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Abstract

The ordered, directional migration of T-lymphocytes is a key process during immune

surveillance and response. This requires cell adhesion to the high endothelial venules or to the 

extracellular matrix by a series of surface receptor/ligand interactions involving adhesion 

molecules of the integrin family including lymphocyte function associated molecule-1 (LFA-1) 

and intercellular adhesion molecules (ICAMs). Reversible protein phosphorylation is emerging

as a key player in the regulation of biological functions with tyrosine phosphorylation playing a 

crucial role in signal transduction. Thus, the study of this type of post-translational modification

at the proteomic level has great biological significance. In this work, phospho-enriched cell 

lysates from LFA-1-triggered migrating human T-cells were subjected to immunoaffinity

purification of tyrosine phosphorylated proteins, mass spectrometric and bioinformatic analysis. 

In addition to the identification of several well-documented proteins, the analysis suggested 

involvement of a number of new and novel proteins in LFA-1 induced T-cell migration. This 

dataset expands the list of the signalling components of the LFA-1 induced phosphotyrosine 

protein complexes in migrating T-cells that will be extremely useful in the study of their specific 

roles within LFA-1 associated signalling pathways. Identification of proteins previously not 

reported in the context of LFA-1 stimulated signal transduction may provide new insights into 

understanding the LFA-1 signalling networks and aid in the search for new potential therapeutic 

targets.



Introduction

T-lymphocytes are remarkably dynamic cells, continually seeking contacts and connections with 

their environment. In response to inflammatory signals, T-cells leave the bloodstream by 

migrating along vascular endothelial surfaces, scanning for a suitable exit point into the tissue. 

The contortions necessary for this migration of T-cells require a series of receptor counter-

receptor interactions involving adhesion molecules of the integrin family, including the L 2

integrin known as lymphocyte function associated molecule-1 (LFA-1) (Smith et al., 2007). The 

interactions between LFA-1 and intercellular adhesion molecule group (ICAMs), in particular 

ICAM-1, initiate multiple signalling pathways leading to cytoskeletal rearrangements resulting in 

T-cell migration (Smith et al., 2007; Volkov et al., 2001). The specific role of LFA-1 as a 

signalling molecule in T-cell migration has previously been studied, with evidence suggesting 

both tyrosine kinase and serine-threonine kinase involvement in the transduction of the signal for 

lymphocyte migration.

In this study, we have identified proteins which are tyrosine phosphorylated during T-

cell migration following LFA-1 cross-linking. We applied a targeted proteomic approach 

combined with selective enrichment of phosphotyrosine (pTyr) containing proteins, followed by 

the mass spectrometry analysis and bioinformatics as outlined in Fig. 1. We further validated a 

subset of these proteins by Western blotting of lysates of locomotory lymphocytes triggered via

LFA-1. We propose that these proteins, including both known and new molecules, expand the 

previously incomplete list of the signalling components of the LFA-1 signalling pathway.



Materials and Methods 

Antibodies and reagents 

Anti-LFA-1 antibody (clone SPVL-7) used for the induction of T-cell motility as previously 

described (Volkov et al., 1998, 2001) was from Monosan (Sanbio, Uden, The Netherlands). 

Human rICAM-1 was from R&D Systems (Minneapolis, MN). Goat anti-mouse IgG was from

Dako Denmark A/S (Denmark). Mouse monoclonal anti-pTyr antibody (4G10) was from Upstate 

(Lake Placid, NY). Protein A agarose, goat anti-human IgG (Fc specific), mouse monoclonal

anti- -tubulin and anti-talin1 antibodies were from Sigma (St Louis, MO).  Mouse monoclonal

anti-moesin antibody was from Abcam (Cambridge, MA). Mouse monoclonal anti-L-plastin 

antibody was from NeoMarkers (Fremont, CA). Rabbit monoclonal anti-14-3-3 , HRP-

conjugated anti-rabbit and anti-mouse antibodies were from Cell Signalling Technology 

(Danvers, MA). All the reagents unless attributed specifically were from Sigma (St Louis, MO). 

T-cell culture 

The human cutaneous T-lymphoma cell line Hut78 [American Type Culture Collection (ATCC), 

VA] was cultured as described previously (Volkov et al., 1998). Briefly, cells were cultured in 

RPMI 1640 medium containing 10% (v/v) heat inactivated fetal bovine serum (Gibco BRL, 

Grand Island, NY), L-glutamine 2 mM, and antibiotics (penicillin 100 IU/ml, streptomycin 100 

µg/ml) in a humidified chamber at 37ºC containing 5% CO2.

