log10 scale) is plotted by each binned peptide group. g, peptide space
map. After binning each protein according to the number of peptides detected in each method, the percentage of peptides identified in each
bin for the four methods was calculated and plotted.

TABLE I
Proteins identified using different databases

The table lists the total number of entries in each database, the total number of proteins identified in each database, the total number of
unique proteins identified in each database, and the total number of proteins identified in the final data set in this study.

Total entries
in database

used

Total number
of proteins
identified

Number of
groups of

sorted proteins

Number of
unique proteins
in rat database

Number of
unique proteins

in mouse database

Number of
unique proteins

in human database

Final
identified
proteins

Rat 52,881 4,652 1,891 1,608 1,608
Mouse 112,998 7,818 3,178 135 135
Human 97,361 5,760 2,345 90 90
Total 262,200 18,230 7,414 1,608 135 90 1,833

TABLE II
Summary of methods used in this study

This table lists all methods (column 1), protein prefractionation approaches (column 2), mass spectrometers (column 3), sample quantities
(column 4), protein and peptide separation strategies (column 5), number of replicates (column 6), sample throughput (columns 7 and 8), and
the number of proteins and peptides identified by each approach (columns 9 and 10).

Method Protein
separation

MS
instrument

Sample
quantity

Peptide
analysis

No. of
repetitive
analyses

Throughput/
measurement

95% analytical
completeness Total

unique
peptides
identified

Protein
identification

Time Relative
to 2DC Time

No. of
proteins/total

measurement days

No. of
proteins
identified

Relative
to 2DC

�g/run days days

2DC —a LCQ 150 SCX-RP 10 2 1 14 24 2,916 332 1
GRPC SDS-PAGE LCQ 40 RP 5 10 5 50 11 3,883 532 1.6
GRPT SDS-PAGE LTQ 40 RP 5 7 3.5 35 40b 5,320 1,110 3.3
G2DC SDS-PAGE LCQ 40 SCX-RP 5 14 7 70 19 10,713 1,361 4.1

a No further sample purification for this method.
b Calculated based on four replicates.
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FIG. 3. Analysis of protein coverage by all four methods. The 187 proteins common to all four MS methods were grouped according to the
number of unique peptides detected for that protein. a, histogram of the number of proteins identified by each method (as indicated). b, number
of proteins identified by G2DC versus 2DC according to the number of peptide detected, shown as percentage of total common proteins. c, peptide
space map of common proteins. d, ratio of number of unique peptides detected in each protein by each gel-based method relative to the number
of unique peptides detected by 2DC (log10 scale). The calculated ratio, Rpep, for each gel-based method is indicated (see Equation 4 under
“Experimental Procedures”). e, distribution of peptides detected for each common protein. The number of unique peptides detected by each
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To assess the relative quality of protein identifications, the
identified proteins were binned by the number of peptides
detected for each protein by each method. G2DC identified
the greatest number of proteins in nearly all bins (Fig. 2f).
Relative to 2DC, G2DC exhibited the highest -fold increases,
ranging from 1.7- to 5.7-fold (data not shown). A peptide
space map (Fig 2g) also showed that G2DC dominated the
total peptide space. Overall G2DC accounted for �41% of all
unique peptides, whereas 2DC accounted for the least, just
10%. G2DC also clearly dominated GRPC (16%). It appears
that the increases in protein identifications by the gel-based
methods and the extra dimension gained from G2DC in par-
ticular enhanced peptide detection.

To evaluate protein coverage impartially among the four
methods, we binned the 187 proteins common to all four
methods by number of peptides detected by each method,
ranging from two to �100 peptides (Fig. 3a). G2DC identified
more common proteins with �11 peptides than any other
method. More than 91% of the common proteins detected by
G2DC contained �6 peptides, and about 68% contained �11
peptides (Fig. 3b). No common proteins were identified with
only two peptides by G2DC (100% with �3 peptides) (Fig. 3,
a and b). By comparison, 2DC detected only two peptides for
10% of the common proteins, and just 30% were identified
with �11 peptides. The peptide space map (Fig. 3c) revealed
that G2DC accounted for �40% of the total peptide space for
these common proteins. A direct plot of the number of pep-
tides identified by each gel-based method relative to 2DC for
each common protein (Fig. 3d) showed again nearly complete
dominance by G2DC with greatly enhanced protein coverage.
Only G2DC showed enhanced peptide detection for almost all
common proteins. The overall peptide enhancement ratio rel-
ative to 2DC was 160.7 for G2DC compared with 
4 for the
other gel-based methods (see Equation 4 under “Experimen-
tal Procedures”). When we normalized peptide numbers per
protein by the median value of peptide number detected by
2DC, we found that GRPC and GRPT showed little profile
shift. Only G2DC showed substantial change in its peptide
distribution profile with nearly 90% of the common proteins
exceeding the 2DC median peptide value (Fig. 3e). Thus, it is
quite clear that G2DC provided the best protein coverage.

