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Introduction 

 Protein is one of the most important biomolecules which are involved in almost all of 

the biological process such as immune response, catalyzing metabolic reactions, 

intra/intercellular signal transduction, formation of cytoskeleton and so on. So the 

aberrances of proteins often bring on various diseases. Therefore, analyzing their 

structures, functions and dynamics is very significant for understanding living systems 

and medical applications. Proteomic analysis has given us the useful information about 

protein-protein interaction, providing the targets for drug development, the keys to 

curing diseases and so on. However, the conventional proteomics can’t analyze the 

behavior of proteins in real time. Protein specific labeling is a valuable method for 

analyzing the proteins in real time. But it is difficult for specific labeling of target 

proteins in the complex crude biochemical environments. Though there are still 

remaining challenges for developing proteins labeling methods in multi-molecular 

crowding environment such as live cells, many researchers have made great efforts for 

developing useful technologies for protein labeling (e.g. genetic fusion of functional 

protein or peptide, labeling of small molecule probes through enzymatic or chemical 

modification). In this chapter, I describe various biological and chemical methods for 

protein labeling/engineering and protein detection/imaging/analysis under crude 

conditions. 
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Genetically encoded method for labeling Proteins 

1. Fluorescent proteins 

 Green fluorescent protein (GFP), which was discovered by Shimomura et. al., is the 

most widely used fluorescent protein for labeling a target protein (Fig. 1a).1Because 

GFPs can be easily genetically encoded without any cofactors, they are now playing an 

important role in analyzing of protein expression and localization in living cells or in 

vivo system.2 Furthermore, a variety of variant GFPs (FPs), which are brighter, exhibit 

enhanced photo stability and altered excitation and emission spectra, were developed by 

Tsien and co-workers (Fig. 1b). 3,4 These allow for multi-color imaging of plural target 

proteins at the same time. With the development of FPs technology, biosensors using 

FPs have been developed for detecting many biochemical events such as enzyme 

activity, change of metabolite concentration, protein-protein interactions and so on in 

living system.5 Miyawaki and Tsien developed a calcium biosensor, named 

‘‘cameleons’’, that fluorescent protein CFP and YFP are fused at N- and C- termini of 

calmodulin-M13 (calmodulin-binding peptide).6  When Ca2+ binds to calmodulin, the 

conformation change of calmodulin-M13 is induced, resulting in an increase of FRET 

(Fig. 2a). Alice Ting and co-workers developed a kinase biosensor. The design 

principle of the kinase biosensors is inspired by that of “cameleons”, in which M13 is 

replaced with a peptide substrate for the kinase of interest, and CaM is replaced with a 

protein domain that binds phosphorylated Ser, Thr, or Tyr as appropriate including 

14-3-3 (for pSer or pThr), FHA1 (for pThr), and SH2 (for pTyr). Once the kinase 

phosphorylates the target Ser, Thr, or Tyr, the resultant phosphorylated amino acid is 
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intramolecularly complexed by the phosphoamino acid binding domain, changing the 

distance or orientation between the donor and acceptor FPs and then increasing of 

FRET (Fig. 2b).7 With the kinase biosensor, they succeeded in dynamic imaging of 

kinase activity in living cells (Fig. 2c). 

 

Figure 1. (a) Structure of EGFP. (b) Various fluorescent proteins. 

 
Figure 2. Schematic illustration of FRET-based biosensors. (a) ‘‘cameleons’’ biosensor 

for detecting Ca2+. (b) A kinase biosensor for monitoring enzyme-mediated reactions. 
(c) Dynamic imaging of kinase activity in living cells stimulated by growth factors 
EGF.  
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2. Labeling with protein tag  

 However, the GFP fusion method has still several drawbacks. (1) The properties of a 

target protein may be interfered because the size of attached GFP is large (ca. 27 kDa). 

(2) The intracellular environment (e.g. pH, ion concentration, hydrophobicity) can 

potentially affect the GFP fluorescence. (3) The reporter modality is limited to 

fluorescence. 

