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Abstract 

Analyzing biomolecular interactions 
 by affinity-directed mass spectrometry 

  

Ae Un Ahn 

Department of Molecular Medicine and Biopharmaceutical Sciences 

Graduate School of Convergence Science and Technology 

Seoul National University 

 

Protein affinity selection method utilizing mass spectrometry has now become an 

invaluable tool for identification of protein binding partners. Although the affinity-directed 

mass spectrometry analytical platform for selectively capturing interacting proteins has 

been implemented to discover many missing ligands, determination of true binding partners 

from co-purified proteins in the affinity-purified sample is extremely challenging. The 

challenge can be addressed by biophysical characterizations of newly identified binding 

partners prior to characterizing their biological associations. Several biophysical 

characterization methods such as (i) immunoassays (ii) molecular binding simulation (iii) 

mass spectrometry-based binding epitope mapping and (iv) peptide microarray-based 

binding epitope mapping can be implemented to evaluate the binding interaction. Herein, 

adapting the affinity-directed mass spectrometry method, we identified several potential 

ligands of a specific protein expressed on the surface of immune cells. Among them, we 



ii 

selected one immune cell-specific binding protein as a ligand based on its abundance. We 

further evaluated the binding interaction between the immune cell expressed protein and 

its selected ligand using the biophysical assays and confirmed that the selected ligand is 

specifically interacting with an immune cell specific expressed protein. The affinity-

directed mass spectrometry analytical platform implemented in this investigation is 

expected to be of general use and to facilitate more accurate identification of many missing 

ligands involved in various biological processes. 
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LC-MS/MS Liquid chromatography tandem mass spectrometry 
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MS Mass spectrometry 
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1. Introduction 

Many cellular signaling pathways and cellular communications are governed by protein–

protein interactions. Hence, defining the interacting protein binding partners involved in 

the cell signaling and regulation processes is important in elucidating the functional role of 

proteins participating in the dynamic cellular processes (Braun et al. 2012). While various 

techniques have been developed to identify interaction between proteins, an affinity-

directed mass spectrometry analytical platform has been recognized as a powerful tool in 

identifying protein binding partners. Improvements on affinity tools and technical advances 

in mass spectrometry analysis allowed sensitive and selective detection of affinity captured 

proteins (Jonker et al. 2011). Isolation of protein binding complexes can be accomplished 

by various immunoaffinity purification techniques, such as an antibody-based approach 

and affinity tagging methods. In general, immunoaffinity purification consists of following 

steps: complex formation between a protein of interest (bait) and binding partners (prey), 

removal of non-specifically bound proteins from the complex mixture, and elution of 

specifically bound proteins of the protein of interest (Figure 1) (Vasilescu et al. 2004). Then, 

to reduce sample complexity, the immunoprecipitated proteins are fractionated and 

converted to an MS-favorable form, such as by using SDS-PAGE followed by in-gel 

digestion prior to mass spectrometry analysis (Dunham et al. 2012). The identified proteins 

are then subjected to computational bioinformatics to distinguish the specifically interacted 

proteins from non-specific binders (Paul et al. 2011). The conventional affinity purification 

method is immunoprecipitation (IP), which is useful to capture a specific interacting partner 
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of a protein of interest by using an antibody on a solid support (Bauer et al. 2003). The 

antibody-based purification method is beneficial to isolate endogenous protein in its native 

conditions (Bauer et al. 2003). The drawbacks of using IP is that antibodies have limited 

availability, high costs are required, and possible cross-reactivity can eventually lead to 

false positives (Dunham et al. 2012). In addition, a single antibody is needed for every bait 

protein in IP. To circumvent the need of an antibody for every bait protein, various affinity 

tags can also be applied in immunoaffinity purification methods. A bait protein can be 

singly or multiply modified with a recombinant fusion-tag such as using GST c-Myc, 

FLAG, hexahistidine (His), and hemaglutinin (HA) and binding analytes can be “pulled 

down” and captured by an immobilized support (Chang 2006). The epitope tagging 

approach offers high reproducibility because of the standardized technical procedures. On 

the other hand, this approach has several disadvantages because not every protein can be 

overexpressed in soluble conditions, ectopical expression is required, and the tag itself can 

interfere with the interaction with the proteins (Bauer et al. 2003). Additionally, it is 

difficult to capture transient interactions by using the epitope tagging approach because of 

the stringent purification steps. The biotinylation of a bait protein has been widely used to 

address issues using an antibody or an epitope tag. A biotin-avidin affinity system was 

utilized in the affinity purification of this study, which provided rapid isolation of a specific 

interacting partner of a target protein with high stringency. This antibody-free approach is 

cost-effective, easily accessible, and the biotinylation can be administrated in a single-step, 

as opposed to utilizing epitope tags. Furthermore, when biotin interacts with avidin they 

show exceptionally high affinity because their interaction is the strongest known non-
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covalent bonds (Kd = 10–15 M) (Savage 1992). Hence, higher binding affinity of the biotin-

avidin system could reduce possible non-specific interactions. Moreover, naturally 

occurring biotinylated proteins are rarely found, and false positives can be minimized in 

contrast to using antibodies that could possibly exhibit cross-reactivities (de Boer et al. 

2003). 

Technical advances of affinity-directed mass spectrometry analytical platform have been 

successfully employed to discover many unknown protein binding partners. Despite such 

effective tools for identifying specifically interacting partners of a target protein, 

determining the true binding partners from co-eluted protein is still a challenging task. In 

this current study, we have employed several biophysical characterization methods to 

validate a true binding partner of an immune cell specific expressed protein. Initially, we 

have employed biotin directed affinity purification coupled with mass spectrometry 

analysis to discover ligand candidates of the immune cell specific expressed protein in 

human body fluid samples. One immune cell specific binding protein was selected as a 

potential ligand of immune cell specific expressed protein based on its abundance. The true 

binding interaction of the ligand and receptor was evaluated by molecular binding 

simulation using an automated molecular docking program. Then we adapted mass 

spectrometry-based epitope mapping and peptide microarray to confidently characterize 

their interacting regions. Our affinity-directed mass spectrometry analytical platform and 

biophysical characterizations utilized in this study are expected to be useful for discovery 

of many missing ligands participating in various cellular processes.  
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Figure 1. General workflow of affinity-directed mass spectrometry 

In a typical affinity-directed mass spectrometry purification method, an affinity tagged 

protein of interest (bait) is incubated with prey containing solutions. Then the bait-prey 

complex is isolated by immobilized affinity ligands. At the end, eluted proteins are resolved 

by SDS-PAGE and analyzed by mass spectrometry. 
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2. Materials and Methods 

2.1. Affinity purification of ligand candidates of an immune cell specific expressed 

protein  

We collected human body fluid samples. Equal amount (1mg) of five human body fluid 

samples were pooled and 1mg of five human body fluid control samples were pooled 

separately. Using a 10 kDa cutoff filter (Milipore, Tullagreen, Carrigtwohill, County Cork, 

Ireland), a human recombinant immune cell specific expressed protein (ProSpec, East 

Brunswick, NJ, USA) was subjected to a buffer exchange into PBS (Invitrogen, Carlsbad, 

CA, USA) to avoid nonspecific interferences during the biotin labeling. The immune cell 

specific expressed protein was biotinylated using EZ-Link TM Sulfo-NHS-SS-biotin 

(Thermo Scientific, Rockford, IL, USA) on ice for 10 min. Biotinylated immune cell 

specific expressed protein (20μg) and 1mg each of human body fluids and control samples 

were mixed and rotated end-over-end at 4 °C overnight. The next day, avidin agarose beads 

(Thermo Scientific) were added to each mixture sample and rotated for 2 hours at 4 °C. 

