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Preface 

 
    The work of this thesis has been carried out under the supervision of Professor Dr. 

Tsuyoshi Inoue at Department of Applied Chemistry, Graduate School of Engineering, Osaka 

University. 

    The object of this thesis is to create a practical and bioavailable streptavidin binding 

system for application to antibody pre-targeting method for cancer therapy. 

    The author wishes that a new streptavidin binding system provided in this study would 

be utilized for pre-targeting method as a novel delivery tool in the near future. 
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General Introduction 

 

Cancer and antibody therapy 

     The recent advance in molecular biology has greatly improved our understanding of cancer 

dynamics, and has provided unexpected clues for designing effective cancer treatment. However, 

cancer remains to be a major public health problem and is a leading cause of death among men in 

many economically developed countries including Japan. More specifically, cancer accounts for 7.6 

million deaths worldwide, and its mortality rate is predicted to increase, with an estimated 13.1 

million cancer-related deaths in 2030 (1-3). Therefore, the development of caner therapies with 

greater effectiveness is in urgent need.  

    Traditional cancer chemotherapeutic drugs frequently cause serious side effects because they 

affect not only cancer cells, but also cells that are actively growing and dividing (4, 5). In addition, 

such side effects limit dose escalation, leading to incomplete tumor response and early relapse (6). 

Thereby, it is not surprising that the focus on cancer therapy has been dramatically shifted from 

traditional cytotoxic chemotherapy to target therapy, with an aim of killing cancer cells without 

affecting the growth of normal cells. Monoclonal antibodies are one of the most powerful tools for 

targeted cancer therapy because it allows treatment to target specific cells, causing less cytotoxicity to 

healthy cells (4, 5, 7). Antibodies produced by plasma cells can bind selectively to antigens that are 

overexpressed on the surface of cancer cells. In recent years, antibody-based cancer therapy has 

achieved considerable success and is now one of the standard strategies for cancer treatment (8).  
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History of Antibody-based cancer therapy  

    Targeted cancer therapy using monoclonal antibodies has a long history of over 100 years, with 

considerable efforts being devoted to its clinical application. In 1890, Shibasaburo Kitasato and Emil 

von Behring discovered that the serum of immunized animals contained substances that could bind to 

their relevant pathogens with high specificity (9). Since then, the term “antibody” was coined to 

describe substance with anti-microbial activity in the immune serum. After their discovery, the 

concept of specific recognition and elimination of cancer cells by antibodies was proposed by Paul 

Ehrlich in 1907, termed “magic bullet” theory of targeted therapy (10). The technology had a limited 

application at that time, because of its failure to produce identical antibodies specific to given antigens 

(11). After 70 years of endeavor, the vision finally became practical in 1975 with the development of 

one key method by Kohler and Milstein (12), namely “Hybridoma technology”, which enables the 

production of monoclonal antibodies with single cancer specificity, and antibody cancer therapeutics 

has thereafter been developed rapidly (13, 14). Although the first generation of monoclonal antibodies 

had been limited in clinical use because of immunogenicity from their murine regions, the advent of 

chimeric, humanized and fully human monoclonal antibodies has overcome the barrier (13-15).  

    Antibodies can invoke tumor cell death by directly blocking ligand-receptor growth and survival 

pathways or inducing apoptosis (7, 14, 16-18). Additionally, antibodies also can kill cancer cells 

thorough immune-mediated cell killing such as antibody-dependent-cellular cytotoxicity (ADCC) or 

complement-dependent cytotoxicity (CDC) (13, 16, 19). The Fc fraction of antibody is of particular 

importance for mediating tumor cell killing through ADCC and CDC. For example, in ADCC, the 

antibody Fc fragment interacts with Fc receptor of the effector cells, such as natural killer (NK) cells 

and macrophages, and results in target cell phagocytosis, while in CDC, the binding of the antibody 

Fc region to complement component activates complement system to lyse the targeted cancer cell.  



 
 

3 

     

     

    Despite the great promise of antibody-based therapies, the therapeutic and cytotoxic activity of 

naked monoclonal antibody treatment yields various different outcomes, thus the potential 

applicability for this therapy is low (15). In an effort to improve the efficacy, a number of antibodies 

conjugated with radioactive isotopes or toxic agents, called “arming antibodies”, have been developed 

and studied extensively (5, 20-24).  

 

Radiolabeled antibodies 

    Radiolabeled antibodies are particularly attractive reagents for imaging and therapy of cancer 

treatment. Ideally, this approach delivers a high radiation does specifically to cancer cells using 

antibodies as delivery vehicles for radionuclides (Fig. 2). In clinical tests, Anti-CD20 monoclonal 

antibodies labeled with either 131I or 90Y, now known as 131I-tositumomaba and 90Y-ibritumomab 

approved by the U.S. Food and Drug Administration (FDA), were proved to be more efficacious in 

inducing remissions compared to the respective naked antibodies, and also appear to be more 

Fig. 1. Antitumor mechanisms of action of monoclonal antibodies.  
(A) Inhibition of ligand-receptor growth and induction of apoptosis.  
(B) ADCC and CDC. 
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effective than the prior course of therapy, such as chemotherapy (25-27). The efficacy of radiolabeled 

antibody therapy has been reviewed elsewhere (28-32).  

 

 

 

 

 

 

 

    However, these conjugated antibodies clear very slowly from blood and exhibit slow 

extravasation and diffusion efficacy to tissues probably due to its large size (~150 kDa). The 

prolonged circulation of direct-radiolabeled antibodies for maximal accumulation in tumors results in 

high levels of background radioactivity and toxicity in normal tissues and blood (33). Therefore, to 

avoid treatment-related morbidity and mortality, the radiation dose delivered to neoplastic masses is 

kept as low as possible. As a result of dose-limiting toxicities, patients treated with conventional 

direct-radiolabeled antibodies eventually relapse after favorable initial response (24, 34, 35). In order 

to circumvent this problem, a number of strategies have been undertaken to enhance the 

tumor-to-background ratio of delivered radioactivity. To this end, multistep “pre-targeting” method 

has proved superior to direct-radiolabeled antibodies. 

 

Pre-targeting cancer therapy using Streptavidin/Biotin interaction 

    The principle of pre-targeting method involves the separate administration of antibody and a 

radionuclide carrier (36, 37). In this method, the unmodified antibody is given as a first injection until 

Fig. 2. Antitumor mechanism of radiolabeled antibodies. 
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it reaches the maximum level, followed by delivery of radionuclide agent recognizable by antibody. 

This can optimize delivery of the therapeutic radionuclide to cancer cells, while preventing normal 

tissues from systemic exposure to harmful effects of radiation (38). The pre-targeting procedure using 

the streptavidin/biotin system has received much attention and been already validated by several 

preclinical studies (27, 37, 39-45).  

    Streptavidin (SA) is a homotetrameric protein from Streptomyces avidini, while biotin (BTN) is a 

vitamin widely distributed in mammalian tissues (Fig. 3). It is well documented that each monomer of 

SA binds one BTN with exceptional high specificity and strong affinity (Kd = 10−14–10−15 M) (46, 47), 

thereby this SA/BTN binding system has been employed as various biotechnological tools, such as 

the labeling and binding experiments (48-51).  

 

    This high binding affinity makes the SA/BTN interaction an ideal tool for pre-targeting method; 

although other pre-targeting methods comprising a bispecific monoclonal antibody/hapten and an 

oligonucleotide/antisense have also been proposed (39, 52). In the pre-targeting method with SA/BTN 

system, SA prefused with a single chain antibody fragment (Fab or ScFv) is injected into patients and 

allowed to localize in cancer cells, followed by the clearing of excessive SA-antibody conjugates 

S

NHHN

O

O

OH

A B 

Fig. 3. (A) Structure of SA (PDB ID: 3WYQ). (B) Structural formula of BTN. 
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through liver by an appropriately designed clearing agent. A radiolabeled biotin derivative is then 

administered systemically, whereupon it is either captured by streptavidin localized at tumors, or is 

rapidly cleared through urine via the kidneys (Fig. 4) (53). Anti-CD40 or anti-CD20 antibodies with 

streptavidin have shown that this method dramatically increases the tumor-to-normal organ ratio of 

delivered radioactivity (33, 54). It dramatically increased the tumor-to-normal organ ratio of delivered 

radioactivity by 10- to 100-fold (16–18). Despite encouraging preliminary studies, the clinical 

application of SA/BNTN has not yet been achieved because there exist twt major issues regarding the 

use of SA/BTN system in human body.  

