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Abstract

The proteins of the cellular plasma membrane perform important functions relating to homeostasis 

and intercellular communication. Due to its overall low cellular abundance, amphipathic character, 

and low membrane-to-cytoplasm ratio, the plasma membrane proteome has been challenging to 

isolate and characterize, and is poorly represented in standard liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) analyses. In this study, we employ sucrose gradient ultracentrifugation 

for the enrichment of the plasma membrane proteome, without chemical labeling and affinity 

purification, together with GeLCMS and use subsequent bioinformatics tools to select plasma 

membrane proteins, herein referred to as the surfaceome. Using this methodology, we identify 

over 1900 cell surface-associated proteins in a human acute myeloid leukemia (AML) cell line. 

These surface proteins comprise almost 50% of all detected cellular proteins, a number that 

substantially exceeds the depth of coverage in previously published studies describing the 

leukemia surfaceome.
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Proteins at the cell surface comprise extracellular, transmembrane, and/or intracellular 

domains that mediate a variety of essential cellular functions. Membrane proteins allow cells 

to communicate with each other and with the extracellular milieu. They are also critical for 

the propagation of signaling cascades, interaction with pathogens and responses to 

environmental changes. Moreover, two thirds of known drug-targets are membrane proteins 

[1].
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Global gene expression studies to date have focused on overall changes at the genomic and 

transcriptomic levels. However, these have not allowed us to draw reliable conclusions about 

events at the protein level, since there is a relatively poor correlation between mRNA and 

protein expression [2–6]. This observation highlights the need for proteomic analyses in any 

systematic interrogation of cellular phenotype.

To date, in-depth proteomic interrogation of the cell surface landscape has been hampered 

by the difficulty in extracting highly enriched plasma membrane isolates, low membrane-to-

cytoplasm protein abundance ratio, and challenges in resolving and identifying hydrophobic 

proteins and peptides [7–9]. In an effort to overcome these challenges, a number of strategies 

have been employed. Chief among these have been chemical tagging methods in conjunction 

with subcellular fractionation. As an example, biotin labeling of exposed lysine residues of 

cell surface proteins has been a widely used approach [10–14]. Despite improvements in the 

purity of the surfaceome achieved with these workflows, the yield in terms of absolute 

numbers of proteins has remained modest [15]. Enrichments based on exogenous labels 

depend heavily on labeling efficiency, and bias may be introduced by excluding proteins that 

do not carry the targeted residue or do not expose the residue to a degree that allows 

labeling. The biotin labeling efficiency has been reported to range between 20 and 33% [15–

17]. A recent study detected 650 plasma membrane proteins from biotinylated cells, 

representing 50% of all proteins identified and a 33% labeling efficiency [17]. While these 

findings compare favorably with earlier studies probing the biotin-labeled surfaceome [18–

20], the human cell surface proteome is thought to contain around 3700 proteins based on in 
silico predictions [21]. We hypothesized that some of the limitations of the biotinylation 

procedure such as low labeling efficiency [15–17], negative impact of derivatization on cell 

viability, cell permeation of the biotinylation reagent, and imperfect affinity purification 

could be overcome by a label-free approach. In addition to an improved proteome coverage, 

it would also greatly simplify the workflow.

The purpose of this study, therefore, was to develop a robust, label-free, non-affinity purified 

MS-based workflow that would allow a more comprehensive evaluation of the cell surface 

proteome. To our knowledge, no study until now has captured more than 870 cell surface 

proteins for a single sample replicate and thus it appears unlikely that a comprehensive 

proteomic inventory of any particular cell type has as yet been performed.

The surfaceome can in principle be isolated either via chemical labels or extracted from cells 

based on physicochemical properties. Reports to date have been inconsistent with respect to 

which of these two approaches results in the highest yield of cell surface proteins [16,22]. 

Biotin labeling of lysine residues of cell surface exposed proteins has been a popular choice 

of chemical labeling to identify plasma membrane-associated proteins. A number of recent 

publications querying the composition of the cell surfaceome have used this approach to 

specifically enrich for and capture cell surface proteins [13,14,16,18,20,23]. There are 

however challenges with the biotinylation approach as previously outlined. We therefore 

developed a robust, label-free, non-affinity-purified workflow for the enrichment and 

detection of cell surface proteins.
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To this end, two density-equilibrium ultracentrifugation cycles were performed [24,25] 

(Figure 1). We used the human AML cell line MOLM-14 for the isolation and enrichment of 

the cell surfaceome.

