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ABSTRACT 

 

Human B7-1 (hB7-1) is the first and most characterized costimulatory protein from the B7 

family, which plays a key role in regulating T-cell functions. It is, therefore, regarded as an 

important target for the treatment of autoimmune diseases and, potentially, cancers. Given the 

promising clinical benefits of targeting hB7-1, several hB7-1 specific small-molecule modulators 

were developed and characterized. However, the binding sites and the mode(s) of action of these 

molecules are not fully understood and relatively unexplored. Identifying the binding locations 

and understanding their mode(s) of action may help develop more selective and potent modulators 

rationally.  This thesis, therefore, aimed at closing this knowledge gap, by studying the interactions 

of hB7-1 and two known small-molecule B7-1 inhibitors, namely inhibitors 1 and 2.  

Towards this goal, I established a workflow utilizing various advanced modelling tools. In 

this workflow, molecular dynamics (MD) simulations were initially performed to relax the hB7-1 

protein structures and to reach a low energy state, suitable for further studies. Then I used root 

mean square deviation (RMSD)-based clustering methods to capture the dominant B7-1 

conformations visited by the protein during the MD simulations for subsequent molecular docking 

studies. Following molecular docking, several docked poses were selected to closely investigate 

their interactions with B7-1. In this context, MD simulations of the protein/compound complexes 

were used to refine the structures of the generated complexes and to analyze the interactions 

between the protein and each tested compound. By studying the stability of the formed complexes 

and the compounds’ binding affinities, I identified two binding sites that were suitable for 

compounds’ binding within B7-1. Inhibitor 1 binds to one site with two orientations, while 

inhibitor 2 binds to a second site. The hydrogen bond (H-bond) analyses and the binding free 
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energy decompositions allowed me to understand the interactions of the final selected complexes 

and to further confirm the findings. 

To experimentally validate the modelling results, I expressed and purified the extracellular 

domain of hB7-1 using an E. coli expression system in the form of inclusion bodies as an initial 

step. Then I recovered the biological function of the aggregated B7-1 through denaturing the 

proteins followed by refolding them slowly. Two protein purification tools were used to improve 

the purity of the recombinant proteins, including the immobilized metal affinity chromatography 

(IMAC) and the size exclusion chromatography (SEC). The preliminary binding assays proved 

that the recombinant hB7-1 has a limited cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 

binding activity, compared to a commercial human B7-1. This could be in part due to the 

recombinant proteins not correctly folding because of the lack of mammalian chaperons in the 

bacterial expression system. Expressing the extracellular domain of hB7-1 through the mammalian 

expression system will be a future direction. Furthermore, using mutagenesis assays to confirm 

the key residues important for compounds binding predicted through modelling studies will be 

another future direction.  

To my knowledge, this thesis revealed the possible binding site(s) and potential mode(s) 

of action of hB7-1 small-molecule compounds for the first time. These findings can be used as a 

good starting point to guide the development of novel hB7-1 small-molecule modulators in the 

future.  
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PREFACE 

 

A version of Chapter 1 has been published as a review article: Chen R, Ganesan A, Okoye I, 

Arutyunova E, Elahi S, Lemieux M Joanne and Barakat K. “Targeting B7‐1 in immunotherapy.” 

Med Res Rev. 2020;40(2):654-682. Chen R and Ganesan A devoted equally. 

 

A version of Chapter 2 will be submitted to the Journal of Molecular Graphics and Modelling. 

 

A version of Chapter 3 will be submitted to the Journal of Membrane Biology. 
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CHAPTER 1: TARGETING B7-1 IN IMMUNOTHERAPYa 

1.1 Introduction 

T-cells are major components of the adaptive immune system and include CD4+ helper T-

cells and cytotoxic CD8+ T-cells. Both subsets possess antigen-recognition T-cell receptors (TCRs) 

generated by genetic recombination, which promotes the diversity of T-cell responses against 

pathogens, self-antigens and mutated tumor epitopes.1,2 Consequently, T-cells are at the center of 

many therapeutic interventions in immuno-oncology3 and autoimmunity.4 Notably, the blockade 

of inhibitory receptors such as cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed cell 

death 1 (PD-1) using monoclonal antibodies have revolutionized metastatic melanoma and lung 

cancer treatment.5,6 

The activation of naïve T-cells is achieved through the interaction of the TCRs with 

cognate antigen-loaded major histocompatibility complexes (MHC) on the surface of activated 

professional antigen-presenting cells (APCs, e.g., dendritic cells) (Fig. 1.1).7 

 

Figure 1. 1 Schematic representation of T‐cell‐mediated immunological regulation. 

Briefly, in the immunological synapse, the T‐cells are activated by interactions of the TCR and 
MHC (signal 1) and CD28 and B7‐1 (signal 2 or costimulatory signal). When T‐cells are activated, 
CTLA‐4 is transported to the cell surface and outcompetes CD28 to bind with B7‐1. The 
interaction of CTLA‐4 and B7‐1 results in T‐cell inactivation. Therefore, the blockade of B7‐1: 
CTLA‐4 interface using mAbs helps in T‐ cell reactivation. CTLA‐4, cytotoxic T lymphocyte 
antigen‐4; MHC, major histocompatibility complex; TCR, T‐cell receptor [Color figure can be 
viewed at wileyonlinelibrary.com]
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In addition, two secondary signals provided by constitutively expressed positive co-stimulatory 

molecules and inflammatory cytokines are integral of T-cell proliferation and effector function.8-

10 CD28, mainly expressed by CD4+ helper T-cells, provides a co-stimulatory signal through 

binding to its ligands (i.e. B7-1 or CD80 and B7-2 or CD86), presented on the surface of 

professional APCs.11-17 This event, which also drives B-cell activation,18 serves as a control to 

maintain self-tolerance. The surface binding of B7-1/2 and CD28, in tandem with the primary TCR 

signal, activates the nuclear factor-κB (NF-κB), mitogen-activated protein (MAP) kinase and the 

calcium-calcineurin pathways that elicit the production of numerous factors, including interleukin-

2 (IL-2), the α–chain of its receptor, CD25, and the CD40 ligand by T-cells.19 In addition, the 

production of other cytokines involved in T-cell function (tumor necrosis factor (TNF)-α, TNF-β 

and interferon-γ (IFN-γ)) is also induced.20 Furthermore, these interactions upregulate chemokines 

(such as macrophage inflammatory proteins (MIP)-α and MIP-β), induce anti-apoptotic protein 

expression (e.g., Bcl-X and Bcl-2)20-22 and enhance cell-cycle progression by upregulating the 

expression levels of D-cyclin.23,24 Thus, the interactions between CD28 and B7-1/2 are associated 

with enhanced and sustained T-cell activation. The cells that undergo activation in the absence of 

co-stimulation become anergic. It must be noted that cytotoxic CD8+ T-cells, on the other hand, 

rely less on CD28 for co-stimulation and require the interaction of other molecules such as CD27 

and 4-1BB with their ligands (CD70 and 4-1BBL respectively) to facilitate stimulation and effector 

cell differentiation.25,26 Other co-stimulatory molecules such as ICOS and OX40 consolidate 

effector T-cell responses once stimulated by their corresponding ligands expressed by APCs.27-35 

In addition to the expression of constitutive and inducible co-stimulatory molecules, 

expression of negative regulators or co-inhibitory receptors such as CTLA-4, PD-1, BTLA, TIM-

3, LAG-3, and TIGIT is induced in response to T-cell stimulation and activity.36-55 In particular, 

the CD28-B7 interaction is counteracted by CTLA-4, a negative co-stimulatory molecule and a 

structural homolog of CD28, which competes for binding to B7-1 and B7-2, at a much higher 

affinity.44,56-58 In contrast to CD28, the interactions between CTLA-4 and B7-1/2 trigger an 

inhibitory signal that negatively regulates T-cell responses. The up-regulation of co-inhibitory 

receptors serves an important role in maintaining the balance between chronic T-cell activation 

and the onset of gross immunopathology.2,59-61 The associations of B7-1 with CD28 and CTLA-4, 

therefore, are crucial for immune responses against viral/microbial infections, cancers, 

autoimmunity, and graft rejection.62-66 Apart from CD28 and CTLA-4, B7-1 has also been reported 
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to interact with PD-L1 expressed by T-cells, B-cells, DCs and macrophages.67 The interaction 

between B7-1 and PD-L1 in vitro provides an inhibitory signal, depicted by reduced T-cell 

activation and cytokine production.67 Binding of PD-L1 to B7-1 provides another level of T-cell 

regulation during anti-tumor responses and graft versus host disease.68,69 Interestingly, a few 

studies have demonstrated that PD-L1 and B7-1 can interact in cis on the same cell as a mechanism 

to block interaction with PD-1 or CTLA-4 and corresponding T-cell inhibition.70,71 Therefore, the 

molecules of B7-CD28 family play crucial roles in regulating T-cell mediated immune responses, 

which make them potential immunotherapy targets.12-15,17,27-31,44-46,57,58,67,72-85 In support of this are 

observations of increased expression of B7 family members in various cancers.86,87 For example, 

there is evidence that certain solid tumors express low levels of B7-1 and B7-2, leading to 

concomitant binding by CTLA-4 and inhibition of anti-tumor responses.88,89 Other studies have 

shown that differential expression of B7-1 and B7-2 by cells in hematological malignancies 

corresponds with disease prognosis.90,91 Unsurprisingly, B7 pathways are also implicated in 

autoimmune diseases such as systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA).92 

In agreement, strategies to alleviate the lymphoproliferative disease by targeting the interactions 

of CD28 with B7-1/2 have implemented in SLE mouse models.93,94 In addition, a number of new 

immune checkpoint proteins associated with the B7-CD28 family and other families (tumor 

necrosis factor receptor superfamily or TNFRSF,33-35,95-107 for example) have been discovered 

(Table 1).  Thus, developing novel strategies for targeting immune checkpoints remains an 

important focus of research in immunotherapy. Nevertheless, it should be acknowledged that there 

are also important challenges in such immunotherapy strategies such as the development of 

immune-related adverse events (irAEs).108,109 

In this chapter, I present a comprehensive overview of B7-1, as an example of the B7 family 

of co-stimulatory molecules. I focus on the structures of B7-1 and its modes of interaction with 

CD28 and CTLA-4. Subsequently, I summarize the previous efforts and the implications of 

targeting B7-1 with specific inhibitors. As discussed in this review, earlier B7-1 drug discovery 

campaigns focused on B7-1 as a target for the treatment of autoimmune diseases to facilitate organ 

transplantation.110,111 These efforts were centered on blocking the interaction between B7-1 and 

CD28, hence, suppressing T-cell responses. In this regard, all known drugs targeting B7-1 are 

summarized in this review. The application of B7-1 inhibitors in cancer is limited to hematological 
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malignancies and current strategies and research directions are also discussed. Finally, I discuss 

the challenges and perspectives facing the design of potent small-molecule inhibitors of B7-1. 

Table 1. 1 Selected immune checkpoint proteins that modulate T cell functions. 

Ligands Receptors Roles References 

Immune checkpoints from B7 Family 

B7-1 (CD80) 
CD28 

CTLA-4 
B7-H1 

Co-stimulation 
Co-inhibition 
Co-inhibition 

13-15,44,58,67 

B7-2 (CD86) 
CD28 

CTLA-4 
Co-stimulation 
Co-inhibition 

12,17,57 

B7-DC 
(PD-L2, CD273) 

PD-1(CD279) 
Unknown 

Co-inhibition 
Co-stimulation 

45,46,72 

B7-H1 
(PD-L1, CD274) 

PD-1 (CD279) 
B7-1 

Unknown 

Co-inhibition 
Co-inhibition 

Co-stimulation 
45,67,73,74 

B7-H2 
(ICOSL, CD275) 

ICOS (CD278) 
CD28 

CTLA-4 

Co-stimulation 
Co-stimulation 

Unknown 
27-31 

B7-H3 (CD276) Unknown Co-inhibition 75,76 
B7-H4 (VTCN1, B7x) Unknown Co-inhibition 77,78 

B7-H5 
(VISTA, PD-1H) 

Unknown Co-inhibition 79,80 

B7-H7 (HHLA2) 
TMIGD2 (CD28H) 

Unknown 
Co-stimulation 
Co-inhibition 

81-85 

Other immune checkpoints from Ig superfamily 
MHC-II 
LSECtin 

Gal-3 

LAG-3 
(CD223) 

Co-inhibition 
Co-inhibition 
Co-inhibition 

36-39 

Gal-9 
HMGB1 

CEACAM-1 

TIM-3 
(HAVCR2) 

Co-inhibition  
Co-inhibitiona 40-43 
Co-inhibition  

CD155 (PVR) 
CD112 (PVRL2) 

TIGIT (WUCAM) 
Co-inhibition 
Co-inhibition 

51-53 

HVEM (TR2, CD270) BTLA (CD272) Co-inhibition 47-50 

Immune checkpoints from tumor necrosis factor (TNF) receptor family 
GITRL GITR (CD357) Co-stimulation 95-97 

4-1BBL(CD137L) 4-1BB (CD137) Co-stimulation 98-100 
CD70 CD27 Co-stimulation 101-104 

CD40L (CD154) CD40 Co-stimulation 105-107 
OX40L (CD252) OX40 (CD134) Co-stimulation 33-35 

a: TIM-3 binds to HMGB1 and interferes with the nucleic acids-mediated activation in innate 
immunity. Except for modulating T-cells’ function, several immune checkpoint proteins also 
regulate the function of other immune cells. 
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1.2 The Significance of B7-1/2-CD28/CTLA-4 Interactions in Immunity  

B7-1 antigen was first identified on a subpopulation of human splenic B-cells that 

responded rapidly to activation and proliferation signals.13 Shortly thereafter CD28 and CTLA-4 

were identified as receptors for B7-1.44 The discovery of B7-2 stemmed from experiments that 

demonstrated that mice deficient of B7-1 were able to induce co-stimulation and interact with 

CTLA-4.17 In early studies, the expression of B7-1 and B7-2 were demonstrated in B-cells, T-cells, 

dendritic cells and APCs.13,112,113 Expression of B7-1 and B7-2 by APCs was shown to be 

sequential, where B7-2 being constitutively expressed and upregulated in response to stimulation, 

whilst B7-1 was detected at later time points. This highlights the differences in the abilities of B7-

1 and B7-2 to initiate or promote T-cell responses.112-114 Indeed, previous studies have documented 

differential expression of B7-1 and B7-2 by APCs such as B-cells and monocytes; correlating with 

the mediation of co-stimulation, subsequent T-cell proliferation, and IFN-γ production.112,113 

However, in previous studies (carried out in vitro using human peripheral blood mononuclear cells 

or splenocytes),112,113 there were contrasting conclusions regarding the specific roles of B7-1 and 

B7-2 in the induction of T-cell activation and proliferation. Results were dependent on differences 

in epitope affinity of B7-1/2 monoclonal antibodies (mAbs), stimuli and type of APC used for 

induction of T-cell activation112,113. These studies indicate that the kinetics of B7-1 and B7-2 

expression are required for the maintenance and initiation of T-cell responses, respectively.115,116 

The role of these ligands in mediating various aspects of T-cell activity (proliferation, 

trafficking, memory cell differentiation, cytotoxicity, T helper cell differentiation, etc.) in response 

to various pathogens, tumor development, and autoimmunity have been studied.117,118 Other 

studies imply that antigen-load, exposure, T-cell subsets and their dependence on other co-

stimulatory pathways govern the necessity for B7-1/2.114   For instance, the differential impact of 

B7-1 and B7-2 on T-cell activation and subsequent effector function was investigated using a 

mouse model of allergic rhinitis.119 In this model, blockade of B7-1 inhibited Th2-associated 

responses, which included IgE production, nasal eosinophilia, and the production of IL-4 and IL-

5 by nasal lymphocytes.119 These observations indicate that distinct requirements for B7-1 and B7-

2 may be dependent on expression in sites of tissue tropism or effector cells and the nature of the 

stimulus. For instance, the absence of B7-1 and B7-2 in both chronically and acutely infected mice 

with lymphocytic choriomeningitis virus (LCMV) correlated with impaired virus-specific T-cell 

memory and viral persistence in the lungs.120 In contrast, CD28-deficient mice exhibited less CD8+ 
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T-cell dysfunction and viral persistence.120 As a matter of fact, several studies have demonstrated 

the importance of both co-stimulatory ligands in promoting anti-microbial T-cell 

responses.117,121,122 Lumsden et al. have identified a role for B7-1 in influenza-infected mice treated 

with anti-B7-1 antibody (Y100F-Ig).123 Compared with mice treated with CTLA-4Ig, Y100F-Ig-

treated mice had impaired lung effector function characterized by reduced IFN- production and 

decline in virus-specific CD8+ T-cells in the lungs and bronchoalveolar lavage fluids.123 These 

results imply that the requirements of B7-1 or B7-2 are mainly driven by the nature of infections 

and elicited effector cells.   

Also of importance is the occurrence of CD28-independent B7 pathways, possibly driven 

by CTLA-4, which also influences the nature of T-cell responses in certain scenarios.115 Although 

studies using B7-1/2 knockout mice demonstrate their requirement for promoting T-cell responses 

they do not provide information regarding the specific role of T-cell intrinsic B7-1 and B7-2 in 

shaping T-cell responses. The acquisition of B7-1 by naïve CD4+ T-cells from APCs during 

activation as shown in a study by Sabzevari et al. results in both stimulatory and regulatory 

responses by T-cells.124 Naïve CD4+ T-cells were able to present antigens to other T-cells 

following the acquisition of B7-1 from APCs. The acquisition of B7-1 by T-cells was dependent 

on its expression by APCs125. On the other hand, the acquisition of B7-1 by memory T-cells 

promoted apoptosis, which was dependent on the strength of TCR signaling.124 In a study by 

Taylor et al., the immunoregulatory aspect of activation-induced B7 expression by T-cells, B7-2, 

in this case, was also demonstrated.16 In comparison to T-cells from mice deficient in B7-1 and 

B7-2, T-cells from B7-2 T-cell transgenic mice promoted significantly reduced graft versus host 

disease-associated mortality.16 This immunoregulatory mechanism was shown to occur through 

the interaction of B7-2 with CTLA-4, which is upregulated in response to sustained or exaggerated 

TCR stimulation.  