 

 

 

Two problems of SA/BTN interaction 

    One major drawback limiting its application is the immunogenicity arising from the 

bacterium-derived SA, which results in the production of anti-SA antibodies, thereby reducing the 

concentration of SA in the serum and lowering the efficacy of SA/BTN binding system, thus 

precluding its long-term usage in the human body (27, 53, 55, 56). Meyer et al. reported the 

development of SA mutant with lowered immunogenicity by substituting specific charged and 

aromatic amino acid residues, which make up putative conformational epitopes for interaction with B 

A B 

Fig. 4. Pre-targeting method using SA/BTN interaction. 
(A) Illustration of SA-fused ScFv and radiolabeled BTN. (B) Schematic illustration 
of the pre-targeting method. 
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cells (53). The substitutions, however, also increased the destabilization of tetrameric assembly and 

the dissociation rate from BTN probably due to the replacements mainly with Ala or Gly. Recently, 

Kodama et al. succeeded in synthesizing a low immunogenic SA mutant, termed LISA-314, by 

introducing six amino acid residues (Y22S/Y83S/R84K/E101D/R103K/E116N) at locations of 

wild-type SA (SA-WT) that were proposed to be involved in its immune recognition. LISA-314 has 

greatly decreased immunoreactivity against monkey antiserum while retaining biophysical properties 

including biotin binding and thermal stability. The design focused on reducing reactivity against 

anti-SA-WT serum and the number of in silico T-cell epitopes. Rather than simply mutating the 

residues to neutral amino acids like Ala and Gly, residues evading immunogenic recognition while 

preserving the electrostatic charge and functional moiety are of considerably higher priority for the 

mutational design.  

    The second problem is the presence of competing endogenous BTN species in serum and tissues, 

whose concentrations are great enough to block the BTN-binding sites of SA (57, 58) before the 

exogenous radiolabeled BTN derivative can bind to the target site, resulting in a dramatic reduction of 

the efficacy of pre-targeting method. Reznik et al. developed a SA mutant that shows slightly higher 

affinity for a biotin analog, iminobiotin (IMN) than BTN (59). Hamblett et al. prepared a SA mutant 

that has a reduced affinity for BTN because of the faster dissociation, and a bivalent BTN showed a 

higher affinity to the mutant than monovalent BTN, allowing the exchange of pre-bound endogenous 

BTN species with the bivalent BTN molecule (60) (61). Despite the great progress of SA mutant, no 

practical SA mutant with absolute zero affinity for natural BTN species has been made so far. To 

maximize the efficacy of pre-targeting method, the development of a novel SA-binding system 

overcoming the abovementioned issues is needed.   
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Contents of this thesis 

 

    This thesis aims to provide a practical and bioavailable SA-binding system for the application to 

pre-targeting method by a consideration and improvement of LISA-314. The author developed a 

modified LISA-314 binding system that selectively binds to an artificial biotin analog with high 

affinity by molecular design based on X-ray structural analysis.  

 

    In chapter 1, the effects of six substitutions on the three-dimensional structure and protein 

function in LISA-314 were evaluated by determining its high-resolution crystal structure. Unlike 

previous strategies, which mainly used alanine or glycine, the substitutions toward LISA-314 were 

designed to preserve the electrostatic charge and functional moieties of the SA-WT residues. However, 

it is not confirmed whether these characteristics are really maintained after introducing the mutations. 

Structural information of LISA-314 is thus necessary not only for this verification but also for the 

molecular design in order to solve the second problem. The results demonstrated that the overall 

structure and the BTN binding site are completely identical to those of SA-WT. Effects of 

substitutions are limited to around the side chains of the substituted residues.   

 

    Chapter 2 describes the development of the modified LISA-314 binding system without being 

affected by endogenous BTN species that block the binding sites of LISA-314 and interfere the 

binding of exogenous biotin-labeled drugs. To achieve this aim, three amino acid substitutions were 

introduced in the binding pocket of LISA-314. The resultant mutant, namely V212, binds to a 

non-natural biotin analog (IMNtail) selectively (Kd = 5.9×10–7 M), while it shows no affinity for 

biocytin. 
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    In chapter 3, in order to increase the affinity between V212 and IMNtail, a bivalent biotin analog 

was designed by connecting two IMNtail molecules. The bivalent analog, namely Bis-IMNtail, 

showed much higher affinity for V212 (Kd = 8.3×10–10 M) than monovalent IMNtail by inducing 

avidity effect. The crystal structure of V212 complexed with Bis-IMNtail was also determined.  
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Chapter 1 

Crystal structure of a streptavidin mutant with low 

immunogenicity 

 

1.1 Introduction 

    As mentioned in General Introduction, pre-targeting method based on streptavidin (SA)/biotin 

(BTN) interaction, which has extremely high affinity (Kd = 10−14–10−15 M) (46, 47), holds great 

promise for targeted cancer therapy (27, 37, 39-45). For its application, a Low Immunogenic SA 

mutant No. 314 (LISA-314) has been created recently by replacements of six amino acid residues 

(Y22S/Y83S/R84K/E101D/R103K/E116N) in core wild-type SA (SA-WT) (62, 63).  

    In this chapter, the author determined the high-resolution crystal structure of LISA-314 and 

evaluated the effect of substitutions inside LISA-314 on the protein function and the 

three-dimensional structure.  

 

1.2. Material and methods 

1.2.1. Expression and Purification  

    The core SA-WT and LISA-314 were cloned into cleavable eXact tag fusion pPAL7 vector 

(Bio-Rad Laboratories). For the expression, SA-WT and LISA-314 plasmids were transformed into 

the Escherichia coli BL21Star(DE3) strain, which was cultivated in Luria-Broth medium 

supplemented with 100 µg/mL ampicillin at 37 °C. When the optical density (λ = 600 nm) reached a 

value of 0.5, 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was added for induction. 

Cultivation was continued for approximately 24 h at 16 °C. Cells were harvested by centrifugation at 
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4 °C at 8,000 × g for 20 min and resuspended in extraction buffer (10 mM phosphate, 100 mM NaCl, 

Complete EDTA-free protease inhibitor cocktail tablets (Roche) and Benzonase (Novagen) at pH 7.2). 

The sample was lysed by passing through a French press twice at 12,000 lb/in2. The lysate was 

centrifuged at 10,000 × g for 30 min to remove the insoluble fraction. The supernatant was loaded 

onto a HiTrap SP HP (GE Healthcare) and eluted with a linear gradient of 0.1–1.0 M NaCl in 10 mM 

phosphate buffer at pH 7.2. The eluted protein was dialyzed against binding buffer for the eXact 

column (Bio-Rad Laboratories) containing 10 mM phosphate and 300 mM sodium acetate at pH 6.8. 

The sample was then loaded onto an eXact column and the column was washed with the binding 

buffer. The column was further washed with the binding buffer supplemented with 100 mM NaF and 

incubated to allow cleavage of the eXact-tag at 25 °C for 1 h. The cleaved protein was collected in the 

flow-through and dialyzed against 10 mM phosphate buffer at pH 6.0 for SA-WT and pH 6.8 for 

LISA-314. The sample was loaded onto a hydroxyapatite column and eluted with a phosphate 

gradient (Bio-rad Laboratories). The eluted protein was buffer-exchanged into gel-filtration buffer 

(150 mM Tris-HCl and 150 mM NaCl at pH 7.5) using a Vivaspin 30-kDa cutoff (GE Healthcare). 

BTN was added to the sample at excess molar ratio for the SA-WT or LISA-314. Further purification 

was carried out by gel-filtration chromatography using a HiLoad 26/600 Superdex 75 column (GE 

Healthcare). The purified sample was then concentrated to approximately 9.0 mg/mL, estimated by 

the absorbance at 280 nm.  

 

1.2.2. Crystallization 

    Crystallization was performed by the sitting-drop vapor-diffusion methods at 20 °C in Violamo 

96-well plates (As One, Osaka, Japan). Sixty microliters of the reservoir solution was added to each 

well of the 96-well plates. Crystals of SA-WT were obtained by mixing 0.5 µL of protein solution 
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(9.0 mg/mL SA-WT, 150 mM Tris-HCl and 150 mM NaCl at pH 7.5) and 0.5 µL of reservoir solution 

(0.2 M ammonium sulfate, 0.1 M sodium acetate trihydrate and 24%(w/v) PEG4000 at pH 5.2). On 

the other hand, crystals of LISA-314 were prepared by mixing 0.5 µL of protein solution (9.0 mg/mL 

LISA-314, 150 mM Tris-HCl and 150 mM NaCl at pH 7.5) and 0.5 µL of reservoir solution (0.2 M 

ammonium sulfate, 0.1 M sodium acetate trihydrate and 24%(w/v) PEG4000 at pH 5.2). Crystals 

were cryoprotected by the reservoir solution containing 30% glycerol. 

