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The goal of this work is to identify new cell surface markers from 
highly purified, sorted subpopulations of cells.  Phenotypically
distinct populations of cells can be produced by fluorescence-
activated cell sorting (FACS) and the global protein differences
between the populations can be investigated by the techniques of
proteomics, including nanoflow LC/MSn.  In our initial studies, we 
have examined the combined use of FACS to produce highly 
purified populations of CD4+ and CD8+ T-cells with long-gradient 
nanoflow LC/MSn to analyze the peptides released from those cell 
surface proteins that are susceptible to cleavage by trypsin.  

A goal of proteomics is the ability to detect all proteins in a 
particular biological subsystem, such as a cell type or cellular
subfraction.  Fluorescence-activated cell sorting (FACS) is a 
powerful tool for isolation and characterization of purified cell 
populations. FACS uses cell surface markers, DNA content, 
biochemistry, or morphology (light scatter) to sort a specific cell 
subpopulation from a cell suspension

Methods coupling liquid chromatography (LC) with tandem mass 
spectrometry (MS/MS) have been shown to enable the rapid 
identification of many proteins without a requirement for prior 
purification.  Using this technology multiple peptide fragments 
are separated, analyzed and linked to their parent proteins using 
genomic databases.  An advantage of the LC/MS/MS analysis is 
that even low abundance proteins can often be detected.  

The objective of this study was to combine the power of the 
LC/MS/MS with FACS to enable the identification of unique cell 
surface proteins on specific subsets of human T-cells.  To 
achieve this objective it was first necessary to prepare sufficient 
quantities of purified CD8+ and CD4+ cells for analysis and to 
develop and evaluate a method to selectively release peptides 
and proteins from the cell surface. 

Analysis of cellular proteomes using these methods typically 
requires at least several million cells per sample.  An advantage 
of the FACS technology for this study was that millions of cells
can be purified in a short time, and the procedure has little or no 
effect on cell viability, which is important in minimizing the 
number of intracellular proteins in the preparations.

Labeling and Sorting of T-Cells. Whole blood (60ml) drawn from 
healthy donors was treated with a combination of fluorescein-labeled 
anti-CD4 and phycoerythrin-labeled anti-CD8 antibodies (BD 
Biosciences, San Jose, CA). The blood samples containing the 
labeled T-cells were then centrifuged over Ficoll-Paque PLUS 
(Pharmacia, Upsala, Sweden) in order to separate the lymphocytes 
from red blood cells and granulocytes. The harvested cells were 
washed twice with phosphate buffered saline, pH 7 (PBS) containing 
0.5% Pluronic F-68 (Sigma, St Louis, MO). The CD4- and CD8-
subsets of lymphocytes were sorted by single drop deposition using a 
BD FACSVantage SE (Figure 2). We used multiparameter analysis, 
including the forward and side scatter properties of cells and surface 
fluorescence, to gate the CD4 and CD8 T-cell subpopulations for 
sorting. Sort purity was confirmed by analyzing portions containing 
104 of the sorted cells on a BD FACSort.

Selective Digestion of Lymphocyte Cell Surface Proteins.
Isolated cells (1-50 x 106) were washed with Hank’s balanced salt 
solution (HBSS) to remove extracellular protein. Cells were treated 
with reducing agent tris(2-carboxyethyl)phosphine (TCEP), 10 mM in 
HBSS, for 20 minutes. After removing the TCEP, the cells were 
resuspended in 20 µg/mL trypsin (sequencing grade modified) in PBS 
and  incubated at room temperature for 15-30 min. The cells were 
centrifuged, saving the supernatant for further digestion (overnight at 
37°C).  Validation studies were performed to evaluate the efficiency 
of trypsin cleavage for a variety of cell surface markers using 
fluorescent antibodies to CD proteins (Figure 4).  Membrane 
permeability and cell viability post-treatment. were evaluated by 
trypan blue dye exclusion and by lack of propidium iodide uptake.

