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Chapter 1 

General Introduction 

 

Supramolecular chemistry 

Various biological functions are realized via precise intermolecular interactions 

of macromolecules such as proteins and DNA. The molecular interactions are achieved 

by the combination of multiple weak non-covalent interactions such as electrostatic 

interaction, hydrophobic interaction, hydrogen bonding and metal coordination. The area 

of science related to non-covalent interactions was defined by one of its pioneers, Jean-

Marie Lehn, as supramolecular chemistry. The original definition of supramolecular 

chemistry is “the chemistry of molecular assemblies and of the intermolecular bond”.1 

Accordingly, the earliest history of supramolecular chemistry was opened by molecular 

recognition based on host-guest interaction employing crown ether, cryptand, and 

calixarene as host molecules. The importance of the pioneering work is highlighted by 

the Novel Prize in chemistry in 1987 awarded to Jean-Marie Lehn,2,3 Donald James 

Cram,4,5 and Charles John Pedersen6,7 “for their development and use of molecules with 

structure-specific interactions of high selectivity.” After that the scope of supramolecular 

chemistry has been grown rapidly to make it one of the most interdisciplinary areas of 

chemistry. A large number of natural host molecules such as myoglobin and human serum 

albumin as well as synthetic ones have been utilized to create functional materials and 

systems (Figure 1-1). Among these molecules, antibodies are thought to be one of the 

most attractive host molecules because of their superior molecular recognition ability. 

 

Figure 1-1. Structure of whale myoglobin (a), human serum albumin (b), and murine IgG 

(c)  

(a) (b) (c) 
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Monoclonal antibodies (mAbs) 

 Antibodies are glycoproteins produced by B cells in response to foreign 

substances. Antibodies are classified into five classes called immunoglobulin G (IgG), 8–

10 IgA,11,12 IgE13,14, IgD,15 and IgM.16,17 A typical antibody, IgG, has Y-shaped structure 

consisting of two heavy chains and two light chains connected by disulfide bonds (Figure 

1-2). Heavy chain and light chain have ca. 50 kDa and ca. 25 kDa of molecular weight, 

respectively. Therefore, the molecular weight of IgG molecules is ca. 150000 Da. Heavy 

chain is composed of four domains. The three domains from the C terminus are called 

constant region where the amino acid sequence is identical for the same subclass. IgG 

produced in mice is divided into four subclasses (IgG1, IgG2a, IgG2b, IgG3) based on the 

structure of constant region of heavy chains. The N-terminal region of heavy chain is 

called variable region where the amino acid sequence is different in each antibody 

produced by different B cells. Light chain has one constant region and one variable region 

in C terminus and N terminus, respectively. The L chains of murine IgG are divided into 

two subclasses (κ or λ) based on the structure of constant region. The binding of antigens 

by antibody is mainly carried out by Fab region (fragment, antigen-binding) consisting of 

one constant and one variable region of each heavy and light chain. In particular, three 

loop structures existed on each variable region of heavy chain (VH) and that of light chain 

(VL) play a crucial role in binding. Therefore, the loop structures are called 

complementarity determining regions (CDRs). The structures of CDRs are classified into 

several clusters based on the method proposed by Chothia et al.18 or North et al.19 The 

specific recognition of antigens is realized by the structural diversity in variable region of 

antibodies. The diversification in structure of antibody is enabled by mechanism called 

class switch,20,21 V(D)J recombination,22,23 and somatic hypermutation.24 The biological 

functions of antibodies are mainly carried out by Fc region (fragment, crystallizable) 

where various immune molecules such as Fc receptors interact with. 

Monoclonal antibody (mAb) is a chemically homogeneous form of antibody that 

is produced by a single B cell. In 1975, Cesar Milstein and George Köhler developed a 

method to culture fused cells of spleen cells and myeloma cells to realize the continuous 

production of mAbs with predefined specificity25. The hybridoma technology has 

contributed to enlarge the scope the application of mAbs in science and industry. The 

importance of this work is highlighted by the Novel Prize in Physiology or Medicine in 

1984 “for theories concerning the specificity in development and control of the immune 

system and the discovery of the principle for production of monoclonal antibodies”. In 

the next year, a major breakthrough in the production of mAbs was achieved.26 The 

technique called phage display enabled the expression of a specific protein or peptides on 
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the surface of bacteriophage. The technology can be used to isolate fragment antibodies 

such as single-chain variable fragment (scFv), a fusion protein of the VH and VL of 

antibodies, with a desired binding property.27 In 2002, Adalimumab, a mAb specific for a 

tumor necrosis factor was approved as a medicine for treatment of rheumatoid arthritis. 

The development and medical use of phage display achieved by George Pearson Smith 

and Greg Winter was awarded by Novel Prize in Chemistry in 2018 "for the phage display 

of peptides and antibodies". The technological development in the production of mAbs25 

has opened the door for the application of mAbs in diagnostic,28,29 medical,30–36 and 

(bio)chemical 36–43 usages including sensing and quantification analytes. 

 

 

 

 

Figure1-2. Chemical structure of IgG. 
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The use of antibodies in chemistry: Chiral recognition 

 One of the most attractive targets where antibody exerts their molecular 

recognition ability is molecular chirality. In 1928, Karl Landsteiner revealed that the 

antibodies recognize chirality of asymmetric carbon centers.44 This pioneering work has 

been followed by the numerous number of generation of antibodies against chiral 

molecules.45,46 The dissociation constants for R-isomer (KR) and S-isomer (KS) of each 

chiral molecule are listed (Table 1-1). The selectivity is calculated by dividing the higher 

K value by the lower one. mAbs were prepared against abscisic acid for the sensing and 

chiral separation of the plant hormone.47,48 Abuse drugs with chirality such as nicotine,49 

cotinine, and heroin etc. have also been targets of production of mAbs. mAbs against drug 

candidates including inhibitors for serotonin receptors,50,51 aromatase enzymes,52–57 and 

β-adrenoreceptors58 have been prepared and some of them has been used as a chiral 

selector. 52–57 mAbs against a metabolite were prepared and used in 

immunohistochemistry.59 Naproxen and ofloxacin are anti-inflammatory or anti-bacterial 

drug and mAbs for them were developed and used in hydrolysis60 or immunoassay61–63 

of them. The chirality of amino acids64–69 or hydroxy acids70 can also be recognized by 

mAbs. Because mAbs can be prepared against virtually any molecules of interest, 

synthetic chiral molecules can also be antigens. The mAbs prepared by immunization 

with racemic mixture of a hapten are used in screening of asymmetric catalysts. 71,72 Some 

of mAbs elicited against achiral haptens showed enantioselectivity for chiral hapten 

analogs and their enantioselectivity were used in asymmetric catalysis73–78, chiral 

sensing,79,80 and screening of enantioselective catalysts.81  

Compared with these success, creation of supramolecular functionalized system 

based on hybridization of mAbs with synthetic chiral compounds is still state-of-art. One 

example is reported by D. Readan et al. where mAbs were developed against a chiral 

ethylenediaminetetraacetic acid derivative (EDTA) and their chiral recognition ability 

was analyzed. The supramolecular complex of mAbs with EDTA chelate of indium 

altered the biological distribution of radionuclides.82 After that, the mAbs for chiral 

hydrophobic compounds including a pyrene modified peptide,83 a luminescent metal 

complex,84 and binaphthyl derivatives85 were prepared. However, their application in 

some functionalized system remains future work, even though the new connection of 

immunology with organic or inorganic chemistry implies new direction.  
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Table 1-1. Examples of mAbs against chiral compounds and their applications. 

 

Hapten KR/M KS/M Selectivity Application 

 

aNA 3.69×10-9 - 

Sensing47 

Separation48 

 

4.0×10-6 1.5×10-7 26 Sensing49 

 

b7.0×10-9 c3.0×10-6 514 -50 

 

2×10-9 3×10-11 70 -51 

 

6.3×10-8 5.5×10-5 873 Separation52–57 

 

d1.8×10-6 e4.7×10-4 260 -58 

 

- - - Immunohistochemistry59 

 

- - f- Catalysis60 
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Continued     

Hapten KR/M KS/M Selectivity Application 

 

g9.6×10-9 g1.8×10-9 5.3 Sensing61–63 

 

g1.4×10-6 aNA - Separation64–66, sensor67–69 

 

- - - Separation70 

 

aNA 5.5×10-5 - Catalyst screening71,72 

 

i5.0×10-8 i2.6×10-9 i19 Catalysis73–78 

 

i5.2×10-5 i4.6×10-6 i11 

Sensing79,80 and catalyst 

screening81 

 

h2×10-8 h3×10-10 70 Drug delivery82 

 

aNA 1×10-7 - -83 
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Continued     

Hapten KR/M KS/M Selectivity Application 

 

j1×10-7 

(K value for racemic 

hapten)  

kNone Photochemistry84 

l 

m- m- mca.10 -85 

aNo affinity, bAffinity for (−)-alprenolol cAffinity for (+)-alprenolol , dIC50 for RR isomer, eIC50 for 

SS isomer, fmAbs work as enantioselective catalysts but no binding constants for each enantiomer of 

substrates are available. gIC50, hAffinity for metal complex of hapten with indium, imAbs obtained by 

immunization with achiral hapten showed enantioselectivity for chiral hapten analog. jAffinity for 

(rac)-Co complex, kBased on spectroscopic measurements, lscFVs were isolated using BINOL 

derivatives as antigens. mRelative affinity for immobilized antigens are available. 
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The use of antibodies in chemistry: Catalytic antibodies 

 In 1947, Linus Pauling proposed the principle of transition state stabilization to 

explain enzymatic catalysis.86 In 1969, William Jencks proposed the idea of catalytic 

antibodies.87 A basic idea of catalytic antibodies includes the design of antibodies that 

stabilize transition states of chemical reaction. This should result in the reduction of the 

activation energy of chemical reactions to accelerate the chemical reactions. The 

hybridoma technology that enables the continuous production of mAbs led to the creation 

of the first catalytic antibodies. In 1986, Richard Lerner et al. and Peter Schultz et al. 

independently reported the catalytic antibodies based on the hypothesis of Pauling and 

Jencks (Figure 1-3). 88,89 After that, catalytic antibodies have been applied to various 

chemical reactions.90–98 Their practical viability is validated from applications in gram 

scale synthesis,99 total synthesis of a natural product,100 and medical usages including 

activation of prodrug in vitro101,102 and degradation of a prohibited drug.103 The design 

strategies of catalytic antibodies other than immunization with transition state analogs 

have been extensively studied such as bait-and-switch strategy,104–106 reactive 

immunization,107–109 and heterogeneous immunization.110,111 Technological improvement 

in the production,112 screening,73 and structural analysis113,114 has supported the rapid 

development of catalytic antibodies. 

 

 

Figure 1-3. An example of hydrolysis reactions catalyzed by mAbs for transition state 

analogs.88 
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The use of antibodies in chemistry: Creation of artificial metalloproteins 

Hybridization of mAbs with metal complexes is a promising way to create 

supramolecular functionalized systems combining attractive features of both mAbs and 

metal complexes (Figure 1-4a). One of the most extensively studied metal complexes in 

this context is porphyrins. The mAbs against meso-tetra-kis(4-carboxyphenyl)porphyrin 

(TCPP) are almost simultaneously reported by R. Lerner et al. and A. Harada et al.115–118 

The anti-TCPP mAbs bind porphyrins metalated with various metal ions. A. Harada et al. 

subsequently reported the peroxidation activity of mAbs-metalloporphyrin 

complexes.119,120 Notably, the supramolecular complex of Fe-TCPP and L-chain of an 

anti-TCPP mAb shows higher thermostability than a natural peroxidase.119 A. Harada and 

H. Yamaguchi et al. reported another peroxidases based on the supramolecular 

complexation of mAbs with cationic porphyrins.121 The resulting peroxidases show a 

higher catalytic efficiency than that of anti-TCPP mAbs-based system and the higher 

H2O2 tolerance compared with a natural peroxidase.121 P. Schultz et al. also reported 

peroxidases based on the similar strategy using N-methylmesoporphyrin IX as a 

hapten.122,123 Another possible strategy for the design of anti-porphyrin mAbs-based 

catalysts is the use of metal porphyrin complexes as a hapten. In this context, E. Keinan 

et al. prepared mAbs against a Sn porphyrin complex.124,125 The hybridization of the mAb 

with Mn porphyrin complex catalyze epoxidation reaction.125 In 2002, K. Janda et al. 

reported a strategy to create catalytic antibodies where a metal binding moiety is 

conjugated to the binding sites of mAbs. The chemically modified-mAbs can hybridize 

with Cu ion to catalyze hydrolysis.126 In 2004, J. Mahy et al. reported “Trojan house” 

strategy to hybridize metal complexes with mAbs. In the strategy mAbs elicited against 

anchor molecules are hybridized with the conjugates of metal complexes with the 

anchor.127 The proof-of-concept of the strategy was validated in sulfoxidation, 

peroxidation, and epoxidation reaction.128–130 The scope of application of anti-porphyrin 

mAbs is not limited in catalysis. A. Harada and H. Yamaguchi et al. created photoinduced 

electron transfer system inside the antigen binding sites of anti-porphyrin mAbs.131–133 

Furthermore, they developed a hydrogen evolution system based on the complex of a 

mAb with metalloporphyrin, methylviologen, and colloidal Pt. The supramolecular 

complex formation of mAbs with metalloporphyrin was successfully applied to sensing 

system.134–139 The molecular recognition ability of mAbs can also be used in sensing of 

explosive substances.140  

Given the structural diversity in the binding sites of mAbs, the binding partner 

of mAbs is not limited in naturally occurring cofactors. In 1989, R. Lerner et al. elicited 

mAbs against a coordinatively inert Co complex. The obtained mAbs bind various metal 
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complexes as well as the hapten to form supramolecular complexes that catalyze 

hydrolysis of peptide bonds. In 1995, K. Janda et al. generated catalytic antibodies by 

using a ferrocene derivative as a hapten to mimic transition state structure of Diels-Alder 

reaction.141 In 1996, E. Keinan et al. generated mAbs against a spirosilane derivative. The 

obtained mAbs also bind a tetra coordinated Cu(bpy)2 complex. The binding of mAbs not 

only stabilizes the high energy state of the Cu complex but also inhibits the air oxidation 

reaction of the Cu complex. In the same year, mAbs against Co(bpy)3 derivative were 

developed. The excited-state life times of a variety of luminescent Ru complexes are 

enhanced in the existence of the mAbs. In 2006, A. Harada and H. Yamaguchi et al. 

reported the asymmetric hydrogenases based on the supramolecular complexes of mAbs 

with an achiral Rh complex.142 One of the resulting complexes catalyzes hydrogenation 

with increased yield and complete enantioselectivity. Furthermore, the catalytic antibody 

shows substrate specificity.142 Supramolecular complexation and functionalization of 

mAbs with synthetic metal catalysts have room for further development.84,85,143–145  

 

 

Figure 1-4. Schematic illustration of artificial metalloproteins that provide second-

coordination sphere effects to the embedded metal complexes. 