To investigate random effects as a source of the differences
observed between the gel-based methods and 2DC, we an-
alyzed the number of peptides assigned to the 187 common
proteins by each technique. After logarithmic transformation
of the data, analysis of variance demonstrated highly signifi-
cant differences among the four methods in the number of

unique peptides detected for each common protein (F,
36.525; p � 2.2 � 10�16). Tukey’s post hoc test (R statistics
language, version 2.5.0) showed significant differences be-
tween comparisons of G2DC and any other method after
multiple comparison adjustment (p 
 0.00001 for all G2DC
paired tests; p � 0.4 for all other paired tests). These results
showed little evidence that random sampling error could ac-
count for these differences. Box plots with quartiles further
illustrated the significant differences in distributions of unique
peptides among the four methods (Fig. 3f). The median value
of peptides detected for each protein by G2DC was 15 pep-
tides, more than twice that of the other methods. Clearly the
3D strategy (G2DC) significantly enhanced peptide detection
for each protein. Ultimately the G2DC analysis greatly im-
proved overall protein coverage well beyond that detected
from GRPT or GRPC analysis.

IMPs are key components of the surface of any cell. They
are also abundant proteins, constituting at least 20% of all
open reading frames in the genome (33). They are recognized
as a special challenge for current standard shotgun proteom-
ics methods (see “Discussion”). In this study, 476 proteins
were identified as IMPs with one or more predicted trans-
membrane helices: 235 with a single transmembrane helix
(STM) and 241 with multiple transmembrane helices (MTM)
(Fig. 4a). G2DC detected the greatest number of IMPs (377). It
also identified more proteins than any other method in both
the STM (180) and MTM (197) categories (Fig. 4a). 2DC de-
tected the least number of proteins in all three categories (73,
41, and 32, respectively). Each gel-based method detected
2–6-fold more IMPs than 2DC (Fig. 4b). The gel-based ap-
proaches also identified 3- to almost 5-fold more putative
lipid-anchored proteins than 2DC (7, 24, 29, and 33 for 2DC,
GRPC, GRPT and G2DC, respectively) (Fig. 4b). Even when
normalized to all proteins identified as soluble, these gains in
detection still remained quite substantial. Only six IMPs were
detected by 2DC alone, whereas 471 (99%) were identified by
the three gel-based methods (Fig. 4c). In all cases, G2DC
provided the greatest improvements. These differences may
be predictable because soluble proteins are inherently ame-
nable to in-solution enzymatic digestions (thereby ideal for
the 2DC analysis). Hence protein prefractionation by SDS-
PAGE appeared to enhance IMP detection by MS/MS anal-
ysis. Perhaps more importantly, the 2D LC/MS/MS analysis
in G2DC again showed considerable benefits over just 1D
LC/MS/MS analysis of the gel; G2DC showed up to 3 times
more IMPs than GRPC and 2 times more than GRPT (Fig. 4,
a and b).

method for each common protein, normalized by median number for 2DC (log10 scale), is plotted against common proteins. The number of
proteins with 
7 unique peptides (the median for 2DC) is shown next to the orange arrow, the number of proteins with �7 unique peptides
is next to the blue arrow, and the number of proteins with �7 unique peptides is shown as a percentage (top panel of each method). f, box
plots of the distribution of the number of unique peptides in common proteins detected by each method. All values, including smallest values,
first quartiles (25% of the data), medians, third quartiles (75% of the data), greatest values, and outliers are graphed on a log2 scale. Raw values
for the medians are indicated.
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To gauge which approach optimally detects IMPs, we com-
pared peptides detected per IMP by each method. A peptide
heat map (Fig. 4c) showed the dominance of G2DC not only in
unique protein identifications for all protein types including
IMPs but also in enhanced protein coverage (redness) for
those proteins also detected by other methods. Further-
more the peptide space plots for the identified IMPs showed
that the gel-based methods together accounted for 92.4% of all
the detected unique peptides (Fig. 4d) of which G2DC alone
accounted for 43% (Fig. 4e). Notably �27% of the unique
peptides detected by G2DC alone were assigned to IMPs
(Fig. 4f). As expected, G2DC detected the greatest number
of IMPs in all groups based on the predicted number of
transmembrane domains per protein, especially the proteins
containing �9 transmembrane domains (zero proteins de-
tected by 2DC, three by GRPC, 11 by GRPT, and 19 by G2DC)
(Fig. 4g). Lastly both the non-parametric Kruskal-Wallis rank
sum test and the Wilcoxon signed rank test confirmed signif-
icant differences among all four methods (Kruskal-Wallis �2,
430.74; p � 4.86 � 10�93; and p 
 10�6 for all paired tests).

