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Abstract
Integrins such as lymphocyte function-associated antigen -1 (LFA-1) have an essential role 
in T cell immunity. Integrin activation, namely, the transition from the inactive conformation 
to the active one, takes place when an intracellular signal is generated by specific receptors 
such as T cell receptors (TCRs) and chemokine receptors in T cells. In an effort to explore the 
molecular mechanisms underlying the TCR-mediated LFA-1 activation, we had previously 
established a high-throughput cell-based assay and screened a chemical library deposited 
in the National Institute of Health in the United States. As a result, several hits had been 
isolated including HIKS-1 (Benzo[b]thiophene-3-carboxylic acid, 2-[3-[(2-carboxyphenyl) thio]-
2,5-dioxo-1-pyrrolinyl]-4,5,6,7-tetrahydro-,3-ethyl ester). In an attempt to reveal the mode 
of action of HIKS-1, in this study, we did drug affinity responsive target stability (DARTS) 
assay finding that HIKS-1 interacted with the IQ motif containing GTPase activating protein 
1 (IQGAP1), a 189 kDa multidomain scaffold protein critically involved in various signaling 
mechanisms. Furthermore, the cellular thermal shift assay (CETSA) provided compelling 
evidence that HIKS-1 also interacted with IQGAP1 in vivo. Taken together, it can be concluded 
that HIKS-1 interferes with the TCR-mediated LFA-1 activation by interacting with IQGAP1 and 
thereby disrupting the signaling pathway for LFA-1 activation.

Keywords: cellular thermal shift assay, drug affinity responsive target stability, 
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Introduction
T cell integrins represented by lymphocyte function-associated antigen-1 (LFA-1) play essential 

roles in T cell immunity as both an adhesion molecule and a signaling receptor (Hogg et al., 2011; 
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Verma and Kelleher, 2017). Different from other receptors, integrins in resting T cells exist in the inactive form where 

they are not able to interact with their ligands such as intercellular adhesion molecule-1 (ICAM-1). Transformation of 

LFA-1 from the inactive form to the active one is induced by a specific intracellular signal, called �Inside-out signal,� 
generated by specific receptors such as T cell receptor (TCR) and chemokine receptors (Abram and Lowell, 2009). The 

integrin activation involves many signaling molecules and dynamic rearrangement of the actin cytoskeleton and is 

critical not only for T cell activation but also T cell migration and execution of T cell effector functions (Walling and 

Kim, 2018).

Chemical genetics, the use of small molecules to perturb a biological system to explore the outcome, has emerged as 

a useful tool for studying a physiological mechanism (O' Connor et al., 2011). Chemical genetics approaches generally 

involve a high-throughput (HT) cell-based assay that not only reflects key features of the biological pathway of interest 

but is fit for screening a large number of chemicals in a short period of time (An and Tolliday, 2009; Ding et al., 2017). 

Investigating the molecular mechanism underlying TCR-mediated LFA-1 activation using the forward genetics 

approach, in the earlier study, we had developed a high-throughput assay with T cells isolated from 2C TCR transgenic 

(Tg) mice and nanometric vesicles expressing both Ld, a mouse major histocompatibility complex I (MHCI), loaded 

with a cognate peptide (i.e., QL9) and ICAM-1(Kim et al., 2009a, 2009b). We also had screened a chemical library 

deposited in National Institute of Health (United States) in collaboration with the high-throughput flow cytometry 

screening center in the University of New Mexico (Hwang et al., 2009). As a result, several hits including HIKS-1 

(Benzo[b]thiophene-3-carboxylic acid, 2-[3-[(2-carboxyphenyl) thio]-2,5-dioxo-1-pyrrolinyl]-4,5,6,7-tetrahydro-,3-ethyl 

ester) had been isolated.