 To overcome the limitation of FPs fusion method, tag-technologies in combination 

with synthetic probes have been actively developed in recent years.8 As non-covalent 

binding method, mutant FKBP12 and eDHFR are widely used. Holt’s group has found 

that SLF’, a derivative of the synthetic ligand of FKBP12 (FK506 binding protein), 

binds to mutant FKBP’ (FKBP12_F36V, mutant ca.12 kDa)) with more than 1000-fold 

selectivity over the wild type FKBP12 protein9 and based on this strong specific binding, 

Nolan et. al. have succeeded in labeling target proteins fused with FKBP’ by 

SLF’-conjugated probes in live mammalian cells (Fig. 3).10 Cornish et. al. also reported 

a non-covalent labeling method using Escherichia coli dihydrofolate reductase (eDHFR, 

ca. 18 kDa) and 2,4-diamino-5-(3,4,5-trimethoxy-benzyl)- pyrimidine (trimethoprim or 

TMP) conjugated with fluorophores. TMP binds to eDHFR with nanomolar affinity (Ki 

= ~ 1 nM), which is over 1000-fold higher than the interaction with mammalian DHFR. 

TMP-fluorophore conjugates can be used to label target proteins fused with eDHFR in 

mammalian cells with high selectivity. 11 
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Figure 3. (a) Chemical structure of SLF’ conjugated with fluorescein. (b) Schematic 

illustration of FKBP’-tag fused protein labeling by using the selective interaction 

between FKBP12 (F36V) and SLF. (c) Fluorescent imaging of Lyn-FKBP12 (F36V) on 

live cell membrane. 

 

  In order to achieve a stable labeling, the affinity conjugation approach has been 

introduced. As a representative of covalent binding method, Johnson’s group has 

developed a SNAP tag which is using human O6-alkylguanine transefrase (hAGT), a 

human DNA repair protein as a protein tag12. The reaction involves the irreversible 

transfer of the alkyl group of O6-benzyl-guanine (BG) derivatives to the reactive 

cysteine residue of hAGT to generate a covalently bind (Fig. 4a). The SNAP-tag has 

been used for a wide-range of application such as in vivo imaging13, Ca2+ monitoring in 

mouse muscle fiber14, and detection of drug-protein interaction15. Johnson’s group has 

also developed an orthogonal AGT-based tag, termed a CLIP-tag, which reacts 

specifically with O2-benzylcytosine (BC) derivatives (Fig. 4b).16 With the CLIP-tag 
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and SNAP tag, Gautier et al have succeeded in pulse-chase imaging of two different 

proteins (Fig. 4b).17  

 
Figure 4. (a) Schematic illustration of chemical reaction of SNAP fusion proteins with 

benzylguanine derivatives (Top) and CLIP fusion proteins with benzylcytosine 

derivatives (bottom). (b) Double pulse-chase labeling of SNAP and CLIP fusion 

proteins: schematic illustration of the double pulse-chase experiments (A) and confocal 

fluorescence micrographs of the yeast strains (B, C). 

 

 A cysteine mutation is introduced in the proximity of the TMP binding site on eDHFR 

(N23C) for improvement of eDHFR tag, which can be covalently labeled by 

TMP-acryloyl probes due to a proximity-induced effect.18 Based on the affinity 
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conjugation principle, TMP-AcBOPDIPY probe is developed with a half-life of less 

than 2 min for covalent labeling (Fig. 5a) by Wu and co-workers.19 Furthermore, with 

TMP-AcBOPDIPY probe, intracellular proteins fused with eDHFR (N23C) were 

rapidly labeled under no-wash conditions (Fig. 5b, c).19 

  

 

 
Figure 5. (a) The chemical structure of the TMP-AcBOPDIPY probe. (b) Schematic 

illustration of protein fused with eDHFR (N23C) labeling via affinity conjugation in 

live cells using the TMP-AcBOPDIPY probe. (c) Cellular labeling of eDHFR (N23C) 

fused with a K-Ras C-terminal sequence (CAAX), Rab1, Rab5, and nucleus localizing 

sequence (NLS) at the plasma membrane (PM), the Golgi body, the endosomes, and the 

nucleus, respectively, using the TMP-AcBOPDIPY probe under no-wash conditions.  
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 Kikuchi’s group developed a photoactive yellow protein (PYP) tag for protein labeling. 