In the first isolation step we centrifuged the post-nuclear lysate over a 60% sucrose cushion 

to enrich for the crude plasma membrane (CPM) fraction at the border phase. Subsequently, 

a sucrose step gradient was layered over the CPM for further enrichment of the plasma 

membrane (EPM) fraction by centrifugation overnight at 100,000g. During this 

centrifugation the plasma membrane will float to the top of the sucrose gradient, which 

provides better recovery and resolution than sedimentation (Experimental 

Procedures_SuppInfo).

To our knowledge, there has not been a direct comparison between label-free, non-affinity-

purified and biotin-labeled surfaceome workflows. Weekes and colleagues compared whole 

cell lysate and crude membrane preparations, but not enriched plasma membrane 

preparations, with biotinylated plasma membrane isolates [15]. We therefore first compared 

biotin-labeled isolation with label-free, non-affinity purified isolation of the cell surfaceome. 

The cell surface proteome of MOLM-14 cells was captured via lysine biotinylation, 

following a published protocol [14] and compared to the MOLM-14 surfaceome isolated 

with our proposed label-free workflow. As shown in Figure 2, we isolated 2810 protein 

groups with the label-free approach and 968 protein groups via lysine biotinylation, a similar 

number to published data using biotinylation methods [17,19,20]. Around 80% of the 

proteins captured via biotinylation were also isolated in the label-free workflow.

In the studies described above, proteins were hydrolyzed in solution with trypsin. Earlier 

work had suggested that in particular for plasma membrane proteins, in-gel trypsin digestion 

outperforms in-solution digestion [26]. The work by Choksawangkarn and colleagues 

showed not only an increase in the total number of cell surface proteins identified, but also a 

larger representation of hydrophobic proteins with the in-gel digestion protocol [26]. 

Therefore, we also compared in-solution and in-gel trypsin digestion in the current label-free 

workflow. Not surprisingly, we identified the greatest number of protein groups (4115) with 

the in-gel digestion workflow, in part due to the protein-level fractionation of the in-gel 

technique, which is absent in the in-solution digestion protocol (Figure 2A). When 

comparing the three workflows, the label-free in-gel digestion workflow identified the most 

cell surface proteins per the GO term selection criteria used (Figure 2B and Table 

1_SuppInfo).

These studies demonstrate that our label-free strategy can bypass some of the inherent 

limitations of the biotinylation procedure, such as low labeling efficiency, cell permeation of 

the biotin reagent, negative effect of derivatization on cell viability, and difficulty in 

detection of biotinylated peptides originating from labeling at the protein level [27]. 

Moreover, the protein-level fractionation incurred by the in-gel trypsin digestion most likely 

results in more low-abundance proteins identified compared to in-solution techniques. A 

comparison of spectral counts between the techniques has suggested that some protein may 

be lost during resolubilization in the in-solution procedure contributing to the identification 

of fewer plasma membrane proteins [26].

Glisovic-Aplenc et al. Page 3

Proteomics. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Repeatability and reproducibility are key aspects of any scientific protocol and indispensable 

measures of a method’s general performance. To these ends, we performed a series of 

experiments to determine the technical repeatability and biological reproducibility of our 

new optimized workflow. The technical repeatability of our MS analysis is demonstrated by 

>90% overlap for proteins identified in three technical repeats, thus demonstrating high test-

retest reliability (Figure 1_SuppInfo). The MaxQuant iBAQ values (Experimental 

Procedures_SuppInfo and Table 2_SuppInfo) for the technical repeats were plotted in 

pairwise comparisons for each protein, and the Pearson correlation coefficient (ρ) was 

calculated for each comparison. All comparisons yielded Pearson coefficients close to 1, 

indicating a near perfect 1:1 relationship between repeats.