To further rule out random effects causing these differences
among the methods, we performed an analysis of variance on
the 49 IMPs common to all four methods. We found highly
significant differences among the four methods in the number
of unique peptides (F, 23.245; p � 6.5 � 10�13). Tukey’s post
hoc test showed significant differences between G2DC and
any other method after multiple comparison adjustment (p 


0.00001 for all G2DC paired tests; p � 0.05 for all other paired
tests). Box plots demonstrated considerable discrepancy in
distributions of unique peptides among the four methods (Fig.
4h). Each gel-based method exhibited some improvement in
IMP coverage over 2DC. G2DC was by far the best in peptide
detection with a median of 14 peptides per common IMP,
nearly triple that of 2DC and double that of the other gel-
based methods.

To appraise the detection sensitivity limit and dynamic
range for each technique, we used the normalized spectral
index (SIN) to estimate the quantity (in ng) of each protein (see
Equations 1–3 under “Experimental Procedures”) and plotted
the frequency of proteins detected below 100 ng. As shown in
Fig. 5a, the lower limit of meaningful protein identification was
estimated at �2 ng for 2DC, whereas each gel-based method
exhibited much better sensitivity. Again G2DC appeared to be
the best with the most sensitive detection at 
0.1 ng for both

soluble proteins (blue bars) and IMPs (red bars). Of the pro-
teins detected at 
0.1 ng by G2DC, �93% were not detected
by 2DC even though 2DC used more sample (150 versus 40
�g). Hence G2DC revealed improved sensitivity by at least 1
order of magnitude over 2DC. Again the 3D method provided
considerable benefit over the three 2D analysis methods with
obvious enhancement in detection sensitivity. Thus, both the
SDS-PAGE prefractionation and the 2D LC/MS/MS analysis
contributed to the expanded dynamic range of the shotgun
proteomics analysis.

Next we averaged the estimated quantity of each protein
identified by the three gel-based methods (Fig. 5b). The co-
efficient of variation (CV) of each protein was also calculated
to assess the deviation introduced by both intra- and inter-
methodological comparisons. The results indicated that, by
combining the three gel-based methods, we could detect
proteins over at least 5 orders of magnitude (0.007–155.4 ng).
Although each data point was averaged from three different
methods, the data generated showed low variance (CV 
 1;
mean CV � 0.72) consistent with good rigor in MS analysis as
well as proper normalization. We detected at least 30% lower
variance if we calculated the CV separately for each method
(mean CV � 0.43 for GRPC, mean CV � 0.51 for GRPT, and
mean CV � 0.50 for G2DC).

It was clear that G2DC outperformed the other methods in
protein identifications (especially IMPs), protein coverage,
sensitivity, and dynamic range. Nevertheless a considerable
number of the proteins identified were unique to the other
methods (Fig. 2d). To determine the extent of enhanced
comprehensiveness with two or more methods, we com-
pared the numbers of total proteins and IMPs detected in all
combinations of approaches (Fig. 6). G2DC alone (Fig. 6,
orange arrow) or combined with any of the other three
methods produced consistently more proteins than any sin-
gle or dual combination of 2DC, GRPC, and GRPT. In par-
ticular, GRPT plus G2DC identified �95% of total proteins
in all categories (96% for total, 96% for IMPs, 95% for STM
proteins, and 97% for MTM proteins). Combining three or
even all four methods produced little improvement beyond
GRPT plus G2DC (as illustrated by the plateau in Fig. 6, blue
arrow). Combining G2DC with GRPT exceeded 95% analyt-
ical comprehensiveness.