Analysis of peptide mixtures and data analysis. Peptide mixtures 
were analyzed by LC/MS/MS on a Surveyor HPLC (ThermoFinnigan, 
San Jose, CA) equipped for nanoflow operation, coupled to an LCQ-
Deca ion-trap mass spectrometer (ThermoFinnigan).  Prior to 
analysis, the digested samples were reduced by treatment with 10
mM TCEP for 5 min at 90°C, loaded into 96-well microtiter plates and 
maintained at 4°C in the autosampler.  Sample volumes of 
approximately 100 microliters were pre-concentrated onto a 
polystyrene/divinylbenzene trap and then eluted from the trap onto a 
reversed-phase packed-tip column containing C18-BioBasic (75 µm  
i.d. x 10 cm) at a flow rate of 100 nL/min. The gradient conditions 
were 0% - 40% B (B = 0.1% formic acid in acetonitrile, A = 0.1% 
formic acid in water) over 6 hours.  Data were collected using 
dynamic exclusion, with three MS/MS scans for every full MS scan
(Figure 5).  Database searching was performed using TurboSequest
against a human protein database, allowing for up to two missed 
cleavages per peptide.  TurboSequest results were summarized 
using a newly devised scoring algorithm that uses correlation values 
produced by Sequest to assign statistical significance to the matches 
obtained. 
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Fig. 2) Principles of fluorescence-activated cell-sorting

Fig. 3)Typical data from sort of CD4+ and CD8+ T-cells

Fig.5a)       Base peak ion chromatogram of peptides 
released by trypsin from the surface of CD4+ cell 
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5b) Base peak ion chromatogram of peptides 

released by trypsin from the surface of CD8+ cell
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mass m/z mass m/z

YLGMTLATDPTDGSILACDPGLSRADLQDDTFIGNEPLTPEVR

gi|1170591|sp|P20701|ITAL_HUMAN INTEGRIN ALPHA-L PRECURSOR (LEUKOCYTE
ADHESION GLYCOPROTEIN LFA-1 ALPHA CHAIN) (LEUKOCYTE FUNCTION ASSOCIATED
MOLECULE 1, ALPHA CHAIN) (CD11A)

MKDSCITVMA MALLSGFFFF APASSYNLDV RGARSFSPPR AGRHFGYRVL QVGNGVIVGA PGEGNSTGSL
YQCQSGTGHC LPVTLRGSNY TSKYLGMTLA TDPTDGSILA CDPGLSRTCD QNTYLSGLCY LFRQNLQGPM
LQGRPGFQEC IKGNVDLVFL FDGSMSLQPD EFQKILDFMK DVMKKLSNTS YQFAAVQFST SYKTEFDFSD
YVKRKDPDAL LKHVKHMLLL TNTFGAINYV ATEVFREELG ARPDATKVLI IITDGEATDS GNIDAAKDII
RYIIGIGKHF QTKESQETLH KFASKPASEF VKILDTFEKL KDLFTELQKK IYVIEGTSKQ DLTSFNMELS
SSGISADLSR GHAVVGAVGA KDWAGGFLDL KADLQDDTFI GNEPLTPEVR AGYLGYTVTW LPSRQKTSLL
…
monoisotopic mass = 128719, peptides at position 94-117 and 382-400

Extracellular domain

5c) CD11A protein identified on the surface of CD4+ cell. 
MS/MS spectra of two identified peptides. 

MS/MSMS/MS 
of m/z 

1066.68

Fig. 4) Efficiency of cell-surface protein-release by 
trypsin 

5d) CD18 protein identified on the surface of CD8+ cells. 
MS/MS spectra of peptide matching CD18.