Each mixture was rinsed with PBS and centrifuged for 1 min at 3000 g at 4 °C three times 

before being subjected to supernatant removal. The bound proteins with immune cell 

specific expressed proteins were dissociated from the avidin agarose beads by boiling them 

in the presence of 50 mM dithiothreitol (DTT) (Sigma-Aldrich, St. Louis, MO, USA) at 

70 °C for 10 min.  
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2.2. SDS-PAGE fractionation and in-gel digestion 

The proteins were denatured and reduced in LDS sample buffer (Invitrogen, Carlsbad, CA, 

USA) by boiling them at 70 °C for 10 minutes. The protein samples were then fractionated 

on 4–12% gradient Bis-Tris NuPage gel (Invitrogen) by performing gel electrophoresis at 

120V for 50 minutes. The gel was stained with Coomassie Brilliant Blue (Sigma-Aldrich) 

and destained with 20% (v/v) Methanol / 10% (v/v) Acetic acid in water with gentle 

shaking. The in-gel tryptic digestion was conducted following the general protocol 

(Shevchenko et al. 2007). Using a clean scalpel, each gel lane was cut into 10 slices and 

diced into 1mm3 pieces on a glass plate. The excised gel pieces were washed and destained 

three times for 20 min with a sufficient amount of 50% (v/v) acetonitrile (ACN) (JT Baker) 

/ 25 mM ammonium bicarbonate (NH4HCO3) (Sigma-Aldrich). The supernatant was 

discarded in each step. The gels were shrieked by 100% ACN and dried under a Centrivap 

speed vacuum concentrator (Labconco, Kansas City, MO). The proteins in the gels were 

reduced by 25 mM DTT in 100 mM NH4HCO3 at 60 °C for an hour and alkylated with 

freshly made 55 mM iodoacetamide (IAA) (Sigma-Aldrich) in NH4HCO3 in the dark for 

45 minutes. To eliminate the remaining trypsin interfering reagents, such as DTT and IAA, 

the gels were thoroughly washed four times, alternating between 100 mM NH4HCO3 and 

100% ACN. The gel particles were shrieked by 100% ACN and completely dried using a 

Centrivap speed vacuum concentrator. The shrieked gel pieces were saturated with 12 ng/µl 

trypsin (Promega, Madison, WI, USA) in 50 mM of NH4HCO3 on ice for an hour. The 

excess trypsin solutions were removed, and just enough 50 mM NH4HCO3 was added to 
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cover the gel pieces. The proteins in the gel pieces were digested at 36 °C overnight. The 

digested peptide solutions were collected into a clean tube. The peptides were extracted 

after incubation with 10% formic acid (FA) for 15 min on ice twice, and another extraction 

step was performed after incubation with 50% (v/v) ACN / 5% (v/v) FA (Sigma-Aldrich) 

for 15 min twice with gentle shaking. The extracted peptides were dried under a vacuum 

and safely stored at -20 °C until the LC-MS/MS analysis.   

 

2.3. LC-MS/MS analysis  

The extracted peptide samples were resolubilized in 10 µl of 0.1% FA (Solvent A) and 3 µl 

of the sample was subjected to LC-MS/MS analysis integrated with an EASY-nLC system 

(Thermo Scientific) and LTQ-Velos mass spectrometry (ThermoFinnigan, San Jose, CA, 

USA) in duplicate. The dissolved peptides were injected using an in-house packed Magic™ 

C18 column (75-µm inner diameter and 12-cm length) with a linear gradient of 2–38% of 

Solvent B (98% ACN with 0.1% formic acid) at a flow rate of 300 nL/min for 90 min. The 

spray voltage of the column was set to 2.2 kV and the heated capillary was 325 C. The 

collision-induced dissociation was utilized for peptide fragmentation and the normalized 

collision energy was given at 35%. LTQ-Velos was administrated in data-dependent 

acquisition mode with one MS survey scan followed by five MS/MS scans of the most 

abundant ions. The full MS scan range was from 400 to 1400 m/z, and dynamic exclusion 

was applied for 30 seconds.  
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2.4. Database search  

The collected MS/MS spectra were converted to mzXML files via Trans Proteomic Pipeline 

(TPP version 4.4). The converted data were searched against the reversed IPI.Human.V3.83 

FASTA database (unknown version, 186578 entries) with the SEQUEST® (Thermo Fisher 

Scientific, San Jose, CA, USA; version v.27, rev. 11) algorithm using the SORCERER™ 

(Sage-N Research, Milpitas, CA, USA, version 3.5) search platform. The peptide mass 

fragment tolerance was fixed to 2 amu. Trypsin was specified for the enzyme and two 

maximum missed cleavages were allowed. A fixed modification of carbamidomethyl-

cysteine (57 Da) was given, whereas methionine oxidation (16 Da) was set for a variable 

modification. Using a Scaffold software package (version Scaffold_4.3.4, Proteome 

Software Inc., Portland, OR, USA), identified peptides and proteins were validated with 

criteria of having greater than 95.0% probability assigned by the Peptide and Protein 

Prophet algorithm (Keller et al. 2002, Nesvizhskii et al. 2003). Protein identification was 

accepted when at least two identified peptides were included. 

 

2.5. Relative quantification of ligand candidates of an immune cell specific 

expressed protein 

For relative quantification of statistically significant ligand candidates of an immune cell 

specific expressed protein, the spectral counting and the Power Law Global Error Model 

(PLGEM) method were applied. Using the Scaffold software package program, duplicate 
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sets of spectral counts were generated and the PLGEM analysis was conducted using the R 

program (Version 2.15). The PLGEM categorized the signal-to-noise (STN) ratio and p-

value between the experimental and control datasets to distinguish statistically significant 

ligands found in human body fluid samples from those found in control samples.  

  

2.6. Sequence alignments between the immune cell specific binding protein and a 

previously known binding partner 

The protein sequence of human plasminogen (Swiss-Prot ID: P00747), and a human 

immune cell specific binding protein was obtained from Uniprot. Multiple sequence 

alignments of human plasminogen and the immune cell specific binding protein were 

performed with the Clustal Omega program to assess their sequence homologies such as 

sequence identities and similarities. In addition, sequence homologies between immune 

cell specific binding protein and a functional domain of plasminogen were further 

examined.  

 

2.7. Molecular binding simulation of immune cell specific binding protein    

The PDB format containing the three-dimensional structural information of an immune cell 

specific expressed protein was acquired from the Protein Data Bank (PDB ID: 3B97). The 

homology modeling program, MODELLER was utilized to generate a molecular structure 

of an immune cell specific binding protein using the kringle-2 domain of plasminogen as a 
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template. The PyMol version of 4.1, Molecular Graphics System was used to visualize the 

generated homology models (DeLano 2002). To predict reliable binding models of the 

immune cell specific expressed protein with selected ligand candidate, a protein-docking 

algorithm, ClusPro 2.0, was administrated in duplicate. The clustered model complexes 

were screened based on the number of molecular interactions found in the known 

plasminogen binding sites of the immune cell specific expressed protein, the membrane-

exposed loop (257-272) & FFRSGKY (250-256) and C-terminal lysine residues (419,421). 

The distance between the nitrogen and oxygen found in hydrogen bonding sites were 

calculated with the Structural Homology by Environment-Based Alignment (SHEBA). 