  

Artificial Metalloproteins

+

Metal Complexes

Monoclonal Antibodies

M

M
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Scope and outline of the thesis 

 In this thesis, the author focuses on the chiral recognition ability of mAbs to 

develop functionalized supramolecular systems. Axially chirality is chosen as a target 

because of the unique structure and functions especially in asymmetric catalysis. The 

mAbs elicited for a binaphthyl derivative recognize axial chirality. Therefore, the author 

defined the mAbs as atroposelective antibodies. Supramolecular functions based on chiral 

recognition of atroposelective antibodies are explored (Figure 1-5). 

 
Figure 1-5. Outline of the thesis 

 

In Chapter 2, mAbs against BN are developed and their chiral recognition ability 

is evaluated (Figure 1-6). Immunization with pure enantiomer of BN yields the mAbs 

with atroposelectivity toward their hapten. Immunization with racemic mixture of BN 

(BN (rac)) can give atroposelective antibodies for both BN (R) and BN (S) at one time. 

The mAbs also recognize the chirality of BINOL and BNPA.  

 
Figure 1-6. Overview of the development of atroposelective antibodies. 

Functionalized Supramolecular Systems

Binaphthyl Group:

Unique Chiral Structure

Monoclonal Antibody: 

A Designable  Protein

BN (R)

BN (R)-selective mAbs≡

BN (S)

BN (S)-selective mAbs≡

BN (rac)BN (rac)

+

mAbs for both enantiomers at one time
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 In Chapter 3, atroposelective antibodies were used as a chiral selector. A one-

step simple procedure for chiral separation that only requires the ultrafiltration of mixture 

of BN (rac) and atroposelective antibodies is developed (Figure 1-7). The difference of 

molecular weight of mAbs and BN enables the direct use of intact antibodies without any 

pre-processing or immobilization of mAbs on chromatographic supports.  

 

Figure 1-7. Schematic illustration of the procedure for direct chiral separation 

 

 In Chapter 4, artificial metalloenzymes consisting of C2 symmetric metal 

catalysts and atroposelective antibodies were developed. Anti-BN mAbs bind four kinds 

of 1,1’-bi-isoquinoline (BIQ)-based metal catalysts to yield artificial metalloenzymes. 

The resulting artificial metalloenzymes catalyze Friedel-Crafts alkylation reaction with 

high ee. Notably, asymmetric catalytic reaction is realized by just adding atroposelective 

antibodies to the mixture of substrates and BIQ-based metal catalysts. Precisely designed 

second coordination spheres of mAbs control the stereochemistry (Scheme 1-1). 

 

Scheme 1-1. Asymmetric Friedel-Crafts alkylation reaction catalyzed by a complex of 

mAbs with BIQ-Cu. 

  

In Chapter 5, the author summarizes functionalized supramolecular systems 

described in Chapters 2, 3, and 4 for chiral recognition and chiral separation by 

atroposelective antibodies and asymmetric catalysis using atroposelective antibodies. 

Cutoff < Mw 104

Ultrafiltration
R S R

S

S-isomer with high ee

+
Atroposelective Antibody

(rac)-BIQ-Cu

upto 88%ee
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  Chapter 2 

Chiral Recognition by Monoclonal Antibodies against Binaphthyl 

Derivatives 

 

2-1. Introduction 

 In biological systems, chirality plays vital roles as exemplified by the difference 

in activity of enantiomer of chiral molecules. Therefore, the rational design of chiral 

recognition element has attracted great deal of attention for synthesis, separation and 

detection of chiral compounds. Previously, biomolecules such as polysaccharides,1 

proteins2,3 cyclodextrins,4–7 as well as synthetic polymers8,9 or supramolecules10–14 have 

been used as chiral recognition elements. One promising strategy to recognize chirality 

precisely is to generate mAbs for each enantiomer of chiral molecules. The fact that 

antibody can recognize chirality was revealed at the beginning of the 20th century.15 After 

the pioneering work, however, efforts on the preparation of stereoselective mAbs have 

mainly been focused on bioactive substances such as drug candidates,16–29 even though 

the supramolecular complexation of mAbs with synthetic chiral compounds30–32 includes 

the possibility of new function.  

In this chapter, the author focused on the chiral recognition ability of mAbs for 

axially chiral binaphthyl derivatives that compose a well-known asymmetric ligand, 2,2'-

bis(diphenylphosphino)-1,1'-binaphthyl (BINAP).33 A chiral binaphthyl derivative 

bearing an alkyl linker and a carboxyl group (BN) was designed as a hapten to generate 

mAbs that bind various binaphthyl compounds in an atroposelective manner. Preparation 

of mAbs for BN employed two kinds of immunization strategies. First, immunization 

with enantiomeric pure BN was adopted to ensure the isolation of mAbs with 

atroposelectivity toward BN. The second strategy involved immunization with BN (rac) 

and screening of mAbs with enantiomeric pure BN. The mAbs obtained by the two 

strategy showed atroposelectivity for BN, 1,1’-bi-2-naphthol (BINOL) and 1,1'-

binaphthyl-2,2'-diyl hydrogen phosphate (BNPA). The mechanism of chiral recognition 

by mAbs was discussed based on the cross reactivity of mAbs for a naphthyl derivative 

(N) and biphenyl derivative (BP) as well as docking simulation.  
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2-2. Experimental section 

 

Materials  

2-Naphthol, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC), 1-hydroxybenzotriazole (HOBt), KH2PO4, Na2B4O7·10H2O, p-nitrophenyl 

phosphate sodium salt, RPMI 1640 medium, and Blocking One were purchased from 

Nakalai Tesque, Inc. (R), (S), (rac)-1,1’-bi-2-naphthol (BINOL), (R), (S)-1,1'-binaphthyl-

2,2'-diyl hydrogen phosphate (BNPA), 2, 2’-biphenol were obtained from Tokyo 

Chemical Industry Co. Ltd. Bovine serum albumin (BSA) was purchased from Medical 

& Biological Laboratories Co. Ltd. Keyhole limpet hemocyanin (KLH), hypoxanthine 

thymidine (HT), hypoxanthine aminopterin thymidine (HAT) supplement, and alkaline 

phosphatase labeled anti-mouse IgG were obtained from Sigma Aldrich Co. BCA protein 

assay reagents A and B, and Freund’s complete adjuvant (FCA) were purchased from 

Thermo Scientific Co. Ltd. Female Balb/c mice were purchased from Japan SLC, Inc. 

Poly(ethylene glycol)(PEG; 1,500 Da, PEG 50% w/v in 75 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) was obtained from Roche Applied Science. Myeloma cell 

(SP2/0-Ag14) was purchased from RIKEN Bio Resource Center. Fetal bovine serum 

(FBS) was obtained from MP Biomedicals, LLC. 2,6,10,14-Tetramethylpentadecane 

(pristane) was purchased from Funakoshi Co., Ltd. HiTrap Protein G HP was purchased 

from GE healthcare. IsoStripTM mouse monoclonal antibody isotyping kit was obtained 

from Roche Diagnostics. Other reagents were used without further purification. The 

buffer compositions are as follows. 0.1 M phosphate borate buffer (PBB): KH2PO4 3.97 

g, Na2B4O7·10H2O 26.2 g/H2O 1 L.Washing buffer: 10 mM PBS containing 20 mM NaN3 

and 10 mM of Tween 20. Substrate buffer was prepared by dissolving 1 M di-

ethanolamine, 3 mM sodium azide, and 1 mM MgCl in water and pH was adjusted to 9.8 

by hydrochloric acid solution.  

 

Measurements  

The 1H NMR and 13C NMR spectra were recorded at 500 MHz with a JEOL 

JNM-ECA 500 NMR spectrometer. The absorption spectra were measured with a JASCO 

V-650 at room temperature. Optical rotations were measured by using JASCO P2100 

polarimeter. Absorbance at 405 nm for the product of the enzymatic reaction on the 

enzyme-linked immunosorbent assay (ELISA) was measured by an iMark microplate 

absorbance reader.    
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General Procedure for (ELISA)  

Each well of 96 well microplates was coated with 100 µL of BN (R)-BSA or BN 

(S)-BSA and incubated at 4 °C overnight. After the removal of the solutions, 180 µL of 

Blocking One (1:5 dilution) was added and the plates were incubated at 4 °C overnight. 

After removal of the solutions, sample was added to each well of the plates and the plates 

were incubated at 37 °C for 90 min. After removal of the solutions, the well was washed 

twice with 150 μL of washing buffer. Then 100 µL of alkaline phosphatase labeled anti-

mouse IgG (1:1000 dilution) solution was added to each well and the plates were 

incubated at 37 °C for 90 min. After removal of the solutions, the well was washed with 

three times with 150 µL of washing buffer. Then 150 µL of p-nitrophenyl phosphate 

sodium salt in substrate buffer (1.0 mg/mL) was added. Absorbance at 405 nm derived 

from the product the enzymatic hydrolysis reaction was recorded.   

 

Synthesis 

 

BN (R), BN (S) and BN (rac)34,35  

 

Scheme 2-1. Synthesis of BN (R). 

 

A mixture of R-BINOL (450 mg, 1.57 mmol), ethyl 4-bromobutyrate (0.919 g, 

4.71 mmol), and K2CO3 (0.868 g, 6.28 mmol) was refluxed in DMF (20 mL) under N2 

for 20 h. The solvent was removed under reduced pressure, and the residue was 

partitioned between CH2Cl2 and water. The organic layer was separated, dried with 

MgSO4 and evaporated to dryness. Purification by column chromatography (hexane: 

ether, 5:1) gave (R)-1. Compound (R)-1 was dissolved in a 1:1 mixture of 2 M NaOH 

and EtOH (20 mL) and refluxed overnight followed by removal of the solvent under 

reduced pressure. The residue was dissolved in water, which was then acidified with 1 M 

HCl. The precipitate was filtered off, washed with water and dissolved in CH2Cl2 and 
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filtered. The solvent was removed under reduced pressure to give BN (R) as a white 

powder (290 mg, 40%, Scheme 2-1, Figures 2-1 and 2-2). BN (S) and BN (rac) were 

synthesized in the same way. 1H NMR (CDCl3, 500 MHz): δ 1.59–1.69 (m, 2H, Alkyl), 

1.75–1.84 (m, 2H, Alkyl), 1.90–1.99 (m, 2H, Alkyl), 2.03–2.11 (m, 2H, Alkyl), 3.88–

3.95 (m, 2H, Alkyl), 4.01–4.08 (m, 2H, Alkyl), 7.10–7.42 (6H, Ar-CH), 7.86 (d, 2H, Ar-

CH), 7.94 (d, 2H, Ar-CH). 13C NMR (CDCl3, 150 MHz): δ 24.17, 29.57, 68.11, 115.54, 

120.44, 123.55, 125.24, 126.17, 129.25, 129.30, 133.98, 153.93, 179.67. IR (KBr pellet): 

2940, 1706, 1263 cm-1. MALDI-TOF-MS (m/z): [M + H+] Calcd.. for C28H27O6, 459.18; 

found, 458.6. EA: Calcd. for C28H26O60.25H2O: C, 72.63; H, 5.77. Found: C, 72.65; H, 

5.80. BN (R):[α]D
25 60.4 (THF, c=1.00, BN (S):[α] D

25 -59.6 (THF, c=1.00)  

 

Figure 2-1. 1H NMR spectrum of BN (S) in CDCl3 at 303K. The asterisk (*) indicates 

the solvent peak. 

 

 

Figure 2-2. 13C NMR spectrum of BN (S) in CDCl3 at 303K. The asterisk (*) indicates 

the solvent peak. 
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4-(naphthalen-2-yloxy)butanoic acid (N)  

 

Scheme 2-2. Synthesis of N. 

