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Abstract

Despite significant efforts in the past decade towards complete mapping of the human proteome,
3564 proteins (neXtProt, 09-2014) are still “missing proteins”. Over one-third of these missing
proteins are annotated as membrane proteins, owing to their relatively challenging accessibility
with standard shotgun proteomics. Using non-small cell lung cancer (NSCLC) as a model study,
we aim to mine missing proteins from disease-associated membrane proteome, which may be still
largely under-represented. To increase identification coverage, we employed Hp-RP StageTip pre-
fractionation of membrane-enriched samples from 11 NSCLC cell lines. Analysis of membrane
samples from 20 pairs of tumor and adjacent normal lung tissue were incorporated to include
physiologically expressed membrane proteins. Using multiple search engines (X!Tandem, Comet
and Mascot) and stringent evaluation of FDR (MAYU and PeptideShaker), we identified 7702
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proteins (66% membrane proteins) and 178 missing proteins (74 membrane proteins) with PSM-,
peptide-, and protein-level FDR of 1%. Through multiple reaction monitoring (MRM) using
synthetic peptides, we provided additional evidences for 8 missing proteins including 7 with
transmembrane helix domains (TMH). This study demonstrates that mining missing proteins
focused on cancer membrane sub-proteome can greatly contribute to map the whole human
proteome. All data were deposited into ProteomeXchange with the identifier PXD002224.
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Introduction

The completion of the human genome project which decoded more than 20,000 protein-
coding genes has inspired enthusiastic efforts towards complete mapping of the human
proteome in order to understand the human biology. Mass spectrometry has become a
promising tool for large-scale profiling of the proteome particularly when coupled to
advances in biological sample preparation, and bioinformatics algorithms. Recently, mass
spectrometry-based draft map of the human proteome provided by two independent
groups2 followed by antibody-based tissue mapping by the Human Proteome Atlas (HPA)
group® marked a huge progress with a claim of identifying and characterizing over 90% of
the human proteome. After the first human proteome draft maps, based on the neXtProt
database (09-2014 release), there are still 3564 proteins with no or inadequate evidence of
translation, and considered as “missing proteins”.4 Missing proteins are those predicted to be
encoded from the gene but with no available protein expression evidence from mass spectral
detection, antibody-capture, 3D structures (X-Ray or NMR) or Edman sequencing.® The
current list of coding genes for 3564 missing proteins includes 2647 genes having transcript
expression evidence, 214 genes inferred from homologous proteins in related species, 87
genes hypothesized from gene models and 616 “dubious” or “uncertain” genes.*>

The expression of some proteins may vary in different tissues or cell types which may
contribute to the difficulty of detecting these proteins with common proteomic workflows.
Some of these missing proteins may be expressed only in rarely available samples, tissue or
cell types like the brain, nasal epithelium, skeletal muscle and testis.®> Guruceaga et al. also
studied gene expression profiles using over 3400 public microarray experiments and showed
the importance of prioritizing normal tissues such as testis, brain, and skeletal muscle, as
well as cancer samples of ovary, lung, kidney, breast, uterus, prostate, and lymph node.®
Some missing proteins are also likely to be expressed only under certain stimulus or stress.>
Recently, some mass spectrometry (MS) evidences were reported evidences to identify
missing proteins from human brain tissues,’ lung tissues and cell lines,8 colorectal cancer
samples,® and hepatocellular carcinoma samples1?, showing the significance of clinical
samples in detecting missing proteins. In addition, the distinct proteome profiles deciphered
by the draft map of the human proteome? also revealed that missing proteins may even be
expressed only during development in embryo or fetal tissues, with over 700 proteins having
ten-fold increase in expression level compared to the adult counterparts.t
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Another critical factor that contributes to the lack of protein-level evidence for missing
proteins is related to physico-chemical characteristic of the proteins. Some missing protein
sequences are unlikely to yield detectable peptides with the commonly employed tryptic
digestion method, while others are composed only of few amino acid residues producing
less number of observable peptides for MS analysis.}1 Among the different structural
features, 34% of the current missing proteins in neXtProt are annotated membrane proteins
with some composed of multiple hydrophobic TMH domains. Chang et al. found that
hydrophobicity and protein abundance greatly influence the detectability of a protein.12
Beck et al. were able to identify more than 10000 proteins from a single cell type of human
osteosarcoma cell line (U20S), however they observed that around 33% of the mRNASs
corresponding to the unidentified proteins encodes for transmembrane proteins.13 The
difficulty to detect membrane proteins consisting of TMH domains even with advanced MS
platforms is due to the high concentration of detergents usually required for solubilization,
resistance to enzymatic cleavage due to inaccessible sequences, and their inherent low
abundance.>1415 Muraoka et al. have reported 851 missing membrane proteins in the
membrane fraction of breast cancer tissues, providing a significant contribution to the efforts
of completely mapping the whole human proteome.8 Taken together, membrane sub-
proteome in human cancer samples may be a source for mining missing protein.