Moreover, the number of hydrogen bonds formed between the immune cell specific 

expressed protein and the selected ligand candidate were calculated. The simulated models 

were refined using the standard protocol of the AMBER11-GPU package to verify the free 

energy generated for each model. 

 

2.8. Identification of binding epitope using mass spectrometry 

Mass spectrometric epitope mapping was carried out to identify antagonistic peptides that 

are specifically interacting with an immune cell specific expressed protein. The immune 

cell specific binding protein (10 µg) and plasminogen (10 µg) (Molecular Innovations, 

Novi, MI) were subjected to Lys-C (Wako, Osaka, Japan) in-solution digestion. Following 

incubation with 8M urea for 2 hours at RT, the protein samples were reduced by 10 mM 

DTT at RT for an hour and alkylated by 30 mM IAA in the dark for 30 min. A high 
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concentration of urea was diluted to below 1M by adding 50 mM of ammonium bicarbonate. 

Lys-C suspended in 50mM of ammonium bicarbonate was added to each protein sample at 

a 1:20 (enzyme:protein) ratio overnight at 36 °C. The digested peptides were desalted with 

C18 StageTip (Thermo), which was conditioned with 80 μl of 80% ACN (v/v) / 5% FA 

(v/v) by centrifugation at 300 g for 1.5 min twice and equilibrated with 80 μl of 5% FA at 

300 g for 1.5 min three times. The peptide samples were acidified (pH 2) with 10% FA, 

loaded into the StageTip, and centrifuged at 300 g for 5 min followed by a sample rebinding 

step. The StageTip was washed with 20 μl of 5% FA at 300 g for 2.5 min three times. The 

peptides were eluted with 30 μl of 80% ACN / 5% FA at 300 g for 1.5 min twice and dried 

under the vacuum. Each desalted peptide sample of plasminogen and immune cell specific 

binding protein was resuspended in 2% ACN / 0.1% FA, and 8 μg of each peptide was 

mixed with 8 μl of human recombinant immune cell specific expressed protein (1:1 ratio) 

in PBS (Gibco) with end-over-end rotation for 40 min at RT. The YM-30K Microcon® 

centrifugal filter device (Millipore, Billerica, MA) was prewashed with 400μl of HPLC-

grade water to avoid possible glycerin interference. The mixtures were then filtered through 

YM-30K cutoff filter at 14,000 g for 10 min at RT. The retentate was washed with 150 μl 

of PBS three times and also rinsed with 50 mM NaCl (Sigma-Aldrich) four times at 13,000 

g for 10 min at RT. The peptides in the retentate were disassociated with 100 μl of 0.1% 

trifluoroacetic acid (TFA) (Merck, Darmstadt, Germany) twice by spinning the filter at 

14,000 g for 10 min at RT. The eluted peptides were desalted with C18 StageTip (Thermo) 

and analyzed using a Q-Exactive, hybrid Quadrupole-Orbitrap mass spectrometer (Thermo 

Scientific, San Jose, CA). The obtained raw files were converted to mzXML files and 
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subjected to a database search against the ipi.HUMAN.v3.87 IS contam scaffold decoy 

database (unknown version, 182932 entries) using a SEQUEST®-based algorithm. The 

enzyme was specified with Lys-C and up to two missed cleavages were allowed. The 

fragment ion mass tolerance was set to 1 Da, and the parent ion tolerance was 0.02 Da. The 

fixed modification was given for carbamidomethyl-cysteine (57 Da), while the variable 

modification was specified for the oxidation of methionine (16 Da). The identified spectra 

were confirmed with a minimum total spectrum count of two peptides and peptide and 

protein thresholds of 95.0% and 99.0%, respectively. The detected epitope peptides were 

retrieved using the Scaffold software package.  

 

2.9. Confirmation of binding epitope using peptide microarray 

A sequence of immune cell specific binding protein (Swiss-Prot ID: P04114), 217 to 395 

with a total of 179 amino acids in length was assessed by PepstarTM peptide microarray 

(JPT Peptide Technologies, Germany). A total of 85 individual peptides were designed to 

hold 12 peptide lengths with two amino acids of overlap. Plasminogen was selected as a 

positive control protein, and complement factor H, fibrinogen, transthyretin (TTR), and 

vitamin D binding protein (VDBP) were used as negative controls. The synthesized 

peptides of the immune cell specific binding protein were covalently immobilized on glass 

slides (1ⅹ3 inch), which were comprised of three identical sub-arrays. The microarray 

slides were blocked with a blocking buffer (SmartBlock, Candor) for 60 min at 30 °C and 

incubated with DyLight ® 650 labeled immune cell specific expressed protein for 60 min at 
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30 °C in three different concentrations of ~10 µg/mL, ~25 µg/mL, and ~75µg/mL. In 

conjunction with peptide incubation with DyLight ® 650 labeled immune cell specific 

expressed protein, control incubations with Ab of the immune cell specific expressed 

protein and anti-mouse IgG Ab were also performed to detect possible non-specific 

interactions. In each step, the microarrays were washed with washing buffer (50 mM TBS-

buffer, including 0.1% Tween 20, pH 7.2). Using a microarray centrifuge, the microarray 

slides were dried, and the binding signals of each peptide spot were captured by a high-

resolution fluorescence Axon Genepix scanner 4200AL positioned in the TECAN HS4X00 

microarray processing station. The scanned peptide spot intensities were numerically 

evaluated using the spot-recognition software GenePix. 
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3. Results 

3.1. LC-MS/MS analysis of affinity-purified protein samples 

To identify proteins that are specifically interacting with the immune cell specific expressed 

protein in human body fluid samples, we first purified protein complexes using biotinylated 

immune cell specific expressed protein from pooled human body fluid samples. We 

conducted the same purification step with control human body fluid samples (Figure 2). 

Affinity-purified protein samples were resolved on a SDS-PAGE gel, and an in-gel tryptic 

digestion was performed, followed by a duplicate LC-MS/MS analysis. The peptide tandem 

mass spectra were analyzed by the SEQUEST based search platform. The peptide and 

protein identification was accepted when the peptide and protein probability was greater 

than 95.0% (Keller et al. 2002, Nesvizhskii et al. 2003), and a total of 314 proteins were 

identified. To measure relative abundance of ligand candidates identified from human body 

fluid samples in comparison with control samples, we have applied a spectral counting 

method which evaluates number of spectra assigned for a particular protein (Liu et al. 2004). 

Then, to assess statistically significant ligand candidate proteins, PLGEM analysis was 

carried out using an R program (Pavelka et al. 2004). Using the PLGEM analysis, we have 

acquired signal-to-noise ratio and p-value between ligand candidate proteins in human 

body fluids and its control samples. We have identified 109 proteins that are specifically 

interacting with the immune cell specific expressed protein in human body fluid samples 

meeting the cutoff p-value of 0.01 (Table 1). Out of the total identified proteins, one of the 

ligand candidates (p-value, 0.0008) showed abundant spectral counts in the human body 
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fluid samples—which is 27.9 fold greater than what is found in control samples—and also 

showed more than four times higher STN of plasminogen (Table 1). Based on the 

abundance in human body fluid samples, we have chosen one immune cell specific binding 

protein as a potential ligand of the immune cell specific expressed protein. 
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Figure 2. Experimental workflow for identification of potential ligands of the immune 

cell specific expressed protein 

Affinity purification was conducted to isolate proteins that are specifically interacting with 

an immune cell specific expressed protein in human body fluids. Eluted proteins were 

separated by SDS-PAGE and subjected to in-gel tryptic digestion followed by LC-MS/MS 

analysis. Database search was performed and PLGEM analysis was conducted to observe 

statistically significant ligand candidates of the immune cell specific expressed protein 

found in human body fluid samples. 
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Table 1. Identified ligand candidate proteins  