Peripheral blood T-lymphocytes (PBTLs) were isolated from healthy donors as described 

(Verma et al., 2008). Briefly, peripheral blood mononuclear cells were prepared using 

Lymphoprep® (Axis-Shield, Sweden) by density centrifugation. After washing, cells were 



depleted of monocytes by adherence to the tissue culture flask under serum free conditions for 2 

h at 37°C. Lymphocytes remaining in suspension were aspirated, washed and resuspended (2 × 

10
6
 cells per ml) in RPMI 1640 medium supplemented with 10% (v/v) heat inactivated fetal 

bovine serum and 10 µg/ml phytohaemagglutin for 3 days. These cells were maintained in 

culture for another 7 days in the presence of 20 ng/ml IL-2 (Peprotech, London, UK) before 

harvesting. At this time, T-cell population were deemed pure with >95% cells positive for CD3. 

For migration assays, prior to being loaded into the coated tissue culture plates, 10 days old 

cultures of PBTLs were washed twice in wash buffer [HEPES 20 mM (pH 7.4), NaCl 140 mM,

glucose 2 mg/ml] and then resuspended in activation buffer [HEPES 20 mM (pH 7.4), NaCl 140 

mM, glucose 2 mg/ml, MgCl2 5 mM and EGTA 1 mM].

Induction of T-cell motility 

T-cells were induced to migrate using our well-characterized migration-triggering model system

as described (Volkov et al., 2001). Briefly, 6- or 96-well tissue culture plates (flat bottom,

Nunc
TM

), depending on the particular assay type were pre-coated with goat anti-mouse IgG or 

mouse anti-human Fc and subsequently incubated with cross-linking monoclonal motility

inducing anti-LFA-1 antibody or human rICAM-1. As a control (resting cells), wells were coated 

with poly-L lysine (cells adhered to this surface without activation) or isotype-matched murine

IgG (Dako). Hut78 cells or activated PBTLs were loaded into the coated wells (60  10
4
 cells/ 

well in 6-well plate or 1.0  10
4
 cells/well in 96-well plate) and incubated in 5% CO2 at 37ºC for 

indicated time periods depending on the particular experiments.



Cell lysis and phosphoprotein enrichment 

To obtain cell lysates enriched for phosphoproteins, BD
TM

 phosphoprotein enrichment kit 

(Clontech, Mountain View, CA) was used in accordance with the manufacturer’s instructions. 

The protein content of the cell lysates was determined by Bio-Rad protein assay kit according to 

manufacturer’s instructions (Bio-Rad Laboratories GmbH, München, Germany).

Immunoprecipitation, SDS-PAGE and Western immunoblotting 

The immunoprecipitation was performed as described previously (Verma et al., 2004). 

Immunoprecipitates or cell lysates were resolved by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE), Western blotted and probed with indicated antibodies as described 

or stained with colloidal coomassie blue (Bio-Rad, CA). For Western blotting, the separated 

proteins were electrophoretically transferred to polyvinylidene fluoride (PVDF) membrane by 

semi-dry blotting for 1 h. The PVDF membranes were blocked in 5% non-fat dry milk in PBST 

[0.1% (v/v) Tween20 in phosphate buffered saline (PBS)] for 1 h at room temperature. After 

washing, the blots were incubated with the indicated primary antibodies (diluted according to 

manufacturer’s instructions) overnight at 4ºC with gentle rocking. After three washing in PBST, 

the membranes were incubated with appropriate horseradish peroxidase conjugated secondary 

antibodies for 1 h at room temperature. The immunoreactive bands were visualized using the 

enhanced chemiluminescence detection system (Amersham, Arlington Heights, IL) and 

subsequent exposure to Kodak light sensitive film (Cedex, France). 



In-gel digestion of proteins 

Bands of interest on colloidal coomassie blue stained SDS-PAGE gel were excised and the 

proteins digested in-gel with trypsin (Promega) after reduction and alkylation, on an Investigator 

Progest digestion robot (Genomic Solutions Ltd., UK) using standard protocols (Shevchenko et 

al., 1996). 

nLC-ESI-MS/MS

The resultant peptides were separated on an UltiMate nanoLC (LC Packings, Amsterdam)

equipped with a PepMap C18 trap & column, with a 60 min gradient of increasing acetonitrile 

concentration, containing 0.1 % formic acid.  The eluent was sprayed into a Q-Star XL tandem

mass spectrometer (Applied Biosystems, CA) and analysed in Information Dependent 

Acquisition (IDA) mode, (1 sec of MS followed by 2 x 3 sec MS/MS of the 2 most intense peaks 

seen by MS. These masses are then excluded from analysis for the next 60 sec.

Database searches 

MS/MS data for doubly and triply charged precursor ions was converted to centroid data, 

without smoothing, using the Analyst QS1.1 mascot.dll data import filter with default settings. 