The interaction of B7-1/2 with CTLA-4 expressed by conventional T-cells is characterized 

by the triggering of inhibitory signals. Early studies demonstrated that CTLA-4 ligation impacted 

mainly the amplification of T-cell responses, in the form of IL-2 production and provision of ‘help’ 

for antibody production126 and memory T-cell formation.127 Its higher affinity for B7-1/2 in 

comparison to CD28 forms the basis of T-cell tolerance required to control the activity of self-

reactive T-cells.128,129 The upregulation of CTLA-4 by conventional ‘exhausted’ T-cells in 

response to sustained antigen exposure provides another level of control against T-cell-induced 
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immunopathology.130-132 In addition to CTLA-4, exhausted T-cells co-express multiple inhibitory 

receptors such as PD-1, TIM-3, and TIGIT, which correlates with defective IL-2 production and 

cell proliferation.130,133 Dysregulation of T-cell responses in the absence of CTLA-4 is mirrored 

by the occurrence of gross autoimmunity in genetically deficient mice.134 This occurrence is 

probably due to the synergistic effect of the unregulated activity of conventional T-cells, to a small 

extent and the absence of regulatory T-cells (Tregs), the major T-cell subset that expresses CTLA-

4, to a larger extent.135  

Notwithstanding the source of CTLA-4 (Tregs or conventional T-cells) that competes with 

CD28 expressed by conventional T-cells for binding to B7-1/2, the subsequent inhibition of T-cell 

responses has implications for autoimmunity and the control of pathogens or tumor growth. The 

existence of such extrinsic inhibitory signaling mechanisms whereby Tregs compete with 

conventional T-cells for B7-1/2 interaction by expressing increased levels of CTLA-4, preferential 

aggregation and continual interaction with APCs, or intrinsic inhibition by CTLA-4 present on 

conventional T-cells,136 formed the basis of checkpoint blockade strategies for the reinvigoration 

of T-cell responses. The targeting of CTLA-4 using monoclonal antibodies has revolutionized the 

immunotherapy of cancers, particularly melanoma and some solid tumors such as renal carcinoma 

and non-small cell lung cancer.137,138 Tumor rejection in response to CTLA-4 blockade has been 

attributed to the restoration of anti-tumor T-cell function in the tumor microenvironment, induction 

of naïve T-cell stimulation in lymphoid organs139 in addition to depletion of Tregs in the tumor 

microenvironment.140 However, the absence of the “CTLA-4-associated brake” is reflected by the 

induction of a plethora of irAEs in treated patients ranging from diarrhea and colitis to organ-

specific events such as hepatic failure and uveitis.141-143 Consequently, new strategies for targeting 

B7-1 (and B7-2) instead will have to account for the predominance of either extrinsic or intrinsic 

CTLA-4 signaling, which will depend on the strength of antigenic stimulation and the ratio of 

elicited Tregs to conventional T-cells.138,144  

 

1.3 B7 Ligands in Cancer and Autoimmunity 

The constitutive expression of B7-1 and B7-2 is a hallmark of hematological malignancies 

such as non-Hodgkin’s lymphoma (NHL), classic Hodgkin’s lymphoma, multiple myeloma, and 

chronic lymphocytic leukaemia.86,145 The significance of B7-1/2 expression by malignant cells in 

relation to prognosis is somewhat unclear. According to a study by Pope et al.,146 the expression 



 

 

 
8 

of B7-2 by plasma cells from myeloma patients was indicative of poor survival and high tumor 

load.146 However, plasma cells from the patients in this study lacked B7-1. This could be explained 

by the observations from another study by Chaperot et al., in which the authors demonstrated that 

co-expression of B7-1 and B7-2 by malignant B-cells correlated with effective immunogenicity 

based on their ability to induce T-cell proliferation in a mixed lymphocyte reaction.145 Based on 

these observations one may conclude that the relative expression of B7-1 and B7-2 by malignant 

cells dictates the prognosis of hematological malignancies. Immune suppression through the 

interaction between B7-1 expressed by malignant cells and non-malignant cells with PD-L1 has 

been shown to promote tumor progression in NHL.67,68 In this regard, it is likely that targeting this 

interaction will restore anti-tumor responses. Studies that have investigated the cross-linking of 

B7-1 expressed by lymphoma cells with antibodies in vitro reported inhibition of cell proliferation, 

upregulation of proapoptotic molecules and the induction of antibody-dependent cell-mediated 

cytotoxicity.147,148 This has formed the rationale for the development of galiximab, a chimeric, 

anti-B7-1 monoclonal antibody (section 5).148 

The autoimmunity landscape is shaped by multiple co-stimulatory and co-inhibitory 

pathways, which are implicated in priming autoreactive T-cells and inhibition of autoimmune T-

cell responses (reviewed in Zhang and Vignali, 2016).92 Similar to infections, differential 

expression of B7-1 and B7-2 in different anatomical locations, temporal dynamics, and their 

function, governs the pathogenesis, regulation and therapeutic strategies associated with 

autoimmune diseases. For instance, differential upregulation of B7-1 on splenic and CNS-

infiltrating B-cells, T-cells and macrophages relative to B7-2, was observed in mice induced with 

relapsing-remitting experimental autoimmune encephalomyelitis (R-EAE).149 These phenotypes 

correlated with the predominance B7-1 to induce T-cell activation in this system. Interestingly, R-

EAE induction did affect the predominant expression of B7-2 by lymph node APCs.149 Kinoshita 

et al., in their study, have demonstrated a dual requirement for both B7-1 and B7-2 co-stimulatory 

pathways in the pathogenesis of autoimmune lupus.94 B7-1 and B7-2 were expressed by kidney-

infiltrating leukocytes, which correlated with progressive nephritis in MRL-Faslpr mice.94 This 

phenotype was confirmed by the absence of kidney pathology, proteinuria and increased survival 

observed in MRL-Faslpr mice deficient in B7-1 and B7-2.94 The progressive expression of B7-1 

and B7-2 by pancreatic lymph node cells in streptozotocin (STZ) induced insulin-dependent 

diabetes has been described.150  
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The positive outcomes from pre-clinical studies on targeting CD28 and CTLA-4 have 

given way to clinical trials and subsequently, FDA approval of CTLA-4Ig (abatacept), which 

selectively binds to B7-1 and B7-2, for treatment of RA.110,151 Abatacept is also in clinical trials 

for SLE arthritis and primary biliary cirrhosis.48,85,152 In addition, belatacept, a derivative of 

abatacept, has demonstrated increased potency in inhibition of renal transplant rejection.153-155 

Irrespective of the remarkable progress in the alleviation of various autoimmune syndromes by 

targeting B7: CD28  “first-line” pathways,92 understanding the relative roles, kinetics and tissue-

specificity of  “second-line” pathways are integral to novel therapeutic strategies. 

 

1.4 Structures of B7-1 and its Complexes with CTLA-4 and CD28  

B7-1 is a transmembrane glycoprotein, which has a molecular weight of ~45-70 kDa.20  A 

mature B7-1 (of 254 residues) includes an extracellular segment (of 208 residues), a 

transmembrane anchor (of 21 residues) and a short cytoplasmic tail (of 25 residues).156 The 

extracellular segment is made of two domains, namely, a membrane-distal Ig variable-like (IgV) 

domain and a membrane-proximal Ig constant-like (IgC) domain (Fig. 1.2).13,14  Structurally, the 

N-terminal IgV domain includes an antiparallel β sheet topology of nine strands, forming 

AGFCC’C” sheets on one layer and BED sheets on the other layer (Fig. 1.2A). The IgC domain 

presents a typical C1-set β sandwich topology formed by seven strands, arranged as ABED and 

GFC layers (Fig. 1.2A).14,157  The extracellular domains of B7-1 (IgV and IgC) are linked by a 

short seven-residue long loop. As has been demonstrated in the X-ray crystal structure of soluble 

B7-1 (PDB ID: 1DR9),14 this interdomain region buries a surface area of ~670 Å2 and is formed 

by a hydrophobic core of residues, bordered by electrostatic interactions and interdomain hydrogen 

bonds (H-bonds) (as shown in Fig. 1.2A). B7-1 is known to exist as a homodimer, which is mainly 

facilitated by the IgV domains of two B7-1 monomers and particularly through their BED faces 

and the interconnecting loops (Fig. 1.2B).14,58 The main inter-monomer interactions of a B7-1 

dimer are mediated by hydrophobic residues, Val11, Val22, Gly45, Met47, Ile58, Asp60, Ile61, 

Thr62 and Leu70 from each monomer.14 The dimer interface of B7-1 IgV domains buries a large 

surface area of 1220 Å.214,57  

B7-1 shares ~25% extracellular domain sequence identity and high structural similarity 

with its homologous ligand B7-2, which is another type-1 surface protein of APCs. There are 22 

conserved residues in human B7-1 (hB7-1) and human B7-2 (hB7-2) IgV domain sequences.  
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Figure 1. 2 The structures of human B7‐1 monomer and a homodimer. 
A, The structure of the extracellular domain of a B7‐1 monomer (PDB ID: 1DR9) is shown as 
cartoon representation in pink, and the hydrophobic core within the interdomain area formed by 
residues Val8, Pro74, Ala106, Phe134, and Leu163 are represented as surface representation in 
yellow. The key residues engaging in interdomain H‐bond interactions (i.e., distance ≤3.2 Å) 
are shown in stick representations and also in a zoomed‐in inset figure. B, The structure of a B7‐
1 homodimer extracted from PDB ID: 1I8L is shown as a cartoon representation in pink. The 
zoomed‐in inset figure on the right shows only the IgV domains from the two monomers in 
surface representations and the key residues interacting at the dimer interface are shown in stick 
representations. The residues from chain A are shown in ice blue color and those in the alternate 
chain are shown in green. All the structures were generated by visual molecular dynamics 
version 1.9.4a12. IgV, Ig variable‐like; PDB, protein database [Color figure can be viewed at 
wileyonlinelibrary.com]  

From the previous report, eight of them are IgSF IgV domain conserved residues, namely Leu14, 

Cys16, Trp32, Arg56, Asp76, Gly78, Tyr80, Cys82.157,158 Despite their high structural similarities, 

unlike B7-1, B7-2 was found to exist as a monomer on the cell surface.159 This difference in the 

oligomer state of B7-1 and B7-2 has been proposed as an important factor in the regulation and 
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organization of macromolecular complexes with their receptors, CD28 and CTLA-4, at the 

immune synapse.159,160    

Previous mutagenesis-based studies161-164 and X-ray crystal structures14,57,58,160 confirmed 

that the IgV domain of B7-1 (and B7-2) is mainly involved in the binding to CD28 and CTLA-4; 

whereas, the IgC domain is predominantly involved in cell-surface adhesion of B7-1,58 although 

possibly having some indirect effects of receptor-ligand binding.14,163,165 For example, Girard et al. 

explained through a quantitative cytofluorometric method that the presence of the IgC domain in 

B7-1 (and B7-2) is important for the optimal receptor binding.165 The deletion of this IgC domain 

significantly diminished its binding to both CD28 and CTLA-4. An earlier mutagenesis-based 

study by Peach et al. also reported the key hydrophobic residues in the IgC domain of B7-1 that 

could be involved in the binding of B7-1 to CD28 and CTLA-4.163 CD28 and CTLA-4 are 

homologous transmembrane proteins that are expressed on the T-cell surface and are known to 

exist as homodimers. Their extracellular domains share ~28% sequence-level conservation and a 

single IgV domain (note that IgC is absent) that exhibit almost similar topology made of two faces: 

ABED and A’GFCC’ strands.58,162,166,167 The ABED face in the receptors is involved in the 

homodimer interface, whereas their other layer (i.e., A’GFCC’) forms a ligand binding face. In 

particular, CD28 and CTLA-4 share a 100% conserved FG loop made of the 99MYPPPY104 

residues, which has been reported to play a significant role in the recognition and binding to the 

B7 ligands (both B7-1 and B7-2).  The X-ray crystal structure of human CTLA-4 (hCTLA-4): B7-

1 complex (PDB ID: 1I8L)58 has revealed their binding mode (Fig. 1.3A) and the key interactions 

that stabilize their complex. The key residues from B7-1, including Tyr31, Met38, Thr41, Met43, 

Val83, Leu85, Ala91, Phe92, and Leu97, have been found to interact with CTLA-4 (specifically 

with its 99MYPPPY104 loop (Fig. 1.3B).58 Site-directed mutagenesis experiments confirmed the 

importance of Tyr31, Met38 along with a few other residues (e.g. Arg29, Gln33, Met47, and Trp50) 

on the IgV domain of B7-1 in the binding to CD28 and CTLA-4.163 Since both B7-1 and CTLA-4 

are homodimers and bivalent, they tend to pack in a remarkable zipper-like arrangement to form a 

periodic oligomer complex (see Fig. 1.3C). Therefore, the association between CTLA-4 and B7-1 

displays an astonishing complementarity shape, high surface affinity and avidity.56,58   
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Figure 1. 3 Structures of B7‐1: CTLA‐4 and B7‐1: CD28 complexes. 

A, The structure of a B7‐1 homodimer (shown in pink) in complex with two CTLA‐4 monomers 
(shown in silver) on their receptor binding faces are presented in a cartoon representation. The 
M99YPPPYY105 motifs forming the FG loop in the CTLA‐4 monomers are shown in red and 
with arrow marks. B, A 2D interaction diagram describing the hydrogen bond interactions 
between the M99YPPPYY105 residues from a CTLA‐4 monomer (shown as line representation) 
and the key residues from its B7‐1 binding partner (shown as three-letter amino acid codes and 
within circles). C, A mock diagram showing a “Zipper‐like” arrangement by the association of 
CTLA‐4 (in grey) and B7‐1 (in pink) proteins at the immunological synapse formed between a 
T‐cell (shown as lipid layer on the top) and an antigen-presenting cell (shown as a lipid layer at 
the bottom). Both CTLA‐4 and B7‐1 are able to form divalent interactions with each other such 
that a CTLA‐4 homodimer is sandwiched between two B7‐1 homodimers thereby resulting in a 
“Zipper‐like” chain formation at the synapse. While a B7‐1 homodimer is formed by 
noncovalent interactions, a CTLA‐4 homodimer is linked by a disulfide bond formed at the stalk 
regions of the two monomers (marked in the figure). D, A 3D structural complex of a human 
CD28 (in green) and a monomer of human B7‐1 (in pink). Except for (B), which was generated 
by molecular operating environment version 2013.08, the other structures were generated by 
visual molecular dynamics version 1.9.4a12. CTLA‐4, cytotoxic T lymphocyte antigen‐4 [Color 
figure can be viewed at wileyonlinelibrary.com] 
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Nevertheless, in contrast to CTLA-4, CD28 is known to bind the B7 ligands (both B7-1 and B7-2) 

monovalently.168 Until now, the experimental structure of B7-1: human CD28 (hCD28): (or B7-2:  

hCD28) complex was not reported in the literature. Most of the efforts to understand the structures 

of B7: CD28 complexes were driven through molecular modelling and simulations.166,167,169 A 

recent molecular model of B7-1: CD28167 (Fig. 1.3D) suggested that the key differences between 

the B7-1: CD28 and B7-1: CTLA-4 complexes were mainly observed on the B7-1 surface.167 The 

study also highlighted the key residues such as Thr41, Met43, and Trp50 from B7-1 IgV domain 

exhibited more significant contributions in binding to the CD28 than that of CTLA-4.167 Such 

hotspot differences amongst the two complexes (B7-1: CD28 and B7-1: CTLA-4) could be 

exploited to develop drugs specific to one of these pathways. 

 

1.5 Fusion Proteins and MAbs Targeting B7-1 

The therapeutic benefits of targeting B7-1 interactions have been successfully 

demonstrated by the use of fusion proteins. By exploiting the strong affinity between CTLA-4 and 

B7-1, therapeutic proteins were generated by fusing the extracellular IgV domain of hCTLA-4 

with a modified human IgG Fc domain in order to specifically target B7-1 and block its interactions 

with its receptors.19,170-173 Abatacept, developed by Bristol-Myers Squibb (BMS), became the first-

in-class B7-targeted co-stimulation blocker to be approved by the U.S. Food and Drug 

Administration (FDA) in 2005 for the treatment of RA and Psoriatic arthritis.151,170 The CTLA-4-

Ig in abatacept is the pharmacologically active segment that competes with CD28 and CTLA-4 

and binds to B7-1 or B7-2 on APC, thereby blocking the generation of the co-stimulatory signal 

for T-cell activation. The Fc region in abatacept is constructed by modifying three cysteine 

residues as well as a proline residue to serine, so as to thwart cytotoxicity effects that are usually 

mediated by the wild-type human IgG1.174 A 6-month interim analysis of a 2-year observational 

trial in Europe and Canada studied the effectiveness, safety and tolerability of intravenously 

administered abatacept for the treatment of RA.175 This study concluded that abatacept presents an 

effective and well-tolerated therapeutic option for RA. In particular, higher retention rates were 

observed when abatacept treatment was started during the early stage of the disease. Later on, 

BMS developed a second generation of the fusion protein, namely belatacept, by substituting two 

amino acids (i.e., L104E and A29Y) in abatacept.19,176 These specific modifications increased its 

affinity to B7 ligands and reduced its dissociation rates.176 Therefore, belatacept was shown to 
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render more enhanced and longer inhibition of B7-1.176 Belatacept was approved by the U.S. FDA 

in 2011 for the treatment of organ transplant, rejection prophylaxis.19,155,171,172 Belatacept is widely 

used to avoid rejection in kidney transplantation. However, very recently, Ville and Cantarovich177 

reported that the use of belatacept in their patient who underwent renal transplantation possibly 

resulted in psoriatic plaques, which progressively disappeared after stopping the use of belatacept. 

Thus, immunotherapy fusion proteins, despite being mostly clinically efficient, also display 

adverse effects.177,178  

Biogen Idec Inc. developed a primatized IgG1 λ mAb, galiximab (or IDEC-114), to target 

the B7-1 antigen. The variable segment of galiximab was extracted from cynomolgus monkeys 

and its constant regions were of human nature. It has been demonstrated that galiximab specifically 

binds to B7-1 and blocks its interactions with CD28 and, to a lesser extent, CTLA-4.179,180 

Therefore, it is proposed that galiximab is able to target B7-1: CTLA-4 interactions and elucidate 

anti-tumor T-cell immune responses against B-cell lymphomas.179 Previous in vitro and in vivo 

studies have demonstrated that galiximab exhibits promising anticancer activity against different 

B-cell lymphoma cell lines.147 In clinical trials, galiximab was mainly tested as a monotherapy or 

in combination with rituximab (a CD28 mAb) for the treatment of follicular lymphoma.181 When 

administered as a single agent, galiximab presented an 11% response rate in follicular lymphoma; 

whereas, when used in combination with rituximab, the response rate increased to a significant 70% 

in follicular lymphoma patients.181,182  

Apart from anti-B7-1 mAbs, many mAbs have been developed to target several other 

immune checkpoint proteins, such as CTLA-4, PD-1, and PD-L1. For example, the FDA approved 

mAbs targeting CTLA-4 (ipilimumab), PD-1 (e.g., nivolumab and pembrolizumab) and PD-L1 

(e.g., atezolizumab, avelumab and durvalumab) have shown promising effects against metastatic 

melanoma and/or other cancer types.6,183,184 In addition, several other mAbs are currently in 

clinical trials for immune checkpoints therapy. This includes mAbs targeting CTLA-4 

(tremelimumab)185, TIM-3 (LY3321367, MBG453, MEDI9447, TSR-022),186-189 LAG-3 (BMS-

986016, LAG525),190,191 B7-H3 (enoblituzumab, 8H9),192,193 GITR (TRX-518, BMS-986156, 

MK-4166,  INCAGN01876, GWN323),194-198 and OX40 (9B12, MOXR 0916, PF-04518600, 

MEDI0562, INCAGN01949, GSK3174998)199-204 to name a few.205 Despite their significant 

therapeutic efficacies, mAbs have some important limitations such as their complex production 

process, instability, high treatment cost, need for intravenous administration, long half-lives, low 



 

 

 
15 

bioavailability, immunogenicity, poor localization, inability to penetrate solid tumors, and 

irAEs.206-210 Small-molecule inhibitors, on the other hand, can overcome these limitations 

throughout their high membrane permeability, easy manufacturing, better stability, lower 

treatment costs, and possibilities for oral administration.207,211,212 Therefore, there has been 

growing attraction towards the development of small-molecule inhibitors for immune checkpoints. 

Nevertheless, it should be noted that developing a specific small-molecule inhibitor is a very 

complex process and, in many cases, it is not possible to achieve, particularly, for protein-protein 

interactions. This poses huge limitations and concerns on the use of small-molecule inhibitors in 

this area. For example, a small molecule that is designed to occupy a specific pocket or a binding 

site can also interact with many off-targets, such as homologous proteins or ion channel proteins 

(e.g., the hERG ion channel in the heart) that could induce unwanted side effects. In fact, the 

inadequate efficiency, toxicity and poor pharmacokinetics of many small-molecule inhibitors have 

been the main reasons for high attrition rates in pharmaceutical industries.213-216 Thus, developing 

small-molecule inhibitors of immune checkpoints with favorable drug-like features, strong 

efficacy and highly target specificity remain a significant challenge. 