The technical limitations of current shotgun proteomics approach also add as a deterring
factor in missing protein identification, especially in extremely complex biological samples.
Recent studies have emphasized the evaluation of the analytic strategies, including sample
pre-fractionation and improvement of MS analytic approach for large-scale protein
identification in complex samples.17-20 lwasaki and Ishihama highlighted the importance of
further advances in sample pre-fractionation and sensitive mass spectrometry detection to
address the wide dynamic range and huge complexity of the proteome.18 Peptide
fractionation is a vital approach for enhancing the proteome coverage by separating co-
eluting peptides for more efficient mass spectrometry analysis.1%20 Kim et al. also
performed pre-fractionation by separating peptides into 96 fractions followed by
concatenation to 24 fractions in generating a draft map of the human proteome.!

MRM has been underlined by C-HPP to be a promising targeted technique for validating the
expression of missing protein coding genes due to its high sensitivity (low-attomolar), broad
dynamic range (up to five orders of magnitude), and reproducibility better than the common
data dependent acquisition (DDA) mode.17-21 Chen et al. used MRM detection method to
confirm the expression of 57 targeted missing proteins in normal human liver tissue samples
from 185 MRM assays,22 while Segura et al. performed MRM analysis in multiple
laboratories for the detection of recombinant forms of 24 missing proteins.23

In this study, we hypothesized that deep membrane sub-proteomic profiling in human cancer
cells and tissues can be an efficient strategy for the identification of missing proteins, even
for a single cancer type. To provide higher sensitivity, high-pH reverse phase stop-and-go
extraction tip (Hp-RP StageTip) fractionation followed by detection with high-resolution
MS was applied for more comprehensive analysis. Hp-RP StageTip fractionation allowed
increased recovery of the hydrophobic peptides and enhanced the identification of
membrane proteins.24 For confident identification of missing proteins, multiple search
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engines and two false discovery rate (FDR) estimation approaches (PeptideShaker and
MAYU), as well as unique peptide filtering were employed. In addition to 11 NSCLC cell
lines, the patient-to-patient heterogeneity from 20 pairs of tumor and adjacent normal tissues
of NSCLC patients were also utilized to increase the coverage of the membrane proteome of
lung cancer. Under strict criteria of 1% FDR at the peptide-to-spectrum match (PSM-),
peptide- and protein-level with peptides having 7 or more amino acid residues and at least
one unique peptide for each protein, the in-depth membrane proteome profiling documented
7702 proteins from which 5121 (66%) were annotated to be membrane proteins. This
provided mass spectral evidence for 178 missing proteins, among which 139 (78%) already
possessed transcript-level protein evidence and 74 (41%) were annotated to be membrane
proteins. Using synthetic reference peptides and MRM acquisition, we were able to further
validate the expression of 8 selected missing proteins in Hp-RP StageTip fractionated
membrane-enriched samples. Seven of these validated missing proteins were membrane
proteins with TMH domains and confirmed in multiple cell lines.

Experimental Section

Materials and Reagents

Triethylammonium bicarbonate (TEABC), methyl methanethiosulfonate (MMTS), Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), trifluoroacetic acid (TFA), 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), magnesium chloride (MgCly),
potassium chloride (KCI), Hydrochloric acid (HCI), HPLC grade acetonitrile (ACN), and
sodium chloride (NaCl) were purchased from Sigma-Aldrich (St. Louis, MO). Urea was
purchased from USB Corporation (Cleveland, OH USA). Protease inhibitor cocktail tablet
was obtained from Roche Diagnostics (Mannheim, Germany). Sodium dodecyl sulfate
(SDS), sucrose, and ethylenediaminetetraacetic acid (EDTA) were obtained from Merck
(Darmstadt, Germany). The bicinchoninic acid (BCA) assay reagent kit was obtained from
Pierce (Rockford, IL). Formic acid (FA) was purchased from Riedel de Haen (Seelze,
Germany). Tris (hydroxymethyl)aminomethane (Tris) was purchased from PlusOne (GE
Healthcare, Orsay, France). C8 membrane was purchased from 3M Empore (St. Paul, MN).
3 um and 5 um C18-AQ beads were purchased from Dr. Maisch-GmbH (Ammerbuch,
Germany). Synthetic peptides (95% purity) were purchased from Abomics Co. Ltd. (New
Taipei City, Taiwan)

Cell Culture, Lysis and Tissue Collection

The human primary lung cancer cell lines; A549, CL100, CL141, CL152, CL25, CL83,
CL97, H1975, H3255, PC9 and PC9/gef (Table S1) were obtained from Dr. Pan-Chyr Yang,
National Taiwan University Hospital at Taipei, Taiwan and grown in RPMI 1640 medium.
The cell cultures were supplemented with 10% fetal bovine serum and 1% antibiotic-
antimycotic at 37°C in 5% CO». The cells were lysed using a hypotonic buffer (10 mM
HEPES, pH 7.5, 1.5 mM MgCl,, 10 mM KCI) with protease inhibitor cocktail (100:1,
sample/protease inhibitor, v/v). The cells were homogenized using 50 strokes of a Dounce
homogenizer.
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Clinical tissue samples were obtained from National Taiwan University Hospital at Taipei,
Taiwan in accordance with approved human subject guidelines authorized by Medical Ethics
and Human Clinical Trial Committee at National Taiwan University Hospital. Following
surgery, the tumor and adjacent normal tissues were collected in separate tubes, kept on dry
ice for 30 mins. during transportation, and stored at -80 °C before further processing.
Adjacent normal tissues were obtained from the distal edge of the resection = 10 cm from
the tumor. In this study, a total of 20 pairs of tumor and adjacent normal tissue were
collected and analyzed from individual patients. All lung cancer patients had histologically
been confirmed by pathologists. The detailed clinical information was shown in Table S2.