The MS/MS data file generated was analysed using the Mascot 2.1 search engine (Matrix 

Science, London, UK) against MSDB May 2006. The data was searched with tolerances of 0.2 

Da for the precursor and fragment ions, trypsin as the cleavage enzyme, one missed cleavage. 

Three or more matching peptides and a significant probability score (p < 0.05 = MOWSE score > 

50) were required for a secure identity assignment. All MASCOT search results were inspected 

manually to ensure correct matches.



In silico analysis 

PhosphoSitePlus™: PhosphoSitePlus™ is a freely accessible on-line proteomics resource 

devoted to protein phosphorylation plus other commonly studied post-translational 

modifications, with the goal of providing complete coverage of all published phosphorylation 

sites. It provides valuable and unique tools for investigating single proteins as well as bulk 

analyses. Protein sequence was uploaded into the PhosphoSitePlus™, which indicated presence 

potential of tyrosine phosphorylation. 

Protein ANalysis THrough Evolutionary Relationships (PANTHER): The PANTHER 

Classification System (Pathway version 2.5; www.pantherdb.org) is a unique on-line resource 

that classifies genes by their functions, using published scientific experimental evidence and 

evolutionary relationships to predict function even in the absence of direct experimental evidence 

(Thomas et al., 2003). Proteins are classified by expert biologists into families and subfamilies of 

shared function, which are then categorized by molecular function and biological process 

ontology terms.

Ingenuity Pathways Analysis (IPA): The IPA software (Ingenuity Systems, Redwood City, CA) 

is a bioinformatics tool that helps to better understand experimental data in relation to published 

research by identifying relationships, mechanisms, functions, and pathways of relevance through 

easy dynamic pathway modeling. It utilizes the Ingenuity® Knowledge Base, which is an 

updated repository of biological interactions and functional annotations created from millions of 

individually modeled relationships between proteins, genes, complexes, cells, tissues, drugs, and 

diseases. To generate biological networks, phosphoproteomics dataset was uploaded into the IPA 

software as a tab-delimited text file of Gene IDs. IPA protein networks were created and scored 



based on a Fisher’s exact test. The score for each network gives an indication of the likelihood of 

these genes associating into the network by random chance. Each network is displayed as nodes 

representing genes and edges which represent the interactions between genes. The ‘IPA Path 

Designer’ mode was used to generate final network images.

Statistical Analysis 

The data are expressed as mean  SEM. For comparison of two groups, p-values were calculated 

by two-tailed unpaired student’s t-test. In all cases p-values  0.05 was considered to be 

statistically significant.



Results

Locomotory phenotypes in migrating T-cells 

Cross-linking of T-cell surface LFA-1 integrin receptor by mAb mimicking to a certain extent 

multivalent interactions with natural ligands has been successfully used as a model to study 

intracellular signalling processes (Volkov et al., 2001, Homasany et al., 2005; Verma et al., 

2009). Antibody-induced effects in this case are judged by morphological changes in the cells 

displaying migratory phenotypes and cytoskeletal rearrangement (Volkov et al., 2001, Verma et 

al., 2008). In the present study, we used the migration-triggering model system utilizing T-cell 

lymphoma line Hut78 that displays an activated T-cell phenotype (Volkov et al., 2001; Murphy 

et al., 2000). When these cells are exposed to a triggering signal via LFA-1 by immobilized

monoclonal antibody specific for its L-chain, a temporally well defined migrating programme

is initiated (Volkov et al., 2001). Cells exhibit striking morphological changes from the 

beginning of incubation losing their circularity and over the course of 4 h eventually displaying 

characteristic migratory phenotype with polarized morphology and long cytoplasmic projections 

(Fig. 2A). Such morphological changes in T-cells accompany cytoskeletal rearrangement as 

demonstrated by staining for cytoskeletal proteins tubulin and actin (Fig. 2B). 

Tyrosine phosphorylation of proteins in T-cell during LFA-1 induced migration 

Integrin signalling relies on the reversible tyrosine phosphorylation of downstream effector 

proteins (Clark and Brugge, 1995). In the present study, we set out to identify proteins that are 

tyrosine phosphorylated after LFA-1 stimulation. Total cell lysates of Hut78 T-cells migrating in 

response to LFA-1 stimulation harvested at multiple time points were Western blotted for pTyr 

(Fig. 3). While major changes were not detected in total protein expression profiles of resting vs



migrating T-cells by 1-D or 2-D gel (data not shown), the pTyr profile showed a time-dependent

increase in the number of tyrosine phosphorylated proteins during migration with the highest and 

sustained level at 30 min (Fig. 3). Similar results were observed when these cells were 

immunostained with anti-pTyr and subjected to immunofluorescence microscopy

(Supplementary Fig. 1). Thus, a 30 min time point was used for the subsequent experiments.