 

1.2.3. X-ray data collection and processing 

    All datasets were collected on the beamline BL44XU at SPring-8 (Harima, Japan) under -173 °C. 

Data were indexed and scaled with the programs DENZO and SCALEPACK from the HKL2000 

program suite (HKL Research). The structures were solved by the molecular replacement with the 

program Phaser (64) from the CCP4i package (65) using a core streptavidin structure (PDB ID: 

2F01) as the search model. The resultant structures were manually modified to fit into the 

experimental electron density maps, using the program Coot (66), then refined with the program 

Refmac (67) from the CCP4i package. The results of the structural analysis are summarized in Table 

1-1. Figures were prepared with Pymol (http://www.pymol.org/). The final structure coordinates and 

structure factor amplitudes were deposited into the Protein Data Bank with IDs 3WYP for SA-WT 

and 3WYQ for LISA-314. 
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                  Table 1-1.  Data collection and refinement statistics  

 

 SA-WT LISA-314 

Data collection   Data collection   
Space group P21 C2 

Unit-cell parameters (Å, °) a = 50.35, b = 97.70, c = 52.57, 
β = 112.29 
 

a = 63.22, b = 67.07, c = 56.36, 
β = 116.68 
  

Wavelength 0.90000 0.82000 

Resolution (Å) 50-1.30 
(1.32-1.30) 

50-1.00 
(1.04-1.00) 

Rsym (%)a 4.6 (34.5) 4.7 (29.6) 
Total reflections 328,787 460,563 
Unique reflections 110,519 (5,392) 107,216 (10,169) 
I/σ(I) 23.4 (2.9) 30.7 (3.6) 
Completeness (%) 96.0 (93.3) 95.4 (91.6) 
Redundancy 3.0 (2.7) 4.3 (3.2) 
Refinement   
Resolution 1.30 1.00 
No. of reflections 104,885 101,796 
Rwork (%)b/Rfree (%)c 13.1/17.9 13.7/16.3 
No. of atoms   
	
 	
 	
 Protein 3,697 1,805 
	
 	
 	
 Ligand/ion 136 109 
	
 	
 	
 Water 480 254 
B factors   
	
 	
 	
 Protein 9.2 8.4 
	
 	
 	
 Ligand/ion 16.3 18.5 
	
 	
 	
 Water 29.3 28.1 
R.m.s deviations   
	
 	
 	
 Bond length (Å) 0.025 0.026 
	
 	
 	
 Bond angles (°) 2.23 2.43 
Ramachandran plot   
	
 	
 	
 Favored (%) 95.30 96.04 
	
 	
 	
 Allowed (%) 3.42 3.52 
      Outliers (%) 1.28 0.44 

PDB IDs 3WYP 3WYQ 

Values in parentheses are for the highest-resolution shell 
aRsym is calculated as ΣhklΣi|Ii(hkl) – <I(hkl)>|/ΣhklΣiI(hkl), where Ii(hkl) is the intensity of an individual measurement of the reflection 
with Miller indices hkl and <I(hkl)> is the average intensity from multiple observations. 
bRwork = Σhkl||Fobs| – |Fcalc||/Σhkl|Fobs|, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes, respectively. 
cRfree is computed in the same manner as Rwork but using only a small set (5%) of randomly chosen intensities that were not used in the 
refinement of the model. 
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1.3. Results and Discussion 

1.3.1 Overview of the structure of LISA-314 

    Many structural analyses of SA have been reported previously (68-73). To perform a detailed 

structural comparison between LISA-314 and SA-WT, their high-resolution crystal structures in 

complex with biotin were determined by using the same protein expression, purification, and 

crystallization conditions (Table 1-1). In the asymmetric unit, two protomers are contained in 

LISA-314 and four in SA-WT. 

    LISA-314 forms a tetramer in a similar manner to SA-WT (Fig. 1-1A). Each subunit consists of 

an eight-stranded β-barrel with a ligand binding site at one end of the barrel. The root mean squared 

deviation (RMSD) value for the Cα carbon atoms of the whole structure between LISA-314 and 

SA-WT is calculated to be 0.70 Å, but the RMSD value for each protomer is actually calculated to be 

lower (0.50–0.70 Å). Except for part of the C-terminal region, the main chains of the protomer in 

LISA-314 superimpose well with those in SA-WT, even at substituted sites (Fig. 1-1B).  

Fig. 1-1. Crystal structures of SA-WT and LISA-314.  
(A) The overall structure of SA-WT depicted in ribbon diagram. In the tetramer, one of the 
protomers is shown in green, and the other three protomers are shown in gray. In the four 
protomers, 2 BTN (shown in blue) and 2 biotin-D-sulfoxide (shown in masenta) molecules are 
bound in the active sites. (B) Main chain tracing for SA-WT (green) and LISA-314 (blue) after 
superposition on protomer. Substituted residues are shown by a red circle. 
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1.3.2. The BTN-binding mode of LISA-314 

    In 2/4 protomers of SA-WT, the sulfur atom of BTN is oxidized, so the BTN-binding mode of 

LISA-314 was compared with the other 2/4 chains of SA-WT containing non-sulfoxide BTN. The 

sulfoxide form of BTN is sometimes seen in the crystal structure of the SA-BTN complex, even 

though it was not added in purification or crystallization step (74, 75). The BTN-binding mode of 

LISA-314 is the same as that of SA-WT, showing that the RMSD value for the BTN molecule 

between SA-WT and LISA-314 is only 0.05 Å. The BTN molecule was stabilized by an extensive 

network of hydrogen bonds and van der Waals interactions as is seen in SA-WT (Fig. 1-2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-2. Schematic representation of the interactions between BTN and 
LISA-314 or SA-WT. Dashed lines represent hydrogen bonds. The distances 
(Å) between residues of LISA-314 or SA-WT (parentheses) and BTN are shown. 
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1.3.3. Conformational changes at substituted sites and B factors 

    The structural change at every substitution site is summarized in Fig. 1-3, and the change of 

temperature (B) factors for all Cα carbon atoms is shown in Fig. 1-4. The B factor reflects the local 

mobility of protein backbones. Significant increases for B factors, which were not caused by packing 

effect, were observed around the substitution sites of Y83S and R84K. The electron density maps for 

the side chain of Y83 of SA-WT and S83 of LISA-314 are well ordered, and main chains near the 

residues are well superimposed (Fig. 1-3B). However, the hydrogen bond between R84 and N49, 

which was found in SA-WT, was broken owing to the substitutions of R84K and Y83S in LISA-314 

(Fig. 1-3C), and the B factors of the residues around these substituted residues were increased (Fig. 

1-4). In all the substitutions, a slight decrease in B factor was only observed by the substitution of 

E101D. The electron density map for D101 of LISA-314 was improved after the introduction of 

shorter aspartate residue and the reduction of flexibility compared to E101 of SA-WT (Fig. 1-3D). 

Interestingly, the space group of the crystal of LISA-314 changed to C2 from the P21 of the SA-WT, 

even though both crystals were obtained using the same crystallization conditions. This difference in 

the crystal packing was rationalized below. 

    The conformational changes were mainly caused by the substitutions of Y22S and R103K (Fig. 

1-3A, E), but the B factors were not affected (Fig. 1-4). One change is the flip of the C-terminal loop 

(residues 133–134) owing to the substitution of Y22S. The disappearance of the CH/π interaction 

between Y22 and K134 near the C-terminus is thought to be the reason for the flip as it is sometimes 

observed in the SA structures deposited in the Protein Data Bank. The second is the change in the 

hydrogen bond network resulting from the substitution of R103K. The hydrogen bond between R103 

and T129, which was formed in 2/4 chains of SA-WT, was changed to that between K103 and T131 

(a new hydrogen bond partner) as a result of the substitution. The last substitution site at E116N did 
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not change the B factor, although the electron density for the side chain of N116 was clearly obtained 

(Fig. 1-3F). Other than these substitution sites, decreased B factors were observed at residue numbers 

32–35. The crystal packing was changed from C2 to P21 owing to the substitution of Y22S, and this 

region interacted with a neighboring molecule in the new crystal form, which may be the reason for 

the decrease in B factors. 

    Generally, the higher the B factor value, the more flexible the corresponding region in the protein, 

and vice versa. This attribute has been used to predict linear B-cell epitopes (76). However, any large 

conformational changes corresponding to the large reduction of B factors around the substituted sites 

were not observed. Even higher B factors were measured because of the substitutions. The effect of 

substitutions is restricted mainly to the changes of side chains at the substituted sites. From these 

results, if the lowered immunogenicity of LISA-314 is caused by the conformational changes, it is 

presumed that it is not caused by the conformational change of the whole structure, but by the local 

conformational changes at the substituted sites.  