IPI Identified Proteins  MW Ctrl1 Ctrl2 Body 
Fluid1

Body 
Fluid2 STN p-value 

IPI01014270 Mutant immune cell specific binding protein 490 kDa 0 194 1309 1071 38.627  0.0004  

IPI00745872 Isoform 1 of Serum albumin 69 kDa 1973 1823 3866 3720 32.025  0.0008  

IPI00022229 Immune cell specific binding protein 516 kDa 416 373 1475 1295 27.934  0.0008  

IPI00641737 Haptoglobin 47 kDa 43 30 609 591 27.307  0.0008  

IPI00021891 Isoform Gamma-B of Fibrinogen gamma chain 52 kDa 98 94 751 688 25.662  0.0008  

IPI00298497 Fibrinogen beta chain 56 kDa 92 82 696 653 24.943  0.0008  

IPI00022434 Serum albumin 72 kDa 1092 0 1384 1454 23.206  0.0008  

IPI00550731 Ig kappa chain V-II region  26 kDa 0 0 241 222 19.720  0.0008  

IPI00553177 Isoform 1 of Alpha-1-antitrypsin 47 kDa 220 184 717 741 19.484  0.0008  

IPI00784842 Ig like domain 52 kDa 0 0 188 206 17.814  0.0008  

IPI00645363 Ig gamma-1 chain C region 52 kDa 183 167 543 542 15.000  0.0024  

IPI00807428 V3-4 protein ig like domain  25 kDa 0 0 144 129 14.110  0.0024  

IPI00426051 Ig like domain Immunoglobulin Heavy Locus 51 kDa 56 55 313 279 13.687  0.0024  

IPI00784985 IGK@ protein 26 kDa 84 74 358 325 13.663  0.0024  

IPI00658130 IGL@ protein 25 kDa 0 0 136 122 13.608  0.0024  

IPI00783987 Complement C3 (Fragment) 187 kDa 732 666 1266 1145 13.416  0.0024  

IPI00418153 Ceruloplasmin, DKFZp686I15212 57 kDa 81 78 345 299 12.810  0.0028  

IPI00477597 Isoform 1 of Haptoglobin-related protein 39 kDa 9 8 154 156 12.581  0.0028  

IPI00029739 Isoform 1 of Complement factor H 139 kDa 24 22 215 182 12.547  0.0028  

IPI00969456 IG kappa constant 26 kDa 0 0 0 223 12.426  0.0028  

IPI00019591 cDNA FLJ55673, highly similar to Complement factor 
B 141 kDa 22 16 193 161 11.955  0.0028  

IPI01013699 cDNA FLJ56821, highly similar to Inter-alpha-trypsin 
inhibitor heavy chain H1 76 kDa 18 13 179 154 11.913  0.0028  

IPI00218474 Complement C5 188 kDa 8 6 128 118 10.927  0.0032  

IPI00032291 cDNA FLJ35730 fis,  highly similar to ALPHA-1-
ANTICHYMOTRYPSIN 51 kDa 17 15 155 138 10.659  0.0032  

IPI00550991 165 kDa serpin peptidase inhibitor  165 kDa 472 433 829 746 10.607  0.0032  

IPI01010737 Isoform 1 of Fibrinogen alpha chain 95 kDa 78 74 267 263 10.582  0.0032  

IPI00021885 haptoglobin isoform 2 preproprotein 38 kDa 0 0 93 63 9.821  0.0032  

IPI00478493 cDNA FLJ14473 fis 53 kDa 47 39 191 185 9.686  0.0032  

IPI00386879 Isoform 2 of Ig mu chain C region 52 kDa 59 53 211 205 9.502  0.0032  

IPI00896380 Ceruloplasmin 122 kDa 6 7 104 93 9.365  0.0032  

IPI00017601 Isoform 1 of Inter-alpha-trypsin inhibitor heavy chain 
H4 103 kDa 23 23 137 142 9.221  0.0032  

IPI00896419 Immune cell specific expressed protein 47 kDa 4295 3803 4692 4693 8.978  0.0032  

IPI00465248 Putative uncharacterized protein, Enolase-1 25 kDa 37 39 171 156 8.863  0.0032  

IPI00887169 IGL@ protein 25 kDa 0 22 110 99 8.733  0.0032  

IPI00829640 Prothrombin (Fragment) 70 kDa 9 11 101 91 8.419  0.0036  

IPI00019568 Complement component C6 precursor 106 kDa 0 0 62 52 7.980  0.0036  

IPI00879709 Putative uncharacterized protein DKFZp686M24218 52 kDa 0 0 58 55 7.933  0.0036  

IPI00930442 Isoform 1 of Alpha-1B-glycoprotein 54 kDa 0 0 55 52 7.648  0.0036  

IPI00022895 cDNA FLJ78387 52 kDa 0 0 0 99 7.308  0.0036  
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Table 1. Continued 
 

IPI00876888 Hemopexin 52 kDa 23 15 103 94 7.117  0.0040  

IPI00022488 Complement component C7 94 kDa 0 0 49 41 6.806  0.0044  

IPI00418163 Keratin, type I cytoskeletal 10 59 kDa 606 581 833 791 6.527  0.0044  

IPI00296608 Plasminogen 91 kDa 52 45 151 123 6.302  0.0044  

IPI00009865 Plasma protease C1 inhibitor 55 kDa 13 6 67 50 5.575  0.0052  

IPI00019580 Stromelysin-1 54 kDa 0 0 31 35 5.501  0.0052  

IPI00291866 Apolipoprotein A-I 31 kDa 238 235 369 362 5.495  0.0052  

IPI00027782 Lumican 38 kDa 0 0 30 29 5.087  0.0052  

IPI00021841 Pigment epithelium-derived factor 46 kDa 0 0 28 28 4.904  0.0052  

IPI00020986 C4b-binding protein alpha chain 67 kDa 46 41 107 107 4.896  0.0052  

IPI00006114 Actin, cytoplasmic 1 42 kDa 50 55 121 111 4.648  0.0052  

IPI00021727 Keratin, type II cytoskeletal 2 epidermal 66 kDa 629 623 818 743 4.607  0.0052  

IPI00021439 Full-length cDNA clone CS0DD006YL02 of 
Neuroblastoma of Homo sapiens 41 kDa 50 0 148 0 4.518  0.0060  

IPI00021304 Immunglobulin heavy chain variable region 13 kDa 0 0 22 27 4.461  0.0060  

IPI00479708 Inter-alpha (Globulin) inhibitor H2, isoform CRA_a 107 
kDa 82 68 148 132 4.271  0.0064  

IPI00782983 Insulin-like growth factor-binding protein complex acid 
labile subunit 66 kDa 0 0 26 20 4.263  0.0064  

IPI00291262 Ig kappa chain V-III region HIC 14 kDa 0 0 23 23 4.263  0.0064  

IPI00305461 Isoform 1 of Pregnancy zone protein 164 
kDa 53 52 119 100 4.231  0.0064  