A vital task faced after isolation of hits from a cell-based high-throughput screening is the identification of their target 

proteins in the cell (Ziegler et al., 2013). Different from hits isolated from a target-based screening, modes of action 

of the hits from a cell-based screening are hardly elucidated until their targets are identified. While several methods 

have been developed and used widely for identifying molecular targets of the hits from a cell-based screening, the 

target identification process is still considered a bottleneck in implementing chemical genetics studies. It has been a 

particularly tricky task for biologists as most target identification methods demand extensive knowledge and experience 

in organic synthesis for chemical modification of the hits (Schenone et al., 2013). Recently, however, a method, called 

"drug affinity responsive target stability (DARTS), has been developed to make it attainable to identify molecular targets 

of the hits without their chemical modification (Lomenick et al., 2009; Pai et al., 2015). DARTS is based on the intrinsic 

property of proteins that their conformational stability tends to increase when they form a complex with a specific small 

molecule ligand, decreasing their proteolytic susceptibilities.

In this study, we carried out DARTS to reveal a molecular target of HIKS-1. As a result, 189 kDa protein identified 

as IQ motif containing GTPase activating protein 1 (IQGAP1) (Hedman et al., 2015; Smith et al., 2015) was found to 

interact with the compound in vitro. We also examined the in vivo relevance of the finding from DARTS using cellular 

thermal shift assay (CETSA) (Martinez Molina et al., 2013; Martinez Molina and Nordlund, 2016) and could obtain 

evidence that HIKS-1 interacted with IQGAP1 inside the cell as well. Given the role of IQGAP1 in integrin activation 

and cell migration, those results imply that HIKS-1 is a useful tool not only as a molecular probe for investigating the 

action mechanism of IQGAP1 but also as a lead in developing therapeutics for treatments of immunological diseases.
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Materials and Methods

Mice
2C TCR Tg mice (Sha et al., 1988) were purchased from RIKEN Bioresource Research Center (Tsukuba, Japan) and 

maintained in Central Animal Resource Center in the Chungnam National University (Daejeon, Korea). C57BL/6 (B6) 

mice were purchased from Samtako Inc. (Osan, Korea).

Antibodies and other agents
Phycoerythrin (PE)-conjugated anti-mCD80 (B7-1) (16-10A1), allophycocyanin (APC)-conjugated anti-mCD8 

(53-6.7), anti-mCD11a (M17/4) were purchased from eBioscience (San Diego, USA). Anti-IQGAP1 (AF1) and anti-

β-actin (C4) mAbs and horseradish peroxidase (HRP)-conjugated goat anti-mIgG Ab were purchased from Thermo 

Fisher (Carlsbad, USA). M-PERTM mammalian protein extraction reagent and PierceTM BCA protein assay kit were 

purchased from Thermo Fisher. ECL PLUS detection kit was purchased from BioFact (Daejeon, Korea). Pronase from 

Streptomyces griseus was purchased from Sigma-Aldrich. Schneider�s medium, RPMI medium and fetal bovine serum 

(FBS) were purchased from Thermo Fisher. QL9 (QLSPFPFDL) and P1A (LPYLGWLVF) peptides were purchased 

from Peptron (Daejeon, Korea).

HIKS-1 (Benzo[b]thiophene-3-carboxylic acid, 2-[3-[(2-carboxyphenyl) thio]-2,5-dioxo-1-pyrrolinyl]-4,5,6,7-

tetrahydro-,3-ethyl ester) was purchased from OTAVAchemicals (Onatario, Canada).

Preparation of nanometric membrane vesicles expressing Ld MHCI, ICAM-1, and B7-1
Drosophila (Dros) S2 cells expressing Ld MHCI, moue ICAM-1 and mouse B7-1 (CD80) were cultured in Schneider�

s medium containing 10% fetal bovine serum (FBS) as described. Nano-sized Dros membrane vesicles expressing Ld 

MHCI, ICAM-1 and B7-1 were prepared as described elsewhere (Kim et al., 2009a; Hwang et al., 2017).

T cell purification
CD8+ 2C Tg T cells were purified from single cell suspensions prepared from whole body lymph nodes of 2C TCR 

Tg mice using CD8a+ T Cell Isolation Kit (Miltenyi Biotech, Bergisch Gladbach, Germany).