PYP is a small soluble protein (14 kDa) found in several purple bacteria. It binds to a 

natural cofactor, the CoA thioester of 4-hydroxycinnamic acid, through 

transthioesterification with Cys69. It also binds to the thioester derivative of 

coumarin-3-carboxylic acid. Since PYP and its ligands do not exist in animal cells, they 

can therefore be employed for bioorthogonal labeling of proteins in living cells.20,21 

 Other protein-tag methods such as Halo tag22, BL tag23, cutinase-based tag24, have also 

developed. Among them SNAP tag and Halo tag are widely used because of the easy 

synthesis of substrate derivatives, and highly selectivity. 
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3. Labeling with peptide tag  

 Though the protein-tag methods mentioned above are useful, the problem that the large 

protein tags sterically may interfere with trafficking and function of the protein of 

interest still remains. To overcome the problem, smaller tags such as peptide tags have 

been developed. 

 

(1) Metal chelation based peptide tags  

 Metal chelation methods have been adopted for affinity chromatography in protein 

purification. This interaction (coordination chemistry) also utilized for protein labeling, 

by non-covalent complex formation. As a representative, Vogel et. al. developed a 

poly-histidine tag (His-tag, HHHHHH) and a nickel-chelating nitrilotriacetate (Ni-NTA) 

conjugated with a probe for live cell protein labeling.25 This is a reversible labeling by 

exchange of the coordination upon the addition of EDTA or imidazole. More recently, 

Robert’s group reported a specific intracellular labeling and imaging of His-tag-fused 

proteins. It was achieved using multivalent Ni-NTA probe and cell-penetrating carrier 

(TAT-His6) complexes (Fig. 6a, b).26 Hamachi’s group developed a different type of 

peptide-based labeling system using a high affinity pair of oligoaspartate tag (D4-tag) 

sequence and binuclear Zn(ΙΙ)-Dpatyr (2.2’-dipicolylamine based on L-tyrosine scaffold) 

complexes.27a For enhancing the affinity of the complex, they optimized the repeated 

(D4)n tag like D4-G-D4 peptide which can interact with the probe through the 

multivalent effect, and succeeded in labeling of muscarinic acetylcholine receptor 

(m1AChR) tethered D4 tag in living cells.27a Furthermore, the zinc probe/His6(10) tag 
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and Ni-NTA/D4 tag pairs showed a very weak interactions, it was possibility that 

Ni-NTA/His6(10) tag pair and Zn-DpaTyr/D4 tag pair can be used orthogonally.  

 Tsien and coworkers have reported the bisarsenical fluorophores and tetracysteine tag 

pairs for protein labeling. This system was used a short peptide containing a core motif 

(CCXXCC), and a chemical probe (FlAsH) bearing a biarsenical moiety (Fig. 6c).28 Not 

only FlAsH, a red version of FlAsH, a resorufin-based biarsenical (ReAsH), was also 

developed in later time (Fig. 6d).29 With the FlAsH and ReAsH, “pulse-chase” analysis 

was used for protein trafficking in live cells. In details, the old populations of proteins 

were pulse-labeled by green-emitting FlAsH, while red-emitting ReAsH chased the 

newly synthesized proteins. Consequently, old and new copies wewe individual by 

protein labeled using two colors. Tsien and co-workers used the approach to study 

AMPA receptor (AMPAR) trafficking. In order to examine the trafficking and synthesis 

of GluR1 and GluR2, a tetracysteine motif (EAAAR- EACCRECCARA) was attached 

at the C-termini. ReAsH-EDT2 was first applied and after 6–8 h, FlAsH-EDT2 was 

applied to neurons expressing tetracysteine-tagged GluR1 or GluR2 (Fig. 6e,f). In this 

case, the red ReAsH-EDT2 labels all preexisting GluR1/2 subunits, while the green 

FlAsH-EDT2 labels those AMPRAR subunits synthesized during the 6–8 h chase period. 