    In this study, the author have proven that LISA-314 has both low immunogenicity and high 

biotin-binding affinity without a striking change in the whole structure, despite introducing six 

amino-acid substitutions. Practically, the author expects LISA-314 to be useful in pre-targeting cancer 

therapy. However, as mentioned in General Introduction, some clinical studies showed that the 

endogenous BTN can effectively block the BTN-binding pocket of administrated SA, impairing the 

efficiency of the pre-targeting method (57, 58). To solve this problem, the binding site of LISA-314 

has to be modified to selectively bind to the non-natural BTN analog without interference of 

endogenous BTN. This detailed structural information will be useful for improvement of LISA-314. 
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Fig. 1-3. Structural change of SA induced by six amino-acid substitutions.  
The electron density maps of SA-WT (green) and LISA-314 (blue) are shown in 
the first and the second lanes, respectively (blue mesh; the 2Fo−Fc electron density 
map contoured at 1.0 σ). Superimposed structures between SA-WT and LISA-314 
are shown in the third lane. The panels are displayed around (A) Y22S, (B) Y83S, 
(C) R84K, (D) E101D, (E) R103K, and (F) E116N, respectively. 
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1.4. Summary 

    Here, the author performed high-resolution X-ray structural analyses of LISA-314 and SA-WT 

to investigate the effect of substitutions on the three-dimensional structure and the correlation 

between decreased immunogenicity and the structure. LISA-314 forms a tetramer in the same manner 

as wild-type streptavidin. The binding mode of BTN in LISA-314 is also completely identical to that 

in wild-type streptavidin, and conformational changes were observed mostly at the side chains of 

substituted sites. Any large conformational changes corresponding to the reduction of B factors 

around the substituted sites were not observed. These results demonstrated the LISA-314 acquired 

low immunogenicity without losing structural properties of SA-WT.  

  

Fig. 1-4. Comparison of relative temperature (B) factors between SA-WT 
(thin line) and LISA-314 (thick line). The B factor for Cα atom of each amino 
acid is standardized by the equation: B factor/Bave (Bave: the average B factor of the 
whole Cα atoms). 
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Chapter 2 

Structure-based design of a streptavidin mutant high 

specific for an artificial biotin analog 

 

2.1. Introduction   

    In chapter 1, it was revealed that LISA-314 improved immunogenicity while it well retained the 

structure of wild-type SA-WT. However, for the application to pre-targeting method, the second 

problem regarding endogenous BTN species must be solved. They bind to LISA-314 strongly and 

interfere the binding of the exogenous radiolabeled BTN derivative (57, 58). 

    Here, the author presents a modified LISA-314 that binds to a newly designed artificial BTN 

analog, and has no binding affinity for a natural BTN species, biocytin. This is the first SA binding 

system without any influence from endogenous BTN species.  

 

2.2. Materials and Methods 

2.2.1. Expression and purification of V21 mutant 

The nucleotide sequence of the V21 mutant, which contains amino-acid substitutions 

Y22S/Y83S/R84K/E101D/R103K/E116N/N23D/S27D, was subcloned into the pCold TF vector 

(Takara Bio). The HRV 3C protease cleavage site, the coding sequence of Trigger Factor (TF) and the 

6×His tag were fused at the N-terminus of V21. Escherichia coli BL21Star(DE3) cells harboring the 

V21 plasmid were grown at 37 °C in Luria Broth containing 100 µg/ml ampicillin up to an OD of 

0.5–0.6, induced with isopropyl-β-D-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM 

and further grown at 15 °C for 24 h. Cells were harvested by centrifugation at 8000 × g for 20 min 
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and resuspended in a lysis buffer containing 1× PBS, 500 mM NaCl, 20 mM imidazole, cOmplete 

EDTA-free protease inhibitor cocktail tablets (Roche) and Benzonase (Novagen). The sample was 

lysed by passing through an EmulsiFlex (AVESTIN) and centrifuged at 10,000 × g for 30 min. The 

supernatant was loaded onto Ni agarose (Invitrogen) and washed with the lysis buffer. V21 was eluted 

from the column with elution buffer (1× PBS and 250 mM imidazole). HRV 3C protease was added 

to the sample at 1:50 molar ratio. After incubation at 4 °C for 2 d, the solution was dialyzed against 

buffer (1× PBS, 500 mM NaCl and 20 mM imidazole) and loaded onto a HisTrap HP column 

(Invitrogen) to remove His-tagged material. The flow-through was collected and reloaded onto the 

column. The flow-through was then recollected and dialyzed against buffer (25 mM Tris-HCl, 500 

mM NaCl and 4 M GdnHCl). The dialysate was then passed through a HisTrap HP column. The 

flow-through was collected and dialyzed against buffer (10 mM Tris-HCl, pH 7.5 and 250 mM NaCl). 

Ligand (BTN, BTNtail, or IMNtail) was added to the V21 sample at a 20:1 molar ratio. The proteins 

were then concentrated to approximately 10 mg/ml, as estimated by absorbance at 280 nm. 

 

2.2.2. Expression and purification of S45-substituted mutants of V21 

    The nucleotide sequences of S45-substituted mutants (S45T, S45N, S45Q, S45H, S45L, S45I, 

S45A; V212 is the S45N mutant) of V21 were subcloned into the pET21a(+) vector (Novagen). For 

preparation of the muteins, the isolation and refolding protocols were performed as described in 

previous reports (77-80) with modifications. The T7 tag was introduced at the N-terminus of the 

muteins and a 6×His tag at the C-terminus. BL21Star(DE3) cells harboring the mutant plasmid were 

grown at 37 °C in 2×YT medium containing 100 µg/ml ampicillin to an OD of 0.8, and protein 

expression induced by adding IPTG to a final concentration of 1 mM and cells grown at 37 °C for a 

further 5 h. Cells were harvested by centrifugation at 8000 × g for 20 min and resuspended in a lysis 
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buffer containing 50 mM Tris-HCl, pH 8.0, and ruptured by sonication. The lysed cells were 

centrifuged at 16,500 × g for 20 min. The insoluble fraction was washed three times with buffer (50 

mM Tris-HCl, pH 8.0 and 2% Triton X-100) and then washed twice with ultra-pure water. The 

inclusion bodies were dissolved in 6 M guanidine hydrochloride, pH 1.5, and dialyzed against the 

dissolution buffer at 4 °C overnight. Insoluble material was removed by ultracentrifugation at 16,500 

× g and 4 °C for 30 min, and the supernatant was added to the refolding buffer (50 mM Tris-HCl, pH 

8.0, 400 mM L-arginine hydrochloride, 200 mM NaCl and 1 mM EDTA) by the rapid refolding 

method and left for 2 d. The sample was loaded onto Complete His-tag Purification resin (Roche) and 

eluted with a refolding buffer containing 400 mM imidazole. The eluted sample was 

buffer-exchanged into gel-filtration buffer (1×PBS) by dialysis. Further purification was carried out 

by gel-filtration chromatography using a HiLoad 16/600 Superdex 75 column. IMNtail was added to 

the sample at an 8:1 molar ratio. Finally, the purified protein was buffer-exchanged and concentrated 

to 10 mg/ml in 20 mM Tris-HCl buffer (pH 7.5) containing 200 mM NaCl using Vivaspin 10-kDa 

cutoff (GE Healthcare). BTNtail and IMNtail are gifts from co-workers (81). In the case of using the 

refolding buffer without L-arginine hydrochloride, samples were aggregated. 

 

2.2.3. Binding assays by SPR  

    SPR measurements were performed by co-worker (81).  

 

2.2.4. Crystallization 

Crystallization was performed by the sitting-drop vapor-diffusion method at 20 °C in Violamo 

96-well plates (As One, Osaka, Japan). Sixty microliters of the reservoir solution was added to each 

well of the 96-well plates. Crystals of V21 complexed with BTN were obtained by mixing 0.5 µl of 
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the protein solution and 0.5 µl of the reservoir solution (100 mM sodium acetate trihydrate, pH 4.6 

and 2 M ammonium sulfate). Crystals of V21 complexed with BTNtail were grown by mixing 0.1 µl 

of the protein solution with 0.1 µl of the reservoir solution (0.1 M cadmium chloride hydrate, 0.1 M 

sodium acetate trihydrate, pH 4.6 and 30% (w/v) PEG400). Crystals of V21 complexed with IMNtail 

were prepared by mixing 0.5 µl of the protein solution and 0.5 µl of the reservoir solution (0.2 M 

sodium citrate tribasic dehydrate, 0.1 M HEPES sodium, pH 7.5 and 35% w/v (+/-)-2-methyl-2, 

4-pentandiol). Crystals of V212 complexed with IMNtail were obtained by mixing 0.5 µl of the 

protein solution and 0.5 µl of the reservoir solution (60 mM sodium cacodylate trihydrate, pH 6.8 and 

27% (w/v) PEG300).  