Assay for TCR- plus LFA-1-mediated 2C T cell absorption of nanometric membrane vesicles
The membrane vesicle absorption assay was performed as described previously (Martinez Molina, 2013). Briefly, 

purified 2C TCR Tg T cells were cultured with QL9- or P1A-loaded Dros membrane vesicles in a 96-well plate for 90 

min at 37℃. The cells were then washed once with FACS buffer (1x PBS, 2.5% horse serum, 1% BSA, 2 mM EDTA) 

and stained with APC-conjugated anti-CD8 plus PE-conjugated anti-B7-1 mAbs and propidium iodide (PI). After wash, 

the cells were analyzed with flow cytometry for the level of B7-1 expression. Flow cytometry was carried out with BD 

FACSCantoTM (BD Bioscience, San Jose, USA).
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Drug affinity responsive target stability (DARTS) assay
DARTS assay was carried out as described by Pai et al. (2015). Briefly, the lymph node (LNs) and the thymus were 

harvested from the B6 mouse, and the cells were isolated from those tissues. After a couple of wash with ice-cold 1x 

PBS, the cells (1 × 108) were lysed with 200 μL M-PER lysis buffer. The cell lysate was spun for 12 min at 12,000 

g (4℃). After the spin, the cleared cell lysate was mixed with a one-tenth volume of 10x TNC buffer (500 mM Tris-

HCl, pH 8.0, 500 mM NaCl, 100 mM CaCl2). The cell lysate was then split into two tubes and incubated with either 

DMSO or HIKS-1 dissolved in DMSO for 1 hr at rt. After incubation with the compound, the cell lysate was divided 

into aliquots (40 μL) and incubated with pronase for 20 - 30 min at rt. The pronase digestion was stopped by mixing 

the samples with 10 μL 5x gel loading buffer (250 mM Tris-HCl, pH 6.8, 10% SDS, 500 mM β-mercaptoethanol, 

0.5% bromophenol blue, 50% glycerol) and heating at 95℃ for 5 min. Proteins in the pronase-treated cell lysate were 

then separated by SDS-polyacrylamide gel electrophoresis (PAGE) and analyzed by either Coomassie Blue staining or 

Western blot.

LC-MS/MS for protein identification
Protein LC-MS/MS analysis was carried out in Proteomtech Inc. (Seoul, Korea). Briefly, after completing DARTS 

assay as described above, proteins in the pronase-treated cell lysate were separated by SDS-PAGE and stained with 

Coomassie Blue. Then, a small piece of gel block containing ~ 190 kDa protein was excised out. Proteins in the gel 

block were digested with trypsin and the peptides were extracted as described by Bahk et al. (2004). The extracted 

peptides were subjected to a desalting process using reverse-phase column chromatography (Gobom et al., 1999).

LC-MS/MS analysis was performed through nano ACQUITY UPLC and LTQ-orbitrap-mass spectrometer (Thermo 

Electron, San Jose, USA). The column used BEH C18 1.7 μm, 100 μm ×100 mm column (Waters, Milford, MA, 

USA). The mobile phase A for the LC separation was 0.1% formic acid in deionized water and the mobile phase B was 

0.1% formic acid in acetonitrile. The chromatography gradient was set up to give a linear increase from 10% B to 40% 

B for 21 min, from 40% B to 95% B for 7 min, and from 90% B to 10% B for 10 min. The flow rate was 0.5 μL·min-1. 

For tandem mass spectrometry, mass spectra were acquired using data-dependent acquisition with full mass scan (300 - 

2000 m/z) followed by MS/MS scans. Each MS/MS scan acquired was an average of one microscans on the LTQ. The 

temperature of the ion transfer tube was controlled at 160℃ and the spray was 1.5 - 2.0 kV. The normalized collision 

energy was set at 35% for MS/MS. The individual spectra from MS/MS were processed using the SEQUEST software 

(Thermo Quest, San Jose, USA) and the generated peak lists were used to query in house database using the MASCOT 

program (Matrix Science Ltd., London, UK). We set the modifications of Carbamidomethyl (C), Deamidated (NQ), 

Oxidation (M) for MS analysis and tolerance of peptide mass was 10 ppm. MS/MS ion mass tolerance was 0.8 Da, 

allowance of missed cleavage was 2, and charge states (+ 2, + 3) were taken into account for data analysis. We took only 

significant hits as defined by MASCOT probability analysis.
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Western blot analysis
Western blot analyses were performed as described previously (Hwang et al., 2017). Briefly, proteins (15 mg) in 

the cell lysates were separated by SDS-PAGE and electrically transferred to PVDF membrane (ATTA, AE-6667-P) 

followed by treatment with the blocking buffer (20 mM Tris-HCl, pH 7.2, 150 mM NaCl, 0.05% Tween 20, 10% non-

fat milk). The membrane was then incubated with either anti-IQGAP1 or β-actin mAb. After extensive wash, the 

membrane was incubated with HRP-conjugated goat anti-mouse IgG. After wash, the membrane was treated with 

ECL PLUS detection solution, and the intensities of chemiluminescent bands were quantitatively measured with 

ImageQuantTM LAS 400 biomolecular imager (GE Healthcare).