The measurements suggested that both GluR1 and GluR2 are synthesized in dendrites 

and that an activity blockade enhances the dendritic synthesis of GluR1 but not GluR2.30
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Figure 6. (a) Schematic illustration of live-cell labeling of His-tagged proteins using a 
cell-penetrating non-covalent tris-NTA and His6-TAT carrier complex. (b) Live-cell 

labeling of TAP1mVenus-His10-transfected HeLa cells by cell-penetrating 

trisNTA/His6-TAT carrier complexes. (c) Schematic illustration of the labeling of 

tetracysteine-tag fusion protein by using FlAsH-EDT2. (d) Chemical structure of 

ReAsH-EDT2 and FlAsH-EDT2. (e) Schematic illustration of membrane topology of 

GluR1/2 and locating of intracellular tetracysteine tag. (f) Plus-chase imaging of 

GluR1/2-Cys4 transfect neurons with ReAsH-EDT2 and FlAsH-EDT2. 
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(2) Self-labeling peptide tags  

 Metal chelation based peptide tags leave a concern for protein labeling in living 

systems – that is non-specific and unstable labeling. To overcome this, a covalent 

labeling method, self-labeling peptide tags method, was developed. As the further 

development of Ni-NTA/His6(10) tag pair and Zn-DpaTyr/D4 tag pair, Hamachi group 

extended the tag/probe system to covalently labeling method by introducing of a 

reactive cysteine into the D4 tag or His6 tag and utilization of a Zn(II)-DpaTyr or 

Ni-NTA having chloroacetyl group as a thiol-reactive probe.27b With the new system, 

called “reactive tag system”, they succeeded in the covalent labeling of GPCR proteins 

tethered CA6D4x2 tag (CAAAAAADDDDGDDDD) on cell surface (Fig. 7a, b)27c and 

even more succeeded in the proteins tethered CH6 tag in living cells (Fig. 7c, d). 27d 

 Other self- labeling peptide tags, including the bisboronic RhoBo-tetraserine tagging 

system,31 hydrazide-reactive (HyRe) tag,32 were also developed.  
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Figure 7. (a) Selective covalent labeling of a CA6D4x2 reactive tag-fused GPCR 

protein on the surface of living cells. (b) Imaging of CA6D4x2 reactive tag-fused B2R 

labeling. (c) Selective covalent labeling of CH6 reactive tag-fused proteins inside living 

cells. (d) Blotting analyses of the labeling of the His-tag fused EGFP-f.  
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4. Unnatural amino acid incorporation and bio-orthogonal reaction 

 Unnatural amino acid (UAA) mutagenesis has emerged as a powerful tool for the 

site-specific modification of proteins.35 The incorporation of UAAs into a protein 

sequence can be considered as the introduction of a “minimalist tag” (e.g. only an 

individual amino acid residue, in contrast to a peptide sequence or a protein domain). 

Unnatural amino acids can be co-translationally incorporated into proteins in either a 

residue- or a site-specific fashion. The incorporation of UAAs carrying small 

bioorthogonal groups (Fig. 8) followed by chemo-selective reactions makes it possible 

to label proteins with a diverse range of probes.  

 
Figure 8. Structures of unnatural amino acids bearing bioorthogonal functional groups.  
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  A pool of UAAs featuring a variety of bioorthogonal handles has been added to the 

genetic codes of E. coli, yeast, and mammalian cells. For instance, J. Chin’s group 

recently incorporated a UAA bearing a norbornene structure into proteins in live 

mammalian cells and successfully labeled the protein via an inverse electron-demand 

Diels-Alder cycloaddition using a tetrazine-fluorophore conjugate36. B. Davis’ group 

reported Pd (0)-mediated Suzuki-Miyaura coupling reaction for protein labeling on 

bacterial membrane via a p-iodophenyl alanine incorporated into a target protein 37. Q. 