 

2.2.5. X-ray data collection and structure determination 

    The dataset for V21 complexed with BTNtail were collected on the beamline BL17A at the 

Photon Factory (Tsukuba, Japan), and all the other datasets were collected on the BL44XU at 

SPring-8 (Harima, Japan) at −173 °C. A crystal of V21 complexed with BTNtail was cryoprotected 

by coating with a solution (66.5% Paratone-N, 28.5% Paraffin Oil and 5% Glycerol). Crystals of V21 

complexed with BTN and IMNtail and V212 complexed with IMNtail were cryoprotected by the well 

solution containing 20% (v/v) glycerol. Data were indexed and scaled with the programs DENZO and 

SCALEPACK from the HKL2000 program suite (HKL Research). The structures were solved by 

molecular replacement with the program Phaser (64) from the CCP4i package (65) using the crystal 

structure of LISA-314 (PDB ID: 3WYQ, unreleased data (82)) as the search model. The resultant 

structures were manually modified to fit into the experimental electron density maps, using the 

program Coot (66), then refined with the program Refmac5 (67) from the CCP4i package. The results 

of the structural analysis are summarized in Table 2-1. Figures were prepared with Pymol 
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(http://www.pymol.org/). The final structure coordinates and structure factor amplitudes were 

deposited into the Protein Data Bank with IDs 3WZN for V21 complexed with BTN, 3WZO for V21 

complexed with BTNtail, 3WZP for V21 complexed with IMNtail, and 3WZQ for V212 complexed 

with IMNtail. 
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                    Table 2-1. Data collection and refinement statistics.  

  
 

V21-BTN V21-BTNtail  V21-IMNtail  V212-IMNtail 

Data collection 
  

  

Space group P21212 P212121  P21 C2221 

Unit-cell parameters (Å, °) a = 67.68  

b = 54.34  

c = 60.06  

a = 55.24  

b = 85.46 

c = 86.12 

 a = 59.97 

 b = 57.50 

 c = 71.18 

 β = 103.34 

 

a = 77.42 

b = 77.41 

c = 172.80 

  

Wavelength 0.98000 0.98000  0.90000 0.90000 

Resolution (Å) 50–1.30 
(1.35–1.30)a 

50–1.50 
(1.55–1.50) 

 50–1.20 
 (1.24–1.20) 

50–1.70 
(1.76–1.70) 

Rsym (%)b 7.2 (40.6) 3.5 (23.2)  6.8 (30.9) 5.4 (35.3) 

Total reflections 411,780 405,051  497,753 326,970 

Unique reflections 54,829 (5,393) 64,021 (6,294)  143,314 (13,724) 55,926 (5,415) 

I/σ(I) 26.8 (4.0) 17.6 (3.1)  18.3 (2.8) 26.4 (3.0) 

Completeness (%) 99.1 (99.2) 97.4 (97.2)  96.6 (93.0) 97.0 (94.8) 

Redundancy 7.5 (5.5) 6.3 (4.4)  3.5 (2.6) 5.8 (3.6) 

Refinement 
  

  

Resolution 1.30 1.50  1.20 1.70 

No. of reflections 51,662 60,475  135,778 52,687 

Rwork (%)c/Rfree (%)d 16.0/20.1 17.3/23.6  13.4/16.1 19.7/24.4 

No. of atoms 
  

  

Protein 1,840 3,734  3,656 3,713 

Ligand/ion 37 159  126 128 

Water 222 233  441 287 

B factors 
  

  

Protein 14.8 14.7  10.0 18.6 

Ligand/ion 14.6 33.6  14.4 35.2 

Water 29.8 34.7  24.9 29.0 

R.m.s deviations 
  

  

Bond length (Å) 0.026 0.018  0.026 0.025 

Bond angles (°) 2.33 1.91  2.27 2.12 

Ramachandran plot 
  

  

Favored (%) 96.15 95.39  97.01 94.56 

Allowed (%) 3.42 3.56  2.99 5.44 

Outliers (%) 0.43 1.05  0.00 0.00 

PDB IDs 3WZN 3WZO  3WZP 3WZQ 
aValues in parentheses are for the highest-resolution shell. 
bRsym is calculated as ΣhklΣi|Ii(hkl) − <I(hkl)>|/ΣhklΣiI(hkl), where Ii(hkl) is the intensity of an individual measurement of 
the reflection with Miller indices hkl and <I(hkl)> is the average intensity from multiple observations. 
cRwork = Σhkl||Fobs| − |Fcalc||/Σhkl|Fobs|, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes, 
respectively. 
dRfree is computed in the same manner as Rwork but using only a small set (5%) of randomly chosen intensities that were 
not used in the refinement of the model. 
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2.3. Results and Discussion 

2.3.1. Construction of V21 from the original LISA-314 

To develop a pre-targeting method using the SA binding system, it is essential to solve the 

problem that BTN present as a vitamin in the body strongly binds to LISA-314. Thus, a novel binding 

system is required, in which the original LISA-314 selectively binds to a non-natural BTN analog 

without binding endogenous BTN species. The author may therefore consider two strategies: the 

modification of LISA-314 and the development of a new, non-natural BTN analog. 

Reznik et al. (59) prepared a double mutant of N23A/S27D that acquired a higher binding 

affinity for IMN than BTN with Kd values of 1.0 × 10−6 M and 7.1 × 10−5 M, respectively (59). 

Considering the report, a double substitution N23D/S27D was introduced into LISA-314 (naming the 

resulting mutant “V21”). The reason why N23D was adopted instead of N23A is as follows. The 

author presumed that N23D would induce electrostatic repulsion against the ureido oxygen of BTN 

and make the affinity lower for BTN than N23A, because the ureido oxygen is highly polarized in 

positive (83). Besides, negatively charged aspartate residue would interact with the guanidino 

nitrogen of IMN, which is protonated at neutral pH (84). Although more electrostatic repulsion 

against the ureido oxygen of BTN was introduced in V21 (Fig. 2-1A), a lower Kd value of 1.0 × 10−7 

M for BTN (cf. 7.1 × 10−5 M from Reznik et al.) and that of 3.5 × 10-7 M for biocytin was measured 

by surface plasmon resonance (SPR) (see below). The author is now crystallizing the N23A/S27D 

mutant to elucidate structural basis explaining the affinity difference from V21. 

 

2.3.2. Crystal structure of V21 in complex with BTN 

The crystal structure of V21 in complex with BTN was solved at 1.3 Å resolution. The 

structure forms a tetramer, which is composed of a dimer of dimers. One BTN molecule binds to each 
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protomer. No major conformational changes occurred in the overall structure when compared with 

LISA-314. 

A comparison between the binding motif of BTN in V21 and that in LISA-314 showed that 

three residues 23, 27 and 128 interacted differently with BTN (Fig. 2-1). The distance between the 

carboxyl oxygen of Asp23 in V21 and the ureido oxygen of BTN is 4.47 Å. The carboxyl oxygen of 

Asp27 forms van der Waals contact but not hydrogen bond with the ureido oxygen because of the 

improper orientation despite the relatively short distance between them (i.e., 3.19 Å and 3.29 Å, Fig. 

2-1C, D), showing that two hydrogen bonds around the ureido oxygen in LISA-314 were lost in V21. 