CETSA assay
CETSA assay was carried out as described by Jafari et al. (2014). Briefly, cells were isolated from the whole body 

LNs and the thymus harvested from the B6 mouse. After a couple of wash, the cells were cultured with either DMSO 

or HIKS-1 in DMSO for half an hour at 37℃ in a humidified CO2 incubator. After incubation, the cells were washed 

with ice-cold 1x PBS and resuspended in 600 μL ice-cold 1x PBS. The cells were then divided into aliquots (100 μ
L) and spun down for 2 min at 120 g (4℃). After centrifugation, 80 μL of supernatant was carefully removed, and the 

cells in the pellet were resuspended in the remaining buffer. The resulting cell suspensions were treated with heat for 3 

min at several different temperatures followed by incubation for 3 min at rt. Thereafter, the cells were lysed by repeated 

freezing and thawing. The cell lysates were then supplemented with 30 μL 1x PBS and spun down to separate denatured 

(precipitated) proteins. After the spin, the supernatants (44 μL) were taken and mixed with the gel loading buffer. 

Proteins in the mixtures were separated by SDS-PAGE and the levels of IQGAP1 were analyzed by Western blot.

Results

Inhibition by HIKS-1 of 2C T cell absorption of nanometric membrane vesicles 
expressing cognate pMHC (Ld/QL9) plus ICAM-1 and B7-1

In the earlier study, we had screened a chemical library deposited in NIH with the HT flow cytometry assay in 

collaboration with the HT flow cytometry screening center in The University of New Mexico; the summary report had 

been archived in National Center for Biotechnology Information (NCBI) website (Hwang et al., 2009). Several hits 

including HIKS-1 (Fig. 1A) had been isolated as a result of the high-throughput screening (HTS). We chose the HIKS-

1 for further study as it showed the strongest activity for the inhibition of the membrane vesicle absorption by 2C TCR 

Tg T cells with the least cytotoxicity among the hits; IC50 for HIKS-1 was determined at 8 μM (Fig. 1C), and it showed 

no cytotoxicity against 2C TCT Tg T cells even at 25 μM (Fig. 1D). As having been reported previously (Kim et al., 

2009a), it was assured that both 2C TCR-Ld/QL9 and LFA-1-ICAM-1 interactions were mandatory for the membrane 

vesicle absorption by 2C TCR Tg T cells (Fig. 1B).
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Selecting a ~190 kDa protein as a putative molecular target of HIKS-1
Searching for a molecular target of HIKS-1 in T cells, we carried out DARTS with the cells isolated from the LNs and 

the thymus. Coomassie Blue staining of the proteins digested with pronase in the presence and the absence of HIKS-1 

(1 mM), respectively, showed a noticeable difference in the intensities of the protein band with molecular weight (MW) 

of approximately 190 kDa, suggesting that HIKS-1 protected the ~ 190 kDa protein from pronase digestion (Fig. 2A). 

The dose effect of HIKS-1 on digestion of the ~ 190 kDa protein by pronase was also observed; thus, the levels of the 

protein remaining in the solution after pronase treatment increased as the concentrations of HIKS-1 increased (Fig. 2B).