As mentioned previously, our initial survey of the EC plasma
membrane proteome failed to detect several well known EC

FIG. 4. Analysis of integral membrane protein identifications. The total number of soluble proteins, lipid-anchored proteins, all IMPs, and
IMPs with STM or MTM identified by each approach (a) and their ratio relative to 2DC (b) are shown. c, heat map representing all proteins
identified by all four methods. Proteins are clustered by type of membrane association and color-coded by number of unique peptides detected
for each method. Each row represents a specific protein. d, peptide space map of IMPs. e, distribution of unique peptides of IMPs among the
four MS methods individually and by all combinations. f, the bar chart represents the number of unique peptides from soluble proteins and IMPs
detected by each method individually and by all combinations. g, histogram of the number of IMPs identified by each method in each binned
group of number of predicted transmembrane domains. h, box plots depict the distributions, by method, of unique peptides per IMP identified
in common to all four method shown in a log2 scale. Raw values for medians are shown. AP, anchored protein; TMH, transmembrane helices;
PMP, peripheral membrane protein; TM, transmembrane domains.
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markers, many of which are IMPs. To begin to understand
why so many IMPs escaped detection by 2DC, we investi-
gated the sample preparation procedures for 2DC. Most
membrane proteins are best solubilized by ionic detergents
such as SDS. However, SDS is not compatible with trypsin
digestion so that in the sample processing for 2DC the SDS-
solubilized proteins must first be precipitated before being
resolubilized for trypsin digestion (usually in a urea solution)
(Fig. 1). To assess possible protein loss during the precipi-
tation and resolubilization steps, equal amounts of purified
plasma membranes were processed in three ways. (i) Pro-
teins were directly solubilized in CLB for SDS-PAGE, (ii)
CLB-solubilized proteins were precipitated and then resolu-
bilized by urea (as in the 2DC process), and (iii) CLB-solu-
bilized proteins were precipitated and then resolubilized by
CLB. The resolubilized samples from ii and iii were centri-
fuged, and the supernatants were collected for further tests.
The proteins in these fractions were separated by SDS-

PAGE and electrotransferred to filters for immunoblotting to
detect specific proteins (Fig. 7). As expected, the more
soluble proteins such as ezrin and calpain-5 were equiva-
lently present regardless of process and showed minimal
losses after precipitation and urea resolubilization. How-
ever, the signals of IMPs and even lipid-anchored proteins
were significantly affected by sample processing. Some
proteins were not affected by the precipitation step but did
not resolubilize well in urea solution, such as claudin-5
junctional adhesion molecule A, and the glycosylphospha-
tidylinositol-anchored protein contactin. Their signal was
reduced in the urea lane, which typified the procedure used
in 2DC. Other proteins showed a dramatic loss in signal
from the precipitation step regardless of resolubilization
conditions, such as VAP-1, GPCR116, and the lipid-an-
chored protein G�q. The sample loss for 2DC was fairly
apparent, ranging from 0% for soluble proteins to �90% for
many lipid-embedded proteins. A 10-fold or more decrease

FIG. 5. Relative sensitivity of each technique. a, soluble proteins and IMPs from the original data were binned based on their estimated
relative quantity (see “Experimental Procedures,” Equations 1–3). The number of proteins identified within each group is shown as the
percentage of total proteins for each method. b, all proteins identified by the three gel-based methods were graphed in the order of their
averaged estimated quantity (in ng) (in red following the x axis on the bottom). The distribution of their CVs is shown as a trend line of a period
of 100 data points (in black following the x axis on the top).
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of a protein in the final analyte can greatly hinder its down-
stream detection. These results help to explain the chal-
lenges encountered by the 2DC method in identifying cer-
tain proteins, particularly proteins embedded in the lipid
bilayer. They also provide further rationale favoring SDS-
PAGE beyond just any prefractionation scheme that simply
separates soluble proteins well to reduce sample complex-
ity. The additional power of SDS-PAGE to resolve nearly all
IMPs and lipid-anchored proteins with minimal losses
clearly contributed substantially to (i) G2DC dominance over
2DC, (ii) increased overall peptide detections and protein
identifications by MS, (iii) greater sensitivity, especially rel-
ative to 2DC, and (iv) enhanced identification of membrane-
embedded proteins, many of which are simply lost during
sample processing for 2DC.