 

1.6 Discovery and Development of Small-Molecule Inhibitors of Human B7-1 

Efforts to design small-molecule inhibitors targeting the CD28: B7 interactions began 

during the late nineties.217-222 Although initial efforts resulted in either weak222 or non-specific 

inhibitors,218,220,221 a major breakthrough came from Wyeth Research (part of Pfizer Inc.). They 

reported the discovery and characterization of anti-B7-1 small molecules with nanomolar 

activity.217,223 An automated high throughput screening (HTS) assay using the B7-1: CD28 ELISA 

technique identified two dipyrazolo[3,4-b:3’,4’-d] pyridine-3-ones scaffolds, (i.e. compound 1 and 

compound 2) (See Fig. 1.4). The two compounds blocked the B7-1: CD28 interaction with IC50 

values of 60 ± 17 nM and 30 ± 6 nM, respectively (Fig. 1.4A).217  The binding of these compounds 

to hB7-1 was confirmed using equilibrium dialysis experiments, in which a semipermeable 

membrane separates the protein(s) from the tested small molecule(s). In principle, if a small 

molecule is a binder to the target protein, it diffuses through the membrane, leading to an increase 

in the compounds’ concentration in the protein side. In this study,217 the equilibrium dialysis 

experiments were performed with different Fc chimeras (such as hCTLA-4-Fc, mouse B7-1-Fc, 

hB7-1-Fc, hB7-2-Fc, and hCD28-Fc) and revealed that the two compounds can bind specifically 
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to hB7-1. To gain insights on their binding location within hB7-1, the equilibrium dialysis 

experiments were repeated with different constructs of B7-1. These constructs include the IgV of 

hB7-1, a B7-1 chimera with human IgV and mouse IgC, a B7-1 chimera with mouse IgV and 

human IgC, a complex of hB7-1 and IgV-specific antibody, and a complex of hB7-1 and IgC-

specific antibody.217  

 

Figure 1. 4 The 2D structures of the most promising small molecule hits targeting human 

B7‐1 (A), along with the probable binding sites for these compounds (B) as reported by 
Erbe et al. 

A, Structures of two most promising small‐molecule inhibitors (named as compound 1 and 
compound 2) and their respective IC50 values for the inhibition of B7‐1: CD28 interaction are 
shown. B, The 3D structure of a monomer complex of human B7‐1: CTLA‐4 complex (from 
PDB ID: 1I8L) are shown in cartoon representations. The key residues identified to be playing 
a role in the binding of the reported small molecules through mutagenesis and in vitro binding 
assays are mapped over the IgV domain of B7‐1 in blue. These residues probably form the 
binding site for the compounds 1 and 2. A, was generated by ChemDraw Prime version 16.0.1.4 
(61). B, was generated by visual molecular dynamics version 1.9.4a12. CTLA‐4, cytotoxic T 
lymphocyte antigen‐4 [Color figure can be viewed at wileyonlinelibrary.com] 

Apparent fold enrichment was seen only in the constructs with an accessible hB7-1 IgV domain, 

thereby, establishing that both compounds bound to the IgV domain of hB7-1. Subsequently, the 

binding sites for these compounds on the hB7-1 IgV domain were also explored using mutagenesis 

and equilibrium dialysis experiments.  Of the multiple hB7-1 mutants tested in this study, two 
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mutants resulted in a loss of binding of the small molecules to hB7-1. These include a mutant in 

which the wild type 46DMNI49 motif was mutated to 46KLKV49; whereas, a single tryptophan 

residue was mutated to an alanine (W50A) in the other mutant. Mapping them on the surface of 

hB7-1 (Fig. 1.4B) suggests that these residues are located on the GFCC’C” face of hB7-1 IgV 

domain in proximity to the B7-1: receptor binding interface. As a result, unsurprisingly, 

compounds 1 and 2 were found to inhibit the interactions of B7-1 with both CD28 and CTLA-4, 

although the latter interaction was inhibited with almost 100 times weaker IC50 than that of B7-1: 

CD28 pathway. It was proposed that such differences in inhibition of B7-1: CD28 and B7-1: 

CTLA-4 interactions were due to the stoichiometry and oligomerization nature of the two 

complexes. It is known that unlike B7-1:CD28 interaction, B7-1: CTLA-4 complexes are able to 

form ‘zipper-like’ arrangements at the immunological synapse (as depicted in Fig. 1.3C). This 

argument is in correlation with the lack of activity seen for the two compounds when tested in the 

CHO-cell lines-based cell adhesion assay,217 which included high avidity protein-protein 

interactions similar to the physiological conditions.  

A follow-up study219 on understanding the structure-activity relationships (SAR) of the 

small molecules based dipyrazolo[3,4-b:3’,4’-d] pyridine-3-ones was reported. As part of this 

effort, several derivatives of compound 1 (Fig. 1.4A) were synthesized and their activity towards 

inhibiting the hB7-1: CD28 interaction was evaluated using the ELISA technique. This study219 

revealed that the core structure of compound 1 (Fig. 1.4A), which encompassed a 

dipyrazolopyridine group, a chlorophenyl ring, and a trifluoromethylphenyl ring, was important 

for favorable activity. For example, removal of the chlorophenyl ring or substituting it with alkyl 

groups led to a complete loss of activity.219 The chlorophenyl ring was, however, found to be fairly 

tolerant of functional group changes on its meta- and para- positions. This study also revealed that 

the presence of a carboxylate group (CO2H) at the meta position of the chlorophenyl ring along 

with a para-chloro atom exhibited an IC50 value of 7 ± 3 nM, which is a ~12-fold increase in the 

affinity towards the inhibition of B7-1: CD28 interaction. Nevertheless, interchanging the 

positions of chloro and carboxylate groups exhibited an IC50 value of 16 ± 2 nM, which is still 

better than that of the parent compound (compound 1). Another derivative with a meta-methyl 

ester group and a hydrogen atom at the para- position exhibited an IC50 of 8 ± 4 nM. Moving the 

methyl ester group to the adjacent para- position, along with the addition of a meta-fluoro atom 

led to a stronger binding to the B7-1 with an IC50 value of 12 ± 2 nM. This SAR study219 also 
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found that the analogs with longer linear chains and cyclic groups such as morpholine, pyrrolidine, 

proline acids, and aniline derivatives at either the para- or the meta-position of the chlorophenyl 

ring, along with a hydrogen atom at the adjacent site exhibited modest activity (Fig. 1.5A). An 

analog based on N-[3-1-hydroxyethyl) phenyl] group on the chlorophenyl ring exhibited the best 

activity (IC50 = 3 ± 1 nM) towards the inhibition of B7-1: CD28 interaction (Fig. 1.5B). Another 

simple derivative of compound 1, with a meta-fluoro atom in the original chlorophenyl ring along 

with an electron-withdrawing nitro group (NO2) in the original trifluoromethylphenyl ring, 

exhibited potent activity (IC50 = 4 ± 1 nM) (Fig. 1.5B). However, most of these potent compounds 

exhibited low cell-based activity when tested for their ability to block the CD28-PI3 kinase 

association in Jurkat cells followed by stimulation with CHO-B7-1 cells. Even small cell-based 

activity was only achieved with relatively high concentrations (50 μM) of the compounds. This 

suggests that despite having a high affinity towards the target these compounds are unable to 

compete with highly avid surface interactions of B7-1 and CD28 under physiological conditions. 

 

Figure 1. 5 The most active analogs of compound 1 developed through SAR analyses reported 

by Green et al. 

A, The 2D structures and activity of some of the most promising analogs toward the inhibition of 
B7‐1: CD28 pathway are shown. B, The cell‐based activity of the top 3 inhibitors from this SAR 
study are shown along with their respective structures and IC50 values. All the structures were 
generated by ChemDraw Prime version 16.0.1.4 (61). SAR, structure‐activity relationship. 
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Realizing the need to identify inhibitors that are active in the natural biological 

environment, another study224 employed a cell-based scintillation proximity assay (SPA) as the 

primary screening tool to identify compounds for targeting the B7-1: CD28 pathway. In this cell-

based SPA assay,224 B7-1 was presented in a multivalent fashion on the SPA beads (by capture 

using Ig domain) and CD28 was expressed on the CHO cell lines, while a distance-related energy 

transfer was monitored for discerning blockers and non-blockers of the target interaction. 

Screening of a ligand library of 4000 compounds in this cell-based assay resulted in one compound, 

named here as ligand 1 (Fig. 1.6), which inhibited 61% of the B7-1: CD28 interaction at a 30 μM  

concentration.224  Based on this initial hit, 150 analogs were generated and re-screened using the 

SPA assay, which resulted in at least four compounds (named as ligand 2 – ligand 5 in Fig. 1.6), 

which showed improved activity in the SPA assay. All these compounds were very similar to the 

original hit (i.e., ligand 1) with very small modifications. In particular, these compounds possessed 

a p-benzoic acid in the place of the phenol group in ligand 1, which highlights the benefit of having 

a carboxyl group towards the activity. For instance, replacing the hydroxyl group in the para 

position of the phenyl ring to a carboxyl group in ligand 2 and ligand 3 has improved their activity 

to nearly 100% in the cell-based assay. Having an extra fluorine atom in the fused six-membered 

ring in ligand 3 provided it a slight advantage over ligand 2 in terms of activity. The ability of 

these compounds to inhibit B7-1: CD28 was also assessed using a cell-free homogenous time-

resolved fluorescence (HTRF) assay and the surface plasmon resonance (SPR) assay. Although 

both ligand 2 and ligand 3 exhibited almost 3 to 5-fold lower IC50 values than ligand 1 in HTRF 

assay, ligand 3 showed the best affinity (~10-fold higher affinity compared to ligand1) in the SPR 

assay. This was mainly because of a much slower dissociation rate seen in SPR for ligand 3 when 

compared to all the other tested compounds. Thus, having a fluorine atom on the fused ring, in 

addition to the p-benzoic acid group on the other end of the molecule, improved the interactions 

between ligand 3 and the protein. Thus, this study reported low molecular weight compounds that 

displayed specific and highly potent activity towards the inhibition of B7-1: CD28 pathway.  

Another anti-B7-1 small molecule discovery effort225 resulted in successful translation to 

clinical trials.226-229  This work225 was a follow-up on the compounds reported previously as potent 

inhibitors of B7-1: CD28 interactions in the cell-based SPA assay.224 The authors initially 

reaffirmed the activity of some of the previously reported compounds224 using a B7-1: CD28 time 

resolved-FRET (TR-FRET) assay.225  
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Figure 1. 6 The 2D structures of some of the most active small‐molecule inhibitors of 
human B7‐1 reported by Uvebrant et al. 

All the structures were generated by ChemDraw Prime version 16.0.1.4 (61). The activity data 
from different assays, including the cell‐based SPA assay, HTRF assay, and SPR experiments, 
are provided for each of the compounds. The topmost compounds are highlighted with a box. 
HTRF, homogenous time‐resolved fluorescence; SPR, surface plasmon resonance. KD: SPR 
equilibrium dissociation constant, Ka: cellular assay on-rate, Kd: cellular assay off-rate 

This led to the synthesis and in vitro screening of several derivatives that eventually resulted in a 

number of potent small molecules (Fig. 1.7) with nanomolar range activities towards the inhibition 

of B7-1: CD28 pathway. For example, the best compound from this study (inhibitor 5 in Fig. 1.7) 

exhibited an EC50 value of 1.3 nM in the TR-FRET assay, and its KD value was also estimated as 

1.3 nM by the B7-1: CD28 SPR experiments.  
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Figure 1. 7 The 2D structures and activity data of some of the most promising compounds 

developed by Huxley et al. 

The activity data from different assays, including TR‐FRET, SPR and Jurkat T‐cell 
costimulation assay, are provided for each of the compounds. The topmost compounds are 
highlighted with a box. All the structures were generated by ChemDraw Prime version 16.0.1.4 
(61). SPR, surface plasmon resonance; TR‐FRET, time resolved‐FRET 

When tested in the cell-based co-stimulation assays, most of these compounds were confirmed to 

target the B7-1: CD28 interactions and inhibit the release of proinflammatory cytokines such as 

IL-2 and IFN-γ, which are downstream signals triggered by the costimulatory signal. However, it 

should be noted that these compounds were also found to inhibit the B7-1: CTLA-4 interactions, 

albeit with higher EC50 values. This suggests that the compounds are probably bound at a B7-1 

site involved in the interactions with both receptors (i.e., CD28 and CTLA-4). The implications 

from such non-specific targeting of both the CTLA-4 and CD28 pathways by small molecules 

within the tumor microenvironment or in the autoimmune conditions are still not clear. Further 

development of these compounds227,230,231 resulted in the successful advancement of a lead 

compound named Rhudex into phase 1 clinical trials for the treatment of RA.228,229  

Since there is no experimental structure for any of the reported compounds in complex 

with hB7-1, it is difficult to understand their binding modes through which they disrupt the 
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interactions of B7-1 with its receptors. However, it is possible to hypothesize the binding modes 

based on any structural consensus that can be seen amongst the reported compounds. In the case 

of anti-B7-1 compounds, it is interesting to note that all the optimized small molecules resulted 

from the major drug discovery efforts summarized above217,219,224,225 exhibit high levels of 

structural and pharmacophore similarities (Fig. 1.8). Firstly, all these compounds have a core 

moiety that is made of three fused rings, although the type of rings in different scaffolds vary such 

as 5:6:5 (as in compound 1 and its analogs), 6:7:6 (as in compound 2), and 5:6:6 (as in ligand 5 

and inhibitor 5, for example). 

 

Figure 1. 8 The 2D structures, along with the activity data, of the most optimized 

compounds from the previous drug discovery efforts for B7‐1 target are compared. 
The common structural and pharmacophore features among all the structures are shown in red. 
It can be seen that there is a clear consensus in the structural/pharmacophore properties of the 
different scaffolds of anti‐B7‐1 small molecules reported till data, suggesting that they probably 
target the same site on B7‐1. All the structures were generated by ChemDraw Prime version 
16.0.1.4 (61) [Color figure can be viewed at wileyonlinelibrary.com] 

In addition, at least two of the three fused rings in each case are heterocyclic and include one NH 

atom as part of a ring as well as a carbonyl moiety. Apart from these, all other compounds have a 
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phenyl ring on the fused ring. Considering all these similarities amongst different scaffolds of 

compounds, it could be hypothesized that, in each case, the fused rings are probably placed in a 

pocket in B7-1, where the NH and carbonyl moieties form hydrogen bonds to stabilize the 

placement of the fused ring. They could probably bind in an orientation such that the phenyl ring, 

which binds to the three fused rings in the molecules is projected outwards to disrupt the B7-1 

interactions with the receptors.  Indeed, this hypothesis is supported by the fact that the structures 

that have larger substitutions on the meta position of the phenyl ring, which binds to the three fused 

rings exhibited improved activities in the in vitro assays. However, either experimental validation 

or molecular modeling efforts are required to clarify this hypothesis for the binding modes of the 

most promising anti-B7-1 small molecules. 

In terms of inhibition mechanisms, the motivation in most of the drug discovery efforts 

was to identify a potent small molecule that could bind to the B7-1 surface and directly interfere 

with its interactions with CD28 or CTLA-4 such that the chain of cytokines (e.g., IL-2 and IFN-γ) 

associated with T-cell activation can be modulated. This mechanism of action is similar to that 

exhibited by most of the mAbs targeting immune checkpoints. However, the possibilities of 

alternate molecular mechanisms cannot be ruled out. For example, it was recently described that a 

selected class of low molecular weight small molecules bind specifically to the surface of PD-L1 

(another important negative immune checkpoint ligand) and induce a non-native dimerization 

between two PD-L1 monomers.232 Interestingly, these small molecules induce dimerization on the 

receptor-binding faces of two PD-L1 monomers such that it becomes merely impossible for them 

to interact with PD-1 and trigger T-cell inhibitory signal similar to the one generated by B7-1: 

CTLA-4 pathway.232 Whether the small molecules discussed here induce PD-L1-like dimerization 

in B7-1 is still an open question. Thus, revealing the binding modes for the best set of current small 

molecules against B7-1 will be an important milestone to achieve on the track toward rationally 

designing a B7-1 inhibitor that can target either pathway, but not both. 

 

1.7 Challenges Facing the Design of Potent Small-Molecule Inhibitors of B7-1 

Current modalities targeting hCTLA-4 and hCD28 are still reliant on mAbs and not much 

progress has been done with respect to small molecules. A major impediment in the development 

of small-molecule inhibitors of B7-1 is to design compounds that can selectively block the 

interactions of B7-1 with either receptor. Given the opposite immunological roles of CD28 and 
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CTLA-4 pathways, non-specifically blocking both of them may not provide the desired therapeutic 

benefits. The blockade of B7-1: CD28 interaction impedes the costimulatory signal, leading to 

suppression of T-cells. A compound that can specifically target this costimulatory signal will be 

suitable for the treatment of autoimmune diseases, where silencing the adaptive self-reactive T-

cells is desirable.233 Further, in the conditions of autoimmune diseases, it is important to not only 

block the co-stimulatory signal but also activate the co-inhibitory signals from the B7-1: CTLA-4 

pathway so as to control the immune flare-ups. In contrast to autoimmune diseases, cancer 

immunotherapy aims to facilitate the up regulation of co-stimulatory signals. In the tumor 

microenvironment, the inhibitory signals (from the B7-1: CTLA-4 pathway for example) are 

dominant, resulting in the suppression of anti-cancer immune responses and evasion by cancer 

cells. Therefore, an anti-cancer B7-1 inhibitor is required to particularly target the inhibitory B7-

1: CTLA-4 association and trigger the co-stimulation by B7-1. Almost all the currently disclosed 

small-molecule B7-1 inhibitors target both the B7-1: CD28 and the B7-1: CTLA-4 pathways that 

physiologically leads to a state of anergy.  The high levels of structural homology between the B7-

1: CD28 and the B7-1: CTLA-4 complexes render a significant challenge. Thus, in depth 

understanding the molecular level similarities and differences between these two oppositely 

functioning immune checkpoint complexes may be required to design specific compounds. 

However, the three-dimensional structure of the B7-1: CD28 complex has not yet been resolved 

experimentally. Lately, this gap has been partly filled though the construction of molecular models 

of B7-1: CD28 complex, which helped to highlight some hotspots that discern the binding modes 

of the B7-1: CTLA-4 and B7-1: CD28 complexes.167 Such molecular level insights are vital for 

the rational design of inhibitors that can specifically target either of these two pathways.  

 

1.8 Conclusion 

Given its importance in T-cell modulation via the CTLA-4 and CD28 axes, B7-1 has 

emerged as an important checkpoint target for therapeutic intervention for (predominantly) 

autoimmune disorders and (lately) cancers. There have been significant efforts to develop specific 

anti-B7-1 inhibitors, ranging from mAbs to fusion proteins to small-molecule antagonists. In this 

chapter, I have summarized the immunological roles of B7-1, its structures and interactions with 

the CD28 and CTLA-4 receptors as well as currently available therapeutic proteins and mAbs and 

the previous efforts toward developing small-molecule anti-B7-1 compounds. Recent studies 
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reported different small molecule scaffolds with nanomolar range activity against the B7-1: CD28 

interaction. Unsurprisingly, most of them also disrupt the B7-1: CTLA-4 pathway thereby 

implicating the expected outcome. I have highlighted the interesting structure and pharmacophore 

similarities amongst these different small molecule scaffolds and hypothesized their probable 

binding modes within B7-1. Experimental validation to confirm the binding modes of these 

reported small molecules against B7-1 will be useful to develop more potent and more specific 

small molecule drugs. Ultimately, achieving this goal will provide a new tool to modulate an 

important immunotherapeutic target for the treatment of autoimmune diseases and cancers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
26 

RATIONALE, HYPOTHESIS AND OBJECTIVES 

RATIONALE 

Human B7-1 is an important costimulatory protein from the B7 family and is involved in 

T-cell regulation. B7-1 is mainly expressed on the surface of activated antigen-presenting cells 

and regulates immune responses through its interaction with other key immune checkpoint 

proteins, namely CD28, CTLA-4, and PD-L1. When the B7-1/CD28 costimulatory pathway is 

blocked, the activation of T-cells is inhibited, leading to the possibility of alleviating autoimmune 

diseases. However, when the B7-1/CTLA-4 or B7-1/PD-L1 pathways are blocked, T-cells’ activity 

to fight against cancers and chronic infections will be restored. Given its important roles in 

regulating T-cell activity, several small molecules have been discovered as B7-1 modulators. 