 

A mixture of 2-naphthol (1.005 g 6.98 mmol), ethyl 4-bromobutyrate (5.40 g 

327.7 mmol), K2CO3 (2.15 g, 15.5 mmol) was stirred in DMF (25 mL) under Ar at 90 °C 

for 4 h. The solvent was removed under reduced pressure, and the residue was partitioned 

between CH2Cl2 and water. The organic layer was separated, dried with MgSO4 and 

evaporated to dryness. Purification by column chromatography (hexane:ethyl acetate, 

7:1) gave N’. Compound N’ was dissolved in a mixture of 7 M NaOH (30 mL) and THF 

(20 mL) and stirred at 90 °C for 20 h followed by removal of the solvent under reduced 

pressure. The residue was dissolved in water, which was then acidified with 6 M HCl, 

extracted with CH2Cl2 and washed with 0.1 M HCl. The organic layer was separated, 

dried with MgSO4 and evaporated to dryness to give N as a white powder (0.943 g, 59%, 

Scheme 2-2, Figures 2-3 and 2-4). 1H NMR (DMSO-d6, 500 MHz):δ 2.02 (m, 2H, Alkyl), 

2.44 (t, J = 7.3 Hz, 2H, Alkyl), 4.11 (t, J = 6.5 Hz, 2H, Alkyl), 7.16 (dd, J = 8.9 Hz, J = 

2.6 Hz, 1H, Ar-CH), 7.30-7.35 (m, 2H, Ar-CH), 7.45 (td, J = 7.5 Hz, J = 1.3 Hz, 1H, Ar-

CH), 7.78-7.82 (3H, Ar-CH), 12.14(s, 1H, COOH). 13C NMR (DMSO-d6, 150 MHz):δ 

24.20, 30.14, 66.64, 106.68, 118.65, 123.47, 126.30, 126.61, 127.43, 128.43, 129.21, 

134.26, 156.38, 174.05. EA: Calcd. for C14H14O3: C, 73.03; H, 6.13. Found: C, 72.85; H, 

6.02.  

 

Figure 2-3. 1H NMR spectrum of N in DMSO-d6 at 303K. The asterisk (*) indicates the 

solvent peak. 
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Figure 2-4. 13C NMR spectrum of N in DMSO-d6 at 303K. The asterisk (*) indicates the 

solvent peak. 

 

4,4'-([1,1'-biphenyl]-2,2'-diylbis(oxy))dibutanoic acid (BP)  

 

Scheme 2-3. Synthesis of BP. 

 

A mixture of 2, 2’-biphenol (1.05 g 5.67 mmol), ethyl 4-bromobutyrate (6.21 g 

32.1 mmol), K2CO3 (2.93 g, 21.2 mmol) was stirred in DMF (20 mL) under Ar at 90 °C 

for 22 h. The solvent was removed under reduced pressure, and the residue was 

partitioned between CH2Cl2 and water. The organic layer was separated, dried with 

MgSO4 and evaporated to dryness. Purification by column chromatography (hexane: 

ethyl acetate, 95:5) gave BP’. Compound BP’ was dissolved in a 1:1 mixture of 6 M 

NaOH (40 mL) and THF (20 mL) and stirred at 90 °C for 22 h followed by removal of 

the solvent under reduced pressure. The residue was dissolved in water and washed with 

CH2Cl2 (60 mL×3). The aqueous layer was then acidified with 1 M HCl and extracted 

with CH2Cl2 (60 mL×3). The organic layer was separated, dried with MgSO4 and 
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evaporated to dryness to give BP as a white powder (470 mg, 23%, Scheme 2-3, Figures 

2-5 and 2-6). 1H NMR (DMSO-d6, 500 MHz): 1.76 (m, 4H, Alkyl), 2.18 (t, J = 7.4 Hz, 

4H, Alkyl), 3.92 (t, J = 6.4 Hz, 4H, Alkyl), 6.95 (td, J = 7.4 Hz, J = 1.1 Hz, 2H, Ar-CH), 

7.03 (dd, J = 8.4 Hz, J = 1.0 Hz, 2H, Ar-CH), 7.15 (dd, J = 7.4 Hz, J = 1.8 Hz, 2H, Ar-

CH), 7.28 (m, 2H, Ar-CH), 12.02(s, 2H, COOH). 13C NMR (DMSO-d6, 150 MHz): 24.23, 

29.77, 66.67, 112.14, 119.97, 127.61, 128.45, 131.01, 155.82, 174.03. MALDI-TOF-MS 

(m/z): [M + Na+], [M + K+] Calcd. for C20H22O6, 381.13, 397.11; found, 381.5, 397.5. 

EA: Calcd. for C20H22O60.08MeCN: C, 66.95; H, 6.20; N, 0.31%. Found: C, 66.68; H, 

6.15; N, 0.30%.  

 

Figure 2-5. 1H NMR spectrum of BP in DMSO-d6 at 303K. The asterisk (*) indicates 

the solvent peak. 

 

 

Figure 2-6. 13C NMR spectrum of BP in DMSO-d6 at 303K. The asterisk (*) indicates 

the solvent peak. 
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Preparation of antigen for immunization  

BN (rac) (4.55 mg, 9.94 µmol), EDC・HCl (5.85 mg, 30.5 µmol), and HOBt 

(4.05 mg, 30.0 µmol) were dissolved in DMF (2.0 mL) and stirred at 0 °C for 2 hours. 

Subsequently, this solution was added dropwise to a solution of keyhole limpet 

hemocyanin (KLH) solution (1.16 nmol in 0.1M PBB) over a period of 1.5 hours and 

stirred overnight at 0 °C. The resulting solution was purified using ultrafiltration 

membrane with 10 kDa molecular weight cutoff (Sartorius). BN (R) and BN (S) was 

conjugated to KLH in the same way.  

 

Preparation of antigen for assay  

BN (R) (1.19 mg, 2.61 µmol), EDC・HCl (1.98 mg, 10.3 µmol), and HOBt (1.29 

mg, 9.53 µmol) were dissolved in DMF (2.0 mL) and stirred at 0 °C for 2 hours. 

Subsequently, this solution was added dropwise to a solution of bovine serum albumin 

(BSA) (0.124 µmol) over a period of 1.5 hours and stirred overnight at 0 °C. The resulting 

solution was purified using ultrafiltration membrane with 10 kDa molecular weight cutoff 

(Sartorius). BN (S) was conjugated to BSA in the same way.  

  

Characterization of antigens for immunization and assay  

The concentration of the antigen for immunization or the antigen for assay was 

determined by bicinchoninic acid method and adjusted to 0.3 mg/mL. UV-Vis spectra of 

antigens were measured. The number of conjugated BN is determined by using standard 

curve of BN (ε333=5750 M-1cm-1). 

  

Procedure of immunization  

BN (rac)-KLH, BN (R)-KLH, and BN (S)-KLH (0.3 mg/mL) was emulsified 

with equal amount of Freund's complete adjuvant (FCA). Three groups of Balb/c mice 

were immunized with 37.5 µg of BN (rac)-KLH, BN (R)-KLH or BN (S)-KLH 3 times 

at 2 weeks interval, respectively. At boost, each group of mice were immunized with 90 

µg of BN (rac)-KLH, BN (R)-KLH or BN (S)-KLH without the adjuvant.  

 

Evaluation of immunoresponse 

 Dilution series of blood of mice immunized with BN (rac) was added to BN (R)-

BSA and BN (S)-BSA-coated plates, respectively. The antibodies adsorbed on BN-coated 

plates were detected by ELISA. The immunoresponse of mice immunized with BN (R) 

or BN (S) was analyzed in the same way as BN (rac). 
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Preparation of mAbs  

Three days after the final injection, the spleen cells were removed from the mice 

and fused with myeloma cells using PEG. The hybridomas which produce antibodies 

specific for one of the enantiomers of BN were cloned by limited dilution method. The 

antibodies produced were assayed again and selected. The hybridomas selected were 

injected to pristane-primed mice. After 7 to 14 days, the ascites fluid was obtained. The 

ascites fluid was centrifuged and the supernatant was stored at −20 °C. Monoclonal 

antibodies were purified by affinity chromatography using HiTrap Protein G HP. The 

subclass of mAbs obtained was determined by using IsoStripTM mouse monoclonal 

antibody isotyping kit.  

Six and seven mAbs were prepared by immunization with BN (R) and BN (S), 

respectively. The mAb R44E1 and mAb S1E11 were selected as mAb for BN (R) and BN 

(S), respectively. Among thirty-three mAbs prepared by immunization with BN (rac), 

mAb 34H12 and mAb 9H3 were selected based on the selectivity for BN enantiomer. The 

four mAbs were all IgG and subclass of them were IgG1 (R44E1), IgG2b (S1E11), IgG1 

(34H12) and IgG2b (9H3). All four mAbs have κ light chain. 

 

Determination of the dissociation constants (Kd) of the complexes between 

monoclonal antibody (mAb) and BN, N, and BP 

Solutions of mAbs (60 µL in 0.1M PBB) were mixed with solution of substrates 

in various concentrations (10-8 M to 10-2 M, 60 µL) on a BSA-coated plate. The mixed 

solutions were incubated at 4 °C overnight and added to a BN (R)-BSA coated plate (in 

the case of mAbs specific for BN (R)) or a BN (S)-BSA coated plate (in the case of mAbs 

specific for BN (S)). The plates were incubated at 37 °C for 90 min. After removal of the 

solutions, the well was washed twice with 150 µL washing buffer. Then 100 µL of alkaline 

phosphatase labeled anti-mouse IgG (1:1000 dilution) was added and the plates were 

incubated at 37 °C for 90 min. After removal of the solution, the well was washed with 

three times with 150 µL of washing buffer. Then 150 µL p-nitrophenyl phosphate sodium 

salt in substrate buffer (1.0 mg / mL) was added. Absorbance at 405 nm derived from the 

product of the enzyme reaction was recorded.  

Dissociation constants were determined by the Klotz plot  

𝐴0
𝐴0 − 𝐴

= 1 + 𝐾𝑑(
1

𝑐
) 

where A0 and A indicate absorbance at 405 nm in the absence or presence of 

competitive molecules, respectively. The character c shows the concentration of dilution 

series of competitive molecule such as BN (R), BN (S), N, and BP. Kd represents the 
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dissociation constant.  

Sequence analysis of variable region of mAb R44E1 and mAb S1E11 

 Total RNA of hybridoma cell lines secreting mAb R44E1 and mAb S1E11 were 

isolated using RNeasy Mini Kit（QIAGEN）and was converted to cDNA by reverse 

transcription reaction. The cDNA obtained was converted to duplex and adaptor ligation 

was carried out to prepare cDNA-adaptor. DNA sequence was determined by ABI3730xl. 

 

Docking simulation of mAb R44E1 with BN (R), and mAb S1E11 with BN (S)

 The variable region of mAb R44E1 and mAb S1E11 were modeled using Rosetta 

Online Server that Includes Everyone (ROSIE).36–41 The model structures of L chain of 

mAb R44E1 were constructed using PDB 1H0D as template for frame work region and 

CDRs. Construction of model structure of H chain of mAb R44E1 employed PDB 1UYW 

for the template for frane work region and H1. Model structures of H2 and H3 of mAb 

R44E1 used PDB 2A6I and PDB 1AY1 as template, respectively. The L chain of mAb 

S1E11 was modeled using PDB 2BDN for the template of frame work region and PDB 

3CVI for L1, L2 and L3. The H chain of mAb S1E11 was constructed using PDB 2OZ4, 

PDB 1FGV and PDB 3CLF as the template for frame work region, H1 and H2, 

respectively. Docking simulation of mAbs with BN enantiomer was carried out using 

LigandDocking.42-45 
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2-3. Results and Discussion 

 

Characterization of antigens for immunization and assay  

The number of BN (R), BN (S) and BN (rac) conjugated to KLH were 1.0×103 

per KLH molecule (Fig. 2-7a). The UV-Vis spectra of BN (R)-KLH and that for BN (S)-

KLH are overlapped. The number of BN (R) and BN (S) attached to BSA was 5 (Fig. 2-

7b). 

 

Figure 2-7. UV-Vis spectra of 0.25 mg/mL of BN (R)-KLH (blue), BN (S)-KLH (red) 

and BN (rac)-KLH (green) (a) and that for 0.30 mg/mL of BN (R)-BSA (blue) and BN 

(S)-BSA (red) (b).  

 

Immune response against BN (R), BN (S) and BN (rac) 

Antibodies in blood of mice immunized with BN (R)-KLH adsorbed mainly on 

BN (R)-BSA (Figure 2-8 a). In contrast, the amount of antibodies adsorbed on BN (S)-

BSA was larger than that on BN (R)-BSA in the case of immunization with BN (S)-KLH 

(Figure 2-8 b). Immune system clearly recognizes the chirality of BN. In the case of 

immunization with BN (rac)-KLH, no difference is observed in the amounts of antibodies 

adsorbed on BN (R)-BSA and BN (S)-BSA (Figure 2-8 c). This result raises two possible 

interpretation. First, the mixture of anti-BN (R) mAbs and anti-BN (S) mAbs yielded the 

results. Another interpretation is that the antibodies with no atroposelectivity were 

dominant in the mice. These two possibilities are validated later from the specificity of 

isolated mAbs. The immune response toward BN (R) and BN (S) induced by 

immunization with BN (rac) is equivalent to that induced by immunization with pure 

enantiomer (Figure 2-8 d), even though the number of BN (R) and BN (S) attached to 

BN (rac)-KLH was the half the enantiomeric pure antigens. This result highlights the 

superiority of immunization with BN (rac) in the induction of immunoresponse to BN 

enantiomer. Interestingly, the result obtained herein is opposite to a report on nicotine 
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vaccination where enantiomeric pure hapten induced stronger immunoresponse compared 

with racemic hapten.46 Structural difference of hapten might result in this difference.  

 

 

Figure 2-8. The ELISA for blood from mice immunized three times with BN (R) (a), BN 

(S) (b) or BN (rac)-KLH (c), respectively. The absorbance for blood of mice at 1:12800 

dilution (d). Serial dilution of blood was added to the BN (R)-BSA (blue), BN (S)-BSA 

(red), and BSA-coated plates (gray)) and bound antibodies were detected by ELISA.  