Membrane Protein Extraction and Digestion of NSCLC Cell Lines

The data of 11 NSCLC cell lines were taken from our previous study,?4 and then re-
analyzed in this work. Briefly, membrane proteins were isolated through a two-step
centrifugation followed by gel-assisted digestion described previously.?® First, the nuclei
and other heavy cell debris were separated by centrifugation at 3000 x g for 10 mins. at 4
°C. Then the supernatant was mixed with 1.8 M sucrose to a final concentration of 0.25 M
and was centrifuged for 1 h. at 13000 x g at 4 °C to pellet out the remaining membrane
proteins. The pellet was then washed with 1 mL of 0.1 M Na,CO3 (pH 11.5) for 1 h., and
recovered through centrifugation at 13000 rpm for 1 h. at 4 °C. Membrane proteins were
then suspended in the digestion buffer (6 M urea, 5 mM EDTA, 2% SDS and 0.1 M
TEABC) and then sonicated at 4 °C for 15 mins. Disulfide bonds were cleaved through
incubation with 5 mM TCEP at 37 °C for 30 mins. and alkylated with 2 mM MMTS at room
temperature for 30 mins. The membrane proteins were then embedded into the
polyacrylamide gel directly formed in the sample tube. The gel was cut into small pieces and
then washed several times with 25 mM TEABC and 25 mM TEABC in 50% ACN, then
further dehydrated by adding 100% ACN. Trypsin in 25 mM TEABC was incubated with
the membrane proteins (protein:trypsin = 10:1 g/g) for 16 h. at 37 °C. Tryptic peptides were
extracted from the gel by sequential washing with 25 mM TEABC, 0.1% TFA, 0.1% TFA in
50% ACN and 100% ACN. The amount of peptide produced was determined using the BCA
protein assay.

Tissue Membrane Protein Extraction and Digestion

Frozen tissues were thawed rapidly at 37 °C, cut into small pieces, weighed and then washed
by 0.9% NaCl to remove blood. The pre-cleaned tissues were homogenized in STM buffer
solution (5mL/g tissue, 0.25 M sucrose, 10 mM Tris-HCI, and 1 mM MgCl,) with protease
inhibitor mixture (100:1, sample/protease inhibitor, v/v) using mechanical homogenizer
(Precellys®24, Bertin Technologies) in 2.0 mL standard tubes (STURDY TUBE®)
containing ceramic zirconium oxide beads (5 beads of 2.8 mm diameter and 10 beads of 1.4
mm diameter). The tissue samples were homogenized at 6500 rpm three times for 15
seconds pausing for 5 mins. in between each homogenization steps, and then tissue debris
was removed by centrifugation (260 x g) for 5 mins. at 4 °C. The supernatant was
centrifuged at 1500 x g for 10 mins. at 4 °C to pellet the nucleus, and then the obtained
supernatant was centrifuged again at 13000 rpm for 1 h. at 4 °C to precipitate the crude
membrane pellet. The pellet was washed in 1 mL of 0.1 M Na,COj3 overnight at 4 °C and re-
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collected by centrifugation at 13000 rpm for 1 h. at 4 °C. Digestion of the tissue membrane
samples was performed using the gel-assisted digestion method described above.

Hp-RP StageTip Fractionation

Hp-RP StageTips were prepared as described from the protocol of Rappsilber et al.28
Briefly, 1.25 mg of 5 pm C18-AQ beads suspended in 100 mM ammonium formate
(NH4HCO,, pH 10) in 50% ACN were packed into the Gilson 200-pL tip with a C8
membrane frit by centrifugation at 1500 x g for 2 mins. After sufficient washing and
conditioning, membrane peptides reconstituted in the loading solution (200 mM NH4HCO,,
pH 10) were bound to the StageTips through centrifugation. The membrane peptides were
eluted from the tip with increasing concentration of ACN to separate the peptides into 6
fractions. Detailed procedure of the Hp-RP StageTip fractionation was previously
described.?4

LC-MS/MS Analysis

Fractionated membrane peptides were analyzed using Synapt G1 High Definition Mass
Spectrometer (HDMS, Waters Corp., UK) and TripleTOF 5600 System (AB SCIEX
Concord, ON Canada). For LC-MS/MS analysis through Synapt G1 HDMS, the peptides
reconstituted in buffer A (0.1% FA in H,0O) were injected into a 2 cm x 180 um capillary
trap column and separated by 75 pm x 25 cm nanoACQUITY 1.7 ym BEH C18 column
using nanoACQUITY Ultra Performance LCTM (Waters Corporation, Milford, MA, USA).
For the analysis using TripleTOF 5600 System, peptide samples were injected into a 100 pm
x 150 mm self-packed 3 pm C18-AQ column in a nanoACQUITY Ultra Performance
LCTM. The bound peptides were eluted with a gradient of 0-80% buffer B (0.1% FA in
ACN) for 120 mins., operated in ESI-positive V mode. The LC gradient for each Hp-RP
StageTip fractions is previously described.?* Data acquisition for Synapt G1 HDMS was
done by DDA mode to automatically switch between a full MS scan (400-1600 m/z, 0.6 s.)
and six MS/MS scans (100-1990 m/z, 0.6 s. for each scan) on the six most intense ions
present. Data from 5600 TripleTOF System were obtained through the same acquisition
mode by selecting 15 most intense precursor peaks and performing 15 MS/MS (100-1800
m/z, 200 ms. for each scan) for each full MS scan (300-1600 m/z, 200 ms.). The mass
spectrometry proteomics data have been deposited into the ProteomeXchange Consortium??
via the PRIDE partner repository with the dataset identifier PXD002224.