However, the binding sites and the mode(s) of action of these molecules are still to be fully 

characterized. Understanding how these molecules interact with hB7-1 may help in rationally 

designing more selective and more potent hB7-1 modulators. Hence, this thesis aimed at 

understanding the interactions of hB7-1 and two human B7-1 small-molecule inhibitors in detail. 

          

HYPOTHESIS 

I hypothesize that hB7-1 small-molecule inhibitors bind to the IgV domain of hB7-1, where 

also the binding domains for CTLA-4 and possibly CD28 are located. I also hypothesize that the 

binding site(s) for the small-molecule compounds in B7-1 overlap with the binding site(s) of 

CTLA-4 and probably CD28 in B7-1.  

 

OBJECTIVES 

To validate the hypotheses, I established the following aims for this thesis.  

1) To build a model of human B7-1 with the C-terminal missing structures and carbohydrates 

included.  

2) To study the probable interactions between human B7-1 and its small-molecule inhibitors.  

3) To express and purify the extracellular domain of human B7-1 using the bacterial expression 

system.  

4) To confirm the binding activity of the recombinant human B7-1.



 

27 

bA version of this chapter will be submitted to the Journal of Molecular Graphics and Modelling.   

CHAPTER 2: UNDERSTANDING THE MODE OF ACTION OF B7-1 

INHIBITORS: A COMPUTATIONAL STUDYb  

2.1: Introduction  

T-cells play a central role in mediating immune responses. They combat pathogens and 

cancer cells234 and maintain the immune responses against infections while preventing the immune 

system from attacking self-tissues (i.e. autoimmunity).235 The activation of the naïve T-cells 

involves the coordination among plenty of proteins on the surfaces of both T-cells and antigen-

presenting cells (APCs) (see Table 1.1 in Chapter 1). In this context, three distinct signals are 

required for T-cell activation. The first signal is triggered when T-cell receptors (TCRs) recognize 

the antigen fragments presented by the major histocompatibility complex (MHC) on the APCs. 

The co-receptors CD8 and CD4 expressed on T-cells bind to MHC I and MHC II, respectively to 

stabilize the complex structure.236 The engagement of the antigen-specific interaction alone is 

necessary but insufficient for a complete T-cell activation and the absence of a second signal can 

lead to T-cell anergy (lack of reaction).237 Therefore, the second signal, which is also known as 

the costimulatory signal is required to further activate T-cells.237 In some cases, the cytokine-based 

third signal was proven to act directly on naïve T-cells8 (e.g. interleukin (IL)-12, IL-1, interferons 

(IFN) /) or act indirectly on the APCs238,239 (e.g. IL-4, IFN ) to influence the expression of 

costimulatory proteins, thus providing extra stimulation towards an optimal T-cell response.     

The growing number of T-cell related co-signaling molecules and the cross-linking 

between them (see Table 1.1 in Chapter 1) add more complexity to fully understand the processes 

behind T-cell response and activation. Among these co-signaling molecules, are the CD80 (B7-1) 

and CD86 (B7-2) ligands, which represent well-defined closely related players in the processes of 

T-cell modulation. Human B7-1 and human B7-2 are two homologous transmembrane 

glycoproteins from the immunoglobulin superfamily (IgSF), which share the common receptors 

CD28 and CTLA-4 and have high structural similarity (see Fig. 2.1).12,14,17,240,241 Both of them 

consist of an extracellular Ig variable (IgV) like domain and an extracellular Ig constant (IgC) like 

domain. The two proteins can bind to the T-cell costimulatory receptor CD28 to provide the second 

signal required for T-cell activation. After T-cell activation, the coinhibitory T-cell receptor 

CTLA-4 is transported to the cell surface from the intracellular vesicles.242 CTLA-4 has higher 
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binding affinities to B7-1 and B7-2, compared to that for CD28, which overcomes CD28 binding 

to the B7-1/2 proteins. The binding between B7-1/2 and CTLA-4 suppresses T-cell 

activation.116,243 The coordinated and exchanged interactions among B7/CD28/CTLA-4 proteins 

maintain the balance between T-cell activation and inhibition, therefore, controlling T-cell 

homeostasis. Despite sharing highly structural similarity, human B7-1 and human B7-2 have a 

limited sequence identity (26 %)17 and other differences. For instance, hB7-2 is constitutively 

expressed on the APCs as monomers, favoring to bind to CD28 at the immunological synapse (IS), 

thus, initiating T-cell activation.244,245 In contrast, hB7-1 is predominantly expressed as  

homodimers on the APCs under induction, which helps in recruiting CTLA-4 to the IS, therefore, 

playing more roles in established T-cell responses, compared to hB7-2.244,245  

 

Figure 2. 1 Sequence and structure alignments of the IgV domains of human B7-1 and human 

B7-2.   

A, Sequence alignment was performed by Clustal Omega. Gaps are shown as dash lines, conserved 
residues in each column are highlighted by gray bars. B, Sequence alignment was performed by 
Chimera. The structure of human B7-1 (residues 1 to 106, PDB ID: 1DR9) and human B7-2 
(residues 0 to 109, PDB ID: 1NCN) are magenta and blue, respectively. 

Given their important roles in modulating T cell homeostasis, over the last two decades 

many researchers were focused on designing modulators for B7-1 and B7-2. For example, the FDA 

approved two monoclonal antibodies (mAbs) targeting both B7-1 and B7-2, namely abatacept and 

belatacept for the treatment of rheumatoid arthritis, psoriatic arthritis, and renal transplant 

rejection.171,246 As discussed above, B7-1/2 are not only important targets for the treatment of 

autoimmune diseases but also show great potential as targets for the treatment of cancers.86,247 In 

addition to mAbs, efforts to design small‐molecule inhibitors of hB7-1 have been reported in the 

last two decades, which was summarized in our previous work.248 However, up to now, no 

literature clearly identified the binding sites or the mode(s) of action of these inhibitors. One 

attempt to answer that was done by Erbe et al.,249 where they studied the binding of two hB7-1 
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small-molecule inhibitors (see Chapter 1 Fig. 1.4 A) against different fusing protein constructs of 

B7-1 and discovered that only the constructs involving IgV domain can bind to both small-

molecule inhibitors. This suggested that the binding locations for these two compounds are located 

in the IgV domain of B7-1, with no major roles for the other parts of the protein to interact with 

the compounds.   

In addition, one of the compounds (named as compound 1 in their study), which was 

identified through high throughput screening, was used as a parent compound for multiple 

chemical modifications, accelerating the development of more potent B7-1 small-molecule 

inhibitors.219,224,250,251 In order to identify the specific binding site within the IgV domain of hB7-

1, Erbe’s lab performed mutagenesis assays and concluded that residues Asp46, Met47, Asn48, 

Ile49, Trp50 might form a direct interaction with both compounds, as the two compounds showed 

either a loss or a decreased binding to the mutated versions of hB7-1.249 However, there is a 

possibility that the mutation of these residues does not directly relate to the binding of the 

compounds, where it only leads to a conformational change in the hB7-1, thus preventing the 

binding of these compounds to the protein. In this context, the mutational studies presented by 

Erbe’s lab represent an excellent starting point for a comprehensive modelling study to investigate 

the interaction of hB7-1 inhibitors with the protein. Some of the current hB7-1 small-molecule 

inhibitors, bind to hB7-1 with high specificity and nanomolar affinity and were proven to inhibit 

cytokine (e.g. IL-2) release at a sub-micromolar dose in an in vitro T-cell costimulation assay.227,250 

Here I focused on two hB7-1 inhibitors (Fig. 2.2 A and B), namely inhibitor 1 and inhibitor 2, 

which were proved to have good performance in the IL-2 ELISA assays227 and easier to be 

synthesized. As for the negative control, I used a human programmed death ligand 1 (PD-L1) 

small-molecule inhibitor (Fig. 2.2 C), namely BMS-103252 (renamed as inhibitor 3 in this thesis). 

The SPR experiments were performed by our group and showed that inhibitors 1, 2, but not 

inhibitor 3, bind to hB7-1. (see Appendix A)  

The current study aims to identify the binding sites of inhibitors 1 and 2 within hB7-1 and 

to understand their mode(s) of action. To answer this research question, I employed several state-

of-the-art computational tools (Fig. 2.3). I first used molecular dynamics (MD) simulations to 

sample the different protein conformers for the non-bound B7-1 monomer and dimer proteins. 

Then I used root mean square deviation (RMSD)-based clustering to filter and select the dominant 

B7-1 conformations from these MD simulations for subsequent molecular docking studies. 
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Figure 2. 2 Structures of two human B7-1 small-molecule inhibitors (A and B) and a PD-

L1 small-molecule inhibitor (C) under studies in this work. 

Two human B7-1 compounds share the same core structure as colored by red. 

 

 

Figure 2. 3 Diagram of workflow in this study.   

Following molecular docking, a few docked poses were selected for the subsequent studies. Then 

MD simulations of the protein/ligand complexes were used to refine the structures of the 
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complexes. The equilibrated trajectories from the MD simulations were then used for hydrogen 

bond (H-bond) analysis, molecular mechanics-generalized born surface area (MM-GBSA)253 

binding free energy calculations and energy decompositions to estimate the ligand binding 

affinities and further confirm the identification of the binding sites and mode(s) of action of the 

small-molecule inhibitors. 

 

2.2 Methods 

2.2.1 System preparation for MD simulations 

The structures of the 9 residues at the C-termini (T200KQEHFPDN208) were missing from 

the resolved crystal structures for both hB7-1 monomer (PDB ID: 1DR9) and dimer (PDB ID: 

1I8L). The missing structure was predicted as a loop using PSIPRED 4.0 package 

(http://bioinf.cs.ucl.ac.uk/psipred/) with high confidence in the prediction.254 MODELLER255 is a 

homology modelling tool to predict the protein three-dimensional (3D) structures. In this study, I 

used the high precision loop modelling protocol DOPE-HR as implemented in MODELLER to 

construct the missing loop.  MODELLER was launched through the UCSF Chimera graphical 

interface, version 1.13.1.256 Ranking of the models was evaluated using the zDOPE score and the 

top-ranked loop model was selected as the final loop structure. The protonation states of all amino 

acids were predicted using the PDB2PQR server version 2.1.1 (http://nbcr-

222.ucsd.edu/pdb2pqr_2.1.1/).257 It is important to mention that human B7-1 is a glycoprotein, 

which includes 3 glycosylation sites on the IgV domain and 5 glycosylation sites on the IgC 

domain of each monomer. A major goal of the current study is to identify all possible binding sites 

for the B7-1 small-molecule inhibitors, it was important to include the carbohydrates at the 

glycosylation sites such that I can weed out binding sites that would have any conflict with the 

glycosylation sites, as these sites would not be accessible for small molecules. To implement that, 

I included one monosaccharide beta-D-N-acetylglucosamine (β-D-GlcNAc) at each glycosylation 

site using the Glycan Modeller tool of CHARMM GUI (http://www.charmm gui.org).258 Each β-

D-GlcNAc formed a N-linked glycosylic bond with the Asparagine amino acid. The monomer and 

dimer systems were further solvated in 16 Å TIP3P water boxes and were neutralized in a 150 mM 

NaCl counter ions concentration. The ff14SB, GLYCAM_06j-1, TIP3P force fields were used to 

parameterize the systems for MD simulations. The glycosylic bonds and disulfide bonds were 
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generated through tleap (AMBER tool).259 The NAMD package260 (version namd-multicore/2.12) 

on the Cedar supercomputer was employed to run the MD simulations.  

 

2.2.2 MD simulation protocol 

In this project, MD simulations were initially performed on the non-bounded protein 

structures (to capture the low energy protein configurations) as well as on protein/ligand 

complexes (to refine the docked complex structures). Before production simulations, all systems 

were minimized to bring them to the low energy configurations. The minimization phase involved 

20,000 iterations. During the minimization, a strong constraint of 50 kcal/mol was placed on the 

proteins’ backbone heavy atoms. This was followed by heating the systems for 500 ps, which 

gradually increased their temperature from 0 K to 310 K in a stepwise manner. During the heating 

process, the constraints on the backbone heavy atoms were reduced to 5 kcal/mol. Then a three-

stage equilibration phase was performed on each system. The constraining forces were 5 kcal/mol 

and were then reduced to 1 kcal/mol and then to no constraints. Each equilibration phase involved 

5 ns NPT simulation time. After equilibration, up to 200 ns productions were performed using the 

NPT for each system.  

The MD simulations were performed under periodic boundary conditions (PBC) with a 

time step of 2 fs. The constant temperature (310 K) and constant pressure (1atm) were achieved 

using the Langevin dynamics temperature control and Langevin piston pressure control. The 

calculations of the bonded interactions, short-range nonbonded interactions, and full electrostatics 

evaluation were performed every two timesteps, every timestep, and every two timesteps, 

respectively. A cut-off of 14 Å was employed for van der Waals (VDW) interactions and 

electrostatic interactions. A smooth truncation of the VDW interactions and the electrostatic 

interactions starts at 12 Å. The long-range electrostatic interactions were computed using the 

particle mesh Ewald (PME) method. The simulation snapshots were extracted from the trajectories 

every 2 ps. 

In order to analyze and compare the stability and flexibility of the different systems, the 

RMSD and the root mean square fluctuation (RMSF) of the equilibrated trajectories were 

computed using CPPTRAJ (AMBER tool).261 The hydrogen bond (H-bond) interactions were also 

analyzed using CPPTRAJ with a distance cut-off of 3 Å and an angle cut-off of 135 º for each 

frame of the equilibrated production trajectories.261 
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2.2.3 Druggable binding site predictions 

In the current study, both the molecular operating environment (MOE)-Site Finder and the 

FTSite were utilized to predict the druggable binding sites.262,263 MOE’s Site Finder generates and 

filters alpha spheres to represent the active sites. Multiple clusters of the alpha spheres were 

generated and ranked according to their propensity for ligand binding (PLB) score. Excluding the 

misleading clusters (e.g. a site near the linker of the two Ig domains or a site at the C-terminal 

loops), the cluster, which has the best PLB score was selected. Predicting the probable binding 

sites on the three protein representatives separately. Comparing the alpha sphere clusters generated 

from these three protein conformers, the overlapped residues were defined as the first predicted 

druggable binding site (namely the MOE predicted druggable binding site).  

FTSite is a free web server suitable for protein systems with less than 1100 residues to 

predict the druggable binding sites. FTSite is based on the observation that protein binding sites 

prone to bind small-molecule compounds.262 Since the crystal structure of hB7-1 and CTLA-4 

protein complex have been resolved, the identified hot spots could be utilized to guide the 

prediction of hB7-1 small-molecule compound binding sites.264 Different from most of the 

energetic methods, FTSite uses 16 different small-molecule probes to sample the protein surface. 

The places with overlapping low energy clusters of small-molecule probes and have the most non-

bond interactions are defined as the druggable ligand binding sites.262 As discussed earlier, Erbe 

et al.249 discovered that the mutation of five residues led to a loss or a reduction of the binding 

between two hB7-1 small-molecule compounds and hB7-1. The residues identified from the 

mutagenesis assay together with the FTSite identified residues were combined as the second 

predicted druggable binding site (namely the combined druggable binding site). 

   

2.2.4 Molecular docking simulations 

Two hB7-1 small-molecule inhibitors, namely inhibitors 1 and 2 in this study were selected 

from the same patent.227 A hPD-L1 small-molecule inhibitor, namely inhibitor 3 in this study was 

used as a negative control (Fig. 2.2 C). The two hB7-1 small-molecule inhibitors shared the same 

scaffold. All the original structures of these compounds were obtained from the PubChem database 

(https://pubchem.ncbi.nlm.nih.gov).265 Following that, all three compounds were further prepared 

using the wash utility of the MOE package (version 2019.0102).263 These residues forming the 

https://pubchem.ncbi.nlm.nih.gov/
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predicted druggable binding sites were selected through the Dock panel of MOE. The three 

compounds were then docked into the three protein conformers separately. The default Triangle 

Matcher placement method was used to superpose ligand triplets on receptor alpha sphere triplets 

to generate the initial ligand poses. The default London dG scoring function was used for pose 

scoring. Then the induced-fit refinement method and the GBVI/WSA dG scoring method were 

employed for the aim of initial poses refinement. A thousand docking poses were generated for 

each protein/ligand complex, and 50 poses were obtained after refinement. The docking pose with 

the best docking score was then selected as a reference. Other docking poses were superposed 

upon the reference pose to compute their RMSD relative to the reference. The RMSD cut-off of 

0.5 Å was used to group and select the representative docking poses. Within each group, the 

docking pose with the best docking energy was selected as a representative of that group. The 

RMSD-based filtering may ignore some predicted binding poses. So, following that, all the 

docking poses were manually browsed and the RMSD clustering method ignored binding poses 

with relative high docking scores and unique mode(s) of action were added to the docking poses 

for MD simulations. Comparing these poses, the duplicate poses were removed from the 

subsequent studies. The detailed binding pose filtering method is shown in Figure 2.4. 

 

2.2.5 Preparation of small-molecule compounds for MD simulations 

In this study, the antechamber (AMBER tool) was employed to assign the atom types and calculate 

the atomic point charges of the compounds by using the AM1-BCC charge method. The general 

AMBER force field (GAFF) contains parameters for almost all the pharmaceutical molecules. 

Since the standard AMBER force field may not include all the force field parameters for the non-

standard residues, an additional force file or the frcmod file can be generated using parmchk 

program. The protein/ligand complexes were solvated and ionized according to the same method 

as the non-bounded protein using tleap.  

 

2.2.6 Binding free energy calculation and energy decomposition  

After 15 ns from the MD simulations of the selected complexes, the binding free energy of 

these systems were computed using the MM-GBSA253 method as implemented in AMBER 16259 

to further select the best complexes and confirm their binding sites and mode(s) of action of the 
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ligands. MM-GBSA combines the molecular mechanics’ energy with the generalized born and 

surface area continuum solvation model.   

 

Figure 2. 4 Diagram of filtering docking poses. 

The free energy of binding (ΔGbind) is estimated from the free energies of the non-bounded protein 

receptor (Greceptor), non-bounded ligand (Gligand) and the bounded protein/ligand complex (Gcomplex) 

as shown in equation (Eqn.) (1). Specifically, the ΔGbind is the sum of the molecular mechanics’ 

energy (ΔEMM), the solvation free energy (ΔGsolv) and entropy contributions (TΔS) as shown in Eqn. 