As a result, the position of the ureido oxygen of BTN in V21 moved away from Asp23 and Asp27 by 

0.68 Å relative to that in LISA-314. Moreover, the interaction between the carboxyl oxygen of 

Asp128 and the N3 nitrogen of BTN was altered from a direct hydrogen bond in the LISA-314-BTN 

complex to interaction via a water molecule in the V21-BTN complex. 
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From the structural analysis results of V21, the author concludes that N23D/S27D substitutions 

induce electrostatic repulsions against the ureido oxygen atom, breaking two main hydrogen bonds 

with BTN. Although the binding affinity of V21 for BTN was lower than that of the N23A/S27D 

mutant in Reznik et al. (59), no structural change was seen in the overall structure. 
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Fig. 2-1. Binding mode of BTN in V21. (A) The distance between BTN and V21 are shown by 
the black dotted lines. The position numbers of nitrogen atoms are shown as superscripts. Residues 
in LISA-314 are indicated in black and substituted residues in V21 are in red. The distances (Å) 
between residues of V21 and BTN are represented schematically. (B) Superposition of the BTN 
bound to V21 (yellow) was performed with the BTN bound to LISA-314 (PDB ID: 3WYQ: blue). 
(C) A close-up view around N23D/S27D residues in (B). The distance (Å) between BTN and 
residues in V21 is also shown (gray dot lines). (D) The structure around BTN and S27D in V21 is 
shown.  
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2.3.3. Design and synthesis of BTN analogs, BTNtail and IMNtail 

Next, non-natural BTN derivatives were designed as new ligand molecules for SA. It was 

predicted that addition of a long spacer between BTN and a drug molecule was needed for future 

pre-targeting therapy. One study reported that the carboxyl terminus of BTN was modified for 

extension (85), and thereby a BTN molecule with a long tail (BTNtail) was designed (Fig. 2-2A). A 

structural analysis of BTNtail-bound V21 at 1.5 Å resolution (Fig. 2-2B) demonstrated that the 

binding motif of BTNtail in V21 is very similar to that of BTN; although, the sulfur atom of the 

BTNtail was oxidized by unknown reason as observed in previous reports (74, 75). In summary, the 

addition of the long tail had no influence on the binding mode of BTNtail in V21 when compared 

with the binding mode of BTN.  

The author also examined the addition of a long tail to IMN (IMNtail) as a new ligand and this 

ligand was synthesized (Fig. 2-3A). SPR measurements showed that V21 had a Kd value of 1.5 × 10−7 

M for IMNtail at neutral pH (see below). Conversely, LISA-314 showed no binding affinity towards 

the IMNtail, which is interesting because SA-WT possessing an identical BTN binding motif to 

LISA-314 is known to have significant binding affinity toward IMN (Kd = 1.3 × 10−7 M at neutral pH) 

(59). The tail region of IMNtail might have dramatically lowered its binding ability to LISA-314. 
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2.3.4. Crystal structure of V21 in complex with the IMNtail 

The crystal structure of V21 in complex with IMNtail was determined at 1.2 Å resolution. One 

IMNtail molecule binds to each protomer (Fig. 2-3B). Superposition of the complex structures 

between V21-IMNtail and V21-BTNtail shows that a head group of IMNtail shifts toward Asp128 

compared to that of BTNtail (Fig. 2-3C). Besides, the N2 nitrogen of IMNtail interacts with Asp27, 

with which the ureido oxygen of BTN has no interaction in V21 because of electrostatic repulsion 

(Fig. 2-3D). The shift of the head group to Asp128 causes a rearrangement of the hydrogen-bond 

network. The distances between the N2 nitrogen of IMNtail and the carboxyl oxygen of Asp23 or the 

hydroxyl oxygen of Tyr43 are lengthened to 3.61 and 3.50 Å, respectively, indicating a weaker 

contribution to hydrogen bonding by Asp23 and Tyr43 than that observed in SA-WT (3.2 and 2.7 Å, 

respectively) (84). The S27D substitution, which gives a longer side chain, may push the N2 nitrogen 

of IMNtail away from Asp23 and Tyr43 and towards Asp128. 

Fig. 2-2. Binding mode of BTNtail in V21. (A) Structural formula of BTNtail. (B) Structural 
superposition of BTNtail-bound V21 (green) with the BTN-bound V21 (yellow). 
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Interestingly, the most striking difference between the structures of V21-BTNtail and 

V21-IMNtail complexes was found at the hydrogen bond with Ser45 (Fig. 2-4). Although Ser45 

directly forms a hydrogen bond to N1 nitrogen of BTNtail in V21 (2.96 Å, Fig. 2-4A), as it does in 

SA-WT (2.90 Å), it indirectly forms a hydrogen bond to N1 nitrogen of IMNtail via a water molecule 

(Ser45-N1 distance: 4.39 Å, Fig. 2-4B). Because of this difference, the author proposed that a 

substitution at Ser45 in V21 to a residue with a bulky side chain would eliminate the binding affinity 

for BTNtail through steric hindrance without affecting the binding of IMNtail. The author made a 
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Fig. 2-3. Binding mode of IMNtail in V21. (A) Structural formula of IMNtail. The position 
numbers of nitrogen atoms are shown in superscripts. (B) Structure of V21 tetramer (ribbon 
model) in complex with IMNtail (stick model). (C) Superposition of BTNtail-bound V21 (green) 
and IMNtail-bound V21 (magenta) structures. (D) A close-up view around N23D/S27D residues 
in (C). Numbers indicate the distance (Å) between IMNtail and residues in V21 (gray dot line: non 
hydrogen bond, yellow dot line: hydrogen bond).  
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single amino-acid substitution from serine to threonine, asparagine, glutamine, histidine, leucine, or 

isoleucine, with alanine as a negative control.  

 

2.3.5. Evaluation of the amino-acid substitutions at Ser45 of V21 

Out of the seven substitution mutants of V21, only S45L and S45I mutants could not be 

expressed in E. coli. The binding affinities of the V21 mutants for ligands were measured by SPR 

(Table 2-2). The S45A and S45T mutants had significantly decreased affinities for biocytin by 10–

100-fold compared with V21, while maintaining binding affinities for IMNtail. As expected, the 

S45N, S45Q and S45H mutants, with more bulky residues, completely lost binding affinity for 

biocytin. Among these, S45N and S45H mutants retained binding affinity of about the order of 107 for 

the non-natural IMNtail, which is similar to the original V21. Since the isoelectric point of histidine 

residue is near neutral pH and S45H mutant might show unstable binding property in wider pH range, 

the S45N mutant, termed V212, was examined in the subsequent development. 

 

S45�S45�2.96� 4.39�

Fig. 2-4. Interactions between Ser45 and ligands. The interaction (A) between Ser45 and 
BTNtail (B) between Ser45 and IMNtail is shown. Hydrogen bonds are shown as yellow dot lines. 
Numbers indicate the distance (Å) (gray dot line: non hydrogen bond, yellow dot line: hydrogen 
bond). 
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          Table 2-2. SA muteins, substituted residues and results of SPR measurements 

      Kd (M) 
Muteins Substituted residues Biocytin IMNtail 

LISA-314  8.3 × 10−11 not detected 
V21 N23D, S27D 3.5 × 10-7 (1.0 × 10−7 a) 

(biotin) 

1.5 × 10−7 
V212 N23D, S27D, S45N not detected 5.9 × 10−7 

 N23D, S27D, S45H not detected 5.2 × 10−7 

 N23D, S27D, S45Q not detected not detected 

 N23D, S27D, S45A 2.4 × 10−5 3.2 × 10−7 

 N23D, S27D, S45T 7.6 × 10−6 7.6 × 10−7 

      a The Kd value was measured with biotin. 

 

2.3.6. Crystal structure of V212 in complex with IMNtail 

To investigate the effect of the S45N substitution, the crystal structure of V212 in complex with 

IMNtail was solved at 1.7 Å resolution. V212 also forms a tetramer and one IMNtail molecule binds 

to each protomer. A comparison of the binding pocket of the V212-IMNtail complex to that of the 

V21-IMNtail complex showed that the binding loop composed of residues 45–52 in V212 was formed 

differently to the same loop in V21 (Fig. 2-5A). The binding loop in V212 does not interact with the 

IMNtail molecule. When a ligand binds, the binding loop usually changes from a flexible open 

conformation to a close conformation like a lid over the binding pocket (68, 70, 86). Even in the 

complex with IMNtail, the binding loop in V212 showed an open conformation as well as in the 

ligand-free SA-WT (Fig. 2-5B). Although the electron densities are not well ordered, the side chain of 

Asn45 in V212 appears to interact with Gly48, Asn49 and Ser52 to maintain the opened loop 

conformation (Fig. 2-5A, C). This is similar to the characteristic interaction between Ser45 and Ser52 

found in the ligand-free SA-WT to stabilize the opened loop (68, 70, 86). 
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Fig. 2-5. Binding mode of IMNtail in V212. (A) Superposition of IMNtail-bound V212 (cyan) 
and IMNtail-bound V21 (magenta) structures. (B) Structural superposition of the V212-IMNtail 
protomer (cyan) with the V21-IMNtail (magenta), SA-WT-BTN (green) and SA-WT-apo (yellow) 
protomers. For clarification, the ligand is only depicted for IMNtail bound in V212 as a stick 
model. The loop composed of residues 45–52 is indicated with a circle of red dots. (C) The 
2Fo−Fc electron density map around residues of N45-S52 of the V212-IMNtail complex is shown 
(blue mesh: contoured at 1.0 σ).  
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The author infers that the S45N substitution sterically hinders the head group of IMNtail, so the 

ligands and Asn45 are unable to make interactions. Thus, the Asn45 flips away from IMNtail to force 

the binding loop to adopt the open conformation. An initial expectation was that this steric hindrance 

effect by introducing the S45N substitution occurred only for BTNtail based on the distance between 

Ser45 and the N1 nitrogen of BTNtail or IMNtail in V21, but it seems to occur also for IMNtail to 

some extent. 