Database Search for Peptide and Protein Identification

The acquired MS/MS spectra were searched against UniProtKB/Swiss-Prot human database
(2014_05 release, 20,264 entries) appended with reversed decoy sequences using Mascot?8
(Matrix Science; version 2.3.02) with p-value < 0.05, and against UniProtKB/Swiss-Prot
human database (2014 _11 release, 20,193 entries) with reversed sequences added for target-
decoy analysis using X!Tandem?®, and Comet30 search engines. For database searches using
X!Tandem and Comet, the .wiff raw files from 5600 TripleTOF system were first converted
into mzML format by the MS Data Converter (AB SCIEX version 1.3 beta) using “centroid”
option, and the resulting mzML files were further converted into mzXML format by the
msconvert.exe from ProteoWizard (version 3.0.4462)31:32 package using default parameters.
Raw files from Synapt G1 HDMS were converted directly into mzXML format using
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msconvert.exe. For database searching, a maximum of 2 missed cleavages were allowed for
trypsin digestion with variable modifications of deamidation (Asn and GIn), oxidation (Met)
and carbamidomethylation (Cys). In the Mascot search, a parent ion tolerance of 20.0 ppm
and fragment ion tolerance of 0.1 Da for TripleTOF 5600 runs were used, and similar
parameters were applied in both X!Tandem and Comet searches. For Synapt G1 HDMS runs
0.1 Da tolerance for both parent and fragment ion were used in the three search engines.
Additional X!Tandem parameters include using top 160 peaks for matching, and default
modifications: pyroglutamate from Gln and Glu and N-terminal acetylation. For Comet
search, high resolution binning was used (0.02 tolerance and 0.0 offset).

To ensure high confidence in identification results, we further evaluated the FDR at PSM-,
peptide- and protein-level. Search results from Mascot were imported into the PeptideShaker
version 0.38.433 for peptide and protein inference. PSMs, distinct peptides and protein
groups were validated at a 1% FDR estimated using the decoy hit distribution. Output files
from X!Tandem and Comet were processed by PeptideProphet34 using the parameters “-
OpdEAP -PPM”. The PepXML files from PeptideProphet were further combined using
iProphet3® via the trans proteomic pipeline (TPP)36. The resulting protein and peptide
identification lists were then determined by MAYU37 (version 1.07) based on 1% FDR. The
parameters used for MAYU analysis are the following: “-I 2 -P pepFDR=0.01:t -G 0.1 -H
200 -PprotFeat —-PmFDR”. Only proteins with protein FDR of 1% and with matched
peptides passing the FDR threshold of 1% in both the peptide- and PSM-level, having at
least one unique peptide were considered as identified. In addition, only peptides with at
least 7 amino acid residues were accepted as confident identification.

Cellular Localization, Family/Domain, and Missing Protein Annotations

Membrane protein annotation was based on UniProtKB (http://www.uniprot.org/)38,
neXtProt (http://www.nextprot.org/)3%, and The Human Protein Atlas (HPA) (http://
www.proteinatlas.org/)*0. Missing protein annotation, protein existence evidence, and
chromosome assignments were based on neXtProt (2014-09 release). TMH distribution was
obtained from UniProtKB (2015_05 release). Family or domain annotation was performed
by InterPro (v50.0)*L. All the peptides were also cross-referenced to the peptide entries of
the Peptide Atlas (http://www.peptideatlas.org/)*? repository (Human 2015-03).

MRM Method Development, Optimization and Acquisition

In order to further confirm the identification of some missing proteins, 14 synthetic peptide
sequences of 11 missing proteins were purchased from Abomics Co. Ltd. (New Taipei City,
Taiwan) with high purity of 95% and used to develop MRM method. The unique proteotypic
peptides selected from the discovery mode used for the MRM fulfilled the following criteria:
no cite susceptible to modification, no missed cleavage, and with the suitable length of 8
amino acids or more. The 14 peptides were divided into 5 groups (F1, F2, F3, F4 and F5/F6)
based on the Hp-RP StageTip fractions in which they were detected in the DDA mode
(Table S3). Five to eight most abundant MRM transitions for each peptide were selected
having two or more unique ion signatures based from SRMCollider (v1.4).43 A total of 13 to
31 transitions were monitored for each Hp-RP StageTip fraction groups, with a maximum
10 transition analyzed simultaneously to allow a dwell time of 100 ms. or more.
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All MRM acquisitions were performed using QTRAP5500 System (AB SCIEX Concord,
ON Canada), and the peptide samples were injected in a 100 um x 150 mm self-packed 3
pum C18-AQ column in a nanoACQUITY Ultra Performance LCTM. The same LC gradient
optimized for each Hp-RP StageTip fraction as described previously?* were also used for
the 14 synthetic peptides. The MS instrument was operated in positive mode with the
following parameters: ion spray voltage of 2500 V, curtain gas at 25 psi, nebulizer gas at 20
psi, unit resolution (0.7 Da full-width-at-half-maximum) for both Q1 and Q3 quadrupoles,
interface temperature at 150 °C, and scan mass range of m/z > 300 - 1250. The scheduled
MRM was performed with 5-min retention time window and instrument cycle time of 1.5 s.