Equal comparisons were done with the surface proteomes identified from three different 

batches of MOLM-14 cells processed at three distinct times. As presented in Figure 3, the 

surfaceome showed approximately 85% biological reproducibility. The Pearson correlation 

coefficients ranged between 0.86 and 0.94, confirming a strong linear relationship between 

the biological replicates. These numbers highlight the robustness of this workflow. As these 

experiments were performed on an immortalized cell line, it was not difficult to obtain large 

numbers of cells for analyses. However, in future work on primary cells, cell number could 

be limiting. Therefore, we wanted to investigate whether similar surfaceome coverage could 

be obtained with fewer than 100 million cells. We extracted EPM fractions in parallel from 

50 and 100 million MOLM-14 cells for comparison of identified proteins. An equal amount 

of protein from the two EPM fractions were in-gel digested and the tryptic peptides were 

analyzed by LC-MS/MS. We identified a similar number of protein groups in both samples 

(4712 versus 4640) with 4248 protein groups in common (Table 3_SuppInfo), an average 

91% overlap that is similar to the overlap previously observed among biological replicates 

(Figure 2). We therefore concluded that use of 50 million cells was sufficient for this 

protocol and did not compromise depth of protein coverage. Equivalent experiments using 

25 million cells indicated similar proteome coverage (Figure 2_SuppInfo).

It remains generally unknown in all cell types which proteins are present at the cell surface 

and how their expression changes in response to physiological and non-physiological cues. 

In this study, we sought to capture not only integral membrane proteins, but also peripherally 

associated membrane proteins. We thus used GO annotation terminology to define the 

surfaceome, including cell surface (GO:0009986), plasma membrane (GO:0005886), 

extracellular space (GO:0005615), extracellular region (GO:0005576), and integral 

component of plasma membrane (GO:0005887) [16,17,22]. For a more comprehensive cell 

surfaceome coverage, we expanded this core list with additional GO terms including: cell 

outer membrane (GO:0009279), external side of plasma membrane (GO:0009897), 

extracellular exosome (GO:0070062) and membrane raft (GO:0045121) (Experimental 

Procedures_SuppInfo). Hörmann and colleagues recently reported that the majority of non-

plasma membrane annotated proteins are in fact co-purified due to interaction with plasma 

membrane annotated proteins. They noted that out of 201 proteins that were not annotated as 

“plasma membrane”, “cell surface”, “cell membrane” or “extracellular”, 140 were found to 

interact with at least one plasma membrane protein [17]. This strongly argues for broader 

GO term inclusion when defining the surfaceome in order not to exclude legitimate cell 

surface proteins or to limit the potential of this approach.
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In our label-free, in-gel digested surfaceome we identified 4115 protein groups, out of which 

1938 protein groups (47%) were plasma membrane-associated according to our definition. 

As shown in Figure 2B, the corresponding numbers for the biotinylated surfaceome were 

968 and 636 protein groups (66%), respectively. While these numbers suggest a higher 

relative enrichment of cell surface proteins with lysine biotinylation, corroborating data 

reported in earlier studies [13], the total number of proteins and the number of plasma 

membrane-associated proteins are dramatically improved with the label-free isolation in 

these studies (Figure 2 and Table 1_SuppInfo). In addition, we queried the proteins 

identified in the label-free workflow for known AML cell surface antigens. We found a high 

representation of previously published AML cell surface proteins among the captured 

surface antigens (Table 4_SuppInfo), which provides additional validation of this method.

To date, few groups have attempted to characterize the plasma membrane proteome of 

myeloid leukemia cells. Compared to previous publications on the leukemia cell surfaceome 

[18,20,22], we identified on average at least twice more cell surface-associated proteins in a 

leukemia cell line (Figure 3A_SuppInfo). Two earlier published studies relied on biotin 

labeling to capture the cell surfaceome in cultured leukemia cells [18,20] and identified a 

total of 897 and 823 proteins, respectively. In one of the studies, Strassberger and colleagues 

compared the biotinylated surfaceome of human myeloid leukemia cell lines and normal 

human granulocytes and identified 320 differentially expressed cell surface proteins [20]. 