(2). The ΔEMM term is estimated from the bonded (bond length, angle and dihedral angle) and 

nonbounded (electrostatic and VDW) interactions in the gas phase. The ΔGsolv term is measured 

from the polar solvation free energy by using the GB model and the nonpolar solvation free energy 

by using the solvent-accessible surface area (SASA). For each chosen complex, the snapshots of 

every 10 ps extracted from the entire 15 ns production trajectories were used for the ΔGbind 

calculation:  

ΔGbind = Gcomplex - (Greceptor + Gligand)                                                                                    Eqn. (1), 

ΔGbind = ΔEMM + ΔGsolv – TΔS                                                                                              Eqn. (2). 
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2.2.7 Visualizations and Analyses  

Visualizations of the protein alone and protein/ligand complex were performed using visual 

molecular dynamics (VMD) software version 1.9.4a 12 and PyMOL (TM) 2.3.2 version.266 Data 

analyses were plotted using Gnuplot version 5.2.2.  

 

2.3 Results and Discussions  

2.3.1 hB7-1 refinement using MD simulations 

MD simulations dynamically simulate the motions of atoms. MD simulations relax the 3D 

structures of the protein and provide a dynamical picture on how the protein interacts with water, 

ions and bound molecules. It can also remove any unfavorable interactions among the different 

residues and transit the protein from energetically high conformations to low energy modes, 

mimicking physiological conditions. The following sections describe the outcomes of the MD 

simulations performed on the B7-1 protein in both monomer and dimer forms.  

 

2.3.1.1 System preparation: pre-MD simulations 

In this study, MODELLER255 was used to add the missing C-terminal structure of both 

hB7-1 monomer and dimer. The sequence of this missing loop in the monomer is 

T200KQEHFPDN208. For the purpose of filtering the binding sites, each monosaccharide β-D-

GlcNAc was added to each glycosylation site in B7-1. The systems were then prepared as 

discussed in the Methods section. A snapshot of the complete system encompassing a hB7-1 dimer 

system, water, NaCl ions (150 mM) and carbohydrates is shown as an example in Figure 2.5. 

 

2.3.1.2 Analysis of the MD simulations of the unbound proteins 

In this study, up to 200 ns MD simulations of both hB7-1 monomer and dimer were 

performed. The C backbone RMSD and C backbone RMSF analyses of these two systems were 

computed using the CPPTRAJ utility as implemented in the Amber software.261 The data were 

plotted using gnuplot/5.2.2. The RMSD results (Fig. 2.6) show that the dimer system reached 

equilibrium and low-energy state after 40 ns. However, the monomer system is not stable. 

Comparing the RMSD results of the two systems, one can note that the dimer system is more stable 

than the monomer system.   
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Figure 2. 5 The MD simulation system of the hB7-1 dimer.  

The system consists of carbohydrates waters and ions (Na+, Cl-). 

 

 

Figure 2. 6 MD trajectory root mean square deviation analysis (RMSD). 

The C backbone RMSD analyses of hB7-1 monomer and dimer. The purple curve and the pink 
curve represent the hB7-1 monomer and dimer, respectively. 

Although the average RMSD for the dimer system was fluctuating around 4 Å, the deviation in the 

dimer RMSD plot was much lesser compared to that of the monomer. Therefore, the MD 

simulations for both systems, suggest that B7-1 is more stable as a dimer and not as a monomer. 

This is an important outcome of the MD simulations and agrees with what has been reported in 
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the literature for B7-1, where it is well-documented that hB7-1 is predominantly expressed as a 

homodimer on the cell surface.245 Based on this major finding, we executed the following studies 

using only the hB7-1 dimer system and ignored the monomer system. With this finding in hand, it 

was interesting to investigate which parts of B7-1 inducing this flexibility in the protein. To do 

that, we calculated the average RMSF for each residue in the dimer protein (Fig. 2.7). While most 

residues in the dimer trajectory were stable, the most flexible residues are within the loop structures 

(colored in yellow), especially in the C-terminal regions.  

 

Figure 2. 7 MD trajectory root mean square fluctuation analysis (RMSF). 

The C backbone RMSF analysis of hB7-1 dimer. The cyan curve and the coral curve represent 
chain A and chain B of the hB7-1 dimer, respectively.   

   

2.3.2 Selection of B7-1 dominant conformations 

With the increasing computational power, MD simulations on a nanosecond or even 

microsecond duration became common, the trajectories (atom coordinates path as a function of 

time) generated from such long MD simulations, therefore, include a huge amount of data. This 

data describes the evolution of dynamics for the simulated protein, which represents a wealth of 

structural knowledge. Working with every single conformation in these trajectories is practically 

impossible. Therefore, these huge trajectories must first be reduced into a manageable collection 

of dominant conformations to work with. In this way, clustering these trajectories is an efficient 

technique to group similar conformations from these trajectories and select a representative 

structure for each group. This can significantly reduce the number of protein conformations from 

thousands of snapshots to a handful of protein structures that represent the dominant dynamics 

visited by the protein during the MD simulations. Various clustering methods have been developed 
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to cluster MD trajectories, including top-down splitting algorithm and bottom-up merging 

algorithm and many others.267 The major differences between these different algorithms are the 

way to define the distance between clusters and the selection of which clusters to combine.267 In 

this thesis, we adopted the average-linked algorithm, which was proven to show an excellent 

performance for MD data, especially the number of clusters needed to analyze the data is not 

known in advance.267 The average-linked algorithm is a bottom-up method, which starts with 

multiple clusters and proceeds by merging clusters until it reaches a cluster count that can 

optimally describe the variations observed in the data. The average-linked algorithm defines the 

distance between clusters by averaging all the distances between each pair of the compared clusters. 

For MD simulations, the clustering performance also depends on the reference atoms selected for 

the pairwise comparison as well as on the cluster count. In order to reduce the computational 

burden, only most of the IgV domain residues (except for the residues forming the loops) backbone 

atoms (exclude the hydrogens) or the heavy atoms were selected as the reference atoms for RMSD 

calculations (Fig. 2.8 A). We focused on the IgV domain mainly in the clustering because the IgV 

domain was shown by Erbe and his colleagues to be important for ligand binding. In addition, 

because of no interaction between the IgC domains of the dimer (as supported by the crystal 

structure,264 PDB ID: 1I8L), they are relatively more flexible than the IgV domains. Including the 

IgC domain residues as the reference residues may lead to high RMSD value. This high RMSD 

value is not because of the real IgV domain conformational change, but the nature of the flexible 

IgC domains. Therefore excluding the IgC domain residues from the pairwise comparison may 

increase the accuracy of the clustering result and remove any noise that may emerge from the 

calculations, by focusing only on the important parts of the protein. In order to identify the optimal 

cluster count, we performed multiple clustering calculations with a range of cluster counts (from 

5 to 95) using CPPTRAJ.261 We then evaluated the quality of these calculations using different 

clustering metrics, including the Davies-Bouldin index (DBI) meteric268 and the SSR (the sum of 

squares regression) /SST (the total sum of squares) ratio.267 A minimum in the DBI graph and a 

plateau in the SSR/SST graph indicate a convergence towards the optimal cluster count. As shown 

in (Fig. 2.8 B), this DBI minimum was observed initially around a cluster count of 10, which was 

refined at a higher resolution of cluster counts to show an optimal clustering number of 9. 
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Figure 2. 8 Clustering analysis of the human B7-1 dimer conformations from the 

equilibrated MD simulation trajectories. 

A, The human B7-1 IgV domain reference residues for clustering analysis. B, The selection of 
the optimal cluster count. An optimal clustering number is reached when a plateau in the 
SSR/SST ratio coincides with a local minimum in the DBI metric. Nine is regarded as the optimal 
clustering number.   

Through clustering, the most similar protein configurations (in this case hB7-1 dimers) 

were grouped into the same group. In total, 16,000 protein conformations were extracted from the 

equilibrated MD trajectories at 10 ps intervals and were fitted to the first frame before any 

clustering calculation and finally grouped into 9 clusters (Fig. 2.8 B). As shown in Figure 2.9, 

among these 9 clusters, the first three clusters encompassed more than 95 % of all the protein 

conformations. The structures which have a minimal deviation from the other structures in the 

cluster and themselves during the trajectories were selected as the protein representatives. These 

protein conformers are regarded as the dominant protein conformations during the MD simulation. 

In total, three protein representatives forming a conformational ensemble were used for docking 

studies. For more details about clustering please visit a comprehensive review.267  
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Figure 2. 9 The occurrences of each cluster.  

Clusters 1 to 3 occupied more than 95 % of all the protein conformations through the MD 
simulation, were selected as the protein representatives for the following studies.  

 

2.3.3 Druggable binding sites prediction 

Identifying a suitable binding site within B7-1 is a prerequisite for any molecular docking 

studies. This binding site not only has to fit with the shape of the tested compounds but also has to 

complement their physiochemical properties (e.g. electrostatic potential, hydrogen bonds, etc.).  In 

the recent decades, plenty of protein/ligand binding site prediction methods have been developed, 

including but not limited to geometry-based methods (e.g. MOE-Site Finder),263 energy-based 

methods (e.g. FTSite),262 sequence-based methods (e.g. ConCavity)269 and the most recent 

machine learning-based methods (e.g. P2Rank)270 as well as the combination of different methods 

(e.g. COACH).271 In this work, I used the MOE-Site Finder and the FTSite to predict the binding 

sites of the tested small-molecule compounds (see Methods 2.2.3). 

I focused on three protein conformations, representing the three dominant clusters as 

described above. By comparing the alpha sphere clusters generated from these three B7-1 

structures, six conserved residues, including Lys34, Lys37, Glu52, Tyr53, Arg73, Ser75, located 

in the IgV domain of B7-1 were defined as the first binding site (see Fig. 2.10 A). Eight residues 

were identified using FTSite, which included ARG29, LIE30, TYR31, THR41, MET42, MET43, 

VAL83 and LEU85. As these FTSite predicted residues were close to the 5 residues identified by 

Erbe’s mutational analysis, I decided to group them and construct the second binding site 

encompassing thirteen residues. These thirteen residues include ARG29, LIE30, TYR31, THR41, 

MET42, MET43, Asp46, Met47, Asn48, Ile49, Trp50, VAL83, and LEU85 (see Fig. 2.10 B). Both 
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binding sites were used as search space for the docking simulations to study the interactions of the 

three compounds (inhibitors 1,2 and 3) within B7-1, as described below. 

 

2.3.4 Molecular docking studies of hB7-1 and small-molecule compounds 

Molecular docking is one of the most important tools of structure-based drug design, which 

not only predicts the most probable binding poses of the ligands through multiple sampling 

algorithms but also evaluates the binding affinities of the ligands through different scoring 

functions. MOE is a commercial docking software, which was proven to use robust sampling 

algorithms (e.g. the triangle matcher algorithm) and excellent scoring functions (e.g. the London 

dG function).272 Therefore, in this study, MOE was employed to perform all the molecular docking 

studies. A common problem of various docking programs is the neglect of the flexibility of the 

 

Figure 2. 10 Residues forming the MOE predicted binding site (A) and the combined 

binding site (B).  

Three protein representatives were superposed on the binding site residues, which were shown 
as VDW representations by using MOE. 
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target receptors. In order to overcome this problem, I generated an ensemble including the three 

dominant protein conformers obtained from the clustering analysis as discussed above. In addition, 

the induced-fit refinement method was also used to further consider the sidechain flexibility of the 

binding site residues of the protein. Duplicate poses were removed after refinement.  

Both identified binding sites (see above) were used to test the interactions of the 

compounds to B7-1. For the first binding site (identified by MOE), 10 out of 150 different binding 

poses of hB7-1/inhibitor 1 complexes and 10 out of 150 different binding poses of hB7-1/inhibitor 

2 complexes were selected for further studies. For the second binding site (predicted by FTSite), 

14 out of 150 different binding poses of hB7-1/inhibitor 1 complexes and 10 out of 150 different 

binding poses of hB7-1/inhibitor 2 complexes were selected for further studies.  

 

2.3.4 hB7-1/compound complex refinement using MD simulations 

With the help of the significantly increasing computer power, most of the docking 

programs can fulfill a sufficient sampling of all possible binding poses for a compound. However, 

the accurate scoring function to select the most probable binding pose is still challenging. The best 

docking score may not guarantee the best binding affinity of the ligand. One cannot only rely on 

the docking score without other considerations. Because, the protein/ligand interaction is a 

dynamic process, in some cases, the compound may leave the predicted binding site after a long 

MD simulation, indicating a less stable binding. Furthermore, the orientation of the predicted 

complex may not be in a relaxed low energy state, due to unfavorable interactions that may not be 

observed during the docking simulations. Therefore, a post-processing of the docked structures 

using MD simulations is essential to refine the obtained protein/ligand complexes to help the 

systems reach their lowest energy states, leading to more realistic and physiologically relevant 

stable complexes. 

In total, forty-four docked complexes were used as starting points for 15 ns MD simulations. 

The preparation of the bound protein-ligand systems is described in the Methods section (see 

above). The RMSDs of the ligands (exclude the hydrogen atoms) within the entire 15 ns production 

runs were calculated using CPPTRAJ261 and plotted using Gnuplot version 5.2.2 (see Figure 2.11 

to Figure 2.14). VMD266 was used to monitor the movement of these complexes during the MD 

simulations. The binding free energies of these complexes were computed using the MM-GBSA 

method by the CPPTRAJ program (see Figure 2.11 to Figure 2.14).261 For each complex, the 
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snapshots at every 10 ps were extracted from the entire 15 ns trajectories (1,500 frames). Three 

parameters were used to analyze and rank the different poses, namely the ligands’ RMSDs, the 

dynamics of the bound complexes and the binding free energies between B7-1 and each ligand. 

Only complexes that show stable RMSDs and less dynamicity during the simulations as well as 

acceptable binding affinities were considered as the optimal protein/ligand conformations and 

were qualified for further analyses.  

 

Figure 2. 11 Ligand heavy atom RMSD analyses and binding free energies (kcal/mol) of 

the human B7-1/inhibitor 1 complexes in the MOE predicted binding sites. 

The binding free energy of each system was computed using the MM-GBSA method. The most 
stable complex is colored in pink.     
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Figure 2. 12 Ligand heavy atom RMSD analyses and binding free energies (kcal/mol) of 

the human B7-1/inhibitor 2 complexes in the MOE predicted binding sites. 

The binding free energy of each system was computed using the MM-GBSA method.       
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Figure 2. 13 Ligand heavy atom RMSD analyses and binding free energies (kcal/mol) of 

the human B7-1/inhibitor 1 complexes in the combined binding sites. 

The binding free energy of each system was computed using the MM-GBSA method. The most 
stable complex is colored in pink.     
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Figure 2. 14 Ligand heavy atom RMSD analyses and binding free energies (kcal/mol) of 

the human B7-1/inhibitor 2 complexes in the combined binding sites. 

The binding free energy of each system was computed using the MM-GBSA method. The most 
stable complex is colored in pink.     

The complexes, which have the binding free energies lower than – 25 kcal/mol were 

visualized using VMD.266 Some of the systems were stable at the beginning, however, they showed 

large flexibilities at the end of the simulations. In some systems, the ligands even moved out of 

the binding sites. These observations highlight the importance of using MD simulations to further 

analyze the docking results, as most of these parameters would not be shown during the docking 

simulations. Comparing all systems, inhibitor 1-protein conformer 2-pose 40 (namely inhibitor 1 

binding pose 2) and the inhibitor 2-protein conformer 2-pose 20 (namely inhibitor 2 binding pose) 

within the combined binding site were identified as the most stable binding poses. Interestingly, 

MOE predicted a similar binding site, but different ligand orientation for inhibitor 1 (inhibitor 1-

protein conformer 3-pose 3, namely inhibitor 1 binding pose 1). This binding site locates in the 

overlapping area of MOE-Site Finder predicted binding site search space and the combined 

binding site search space. In the abovementioned three complexes, the ligands are stable as 
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supported by the three parameters I used to filter the complexes as described above. Two different 

binding site prediction methods identified the same or at least a very similar binding site 

confirming the accuracy of the results. 

To validate the models, I further investigated the interaction between inhibitor 3 (a PD-L1 

small-molecule inhibitor) and hB7-1. To do that, I used the same docking procedure I adopted for 

inhibitors 1 and 2. After testing inhibitor 3 in the two predicted binding sites of B7-1, I manually 

selected one complex in each site. In the first complex (see Figure 2.15 A), inhibitor 3 was shown 

to bind at a similar site to the one I observed for the optimal conformation of inhibitor 1 as 

supported by the residues within 5 Å of these two ligands (inhibitor 1 and inhibitor 3) were almost 

the same. In the second complex (see Figure 2.15 B), inhibitor 3 was shown to bind at a similar 

site as inhibitor 2. The 15 ns-length MD simulations of the hB7-1/inhibitor 3 complexes were 

performed and the ligand heavy atom RMSDs were computed (as shown in Figure 2.15). Results 

from this calculation show that the hB7-1/inhibitor 3 complex is very flexible with a maximum 

deviation of 3 Å within the inhibitor 1 binding site and less flexible within the inhibitor 2 binding 

site. Then the binding free energies of inhibitor 3 within these two complexes were computed 

according to the same method. The binding free energies are smaller than that of the inhibitor 

1/protein and inhibitor 2/protein complexes. Visualizing the dynamics of the hB7-1/inhibitor 3 

complexes using VMD also confirms the large fluctuations of inhibitor 3. Taken together, these 

findings suggest that inhibitor 3 may not bind to hB7-1 in the predicted inhibitor 1 and inhibitor 2 

binding sites.      

 

Figure 2. 15 Ligand heavy atom RMSD analysis of the human B7-1/inhibitor 3 complexes.  

A, Inhibitor 3 binds to a similar binding site of inhibitor 1 in hB7-1. B, Inhibitor 3 binds to a 
similar binding site of inhibitor 2 in hB7-1. The residues within 5 Å of the compounds in the 
first frames of the MD trajectories are almost the same. 
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To confirm the stabilities of the final three protein/compound systems, I expanded the MD 

simulations to in total of 25 ns. The heavy atom RMSDs of the ligands are shown in Figure 2.16. 

These results indicate that all of the three systems are stable after expanding the MD simulations, 

this further confirms the accuracy of the results. 

 

Figure 2. 16 Ligand heavy atom RMSD analysis during the 25 ns MD trajectories of the 

final three protein/compound complexes.  

A, Inhibitor 1 binds with hB7-1 in the first predicted orientation. B, Inhibitor 1 binds with hB7-
1 in the second predicted orientation. C, Inhibitor 2 binds with hB7-1 in the predicted orientation. 

 

2.3.5 Analysis of complex interactions 

As discussed above, I obtained two different orientations for inhibitor 1 within the same 

binding location. The two orientations seem to exhibit similar binding affinities to B7-1. It is 

important to understand which of the observed orientations for inhibitor1 is more favorable and 

also to gain more structural insights into the differences between these two modes of interactions. 

Furthermore, comparing that to the mode of binding of inhibitor 2 may explain the differences in 

binding affinity between the two compounds. For that, I analyzed the H-bond networks 

surrounding each compound in their bound conformations. I also performed a per-residue total 

energy decomposition of the three complexes (two complexes for inhibitor 1 and one complex for 

inhibitor 2). H-bonds were defined by a distance cut-off of 3 Å and an angle cut-off of 135 º for 

each frame of the MD trajectories. In addition, some residues forming weak H-bonds with 

occupancy less than 5 % were not considered and are not shown here. Moreover, any residue 

showing a binding free energy contribution higher than -1 kcal/mol was not considered for further 

analysis and is not discussed below. 
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2.3.5.1 H-bond analyses  

A CPPTRAJ script was used to analyze and compare the H-bond interactions of the three 

protein/ligand complexes. As discussed above, Inhibitor 1 showed two different modes of binding 

within the same site. In the first binding orientation (see Figure 2.17), the ring structures of 

inhibitor 1 are pointing to the right. The Asp55 residue is forming the strongest H-bond (~ 55 % 

occupancy) with the inhibitor 1, with an average distance of 2.8 Å and an average angle of 158 º. 