In MRM modes, collision energies (CE) and declustering potential (DP) were optimized.
Using Skyline (version 3.1), the default CE used for the QTRAP 5500 instrument were
calculated according to the formulas CE = 0.036 x (precursor m/z) + 8.857 and CE = 0.0544
x (precursor m/z) -2.4099, for doubly and triply charged precursor ions, respectively. For
each parent ion, 11 different CE values (default CE + 2V, 5 steps) were measured to obtain
the optimized CE. The Skyline default DP for QTRAP 5500 calculated according to the
formula DP = 0.0729 x (precursor m/z) + 31.117 and used for all peptides ranging from 62.2
V to 102.2 V. Further optimization did not generate noticeable increment in in the peak area.
All MRM data analyses were performed using Skyline software.*

Results and Discussion

Large Scale Profiling of Membrane Proteome in Lung Cancer

In this study, lung cancer was chosen as the model for deep profiling of the membrane
proteome. Lung cancer is one of the most frequently diagnosed type of cancer and the
leading cause of cancer-related death worldwide.*> The overall survival rate of lung cancer
is below 15% with over 85% of all cases comprising NSCLC.4¢ Although certain tyrosine
kinase inhibitors (TKI) targeting epidermal growth factor receptor (EGFR) with
constitutively activated mutation were developed and currently used in clinical trial, high
percentage of the patients eventually develop resistance to treatment.*” Towards
comprehensive profiling, 11 primary NSCLC cell lines and 20 pairs of tumor and adjacent
normal tissue samples from NSCLC patients were used for in-depth membrane sub-
proteome identification. These NSCLC cell lines harbor different EGFR mutation status and
various sensitivity to TKIs, including CL141, CL152, CL83 and A549 cell lines with wild-
type EGFR; PC9, PCIIR, CL25, and CL100 cell lines with exon 19 deletion of EGFR;
H3255 cell line with a point mutation of L858R; and cell lines CL97 and H1975 with double
EGFR point mutation of G719/T790M and L858R/T790M, respectively. Compared to cell
lines, the tissue sample reflects a heterogeneous population of cell types possessing distinct
molecular phenotype with tissue-specific function and protein expression in vivo. The tissue
samples collected for this study also vary in EGFR mutation status consisting of wild type (n
= 12 pairs), exon 19 deletion (n = 2 pairs), and a point mutation of L858R (n = 6 pairs), and
were obtained from patients in different lung cancer stages (10 patients in the early stage-1,
4 patients in stage-2, 5 patients in stage-3, and one with an unknown stage).

As illustrated in Figure 1A, membrane proteins extracted from the 11 NSCLC cell lines
were digested using the gel-assisted digestion method, which allowed better solubilization of
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the hydrophobic proteins through the use of detergent and easy removal of the detergent
before MS/MS analysis.2° To increase the coverage of membrane proteins, we utilized the
C18-based Hp-RP StageTip pre-fractionation for sensitive and efficient separation of the
hydrophobic peptides.24 The Hp-RP StageTip fractions were then analyzed using Q-TOF
MS instruments performing duplicate runs for each fraction. Due to the limited amount of
clinical tissue samples available and further reduction after membrane protein enrichment,
one shot LC-MS/MS analysis was performed for the tissue membrane samples without Hp-
RP StageTip fractionation of the peptides.

Shotgun proteomics heavily relies on statistical computation which can result in protein
inference problems, particularly in large-scale proteomic experiments.* In order to alleviate
this problem, the use of multiple search engines has been found to increase confidence and
provide better identification coverage.#9 In accordance with this, protein identification was
achieved by combining results from three commonly used search engines: X!Tandem,?2°
Comet,30:50 and Mascot®0 software. The FDR at the PSM-, peptide- and protein-level in this
reported large-scale data set were evaluated through MAYU37 for search results obtained
from XITandem and Comet, while PeptideShaker was used for the Mascot output (Figure
1B). Strict filtering criteria were implemented to ensure the high confidence of the
identification results. The identified proteins are all within the FDR threshold of 1% in the
PSM-, peptide-, and protein-level to minimize the occurrence of false positive identification.
Furthermore, all the identified proteins are inferred from peptides with 7 or more amino acid
residues consisting of at least one uniquely matched to the particular protein sequence. This
was achieved through peptide screening using our in-house database of unique tryptic
peptides derived from in silico tryptic digestion of the whole human proteome. In this
overall workflow, we aim to achieve sensitive and comprehensive proteome profiling
through our analytical techniques, while the deep bioinformatics analyses provided high
confident identification of the lung cancer proteome and missing proteins. For NSCLC cell
lines, about 1500 - 4500 proteins were identified from each cell line, accounting a total of
6820 proteins (Table S4 and S5). For each tissue membrane sample, about 800 - 2300
proteins were identified comprising a total of 4406 proteins (Table S4 and S5).