Fig. 1. Inhibition by HIKS-1 of T cell receptor (TCR)-plus lymphocyte function-associated antigen 
-1 (LFA-1)-mediated 2C TCR Tg T cell absorption of Dros membrane vesicles. (A) The chemical 
structure of HIKS-1 is shown. (B) Purified 2C TCR Tg T cells were cultured with P1A- or QL9-loaded 
Dros membrane vesicles expressing Ld MHCI, ICAM-1 and B7-1 for 90 min at 37℃ in the presence or 
absence of anti-LFA-1 alpha chain (αL) mAb (5 μg·mL-1) as indicated. After culture, cells were stained 
with APC-conjugated anti-CD8 plus PE-conjugated anti-B7-1 mAbs and PI. Histograms show the 
levels of Dros membrane vesicle-derived B7-1 on the surface of live CD8+ T cells. Mean fluorescence 
intensities (MFIs) of histograms calculated using FlowJo software are shown inside the plots. Note that 
both P1A and QL9 peptides form complexes with Ld, but only Ld/QL9 complex interacts with 2C TCR. 
(C) Purified 2C TCR Tg T cells pre-treated with HIKS-1 for half an hour at the concentrations indicated 
were cultured with QL9-loaded Dros membrane vesicles. After culture, the cells were stained with the 
mAbs and analyzed with flow cytometry as in (A). (D) The cytotoxicity of HIKS-1 was determined with 
the ratio of PI-excluding (viable) 2C TCR Tg T cells after the membrane vesicles absorption assay. No 
decrease in the viability of the cells was observed after culture with either anti-LFA-1 mAb (5 μg·mL-1) 
or HIKS-1 (25 μM).
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Fig. 2. Selecting a ~ 190 kDa protein as a putative molecular target of HIKS-1 via drug affinity 
responsive target stability (DARTS). (A) DARTS was performed with varying concentrations (0, 0.85, 2.5 
mg·mL-1) of pronase in the presence (1 mM in DMSO) or absence (only DMSO) of HIKS-1 as indicated. 
(B) DARTS was carried out with increasing concentrations of HIKS-1 with (1.3 μg·mL-1) or without 
pronase as indicated. In both (A) and (B), band intensities of the ~ 190 kDa protein marked by an 
arrow were found stronger when pronase digestion was done in the presence of HIKS-1. Further, the 
band intensity increased progressively as the concentration of HIKS-1 was raised, as shown in (B).

Identifying IQGAP1 as a molecular target of HIKS-1
Disclosing the identity of the ~ 190 kDa protein, we repeated DARTS with the cell lysate prepared from the cells 

isolated from the LNs and the thymus, and a piece of polyacrylamide gel containing the ~ 190 kDa protein band was 

excised out. Proteins in the gel slice were then digested with trypsin, and the resulting peptides were subjected to mass 

spectrometry (LC-MS/MS). Data from the mass spectroscopy showed that the protein called �IQ motif containing 

GTPase activating protein 1 (IQGAP1)� whose molecular weight is 189 kDa (Hedman et al., 2015; Smith et al., 

2015) received the highest score among the proteins found in the gel slice; total of 20 IQGAP1-derived peptides were 

identified by the mass spectroscopy (Fig. 3).

Verifying that HIKS-1 protected IQGAP1 from pronase digestion, we performed Western blot analysis with anti-

IQGAP1 mAb following DARTS. Of note, the levels of intact IQGAP1 remaining after pronase digestion were 

markedly higher when it was carried out in the presence of HIKS-1 than when done in the absence of it (Fig. 4A). The 

dose effect of HIKS-1 was also evident; thus, the levels of IQGAP1 detected in the Western blot analysis increased 

progressively as the concentrations of HIKS-1 in the pronase reaction mixtures increased (Fig. 4B). Intriguingly, it was 

found that a protein band with the molecular weight of approximately ~ 80 kDa newly appeared when IQGAP1 was 

digested by pronase (Fig. 4). We postulated that the ~ 80 kDa protein was a truncated form of IQGAP1 resulting from 

proteolytic cleavage of full-length IQGAP1. Accordingly, it was noticed the intensities of the ~ 80 kDa protein band 

were inversely correlated with those of full-length IQGAP1.
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Fig. 3. LC-MS/MS analysis to unveil the sequence identity of the ~ 190 kDa protein. Following drug 
affinity responsive target stability (DARTS), a small piece of acrylamide gel containing the ~ 190 kDa 
protein was excised out. Proteins in the gel block were then digested with trypsin, and the peptides 
were extracted (see the experimental for details). The extracted peptides were then subjected to LC-
MS/MS analysis to determine their amino acid sequences. The results demonstrated that the ~ 190 
kDa protein is most likely the protein called IQ motif containing GTPase activating protein 1 (IQGAP1). 
Twenty different IQGAP1-derived peptides were identified by the mass analysis, as shown in this 
figure.