IPI00020996 Leucine-rich alpha-2-glycoprotein 38 kDa 0 0 22 23 4.196  0.0064  

IPI00384576 Afamin 69 kDa 0 0 24 21 4.196  0.0064  

IPI00025426 Gamma-enolase 47 kDa 376 327 451 474 4.157  0.0064  

IPI00022417 Complement C1r subcomponent 80 kDa 0 0 25 19 4.129  0.0064  

IPI00019943 Complement component C9 63 kDa 29 33 74 81 4.111  0.0068  

IPI00216171 Plasma kallikrein 71 kDa 0 0 21 22 4.061  0.0068  

IPI00296165 Complement component C8 beta chain 67 kDa 4 4 31 29 4.004  0.0068  

IPI00022395 Complement C2 (Fragment) 83 kDa 0 0 24 17 3.923  0.0068  

IPI00654888 Antithrombin-III 53 kDa 10 7 48 29 3.892  0.0068  

IPI00294395 Keratin, type I cytoskeletal 16 51 kDa 96 103 181 146 3.852  0.0068  

IPI00303963 Keratin, type II cytoskeletal 1b 62 kDa 0 0 38 0 3.782  0.0068  

IPI00032179 Neutrophil defensin 1 10 kDa 4 4 28 28 3.771  0.0068  

IPI00217963 Actin, alpha skeletal muscle 42 kDa 19 22 56 56 3.645  0.0068  

IPI00376379 Isoform 1 of Gelsolin 86 kDa 77 68 130 119 3.533  0.0072  

IPI00005721 Complement component C8 alpha chain 65 kDa 2 2 21 20 3.465  0.0084  

IPI00021428 cDNA FLJ58413, highly similar to Complement 
component C7 54 kDa 0 0 33 0 3.417  0.0084  

IPI00026314 Complement component C8 gamma chain 22 kDa 0 0 17 15 3.266  0.0084  
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Table 1. Continued 
 

IPI01010259 Complement C1q subcomponent subunit B 27 kDa 5 8 28 27 3.102  0.0092  

IPI00011252 SAA2-SAA2 protein 23 kDa 11 9 31 36 3.087  0.0092  

IPI00909594 Complement C1q subcomponent subunit C 26 kDa 6 6 26 26 3.034  0.0096  

IPI00011261 Vitronectin 54 kDa 53 51 94 86 2.959  0.0096  

IPI00218732 Immunglobulin heavy chain variable region (Fragment) 13 kDa 0 0 15 13 2.951  0.0100  

IPI00477992 Hemoglobin subunit beta 16 kDa 6 4 24 21 2.835  0.0104  

IPI00975939 Complement component 4A 193 kDa 159 107 177 183 2.619  0.0123  

IPI00022394 V2-17 protein 12 kDa 0 0 13 11 2.619  0.0123  

IPI00298971 Isoform 2 of Ficolin-3 32 kDa 0 0 13 10 2.533  0.0123  

IPI00783094 Complement component 4B 193 kDa 204 177 262 221 2.484  0.0139  

IPI00654755 Complement C1s subcomponent 77 kDa 2 2 13 14 2.435  0.0139  

IPI00022418 CD5 antigen-like 38 kDa 0 0 11 10 2.356  0.0139  

IPI00450768 Isoform 2 of Titin 3806 kDa 2 7 19 16 2.288  0.0139  

IPI00843913 55 kDa protein 55 kDa 8 7 26 19 2.284  0.0139  

IPI00550162 Angiotensinogen 53 kDa 20 23 43 38 2.093  0.0143  

IPI00419744 Similar to Ig kappa chain V-II region GM607 precursor 15 kDa 0 0 9 8 1.981  0.0147  

IPI00887154 Apolipoprotein E 36 kDa 49 51 75 72 1.930  0.0159  

IPI00017696 Apolipoprotein A-II 11 kDa 19 22 38 36 1.873  0.0159  

IPI00025204 Keratin, type II cytoskeletal 6A 60 kDa 133 91 157 128 1.850  0.0159  

IPI00023283 Junction plakoglobin 82 kDa 6 0 14 11 1.798  0.0163  

IPI00029863 Ig kappa chain V-IV region B17 15 kDa 4 0 11 10 1.761  0.0163  

IPI00655976 Isoform 1 of N-acetylmuramoyl-L-alanine amidase 62 kDa 9 11 24 20 1.751  0.0163  

IPI00032220 Histone H2A type 1-H 14 kDa 7 8 23 13 1.690  0.0163  

IPI00829947 Isoform 1 of Inter-alpha-trypsin inhibitor heavy chain 
H3 100 kDa 0 0 5 9 1.677  0.0163  

IPI00470917 Similar to Ig delta chain C region 58 kDa 0 0 7 7 1.677  0.0163  

IPI00006662 Complement factor I 66 kDa 0 0 6 8 1.677  0.0163  

IPI00021842 Isoform 1 of Coagulation factor XI 70 kDa 0 0 8 6 1.677  0.0163  

IPI00021854 Carboxypeptidase N subunit 2 61 kDa 0 2 9 7 1.657  0.0171  

IPI00300725 Macrophage migration inhibitory factor 12 kDa 74 68 81 106 1.637  0.0171  

IPI00554711 vitamin D-binding protein isoform 1 precursor 53 kDa 2 4 11 10 1.606  0.0183  

IPI00386133 cDNA FLJ55606, highly similar to Alpha-2-HS-
glycoprotein 47 kDa 9 7 19 17 1.592  0.0183  

IPI00163207 Hemoglobin subunit alpha 15 kDa 4 0 12 7 1.582  0.0183  

IPI00081836 immunoglobulin kappa locus-like 17 kDa 0 0 7 6 1.570  0.0183  

IPI00028413 Serum amyloid A protein 14 kDa 0 0 6 7 1.570  0.0183  

IPI00829636 Fructose-bisphosphate aldolase A 39 kDa 0 0 6 7 1.570  0.0183  

 

* STN (Signal to noise) and p-values (p ≤ 0.01) were generated by PLGEM (Power Law Global Error Model)  
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3.2. Sequence alignments between immune cell specific binding protein and 

plasminogen 

After we selected a potential ligand of an immune cell specific expressed protein, we sought 

to investigate sequence homology between plasminogen and the selected ligand candidate. 

Initially, the whole protein sequence of immune cell specific binding protein and 

plasminogen were aligned together by using multiple sequence alignment program, Clustal 

Omega. Then, sequence homology between the kringle-2 domain of plasminogen and the 

corresponding aligned sequence of the immune cell specific binding protein (264 to 390) 

was closely examined by referencing an interaction model of the kringle-2 domain of 

human plasminogen with Mycoplasma Pneumoniae immune cell specific expressed protein 

(Chumchua et al. 2008). The sequence homology between the kringle-2 domain of 

plasminogen and the corresponding aligned sequence of immune cell specific binding 

protein yielded 14.32% of the total sequence identity and 37% of sequence similarity (total 

18 identical positions and 47 similar positions) (Figure 3). 
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Figure 3. Partial sequence alignment results between immune cell specific binding 

protein and plasminogen  

The protein sequence of immune cell specific binding protein and plasminogen (Uniprot 

ID: p00747) were aligned together by using Clustal Omega. The sequence homology 

between the plasminogen kringle-2 domain (plasminogen 184-262) and its corresponding 

sequence of an immune cell specific binding protein (264-390) were examined and we have 

acquired 14.32% of identity and 37% of similarity.   
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3.3. Validation of molecular interaction between immune cell specific expressed 

protein and the selected ligand candidate   

To validate molecular interactions between immune cell specific expressed protein and the 

selected ligand candidate, we conducted molecular binding simulations. Prior to 

performing binding simulations, the three-dimensional structure of an immune cell specific 

expressed protein was retrieved in PDB format (PDB ID: 3B97). On the other hand, the 

three-dimensional structures of the immune cell specific binding protein have not been 

experimentally determined yet. Alternatively, molecular structures of the immune cell 

specific binding protein was predicted by performing homology modeling. Based on the 

high sequence homology observed between the kringle-2 domain of plasminogen and the 

corresponding aligned sequence of the immune cell specific binding protein, the 

plasminogen kringle-2 domain was used as a template for homology modeling of the 

immune cell specific binding protein (Figure 4). A fully automated protein docking 

algorithm, MODELLER was utilized to generate a stable conformation of a homology 

model of the immune cell specific binding protein (Eswar et al. 2006).  