 

Chiral recognition of mAbs for BN enantiomer 

The affinity of mAbs was determined by competitive ELISA (Table 2-1). The 

dissociation constant (Kd) of mAb R44E1 for BN (R) is 1.6×10-7 M, while that for BN (S) 

is 1.3×10-4 M (Figure 2-9). The mAb R44E1 recognizes the atropisomerism of BN with 

an 810-fold difference in affinity. The mAb S1E11 has higher affinity for BN (S) than BN 

(R). The Kd values for BN (R) and BN (S) are 4.8×10-7 M and 9.0×10-4 M, respectively 

(Figure 2-10). The mAb S1E11 has 1900-fold higher affinity for BN (S) than BN (R). 

These results indicate that the atroposelectivity of mAbs can be controlled directly by 

immunization with enantiomeric pure BN. 

mAbs prepared by racemic immunization can be divided in four groups; BN (R) 

selective mAbs, BN (S) selective mAbs, mAbs with no atroposelectivity, and mAbs with 

no affinity for BN (Figure 2-11). Among the mAbs with atroposelectivity, mAb 34H12 

and mAb 9H3 were selected from their high selectivity for BN (R) and BN(S), 

respectively. Their binding affinity was evaluated in detail. The mAb 34H12 binds BN 

(R) with a Kd value of 8.5×10-8 M, contrary the Kd value for BN (S) is 1.4×10-4 M. mAb 

34H12 has a 1700-fold higher affinity for BN (R) than BN (S) (Figure 2-12). The mAb 

9H3 prefers to bind the opposite enantiomer of BN. The affinity for BN (S) (Kd = 6.7×10-

8M) is higher than that for BN (R) (Kd = 9.6×10-4 M) (Figure 2-13). Among the four mAbs, 

mAb 9H3 has the highest affinity for the targeted enantiomer and the weakest affinity 

toward the opposite enantiomer. mAb 9H3 recognizes the axial chirality of BN with a 

14000-fold difference in affinity. Based on these results, it is reasonable that the mixture 
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of anti-BN (R) mAbs and anti-BN (S) mAbs yielded the immunoresponse of mice 

immunized with BN (rac). (Figure 2-8 c). Some of previous studies concluded based on 

the analysis of specificity of antisera that immunization with racemic mixture of hapten 

does not induce stereoselective antibodies.47–49 However, the analysis of binding 

specificity of isolated mAbs should be taken into consideration. This study shows that the 

stereoselective mAbs can be isolated by immunization with racemic mixture based on the 

combination of analysis of polyclonal antibodies in blood and isolated mAbs. Notably, 

atroposelective antibodies for both enantiomer can be developed at one time by 

immunization with BN (rac). This finding provides a strategy to rapidly diverse the pool 

of mAbs for BN enantiomer. 

The affinity of mAb R44E1 and mAb 34H12 for N and the BP (Figures 2-14, 2-

15, 2-16 and 2-17) are ca. ten-thousandth compared with that for BN (R) (Figures 2-9 

and 2-12). Furthermore, mAb S1E11 and mAb 9H3 do not show cross reactivities toward 

N and BP in the measured concentration range (Figures 2-18, 2-19, 2-20, and 2-21). 

These low cross reactivities for N and BP suggest that mAbs recognize the crossing 

moiety of the two naphthyl rings.  
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Table 2-1. Dissociation constants (Kd) of complexes of mAbs with (R), (S)-BN, (R), (S)-

BINOL, (R), (S)-BNPA, N and BP. 

 

mAbs R44E1 S1E11 34H12 9H3 

Specificity R S R S 

Immunogen R S R/S R/S 

KBN (R) / M 1.6×10-7 9.0×10-4 8.5×10-8 9.6×10-4 

KBN (S) / M 1.3×10-4 4.8×10-7 1.4×10-4 6.7×10-8 

Selectivitya 810 1900 1700 14000 

K(R)-BINOL / M 2.8×10-7 2.1×10-5 2.7×10-7 4.3×10-5 

K(S)-BINOL / M 1.7×10-6 2.2×10-6 2.6×10-5 2.5×10-6 

Selectivitya 6.3 9.7 95 17 

K(R)-BNPA / M 4.3×10-7 4.3×10-6 2.5×10-5 1.2×10-5 

K(S)-BNPA / M 1.6×10-5 2.1×10-6 1.0×10-3 1.9×10-6 

Selectivitya 37 2.1 40 6.6 

KN / M 9.8×10-4 NDb 4.0×10-3 NDb 

KBP / M 2.2×10-3 NDb 1.8×10-3 NDb 

aSelectivity is calculated by dividing the higher Kd value by the lower one. 
bInteraction is not detected in competitive ELISA. 

 

 
Figure 2-9. Competitive ELISA of mAb R44E1 for BN (R) (■) and BN (S) (●) (a). Klotz 

plot for mAb R44E1 with BN (R) (b) and BN (S) (c). 
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Figure 2-10. Competitive ELISA of mAb S1E11 for BN (R) (■) and BN (S) (●) (a). Klotz 

plot for mAb S1E11 with BN (R) (b) and BN (S) (c). 

 

 

Figure 2-11. Typical examples of the ELISA for culture supernatant of monoclonal 

hybridomas established from a mouse immunized with BN (rac). The mAbs contained in 

was captured by BN (R)-BSA (blue) and BN (S)-BSA-coated plates (red)) and detected 

by ELISA. 

 

 
Figure 2-12. Competitive ELISA of mAb 34H12 for BN (R) (■) and BN (S) (●) (a). Klotz 

plot for mAb 34H12 with BN (R) (b) and BN (S) (c). 
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Figure 2-13. Competitive ELISA of mAb 9H3 for BN (R) (■) and BN (S) (●) (a). Klotz 

plot for mAb 9H3 with BN (R) (b) and BN (S) (c). 

 

 

Figure 2-14. Competitive ELISA of mAb R44E1 for N (a) and the corresponding Klotz 

plot (b). 

 

 

Figure 2-15. Competitive ELISA of mAb R44E1 for BP (a) and the corresponding Klotz 

plot (b). 
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Figure 2-16. Competitive ELISA of mAb 34H12 for N (a) and the corresponding Klotz 

plot (b). 

 

 

Figure 2-17. Competitive ELISA of mAb 34H12 for BP (a) and the corresponding Klotz 

plot (b). 

 

 

Figure 2-18. Competitive ELISA of mAb S1E11 for N. 
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Figure 2-19. Competitive ELISA of mAb S1E11 for BP. 

 

 

Figure 2-20. Competitive ELISA of mAb 9H3 for N. 

 

 

Figure 2-21. Competitive ELISA of mAb 9H3 for BP. 
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Binding scope of mAbs toward binaphthyl compounds other than BN 

The affinity of mAbs for binaphthyl derivatives other than BN was investigated 

(Figure 2-22). BINOL and BNPA were selected as target molecules. BINOL is an 

important building block in the synthesis of various binaphthyl derivatives.50,51 BNPA is 

a chiral organic catalyst with binaphthyl backbone.52–58 All four mAbs bind BINOL  in 

an enantioselective manner (Figure 2-22 b). The affinity of mAb 9H3 for (S)-BINOL is 

37-fold lower compared with that for BN (S) (Figure 2-23). In contrast, mAb R44E1, 

mAb S1E11 and mAb 34H12 show similar affinity for BN and BINOL (Figures 2-24, 2-

25, and 2-26). In addition, all four mAbs also bind enantiomer of BNPA (Figure 2-22 c). 

Although, mAb 34H12 and mAb 9H3 have relatively lower affinity for BNPA than that 

for BN (Figures 2-27 and 2-28), mAb R44E1 and mAb S1E11 bind BNPA with similar 

affinity for BN (Figures 2-29 and 2-30).  

Although, the affinity of mAbs for BINOL and BNPA is lower compared with 

that for BN enantiomer, anti-BN mAbs also bind enantiomer of BINOL and BNPA in an 

enantioselective manner. These results validate our strategy to create chiral recognition 

element for axially chiral binaphthyl derivatives. The cross reactivity of anti-BN mAbs 

for enantiomer of BINOL and BNPA depends on mAbs. Especially, the cross reactivities 

of mAb 9H3 for BINOL and BNPA are very low. This result indicates that mAb 9H3 has 

specificity for BN among axially chiral compounds. The affinity and atroposelectivity of 

mAbs for BINOL and BNPA are lower compared with that for BN. This is presumably 

due to the participation of alkyl linker and carboxyl group of BN in the binding of mAbs, 

or the difference in the bite angle of BN, BINOL and BNPA. Notably, chiral 

supramolecular complexes of mAbs with a chiral organic catalyst with binaphthyl 

backbone is developed for the first time in this study 

 

 

Figure 2-22. Kd values of mAbs for R (blue) or S (red) isomer of BN (a), BINOL (b) and 

BNPA (c). 
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Figure 2-23. Competitive ELISA of mAb 9H3 for (R)-BINOL (■) and (S)-BINOL (●) (a). 

Klotz plot for mAb R44E1 with (R)-BINOL (b) and (S)-BINOL (c). 

 

 

Figure 2-24. Competitive ELISA of mAb R44E1 for (R)-BINOL (■) and (S)-BINOL (●) 

(a). Klotz plot for mAb R44E1 with (R)-BINOL (b) and (S)-BINOL (c). 

 

 
Figure 2-25. Competitive ELISA of mAb S1E11 for (R)-BINOL (■) and (S)-BINOL (●) 

(a). Klotz plot for mAb R44E1 with (R)-BINOL (b) and (S)-BINOL (c). 
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Figure 2-26. Competitive ELISA of mAb 34H12 for (R)-BINOL (■) and (S)-BINOL (●) 

(a). Klotz plot for mAb R44E1 with (R)-BINOL (b) and (S)-BINOL (c). 

 

 
Figure 2-27. Competitive ELISA of mAb 34H12 for (R)-BNPA (■) and (S)-BNPA (●) (a). 

Klotz plot for mAb R44E1 with (R)-BNPA (b) and (S)-BNPA (c). 

 

 
Figure 2-28. Competitive ELISA of mAb 9H3 for (R)-BNPA (■) and (S)-BNPA (●) (a). 

Klotz plot for mAb R44E1 with (R)-BNPA (b) and (S)-BNPA (c). 
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Figure 2-29. Competitive ELISA of mAb R44E1 for (R)-BNPA (■) and (S)-BNPA (●) 

(a). Klotz plot for mAb R44E1 with (R)-BNPA (b) and (S)-BNPA (c). 

 

 
Figure 2-30. Competitive ELISA of mAb S1E11 for (R)-BNPA (■) and (S)-BNPA (●) (a). 

Klotz plot for mAb R44E1 with (R)-BNPA (b) and (S)-BNPA (c). 
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Sequence analysis and homology modeling of variable region of mAb R44E1 and 

mAb S1E11 

 Amino acid sequences of variable region of mAb R44E1 and mAb S1E11 were 

determined (Figure 2-31). The sequence similarity of H chain and L chain of these two 

mAbs are 79% and 54%. These values are relatively low compared with anti-amino acid 

mAbs.63,64 The homology of these two mAbs is also low in CDRs compared with anti-

amino acid mAbs (L1 13%, L2 0%, L3 56%, H1 77%, H2 60%, H3 0%).63,64 The clusters 

of CDRs of mAb R44E1 (Table 2-2) and mAb S1E11 (Table 2-3) were determined 

following the definition by North et al.61 Although the cluster of H3 of mAb S1E11 cannot 

be assigned to any cluster, the difference in the two mAbs are only observed in L1. As is 

observed generally, 62–64 the ratios of aromatic amino acid residues in H1 and H3 of both 

mAbs are high compared with that of the other CDRs. 

 

 

Figure 2-31. Sequence alignment of the variable domains of mAb R44E1 and mAb 

S1E11. Chothia numbering scheme is used. Insertions are shown in red. The CDRs are 

determined based on the definition provided by North et al. 

 

Table 2-2. Amino acid sequence, cluster, length of CDRs of mAb R44E1 and the ratio of 

aromatic, polar and nonpolar amino acids in CDRs. 

CDR Sequence Cluster Length 
Distribution/% of amino acid residues 

Aromatic  Polar  Nonpolar  

L1 RASESVDNYGISFMN L1-15-1 15 13 60 40 

L2 YAASNQGS L2-8-1 8 13 63 38 

L3 QQSKEVPLT L3-9-cis7-1 9 0 67 33 

H1 KTSGYTFTEYTIH H1-13-1 13 23 69 31 

H2 GISPSNGATK H2-10-1 10 0 50 50 

H3 ARGYGNYRYFDV H3-12-1 12 40 58 42 
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Table 2-3. Amino acid sequence, cluster, length of CDRs of mAb S1E11 and ratio of 

aromatic, polar and nonpolar amino acids in CDRs. 

CDR Sequence Cluster Length 
Distribution/% of amino acid residues 

Aromatic  Polar  Nonpolar  

L1 KASDHINNWLA L1-11-2 11 9 55 45 

L2 SGTTSLET L2-8-1 8 0 75 25 

L3 QQYWSTPLT L3-9-cis7-1 9 22 67 33 

H1 KTSGYSFTESTMH H1-13-1 13 8 77 23 

H2 GINPKNGDTT H2-10-1 10 0 60 40 

H3 SPLWLRRTAWFAY NAa 13 31 38 62 

aH3 of mAb S1E11 cannot be assigned to any cluster. 