Additionally, High Content Analysis using an IN Cell Analyzer 1000 (GE Healthcare, 

Buckinghamshire, England)) indicated that an isoflavone compound Genistein (a broad-range 

tyrosine kinase inhibitor), PP2 (a potent and selective inhibitor of the Src family of tyrosine 

kinases) or a tyrphostin AG490 (a synthetic selective inhibitor of EGFR that also inhibits Janus 

kinase family of intracellular protein tyrosine kinases) significantly but not completely inhibited 

LFA-1 induced T-cell migration (Fig. 4). The fact that other non-pTyr proteins also play 

important role(s) in T-cell motility may explain this observed effect. Involvement of a number of 

serine/threonine kinases including protein kinase C and myosin light chain kinase in T-cell 

migratory processes has previously been established (Volkov et al., 1998, 2001; Smith et al., 

2003). Of note, other tyrosine kinase inhibitors including Herbimycin A (a broad-spectrum

inhibitor of non-receptor tyrosine kinase), piceatannol (a Syk-selective tyrosine kinase inhibitor) 

and a dominant negative ZAP-70 tyrosine kinase have been shown to significantly reduce LFA-1 

triggered T-cell migratory processes by our research group (Freeley et al., 2010; Verma et al., 

2009; Kelleher et al., 1995) and others (Soede et al., 1998; Wang et al., 2009). Collectively these 

findings suggest that early tyrosine phosphorylation of proteins is an important event in T-cell 

migration.



Isolation of tyrosine phosphorylated proteins 

The most prevalent method for the isolation of tyrosine phosphorylated proteins is by 

immunoprecipitation with anti-pTyr antibody (Machida et al., 2003), that allows unambiguous

identification of proteins by mass-spectrometric analysis. It should be noted, that not all detected 

proteins are phosphorylated when immunoprecipitation or pull-down methods are used for 

enrichment, because unmodified proteins can bind to and co-precipitate with phosphoproteins.

The immunoprecipitation of tyrosine phosphorylated proteins had to be optimized. An 

initial approach to immunoprecipitate 500 µg cell lysates with anti-pTyr antibody failed because 

protein-bands were hardly visible in colloidal coomassie blue stained SDS-polyacrylamide gel 

(data not shown). The low abundance (0.05%) of tyrosine phosphorylated proteins (Machida et 

al., 2003) highlighted the need to improve the efficiency of immunoprecipitation. Therefore, to 

efficiently isolate a comprehensive collection of pTyr proteins, an approach to enrich 

phosphoproteins from whole cell lysates was applied as schematized in Fig. 1. Phospho-enriched 

proteins from 4 mg cell lysates were immunoprecipitated with anti-pTyr, resolved by SDS-

PAGE and stained with colloidal coomassie blue for visualization of proteins. As expected, 

overall tyrosine phosphorylation was enhanced following LFA-1 stimulation by anti-LFA-1 (Fig. 

5, Supplementary Fig. 2). A similar tyrosine phosphorylation profile was observed following 

LFA-1 stimulation by ICAM-1 (Supplementary Fig. 3). 

Identification of pTyr containing proteins by nanoLC-MS/MS 

The up-regulated pTyr containing protein that were clearly present in the LFA-1 stimulated

cellular lysates (15 bands) were excised from the gel (Fig. 5). These were subjected to mass



spectrometry analysis as described under “Materials and Methods”. A total of 72 proteins were 

identified by the evaluation of the nanoLC-MS/MS data (Supplementary Table 1). 

To further support these results, we searched the NetPhos 2.0 server 

(www.cbs.dk/services/NetPhos) which predicts tyrosine phosphorylation sites in eukaryotic 

proteins. The identified proteins were annotated further at PhosphoSitePlus™ database 

(www.phosphosite.org), a comprehensive resource of human in vivo phosphorylation sites. The 

results suggested that most (91.04%) of the identified proteins contained at least one tyrosine 

phosphorylation site (not shown). In addition, each gene was researched by manual examination

of published literature using PubMed. 

Categorization of the identified proteins 

We used PANTHER (www.pantherdb.org) Gene Ontology
TM

 to categorize all the identified

proteins based on their molecular functions. They were categorized into six different groups as 

proteins involved in signal transduction, cytoskeletal reorganization, transcriptional regulation, 

protein biosynthesis, metabolic enzymes and others (Fig. 6). The identities of some of these 

proteins such as tubulins, actin and talin1 was expected to appear in the analysis, as they were 

previously reported to be involved in cell migration processes. 

Validation of tyrosine phosphorylated proteins by Western immunoblotting 

Next, we sought to validate tyrosine phosphorylation of some of the identified candidate proteins 

in LFA stimulated migrating T-cells triggered by anti-LFA-1 or ICAM-1. Five target proteins ( -

tubulin, talin1, moesin, L-plastin, and 14-3-3 ) were selected for further biochemical validation. 