DISCUSSION

Although recent improvements in MS instrumentation pro-
vide higher sensitivity and resolution, there remains a need for
reduced sample complexity and improved detection of lower

abundance proteins, especially IMPs. Various strategies to
enhance MS-based proteomics analysis have been devel-
oped, such as different off-line sample fractionations and
different mass spectrometers with different ion sources and
different search engines (34, 35). Recent studies on various
isolated cell membranes have used different instruments (36),
ionization techniques (11), different temperatures of C18 col-
umn (37), and protein separation methods (11, 38) to identify
107 to �1306 proteins, many based on one peptide identifi-
cations. Organelles isolated from mammalian cells and tis-
sues are rich in lipid membranes and have also been inten-
sively studied by various proteomics approaches, mostly
using SDS-PAGE combined with reversed-phase LC/MS/MS.
These studies (39–44) identified 67 to �2710 proteins from
Golgi, nucleus, mitochondria, endosomes, proteasomes, and
microsomes isolated from various tissues based on at least
one peptide criterion.

Here we combined four different MS-based proteomics
approaches to identify 1,833 proteins using a criterion of

FIG. 6. Proteins identified by combined MS approaches. The percentage of the total number of proteins identified is plotted against the
individual method and all combinations of methods. Upper left panel, total proteins; upper right panel, all IMPs; lower left panel, STM proteins;
and lower right panel, MTM proteins. Orange arrows, G2DC alone; blue arrows, G2DC joined with GRPT. Three Gs means GRPC, GRPT, and
G2DC.
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two peptides in any single MS measurement. Of the total
proteins identified here, almost 30% are embedded in the
lipid membrane. In comparison with our past 2DC study
(�15% lipid membrane-embedded proteins) (26), we iden-
tified significantly more lipid membrane-embedded proteins
in this current work (�30%). Classically plasma membranes
are isolated by zonal centrifugation using a density gradient
or by two-phase partitioning. They are often processed
further by affinity purification and selective solubilizations
(10, 18, 45). These techniques are designed to eliminate
proteins not well intercalated in the membrane and in so
doing to enrich for IMPs. In our plasma membrane prepa-
ration, we avoided such treatments to allow the endoge-
nous spectrum of protein types to remain. This allows a
more diverse, realistic, and accurate characterization of
the membranome, including relative abundance of each
protein.

Using the estimated protein quantity, we showed that the
three gel-based methods identified proteins over a dynamic
range of �5 orders of magnitude. 2DC data were excluded
from this calculation because of the protein loss during sam-
ple processing and the resultant measurement uncertainty
and insensitivity (Fig. 7). Lastly it may be noteworthy that
eliminating data redundancy based on a genecentric parsi-
mony principle should be the practice but can be very time-
consuming. In this study, we indeed removed all redundancy
to prevent inflation in the number of protein identifications.

Our past 2DC proteomics mapping of the endothelial
plasma membranes identified 450 proteins (26) using a three-
peptide identification criterion that counts peptides from any

of the 12 MS measurements performed rather than peptides
from a single MS measurement. In this study, we used more
stringent overall analytical criteria yet still found that the gel-
based 3D approach greatly increases the comprehensiveness
of the analysis by �4-fold. We detected more proteins includ-
ing IMPs and known EC marker proteins (�100). Specifically
we detected the well known protein-tyrosine kinase receptors
(VEGFR-1 and ephrin receptors), semaphorin receptors
(plexin D1, plexin B2, and neuropilin-1), and multipass IMPs
(apelin receptor, GPCR-124, GPCR-116, 	-aminobutyric acid,
type A receptor, vasoactive intestinal polypeptide receptor,
latrophilin-2, latrophilin-3, and P2X purinoceptor 7). The ad-
vantages of SDS-PAGE prefractionation and 2D LC/MS/MS
analysis include enhanced protein coverage, dynamic range,
and sensitivity of detection. Perhaps most importantly, this step
clearly improves the detection of lipid-embedded proteins.