 

 Three dimensional structures of variable region of mAb R44E1 and mAb S1E11 

were constructed using ROSIE.36–41 Although relatively large difference in amino acid 

sequences of mAb R44E1 and mAb S1E11 is observed, the overall structures of the two 

mAbs are similar (Figure 2-32 a, b). The difference is observed in the loop structures of 

L1 and L3 (Figure 2-32 c). The modeled structures of both mAb R44E1 and mAb S1E11 

have binding pockets that seem to be compartmentalized into two parts (Figure 2-33 a, 

b). The docked structure of mAb R44E1 with BN (R), and mAb S1E11 with BN (S) 

suggest that these mAbs recognize the axial chirality of BN by binding the binaphthyl 

moiety of BN (Figure 2-34). 

 

Figure 2-32. Overall structures of the modeling structure of antigen binding site of mAb 

R44E1 (a) and mAb S1E11 (b). Overlay of the CDR loops of mAb R44E1 (cyan) and 

mAb S1E11 (orange) (c).  
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Figure 2-33. Surface representations of the modeling structure of antigen binding site of 

mAb R44E1 (a) and mAb S1E11 (b).  

 

Figure 2-34. Docked structure of mAb R44E1 with BN (R) (a) mAb S1E11 with BN (S) 

(b) and their close up view (c), (d). 
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2-4. Conclusion 

In this chapter, mAbs precisely recognizing the axial chirality of binaphthyl 

derivatives were successfully developed by immunization with enantiomeric pure BN and 

racemic mixture of BN. Immunization with pure enantiomer of BN yields the mAbs with 

atroposelectivity toward their hapten. This results indicate that the atroposelectivities of 

antigen binding sites can be rationally designed by the use of enantiomeric pure BN. In 

the case of immunization with racemic mixture, atroposelective antibodies for both BN 

(R) and BN (S) can be isolated at one time. This finding provides a strategy to rapidly 

diverse the antigen binding sites for BN enantiomer. The obtained mAbs show high 

affinity and high atroposelectivity for BN enantiomer, whereas very weak affinity for N 

and BP was observed. These result suggests that mAbs bind the crossing moiety of the 

two naphthyl rings of BN. All four mAbs also bind chiral BINOL and chiral BNPA in an 

atroposelective manner. These results support that the mAbs bind the binaphthyl moiety 

of BN. Although the affinity and selectivity of mAbs for BINOL and BNPA are low 

compared with that for BN enantiomer, the binding pockets of mAbs designed by 

immunization with BN enantiomer accept BINOL and BNPA as guest molecules. Notably, 

chiral supramolecular complexes of mAbs with a chiral organic catalyst with binaphthyl 

backbone are developed for the first time in this study. Atroposelective complexation of 

mAbs with axially chiral molecules will open up a new supramolecular functions such as 

detection, separation and creation of chirality.  
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Chapter 3 

Direct Chiral Separation of Binaphthyl Derivatives Using Atroposelective 

Antibodies 

 

3-1. Introduction 

Chirality is crucial in various scientific fields such as pharmaceuticals,1 

chemistry,2–4 and materials science.5 For example, in pharmaceutical applications 

employing a specific enantiomer is especially important. Often one enantiomer displays 

the desired effect, while the other elicits serious side effects. Therefore, chiral separations 

on both industrial and laboratory scales are important. High-performance liquid 

chromatography is a popular chiral separation methodology.6 To date, many researchers 

have devoted much effort to develop chiral stationary phases (CSPs) such as synthetic 

polymers,7 saccharides,8,9 biomacromolecules, etc.10–12 However, trial and error is still 

required to optimize condition for chiral separation for each molecule. One promising 

approach toward a straightforward chiral separation strategy is to use antibodies that 

precisely recognize the chirality of the target molecule.13 With the advent of cell 

technology, it is now possible to prepare mAbs in large amounts and in a homogeneous 

form semi-permanently.14 

Many researchers have developed mAbs against chiral molecules for various 

purposes.15–20 Among them, the use of mAbs as CSP of immuno affinity chiral columns 

has been extensively studied.21 However, harsh elution conditions are necessary due to 

the high affinity of mAbs against target molecules. Eluting a tightly bound enantiomer 

while maintaining the stability of mAbs is problematic.22–24 In addition, optimization of 

the immobilization method of mAbs onto columns is necessary to retain the binding 

affinity of mAbs.25 To fully utilize the characteristic of mAbs, a more convenient 

methodology without columns for chiral separation is necessary. 

In this chapter, an operationally-simple methodology for chiral separation is 

developed. This research focuses on the basic properties of mAbs, including high 

specificity for the target molecule and the molecular weight. Chiral separation is achieved 

by carrying out ultrafiltration of the solution of BN (rac) and atroposelective antibodies. 

The large difference in the molecular weights of mAbs and BN realized direct chiral 

separation via a simple one-step procedure. Neither immobilizing mAbs onto 

chromatographic supports nor releasing the target molecules from mAbs is required. 

Intact mAbs can be used directly. In addition, both enantiomers can be obtained by this 

procedure where mAbs are prepared for each enantiomer. 
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3-2. Experimental section 

 

Materials  

Bovine serum albumin (BSA) was purchased from Medical & Biological 

Laboratories Co. Ltd. Other reagents were used without further purification. The buffer 

compositions are as follows. 0.1M phosphate borate buffer (PBB): KH2PO4 3.97 g, 

Na2B4O7·10H2O 26.3 g/H2O 1L.Washing buffer: 10 mM PBS containing 20 mM NaN3 

and 10 mM of Tween 20.  

  

Measurements  

The absorption spectra were measured with a JASCO V-650 at room temperature. 

Circular dichroism spectra were recorded with a JASCO J820 spectrometer.  

 

General procedure for chiral separation using atroposelective antibodies 

Solutions of mAbs (6.7 µM, 1000 µL) or BSA (6.7 µM) in 0.1M PBB (pH 9.0) 

were mixed with BN (rac) (160 µM, 84 µL for mAbs or 42 µL for BSA) and steered 1 

min at room temperature. The molar ratio of antigen binding sites to BN (rac) is one-to-

one in this case (13.4 nmol each). These solutions were ultrafiltrated (4000 rpm, 4 min) 

using Amicon®Ultra 4 (MWCO 10,000). The UV-Vis and CD spectra of filtrates were 

recorded. The concentration of free BN were quantified from the absorbance at 333 nm 

derived from BN. The ee value was determined using the molar circular dichroism at 237 

nm of major enantiomer.   

  

Procedure for releasing bound BN from antigen binding sites.  

To the high molecular weight fraction obtained by ultrafiltration, 2000 µL of 

0.1M PBB was added and ultrafiltrated. This washing procedure was repeated 5 times. 

The high molecular weight fraction was concentrated to ca. 250 µL. To this fraction, 2000 

µL of 1% sodium dodecyl sulfate 50 mM PBB (pH 9) was added and steered 10 min. The 

high molecular weight fractions were washed 10 times by 2000 µL of 0.1M PBB and the 

UV-Vis spectra of high molecular weight fractions were recorded.   
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3-3. Results and Discussion 

Direct chiral separation was carried out following the general procedure by using 

mAb R44E1 and mAb S1E11, respectively. The eluted solutions contain BN (S) with 97 

± 2% ee using mAb R44E1 as a chiral separator (Figure 3-1). In contrast, BN (R) is 

obtained with 96 ± 2% ee by mAb S1E11 (Figure 3-2). Free BN is easily separated by 

ultrafiltration because the molecular weight of the complex of mAbs with BN is three 

orders of magnitude higher than that of BN alone. 

As a control experiment, mAb 2B6 elicited against a water soluble porphyrin 

was used.26,27 In this case, BN (rac) is obtained (Figure 3-3) because this mAb does not 

have an affinity for BN enantiomer (Figure 3-4). Another control experiment used bovine 

serum albumin (BSA) (Mw 66 kDa). In this case, BSA and BN (rac) were mixed in a 

one-to-one ratio because it is assumed that one BN molecule is bound per BSA molecule 

from a study on the complexation of BINOL with BSA.28–30 Although one enantiomer (R-

isomer) is eluted preferentially, the ee of the eluted fraction is low (16 ± 2%) (Figure 3-

5). This result shows that the low affinity and the low enantioselectivity of BSA for the 

binaphthyl group (Kd = 103 ~ 104 M for both of R- and S-BINOL)28–30  are insufficient to 

realize chiral separation with this procedure. These two control experiments demonstrate 

the importance of a high atroposelectivity of mAbs prepared as a tailor-made chiral 

selector to realize direct chiral separation (Table 3-1). Actually, magnetic particles coated 

with albumins have yet to realize direct separation of the enantiomers.31,32 Moreover, 

another group tried direct chiral separation using metal-organic frameworks, but a 

complicated procedure was required to remove the chiral separator with a low 

molecular weight.33  

To make the current approach practically viable, reuse of mAbs in a direct chiral 

separation is tried. The bound BN is released from the antigen binding sites by treatment 

with PBB containing 1% sodium dodecyl sulfate. The free BN and mAb are separated by 

ultrafiltration, and the buffer condition for mAb is exchanged to PBB. The second use of 

mAb R44E1 gives the pure BN (S) in 83% ee (Figure 3-6). On the other hand, treatment 

with PBB containing 30% dimethyl sulfoxide or 30% ethanol does not completely 

dissociate the bound BN (Figures 3-7 and 3-8). These results highlight the importance of 

the experimental conditions when releasing bound enantiomer. At the same time, this 

observation shows the simplicity of the direct chiral separation where mAbs are prepared 

for each enantiomer.  

 Atroposelective binding of mAbs is applied in chiral sensing. The mAb S1E11 

even recognizes the chirality of BN attached on a thermoresponsive polymer, poly-N-

isopropylacrylamide (pNIPAM). The aqueous solution of pNIPAM bearing BN (S) 



52 

(pNIPAM-BN (S)) is cloudy at 32 °C (Figure 3-9). However, the addition of mAb S1E11 

resolves the turbidity by increasing the lower critical solution temperature from 31.5 °C 

to 33.0 °C. The binding of mAb S1E11 alters the hydration behavior of pNIPAM-based 

polymer. The addition of BN (S) to the mixture of pNIPAM-BN (S) and mAb S1E11 

reclouds the solution, whereas BN (R) does not cause any change (Figure 3-9). It is 

suggested that mAb S1E11 switches the binding partner from pNIPAM BN (S) to BN (S). 

Modification of pNIPAM to BN (S) allows visualization of association and dissociation 

of mAb S1E11 to pNIPAM-BN (S) by the naked eye. Furthermore, the presence of chiral 

BN is atroposelectively detected just adding BN to the mixture of pNIPAM-BN (S) and 

mAb S1E11. Rapid and operationally simple chiral detection system is developed. 

 

Figure 3-1. UV-Vis (a) and CD spectra (b) of BN separated by ultrafiltration after mixing 

aqueous solutions of BN (rac) with mAb R44E1 (solid line in (a), (b)). Dotted lines are 

the UV-Vis and CD spectra of pure BN (S).  
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Figure 3-2. UV-Vis (a) and CD spectra (b) of BN separated by ultrafiltration after mixing 

aqueous solutions of BN (rac) with mAb S1E11 (solid line in (a), (b)). Dotted lines are 

the UV-Vis and CD spectra of pure BN (R).  

 

 

Figure 3-3. UV-Vis (a) and CD spectra (b) of BN separated by ultrafiltration after mixing 

aqueous solutions of BN (rac) with anti-porphyrin mAb 2B6 (solid line in (a), (b)). Dotted 

lines are the UV-Vis and CD spectra of pure BN (S).  
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Figure 3-4. Competitive ELISA of mAb 2B6 for BN (R) (■) and BN (S) (●). 

 

 

Figure 3-5. UV-Vis (a) and CD spectra (b) of BN separated by ultrafiltration after mixing 

aqueous solutions of BN (rac) with BSA (solid line in (a), (b)). Dotted lines are the UV-

Vis spectrum of pure BN (R).  

 

0.0

0.5

1.0

1.5

1.0E-08 1.0E-06 1.0E-04 1.0E-02

A
b
s
.

[ BN (R) or BN (S) ] / M
1.0×10-8 1.0×10-6 1.0×10-4

[BN (R) or BN (S)/M]

1.0×10-2

(a) (b)

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

215 265 315 365

ε
/ 
1
0

4
c
m

-1
m

o
L

-1
L
 

Wavelength/nm

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

5.0

215 265 315 365

Δ
ε

/ 
1
0

6
c
m

-1
m

o
l-1

 L

Wavelength/nm



55 

 

Figure 3-6. UV-Vis (a) and CD spectra (b) of BN separated by ultrafiltration after mixing 

aqueous solutions of BN (rac) with reused-mAb R44E1 (solid line in (a), (b)). Dotted 

lines are the UV-Vis and CD spectra of pure BN (S).  

 

 

 

Figure 3-7. Normalized UV-Vis spectra of BN complexed with mAb R44E1 before (solid 

line) and after (dotted line) treatment with PBB (pH 9)/DMSO (7:3 (w/w)).    
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Figure 3-8. Normalized UV-Vis spectra of BN complexed with mAb R44E1 before (solid 

line) and after (dotted line) treatment with PBB (pH 9)/EtOH (7:3 (w/w)).   

 

Table 3-1. The ee of BN separated by direct chiral separation using atroposelective 

antibodies. 