Fig. 4. Verifying with Western blot analysis that IQ motif containing GTPase activating protein 1 
(IQGAP1) is the protein protected from pronase by HIKS-1. (A) Following drug affinity responsive 
target stability (DARTS) with varying concentration of pronase in the presence (1 mM) or the absence 
of HIKS-1 as indicated, proteins in the cell lysates were separated by SDS-PAGE for Western blot 
analysis with anti-IQGAP1 mAb and Coomassie Blue staining, respectively. (B) Following DARTS with 
increasing concentrations of HIKS-1 as indicated, proteins in the cell lysates were separated by SDS-
PAGE for Western blot analysis with anti-IQGAP1 mAb and Coomassie Blue staining, respectively. Note 
that the new Western band (~ 80 kDa) appeared after pronase treatment.
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Interaction of HIKS-1 with IQGAP1 in vivo
While the results from DARTS strongly indicated that HIKS-1 interacted with IQGAP1 in vitro to promote its 

conformational stability, it had yet to be addressed whether HIKS-1 interacted with the protein inside the cell as well. 

Examining whether HIKS-1 interacted with IQGAP1 in vivo, we employed CETSA, the method used for investigating 

the interaction of a small molecule with its putative target protein in vivo based on the change in thermal stability of the 

protein after forming a complex with the small molecule.

CETSA was carried out with the cells isolated from the LNs and the thymus. Expectedly, the level of soluble IQGAP1 

decreased steadily in the cells with no HIKS-1 treatment as incubation temperature rose. Surprisingly, when the cells 

were incubated with the compound, the level of intact IQGAP1 remaining after the heat treatments decreased more 

precipitously (Fig. 5A). The dose effect of HIKS-1 on the change in thermal stability of IQGAP1 was also found 

apparent; thus, the levels of soluble IQGAP1 remaining in the cytosol decreased progressively as the concentration of 

HIKS-1 increased (Fig. 5B and Fig. 5C). These results suggested that HIKS-1 also interacted with IQGAP1 in vivo, but 

the interaction resulted in a decrease in thermal stability of IQGAP1 (Fig. 6).

Fig. 5. Verifying the interaction between HIKS-1 and IQ motif containing GTPase activating protein 
1 (IQGAP1) in vivo with cellular thermal shift assay (CETSA). (A) Cells isolated from the lymph node 
(LNs) and the thymus of the B6 mice were incubated at different temperatures in the presence 
(0.2 mM) or absence of HIKS-1 as indicated. Denatured (insoluble) proteins were then removed by 
centrifugation, and intact (soluble) proteins were subjected to Western blot analysis with anti-IQGAP1 
mAb. (B) CETSA was carried out at 50℃ with varying concentrations of HIKS-1 as indicated. (C) CETSA 
was carried out as in (B) with lower concentrations of HIKS-1 as indicated. Band intensities of IQGAP1 
relative to those of β-actin were determined first, and the ratios of the relative intensities to that of 0 
μM HIKS-1 were calculated, respectively. The ratios are denoted as relative % (B and C).
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Discussion
The target identification is considered the most time-consuming and a rate-limiting step in chemical genetics 

approach. It has been particularly troublesome for biologists as traditional target identification methods require organic 

modifications of molecules of interest. In recent years, however, several organic synthesis-free methods have been 

developed, making the target identification possible without extensive knowledge and experiences in organic synthesis. 

This study proved the effectiveness of DARTS as an organic synthesis-free target identification method.