Although 2DC has been a popular method in the field, more
recently SDS-PAGE followed by 1D LC/MS/MS analysis has
gained considerable favor. Unfortunately most studies do not
perform multiple replicate MS measurements, and even fewer
attempt to define the MS analysis statistically, ultimately to
achieve a level of 95% analytical completeness. To our knowl-
edge, we are the first to combine SDS-PAGE with continuous
2D LC/MS/MS and repetitive measurements and to compare
analyses of four such technologies. We found one report in
the literature that identified 544 proteins (one peptide/protein
criterion) in rat brain membranes (of which 
11% were IMPs)
by using SDS-PAGE and trypsin digestion of gel slices and
then performing batch elution of peptides from SCX off line.
These SCX fractions were individually analyzed by C18 re-

FIG. 7. Protein partitioning during sample processing for 2DC. An immunoblot of plasma membrane proteins treated with different
procedures and reagents is shown. Membrane samples were solubilized directly in CLB for SDS-PAGE, or CLB-solubilized proteins were first
precipitated and then resolubilized by either 8 M urea as for 2DC or CLB. The resolubilized samples from the precipitations (Precip.) were
centrifuged, and the supernatants were collected for SDS-PAGE. The number of putative or known transmembrane helices (TMH) and number
of unique peptides detected by each method are shown in the table on the right. 0*, partially membrane-embedded with high hydrophobic
region; Lipid-AP, lipid-anchored proteins; GPI-AP, glycosylphosphatidylinositol-anchored proteins. See supplemental Table 1 for information
on antibodies and protein names. VE-cad, VE-cadherin; JAM A, junctional molecule A.
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versed-phase LC/MS/MS (46). Our 3D approach is seamlessly
automated to provide continuous analysis necessary for the
greater throughput required in large scale applications.

Here we used SDS-PAGE to prefractionate the membrane
proteins according to size before 2D LC/MS/MS analysis. The
SDS-PAGE obviates the problem of trying to digest IMPs in
solution as depicted in Fig. 7. The IMPs do not tend to stay in
solution without the presence of detergents and thus are not
readily amenable to trypsin digestions in solution. The com-
parisons between 2DC and G2DC revealed the enormous
benefit of prefractionation by SDS-PAGE over in-solution
trypsin digestion to generate peptides for detection by con-
ventional 2D LC/MS/MS. The gain in part comes from the
reduced sample complexity afforded by any prefraction-
ation with sufficient protein resolving and separating power.
More importantly as illustrated in part in Fig. 7, the improved
solubilization and resolution for IMPs and lipid-anchored
proteins by SDS-PAGE significantly enhances MS identifi-
cation and thus provides an additional remarkable advan-
tage over other protein separation techniques not so well
suited for IMPs.

G2DC is obviously the superior gel-based method among
the three gel-based approaches in this study, indicating the
importance of the second dimension in the nano-HPLC sep-
aration of complex peptides in the MS analysis. This extra
separation can greatly improve sensitivity by diminishing pep-
tide co-elution and thus enhancing identification of less abun-
dant peptides not previously detected. Using the same mass
spectrometer and same prefractionation, G2DC clearly out-
performed GRPC even though GRPC individually analyzes
�50 gel slices of equivalent sample, whereas G2DC uses only
seven such groupings. We appear to gain more from the
second dimension of peptide separation by nano-HPLC than
from the 7-fold decrease in sample complexity. This advan-
tage is neither obvious nor completely predictable a priori to
these results. This benefit appears rather considerable when
comparing G2DC (using LCQ) versus GRPT (using LTQ).
GRPT not only uses a more powerful and sensitive mass
spectrometer but also individually analyzes �70 gel slices,
ultimately reducing sample complexity 10-fold over G2DC. As
summarized in Table III, when each gradient step used to
elute the peptides from the columns before MS/MS analysis is
considered, 119 MS-analyzed steps were performed by the

combination of SDS-PAGE and 2D nano-HPLC in G2DC.
Thus, G2DC intrinsically reduced sample complexity beyond
that of 2DC, GRPC, and GRPT methods (3D versus 2D). The
2D nano-HPLC peptide separation scheme continues to be
an important foundation to enhance protein identifications,
sensitivity, and dynamic range of detection.

All large scale proteomics investigations must balance high
throughput with data quality. Large sample analyses on a
daily basis require rapid sample turnover so that the speed of
the instrumentation and methodology will be a major priority.
In contrast, if the goal is greater protein coverage or protein
identifications, more detailed and comprehensive studies will
be essential. Taking 95% analytical completeness as the de-
sired end point, 2DC requires at least seven replicate MS
measurements, each using 2 days of instrument time to yield
14 total measurement days and identifies an average of �17
new proteins per day. Similarly gel-based methods require no
more than five replicate measurements to reach 95% analyt-
ical completeness. Thus, GRPC needs 50 total measurement
days and identifies 10 proteins per day. GRPT needs 35 total
measurement days and identifies 40 proteins per day,
whereas G2DC needs 70 total measurement days and iden-
tifies �20 proteins per day. The autosampler being used with
the LTQ is likely to reduce overall performance but probably
enhances overall efficiency and throughput. In our hands,
GRPT can generate twice the number of identified proteins as
GRPC, but the overall number of peptides identified was less
than with GRPC (Figs. 3f and 4h). Furthermore our analysis of
method combinations showed that G2DC plus GRPT identi-
fies �95% of the total proteins identified by all four methods.
Although this is obviously the most efficient combination, the
gain of nearly 400 proteins beyond G2DC alone requires 35
total measurement days (via GRPT) to yield about 10 proteins
not detected by G2DC per total measurement days.