Protein Specificity ee of purified BN/% 

mAb R44E1 R 97 ± 2 (S) 

mAb S1E11 S 96 ± 2 (R) 

mAb 2B6 - 0 

BSA S 16 ± 2 (R) 
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Figure 3-9. Visual chiral sensing system based on atroposelective antibodies and 

thermoresponsive polymers. Photo images of pNIPAM-BN (S) (the initial state), the 

mixture of pNIPAM-BN (S) and mAb S1E11 (the second state) and the solutions 

including the polymer, mAb S1E11 and mAb S1E11 (the third state, upper) or BN (R) 

(the third state, lower). [mAb S1E11] = 1.2 μM. [BN (R) or BN (S)] = 2.4 μM. All samples 

contain 3.2 μM of pNIPAM-BN (S). Pictures are taken at 32.0 °C after 10min incubation.  
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3-4. Conclusion 

In this chapter, an operationally-simple methodology for chiral separation was 

developed. Chiral separation of BN is achieved via ultrafiltration of mixtures of BN and 

atroposelective antibodies. The difference of molecular weight of mAbs and BN enables 

the direct use of intact antibodies without any pre-processing or immobilization of mAbs 

on chromatographic supports. Unlike previous reports where the processes to immobilize 

antibodies or release bound enantiomer must be optimized,22–24 the chiral separation 

methodology presented herein is easy and rapid. Atroposelective binding of mAbs was 

applied to the chiral sensing using a thermoresponsive polymer. Association and 

dissociation of mAbs to BN on the polymer were visualized. The author expects that 

enantioselective complex formation of mAbs with artificial chiral molecules34–36 will be 

expanded to new applications such as chiral biocatalysts. 
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Chapter 4 

Creation of Artificial Metalloenzymes based on Atroposelective Antibodies 

as a Designed Protein Scaffold 

 

4-1. Introduction 

 Artificial metalloenzymes, which consist of transition metal catalysts and 

biomolecular scaffolds, offer new reactivities or selectivities that are not observed in 

nature or synthetic catalysts.1,2,11–14,3–10 One way to create artificial metalloenzymes is to 

engineer natural enzymes to yield non-natural reactivities that combine the attractive 

features of both the metal catalyst and bio-molecular scaffold.15,16,25–27,17–24 Another 

strategy is to incorporate synthetic metal catalysts into bimolecular scaffolds by 

covalent,28,29,38–40,30–37 dative16,41–46 or supramolecular interaction.47,48,57,49–56 This 

strategy has also been applied to non-enzymatic proteins or DNAs. However, there are a 

limited number of existing protein scaffolds that can be used to implement the 

aforementioned design strategies. Therefore, the choice and engineering of biomolecular 

scaffolds along with the synthetic optimization of cofactors or conjugation technologies 

are also routinely required.1,2,7 An alternative to these strategies is the de novo creation of 

tailored protein scaffolds with immunological optimization to provide a chiral 

environment around the metal complex. Monoclonal antibodies (mAbs), which are 

chemically homogeneous antibodies58 have received much attention as designable protein 

scaffolds for artificial metalloenzymes.50,59,68,69,60–67  

One of the most attractive features of mAbs as a protein scaffold of artificial 

metalloenzymes is the ability to provide specific protein environment even for chiral 

molecules.70–75 Binaphthyl group was chosen as a target to complex with mAbs.76–78 2,2’-

Bis(diphenylphosphino)-1,1’-binaphthyl (BINAP) has a unique structure where two 

phosphine atoms located at the 2,2’ position of the BN groups play a key role in stabilizing 

the unique chiral structure and coordination behavior.79 Due to atropisomeric instability, 

structurally similar ligands with binaphthyls such as 1,1’-bi-isoquinoline (BIQ) have not 

been used in asymmetric catalysis.80 In this context, the author expect that supramolecular 

complexation of BIQ-based metal catalysts with mAbs will enhance the diversity of 

available asymmetric catalysts. In this chapter, enantioselective artificial metalloenzymes 

for the Friedel-Crafts alkylation reaction are developed based on the supramolecular 

complexation of BIQ-based metal catalysts with atroposelective antibodies generated 

against BN (Figure 4-1).  
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Figure 4-1. Design strategy for artificial metalloenzymes based on atroposelective 

antibodies. Atroposelective antibodies generated against BN (a) are used to accommodate 

various BIQ-based metal catalysts (b). 

  

BN (R) BN (S)

(a)

(b)

Antigen binding site of anti-BN mAbs

M



63 

4-2. Experimental section 

Materials 

KH2PO4, Na2B4O7·10H2O, MgSO4, Na2SO4, NaHCO3, NaCl, , CuNO3・3H2O, 

Zn, NH3 aq., and p-nitrophenyl phosphate sodium salt were purchased from Nakalai 

Tesque, Inc. 1-Chloroisoquinoline, tetramethylammonium iodide (Et4NI), 1-methyl-1H-

imidazole, crotonic acid, 2-methyl-1H-indole, PdCl2(CH3CN)2, Pd(OAc)2,
 2-phenyl 

quinolone were purchased from Tokyo Kasei Inc. 

Dibromobis(triphenylphosphine)nickel(II) (NiBr2(PPh3)) was purchased from Sigma 

Aldrich Inc. K2PtCl4 was purchased from Wako Pure Chemical Industries, Ltd. n-BuLi 

was purchased from Kanto Chemical Co., Inc. BSA was purchased from Medical & 

Biological Laboratories Co. Ltd. Alkaline phosphatase labeled anti-mouse IgG were 

obtained from Sigma Aldrich Co. Reagents were used without further purification. The 

buffer compositions are as follows. 0.1M PBB: KH2PO4 3.97 g, Na2B4O7·10H2O 26.3 

g/H2O 1L.Washing buffer: 10 mM PBS containing 20 mM NaN3 and 10 mM of Tween 

20. Substrate buffer was prepared by dissolving 1 M di-ethanolamine, 3 mM sodium azide 

and 1 mM MgCl in water and pH was adjusted to 9.8 by hydrochloric acid solution. 

 

Measurements 

The 1H NMR and 13C NMR spectra were recorded at 500 MHz with a JEOL 

JNM-ECA 500 NMR spectrometer. The absorption spectra were measured with a JASCO 

V-650 and a Shimadzu UV-2500 PC spectrometer at room temperature. Circular 

dichroism spectra were recorded with a JASCO J820 spectrometer. Absorbance at 405 

nm for ELISA was measured by an iMark microplate absorbance reader (Bio-Rad). The 

chiral HPLC analyses were carried out using JASCO HPLC system equipped with a 

HPLC pump (PU-2080), an UV-Vis detector (UV-2075), a CD detector (CD-4095) and a 

Daicel ChiralPak AD-H (4.6×250 nm). Condition for HPLC analyses is hexane/2-

propanol (90/10), 40°C, 1.0 mL/min, UV and CD detection at 275 and 280 nm. 

 

General Procedure for Friedel-Crafts alkylation reaction 

Catalytic reaction was performed in 150 μL total volume containing 1.0 mM of 

substrates, 50 μM of BIQ-Cu (5.0%) and 50 μM of mAb (5.0%) in 20 mM MOPS buffer 

(pH 6.5), 150 mM NaCl. The reaction mixture was incubated at 4 °C for 72 h followed 

by addition of 2-phenyl quinolone as an internal standard for HPLC analysis. The mixture 

was extracted with diethyl ether (300μL×3) and the combined organic layer was dried 

over Na2SO4 and evaporated under reduced pressure. The residue was dissolved in hexane 
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and analyzed by chiral HPLC. Yields are determined based on peal area at 275 nm using 

2-phenylisoquinoline as an internal standard. 

 

Determination of dissociation constants (Kd) of the complexes of mAbs and metal 

complexes, substrates, and product of Friedel-Crafts alkylation reaction 

60 µL of solutions of mAbs in 20 mM MOPS buffer (pH 6.5) containing 150 

mM NaCl were mixed with 60 µL of solutions of metal complexes in various 

concentrations (10-7 M to 10-3 M) on a BSA-coated plate. The mixed solutions were 

incubated at 4 °C overnight and added to a BN(R)-BSA coated plate (in the case of mAbs 

specific for BN (R)) or a BN(S)-BSA coated plate (in the case of mAbs specific for BN 

(R)). The plates were incubated at 37 °C for 90 min. After removal of the solutions, the 

wells were washed twice with 150 µL of washing buffer. Then 100 µL of alkaline 

phosphatase labeled anti-mouse IgG (1:1000 dilution, in 20 mM PBS) was added and the 

plates were incubated at 37 °C for 90 min. After removal of the solutions, the wells were 

washed three times with 150 µL of washing buffer. Then 150 µL p-nitrophenyl phosphate 

sodium salt in substrate buffer (1.0 mg/mL) was added. Absorbance at 405 nm derived 

from the product of the enzyme reaction was recorded. 

Dissociation constants were determined by Klotz plot:  

𝐴0
𝐴0 − 𝐴

= 1 + 𝐾𝑑(
1

𝑐
) 

where A0 and A indicate absorbance at 405 nm in the absence or presence of 

competitive molecules, respectively. The character c shows the concentration of dilution 

series of competitive molecule such as BIQ-based metal complexes and substrates, and 

product of the Friedel-Crafts reaction. Kd represents the dissociation constant.  
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Synthesis 

 

1,1’-Bi-isoquinoline (BIQ)81 

 

Scheme 4-1. Synthesis of 1,1’-bi-isoquinoline (BIQ). 

 

THF (20.0 mL) was added to NiBr2(PPh3) (2.27 g, 3.04 mmol), Zn (1.03 g. 25.8 

mmol), Et4NI (2.71 g, 10.5 mmol). The reaction mixture was stirred for 30 minutes under 

nitrogen atmosphere and then a solution of 1-chloroisoquinoline (1.05 g, 6.37 mmol) in 

THF (10.0 mL) was added. The resulting mixture was refluxed for 23 h and solvent was 

removed under reduced pressure. CH2Cl2 (50 mL) was added to black solid and filtered. 

2M NH3 aq. (60 mL) was added to the filtrate and was extracted with CH2Cl2 (50 mL×3). 

The combined organic phase was washed with 2 M NH3 aq. (30 mL×2), water (30 mL×1) 

and sat. NaCl aq. (30 mL×1) and dried over MgSO4. The solvent was removed under 

reduced pressure. Purification by column chromatography (SiO2, hexane/EtOAc (95/5), 

CHCl3/MeOH (96/4)) gave BIQ as a yellow solid (603 mg, 74%, Scheme 4-1, Figures 

4-2 and 4-3). 1HNMR (500 MHz, CDCl3) δ 7.48 (td, J=1.4, 6.0 Hz, 1H), 7.70 (m, 1H), 

7.75 (d, J=7.4 Hz, 1H), 7.82 (d, J=5.7 Hz, 1H), 7.95 (d, J=8.3 Hz, 1H), 8.71 (d, J=5.7 Hz, 

1H). 13CNMR (125 MHz, CDCl3) δ 121.18, 127.98, 130.48, 136.99, 142.10, 158.28. ESI-

TOF-MS: m/z Calcd. for C18H12N2Na ([M+Na]+) 279.09; Found 279.10 

 

Figure 4-2. 1HNMR spectrum of BIQ (500 MHz, CDCl3).
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Figure 4-3. Partial 13C NMR spectrum of BIQ (125 MHz, CDCl3). 

 

BIQ-Cu 

 

Scheme 4-2. Synthesis of BIQ-Cu. 

 

To a solution of BIQ (106 mg, 0.414 mmol) in ethanol (10 mL) was added a 

solution of CuNO3・3H2O (109 mg, 0.452 mmol) in ethanol (5.0 mL). The resulting 

mixture was stirred for 2 h at room temperature under air. The suspension was filtered 

and the solid was washed with cold ethanol. Dark green solid 108 mg, 59% (Scheme 4-

2).  

 

BIQ-PdCl2 

 

Scheme 4-3. Preparation of BIQ-PdCl2. 
82,83 

 

To a solution of BIQ (102 mg, 0.398 mmol) in CH2Cl2 (1.0 mL) was added a 

suspension of PdCl2(CH3CN)2 (104 mg, 0.402 mmol) in CH2Cl2 (8.0 mL). The resulting 
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mixture was stirred for 2 hours at room temperature under air. Hexane (20.0 mL) was 

added, and the precipitate was filtered and dried under reduced pressure. Dark green solid 

166 mg, 96% (Scheme 4-3, Figures 4-4 and 4-5). 1HNMR (500 MHz, DMSO-d6) δ 7.72 

(t, J=7.5, 15.5 Hz, 1H), 7.85 (d, J=8.5 Hz, 1H), 8.04 (t, J=7.0, 15.0 Hz, 1H), 8.29 (d, 

J=8.0 Hz, 1H), 8.43 (d, J=6.0 Hz, 1H), 9.15 (d, J=6.5Hz, 1H). 13CNMR (500 MHz, 

DMSO-d6) δ 125.42, 126.89, 127.51, 128.25, 129.04, 133.37, 137.91, 141.00, 157.90 

 

 

Figure 4-4. Partial 1HNMR spectrum of BIQ-PdCl2 (500 MHz, DMSO-d6).

 

Figure 4-5. Partial 13CNMR spectrum of BIQ-PdCl2 (125 MHz, DMSO-d6). 

 

BIQ-Pd(OAc)2  

 

Scheme 4-4. Preparation of BIQ-Pd(OAc)2. 