For this purpose, serum starved Hut78 cells or PBTLs isolated from healthy volunteers were 



incubated with immobilized anti-LFA-1 or ICAM-1 for 30 min and lysed. Cell lysates were then 

immunoprecipitated separately with anti-pTyr or anti-IgG (isotype control) and probed with 

antibodies to the selected five proteins. As can be seen in Fig. 7, the Western blot analysis using 

both Hut78 cells as well as primary T-cells was consistent with the results from mass

spectrometry for all of the proteins tested (Fig. 7A,B). 

In-silico protein network analysis of identified tyrosine phosphoproteome 

Ingenuity Pathways Analysis was used to interrogate biological networks associated with 

identified tyrosine phosphoproteome data obtained from migrating T-cells. Gene IDs of all the 

72 identified proteins were uploaded to Ingenuity software, of which 68 could be mapped using 

Ingenuity’s knowledge database. IPA of these 68 genes resulted in the generation of four 

networks of protein and/or gene associations. The top three scoring networks are shown in 

Supplementary Fig. 4. These networks are related to a number of functions including immune

response, cell movement, cell morphology, cell cycle and gene expression. Conditions associated 

with the networks include cancer, gastrointestinal disease and immunological diseases. 

The mapped genes were significantly associated with a number of canonical pathways 

that are pre-defined in IPA. Three of the top pathways are involved in cell migration and include 

integrin signalling (p=3.51E-06), leukocyte extravasation signalling (p=3.33E-05) and 

cytoskeleton rearrangement (p=7.36E-05). As we were principally interested in LFA-1 integrin 

signalling, a network was generated by growing out the canonical pathway using the build 

function in IPA. The nodes added were restricted to proteins within our list and those which are 

directly interacting with each other. Some additional nodes such as cofilin1, STAT3 and 

stathmin previously demonstrated to be involved in LFA-1 signalling (Verma et al., 2009; 

Burkhardt et al., 2008) were subsequently added to further enrich the network (Fig. 8). This 



network demonstrates how proteins within our list interact with key components of LFA-1 

integrin signalling. Of the genes in the network, 14-3-3  represents the most connected node 

having a total of 11 edges, suggesting crucial importance of this protein in regulating lymphocyte

migration.

Based on these observations, it is tempting to speculate that the identified proteins may

play important role(s) in the LFA-1 signal transduction cascades leading to cytoskeletal 

rearrangement and T-cell motility. Future studies are required to determine the functional

significance of Tyr phosphorylation of the novel pTyr species in T-cell migration.



Discussion

Integrin receptor engagement in T-cells activates several proteins by tyrosine phosphorylation 

that initiates signalling cascades and contributes to the assembly of a ‘signalosome’, a 

multiprotein complex including various enzymes, their substrates and scaffold/adapter proteins. 

The identification of proteins undergoing tyrosine phosphorylation in response to LFA-1 integrin 

stimulation is essential for understanding the molecular mechanisms and relevant signalling 

pathways that regulate T-cell migration. Rapid progress in mass spectrometric technology in the 

past few years has allowed analysis and identification of proteins undergoing such post-

translational modifications with unprecedented levels of sensitivity. Technologies for selective 

enrichment of phosphoproteins and availability of protein sequence data have further improved

the phosphoproteomic studies, particularly the identification of tyrosine phosphorylated proteins.

In the present study, by selective immunoprecipitation of phosphotyrosine containing 

proteins coupled with mass-spectrometric analysis, we identified several proteins and their 

associated complexes involved in LFA-1 induced T-cell migration. A total of 72 proteins were 

identified as involved in LFA-1-triggred T-cell migration, and we propose these as components

of the LFA-1 signalling pathway. We identified several proteins novel to LFA-1 signalling such

as 14-3-3 . Using the bioinformatics software ‘PANTHER’, the identified proteins were 

categorized into six broad groups based on their molecular functions. Here, we discuss the 

relevance of some of the identified proteins. 

1. Cell signalling proteins. We identified a range of cell signalling proteins including GTP 

binding protein Rac2, PARP-1, prohibitin, testin, guanine nucleotide binding protein, nucleolin, 

Hsp90, and 14-3-3 (Fig. 6). Rac GTPases are believed to contribute to leukocyte migration by 

integrating signals from cell surface receptors to the cytoskeleton, in particular Rac2 has recently 



been identified a key molecule regulating LFA-1/ICAM-1 interactions in B lymphocytes (Arana

et al., 2009). Rac GTPases interact with several downstream effectors to trigger cytoskeletal 

reorganization. One of the many effectors of Rac comprises of an evolutionary conserved family

of serine/threonine protein kinases, PAK or p21-activated kinase (Hofman et al., 2004). PAK 

kinases are strongly implicated in the regulation of cytoskeletal architecture (Hofman et al., 