However, interestingly, the Kd values of IMNtail are comparable between V21 and V212 

(Table 2-2) despite the structural change of the binding loop from the closed form found in V21 to the 

open form observed for V212, resulting in loss of interactions between the binding loop and IMNtail 

(Fig. 2-5, 2-6). The interaction of Ser45 with the N1 nitrogen of IMNtail via a water molecule 

observed in V21 was lost in V212. Instead, Asp27 forms a hydrogen bond with the N1 nitrogen of 

IMNtail through a water molecule in V212. In addition, the hydrogen bond distances between the 

carboxyl oxygen of Asp23 and the N2 nitrogen of IMNtail was 3.61 Å for V21 and 2.75 Å for V212, 

indicating that the weak hydrogen bond in V21 was strengthened in V212 (Fig. 2-6).  

Fig. 2-6. Schematic representations of the interactions between IMNtail and (A) V21 or (B) 
V212. The position numbers of nitrogen atoms are shown in superscripts. The loop in V212 is 
presented with the dash-dot lines, because it forms an open conformation and does not interact 
with the ligand. The distances (Å) between amino-acid residues and IMNtail are represented by 
dotted lines. 
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The author postulates that these unique interactions in V212 may compensate for the loss of the 

interaction between the binding loop and IMNtail and maintain affinity for IMNtail comparable to 

V21. In contrast to the IMNtail, the BTN and BTNtail molecules cannot form a hydrogen bond with 

Asp23 or Asp27 because of electrostatic repulsion as described above, and they would suffer severe 

steric hindrance by the S45N substitution. The author concludes these differences decide the outcome; 

V212 abolishing affinity only for BTN species. the present study, we have created a novel SA binding 

system, V212 and IMNtail, by modifying the low immunogenic mutant LISA-314. While abolishing 

the binding affinity for a BTN species, biocytin, V212 can bind the non-natural BTN analogue, 

IMNtail, with a Kd value of 5.9 × 10−7 M. This promises that V212 can capture the IMNtail in the 

human body without any binding competition from endogenous BTN species. This is the first SA 

binding system without any influence from endogenous BTN species. 

 

 2.4. Summary 

    In this chapter, the author improved the binding pocket of LISA-314 to abolish its binding 

affinity for endogenous biotin species and establish a strong affinity binding for artificial biotin 

analog. The replacement of three amino acid residues was performed in two steps to develop a mutant 

termed V212, which selectively binds to IMNtail. SPR measurements showed that V212 has a Kd 

value of 5.9 × 10−7 M towards IMNtail, while binding affinity for endogenous biotin species was not 

detected.  
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Chapter 3 

Structure-based design of a bivalent iminobiotin analog 

showing strong affinity toward a low immunogenic 

streptavidin mutant 

 

3.1. Introduction 

    In chapter 2, the modified LISA-314 binding system without any influence from endogenous 

BTN species was developed, namely V212/IMNtail system. However, the binding affinity of V212 

for IMNtail was relatively low compared with the original binding affinity of SA/BTN. Thus, further 

modifications are necessary before it can be used practically in a pre-targeting system. 

   This chapter describes the development of a new ligand that binds to V212 with much higher 

affinity compared to IMNtail. 

 

3.2. Materials and methods 

3.2.1. Expression and purification of V212 mutant 

    The nucleotide sequence of V212 was subcloned into the pET21a(+) vector (Novagen). For 

preparation of the muteins, the isolation and refolding protocols were performed as described in 

previous reports (77-80) with modifications. The T7 tag was introduced at the N-terminus of the 

muteins and a 6×His tag at the C-terminus. BL21Star(DE3) cells harboring the mutant plasmid were 

grown at 37 °C in 2×YT medium containing 100 µg/ml ampicillin to an OD of 0.8, and protein 

expression induced by adding IPTG to a final concentration of 1 mM and cells grown at 37 °C for a 
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further 5 h. Cells were harvested by centrifugation at 8000 × g for 20 min and resuspended in a lysis 

buffer containing 50 mM Tris-HCl, pH 8.0, and ruptured by sonication. The lysed cells were 

centrifuged at 16,500 × g for 20 min. The insoluble fraction was washed three times with buffer (50 

mM Tris-HCl, pH 8.0 and 2% Triton X-100) and then washed twice with ultra-pure water. The 

inclusion bodies were dissolved in 6 M guanidine hydrochloride, pH 1.5, and dialyzed against the 

dissolution buffer at 4 °C overnight. Insoluble material was removed by ultracentrifugation at 16,500 

× g and 4 °C for 30 min, and the supernatant was added to the refolding buffer (50 mM Tris-HCl, pH 

8.0, 400 mM L-arginine hydrochloride, 200 mM NaCl and 1 mM EDTA) by the rapid refolding 

method and left for 2 d. The sample was loaded onto Complete His-tag Purification resin (Roche) and 

eluted with a refolding buffer containing 400 mM imidazole. The eluted sample was 

buffer-exchanged into gel-filtration buffer (1×PBS) by dialysis. Further purification was carried out 

by gel-filtration chromatography using a HiLoad 16/600 Superdex 75 column. Bis-IMNtail was added 

to the sample at an 8:1 molar ratio. Finally, the purified protein was buffer-exchanged and 

concentrated to 10 mg/ml in 20 mM Tris-HCl buffer (pH 7.5) containing 200 mM NaCl using 

Vivaspin 10-kDa cutoff (GE Healthcare). Bis-IMNtail is a gift from co-workers (87). 

 

3.2.3. Binding assays by SPR  

    SPR measurement was performed by co-worker (87).  

 

3.2.4. Crystallization 

    Crystallization was performed by the sitting-drop vapor-diffusion method at 20 °C in Violamo 

96-well plates (As One, Osaka, Japan). Sixty microliters of the reservoir solution was added to each 

well of the 96-well plates. Crystals were obtained by mixing 0.1 µL of protein solution (10 mg/mL 
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Bis-IMNtail-bound V212, 20 mM Tris-HCl, pH 7.5 and 200 mM NaCl) and 0.1 µL of reservoir 

solution (0.2 M sodium fluoride and 20% PEG3350).  

 

3.2.5. X-ray data collection and structure determination 

    All datasets were collected on the beamline at BL44XU at SPring-8 (Harima, Japan) under 

−173 °C. A crystal of V212 complexed with Bis-IMNtail was cryoprotected by a well solution 

containing 20% glycerol. Data were indexed and scaled with the programs DENZO and SCALEPACK 

from the HKL2000 program suite (HKL Research).  The structure was solved by molecular 

replacement with the program Phaser (64) from the CCP4i package (65) using the crystal structure of 

LISA-314 (PDB ID: 3WYQ, unreleased data (82)) as the search model. The resultant structure was 

manually modified to fit into the experimental electron density maps, using the program Coot (66), 

then refined with the program Refmac5 (67) from the CCP4i package. The results of the structural 

analysis are summarized in Table 3-1. Figures were prepared with Pymol (http://www.pymol.org/). 