IQGAP1 is a scaffold protein with several functional domains. N-terminal calponin homology domain (CHD) is 

known to be responsible for linking IQGAP1 to the actin cytoskeleton (Sjoblom et al., 2008). GAP-related domain 

(GRD) in the C-terminal is known to be involved in the interaction with small GTP-binding proteins such as Rac and 

Cdc42 (Mack and Georgiou, 2014). IQ motif domain in the middle part of the protein is necessary for interaction with 

calmodulin (a calcium-binding protein) (Pathmanathan et al., 2011). Given the importance of the actin cytoskeleton, 

small GTP-binding proteins and calcium in integrin activation (Abram and Lowell, 2009; Hogg et al., 2011; Verma and 

Kelleher, 2017), our results imply that HIKS-1 inhibits 2C TCR Tg T cell absorption of QL9-loaded Dros membrane 

vesicles by compromising the function of IQGAP1 in �Inside-out-signaling� for integrin activation. Indeed, a few 

studies have demonstrated the critical role of IQGAP1 in integrin activation even though its role in TCR-mediated LFA-

1 activation has not been reported yet (Choi et al., 2013; Jacquemet et al., 2013).

Fig. 6. A hypothesis proposed to explain the decrease in thermal stability of IQ motif containing 
GTPase activating protein 1 (IQGAP1) following interaction with HIKS-1 in vivo. (A) The structure of 
a protein tends to be stabilized, increasing its thermal stability (TS) when it forms a complex with a 
specific small molecule ligand. (B) Similarly, the structure of a protein is also stabilized when it creates 
a complex with other protein(s). The extent of conformational stabilization (CS) by the protein-protein 
interaction may exceed that by the protein-small molecule interaction. Thus, in the case that a large 
portion of a protein is already engaged with other protein (s) to form a protein-protein complex and 
that a small molecule interacts with the protein to interfere with the formation of the protein-protein 
complex, the small molecule-protein interaction may result in decrease in overall thermal stability of 
the protein.
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The result of CETSA is somewhat puzzling as it is more common that the thermal stability of a protein increases 

when it forms a complex with a small molecule ligand. Thus, under the premise that HIKS-1 interacted with IQGAP1 

inside the cell, it was expected that the thermal stability of cellular IQGAP1 could be promoted when the cells were 

incubated with HIKS-1. The result from CETSA turned out opposite to the expectation. While more studies must be 

done to interpret the result accurately, the CETSA result suggests that the conformation of IQGAP1 be converted to a 

less stable form when it interacts with HIKS-1 inside the cell. Indeed, there are a few reports that thermal stabilities of 

proteins can be lowered after interaction with their specific small molecule ligand (Martinez Molina, 2013; Jafari, 2014). 

Diminution in protein thermal stability after interaction with a small molecule ligand is observed more often in the 

proteins constantly forming complexes with other proteins inside the cell. Based on the information from the literature, 

we propose a hypothesis to explain the CETSA result as follow.

It is supposed that thermal stability of IQGAP1 escalates when it forms a complex with other proteins (e.g., actin 

cytoskeleton, small GTP-binding proteins, and calmodulin, etc.) as such interactions may stabilize the conformation of 

IQGAP1 (Fig. 6). Based on that supposition, it is proposed that overall thermal stability of IQGAP1 may decline when 

HIKS-1 interacts with IQGAP1 to interfere with the formation of a multi-protein complex centered by IQGAP1. More 

studies are warranted to test the hypothesis.

Expression of full-length recombinant IQGAP1 has not been reported yet. According to the literature, even expressing 

the truncated forms of IQGAP1, particularly ones that contain C-terminal half of the protein, in a soluble form seems 

very challenging. Due to the difficulty in expressing recombinant IQGAP1, the information about its structural 

properties is quite limited, making it difficult to investigate the mode of interaction between HIKS-1 and IQGAP1. Still, 

expression of several short IQGAP1 fragments has been reported by others (Pelikan-Conchaudron et al., 2011), and we 

are examining whether HIKS-1 interacts with one of those fragments using surface plasmon resonance (SPR)(Hinman 

et al., 2018) and isothermal titration calorimetry (ITC) technologies (Freyer and Lewis, 2008).

Conclusion
In use of the novel high-throughput flow cytometry assay, we screened a large size chemical library deposited in 

NIH in collaboration with the New Mexico Molecular Screening Center (NMMLSC). As a result, a small molecule 

designated as HIKS-1was isolated as a hit to inhibit TCR-mediated LFA-1 activation and thus overall T cell activation 

process. Further study revealed that HIKS-1 interacted with IQGAP-1 that has multiple functional domains critically 

involved in integrin activation and immune cell function.
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