2004), focal adhesion contacts, cell motility and lymphocyte chemotaxis (Weiss-Haljiti et al., 

2004; Volinsky et al., 2006). PAK1 has been shown to interact with a number of migration-

related proteins including profilin, cofilin, importin, 14-3-3, paxilin, tubulins, actin, dynactin, 

dynanin, Grb2, PAK-interacting exchange factor PIX etc. (Hofmann et al., 2004; Mayhew et al., 

2006) providing a possible bridging point with the LFA-1 interactome. Nucleolin, a ubiquitous 

nucleolar phosphoprotein, has recently reported to be a signal transducing P-selectin binding 

protein (Reyes-Reyes and Akiyama, 2008). Functional blockage or down-regulation of nucleolin 

expression significantly inhibited endothelial cell migration and prevented tubule formation

(Huang et al., 2006). Nucleolin has been shown to undergo tyrosine phosphorylation and 

formation of signalling complexes with PI3-K and p38, indicating its potential involvement in 

signal transduction pathways that regulate cell adhesion and spreading (Reyes-Reyes and 

Akiyama, 2008). The involvement of nucleolin at multiple steps suggests that it could play a key 

role in this highly integrated process of T-cell migration. Hsp90, identified in this study, has been 

demonstrated to be important for tumor cell motility and invasion (Tsutsumi et al., 2008). Hsp90 

has recently been shown to be essential for Jak-STAT signalling (Schoof et al., 2009), which is 

important for T-cell migration (Verma et al., 2009). The 14-3-3  protein identified in this study 

has been demonstrated to interact and regulate phosphatidylinositol 3-kinase (Bonnefoy-Berard 

et al., 1995), Tau (Chun et al., 2004; Yuan et al., 2004; Li and Paudel, 2007), 3BP2/SH3BP2 



adaptor protein (Foucault et al., 2003) and PKC( ) (Robinson et al., 1994; Kim et al., 2005; 

Aitken, 2006; Meller et al., 1996), an enzyme crucial for cytoskeletal rearrangements in 

lymphocyte migration (Volkov et al., 1998, 2001). On the basis of these functions and our 

previous reports (Volkov et al., 1998, 2001; Fanning et al., 2005; Verma et al., 2008), we 

surmised that 14-3-3  might also be involved in T-cell migration and selected this protein for 

further validation. Our ongoing focused experiments will further establish the physiological 

functions of 14-3-3  in T-cell migration.

2. Cytoskeletal proteins. The major changes that occur during T-cell migration following LFA-

1 stimulation is the rearrangement of cytoskeleton and associated proteins (Volkov et al., 1998, 

2001; Verma et al., 2008; Miletic et al., 2003). In this study several cytoskeletal proteins 

including tubulins, actin, talin1, moesin, L-plastin, and LASP1 were found to be tyrosine 

phosphorylated in migrating T-cells (Fig. 6). Some of these proteins are known to be tyrosine 

phosphorylated in response to a range of stimulus (Ley et al., 1994; Gunderson and Cook, 1999; 

Meyer et al., 1998; Schreiber et al., 1998). Tyrosine phosphorylation of ERM 

(Ezrin/Radixin/Moesin) family of proteins has previously been reported (Tsukita et al., 1997). 

Moesin has been shown to undergo tyrosine phosphorylation in human platelets by Arachidonic 

acid stimulation (Meyer et al., 1998). Recently, tyrosine phosphorylation of Ezrin at Y145 and 

Y353 has been reported in cell adhesion-based signalling and T-cell activation (Srivastava et al., 

2005; Shaffer et al., 2009). These pTyr sites are conserved in both Ezrin and Moesin (Shaffer et 

al. 2009). Tyrosine phosphorylation of tubulin observed in this study was similar to that 

previously reported, though induced by different stimulus (Ley et al., 1994). L-Plastin, a Ca
2+

regulated actin-binding cytoskeletal protein, identified in this study has recently been reported by 

our research group and others to be involved in LFA-1 signal transduction (Foran et al., 2006; 



Jones et al., 1998). Talin1 is essential for the stability and formation of the LFA-1 zone in 

migrating T-lymphocytes (Smith et al., 2005; Bertagnolli et al., 1993; Martel et al., 2001). 

3. Transcription regulator. Proteins involved in transcription regulation were also identified. 

These include DNA topoisomerase I, FACT, GTF2I, SSRP1, ErbB3 binding protein1, mini-

chromosome maintenance proteins 2 and 5 (Fig. 6). DNA topoisomerase I is known to undergo 

tyrosine phosphorylation by cAbl tyrosine kinase (Yu et al., 2004). 