Lin’s group succeeded in Sonogashira Cross-Coupling for site specific labeling of 

proteins bearing an alklyne tag38. With the same method, P. Chen et. al. succeeded in 

specific labeling of proteins in E. coli.39 

 

 

Chemical labeling for endogenous protein  

 Although these genetic proteins labeling tools are quite versatile, they would often 

cause a functional perturbation and overexpression of the proteins of interest. It is 

necessary and important to develop a useful strategy for specific labeling of endogenous 

proteins without gene manipulations in living system. 

 

 

 

 

 



General Introduction 

17 
 

1. Affinity labeling 

 For specifically labeling of natural proteins under crude conditions, affinity between 

small molecules and enzymes/proteins are widely utilized.40 For instance, a chemically 

reactive handle is conjugated to a ligand such as drug or natural products that can 

selectively bind to a target protein. It is expected that the ligand-protein interaction can 

facilitate specific labeling to the target protein in crude conditions by proximity effects. 

Cravatt and co-workers established a powerful and useful techniques, named 

activity-based proteomic profiling (ABPP) for studying specific classes of enzymes.41 

ABPP probes consist of three main components: (i) a reactive group, typically an 

electrophilic or photoreactive group, for covalent labeling of protein targets; (ii) a 

binding group ligand, which directs the reactive element toward specific classes of 

proteins; and (iii) a reporter tag, typically a fluorophore or biotin, for detection and/or 

enrichment of probe-labeled proteins (Fig. 9). With this method, researchers succeeded 

to profile not only enzyme targets (for example, kinases/ATPases or proteases) but also 

the targets of several inhibitors or natural products.42  
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Figure 9. Activity-based proteomic profiling (ABPP). 

  

 Sames et al. achieved the selective labeling of human carbonic anhydrase II (CAII) in 

cellular extracts by using an epoxide probe by affinity labeling method.43 Although such 

affinity labeling method is useful for selective modification of target protein in crude 

condition, the ligand still remained in the active pocket of protein even after labeling 

because of the covalent binding. This masks the protein active pockets resulting in 

inhibition of the protein activity.  

 

2. Ligand-directed chemical labeling of endogenous proteins (traceless protein 

labeling) 

 In order to analyze active states of the labeled proteins, a few of ligand-directed 

traceless protein labeling methods were developed. Hamachi’s group has improved the 

conventional affinity labeling method by introduction of the cleavable reactive modules 

and developed ligand-directed tosyl (LDT) chemistry44 and ligand-directed acyl 
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imidazole (LDAI) chemistry45 (Fig. 10a, b). In ligand-directed tosyl (LDT) chemistry, 

ligand-tethered tosyl ester probes are used to label endogenous proteins in cells. Upon 

labeling, the ligand is cleaved off the tosyl ester linkage. Therefore, the labeled protein 

still remains active after labeling because the active center is no longer occupied by its 

ligand. With the LDT chemistry, native FKBP12 was selectively labeled even in live 

cells conditions.44 In order to expand the potential of ligand-directed chemistry, they 

developed a faster affinity labeling approach, known as ligand-directed acyl imidazole 

(LDAI) chemistry. LDAI chemistry was used to selectively modify the endogenous 

folate receptor at the cell surface with 12-fold efficient relative to the LDT labeling.45 

Recently, LDAI chemistry, accomplished specific labeling and imaging of native 

AMPR in cultured neuron and brain tissue slices.46 New fluorescent turn on/off affinity 

labeling reagents include chemical probes bearing an O-nitrobenzoxadiazole (O-NBD) 

unit was recently developed by Yamaguchi et. al. (Fig. 10c). Upon the ligand-directed 

reaction with a lysine side chain, the non-fluorescent O-NBD is converted to fluorescent 

N-NBD. 47  



General Introduction 

20 
 

 
Figure 10. Schematic illustration of (a) LDT, (b) LDAI and (c) O-NBD chemistry. Lg, 

protein ligand; Pr, chemical probe; Nu, nucleophilic amino acid. 
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3. Ligand-directed catalytic reaction of endogenous proteins (traceless protein 

labeling) 

 In addition to one-step ligand-directed traceless protein labeling method (LDT, LDAI, 