To confidently determine reliable molecular interaction models between immune cell 

specific expressed protein and the selected ligand candidate, we have applied four main 

steps as following. Initially, an automated protein docking algorithm, ClusPro 2.0 was 

administrated in duplicate (Comeau et al. 2004), and the total 235 clustered model 

complexes were generated. Out of total clustered models, we screened models that met 

with two categories where the immune cell specific binding protein is making contact 
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within known plasminogen binding sites of the immune cell specific expressed protein, 

located in the membrane exposed loop & FFRSGKY and C-terminal lysine residues (Figure 

5) (Arza et al. 1997, Kang et al. 2008). Secondly, we ranked the previously screened models 

in order of possessing higher number of atomic bonds between the nitrogen and oxygen 

with less than 4.0 Ångstrom distance with hydrogen bonding property of SHEBA (Jung et 

al. 2000). Then we have acquired the 10 model complexes forming binding interaction 

within membrane exposed loop & FFRSGKY and 5 models interacting within the C-

terminal lysine residues of the immune cell specific expressed protein. Thirdly, in order to 

acquire high-confidence interaction models, we ranked the obtained models based on the 

number of hydrogen bonds formed in the membrane exposed loop & FFRSGKY and C-

terminal lysine residues of the immune cell specific expressed protein (Table 2). Lastly, 

generated models were subjected to refinement by applying a standard protocol of 

AMBER11. A representative binding complex model, EA02 is shown in Figure 6. 
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Figure 4. A homology model of an immune cell specific binding protein  

The plasminogen kringle-2 domain was used as a template for homology modeling of an 

immune cell specific binding protein using MODELLER. Cyan: immune cell specific 

binding protein, Green: plasminogen kringle-2 domain (PDB ID: 1B2I)   
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Figure 5. Selected clustered models between immune cell specific expressed protein 

and the ligand candidate 

Potential interaction models between immune cell specific expressed protein and its 

binding ligand were generated by ClusPro. Out of total 235 clustered models, we filtered 

the models with two categories where the immune cell specific binding protein forms 

binding interaction within known plasminogen binding sites of the immune cell specific 

expressed protein: membrane exposed loop (257-272) & FFRSGKY (250-256) and C-

terminal lysine residue (419, 421). The immune cell specific expressed protein is indicated 

in green and the immune cell specific binding protein is shown in blue.  
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Table 2. Ranked simulated models 

Plasminogen 
binding sites of an 

immune cell specific 
expressed protein 

Model 
Name 

N-O bonds 
(less than 4Å) H-bonds

H-bonds in 
plasminogen 
binding sites  

Free energy 

Membrane 
exposed loop & 

FFRSGKY 
(250-272) 

EA02 11 16 10 -12678.66 

EA16 7 17 9 -12744.46 

EA03 9 19 8 -12684.00 

EA14 11 26 8 -12694.13 

EA01 12 18 7 -12715.22 

EA15 9 20 7 -12709.03 

EA05 8 12 5 -12736.26 

EA17 7 18 5 -12756.27 

EA18 7 25 5 -12701.51 

EA04 9 25 5 -12719.74 

C-terminal lysine 
residue 

 (419,421) 

EA25 2 21 4 -12733.45 

EA13 3 3 1 -12669.45 

EA24 6 9 1 -12646.22 

EA11 5 14 1 -12672.93 

EA12 3 14 1 -12676.85 
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Figure 6. A representative binding complex model of immune cell specific expressed 

protein and the binding partner 

An interaction model of immune cell specific expressed protein (bottom) and homology 

modeled binding partner (top) was generated by molecular binding simulation. This 

representative model (EA02) was superimposed and later moved along the y-axis for the 

display purpose. The hydrogen bonding sites are indicated in the figure.  
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3.4. Identification of binding epitope using mass spectrometry  

To identify potential interacting regions between immune cell specific expressed protein 

and the selected ligand protein, mass spectrometric based determination of epitope 

mapping was conducted. First, the immune cell specific binding protein was subjected to 

in-solution digestion by using Lys-C. Then, enzymatically digested peptides of a ligand 

protein were allowed to interact with an immune cell specific expressed protein and 

nonbound peptides were eliminated by ultrafiltration. The bound peptides with immune 

cell specific expressed protein in the retentate were eluted with 0.1% TFA and subjected to 

LC-MS/MS analysis (Figure 7). Peptide identification was determined by the SEQUEST 

based search platform and Scaffold software package. The identified peptides were filtered 

with peptide and protein thresholds of 95.0% and 99.0%, respectively. We identified 

epitope peptides that are specifically interacting with immune cell specific expressed 

protein, EQHLFLPFSYK, YGMVAQVTQTLK and MGLAFESTK within corresponding 

aligned sequence of the kringle-2 domain of plasminogen (Figure 8). We also detected one 

peptide sequence, (GMTRPLSTLISSSQSCQYTLDAKRK) close to the identified peptide 

regions. Among identified peptides of immune cell specific binding protein, 

YGMVAQVTQTLK was detected three times wheares other epitope peptides were 

detected once by mass spectrometry analysis. To proceed detailed identification of 

interacting regions between immune cell specific expressed protein and its binding partner, 

peptides of immune cell specific binding protein from 217 to 395 were selected to be further 

analyzed by peptide microarray analysis. These peptide regions were selected based on the 
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identified epitope peptides of the immune cell specific binding protein by mass 

spectrometry analysis and sequence homology found between plasminogen and the 

immune cell specific binding protein.  
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Figure 7. Schematic workflow for epitope mapping using mass spectrometry 

To identify interacting regions between immune cell specific expressed protein and its 

ligand candidate, digested peptides of an immune cell specific binding protein were 

presented to the immune cell specific expressed protein followed by isolation of bound 

peptides with the immune cell specific expressed protein using ultrafiltration. The bound 

peptides were eluted with 0.1% TFA and analyzed by mass spectrometry. 
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Figure 8. Identified epitope peptides of immune cell specific binding protein using 

mass spectrometry 

Identified epitope peptides are indicated on the sequence alignment results between 

plasminogen and the immune cell specific binding protein. The detected epitope peptides 

are indicated by the blue and the red color. 
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3.5. Confirmation of binding epitope using peptide microarray 

We performed peptide microarray analysis to precisely identify interacting regions between 

the immune cell specific expressed protein and the selected ligand candidate protein. 