 

To a solution of BIQ (102 mg, 0.398 mmol) in CH2Cl2 (5.0 mL) was added a 

suspension of Pd(OAc)2 (92.5 mg, 0.413 mmol) in CH2Cl2 (10.0 mL). The resulting 
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mixture was stirred for 2 h at room temperature under air. Hexane (60.0 mL) was added, 

and the precipitate was filtered and dried under reduced pressure. Brown solid 72.4 mg, 

38% (Scheme 4-4, Figures 4-6 and 4-7). 1HNMR (500 MHz, DMSO-d6) δ 7.74 (m, 1H), 

7.89 (d, J=9.0 Hz, 1H), 8.03 (t, J=7.5, 15 Hz, 1H), 8.18 (d, J=6.0 Hz, 1H), 8.30 (d, J=8.5 

Hz, 1H), 8.41 (d, J=10 Hz, 1H). 13CNMR (500 MHz, DMSO-d6) δ 23.48, 125.76, 126.61, 

127.62, 127.84, 129.14, 137.94, 140.66, 156.70, 175.73, 180.26 

 

 

Figure 4-6. Partial 1HNMR spectrum of BIQ-Pd(OAc)2 (500 MHz, DMSO-d6).  

 

Figure 4-7. 13CNMR spectrum of BIQ-Pd(OAc)2 (125 MHz, DMSO-d6). 

 

BIQ-PtCl2
84 

Scheme 4-5. Preparation of BIQ-PtCl2. 

 

BIQ (280 mg, 1.09 mmol) and K2PtCl4 (445 mg, 1.07 mmol) were refluxed in 

water (80 mL) for 2 h. The reaction mixture was cooled to 0 °C. The solid precipitate was 

filtered and washed with EtOH, 1M HCl and water. Orange solid, 460 mg (82%, Scheme 

4-5).  
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Compound 185 

 

Scheme 4-6. Preparation of 1. 

 

1-methyl-1H-imidazole (4, 1.50 mL, 19.0 mmol) and THF (25.0 mL) were added 

to an oven-dried schlenk tube under nitrogen atmosphere. The solution was cooled to    

−78 °C and n-BuLi (1.5M in hexane, 17.0 mL, 25.5 mmol) was added dropwise over 25 

min. The mixture was warmed to room temperature and stirred for 20 min, then cooled 

back to −78 °C. Crotonic acid (5, 793 mg, 9.2 mmol) in THF (10.0 mL) was added 

dropwise over 5 min. The resulting solution was stirred at −78 °C for 20 min, then warmed 

to room temperature and stirred for additional 2 h. The reaction was quenched with sat 

NaHCO3 solution (50 mL) and the aqueous phase was extracted with EtOAc (40 mL×3). 

The combined organic phase was washed with brine (30 mL×2), dried over MgSO4, and 

the solvent was removed under reduced pressure. Purification by column chromatography 

(SiO2, hexane/EtOAc (72/28) gave 1-(1-methyl-1H-imidazol-2-yl)but-2-en-1-one (1) as 

a yellow liquid (291 mg, 21%, Scheme 4-6, Figures 4-8 and 4-9). 1HNMR (500 MHz, 

CDCl3) δ 1.99 (dd, J= 2.0, 7.0 Hz, 3H), 4.04 (s, 3H), 7.04 (s, 1H), 7.14 (m, 2H), 7.42 (m, 

1H). 13CNMR (500 MHz, DMSO-d6) δ 18.57, 36.38, 127.16, 127.97, 129.26, 143.79, 

144.00, 180.80. ESI-TOF-MS: m/z Calcd. for C8H10N2ONa ([M+Na]+) 173.07; Found 

173.07 

 

Figure 4-8. 1HNMR spectrum of 1 (500 MHz, CDCl3).
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Figure 4-9. 13CNMR spectrum of 1 (125 MHz, CDCl3). 

 

Compound 357 

 

Scheme 4-7. Preparation of 3. 

 

A solution of 1 (202 mg, 1.34 mmol) in 2.0 mL of CH3CN/water (7/3) was added 

to a solution of 2-methyl-1H-indole (2, 356 mg, 2.72 mmol) and Cu(NO3)2・3H2O (98.6 

mg, 0.334 mmol) in 3.0 mL of CH3CN/water (7/3). The resulting mixture was stirred at 

room temperature for 2 days. CH3CN was removed under reduced pressure and diluted 

with water (30 mL). The aqueous phase was extracted with CH2Cl2 (30 mL×3), dried over 

MgSO4, and the solvent was removed under reduced pressure. Purification by column 

chromatography (SiO2, hexane/EtOAc (70/30) gave 3 as a brown liquid (152 mg, 41%, 

Scheme 4-7, Figures 4-10 and 4-11). 1HNMR (500 MHz, CDCl3) δ 1.46 (d, J= Hz, 3H), 

2.41 (s, 3H), 3.60 (m, 2H), 3.78 (m, 1H), 3.86 (s, 3H), 6.93 (s, 1H), 7.04 (m, 2H), 7.09 

(m, 1H), 7.22 (m, 1H), 7.66 (d, 1H), 7.70 (s, 1H). 13CNMR (500 MHz, DMSO-d6) δ 12.38, 

21.20, 27.15, 36.12, 46.33, 110.28, 115.59, 119. 02, 119.37, 120.67, 126.69, 127.49, 

128.94, 130.45, 135.44, 143.42, 192.46. ESI-TOF-MS: m/z Calcd. for C17H19N3ONa 

([M+Na]+) 304.14; Found 304.15 
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Figure 4-10. 1HNMR spectrum of 3 (500 MHz, CDCl3). 

 

 

Figure 4-11. 13CNMR spectrum of 3 (125 MHz, CDCl3). 

 

 

Figure 4-12. HPLC chart of a mixture of 2-phenylquinolone and 3. Daicel Chiralpak AD-

H, hexane/2-propanol (90/10), 1.0 mL/min, UV and CD detection at 275 and 280 nm. (−) 

and (+) isomer of 3 are defined based on the HPLC analysis with UV and CD detector.  
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4-3. Results and Discussion 

 

Creation of artificial metalloenzymes consisting of atroposelective antibodies and 

BIQ-based metal catalysts 

Four kinds of BIQ-based metal complexes: BIQ-Cu, BIQ-PdCl2, BIQ-Pd(OAc)2, 

and BIQ-PtCl2 were prepared. The binding affinity of mAbs to four kinds of BIQ-based 

metal complexes was evaluated by competitive ELISA. The Kd values of mAbs are ranged 

from 10-4 M to 10-5 M, with an exception of mAb 9H3 for BIQ-PtCl2 (Table 4-1, Figures 

4-13 to 4-28). The mAbs prepared for BN also bind BIQ-based metal catalysts. All four 

mAbs show the highest affinity toward BIQ-Cu among the four metal complexes 

evaluated. Especially, mAb R44E1 shows the highest affinity for BIQ-Cu among the four 

mAbs (Kd =1.0×10-5M, Figure 4-13). The other three mAbs have similar affinities for 

BIQ-Cu (Kd =4.0×10-5M for mAb S1E11 and mAb 34H12, Kd =3.8×10-5M for mAb 9H3, 

Figure 4-14, 4-15, 4-16). Importantly, supramolecular complexes consist of four kinds of 

BIQ-based metal catalysts and atroposelective antibodies are successfully developed. 

Complexes of mAbs with BIQ-Cu were selected for further investigation  

 

Table 4-1. Dissociation constants (Kd) of the complexes of mAbs and BIQ-based metal 

complexes. 

 

mAb 

Kd/M 

BIQ-Cu BIQ-PdCl2 BIQ-Pd(OAc)2 BIQ-PtCl2 

R44E1 1.0×10-5 3.1×10-5 4.9×10-5 1.6×10-4 

S1E11 4.0×10-5 ~10-5 ~10-5 2.3×10-4 

34H12 4.0×10-5 3.6×10-4 6.3×10-5 5.8×10-5 

9H3 3.8×10-5 ~10-5 7.6×10-5 ~10-5 
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Figure 4-13. Competitive ELISA of mAb R44E1 for BIQ-Cu (a) and corresponding Klotz 

plot (b). 

 

 

Figure 4-14. Competitive ELISA of mAb S1E11 for BIQ-Cu (a) and corresponding Klotz 

plot (b). 

 

 

Figure 4-15. Competitive ELISA of mAb 34H12 for BIQ-Cu (a) and corresponding Klotz 

plot (b). 
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Figure 4-16. Competitive ELISA of mAb 9H3 for BIQ-Cu (a) and corresponding Klotz 

plot (b). 

 

 
Figure 4-17. Competitive ELISA of mAb R44E1 for BIQ-PdCl2 (a) and corresponding 

Klotz plot (b). 

 

 

Figure 4-18. Competitive ELISA of mAb R44E1 for BIQ-Pd(OAc)2 (a) and 

corresponding Klotz plot (b).  
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Figure 4-19. Competitive ELISA of mAb R44E1 for BIQ-PtCl2 (a) and corresponding 

Klotz plot (b). 

 

 

Figure 4-20. Competitive ELISA of mAb S1E11 for BIQ-PdCl2. 

 

 

Figure 4-21. Competitive ELISA of mAb S1E11 for BIQ-Pd(OAc)2. 
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Figure 4-22. Competitive ELISA of mAb S1E11 for BIQ-PtCl2 (a) and corresponding 

Klotz plot (b). 

 

 

Figure 4-23. Competitive ELISA of mAb 34H12 for BIQ-PdCl2 (a) and corresponding 

Klotz plot (b). 

 

 

Figure 4-24. Competitive ELISA of mAb 34H12 for BIQ-Pd(OAc)2 (a) and 

corresponding Klotz plot (b). 
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Figure 4-25. Competitive ELISA of mAb 34H12 for BIQ-PtCl2 (a) and corresponding 

Klotz plot (b). 

 

 

Figure 4-26. Competitive ELISA of mAb 9H3 for BIQ-PdCl2. 

 

 

Figure 4-27. Competitive ELISA of mAb 9H3 for BIQ-Pd(OAc)2 (a) and corresponding 

Klotz plot (b). 
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Figure 4-28. Competitive ELISA of mAb 9H3 for BIQ-PtCl2. 

 

 

Figure 4-29. Competitive ELISA of mAb 2B6 (anti-porphyrin antibody) for BIQ-Cu (a) 

and corresponding Klotz plot (b). 
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Friedel-Crafts alkylation reactions catalyzed by atroposelective antibody-based 

artificial metalloenzymes 

The Friedel-Crafts alkylation reaction was carried out by mixing atroposelective 

antibodies (50 μM) with BIQ-Cu (50 μM) in 20 mM MOPS buffer (pH 6.5) containing 

150 mM NaCl followed by the addition of substrates (1.0 mM). Under these conditions, 

the molar ratio of antigen binding sites to BIQ-Cu is two to one. The reactions were 

carried out at 4 °C for 72 h. The product was analyzed by chiral HPLC. Although BIQ-

Cu affords racemic 3 with 6% yield (Entry 1 in Table 4-2, Figure 4-31), the 

supramolecular complex of mAb S1E11 with BIQ-Cu (S1E11+BIQ-Cu) yields 3 with 2% 

yield, 65% ee (Entry 2 in Table 4-2, Figure 4-32). The complex of mAb R44E1 and 

BIQ-Cu (R44E1+BIQ-Cu) catalyzes the reaction with 10% yield, 88% ee (Entry 3 in 

Table 4-2, Figure 4-33). In contrast, mAb 34H12 and mAb 9H3-based ones 

(34H12+BIQ-Cu, 9H3+BIQ-Cu) do not show enantioselectivity in this reaction (Entry 4 

and 5 in Table 4-2, Figures 4-34 and 4-35). However, 9H3+BIQ-Cu shows a five-fold 

increased catalytic activity (TON 6.4) compared with BIQ-Cu (TON 1.3; Entry 5 in 

Table 4-2, Figure 4-35). These results suggest that precisely designed second 

coordination spheres control the reactivity and enantioselectivity of the asymmetric 

catalysis. Although anti-porphyrin mAb 2B6 has an unexpected affinity for BIQ-Cu 

(Figure 4-29, Kd = 7.1×10-5 M), presumably due to hydrophobic interaction, 2B6+BIQ-

Cu gives racemic 3 (Entry 6 in Table 4-2, Figure 4-36). In another control experiment, 

bovine serum albumin (BSA) does not affect the reactivity and enantioselectivity of the 

catalytic reaction (Entry 7 in Table 4-2, Figure 4-37). These two control experiments 

indicate that the protein scaffolds must be optimized immunologically to prepare 

enantioselective artificial metalloenzymes. Hence, the artificial metalloenzyme 

R44E1+BIQ-Cu was subjected to further investigations. 

The effect of the ratio of supramolecular complexation on the yield and 

enantioselectivity of the artificial metalloenzyme R44E1+BIQ-Cu was evaluated. 

Although the catalytic experiments with less than 5% of catalyst loading do not have an 

ee (Table 4-2, Entry 8, 9, and 10), increasing the concentration of BIQ-Cu to a certain 

level ([BIQ-Cu] = 5.0×10-5 M) while maintaining a constant ratio of the antigen binding 

site to BIQ-Cu (2:1) results in an enantioselective catalytic reaction (Table 4-2, Entry 3). 

Given the affinity of mAb R44E1 for BIQ-Cu (Kd = 1.0×10-5M), this behavior strongly 

supports that the enantioselectivity of the reaction is derived from the complexation of 

BIQ-Cu with mAb R44E1. Along with an enhanced enantioselectivity, the yield of the 

catalytic reaction decreases at a 5% catalyst loading. This behavior is attributed to the 

inherent nature of BIQ-Cu from the control experiments without mAbs (Table 4-3). The 
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data, including control experiments using only BIQ-Cu, mAb 2B6, and BSA, and the 

dependency of enantioselectivity on the ratio of supramolecular complexation indicate 

that the enantioselective reaction occurs inside the binding sites of mAbs. 