We compared our current data and noted that we had also identified 57% of the proteins 

reported in the Strassberger study. Reciprocally, 9% of the proteins identified in our 

workflow were detected in the Strassberger study (Figure 3A_SuppInfo). The additional 

earlier study by Hofmann and colleagues identified 538 cell surface proteins in two acute 

promyelocytic leukemia cell lines, a distinct subtype of AML, combining different 

biotinylation protocols [18]. Fifty-seven percent of the described proteins were also present 

in our dataset (Figure 3A_SuppInfo). In these two reports the percentage of putative plasma 

membrane proteins ranged from 44 to 60%. In a third study, Bonardi et al. analyzed the 

membrane preparations of two non-biotin-labeled leukemia patient samples and identified 

867 and 610 plasma membrane-associated proteins in the CD34+-sorted population from 

each specimen, corresponding to less than 30% of all proteins detected. The improved depth 

of analysis reported here was gained not only from our combination of material handling 

procedures (plasma membrane enrichment, SDS-PAGE) and LC separation (90 minute 

UPLC gradient) but also from the use of accurate mass, high resolution, mass spectrometry 

instrumentation used here. With our protocol, we identified on average >1900 cell surface-

associated and >4000 total protein groups in a single sample replicate, thereby 

demonstrating the higher discovery potential of this improved workflow.

To our knowledge, no study to date has reported more than 870 plasma membrane-

associated proteins in a single sample replicate analysis [16,18,20,22,23,28], which 

corresponds to approximately 25% of the predicted cell surface protein landscape [21]. In 

summary, we demonstrate that this new proteomic workflow, which combines improvements 

in overall plasma membrane enrichment, GeLC-MS/MS and bioinformatic analyses, 

provides superior depth of cell surface coverage compared to previous studies that may 

facilitate identification of new protein targets for subsequent experimental studies. This 

process, although labor intensive, requires fewer preparative steps than most biotinylation 
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protocols, and allows for comprehensive surfaceome profiling with limited starting material. 

Thus this protocol may have general applicability in the interrogation of cancer cell 

surfaceomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental workflow for the proposed label-free, non-affinity-enriched surfaceome 

protocol. (1) Resuspend cells in buffer and homogenize with a Dounce homogenizer. Spin 

homogenate at 1,000g for 10 minutes at 4°C. (2) Layer the PNC over a 60% sucrose cushion 

and centrifuge at 100,000g for an hour at 4°C. (3) Recover the CPM fraction from the top of 

the sucrose cushion and transfer to a centrifuge tube. (4) Layer sucrose step gradient on top 

of the CPM. Centrifuge at 100,000g overnight at 4°C. (5) Recover the EPM fraction at the 

37% sucrose fraction border phase and transfer to a centrifuge tube. (6) Fill the tube with 

HEPES buffer and centrifuge at 150,000g for an hour 4°C. (7) Dissolve the EPM pellet in 

300 μL ammonium bicarbonate buffer. Acetone precipitate all or part of the protein sample. 

(8) Denature protein sample and run on an SDS-PAGE. (9) Cut the gel in thin slices and 

perform in-gel trypsin digestion. (10) Extract the tryptic peptides and analyze by LC-

MS/MS. (11) Bioinformatic data processing and analysis.

PNC, post-nuclear cytosol; CPM, crude plasma membrane; EPM, enriched plasma 

membrane
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Figure 2. 
Comparison of three different surfaceome analysis workflows. (A) Area proportional Venn 

diagram depicting the overlap of all protein groups identified in the surfaceome isolated with 

three different methods: biotinylated in-solution digestion, label-free in-solution digestion 

and label-free in-gel digestion. (B) Absolute and relative numbers of cell surface annotated 

proteins identified and total numbers of peptides identified with the three different methods 

compared.
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Figure 3. 
(A–C) Biological reproducibility assessed by the calculated Pearson correlation coefficient 

(ρ) for each pairwise comparison between three biological replicates prepared and analyzed 

on different days from different batches of cells. MaxQuant Log2 (iBAQ) values present in 

one but absent in another pairwise comparison were given an arbitrary value of 9 for 

visualization purposes. (D) Venn diagram depicts the overlap in detected proteins between 

the biological replicates. PM, plasma membrane
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