Peptide sequences of a ligand candidate partner, from 217 to 395, a total of 179 amino acids 

lengths were evaluated by the peptide microarray analysis. The selected peptides of the 

immune cell specific binding protein was designed to hold 12 peptide lengths with two 

amino acids overlap. The total of 85 peptides were synthesized and covalently immobilized 

on the glass microarray slides (Figure 9). Plasminogen was used for a positive control and 

complement Factor H, fibrinogen, transthyretin (TTR), and vitamin D binding protein 

(VDBP) were chosen for negative controls. Microarray slides were incubated with 

DyLight650 fluorescence labeled ligand candidate in three different concentrations of ~10 

µg/mL, ~25 µg/mL, and ~75 µg/mL. Incubation with concentration of ~75 µg/mL DyLight 

650 only gave us detectable signals of tested spots. We obtained five positive peptide spots 

of 22, 23, 28, 29, and 44 (Figure 10). Additionally, to eliminate possible nonspecific 

interactions, synthesized peptides were incubated with secondary Ab of immune cell 

specific expressed protein and tertiary anti-mouse IgG Ab. A spot number 25 and 26 are 

found as nonspecific interactions. Plasminogen and the immune cell specific binding 

protein showed strong binding signals to the immune cell specific expressed protein 

whereas complement factor H (CFH), fibrinogen, transthyretin (TTR), and prostaglandin 

D synthase (PGDS), and vitamin D binding protein (VDBP) showed negative signals 

(Figure 10). Since the three identical subarrays are printed on a single microarray, the mean 
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signal intensity from each spot was evaluated from all three images using spot-recognition 

software GenePix. Intra chip reproducibility test was done by calculating MMC2 values, 

the mean value of all three instance on the microarray. If the coefficient of variation (CV) 

was larger than 0.5, the mean of the two closest values (MC2) was designated to MMC2 

values for reliable results. A plot of peptide microarray signal intensity per peptide 

sequence is shown in Figure 10 (B) indicating the identified five epitope peptides exhibited 

stronger binding intensities among other tested peptides of the immune cell specific binding 

protein. 

In addition, to survey if our orthogonal experimental approaches, mass spectrometric 

epitope mapping and molecular simulations are in good aggrement each other, we 

scruntinized the obtained results. We examined if molecular simulated models formed 

binding interaction within the identified epitope peptides regions. We rated the simulated 

models by having the greater number of hydrogen bonds found in identified epitope regions, 

in EQHLFLPFSYK, YGMVAQVTQTLK and MGLAFESTK. The models displayed 

greater number of hydrogen bonds within the identified epitope peptide regions were 

ranked in the following order; EA02, EA14, EA25, EA16, and EA03 (Figure 11). 
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Figure 9. Schematic workflow for identification of epitope peptides using peptide 

microarray 

A sequence of immune cell specific binding protein (217 to 395) was designed to hold 12 

peptide lengths with two amino acids overlap. The synthesized peptides were immobilized 

on the microarray slide and incubated with fluorecence labeled immune cell specific 

expressed protein. Then, binding signals were detected by the high resolution scanner.  
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Figure 10. Identified epitope peptides of immune cell specific binding protein by 

peptide microarray analysis 

(A) A peptide sequence of immune cell specific binding protein, from 217 to 395 was 

evaluated by the peptide microarray. Signals varied in the range of black (no signal), red 

(A) 

(B) 
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(signal) to white (saturated signal). Peptide spots, 22, 23, 28 , 29, and 44 showed positive 

binding signals to the immune cell specific expressed protein. Both immune cell specific 

binding protein and plasminogen exhibited strong binding signals as well. 

(B) Peptide microarray signal intensity per peptide plot was generated. Individual peptide 

sequences are listed on the x-axis and the distribution is presented on the y-axis in the box 

plots. Peptide spots 22,23,28,29, and 44 showed strong signal intensities than other tested 

peptides of the immune cell specific binding protein 
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Figure 11. Finally selected simulated models 

By counting the number of hydrogen bonds formed in epitope regions of the immune cell 

specific binding protein, simulated models were ranked in the following order, EA02(A), 

EA14(B), EA25(C), EA16(D), and EA03(E).  

(A) (B) 

(C) (D) (E) 
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4. Discussion 

The protein–protein interactions are a key component of many essential biological 

processes including cellular transductions and cellular regulations. Investigating binding 

partners of interacting protein is important for detailed understanding of the functional role 

of proteins involved in the dynamic cellular interactions. Recently, affinity-directed mass 

spectrometry analysis has been recognized as an effective tool for the identification of 

protein binding partners. Although various experimental techniques have been improved to 

capture the specific binding partners of interacting proteins, distinguishing true binding 

partners from co-purified complex proteins is challenging. In this current study, we 

orthogonally approached and conducted several biophysical characterization methods to 

assess true ligand-receptor relationship between immune cell specific expressed protein 

and the selected ligand candidate. The true binding interactions between the two proteins 

were confirmed with molecular binding simulations and their interacting regions were 

validated by mass spectrometry-based binding epitope mapping and peptide microarray-

based binding epitope mapping.  

Initially, we adapted affinity-directed mass spectrometry analytical platform combining 

biotin-directed affinity purification and differential mass spectrometry analysis to isolate 

ligand candidates of the immune cell specific expressed protein from human body fluids. 

To minimize non-specifically interacting proteins, biotin-avidin affinity system was applied 

for rapid and highly stringent isolation of ligand candidates (de Boer et al. 2003). The 

isolated ligand candidates were subjected to in-gel digestion, which enabled an in-depth 



 39 

  

analysis of the fractionated proteins in the gel prior to performing mass spectrometry 

analysis (Shevchenko et al. 2007). The mass spectrometry analysis granted sensitive and 

selective identification of ligand candidates of the immune cell specific expressed protein 

by directly measuring actual compounds that have biochemical specificity of the interacting 

protein in solution (Jonker et al. 2011). The spectral counting approach was useful to 

measure the relative abundance of ligand candidates found in human body fluid samples 

by evaluating the number of spectra assigned for a particular protein (Liu et al. 2004). The 

PLGEM analysis correctly adjusted the standard deviation between the datasets, generated 

signal-to-noise, and allowed us to access reliable quantification data between control and 

experimental group without affecting false positive rates (Pavelka et al. 2004). Out of 

identified ligand candidates, we have chosen one immune cell specific binding protein as 

a potential ligand based on the abundance found in the human body fluid samples (signal-

to-noise of 27.93, p-value of 0.0008). In addition, the selected ligand candidate showed 

higher signal-to-noise ratio compare to a known ligand of immune cell specific expressed 

protein, plasminogen (signal-to-noise 6.3) (Miles et al. 1991). This possibly suggests that 

our selected ligand had more readily interacted with the immune cell specific expressed 

protein than plasminogen in human body fluid samples. Our affinity purification results are 

reliable based on the constant and abundant total spectral counts of the immune cell specific 

expressed protein observed from the duplicate MS datasets. Although one immune cell 

specific binding protein was chosen as a ligand candidate of immune cell specific expressed 

protein based on its abundance, it is possible that the immune cell specific expressed protein 

could demonstrate cooperative binding interactions with other potential ligands, acting as 
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multi-ligand receptor. Hence, binding activities of the immune cell specific expressed 

protein with other potential MS-identified ligand candidates exhibiting higher signal-to-

noise ratio also need to be examined in future studies. This might also provide a better 

understanding of underlying molecular interactions of the immune cell specific expressed 

protein.  

After we selected a potential ligand of the immune cell specific expressed protein, we first 

examined whether the ligand candidate shows any sequence homology with plasminogen. 

Since the immune cell specific binding protein has longer sequence lengths (4536 amino 

acids) compared to plasminogen (810 amino acids), the kringle domains of plasminogen 

was specifically focused when performing sequence alignments because the kringle 

domain is known to contain lysine binding sites that mediate binding interaction to the 

immune cell specific expressed protein (Bergmann et al. 2003). Then an interaction model 

between Mycoplasma Pneumoniae immune cell specific expressed protein and the kringle-

2 domain of human plasminogen was referenced prior to performing sequence alignments 

(Chumchua et al. 2008). The sequence alignment between the krignle-2 domain of 

plasminogen and the corresponding aligned sequence of the immune cell specific binding 

protein yielded relatively high sequence homologies (14.32% of identity and 37% of 

similarity), and with this degree of sequence similarities, we could proceed homology 

modeling of the immune cell specific binding protein. Based on the sequence alignment 

results, homology modeling was successfully accomplished by MODELLER using the 

kringle-2 domain of plasminogen (PDB ID: 1B2I) as a template. The MODELLER was a 
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powerful program to generate comparative modeling structures as closest to the given 

template in fulfilment of spatial restraints (Fiser et al. 2000, Eswar et al. 2006). Because 

we acquired stable confirmation of a truncated form of immune cell specific binding protein, 

we could confidently use the homology modeled structure in molecular binding simulations. 