The final structure coordinates and structure factor amplitudes were deposited into the Protein Data 

Bank with ID 3X00.  
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                    Table 3-1. Data collection and refinement statistics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
V212-Bis-IMNtail 

Data collection  

Space group C2221 

Unit-cell parameters (Å, °) a = 77.35, b = 77.38, c = 174.12 

Wavelength 0.90000 

Resolution (Å) 50–1.30 
(1.35–1.30)a 

Rsym (%)b 5.6 (30.4) 

Total reflections 1,015,993 

Unique reflections 127,145 (12,529) 

I/σ(I) 35.8 (3.9) 

Completeness (%) 99.6 (99.6) 

Redundancy 8.0 (5.8) 

Refinement  

Resolution 1.30 

No. of reflections 120,725 

Rwork (%)c/Rfree (%)d 14.6/18.8 

No. of atoms  

Protein 3,863 

Ligand/ion 100 

Water 442 

B factors  

Protein 22.0 

Ligand/ion 23.7 

Water 38.5 

R.m.s deviations  

Bond length (Å) 0.022 

Bond angles (°) 2.23 

Ramachandran plot  

Favored (%) 95.48 

Allowed (%) 3.85 

Outliers (%) 0.68 

PDB IDs 3X00 

aValues in parentheses are for the highest-resolution shell. 
bRsym is calculated as ΣhklΣi|Ii(hkl) − <I(hkl)>|/ΣhklΣiI(hkl), where Ii(hkl) is the 
intensity of an individual measurement of the reflection with Miller indices hkl and 
<I(hkl)> is the average intensity from multiple observations. 
cRwork = Σhkl||Fobs| − |Fcalc||/Σhkl|Fobs|, where Fobs and Fcalc are the observed and 
calculated structure-factor amplitudes, respectively. 
dRfree is computed in the same manner as Rwork but using only a small set (5%) of 
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3.3. Results and Discussion 

3.3.1. Design and synthesis of Bis-IMNtail 

    The binding affinity of V212 for IMNtail was relatively low compared with the original binding 

affinity of SA/BTN, and further modifications are necessary before it can be used practically in a 

pre-targeting system. To increase the binding affinity of IMNtail to V212, the author focused on the 

distance and orientation between the carboxylates of two IMNtail molecules bound in neighboring 

subunits. They seemed to be close enough (2.96 Å) to be linked by two or three additional covalent 

bonds (Fig. 3-1A). In previous reports (60, 61), a bivalent BTN analog (two BTN units connected 

with a linker) was shown to dramatically increase the binding affinity for SA. It is thought that the 

dual binding of the bivalent analog induces a striking avidity effect that leads to higher affinity, 

although there is no structural evidence for this hypothesis.  

     Based on this idea, another bivalent analog connecting two IMNtail molecules was designed 

and synthesized (Bis-IMNtail; Fig. 3-1B). Considering the linear distance (2.96 Å) between two 

IMNtails, they are connected with a -N-C-C-N- linker (the N-N distance in trans configuration is 3.7 

Å) rather than a -N-C-N- linker (the N-N distance 2.4 Å), for the linker flexibility. SPR measurement 

showed that the Bis-IMNtail has a Kd value of over 8.3×10−10 M toward V212. This is a much higher 

affinity than that for the monovalent IMNtail (Kd = 5.9×10−7 M). Note that this Kd value was over the 

detection limit of the SPR assay, thus the actual affinity of V212 for Bis-IMNtail will be higher.  
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3.3.2. Crystal structure of V212 in complex with Bis-IMNtail 

     To investigate the binding mode of Bis-IMNtail, the crystal structure of V212 in complex with 

Bis-IMNtail was solved at 1.3 Å resolution. This is the first structure of SA in complex with a 

bivalent ligand. V212 forms a tetramer composed of a dimer of dimers (Fig. 3-2B), the same as SA 

structures solved previously. As expected, two Bis-IMNtail molecules bind to the tetramer, one 

binding to the pocket of two neighboring protomers. The electron density map of Bis-IMNtail was 

clearly observed (Fig. 3-2B). The binding mode of Bis-IMNtail is well preserved in that of IMNtail 

complexed with V212, including the area around the connecting positions of the Bis-IMNtail (Fig. 

3-2C, D). In brief, Asp23 and Asp27 form hydrogen bond with the guanidino nitrogen of Bis-IMNtail 

in 2.9 Å distance, and the binding loop composed of 45–52 residues forms the flexible open 

conformation, with no interaction with ligand. It is conceivable that designing the loop forming 

interactions with Bis-IMNtail may increase its affinity. As for the interaction between Asp128 and the 

guanidino nitogen, it is altered from interaction via a water molecule in the IMNtail complex to a 

Fig. 3-1. Distance of two neighboring IMNtail molecules in V212. (A) Two IMNtail molecules 
are shown in stick models, and V212 subunits are drawn as ribbon models. Numbers indicate the 
distance (Å) between two IMNtail molecules by yellow dot line. (B) Structural formula of 
Bis-IMNtail.   
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direct hydrogen bond in the Bis-IMNtail complex. From structural analyses, any newly-formed 

interactions or conformational changes that may contribute to the increased binding affinity of 

Bis-IMNtail were not observed. Thus, the author concludes that the main reason for the dramatically 

increased affinity of Bis-IMNtail for V212 is ligand bivalency and concomitant avidity.  

    Previous preclinical studies have shown that pre-targeting method using SA/BTN has great 

efficacy for cancer treatment in mice fed with biotin deficient diet, in which endogenous BTN 

concentration was been greatly restricted (54, 61). However, this method cannot be applied to human 

due to the high health risk of BTN deficiency, and the lack of SA binding system that avoids 

competitive inhibition of endogenous BTN species. 

    V212 can bind to non-natural BTN analog, namely Bis-IMNtail, with high affinity (Kd = 8.3 × 

10−10 M) while showing no affinity for another BTN specie, namely biocytin. This promises that 

V212 can capture the Bis-IMNtail in the human body without any binding competition from 

endogenous BTN species. However, f course, in vivo efficacy of the V212/Bis-IMNtail interaction 

must be evaluated. In addition, the immunogenicity test of V212 with often animal models and the 

development of a Bis-IMNtail molecule conjugated with drugs are also needed. This 

V212/Bis-IMNtail high interaction without any influence from endogenous BTN species could be 

applicable to the pre-targeting cancer therapy as a delivery tool, and also could be useful in 

biotechonological applications such as an assay system using specific binding pairs. 
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3.4. Summary 

    In this chapter, the author developed a bivalent ligand, namely Bis-IMNtail, by connecting two 

IMNtail molecules in neighboring subunits in V212. Bis-IMNtail demonstrated much higher affinity 

(Kd = 8.3 × 10−10 M) toward V212 than monovalent IMNtail. This V212 and Bis-IMNtail system 

could be a promising technology as a novel drug delivery tool.   

D128�

T90�

N23D�
S27D�

S45N�

W108�

2.76�

3.35�

2.68�
2.87�

2.84�

Asp 23(Oδ)�
Asp 27(Oδ)�

H2O�

Thr 90(Oγ) Ser 88(Oγ)�

2.86�

3.00�

loop 
(45-52)�

Asp 128(Oδ)�

Fig. 3-2. Binding mode of Bis-IMNtail in V212. (A) Structure of the V212 tetramer (ribbon 
model) in complex with Bis-IMNtail (stick model). (B) The 2Fo-Fc electron density map of 
Bis-IMNtail bound to V212 is shown (blue mesh; contoured at 1.0 σ). (C) Superimposition of 
Bis-IMNtail-bound V212 (red) and IMNtail-bound V212 (cyan) structures is shown. (D) 
Schematic representations of the interactions between Bis-IMNtail and V212 are shown. The loop 
in V212 is presented with the dash-dot lines, because it forms an open conformation and does not 
interact with the ligand. The distances (Å) between amino-acid residues and Bis-IMNtail are 
represented by dotted lines. 
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Conclusion 

 

    The goal of this thesis is to create a practical and bioavailable SA-binding system for the 

application to antibody pre-targeting method. The author carried out the molecular design of the 

modified LISA-314 binding system without being affected by endogenous BTN species based on 

X-ray structural analysis. The results obtained through this work are summarized as follows: 

    In chapter 1, the effects of six substitutions on the structure and function in LISA-314 were 

evaluated. The high-resolution crystal structure of LISA-314 revealed that LISA-314 maintains an 

intact tetrameric assembly, main chain frameworks, and BTN-binding mode at the same level as 

SA-WT. In addition, no large decrease of flexibility around the substituted sites is observed, 

indicating that the reduction of immunogenicity of LISA-314 is not resulted from structural changes.  

    Chapter 2 describes the molecular design of a modified LISA-314 binding system that avoids the 

influence from endogenous BTN species. By improving the binding pocket of LISA-314 through 

three amino acid substitutions (N23D/S27D/S45N), a modified LISA-314 mutant (V212) was 

developed, which binds only to a newly designed artificial BTN analogue (IMNtail, Kd = 5.9 × 10−7 

M) and has no binding affinity for biocytin. 

    In chapter 3, in order to increase the affinity between V212 and IMNtail, a new ligand for V212 

was developed. From the structural information of V212 complexed with IMNtail, a bivalent ligand, 

namely Bis-IMNtail, was designed by connecting two IMNtail molecules in neighboring subunits in 

V212. Bis-IMNtail demonstrated much higher affinity (Kd = 8.3 × 10−10 M) toward V212 than 

monovalent IMNtail by inducing avidity effect.  

    In conclusion, the author succeeded in creating a new SA-binding system, V212 and Bis-IMNtail, 

which displays high potential for future usage in pre-targeting method as a novel drug delivery tool. 
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