MS/M
S of  

ion at 
m/z 

942.82

gi|124966|sp|P05107|ITB2_HUMAN INTEGRIN BETA-2 PRECURSOR (CELL SURFACE
ADHESION GLYCOPROTEINS LFA-1/CR3/P150,95 BETA-SUBUNIT) (CD18) (COMPLEMENT
RECEPTOR C3 BETA-SUBUNIT)
MLGLRPPLLA LVGLLSLGCV LSQECTKFKV SSCRECIESG PGCTWCQKLN FTGPGDPDSI RCDTRPQLLM
RGCAADDIMD PTSLAETQED HNGGQKQLSP QKVTLYLRPG QAAAFNVTFR RAKGYPIDLY YLMDLSYSML
DDLRNVKKLG GDLLRALNEI TESGRIGFGS FVDKTVLPFV NTHPDKLRNP CPNKEKECQP PFAFRHVLKL
TNNSNQFQTE VGKQLISGNL DAPEGGLDAM MQVAACPEEI GWRNVTRLLV FATDDGFHFA GDGKLGAILT
PNDGRCHLED NLYKRSNEFD YPSVGQLAHK LAENNIQPIF AVTSRMVKTY EKLTEIIPKS AVGELSEDSS
NVVHLIKNAY NKLSSRVFLD HNALPDTLKV TYDSFCSNGV THRNQPRGDC DGVQINVPIT FQVKVTATEC
IQEQSFVIRA LGFTDIVTVQ VLPQCECRCR DQSRDRSLCH GKGFLECGIC RCDTGYIGKN CECQTQGRSS
QELEGSCRKD NNSIICSGLG DCVCGQCLCH TSDVPGKLIY GQYCECDTIN CERYNGQVCG GPGRGLCFCG
KCRCHPGFEG SACQCERTTE GCLNPRRVEC SGRGRCRCNV CECHSGYQLP LCQECPGCPS PCGKYISCAE
CLKFEKGPFG KNCSAACPGL QLSNNPVKGR TCKERDSEGC WVAYTLEQQD GMDRYLIYVD ESRECVAGPN
IAAIVGGTVA GIVLIGILLL VIWKALIHLS DLREYRRFEK EKLKSQWNND NPLFKSATTT VMNPKFAES
>monoisotopic mass = 84717, peptide at position 340-357

SAVGELSEDSSNVVHLIK

Proteins Identified in CD4+ Cells
Total >350, including 30 hypothetical or unknown protein product sequences

   Human CD Proteins
T-cell receptor beta chain VJ region (CD3)
Integrin alpha L precursor; antigen CD11A (p180), lymphocyte function-associated antigen 1, alpha polypeptide
Low affinity IgG FC region receptor III-A precurson (CD16-A)
Complement receptor type I (C3B/C4B receptor) (CD35 antigen)
T-cell surface glycoprotein E2 (CD99)
Mast/stem cell growth factor receptor precursor (proto-oncogene tyrosine-protein kinase KIT) (C-KIT) (CD117 antigen)
Interleukin-1 receptor, type II precursor (Antigen CDW121B)
Interleukin-8 receptor type B (CDW128B)
Interleukin-2 receptor gamma chain (CD132) 

   Other Cell Surface/Membrane Proteins
Adhesion glycoprotein; platelet and T cell activation antigen 1; T lineage-specific activation antigen  
Annexins/phosopholipase A2
Calcium activated chloride channel 4  
Capsaicin receptor  
CD40 binding protein (intracellular)
Cytokine receptor common beta chain precursor
Glutamate transporter
Histamine H4 receptor  
Human clathrin heavy chain 1 (CLH-17) 
Integrin alpha 9 protein
Integrin alpha-7B 
Lymphocyte antigen 6 complex, locus H  
Novel 7 transmembrane receptor (rhodopsin family) (olfactory receptor like) protein (hs6M1-21)  
Ryanodine receptor 1 (skeletal)  
Ryanodine receptor 2 (cardiac)  
TED protein  
Transient receptor potential protein 6  
Transmembrane receptor precursor
UDP-N-acetylglucosamine transporter  
Voltage-gated sodium channel alpha subunit; SCN8A  

   Extracellular Proteins also in Plasma
Beta-fibrinogen precursor
Beta-thromboglobulin precursor - human
Immunoglobulin gamma-1 chain
Immunoglobulin heavy chain variable region  
Angiopoietin-related protein 5  

Proteins Identified in CD8+ Cells 
Total >380, including 25 hypothetical or unknown protein product sequences