4. RNA maturation, protein biosynthesis. We observed tyrosine phosphorylation of several 

proteins involved in RNA maturation and protein synthesis including ribosomal proteins, RNA 

helicases, hnRNP H etc. (Fig. 6). This suggests an early induction of protein biosynthesis 

programme in migrating T-cells. 

5. Metabolic enzymes. A large number of proteins involved in energy metabolism including 

mitochondrial enzymes undergoing tyrosine phosphorylation were identified in migrating T-cells 

(Fig. 6). Although this study did not directly analyze activity of the observed enzyme, we 

speculated that phosphorylation of these enzymes may mediate alteration of intermediary

metabolisms induced by LFA-1 in migrating T-cells. Adenine nucleotide translocator 2 (ANT2) 

plays a crucial role in cell bioenergetics by catalyzing ADP and ATP exchange across the 

mitochondrial inner membranes (Chevrollier et al., 2005). ANT2 has recently been proposed for 

ATP uptake in cancer cells, in conjugation with hexokinase II and  subunit of mitochondrial

ATP synthase, in the mitochondrial inner membrane potential maintenance and in the 

aggressiveness of cancer cells (Chevrollier et al., 2005). 

6. Others. Few other proteins including molecular chaperones such as histones also co-

precipitated with anti-pTyr in migrating T-cells (Fig. 6). A role the nuclear protein Histone H1 

on signalling pathways in CD4+ T-cells has also been reported (Hsu et al., 2008). 



Conclusion

In conclusion, utilizing a targeted phosphoproteome analysis approach, we were able for the first 

time to obtain insights into components of LFA-1 induced phosphotyrosine protein complexes in 

migrating T-cells. We propose that these proteins, including several known and new molecules,

expand the previously incomplete list of the signalling components of the LFA-1 signalling 

pathway. While some tyrosine phosphorylated proteins are not detected and quantitative 

information about the up-regulated proteins could not be obtained using this approach, we 

present a comprehensive dataset of known and novel players in the LFA-1 triggered signalling 

pathways in migrating T-cells. The information about the proteins that are subject to tyrosine 

phosphorylation can be extremely useful in the study of their specific roles within LFA-1 

associated signalling pathways. These findings will broaden our view on tyrosine 

phosphorylation and protein-protein interaction, the two major mechanisms for receptor 

mediated signal transduction. The detailed relationship between LFA-1 signalling and tyrosine 

phosphorylation of identified proteins will require further investigation. Identification of proteins 

previously not reported in the context of LFA-1 stimulated signal transduction may provide new 

insights into understanding the LFA-1 signalling networks and aid in the search for new potential 

therapeutic targets. 
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Figure Legends 

Fig. 1. Experimental schema used for enrichment of phosphotyrosine proteins and their 

identification. Resting or migrating Hut78 T-cells were lysed, enriched for phosphoproteins 

followed by immunoaffinity purification of tyrosine phosphorylated proteins and resolved by 

SDS-PAGE. Proteins bands showing increased intensity were excised and subjected to mass-

spectrometric analysis for identification. 

Fig. 2. Time-dependent changes in T-cell morphology and cytoskeletal systems in response to a 

locomotory signalling via LFA-1. A: Hut78 cells were incubated on poly L-lysine (0 min) or 

anti-LFA-1 coated 96-well plates (10
4
 cells/well) for 5, 10, 15, 30 or 240 min and photographed 

using Nikon phase contrast microscope (40X). B: Resting or LFA-1 stimulated migrating Hut78 

cells were immunostained for -tubulin (green), actin (red) and nuclei (blue) and visualized by a 

Zeiss LSM 510 fluorescence confocal microscope (63X oil). At least 20 microscopic fields under 

each conditions were photographed and representative figures are shown. Results shown are 

representative of three independent experiments.

Fig. 3. Phosphotyrosine protein profile of migrating T-cells. Serum starved Hut78 cells (0 min)

were incubated on anti-LFA-1 coated plates for 5, 10, 15, 30 or 240 min and lysed. Cell lysates 

(10 µg each) were separated by SDS-PAGE (10% gel) and after Western blotting probed with 

anti-pTyr antibody; -Tubulin was used as a loading control. Results shown are representative of 

three independent experiments.

Fig. 4. Effect of tyrosine kinase inhibition on T-cell migration. Serum starved Hut78 cells were 

pre-treated with Genistein (25 µM), PP2 (10 µM) or AG490 (10 µM) for 30 min and then 

incubated on anti-LFA coated 96-well plate for 4 h. T-cell migratory phenotypes were analyzed 



using HCA by quantifying cell 1/form factor (form factor = 4  area/perimeter
2
 is the measure of 

roundness). Data is mean ± SEM of three independent experiments performed in triplicates. 

*p<0.05.