To obtain mechanistic insight into the artificial metalloenzyme based on 

atroposelective antibodies, the affinity of mAbs toward substrates 1, 2, and product 3 of 

the Friedel-Crafts alkylation reaction was evaluated by competitive ELISA (Figures 4-

38 to 4-49). All four mAbs do not bind substrate 1. In contrast, mAb R44E1, mAb S1E11 

and mAb 34H12 show weak affinity for substrate 2 with Kd value ranging from 1.8×10-3 

M to 6.5×10-3 M, even though interaction with substrate 2 is not immunologically 

installed (Table 4-4). Apparently, the weak affinity appears to be non-specific binding of 

hydrophobic indole derivative 2. However, mAb 9H3 does not bind it at all. Therefore, 

the interaction of mAbs to 2 is attributed to the structural nature of each mAb. 

Interestingly, mAb R44E1 and mAb 34H12 also bind product 3 with higher affinity 

(Table 4-4; Kd =4.8×10-5 M and 1.6×10-4 M, respectively) compared with substrate 2, 

whereas no interaction is observed between mAbs S1E11 or mAb 9H3 and 3. The 

observed diversity in the binding affinity of mAbs for 1, 2, 3, and BIQ-based metal 

catalysts highlights a unique feature of mAb as a protein scaffold for artificial Friedel-

Crafts-ase.57,86–92  

Plausible mechanisms of the atroposelective antibody-based artificial 

metalloenzymes are proposed based on the catalytic and the binding behavior of mAbs. 

The mAb R44E1 binds ca. 90% of BIQ-Cu under the reaction conditions based on 

competitive ELISA (Kd = 1.0×10-5 M). As the catalytic reaction progresses, product 3 (up 

to 1.0×10-4 M in 10% yield) competes with BIQ-Cu to bind with mAb R44E1 (Kd = 

4.8×10-5 M). This competition causes reactions outside the binding sites to reduce the 

enantioselectivity. The affinity of mAb R44E1 for substrate 2 (Kd = 4.8×10-3 M) seems to 

contribute to the slight increase in yield compared with BIQ-Cu. The mAb S1E11 binds 

ca. 70% of BIQ-Cu under the reaction conditions (Kd = 4.0×10-5 M). The moderate 

enantioselectivity is attributed to the reaction outside the binding sites. The yield is lower 

than that of BIQ-Cu, although mAb S1E11 has an affinity for substrate 2 (Kd = 6.5×10-3 

M). The lower yield is attributed to the second coordination sphere where the accessibility 

of the substrate to the reaction center is regulated. The mAb 34H12 binds ca. 50% of 

BIQ-Cu under the condition (Kd = 4.0×10-5 M). It is assumed that no competitive binding 

of product 3 to mAb 34H12 occurred until the completion of reaction based on the binding 

constants (Kd for 3: 1.6×10-4 M, [3]: upto 6.0×10-5). Although mAb 34H12 has the highest 

affinity for substrate 2 (Kd = 1.8×10-3 M) among the four mAbs, no significant accretion 

or selectivity is observed. This is attributed to the effect of protein environment and/or 
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low complexation ratio of mAbs with BIQ-Cu under the condition. The mAb 9H3 binds 

ca. 50% of BIQ-Cu under the condition (Kd = 3.8×10-5 M). This mAb has no affinity for 

product 3 ensuring smooth diffusing after the reaction. The significant acceleration 

observed in 9H3+BIQ-Cu is remarkable, considering the low complexation ratio under 

the condition and no affinity for substrates 1 and 2. These results suggest that the specific 

second coordination effect provided by mAb 9H3 results in the acceleration of the 

reaction. It should be emphasized that the immunologically optimized atroposelective 

antibodies as a protein scaffold realize acceleration and stereocontrol of the catalytic 

reaction. 
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Table 4-2. Friedel-Crafts Alkylation Reactions Catalyzed by Atroposelective Antibodies-

based Artificial Metalloenzymes 

 

Entry Catalyst Yield / %a ee / %b 

1 BIQ-Cu (5.0%) 6 <5 

2 S1E11+BIQ-Cu  (5.0%) 2 65 

3 R44E1+BIQ-Cu  (5.0%) 10 88 

4 34H12+BIQ-Cu  (5.0%) 6 <5 

5 9H3+BIQ-Cu  (5.0%) 32 <5 

6 2B6+BIQ-Cu  (5.0%) 17 <5 

7 BSA+BIQ-Cu  (5.0%) 8 <5 

8 R44E1+BIQ-Cu  (1.0%) 29 <5 

9 R44E1+BIQ-Cu  (0.5%) 24 <5 

10 R44E1+BIQ-Cu  (0.1%) 4 <5 

Reaction condition: 1.0 mM of substrate 1 and 2, 50 μM of mAb (5.0%), 50 μM of BIQ-

Cu (5.0%) in 20 mM MOPS buffer (pH 6.5), 150 mM NaCl at 4 °C for 72h. Conditions 

for HPLC analysis: Daicel ChiralPak AD-H, hexane/2-propanol (90/10), 1.0 mL/min, 

40 °C, UV and CD detector at 275 nm and 280 nm. aYields were determined by HPLC  

using 2-phenylquinoline as an internal standard. bee of (+) isomer. (−) and (+) isomers of 

3 are defined based on the HPLC analysis with UV and CD detector (Figure 4-12). 
 

 

  



83 

Table 4-3. Friedel-Crafts Alkylation Reactions Catalyzed by BIQ-Cu. 

 

Entry Catalyst Yield / %a ee / %b 

1 BIQ-Cu (5.0%) 6 <5 

2 BIQ-Cu (1.0%) 16 <5 

3 BIQ-Cu (0.5%) 19 <5 

4 BIQ-Cu (0.1%) 6 <5 

Typical reaction condition: 1.0 mM of substrate 1 and 2, 50 μM of mAb (5.0%), 50 μM 

of BIQ-Cu (5.0%) in 20 mM MOPS buffer (pH 6.5), 150 mM NaCl at 4 °C for 72h. 

Conditions for HPLC analysis: Daicel ChiralPak AD-H, hexane/2-propanol (90/10), 1.0 

mL/min, 40 °C, UV and CD detector at 275 nm and 280 nm. aYields were determined by 

HPLC using 2-phenylquinoline as an internal standard. bee of (+) isomer. (−) and (+) 

isomers of 3 are defined based on the HPLC analysis with UV and CD detector. 

 

Table 4-4. Dissociation constants (Kd) of the complexes between mAbs and substrate 1, 

2, and product 3 of Friedel-Crafts alkylation reaction. 

mAb 

Kd / M 

1 2 3 

R44E1 NDa 4.8×10-3 4.8×10-5 

S1E11 NDa 6.5×10-3 NDa 

34H12 NDa 1.8×10-3 1.6×10-4 

9H3 NDa NDa NDa 

aInteraction is not detected in competitive ELISA. 
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Figure 4-31. Chiral HPLC trace of the Friedel-Crafts alkylation reaction with BIQ-Cu.  

 

 

Figure 4-32. Chiral HPLC trace of the Friedel-Crafts alkylation reaction with 

S1E11+BIQ-Cu. 
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Figure 4-33. Chiral HPLC trace of the Friedel-Crafts alkylation reaction with 

R44E1+BIQ-Cu.  

 

 

 

 

Figure 4-34. Chiral HPLC trace of the Friedel-Crafts alkylation reaction with 

34H12+BIQ-Cu. 
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Figure 4-35. Chiral HPLC trace of the Friedel-Crafts alkylation reaction with 9H3+BIQ-

Cu. 

 

 

 

Figure 4-36. Chiral HPLC trace of the Friedel-Crafts alkylation reaction with 2B6+BIQ-

Cu. 
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Figure 4-37. Chiral HPLC trace of the Friedel-Crafts alkylation reaction with BSA+BIQ-

Cu. 
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Figure 4-38. Competitive ELISA of mAb R44E1 for substrate 1. 

 

 

Figure 4-39. Competitive ELISA of mAb S1E11 for substrate 1. 

 

 

Figure 4-40. Competitive ELISA of mAb 34H12 for substrate 1. 

 

 

Figure 4-41. Competitive ELISA of mAb 9H3 for substrate 1. 
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Figure 4-42. Competitive ELISA of mAb R44E1 for substrate 2 (a) and corresponding 

Klotz plot (b). 

 

 

Figure 4-43. Competitive ELISA of mAb S1E11 for substrate 2 (a) and corresponding 

Klotz plot (b). 

 

 

Figure 4-44. Competitive ELISA of mAb 34H12 for substrate 2 (a) and corresponding 

Klotz plot (b). 
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Figure 4-45. Competitive ELISA of mAb 9H3 for substrate 2 (a) and corresponding 

Klotz plot (b). 

 

 

Figure 4-46. Competitive ELISA of mAb R44E1 for compound 3 (a) and corresponding 

Klotz plot (b). 

 

 

Figure 4-47. Competitive ELISA of mAb S1E11 for compound 3. 
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Figure 4-48. Competitive ELISA of mAb 34H12 for compound 3. 

 

 

Figure 4-49. Competitive ELISA of mAb 9H3 for compound 3. 
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4-4. Conclusion 

 In this chapter, a novel design strategy for artificial metalloenzymes is developed 

by introducing BIQ-based metal catalysts into the binding sites of atroposelective 

antibodies. The atroposelective antibodies for BN bind to four kinds of BIQ-based metal 

catalysts. These results suggest that the use of structurally simple BN as a hapten is 

effective to generate binding sites that accommodate variety of BIQ-based metal catalysts. 

Artificial metalloenzymes bearing BIQ-Cu as a cofactor catalyze Friedel-Crafts 

alkylation of 1 with 2 with a high ee. As the ratio of supramolecular complexation of mAb 

R44E1 with BIQ-Cu in the reaction mixture increases, the enantioselectivity dramatically 

increases. This observation along with the control experiments indicates that the 

enantioselective reaction occurs inside the binding pockets of mAbs. The catalysis results 

and affinity for 1, 2, and 3 depend on the mAbs used. This is a unique feature of mAbs as 

a protein scaffold for artificial metalloenzymes. Notably, a BIQ-based hydrophobic 

catalyst is used as an asymmetric catalyst for the first time in an environmentally benign 

media. The design strategy accepts various binaphthyl-based metal catalysts, which may 

allow more precise control of stereochemistry or a range of catalytic reaction, including 

abiological reactions.   
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Chapter 5 

Summary 

 

In this thesis the author focuses on the chiral recognition ability of mAbs to 

develop functionalized supramolecular systems. The mAbs developed against BN 

precisely recognize the chirality of atropisomeric compounds. Therefore, the author 

defined the mAbs with chiral recognition ability for binaphthyl derivatives as 

atroposelective antibodies. Supramolecular functions including recognition, separation, 

and creation of chirality based on chiral recognition of atroposelective antibodies are 

explored.  

 

In chapter 2, mAbs for axially chiral BN were successfully developed by 

immunization with enantiomeric pure BN and racemic mixture of BN. Immunization with 

pure enantiomer of BN yields the mAbs with atroposelectivity toward their hapten. These 

results indicate that the atroposelectivities of antigen binding sites can be rationally 

designed by the use of enantiomeric pure BN. Immunization with BN (rac) can give 

atroposelective antibodies for BN (R) or BN (S) at one time. This finding provides a 

strategy to rapidly diverse the antigen binding sites for BN enantiomer. The obtained 

mAbs show high affinity and high atroposelectivity for BN enantiomer. In addition, all 

four mAbs recognize the chirality of BINOL and BNPA. In contrast, very weak affinity 

for N and BP was observed, even though N and BP is a partial structure of BN. These 

results suggest that mAbs bind the crossing moiety of the two naphthyl rings of BN. Chiral 

supramolecular complexes of mAbs with a chiral organic catalyst with binaphthyl 

backbone is developed for the first time in this study.  

 

 In chapter 3, an operationally-simple and rapid methodology for chiral 

separation was developed. The solutions of the mixture of BN (rac) and atroposelective 

antibodies were subjected to ultrafiltration to afford purified BN. The difference of 

molecular weight of mAbs and BN enables the direct use of intact antibodies without any 

pre-processing or immobilization of mAbs on chromatographic supports. In addition, 

both enantiomers of BN can be obtained by this procedure where mAbs are prepared for 

each enantiomer. Although the practical use of this methodology is yet to be achieved, the 

reusability of mAbs in a direct chiral separation is demonstrated. 

  

 In chapter 4, artificial metalloenzymes consisting of C2 symmetric metal 

catalysts and atroposelective antibodies were developed. The artificial metalloenzymes 



99 

catalyze Friedel-Crafts alkylation reaction with high ee. Notably, a BIQ-based 

hydrophobic catalyst is used as an asymmetric catalyst for the first time by the help of 

mAbs. 

 

 In conclusion, the author has developed supramolecular functionalized systems 

including recognition, separation and creation of chirality. The key concept in 

aforementioned functional systems is chiral recognition of mAbs. The atroposelective 

antibodies elicited against BN precisely recognize the axial chirality. The tailored binding 

pockets of atroposelective antibodies were used as a chiral selector to develop 

operationally-simple chiral separation methodology. The methodology does not require 

any pre-processing or immobilization of mAbs on chromatographic supports. Intact 

mAbs can be used directly. The binding sites of atroposelective antibodies provide a 

customized protein scaffold for binaphthyl compounds. Artificial metalloenzymes 

consisting of BIQ-based metal catalysts and atroposelective antibodies show high ee in 

Friedel-Crafts alkylation reaction. Precisely designed second coordination spheres of the 

binding sites of mAbs control the stereochemistry.  

Because antigen binding sites of mAbs can be designed by immunization with 

precisely designed antigens, the author believes that the potential application of mAbs 

with chiral recognition ability will be found not only in recognition, separation and 

creation of chirality but also in the creation of chiral supramolecular structures or 

induction and amplification of molecular chirality.   
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