Human CD Proteins
T-cell antigen receptor alpha chain (CDR3)  
T-cell surface glycoprotein CD8 beta chain isoform 
Fc-gamma receptor III-2 (CD 16)  
Leukocyte adhesion protein beta chain (CD18) precursor 
Leukocyte surface antigen CD47 precursor 
Integrin, alpha-2 (CD49B; alpha-2 subunit of VLA-2 receptor; platelet antigen Br)  
Integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen CD51)  
Transferrin receptor (p90, CD71)  
Putative. B7,3 molecule of CD80-CD86 family  
Leukocyte differentiation antigen CD84  
Cell-surface antigen heavy chain (4F2HC) (CD98 ANTIGEN)
T-cell surface glycoprotein E2 (CD99)
Tumor necrosis factor receptor 2 precursor (TBPII) (P80) (TNF-R2) (P75) (CD120B)
Protocadherin beta 9 precursor (CDB9)

Other Cell Surface/Membrane Proteins
Annexin I, V, and VI 
Betaglycan  
Calcium channel alpha1 subunit  
Cyclic nucleotide-gated cation channel  
DRB1 transplantation antigen - human (fragment)
EGF-containing fibulin-like extracellular matrix protein 2  
FRAP-related protein
Gamma-aminobutyric acid A receptor, alpha 2 precursor  
Glucocorticoid receptor AF-1 specific elongation factor  
GP36b glycoprotein
Haematopoietic lineage cell protein (AA 1-486)  
Interleukin-1 receptor antagonist homolog  
Interleukin-1 receptor antagonist homolog  
Interleukin-22 receptor  
Ku86 autoantigen related protein 1  
Leukocyte adhesion glycoprotein  
Lymphocyte antigen  
Lymphocyte specific protein 1  
Membrane-associated guanylate kinase MAGI3  
Myoblast antigen 24.1D5  
Novel 7 transmembrane receptor (rhodopsin family) (olfactory receptor like) protein (hs6M1-21))  
Potassium channel KCNA4
Putative secreted ligand  
Receptor protein tyrosine phosphatase psi
Receptor-associated tyrosine kinase  
TGF-beta/activin signal transducer FAST-1p  
Trad  
70K Thyroid autoantigen

Extracellular Proteins also in Plasma
Ig kappa chain V-III region (Gol) 
Immunoglobulin lambda light chain variable region  
µ-Immunoglobulin

•We have successfully used LC/MS/MS techniques to identify membrane proteins 
from highly-purified subpopulations of T-cells produced by FACS sorting of human 
blood.

•A total of 44 membrane proteins could be identified from CD8+ cells, and 36 
membrane proteins were identified from CD4+ cells

•Future work will include attempts to improve the coverage of membrane proteins 
by the use of multi-dimensional LC/MS techniques and by the use of other 
protease enzymes.

The results of triplicate LC/MS analyses of both CD4+ (12-15 x 106 cells) and CD8+ 
(5 x 106 cells) sorted-cell-sample digests revealed that the samples were highly 
complex and consisted of large numbers of peptides.  Examples depicting the base-
peak chromatogram for each type of sample are presented in Figure 5 for (a) CD4 
+ and (b) CD8+ cells.  Results of the database searches revealed that, despite the 
presence of many intracellular proteins, several integral-membrane and membrane-
associated proteins could be identified in the samples.  A total of 387 proteins were 
identified in the CD8+ cells and out of these, 44 were known to be membrane-
bound and 14 had CD designations.  

The CD4+ cells yielded a total of 347 protein-identifying MS/MS spectra, 36 of 
which were membrane proteins and 8 had CD designations.  The presence of 
intracellular proteins in the samples is probably the result of highly abundant 
proteins coming from small numbers of dead cells in the samples because the 
trypsin was shown by FACS analysis to have minimal effect on viability and 
membrane integrity.  Examples of MS/MS mass spectra of peptides from identified 
membrane proteins are shown in Figures 5(c) for the 2 peptides identified from 
CD11A and (d) for the peptide identified from CD18. A summary of the membrane 
proteins identified in the different samples is shown in Table 1.  Although one 
peptide from CD8 was identified in the CD8+ cells, we were unable to identify CD4 
in the CD4+ samples.  The epitope on CD4 was shown to be efficiently removed by
Trypsin (Figure 4), so it is possible that the antibody used to label the protein for 
sorting prevented access to the trypsin.

Table 1)