Fig. 5. SDS-PAGE of differentially tyrosine-phosphorylated proteins in migrating T-cells. Serum

starved Hut78 cells were stimulated by incubating on anti-LFA-1 coated plates for 30 min. Cells 

were then lysed and cleared cell lysates (4 mg each) were enriched for phosphoproteins followed 

by immunoprecipitation using anti-pTyr. The immune complexes were resolved by SDS-PAGE 

(10% gel) and visualized by colloidal coomassie blue staining. Bands of interest, as indicated, 

were excised and processed for subsequent mass spectrometric analysis. 

Fig. 6. Summary of tyrosine phosphoproteomics data. Tyrosine phosphorylated proteins 

identified from anti-pTyr affinity purification and mass spectrometric analysis were categorized 

based on their molecular functions and listed. The numbers and percentages of proteins under 

each category are shown in parentheses. 

Fig. 7. Validation of MS/MS data for selected proteins by Western blot analysis. Serum starved 

Hut78 cells (A) or PBTLs isolated from healthy volunteers (B) were incubated on anti-LFA-1 or 

ICAM-1 coated plates for 30 min and lysed. Cell lysates (500 µg each) were immunoprecipitated

with anti-pTyr (IP: pTyr) or IgG (isotype control; IP: IgG). Immunoprecipitates and whole cell 

lysates (used as a control 20 µg each; WCL) were Western blotted (WB) and probed with anti- -

tubulin, anti-talin1, anti-moesin, anti-L-plastin, or anti-14-3-3 . Relative densitometric analysis 

of the individual band is presented. Data are mean ± SEM. of three independent experiments.

*p<0.05 with respect to corresponding controls. 



Fig. 8. Key components of IPA network of interactions in LFA-1 integrin signalling pathway. A 

network was generated using IPA by combining the canonical integrin signalling pathway. Each 

node represents a gene and their shape indicates their functional classes as shown in the figure 

key. Red nodes, proteins that undergo tyrosine phosphorylation following LFA-1 activation; grey 

nodes, key components within the canonical LFA-1 integrin signalling pathway; clear nodes, 

components added to extend the network; edges, direct interactions between nodes.

Supplementary Fig. 1. Phosphotyrosine immunostaining of Hut78 cells during LFA-1 induced 

migration. Serum starved Hut78 cells were incubated on poly-L lysine (0 min) or anti-LFA-1 

coated plates for 5, 10, 15, 30, 240 min and fixed. After permeablization with 0.5% Triton X-

100, cells were immunostained for phosphotyrosine (red) and -tubulin (green). Nuclei were 

stained with Hoechst (blue). Cells were visualized by Nikon florescence microscope with 40X 

objective lens. At least 20 microscopic fields were photographed and representative figures are 

shown. Results shown are representative of three independent experiments.

Supplementary Fig. 2. SDS-PAGE of differentially tyrosine-phosphorylated proteins in 

migrating T-cells stimulated by anti-LFA-1. Serum starved Hut78 cells were incubated on anti-

LFA-1 or isotype-matched murine IgG (Isotype control) coated plates for 30 min. Cells were 

then lysed and cleared cell lysates (4 mg each) were enriched for phosphoproteins followed by 

immunoprecipitation using anti-pTyr. Cellular lysates and immune complexes were resolved by 

SDS-PAGE (10% gel) and visualized by colloidal coomassie blue staining. Lane 1: Protein 

marker (Biorad), Lane 2: Whole cell lysate from resting cells (10 µg); Lane 3: Whole cell lysate 

from migrating cells (10 µg); Lane 4: Immunoprecipates of cells harvested from isotype-matched

murine IgG coated plates; Lane 5: Immunoprecipates of resting cells; Lane 6: Immunoprecipates

of migrating cells harvested from anti-LFA coated plates. 



Supplementary Fig. 3. SDS-PAGE of tyrosine-phosphorylated proteins in LFA-1 stimulated

migrating T-cells. Serum starved Hut78 cells were incubated on anti-LFA-1 or rICAM-1 coated 

plates for 30 min. Cells were then lysed and cleared cell lysates (4 mg each) were enriched for 

phosphoproteins followed by immunoprecipitation using anti-pTyr. The immune complexes

were resolved by SDS-PAGE (10% gel) and visualized by colloidal coomassie blue staining. 

Supplementary Fig. 4. Ingenuity Pathways Analysis networks of tyrosine phosphorylated 

proteins in migrating T-cells. Top three networks are shown. Network 1 has a score of 65 and 

contains 26 proteins form the list.  Networks 2 and 3 have 17 and 10 focus molecules

respectively. Shaded nodes indicate proteins within our list, non-shaded nodes indicate 

components added to enrich the network. Straight lines indicate direct interactions and dashed 

lines indicate indirect interactions.

Supplementary Table 1. A list of proteins identified by nLC-ESI-MS/MS shown in Fig. 5. 


