Mining Missing Proteins from Identified Membrane Proteome of Lung Cancer Samples

From the combined MS analysis result of 11 lung cancer cell lines and 20 pairs of tumor and
adjacent normal tissue samples, a total 64277 non-redundant peptides corresponding to 7702
proteins with 1% FDR at the PSM-, peptide- and protein-level were identified (Table S6).
Integrating the search results from Mascot and X!Tandem/Comet search engines, 5464 of all
7702 proteins (71%) were commonly identified, indicating high confidence of these proteins
(Figure 2A). Membrane protein annotation was performed by using three databases:
UniProtKB, HPA and neXtProt, wherein proteins were considered membrane protein if
found in at least one of the databases. Based on these databases, 5121 (66%) out the 7702
proteins were annotated to be membrane proteins (Figure 2B). We further analyzed the
structural features of these annotated membrane proteins, wherein 2387 were found to
contain TMH domains (Figure 2C) with almost half found to possess multipass TMH
(consisting of 2 or more TMH domains) (Table S7). The result revealed that our strategy
provides high efficiency for increasing the recovery of the hydrophobic peptides and
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enhancing the identification of membrane proteins. The detailed evaluation of higher
recovery of Hp-RP StaheTip for hydrophobic peptide of membrane proteins in comparison
with the commonly employed pre-fractionation techniques, including strong-cation
exchange (SCX) and strong-anion exchange (SAX) StageTip was demonstrated using HeLa
cell lines.24

Comparison with the Peptide Atlas repository#2 (Human 2015-03, 1025698 distinct
peptides) revealed 60050 (92%) identified peptides in this study were already present in the
Peptide Atlas from the collective data of different sample types. On the other hand, our
dataset provided previously un-reported mass spectral evidences for 4227 additional
peptides from 2791 protein groups. Among these proteins, 1917 were annotated as
membrane proteins, from which 66% were found to consist of TMH domains, with the
highest consisting of up to 36 TMH regions (Figure 2D and Table S8). Among the 214
unique peptides of the 178 missing proteins, it was noted that 19 peptides corresponding to 9
missing proteins have been found to be deposited in the Peptide Atlas. Among the 9 missing
proteins, 3 have additional unique peptides (Table S9).

Among these confident proteins identified in lung cancer cell lines and tissue samples, 178
proteins were annotated to be missing proteins by neXtProt (09-2014 release). In addition to
12 missing proteins commonly identified in both samples, 144 missing proteins were only
found in the cell lines and 21 only identified in the tissue samples (Figure S1A). Among the
178 missing proteins, 52 were identified with multiple PSMs for unique peptides with the
highest of 31 matched spectra, and 28 missing proteins were found in multiple cell lines or
tissue specimens (Table 1 and see details in Table S9). The identification of single PSM for
the remaining missing proteins still revealed the challenges of multi-peptide identification of
missing proteins by the current technology.

The existence of mMRNA level expression is indicative of the high probability that the
corresponding genes are coding for the proteins. As expected, 77% (139) of the identified
missing proteins already have transcript level evidence (PE2) while fewer numbers were
identified in other categories of protein existence evidence level: 5 missing proteins were
among those inferred from homologous species (PE3) and 3 were predicted from gene
models (PE4). Moreover, 31 missing proteins belonging to the “uncertain” (PE5) evidence
level were also identified with some detected in multiple tissue or cell line samples, or
inferred from multiple spectra (Table 1 and Figure S1B). For example, H7BZ55 (no given
gene name) belongs to the PE5 category, however, the identification of as many as 14
unique peptides from two tissue and cell line sources (tissue # 162 and H3255) show
confidence evidence of its expression in lung cancer samples. UQCRFS1P1 (POC7P4),
annotated as a membrane protein, was also confidently identified with two unique peptides
in 4 cell lines (CL141, CL97, PC9, and CI52) and 6 tissue samples (tissue # 171, 184, 262,
269, 275, and 299). We also performed manual inspection of the 17 missing protein in the
PES5 category with single PSMs. Based on the criteria of continues y-and b-fragment ions
and high signal-to-noise ratio, 10 proteins have medium to high quality spectra
(Supplementary Figure S2). Two proteins, PPP1R2P9 and Q8NDZ9 (no given name), were
removed due to bad quality of MS/MS spectra.
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The single amino acid variations (SAAVS) have been found to link with in disease
progression.® The presence of SAAV:s also presents challenge for unambiguous peptide
identification and protein inference for large-scale high throughput mass spectrometry
datasets. In order to check the possibility of mis-identification of a protein despite a correct
peptide identification,52:3 all the 216 unique peptides of the missing proteins were analyzed
against in silico trypsin digested human proteome (UniProtKB/Swiss-Prot human, 2014-09,
20,188 sequences) for a match upon I/L, N/D or Q/K amino acids substitutions. Upon I/L
substitution, our analysis revealed that the |LVAIMK peptide annotated for OR1IM1 may
likely match to the tryptic peptide LIVAL MK from Annexin A5 (ANXADb). In addition, we
also found TUBA4B protein identified by a peptide QIFHPEQLITGK, which also likely
maps to other tubulin family member (alpha -1B/4A/3C/3E/1A/8//1C) with a peptide
QLFHPEQLITGK. These two peptides of OR1M1 and UBA4B were removed from the
total list of the peptides of the missing proteins. However, TUBA4B protein was retained
since it was identified by additional unique peptide resulting in overall confident
identification of 214 unique peptides corresponding to the 178 missing proteins.