The methods developed and described in this study may
have great importance for disease biomarker and target dis-
covery efforts. Just because a protein is not detected in one
or two MS measurements does not mean it is not present
in the sample. A single MS measurement of a complex protein
mixture likely provides only a small fraction of the total protein
space. For example, if 10% of each space is analyzed then
any protein appearing distinct between samples is very likely
to be in the remaining 90% not yet identified. Hence compar-

TABLE III
Summary of sample fractions applied per MS measurement

The number of fractions generated by protein prefractionation (column 2), type of chromatography used in peptide separation (column 3),
HPLC elution steps (column 4), total number of in-line HPLC elution steps per measurement (column 5), and number of peptides from the
proteins identified by each MS step (column 6) are listed by method.

Method Pre-MS fraction Nano-HPLC dimension Peptide elution step Total MS steps No. of peptides/step

2DC 1 2 (SCX-RP) 17 17 171
GRPC 43–50 1 (RP) 1 43–50 106
GRPT 70–80 1 (RP) 1 70–80 253
G2DC 7 2 (SCX-RP) 17 119 308
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ison of distinct samples by single MS measurements would
seem fruitless and may explain the paucity of candidate bi-
omarkers that have been validated to date. Moreover using a
statistically defined end point not only helps eliminate the
inherent variance between single MS measurements but also
increases the replicability of findings between different labo-
ratories as well as improves the utility of future MS-based
analyses (47).

It is clear that higher stringencies, including reaching 95%
analytical completeness, are not optional but actually required
for identifying meaningful protein distinctions between differ-
ent biological samples; however, doing so requires 5–10 MS
measurements of each distinct sample. The choice of balanc-
ing machine times and methods to accomplish analytical
comprehensiveness will be a personal one. For our laboratory,
we plan to adhere to a criterion of 95% analytical completion.
The extra MS measurement days may well be time well spent
to avoid a long list of candidates that may be temporarily
satisfying yet ultimately overwhelming with few actual “true
positives.” Furthermore up until now, membrane-embedded
proteins have been notoriously difficult to detect by past
traditional MS methods. Although throughput and efficiency
were more modest when using G2DC (Table II), the signifi-
cantly higher number of peptides and proteins identified, es-
pecially IMPs, and the enhanced quality of the data (i.e. cov-
erage) may well be worth the extra time invested (Figs. 2–5
and Table III).

The results described here constitute the most comprehen-
sive characterization to date of plasma membranes, specifi-
cally luminal EC plasma membranes isolated from rat lung. By
combining data from multiple gel-based MS studies and a
gel-free MS analysis, we expanded the EC plasma membrane
proteome from a few hundred proteins to nearly 2,000 includ-
ing �100 known EC markers and �500 lipid-embedded pro-
teins. Systematic, comparative analyses of the different MS
methods used here revealed that a 3D approach combining
SDS-PAGE prefractionation with 2D-LC/MS/MS analysis en-
hances protein identification, especially of IMPs, improves
overall protein coverage, reduces the number of replicates
required, allows the use of less starting material, and in-
creases detection sensitivity and dynamic range. Notably
these gains were made despite the higher stringency imposed
(tryptic peptide only, two-peptide criterion within a single
measurement, better mass tolerances, and Sequest scores)
than in our past work (26) and thus increase our confidence in
the expanded data set. Mapping the cell surface membra-
nomes, especially lipid-embedded proteins on the luminal
surface of in vivo EC plasma membranes, is an essential
prelude to the discovery of tissue- and disease-specific
markers. The unique comparison of 2D and 3D strategies,
the repeated measurements within each technique until
95% completeness was achieved statistically, and the la-
bel-free protein quantification described here may help es-
tablish new standards for analytical comprehensiveness in

membranome mapping while assisting future biomarker dis-
covery efforts.
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