A weaker H-bond (~ 7 % occupancy) is also formed between the Glu160 and inhibitor 1, with an 

average distance of 2.9 Å and an average angle of 147 º.  

 

Figure 2. 17 H-bonds analysis of hB7-1/inhibitor 1 in the first identified binding pose. 

The protein atoms within 10 Å of the ligand are shown as surface representation. H-bond 
interactions of the last frame of the 15 ns MD trajectories were shown as an example using 
purple dashed lines with bond length labeled. H-bonds, which have less than 5 % occupancy 
were ignored.   

In the second binding orientation (see Figure 2.18), the ring structures of inhibitor 1 are 

pointing to the left and Arg56 is forming the strongest H-bond (~16 % occupancy) with the ligand 

with an average distance of 2.9 Å and an average angle of 147 º. Asp55 is forming a weaker H-

bond (~ 11 % occupancy) with the ligand with an average distance of 2.9 Å and an average angle 

of 158 º. In addition, a H-bond is formed between the Arg73 and the inhibitor (~ 8 % occupancy) 

with an average distance of 2.9 Å and an average angle of 146 º.  Comparing the two different 

orientations of inhibitor 1, one can observe that Asp55 of hB7-1 is always located near the middle 
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of the ligand, therefore, playing a key role in the H-bond interactions. With the multiple ring 

structures point to the right, this allows the formation of a H-bond with Glu160. However, when 

the multiple ring structures of inhibitor 1 pointing to the left, allows the formation of H-bonds with 

two Arg residues (namely Arg56 and Arg73). Comparing the total H-bond occupancy in both cases, 

it is clear that in the first orientation, inhibitor 1 can almost double the number of H-bond 

interactions. 

 

Figure 2. 18 H-bonds analysis of hB7-1/inhibitor 1 in the second identified binding pose. 

The protein atoms within 10 Å of the ligand are shown as surface representation. H-bond 
interactions of the last frame of the 15 ns MD trajectories were shown as an example using 
purple dashed lines with bond length labeled. H-bonds, which have less than 5 % occupancy 
were ignored. 

For inhibitor 2, the data demonstrates that it binds to a completely different binding site, 

compared to inhibitor 1 (see Figure 2.19). In this site, inhibitor 2 occupies the  sheets of the IgV 

domain, where Arg29 is forming two H-bonds with the same oxygen atom of inhibitor 2. One of 

these H-bonds is much stronger (~ 65 % occupancy) than the other one (~ 8 % occupancy). In 

addition, Asn48 is forming another relatively strong H-bond with the ligand (~ 22 % occupancy). 

In all the three complexes, inhibitor 2 formed stronger H-bond networks with the protein than the 

inhibitor 1. As shown in Figure 2.15 to 2.17, the residues of the protein are all forming H-bonds 
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with the two ligands on both sides, in this way they are stabilizing the ligand in the shallow surface 

of the B7-1 structure.  

 

 

2.3.5.2 Binding free energy decompositions 

The binding free energy decomposition can divide the total binding free energy into 

electrostatic energy, VDW energy, polar and non-polar solvation energy. Through binding free 

energy decomposition, one can identify the key residues forming protein/compound interaction 

and how each residue contributes to the total binding free energy. Furthermore, the results of the 

binding free energy decomposition can be further utilized to confirm the findings obtained from 

the H-bond analyses. Based on the energy decomposition, in the first binding orientation of 

inhibitor 1, I identified three key residues, namely Arg56, Leu70, and Arg73, which showed to 

contribute most of the total binding free energy. Among them, the VDW interaction of Arg56 (~ -

3.0 kcal/mol) seems to dominate its contribution to the binding interactions with inhibitor 1. Asp55 

contributes about -2.6 kcal/mol mainly through its electrostatic interaction with inhibitor 1, while 

 

Figure 2. 19 H-bonds analysis of hB7-1/inhibitor 2 in the identified binding site. 

The protein atoms within 10 Å of the ligand are shown as surface representation. H-bond 
interactions of the last frame of the 15 ns MD trajectories were shown as an example using 
purple dashed lines with bond length labeled. H-bonds, which have less than 5 % occupancy 
were ignored.  



 

53 

Glu160 contributes relatively less electrostatic energy ( -0.4 kcal/mol), which supports the H-

bond analyses. In the second binding orientation of inhibitor 1, Arg56 and Arg73 were identified 

as the key residues to interact with the ligand, mainly through electrostatic energies ( -

 kcal/mol for each interaction), which also supports out H-bond analyses. Arg56 also 

contributes about -3.1 kcal/mol of the total electrostatic energy. In addition, Leu70 and Lys222 

also contribute to the total binding free energy in a lower degree (lower than -1.0 kcal/mol).  

Inhibitor 2 binds to the shallow protein surface mainly through the following residues: 

Arg29, Tyr31, Met42, Met43, Asn48. Among them, Arg29 and Asn48 interact with the ligand 

mainly through electrostatic interactions, which confirms the H-bond analyses. Especially, Arg29 

is forming two H-bonds with the same oxygen of the ligand and contributing about - kcal/mol 

to the total binding free energy through electrostatic interactions alone. On the contrary, the VDW 

energies of residues Tyr31, Met42 and Met43 dominating their interactions with the ligand. 

Comparing with the discovery of Erbe’s lab, both of us found that residue Asn48 might be 

important for the ligands binding. Since the specific binding between Asn48 and compound 1 (see 

Fig. 1.4A) in their research was not revealed, I could not compare with the identifications in this 

thesis. However, from the results, Asn48 binds to a unique chemical group with inhibitor 2 (see 

Fig. 2.2B, Fig. 2.19), which is not in compound 1. The inhibitor 2 predicted binding site identified 

by the research may partially overlap with the hB7-1/hCTLA-4 protein/protein binding surface as 

supported by both hB7-1 residues Tyr31 and Met43 were involved in the complex (protein/protein 

or protein/compound) formation. Besides, Arg29 on hB7-1, which was proved to dominate the H-

bond interactions with inhibitor 2 in the studies was previously proved also forming a H-bond with 

Glu33 of hCTLA-4. As for the inhibitor 1 binding site, based on the current knowledge, it’s far 

away from the hCTLA-4 binding site.          

 

2.4 Conclusions  

Human B7-1 is one of the vital costimulatory proteins for T-cell modulation and is regarded 

as a crucial target for the treatment of autoimmune diseases and, possibly cancers. In this project, 

I aimed to explore the interactions of human B7-1 with two human B7-1 small-molecule inhibitors, 

namely inhibitor 1 and 2. To validate the modelling, a human PD-L1 small-molecule inhibitor was 

used as negative control. To resolve this research question, I used a workflow involving binding 

site identification tools, MD simulations, RMSD-based clustering, ensemble-based docking 
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studies, hydrogen bond analysis and binding free energy calculations. Three parameters, including 

the ligand RMSD, the protein/ligand dynamicity and the binding affinities of the ligands were 

employed to filter the most favorable complex configuration. H-bond interaction analysis and 

decomposition of the binding free energy allowed us to identify the key residues stabilizing the 

protein/ligand interactions. The findings suggest that both inhibitors 1 and 2 can bind to B7-1, 

while the PD-L1 compound doesn’t bind to B7-1 in the identified binding sites of these B7-1 

inhibitors. The data show that inhibitor 1 binds to B7-1 in two different modes of binding. In the 

second binding pose, the stronger electrostatic contributions were identified compared to that of 

the first binding pose, which although has almost double of H-bond occupancy. Therefore, with 

the current knowledge, it’s hard to estimate which orientation of inhibitor 1 is better. A stronger 

interaction was identified between the protein and inhibitor 2 as a result of stronger VDW and 

electrostatic contributions. The inhibitor 2 may interact with hB7-1 through a site partially 

overlapped with the hCTLA-4 binding site. The results reveal the interactions between hB7-1 and 

two hB7-1 inhibitors in detail. These findings can help the rational design of more potent hB7-1 

small-molecule inhibitors. 
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cA version of this chapter will be submitted to the Journal of Membrane Biology. 

 

CHAPTER 3: EXPRESSION AND PURIFICATION OF HUMAN B7-1c 

3.1: Introduction 

B7 family is a group of structurally related immune checkpoint proteins, which is 

associated with immune response regulation.273 The B7 family consists of 10 members, namely, 

B7-1 (CD80), B7-2 (CD86), B7-DC (CD273, PD-L2), B7-H1(CD274, PD-L1), B7-H2 (CD275, 

ICOSL), B7-H3 (CD276),  B7-H4 (VTCN1, B7x), B7-H5 (VISTA, PD-1H), B7-H6 (NCR3LG1), 

B7-H7 (HHLA2).273,274 Among them, human B7-1 (hB7-1) is the most characterized member. B7-

1 is a peripheral transmembrane glycoprotein mainly expressed on the activated antigen-presenting 

cells (APCs).275 hB7-1 regulates immune response through delivering the costimulatory signal 

(when interacting with human CD28) and coinhibitory signals (when interacting with human 

CTLA-4 or human PD-L1).15,44,67 In simple terms, the blockade of the hB7-1/hCD28 costimulatory 

pathway, inhibits the activation of T cells, leading to the possibility of alleviating autoimmune 

diseases. When the hB7-1/hCTLA-4 or hB7-1/hPD-L1 pathways are blocked, T cells’ activity to 

fight cancers and chronic infections will be restored. 

The first crystal structure of the extracellular domain of human B7-1 was resolved using X-ray 

diffraction to 3 Å resolution in 2000.14 A mature hB7-1 consists of 208 amino acids in the 

extracellular domain, including a membrane-distal immunoglobulin variable (IgV) like domain 

and a membrane-proximal immunoglobulin constant (IgC) like domain. The following year, the 

crystal structure of the extracellular domains of the hB7-1/hCTLA-4 complex was also resolved 

using X-ray diffraction to 3 Å resolution.58 The discovery of these crystal structures forming 

milestones in the study of hB7-1. These identifications revealed the important structural 

information of hB7-1 and clear insights on its interaction with CTLA-4, as well as promoted the 

structure-based drug design greatly. Indeed, since then some researchers focused on developing 

hB7-1 modulators ranging from fusion proteins, monoclonal antibodies (mAbs) to small 

molecules.170,171,179,217,219,224,225 For example, abatacept and belatacept (two fusion proteins that 

target hB7-1/2) were approved by the United States Food and Drug Administration (FDA) for the 

treatment of autoimmune diseases and renal transplant rejection, respectively.170,171 The 

development of small-molecule inhibitors was lagging. The crystal structure of the hB7-1/hCD28 

complex is still unsolved, which impedes the understanding of the subtle differences of the binding 

between hB7-1/hCD28 and hB7-1/hCTLA-4 complexes. Based on my knowledge, currently, all
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the identified hB7-1 small-molecule inhibitors block both hB7-1/hCD28 and hB7-1/hCTLA-4 

pathways.217,224,225 In this chapter, I aim to express and purify the entire extracellular domain (the 

ectodomain) of hB7-1, the details for which were not completely available in the published 

literature. This study will help us overcome the first main hurdle towards decoding the interactions 

between hB7-1 and its small-molecule inhibitors and understand their modes of binding to hB7-1. 

In the long run, this can help with understanding the selectivity of different small-molecule 

inhibitors towards hB7-1/hCD28 and hB7-1/hCTLA-4 pathways. 

The deep understanding of molecular biology together with the rapid progress of genetic 

engineering have improved the possibility of expressing and purifying recombinant membrane 

protein with high quality.276 hB7-1 was previously expressed in the insect cell (Bac-GPI-B7-1),277 

the mammalian cell (mutant Chinese hamster ovary cell line-Lec3.2.8.1),14 and the bacterial cell 

(Escherichia coli, (E. coli)).278,279 These groups expressed hB7-1 with different constructs, each 

protocol is specific for their system. Although the expression of apo-hB7-1 in mammalian cells 

has been used for X-ray crystal structure determination, the bacterial expression system remains a 

reliable method. Protein expression in eukaryotic expression systems is able to induce the post-

translational modification (PTM) (e.g. glycosylation and phosphorylation), which is often 

important for protein folding and protein function.280 However, the lengthy-expression period, 

high cost, and relatively low yield remain a problem. Hence, protein expression in bacterial 

systems is faster, economic, and usually has a higher yield – an important aspect for functional 

and structural studies. The main drawback when expressing the protein in the prokaryotic system 

is that they have different folding properties/chaperones281 and also cannot perform the PTM that 

typically take place in eukaryotic cells.282 Based on the 2 hB7-1 related crystal structures,14,58 none 

of the glycosylation sites are involved in the dimer interface and receptor/ligand interface. Dr. 

Tykocinski’s team generated non-glycosylated hB7-1 through both N-glycosylation inhibitor 

tunicamycin and bacterial expression system and confirmed that N-glycosylation of hB7-1 is not 

required for the interactions with its receptors CD28 and CTLA-4.278 Since the N-glycosylation 

doesn’t dramatically affect the receptor-binding ability of hB7-1, I decided to express the 

extracellular domain of hB7-1 in a bacterial system. 

Protein expression in the bacterium E. coli is a frequently used approach to produce 

recombinant proteins. This is mainly due to its fast growth, fast plasmid transformation, and 

inexpensive cost.283 The BL21(DE3) is one of the widely used strains for protein expression under 
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the control of the lacUV5 promoter for T7 RNA polymerase.284 A hexahistidine (6  His) tag is 

attached to the C-termini of the protein for the purification purpose. A Tobacco Etch Virus (TEV) 

protease, which is commonly used for the cleavage of fusion proteins and tags was inserted 

between the protein gene and the 6  His tag. Expressing a eukaryotic protein in a bacterial system 

is challenging. The overexpression of a recombinant protein in E. coli, especially for a eukaryotic 

protein, which lacks the PTM and the eukaryotic chaperons to assist protein folding and stabilize 

the protein, can lead to the protein aggregation.283,285 The aggregated proteins are commonly 

referred to as the inclusion bodies (IBs). Forming IBs are always problematic in the field of protein 

expression. However, in some cases, the formation of IBs can be beneficial. IBs contain 

approximately 90% pure recombinant protein and the insoluble and misfolded proteins can be 

easily extracted through cell lysis.286 The challenging part of expressing the recombinant protein 

from IBs is to refold the protein correctly. In this chapter, I established a protocol to generate the 

recombinant extracellular domain of hB7-1. The protein was expressed in the form of IBs, 

harvested and purified by denaturing the protein first and then refolding it in vitro. Immobilized 

metal affinity chromatography and size exclusion chromatography were used to further purify the 

recombinant protein. Here I provide the detailed steps for the expression and purification which 

required multiple rounds of optimizations to generate the pure hB7-1 protein suitable for drug-

binding studies.  

 

3.2: Methods 

3.2.1: Construction of His-TEV-hB7-1[35-242] 

The gene of the recombinant hB7-1 was synthesized and cloned into the pET21b plasmid 

(Bio Basic Canada Inc.). The plasmid contains the hB7-1 gene with a TEV protease cleavage 

site and a 6  His tag in its C-terminus, as well as an ampicillin resistance gene and a T7 inducible 

promoter (Fig. 3.1). The 222 amino acid protein sequence was codon-optimized for better 

expression in E. coli, including but not limited to codon usage bias and average GC content.  
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Figure 3. 1 Schematic diagram of the pET21b-hB7-1 construct.  

The hB7-1 target gene with a TEV protease cleavage site and a poly-histidine tag was cloned 
into the pET21b vector downstream to the T7 inducible promoter. The pET21b vector carries 
the ampicillin resistance gene. 

 

3.2.2: Transformation of recombinant B7-1 in BL21(DE3) 

Subsequently, 50 µL of the competent BL21(DE3) cells, stored at -80 °C, were thawed on 

the ice. 2 µL of the plasmid (86 ng/mL) was added to the competent cells and incubated on the ice 

for 20 minutes. After heat shock at 42 °C for 1 min, the cells were cooled down on the ice for 2 

min. 1 mL lysogeny broth (LB) was added into the cells and then incubated at 37 °C for 1h with 

shaking. The cells were then plated onto the LB agar (LBA) and ampicillin petri dish under sterile 

conditions. The plate was incubated at 37 °C overnight.  

 

3.2.3: E. coli cell growth and cell lysis 

After overnight incubation, one single colony was sterilely transformed into 100 mL LB 

and 100 µg/mL ampicillin, incubated at 37 °C overnight with agitation. The following day, 25 mL 

preculture was transformed into 1 L LB and 100 µg/mL ampicillin culture. Typically, 6 L of cell 

culture was carried out. The aforementioned cultures were incubated at 37 °C with shaking (200 

rpm) until the optical density (OD) at 600 nm reached the exponential phase of the growth 

(OD600nm of 0.7). The culture was induced by the addition of 1mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG), and simultaneously the temperature was remained at 37 °C for 3 

hours with shaking (200 rpm) or reduced to 24 °C for 5 hours with shaking (200 rpm). Then the 

cell pellets were harvested at 800  g for 20 min at 4 °C using the Avanti JLA8.1 rotor. The cell 

pellets were used for protein purification freshly or stored at -20 °C. After harvesting, the cell 
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pellets were resuspended using cell lysis buffer in the ratio of 1:10 (w/v). The cell lysis consists of 

50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5% glycerol and freshly dissolved EDTA-free protease 

inhibitor (Sigma Aldrich, USA). The cell slurry was then passed through the Emulsiflex-C3 

homogenizer (ATA scientific, New South Wales, Australia) three cycles at 40 kpsi for cell lysis.  

 

3.2.4: Isolation of inclusion body 

Following cell lysis, 0.5% Triton X-100 was added to the cell lysate to further break the 

non-specific interactions between proteins. Then the cell lysate was harvested at 20, 000  g for 

20 min at 4 °C using the Beckman TI45 rotor. The supernatant was discarded and the pellets, which 

contain the IBs, the unbroken cells and the cell debris were collected. The pellets were washed by 

two centrifugation steps at 20, 000   g for 20 min at 4 °C using the Beckman TI45 rotor. Before 

centrifugation, the pellets were resuspended with a buffer contains 50 mM Tris-HCl pH 8.0, 200 

mM NaCl, 5% glycerol and 0.5% Triton X-100 and then homogenized. A final wash step was 

performed using the above buffer except for the 0.5% Triton X-100. 

 

3.2.5: Denature of His-TEV-hB7-1[35-242] protein 

As discussed earlier, IB contains high purity of the target protein but in an insoluble, 

unfolded or misfolded state, which needs to be denatured and refolded to recover the activity. 

Denaturation typically takes place with strong chaotropic agents such as urea or guanidium 

hydrochloride. Urea disrupts the hydrogen bonding network of water molecules, thus reduces the 

hydrophobic effects of the hydrophobic part of the protein, thereby solubilizes the hydrophobic 

part of the protein and denatures the protein. In this project, an unfolding buffer, which consists of 

50 mM Tris-HCl pH 8.0, 200 mM NaCl and 8 M urea was used to denature the protein with stirring 

at 4 °C overnight.  

 

3.2.6: Immobilized metal affinity chromatography purification of recombinant B7-1 

Poly-histidine tag is one of the most commonly used tags and can bind to different 

immobilized ions, such as nickel, copper, and cobalt.287 In this project, I performed the nickel 

nitrilotriacetic acid (Ni-NTA) immobilized metal affinity chromatography (IMAC) purification as 

the initial purification step. The denatured protein suspension was homogenized and harvested at 

20,000  g for 20 min at 4 °C using the Beckman TI45 rotor. The supernatant was combined with 
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nickel resin and mixed at 4 °C for 1.5 hours. The suspension, which contains the mixture of the 

protein and the resin was then passed through a gravity flow column and the flow-through was 

collected. Followed by a wash step (20 mM imidazole, until OD280nm less than 0.1) and an elution 

step (500 mM imidazole, until OD280nm less than 0.1), the protein fractions, which contain the 

protein of interest were collected for refolding. 3 mM -mercaptoethanol (ME) was added to the 

protein fractions to reduce the nonnative disulfide bonds, thus alleviate the aggregation. The purity 

of His-TEV-hB7-1[35-242] in each fraction was assessed based on the sodium dodecyl sulfate 

polyacrylamide gel electrophoresis SDS-PAGE (Coomassie staining) result.  