Annotation of Membrane Protein and Family/Domain of the Missing Proteins

We further looked into the structural features and potential function of these missing
proteins. Out of 178 missing proteins reported in this study, 74 were annotated to be
membrane proteins, among which 57 (77%) consist of TMH domain (Figure 3A).
Furthermore, 34 (60%) of the transmembrane missing proteins contains 2 or more TMH
domains, which are usually difficult to be detected due to the highly hydrophobic regions
encompassing the membrane (Figure 3B). In order to further decipher the potential function
of these missing proteins, information from the InterPro database (v50.0)*! was extracted to
annotate the domain and protein family. As shown in Figure 3C, many missing proteins
belong to protein families such as the P-loop containing NTPase family, Znf CoH, domains,
multipass transmembrane GPCR, and Ig-like proteins. These families possessed several key
biological functions including nucleotide binding, receptors, gene transcription and
translation as well as cell adhesion. Further functional studies of the identified missing
proteins may elucidate important functions. In particular, 9 new GPCRs were identified,
which are among the membrane protein class with 7 TMH domains and have been known to
mediate many crucial cellular responses, and thus possess important therapeutic target
characteristics.>* The missing proteins were also found to be distributed in all chromosomes
except in chromosome Y, with the highest number of 24 proteins in chromosome 1 (Figure
3D and Table S9).

Validation of Missing Proteins by MRM

In order to confirm the protein expression of some missing proteins, we selected 11 missing
proteins for validation by MRM MS including 8 annotated as membrane proteins: SLC10A3
(8TMH), GPR110 (7TMH), TEX261 (5TMH), TM4SF20 (4TMH), TMEM14B (4TMH),
ST7L (2TMH), GCNT2 (1TMH), and PCDHB6 (1TMH) and 3 consisting of unique
peptides suitable for MRM acquisition (BPIFB3, CACTIN-AS1, and TTC16) (Table S3). A
total of 14 unique peptides from these proteins were used for validating their protein-level
expression in different NSCLC cell lines. All the acquired MRM peaks from the membrane-
enriched samples were verified by using peak features like peak shape, signal-to-noise ratio,
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relative fragment intensities and co-elution of fragment ions.1:55 MRM peaks and DDA
spectra of synthetic peptides served as a reference to compare the similarities of the peak
patterns. Figure 4 illustrates the criteria used to select and confirm that the sample MRM
peaks were correctly matched to the reference peaks. Fragment ions in each synthetic
reference peptides were chosen from the acquired DDA and MRM spectra (Figure 4A). By
comparison of the acquired MRM peaks with the reference MRM, Figure 4B shows one
example that passed the criteria for a confirmed validation; the sample spectra showed
similar relative intensities, peak shape, co-elution and retention time as compared to the
MRM peak pattern from the reference peptide. However, sample MRM peaks in Figure 4C
differ in relative fragment ion intensities particularly for y7 ion. Figure 4D shows another
example of false MRM peak due to difference in the retention time. The peaks for the
fragment ions in Figure 4E are not co-eluting and has low signal-to-noise ratio, which are
also indicative of a poor match with the reference MRM spectra, and cannot be used for
validation of the missing protein expression. Using this approach, 10 peptides corresponding
to 8 missing proteins were validated, among which 7 are transmembrane proteins. As shown
in Table 2, most of these missing proteins were validated in multiple cell lines providing
numerous MRM assays for proof of existence (see detail in Figure S3). The DDA
identification result of the 10 validated peptides were also provided in supplementary figure
(Figure S4). For example, TMEM14B is a small missing membrane protein composed of
114 amino acid residues with predicted 4 TMH domains (Figure 5A). It is noted that 74% of
the whole protein sequence are predicted to have TMH. Two

peptides, 88FMPVGLIAGASLLMAAK95 (845 480 Da, 2+)

and 33TGSVPSLAAGLLFGSLAGLGAYQLYQDPR®! (974.085, 3+) of TMEM14B were
identified in six types of NSCLC cell lines by the DDA method. Figure 5B shows the
representative MS/MS spectra of the peptide sequence unique to TMEM14B (Figure 5B).
The two peptides identified were found to be both located in the TMH region of the proteins,
with one uniquely matched to the protein. By the comparison with the reference MRM
profiles from synthetic peptide (Figure 5C), the MRM validation in Hp-RP StageTip
fractionated peptides from H1975, CL152, CL100, and PC9 cell lines further confirmed the
expression of the missing protein at the protein-level (Figure 5D). Without pre- Hp-RP
StageTip fractionation, TMEM14B was still validated in membrane digest samples although
the intensities of the obtained peaks were relatively lower compared to that of the
fractionated samples (Figure S5). Previous studies have shown that identification of low-
molecular weight proteins pose many challenges due to the low number of observable
peptides for MS/MS detection.11:15 Taking into account the added challenges of recovering
hydrophobic peptides, our approach demonstrated the capability to identify and validate
even small hydrophobic membrane proteins.