We have validated binding interactions between the immune cell specific binding protein 

and its ligand candidate by conducting molecular binding simulations using an automated 

protein docking algorithm, ClusPro 2.0. The ClusPro was a key tool for rapid screening of 

binding models in near-native structure by applying algorithm based desolvation and 

electrostatic energies to minimize possible false positives (Comeau et al. 2004). We were 

be able to confidently determine simulated models by applying four effective strategies. 

First, we screened simulated models formed binding interaction within exposed loop & 

FFRSGKY and the C-terminal lysine residues of immune cell specific expressed protein, 

which are known as plasminogen binding sites (Kang et al. 2008). Secondly, the hydrogen 

bond-based classification was applied to filter simulated models with atomic distance 

between nitrogen and oxygen for less than 4.0 Ångstrom using SHEBA (Jung et al. 2000). 

Thirdly, the number of hydrogen bonding within the known plasminogen binding sites of 

the immune cell specific expressed protein was used to rank the simulated models. Finally, 

the AMBER11 refinement tool provided that our generated models were formed in the 

lowest energy of the stable and electrostatic favored conformations (Case et al. 2005). The 

generated free energy for each model is a relative value since the molecular structure of the 

immune cell specific binding protein has not been experimentally determined yet.  
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After confirmation of molecular interaction between immune cell specific expressed 

protein and the selected ligand candidate, we determined epitope peptides that are 

specifically interacting with immune cell specific expressed protein using mass 

spectrometry-based epitope mapping. The mass spectrometric-based epitope mapping 

offered precise and direct analysis of specific binding sites of a protein of interest without 

prior immobilization (Zhao et al. 1996, Lorenz et al. 2011). The experimental strategies 

allowed interaction between immune cell specific expressed protein and digested ligand 

candidate protein. The bound peptides with immune cell specific expressed protein were 

eluted in acidic buffer condition. Then mass spectrometry analysis was administrated for 

accurate and sensitive detection of epitope peptides. Peptide digestion was carried out with 

Lys-C which specifically cleaved at the carboxyl side of lysine. The identified epitope 

peptides suggests that the immune cell specific expressed protein has conformational 

epitopes. Based on the mass spectrometric-based epitope mapping results and the sequence 

homologies between plasminogen and the immune cell specific binding protein, we further 

validated peptide sequences of the immune cell specific binding protein (from 217 to 395) 

by using peptide microarray-based epitope mapping.  

We precisely determined binding epitopes of the immune cell specific expressed protein by 

peptide microarray-based epitope mapping. According to our results, five positive peptide 

spots demonstrated that the immune cell specific expressed protein has conformational 

epitopes. In addition, the ligand candidate protein showed strong binding signals to the 

immune cell specific expressed protein, presenting that their binding interactions are 
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appeared to be true. Moreover, plasminogen, a positive control, exhibited strong binding 

signals, while other tested negative controls did not show the true binding activity to the 

immune cell specific expressed protein, suggesting our obtained peptide microarray data is 

reliable. The microarray signals were evaluated by the mean signal intensities between 

three sub-microarrays to provide high confidence. Collectively, we have successfully 

identified interacting peptides of the immune cell specific expressed protein in combination 

with mass spectrometric epitope mapping and peptide microarray-based binding epitope 

mapping. Further testing of biological activity of the epitope peptides is needed in future 

studies to examine their abilities to interact with the immune cell specific expressed protein. 

Since our ligand candidate is considerably a large molecule in terms of conducting 

biochemical assays, our identified epitope peptides are expected to be beneficial resources 

when performing biological activity assays in validation of functionally active peptide 

regions. 

Moreover, our identified epitope peptides revealed correlation with molecular binding 

simulated models. The models rated by the number of hydrogen bonds formed in identified 

epitope regions by mass spectrometry-based epitope mapping (EQHLFLPFSYK, 

YGMVAQVTQTLK, and MGLAFESTK), were ranked in the top four of the membrane 

exposed loop & FFRSGKY categories, and one model was placed the first of the C-terminal 

lysine residue of the immune cell specific expressed protein (Models: EA02, EA14, EA25, 

EA16, and EA03). This indicates that our orthogonal experimental approaches are in good 

agreement each other and gave us reliable results in investigation of interacting regions of 
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the immune cell specific expressed protein with its binding partner.  

Taken together, we have employed affinity-directed mass spectrometry analytical platform 

to identify a potential ligand of immune cell specific expressed protein. We confirmed their 

receptor and ligand interactions by using molecular binding simulations. In addition, we 

have orthogonally approached to determine their interacting regions by utilizing mass 

spectrometric epitope mapping and peptide microarray-based binding epitope mapping. 

The affinity-directed mass spectrometry analytical platform coupled with biophysical 

characterization assays utilized in this study is anticipated to be useful to the current 

techniques of investigating missing ligands participating in various biological processes. 
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6. Abstract in Korean 

 
친화력 기반 질량분석법은 단백질과 결합하는 파트너 분석을 위한 매우 

유용한 도구로 자리 잡았다. 이와 같은 친화력 기반 질량 분석 플랫폼

이 미지의 리간드를 선택적으로 포착할 수 있도록 적용되어 왔음에도 

불구하고 친화 정제 (affinity purification) 과정 후 함께 용출 (co-

elute) 되는 단백질 중에서 실제적으로 결합하는 파트너를 규명하기에

는 많은 어려움이 따른다. 이러한 문제는 새로 확인된 결합 파트너 간

의 생물학적 연관성을 연구하기에 앞서 그들의 생물 물리학적 특성을 

이용하여 해결될 수 있다. 다음과 같은 생물 물리학적 특성을 이용한 

실험, (i) immunoassays (ii) molecular binding simulation (iii) mass 

spectrometry-based binding epitope mapping and (iv) peptide 

microarray-based binding epitope mapping 이 결합 파트너와의 상호

작용을 확인 할 수 있도록 이행될 수 있다. 본 연구에서는 친화력 기반 

질량 분석법을 적용하여 면역세포 표면에 특이적으로 발현된 단백질의 

리간드 후보 군들을 찾아내었다. 그 중에서 양적으로 많이 존재하는 특

정 단백질을 리간드 후보로 선정하였다. 더 나아가 면역세포 표면에 발

현된 단백질과 우리가 선정한 리간드가 특이적으로 상호작용 하고 있음
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을 생물물리학적 특성을 이용한 분석들을 통해 확인하였다. 본 연구에 

적용된 친화력 기반 질량분석 플랫폼이 널리 쓰여지게 될 것이라 예상

되며 다양한 생물학적 과정에 관여하는 여러 미지의 리간드를 더욱 정

확하게 확인 할 수 있도록 촉진시킬 것이다. 

 

 

 

 

 

 

 

 

 

 

주요어: 친화력 기반 질량 분석법, 생체분자 상호작용, Molecular binding 

simulations, Mass spectrometric epitope mapping, Peptide microarray 

analysis 
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