 

3.2.7: Refolding of His-TEV-hB7-1[35-242] protein 

Prior to refolding, the denaturant needs to be removed. The dialysis buffer, which contains 

5 M urea, 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10% glycerol, 0.05% Tween-20, 150 mM 

glycine, 5 mM cystamine and 0.5 mM cysteamine was used to slowly remove the urea from the 

protein and thus refold the protein (the detail of the other dialysis systems see Table 3.1). The 

protein was dialyzed against 5 M urea, 4 M urea until 1 M urea. Each step maintains 1.5 hours 

with stirring at 4 °C. In the end, the protein was dialyzed against the same buffer except for no 

urea overnight at 4 °C. The purpose of the slow dialysis is to reduce the protein aggregations.  

 

3.2.8: Size exclusion chromatography purification of recombinant B7-1 

Size exclusion chromatography (SEC) was performed as the final step of protein 

purification. The refolded proteins were harvested for 10 min at 4 °C to remove the precipitants 

and then concentrated to increase the concentration. Then the concentrated proteins were loaded 

onto a Superdex 200 10/300GL column and run at 0.3 mL/min. The running buffer contains 50 

mM Tris-HCl (pH 8.0), 200 mM NaCl, 5% glycerol. The elution of the target protein was then 

confirmed by SDS-PAGE followed by Coomassie staining. After SEC, all the fractions containing 

the target protein were pooled together and concentrated. The generated recombinant protein was 

either flash used or kept at - 80 °C. 

 

3.2.9: SDS-PAGE and western blotting  

SDS-PAGE and western blotting were performed to confirm the expression and the relative 

purity of the recombinant protein. The protein fractions were loaded to 16% SDS-PAGE gels and 
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the electrophoreses were performed under 180 volts. Then the separated proteins on the gels were 

blotted on the polyvinylidene fluoride (PVDF) membranes by transfer buffer (methanol 150 ml, 

Tris-base 4.35 g, glycine 2.18 g, SDS 0.28 g) using electrophoresis method for 1 hour at 100 volts. 

The membranes were blocked using blocking buffer (1  TBS-(0.05%) Tween-20 (pH 7.6), 5% 

(w/v) dry milk) for 1 hour with shaking followed by overnight incubation at 4 °C. On the following 

day, the membranes were thoroughly washed using washing buffer (1  TBS-(0.05%) Tween-20 

(pH 7.6)). Further, the primary mouse anti-His tag antibody (1:460 dilution) was added to the 

membranes and incubated at room temperature for 1 hour with shaking. Next, the membranes were 

washed three times. Then the secondary rabbit anti-mouse IgG peroxidase antibody (1:5000 

dilution) was added to the membranes and incubated at room temperature for 1 hour with shaking. 

Then the membranes were washed three times. The Amersham™ ECL™ western blotting 

detection reagents were mixed well to detect the reaction and the photos were recorded using the 

Odyssey® Fc imaging system.  

   

3.2.10: Determination of protein concentration  

Bicinchoninic acid (BCA) assay is one of the commonly used methods to determine protein 

concentration. In this project, the concentrations of the in-house proteins and the commercial 

protein were determined by microplate BCA assays using the PierceTM BCA protein assay kit 

(Thermo Fisher Scientific, USA). BCA working reagent was prepared freshly according to the 

manufacturer’s instruction. The BSA standard buffers (working range = 125 – 2000 μg/mL) were 

prepared using the SEC running buffer as the dilution buffer so that the BSA samples have the 

same buffer system as the in-house proteins. Add 10 μL of each BSA standard or protein sample 

(duplicate) into a microplate well. Then add 200 μL BCA working reagent to each well, mixed by 

shaking for 30 seconds and incubated at 37 °C for 30 minutes. The absorbance at 562nm (A562nm) 

was measured by a microplate spectrophotometer. The average A562nm values of the blank samples 

were subtracted from all the other samples. The average blank corrected BSA standard curve was 

plotted by A562nm values against concentrations (μg/mL). The standard curve was then used to 

determine the unknown protein concentrations.    
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3.2.11: hB7-1/hCTLA-4 binding assay  

His-tagged commercial hB7-1[35-242] (R & D systems, Minnesota, USA, Lot: 

DDIK0418051), His-tagged in-house hB7-1[35-242] and biotinylated Fc-tagged commercial 

hCTLA-4[37-162] were used for the binding assays. The binding assays were performed by 

coating commercial hB7-1 or in-house hB7-1 to the high binding surface 96-well microplates. 

Some wells were left without coating with hB7-1 were treated as backgrounds. The microplates 

were incubated at 4 ℃ overnight. The following day, all the wells were washed three times and 

then blocked with the blocking buffer for 1.5 hours at 37 ℃. Subsequently, the wells were 

thoroughly washed. The diluted biotinylated hCTLA-4 was added to the wells, leaving some wells 

as no-binding controls. Then repeat the washing step and blocking step (at 37 ℃ for 10 minutes). 

After the wells were washed three times, the diluted streptavidin horseradish peroxidase (HRP) 

(1:200) was added for the conjugation with the biotinylated hCTLA-4 at 37 ℃ for 1 hour. After 

washing, the 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate was added to each well and 

incubated at 37 ℃ in dark. In the end, the stop solution was added to each well to terminate the 

reactions. The A450nm was detected by the microplate spectrophotometer. The results were 

corrected by subtracting the averaged A450nm value of the background. The results were analyzed 

by GraphPad Prism version 8.3.0 (328).   

 

3.3: Results and discussions 

Different parameters were optimized to improve the yield of the recombinantly expressed 

hB7-1, including the parameters in protein expression (such as induction agent concentration, 

induction time and temperature, and media) and protein purification (such as refolding conditions). 

The results of the major steps were also shown below.   

 

3.3.1: Induction agent concentration optimization for the expression of recombinant B7-1  

Some proteins are highly sensitive to the concentration of the inducer. For example, the 

recombinant cyclomaltodextrinase formed soluble or insoluble protein when induced with 

different concentrations of IPTG.288 Inducing the recombinant protein with a higher concentration 

of the inducer speeds up the transcript process, thus facilitates IB (aggregated proteins) formation. 

I cultivated the bacterial culture at 37 °C until the OD600nm reaches 0.7, then induced the culture at 

37 °C with 0.01 mM IPTG, 0.1 mM IPTG, 1 mM IPTG for 1 hour and 5 hours. Figure 3.2 shows 
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the His-TEV-hB7-1[35-242]. At this temperature despite the concentration of the inducer IPTG, I 

observe very little recombinant protein. I decided to further analyze other conditions with the most 

commonly used concertation of 1 mM IPTG to induce the recombinant protein.  

 

Figure 3. 2 Western blotting analysis of induction agent concentration optimization.  

M represents the protein marker, h represents the hour. His-TEV-hB7-1[35-242] is 25.5 kDa 
and labeled by the asterisk (*). 

 

3.3.2: Induction time and temperature optimization for the expression of recombinant B7-1 

Normally, low temperature slows down the rate of transcription and translation, providing 

sufficient time for recombinant protein to fold correctly. To test this, I cultivated the overnight 

bacterial culture at 37 °C until the OD600nm reaches 0.7, then subincubated the culture with 1 mM 

IPTG at 24 °C and 37 °C, respectively. The recombinant proteins forming insoluble IBs, they have 

a higher yield at a lower temperature, which is a common phenomenon due to the slowing down 

of the translation machinery.289 I compared the different induction times at 24 °C (Fig. 3.3), 

including 1 hour, 3 hours, 5 hours, 8 hours, and 20 hours. Figure 3.3 and Figure 3.4 prove the 

optimal His-TEV-hB7-1[35-242] expression is performed at 24 °C induced by 1 mM IPTG for 5 

hours in E. coli BL21 (DE3). Inducing the protein expression at 24 °C generated more protein 

compared to 37 °C (Fig. 3.4), however, whether the recombinant protein at this stage in the 

optimization was in the soluble or inclusion body fraction was unclear. Therefore, moving forward 

both the original expression method (induction with 1mM IPTG at 37 °C for 3 hours) and the 

optimized expression method (induction with 1 mM IPTG at 24 °C for 5 hours) were used to 

prepare the target protein. 
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Figure 3. 3 Western blotting analysis of induction time optimization. 

M represents the protein marker, h represents the hour. His-TEV-hB7-1[35-242] is 25.5 kDa 
and labeled by the asterisk (*).   

 

 

Figure 3. 4 Western blotting analysis of induction temperature optimization.  

M represents the protein marker, h represents the hour. His-TEV-hB7-1[35-242] is 25.5 kDa 
and labeled by the asterisk (*). 

 

3.3.3: IMAC purification of recombinant B7-1  

Before the IMAC purification step, the IBs (aggregated proteins) were denatured by using 

8 M urea with stirring at 4 °C overnight. As mentioned earlier, 6 His tag can bind to different 

immobilized metal ions, such as cobalt, zinc, and nickel. Among them, cobalt has the highest 

binding selectivity, which can efficiently reduce the non-specific binding. However, cobalt also 

has low binding capacity. Thus, in this project, I used Ni-NTA resin, which has both relatively 

high binding selectivity and binding capacity 

(https://www.thermofisher.com/order/catalog/product/88221#/88221). IMAC was performed for 

the protein expressed at both 37 °C and 24 °C simultaneously to identify the best expression 

https://www.thermofisher.com/order/catalog/product/88221#/88221
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conditions to generate protein (Fig. 3.5). Upon my initial IMAC, His-TEV-hB7-1[35-242] proteins 

were found in the elution fractions, but some were also detected in the flow-through. To improve 

the purification, I then increased the incubation time of the target protein with the nickel resin. I 

proceeded with the purification by accessing the purity of the eluted protein fractions on SDS-

PAGE (Fig. 3.5). The His-TEV-hB7-1[35-242] protein was identified as a single band of 25.5 kDa.  

 

Figure 3. 5 16% SDS-PAGE gel for purification of recombinant B7-1 using Ni-NTA IMAC.  

A, Induction of protein expression at 37 °C for 3 hours. B, Induction of protein expression at 
24 °C for 5 hours. M represents the protein marker, load represents column load, FT represents 
flow through, W represents wash, the other lanes represent eluted protein fractions with the same 
imidazole concentration (500 mM). His-TEV-hB7-1[35-242] protein is 25.5 kDa and labeled by 
the asterisk (*). 

 

3.3.4: Optimizing dialysis systems and SEC purification of recombinant B7-1 

After IMAC purification, the His-TEV-hB7-1[35-242] was in the unfolded state, which 

needs to be refolded to the functional structure. In order to do that, the denaturant (urea) needs to 

be gradually removed. Dialysis is one commonly used method that allows removal of the 

denaturant thus allowing the refolding of the recombinant protein. One-step dialysis is fast but is 

prone to form a huge amount of protein aggregations. Stepwise dialysis is slow but alleviates the 

aggregation to some extent. Different types of chemical molecules have been added to the 

refolding buffer to reduce the non-covalent interactions between proteins, thus aiding in proper 

protein folding and reduction of aggregation subsequently leading to an increased yield of the 

recombinant protein.  

In the unfolding buffer, urea was used as the denaturant to unfold the protein; glycerol and 

glycine were used as the protein stabilizer. There are four cysteine residues in the His-TEV-hB7-

1[35-242] protein monomer. However, urea can neither break the existing disulfide bonds nor 

impede the formation of new disulfide bonds. Therefore a reducing agent is essential in Cys-
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containing protein refolding. Reduced glutathione (GSH) works as a reducing agent to break the 

existing disulfide bonds, oxidized glutathione (GSSG) works as an oxidant to assist the formation 

of correct disulfide bonds.290,291 Additionally, I also tried cystamine and cysteamine, which is cost-

effective and had been used to successfully refold human programmed death receptor 1 (PD-1).292 

As discussed earlier, I also include ME, another commonly used reducing agent in the dialysis 

system to make sure the disulfide bonds fold properly. Different types of detergents were used to 

solubilize protein into the aqueous solutions, including Tween-20, Tween-80 and sodium lauryl 

sulfate (SLS).  

The dialysis is a trial-and-error process, where I have explored the combinations of 

different chemical additives (Table 3.1) intending to obtain the high yield of refolded protein with 

intact biological activity. Thus the refolded proteins were further purified and analyzed by SEC 

(Table 3.1, Fig. 3.6). The peaks containing the refolded protein were highlighted by the blue circles, 

2 mL protein samples were injected into the machine. 

  

3.3.5 Characterization of purified recombinant B7-1 

3.3.5.1 BCA assays 

The commercially manufactured His-hB7-1[35-242] was obtained from the R & D systems, 

(Minnesota, USA, Lot: DDIK0418051). This protein was purified from human embryonic kidney 

(HEK) cell HEK293 using its 6  His tag (with no TEV cleavage site). This protein was used as a 

control to compare with the recombinant His-TEV-hB7 expressed in the bacterium system. The 

biggest difference between the commercial protein and the in-house proteins is the PTM, 

especially the glycosylation. However, as mentioned earlier none of the glycosylated sites is 

involved in the receptor/ligand interface and these glycans are not required for CTLA-4 

binding.14,58,278 So the binding assays between the commercial protein and the in-house proteins 

are comparable. 

Before the binding assay, protein concentration was measured in duplicates using BCA 

assays. The average concentrations of the His-TEV-hB7-1[35-242] protein sample 1 and sample 

2 were 540 µg/mL and 196 µg/mL, respectively. The concentration of the commercial His-hB7-

1[35-242] was 517 µg/mL.  
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Table 3. 1 Different refolding conditions and the SEC results for recombinant B7-1. 

Dialysis 

Systems 
Components SEC traces  

1 

50mM Tris-HCl pH 8.0 

300 mM NaCl 

10% glycerol 

0.05% Tween-80 

Glutathione (reduced) 1mM 

Glutathione (oxidized) 0.5 mM 
 

2 

50mM Tris-HCl pH 8.0 

300 mM NaCl 

10% glycerol 

150 mM glycine 

Glutathione (reduced) 1mM 

Glutathione (oxidized) 0.5 mM 
 

3 

50mM Tris-HCl pH 8.0 

300 mM NaCl 

10% glycerol 

0.05% SLS 

150mM glycine 

Cystamine 5mM 

Cysteamine 0.5 mM  

4 

50mM Tris-HCl pH 8.0 

300 mM NaCl 

10% glycerol 

0.05% Tween-20 

150mM glycine 

Cystamine 5mM 

Cysteamine 0.5 mM  

The parameters, which were changed in each refolding system are highlighted in bold. The peaks 
containing the refolded protein were highlighted by blue circles. 
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Figure 3. 6 Representative 16% SDS-PAGE gel for purification of recombinant B7-1 using 

SEC. 

M represents the protein marker, load represents the protein sample before SEC, A represents 
the aggregation peak in row 4 of Table 3.1, B represents the concentrated recombinant hB7-1 
peak in row 4 of Table 3.1, C represents the chemical peak in row 4 of Table A. His-TEV-hB7-
1[35-242] protein is 25.5 kDa and labeled by the asterisk (*). 

 

3.3.5.2 hB7-1/hCTLA-4 binding assays 

The hB7-1/hCTLA-4 binding assays were performed to detect the binding activities of the 

recombinant hB7-1 to the hCTLA-4 and compare with the commercial hB7-1. There is no 

commercially available bacterial cell line expressed hB7-1 extracellular domain protein. In the 

beginning, I compared the binding ability of the two protein samples with the commercial protein. 

These two protein samples were prepared following the same protocol, except for the dialysis 

system. Table A row 2 and row 3 show the dialysis systems of the in-house protein sample 1 and 

sample 2. The same amount (0.1 µg/well) of the commercial and protein samples were coated to 

the plate to bind with different concentrations of the biotinylated hCTLA-4. Figure 3.7A shows 

that the commercial protein has stronger binding to hCTLTA-4, however, both in-house proteins 

have similar and weak binding to hCTLA-4, even when the concentration of hCTLA-4 increased. 

Based on the Two-way ANOVA followed by Turkey post-test, the hCTLA-4 binding activity 

between commercial hB7-1 and both the in-house proteins have a significant difference (P < 

0.0001). However, the hCTLA-4 binding activity between the two in-house proteins doesn’t have 

a significant difference. Then I assumed it could be the amount of the coated in-house protein is 

low. Thus compared the in-house protein sample 1, which has higher protein concentration, with 

the commercial protein. I increased the coating amount of the in-house protein: 0.1 µg/well, 0.5 

µg/well and 1.0 µg/well. The results can be seen in Figure 3.7B. Two-way ANOVA result shows 
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there is no significant difference of the hCTLA-4 binding activity between the different doses of 

the in-house hB7-1.  

 

Figure 3. 7 Comparison of the binding activity of commercial and recombinant hB7-1 

against hCTLA-4.  

A, Comparison of different recombinant proteins. B, Comparison of the same recombinant 
protein using different concentrations. **** represents significant difference (P < 0.0001), ns 
represents no significant difference.  

The limited hCTLA-4 binding activity of the recombinant proteins could be because the 

majority of the recombinant protein is misfolded or partially folded. As previously discussed, the 

PTM, to be specific the glycosylation doesn’t influence the ligand binding.14,58,278 Based on the 

comparison of the hCTLA-4 binding activity between the bacterial system and mammalian system 

prepared recombinant proteins, I infer that it could be the lack of chaperones that leads to the 

misfolding and limited activity of the recombinant protein.293  

 

3.4: Conclusions and Future Directions 

In this project, I tried to optimize parameters mainly for protein expression and protein 

refolding of B7-1 expressed in E. coli. I recombinantly expressed and purified the extracellular 

domain of hB7-1. I identified that the addition of 150 mM glycine, glutathione (reduced) 1mM, 

glutathione (oxidized) 0.5 mM in the refolding buffer could improve the yield of refolded protein 

a little bit. However, the comparison of binding activities of the refolded hB7-1 with that expressed 

and purified from mammalian cell lines (commercial hB7-1) indicated that the later has 

significantly higher activity. 

Given the low expression and low affinity for CTLA4, in the future, I will focus on 

expressing the hB7-1 in the mammalian cell line. This will provide well folded and biologically 
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active protein to perform interaction studies with hCTLA-4. This protein will then be complexed 

with small molecule inhibitors, which have been predicted to bind using computational methods. 

would be used for further structural analysis. Additionally, site-directed mutagenesis will be 

performed to understand the significance of crucial residues predicted using computational studies. 
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CHAPTER 4: GENERAL DISCUSSION 

Human B7-1 is the first and the most characterized costimulatory protein from the B7 

family, which is an important target for the treatment of autoimmune diseases and possibly 

cancers.86,171,246,247 The expression of hB7-1 was mainly detected on various lymphocytes, 

including B cells, T cells, macrophages, dendritic cells, etc.113 In addition to positively regulates 

the T-cell activation through a T-cell receptor CD28, hB7-1 also negatively mediates the T-cell 

responses through a CD28 homolog CTLA-4 or another B7-1 family member PD-L1.15,44,67 By 

this way, hB7-1 plays a crucial role in maintaining T-cell homeostasis.   