Conclusion

Membrane sub-proteome analysis has been recognized to be useful for drug discovery in
clinical applications, although the challenges in membrane protein solubilization and peptide
fractionation techniques still require further improvement. Through efficient peptide pre-
fractionation of membrane samples from lung cancer cell lines and human tissue specimens,
this sub-proteome has been shown by this study to be a good mining resource for many
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missing proteins. Deep bioinformatics analysis of mass spectral data for identification, FDR
estimation and unique peptide filtering provided highly confident evidences of translation of
missing proteins. Targeted MRM-based approach has been applied to confirm the
expression of 8 of 11 selected missing proteins. For biological prospective, the evidences for
the presence of missing membrane proteins in lung cancer may suggest their potential
function in lung tumorigenesis. On the technical front, we expect that combining efficient
membrane proteomic profiling, multiple search engines and FDR estimations followed by
MRM validation could be a feasible approach to identify missing membrane proteins.
Application of this platform to other disease types may facilitate the search of the remaining
missing proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Workflow for missing protein identification
A) Analytical workflow for increased coverage of membrane proteins. B) Database

searching and bioinformatics screening for high confident identification.
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Figure 2. The 7702 overall proteins and 178 missing proteinsidentified with PSM-, peptide-, and

protein-level FDR of 1%

(A) Comparison of proteins identified through Mascot and X!Tandem/Comet search

engines. The 178 missing proteins were also indicated. (B) 5121 membrane proteins were

annotated from the overall identification. (C) Almost 50% of the 2387 transmembrane

proteins have multiple TMH regions. (D) 4227 identified peptides were not yet observed in

the Peptide Atlas.
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Figure 3. Membrane, TMH, function or domain, and chromosome annotation of the identified
missing proteins

(A) The proportion of the different membrane proteins types for 74 missing membrane
proteins, showing 77% as integral membrane proteins. (B) The number of TMH domains in
each of the 57 missing integral membrane proteins with 60% having multiple TMH regions.
(C) Protein function or domain annotation. (D) Chromosome distribution of the 178 missing
proteins. P-loop_NTPase = P-loop containing nucleoside triphosphate hydrolase, Znf_CoH,
= Zinc finger CoH, domains, GPCR_Rhodpsn = G protein-coupled receptors rhodopsin-like,
Ig-like_fold = Immunoglobulin-like fold, HATPase_C = Histidine kinase-like ATPase C-
terminal domain, Hsp90 = Heat shock protein 90, Leu-rich_rpt = Leucine-rich repeats.
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Figure 4. Representative MRM spectra showing the peak feature criteriato validate the
expression of missing proteins

(A) Reference MS/MS spectrum in DDA mode (upper) and MRM spectra of different
transitions from the synthetic peptide. In comparison with the reference MRM peaks, sample
peak (B) has similar peak features confirming validation. The relative intensities of the co-
eluting fragment ions and the retention time are the same as in the reference peak. Sample
peak (C) has different relative intensities of fragments compared to the reference peak,
sample peak (D) widely varies in retention time relative to the reference peak, while sample
peak (E) has low signal-to-noise ratio with fragment peaks not co-eluting. Sample peaks (C),
(D), and (E) represent MRM results that does not match with the reference peptide
spectrum, and therefore cannot be used for confirming the existence of the missing protein.
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Figure 5. Mass spectral evidences from DDA discovery and MRM Validation of Transmembrane
protein 14B (TMEM 14B)

(A) TMEM14B composed of 114 amino acid residues possesses 4 TMH domains. The two
peptides identified (underlined) from this protein are located in the TMH region. (B) DDA
spectral evidence of the identified unique peptide
(TGSVPSLAAGLLFGSLAGLGAYQLYQDPR). (C) Reference MRM peak from the
synthetic peptide. (D) MRM peaks showing similar peak features as the reference peak for
the peptide found in H1975, CL152, CL100, and PCO9.
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Summary of 10 peptides corresponding to 8 missing proteins validated with MRM approach in lung cancer

cell lines membrane sample.

GeneName Membraneg(TMH) Peptide Sequence (2) Cell linewherevalidated
SLC10A3 Yes (8TMH) VTSLDTEVLTIK (+2) CL152, CL141, PC9, H3255, CL100
TMEM14B Yes(4TMH) TGSVPSLAAGLLFGSLAGLGAYQLYQDPR (+3) CL152, CL141, PC9, H3255, H1975, CL100
TEX261 Yes(5TMH) LGILVVFSFIK (+2) CL152, CL141, PC9, H3255, H1975, CL100
GCNT2 Yes (1ITMH) YVHQELLNHK (+3) CL152, CL141, PC9, H3255
TTC16 no LQEFDGAVEDFLK (+2) CL152, CL100, PC9
SLDYEALQSFEFR (+2) CL152, CL100, PC9, CL141
PCDHB6 Yes (1TMH)
YTISSNPHFHVLTR (+3) CL152, PCY9, CL141
VLIGSDQFQR (+2) H3255, CL152
GPR110 Yes (7TMH)
IQGFESVQVTQFR (+2) H3255
ST7L Yes (2TMH) GLSTAEINAVEAIHR (+3) CL100, PC9
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