Except for the molecular cloning of the gene encoding B7,13 the discovery of the hB7-1 

binding partners and their corresponding biological functions,15,44,67 the reports of the hB7-1 

related crystal structures are undoubtedly also significant for the studies of hB7-1.14,58 To date, two 

hB7-1 related crystal structures were determined. The first crystal structure determined the 

extracellular domain of hB7-1 using X-ray diffraction to 3 Å resolution in 2000.14 The second 

crystal structure of the extracellular domains of the hB7-1/hCTLA-4 complex was also resolved 

using X-ray diffraction to 3 Å resolution in the following year.58 These findings provided crucial 

structure information of hB7-1 as well as revealed the hot spots of hB7-1/hCTLA-4 protein/protein 

interaction. Therefore, facilitating the structure-based drug design. So far, two mAbs were proved 

by the FDA mainly for the treatment of autoimmune diseases.246,294 Witnessed the clinical efficacy 

of targeting hB7-1, many researchers devoted to the development of other hB7-1 modulators, 

including mAbs, fusion proteins, and small-molecule inhibitors, which were summarized in our 

previous work.248 As discussed above, hB7-1 interfere with both CD28 and CTLA-4 pathways, 

the developed hB7-1 small-molecule inhibitors were proven to block both pathways.249,250 The 

crystal structure of the hB7-1/hCD28 complex is currently unresolved, it will help people 

understand the subtle differences between the hB7-1/hCD28 and hB7-1/hCTLA-4 interactions, 

thus, develop pathway-specific modulators. 

Besides, most of the published studies focus on the development of hB7-1 modulators 

through high-throughput screening methods and chemical structure modifications of the lead 

compounds. This requires plenty of work and a huge amount of time. Even though different groups 

identified hB7-1 small-molecule inhibitors with high specificity and nanomolar affinity, a clear 

explanation about how these compounds interact with hB7-1 is still a gap in this field of 
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research.249,250,295 The identity of the hot spots for hB7-1/small-molecule compounds binding will 

provide clues to develop hB7-1 modulators in a more meaningful and efficient way. Therefore, in 

this thesis, I aim to understand the binding sites and mode(s) of action of two hB7-1 small-

molecule compounds (pre-checked using SPR assay) as discussed in Chapter 2. One hPD-L1 

small-molecule compound (pre-checked using SPR assay) was utilized as the negative control. 

Then it is of utmost importance to confirm the identities of the modelling working on the 

experimental level. The preliminary results were described in Chapter 3.  

To understand the interactions of the protein/compound complexes, I employed multiple 

advanced modelling techniques, protein preparation skills, and basic pharmaceutical analysis assay 

and physicochemical experiments. This thesis was presented according to the following order. 

Chapter 1 provided a comprehensive background of human B7-1, including the detailed structure 

information, the important B7/CD28/CTLA-4 interactions, the therapeutic roles of hB7-1, the 

current reported hB7-1 modulators, and the challenges of developing hB7-1 small-molecule 

inhibitors. Followed Chapter 1, the research aims of this thesis were described. Chapter 2 presented 

all of the modelling work, containing constructing hB7-1 dimer in the physiological state, binding 

sites prediction, the investigation of the protein/compound interactions. Then, Chapter 3 described 

all of the experimental progress, ranging from the details of the preparation of hB7-1 extracellular 

domain employing the bacteria system to the preliminary binding studies. Appendix A provided 

the protocol and results of the SPR assays.  

In Chapter 2, two structural models, namely the human B7-1 monomer and dimer were 

constructed. It is worth mentioning that, the systems contain the C-terminal missing structures and 

the carbohydrates. These two models were then refined through 200 ns MD simulations. Such long 

MD simulations allowed the relaxation of the protein structures and the removal of the unfavorable 

interactions between residues. Thus, achieving the transition of the high energy state to the low 

energy state. In addition, the long MD simulations collected the representatives of the protein 

conformations into a conformational ensemble through RMSD-based clustering, which is required 

for more accurate molecular docking studies. Analyzing and comparing the MD trajectories of 

both the monomer and dimer systems allowed us to select the most stable system is the dimer. This 

was supported by the identity that the majority of hB7-1 expressed as homodimers on the cell 

surface.245 The assembling of the protein/compound complexes were required to perform the 

molecular docking studies and to understand their interactions. Based on the knowledge, there is 
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no hB7-1/small-molecule compound model available. Only the hB7-1/hCTLA-4 protein/protein 

crystal structure was resolved in a 2:2 stoichiometry.58 However, hB7-1 and hCTLA-4 forming 

such a dimer-dimer complex is because their especially complementary shape, this may not be the 

case of the hB7-1/compound complex. Therefore, I assembled the hB7-1/ small-molecule 

compound in a 2:1 stoichiometry and performed the following studies. In the future, different 

stoichiometries of the complex can be tested. Since currently, there is no literature reported on the 

detailed protein/compound binding site, I need to predict the binding sites before docking studies. 

MOE-Site Finder and FTSite relied on geometry-based and energy-based methods, respectively to 

identify the probable binding sites.262 I have two reasons to use two different binding sites 

prediction methods. The first reason is that different binding site prediction methods may provide 

more possible predicted sites for the docking studies. Secondly, if the two binding site prediction 

methods identified the same or at least similar predicted sites, this can confirm the accuracy of the 

binding site prediction results. To investigate the interactions of hB7-1 and these compounds, the 

three compounds were docked into the two predicted binding sites. I performed the induced-fit 

refinement method to consider the flexibility of the protein, which is always ignored by most of 

the docking programs. However, the induced-fit refinement method only considering the sidechain 

flexibility of the binding site residues within the protein. Therefore, the protein conformational 

ensemble as described above was necessary to further consider the flexibility of the entire protein. 

I executed 15 ns-length MD simulations to refine the protein/compound complexes. To ensure 

only the stable ligands were selected, I utilized three parameters to filter the complexes, including 

the RMSDs of the ligands, the dynamicity of the complexes and the binding free energy of each 

system. In this way, the optimal complexes were successfully filtered. The results revealed one 

binding site, however two binding orientations of inhibitor 1 within hB7-1. This binding site 

located between two loops at the lower part of the IgV domain of hB7-1, far away from the hB7-

1/hCTLA-4 protein/protein binding site. Analyzing the H-bond interactions and decomposing the 

binding free energies of these protein/compound complexes allowed us to identify the most 

significant residues for their binding. Interestingly, I identified a completely different binding site 

for inhibitor 2 within hB7-1, which located at the upper part of the IgV domain of hB7-1, occupied 

the  sheets. This binding site may overlap with the hB7-1/hCTLA-4 protein/protein binding site 

as supported by some conserved residues (Arg29, Tyr31, Met43) presented in both the 

protein/protein and protein/compound binding site.58 The success of finding the binding sites and 
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mode(s) of action of hB7-1 small-molecule inhibitors provide clues for the future development of 

hB7-1 modulators more scientifically and efficiently.  

To confirm the predicted binding sites in the experimental level, I decided to prepare the 

wild type extracellular domain of hB7-1 and if possible, also prepare the mutated proteins with the 

modelling work identified binding site residues (e.g. Arg29, Tyr31, Met42, Met43, Asn48, Asp55, 

Arg56, Leu70, Arg73, and Glu160 of hB7-1) mutated through mutagenesis assays. Moreover, two 

hCTLA-4 binding site residues Tyr31 and Met38 on hB7-1 were demonstrated to disrupt the 

interactions of hB7-1 with both CD 28 and CTLA-4 after mutations.296 This attracts extra attention 

to amino acid Met38. To prepare the recombinant hB7-1, first of all, I need to decide which 

expression system to use. The biggest difference between expressing a protein in the mammalian 

expression system and bacterial expression system is the ability to induce post-translational 

modification, which is always important for protein folding and protein function.280 One research 

team attempted to generate non-glycosylated hB7-1 and discovered that these glycans in hB7-1 

were not necessary for receptor binding.278 Furthermore, expressing a protein in a mammalian 

expression system requires long-expression period and has relatively low expression yield. 

Therefore, I decided to express the extracellular domain of hB7-1 in the E. coli expression system, 

which is faster and usually has a higher protein expression yield. To match the model used in the 

modelling work, the same sequence of the target protein (the extracellular domain of hB7-1) was 

used. For purification, a hexahistidine tag was added to the C-termini of the protein. A TEV tag 

was inserted in between, in case of the cleavage of the histidine tag is required. Overexpressing 

the recombinant eukaryotic protein hB7-1 in a prokaryotic E. coli expression system, leading to 

the formation of inclusion bodies where the misfolded or unfolded protein aggregations are stored. 

In some scenarios, researchers avoid forming insoluble inclusion bodies. However, in this project, 

I took advantage of the inclusion body, where about 90% pure recombinant protein was 

contained.286 I expressed the recombinant hB7-1 by denaturing the protein and then refolding it in 

vitro. Two purification steps were utilized to obtain the pure hB7-1, including the Ni-NTA affinity 

chromatography and the size exclusion chromatography. I optimized the parameters to improve 

the expression amount by reducing the expression temperature from 37 ° to 24 °, extending the 

expression time from 3 hours to 5 hours and using induce agent IPTG of 1 mM. The most 

challenging part of expressing the recombinant protein from inclusion bodies is to refold the 

protein properly. I optimized the refolding systems using different combinations of chemical 
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additives and try to reduce the protein aggregations. Then the activity of the purified recombinant 

hB7-1 was detected through binding assays. I compared the ability of the recombinant hB7-1 

proteins to bind a natural ligand hCTLA-4 with the commercial recombinant hB7-1. As shown in 

Chapter 3 Figure 3.7, the recombinant proteins have limited hCTLA-4 binding ability compared 

to that of the commercial hB7-1. If the glycans don’t influence the binding activity of the 

recombinant proteins, then it could be the lack of mammalian chaperones that causing the 

misfolding and limited activity of the recombinant proteins. 
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CHAPTER 5: FUTURE PERSPECTIVES 

In this thesis, I established a workflow to predict the binding sites and mode(s) of action of 

two hB7-1 small-molecule inhibitors. To confirm the accuracy of the prediction, I expressed the 

extracellular domain of hB7-1 using the bacterial expression system in the form of inclusion bodies. 

However, the limited binding activity of the recombinant protein indicated that the produced 

recombinant protein may not be properly folded. Therefore, as a future direction, I will express 

hB7-1 in a mammalian expression system. I expect that the mammalian chaperons and the post-

translational modifications, in principle, to help B7-1 fold correctly. In addition to preparing the 

wild type recombinant hB7-1, constructing the mutated recombinant hB7-1 proteins is also 

required. I plan to include the mutations of hB7-1 residues Asp55, Arg56, Leu70, Arg73, Glu160 

to confirm the mode of action of inhibitor 1 and also residues Arg29, Tyr31, Met42, Met43, and 

Asn48 to confirm the mode of action of inhibitor 2. Comparing the binding ability of the 

commercial hB7-1 with the recombinant wild type hB7-1 will confirm if the recombinant proteins 

are correctly folded. Comparing the binding activity of the wild type hB7-1 with the mutated 

proteins will confirm the accuracy of the modelling findings. Previously, I detected the binding 

activity of the recombinant hB7-1 to hCTLA-4, in the future, I will also perform the hB7-1/hCD28 

binding assay. If the mutation of any residue has different binding affinities to hCD28 and hCTLA-

4, I can discover the binding propensity of hB7-1 residues towards CD28 and CTLA-4. In the long 

run, such discoveries can guide the development of pathway-specific hB7-1 small-molecule 

modulators.                  

Except for the structures of small-molecule compounds inhibitor 1 and inhibitor 2 as shown 

in Figure 2.2, other tautomers also exist due to the delocalization of the lone pairs on nitrogen or 

oxygen atom. In different tautomers, the roles of some atoms in H-bond networking may change 

because of the H-bond donor turns into H-bond acceptor and vice versa. H-bond networking plays 

an essential role in protein/compound interaction. Different tautomers of the same compound may 

form different interactions with the same target protein. On classical simulations, all atoms will 

preserve their initial protonation states in the course of the simulation, the conversion between 

compound tautomers is not allowed. Therefore, considering the tautomers of the compounds will 

generate more accurate modelling results. Beyond the two hB7-1 small-molecule inhibitors I tested 

in this thesis, there are other hB7-1 small-molecule compounds with high binding specificities and 
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nanomolar binding affinities. First of all, I will detect if these compounds also specifically bind to 

hB7-1 through SPR assays. Then I will study the mode(s) of action of these compounds using the 

same protocol established by this thesis. Through comparing the chemical structures and the 

mode(s) of action of a series of these compounds, one can identify the important structural 

fragments for the protein/compound interactions. This information can provide important insights 

towards rationally design selective and potent hB7-1 small-molecule modulators.   
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APPENDIX A: SURFACE PLASMON RESONANCE ANALYSES OF 

HUMAN B7-1 AND THREE SMALL-MOLECULE INHIBITORS 

A.1 Introduction  

Surface Plasmon Resonance (SPR) is a commonly used label-free assay system to evaluate 

the interaction between an immobilized ligand (usually a drug target) and injected analyte (e.g., 

small molecules) in real-time. At certain light wavelength and certain angle (resonance angle), the 

photons of the incident light interact with the free electrons of the metal film, exciting the 

electromagnetic waves or the surface plasmons near the surface of the metal.297 The incident light 

resonates with the surface plasmons, causing a dip in the intensity of the reflective light. The 

analytes are captured by the ligands immobilized on the chip surface after injection, this leading 

to the changing of the refractive index and the resonance angle, therefore allowing the 

measurement of the kinetics of the biomolecular interactions in real-time.   

The SPR instruments primarily contain the light source, the sensor chip, and the signal 

detector. The systems employing the prism, where the metal thin layer is covered on top, to excite 

the surface plasmons are the most widely used.298 After the P-polarized light beam is shone through 

the prism, the light is reflected by the metal surface to the detector. Plotting the sensorgram, one 

can observe the SPR response with time. Changing the types of the metal chips (e.g. CM5 chip, 

NTA chip, L1 chip, HPA chip), allows a variety of ligands to be immobilized to the metal surface 

through different coupling methods (e.g. amine coupling, thiol coupling).  

SPR is well-known to detect the real-time kinetics of the biomolecular interactions, ranging 

from the protein-protein, protein-DNA, protein-small molecule, protein-lipid interactions, etc. The 

binding of the molecule to the immobilized ligand as well as the binding specificity of the binding 

partners can also be detected. Furthermore, the concentration or the mass of the bound analytes is 

proportional to the SPR response, this allows the measurement of the analyte concentrations.   

 

A.2 Experimental Protocol 

In this project, I aim to detect the binding of three small-molecule compounds (two known 

as human B7-1 inhibitors, namely inhibitor 1 and inhibitor 2 and a PD-L1 inhibitor or BMS-103) 

towards human B7-1 and the corresponding interaction kinetics and binding affinities. The kinetics 

for the interaction of small molecules with human B7-1 were performed on a Biacore T200 (GE 
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Healthcare Bio-sciences, Sweden) using Series S Sensor Chip Protein A (GE Healthcare Bio-

sciences, Sweden, catalog # 29-1275-56). This recombinant protein A variant only binds to the 

heavy chain of the Fc domain, ensuring the specific orientation of the ligands. Basically, four steps 

were involved in a cycle, including the baseline phase (where the system buffer interacts with the 

sensor chip, generating the baseline), the association phase (where the analytes were injected to 

the flow cells or channels, forming the complexes), the dissociation phase (where the specific 

and/or the non-specific bound molecules dissociated from the ligands on the sensor chip) and the 

regeneration phase (where the remaining analytes were removed from the sensor chip).297 

The Fc-B7-1 (B71-H5259, Acro Biosystems, MA, USA) was diluted using 1x PBS-P+ 

(phosphate-buffered saline 1×, Hyclone, Catalog number SH30256.01 enriched with 0.05% 

Tween-20) containing 2% DMSO (Sigma-Aldrich, ON, Canada) to 4 μg/ml. For the kinetic and 

affinity analysis, diluted Fc-B7-1 (4 ug/ml) was captured on the protein A chip surface through Fc 

capture. The contact time and flow rates for the ligand capture were 60 sec and 10 μl/min, 

respectively. Two channels (also known as flow cells) were used for each experiment, one having 

the ligand captured and the other without ligand functioning as a reference channel. The contact 

time and the flow rate of the analytes (three compounds) passing through both these two channels 

were set as 120 sec and 30 μl/min. These analytes were dissolved using DMSO as stock solutions 

of 10 μM. Each of the compounds was diluted 50x using 1x PBS-P+ buffer and then further diluted 

into serial dilutions using 1x PBS-P+ buffer with 2% DMSO. Finally, inhibitor 1, inhibitor 2 and 

inhibitor-3 were tested at concentrations of 0, 12.5, 50, and 200 nM. As a positive control, His-

CTLA4 (Acro biosystem, CT4-H5229) was used as analyte at concentrations of 0, 8.12, 32.47 and 

129.87 nM. In another experiment, Fc-PDL-1 (4 ug/ml) (Acro Biosystem, PD1-H5258) was 

captured on CM5-series S Protein-A chip according to the protocol described above and inhibitor-

1, inhibitor-2 and inhibitor-3 were used as analytes to verify the specificity of interaction of 

inhibitor-1 and inhibitor-2 compounds with Fc-B7-1. The solvent correction was included to avoid 

the impact of DMSO on surface plasmon effect during binding analysis. The 50% DMSO in 1x 

PBS-P+ buffer was utilized to wash the channels and control carry-over effects. In order to 

regenerate the chip surface after each cycle (one-time ligand capture and binding of analyte at a 

single concentration), 10 mM glycine pH 1.5 (GE Healthcare Bio-sciences, Sweden) was used at 

a flow rate of 30 μl/min for 30 sec. Kinetic analysis was performed at room temperature (25 °C). 

Maximum binding response (Rmax) and equilibrium dissociation constant (KD) values were 
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computed using Biacore T200 Evaluation software following the 1:1 Langmuir binding model 

with global fit parameters for solvent-corrected sensorgrams. 

 

A.3 Results of the SPR Analyses  

The results show both inhibitor-1 and inhibitor-2 bind with Fc-B7-1 with a Rmax value of 

30.14 RU and 21.95 RU, respectively. The KD values for the steady-state affinity of binding for 

inhibitor-1 and inhibitor-2 were 4.87 nM and 15.34 nM, respectively. The positive control His-

CTLA4 interacted with captured Fc-B7-1 with a Rmax of 159.8 RU and the KD value was 1.71 

nM. A PDL-1-specific inhibitor-3 did not exhibit interaction with Fc-B7-1.252 To verify the 

specificity of binding of inhibitor-1 and inhibitor-2 with Fc-B7.1, we analyzed the binding of 

inhibitor-1 and inhibitor-2 with captured Fc-PDL-1 taking as an off-target ligand. The binding 

analysis revealed that  inhibitor-1 and inhibitor-2 did not interact with captured Fc-PDL-1, whereas 

the inhibitor-3 showed binding with Fc-PDL-1 with a Rmax of 20.38 RU and a KD value of 12.92 

nM.252 The results were shown in Figure A.1. 

 

Figure A. 1 Binding of the selected molecules with Fc-B7-1 (A to D) or Fc-PD-L1 (E to F) 

measured using the SPR technique.  

A to D, The Inhibitors 1 to 3, and His-CTLA-4 were allowed to flow over Fc-B7-1 captured on 
a flow cell as well as on a reference cell of Series S Sensor Chip Protein A at indicated 
concentrations; E to F, The Inhibitors 1 to 3 were allowed to flow over Fc-PD-L1 captured on 
Series S Protein A chip as well as on a blank reference cell on Biacore T200. The Rmax and KD 
values were determined by Biacore Evaluation software. The solvent-corrected sensorgrams 
were presented.  
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