O-NBD), a new strategy of endogenous proteins labeling method, ligand-directed 

catalyst reaction method were also developed. In this method, catalytic modules 

tethered with a ligand can be targeted to the binding pocket of a protein to activate a 

substrate on the protein (affinity-guided catalyst: AGcat). For instance, affinity-guided 

DMAP (4-dimethylaminopyridine) chemistry (AGD chemistry) was reported by 

Hamachi’s group. DMAP is an effective acyl transfer catalyst, which can activate an 

acyl ester for its transfer to a nucleophilic residue. Therefore, a ligand with DMAP 

allows selective labeling of native proteins with acyl ester (Fig. 11a).48 Selective protein 

labeling on cells49 and in cells50 has been achieved by increasing the number of DMAP 

and controlling the activity of acyl ester (the details are described in chapter 1). Not 

only organocatalysts but also transition metal catalysts can be used in this 

method. Nakamura’s group achieved ligand-directed protein labeling by chemically 

trapping tyrosyl radicals generated by a single electron transfer from a ruthenium 

catalyst conjugated to a protein ligand (Fig. 11b).51 Some recent studies have reported 

that protein ligand-tethered transition metal catalysts can selectively modify native 

proteins in crude biological samples.52 However, few reports have demonstrated the use 

of transition metal-mediated affinity labeling in live-cell contexts.53  
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Figure 11. Schematic illustration of (a) affinity-guided DMAP chemistry and (b) 

ligand-directed selective protein modification based on local single-electron-transfer 

catalysis. 
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Summary of this thesis 

 As mentioned above, many researchers have developed various methods for specific 

labeling of proteins in living systems. However, because of the intricate and 

unpredictable biochemical environments，it still remains challenging to develop the 

versatile methods for highly selective and efficient labeling of endogenous target 

proteins inside living cells or in tissues. In this thesis，I focused on developing 

affinity-guided catalyst (AGcat) methods for specific labeling of endogenous proteins. 

This thesis consists of three chapters, the contents of which are briefly summarized as 

follows: 

 

 In chapter 1, I describe the development of affinity-guided DMAP chemistry (AGD 

chemistry) for specific labeling of endogenous FKBP12 inside living cells. Because of 

the high activity of acyl donor used in traditional AGD chemistry, a lot of non-specific 

reactions occurred to other biomolecules in living cells whether with/without catalyst 

DMAP. By controlling the reactivity and hydrophilicity of acyl donors, I succeeded in 

specific labeling and imaging of endogenous FKBP12 in living cells.  

 

 In chapter 2, I describe the development of the novel AGcat method by employing a 

pyridinium oxime (PyOx) catalyst and a mild electrophile: N-acyl-N-alkylsulfonamide 

acyl donor pair, called AGOX (affinity-guided oxime) chemistry. With the AGOX 

chemistry, I succeeded in specific labeling of target proteins on cell surface.  
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 In chapter 3, I successfully used AGOX chemistry for specific labeling of endogenous 

AMPARs, a membrane-bound glutamate receptor, inside brain tissues where vast 

amount of neurons and glia cells are so tightly packed. I demonstrated that AGOX 

chemistry is suitable for protein labeling not only under living cell condition but live in 

tissues.  
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Chapter 1 

 

Extended Affinity-guided DMAP Chemistry with a Finely 

Tuned Acyl Donor for Intracellular FKBP12 Labeling 
 

Abstract 

Development of methods for visualization or analyzing the function of endogenous 

proteins in living cells is a challenging task. In this chapter, I demonstrate that 

affinity-guided DMAP acyl transfer reaction (AGD chemistry) for protein labeling can 

be applied to visualize a specific protein endogenously expressed in living cells. By 

finely tuning the reactivity and localization of acyl donors in AGD chemistry, a 

cytosolic endogenous protein, FKBP12 can be labeled selectively and visualized in 

living cells. The improved AGD chemistry provides great promise for the establishment 

of selective intracellular protein functionalization or imaging methods. 
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1-1 Introduction 

 Specific protein labeling with desired functionalities, such as fluorescent probes or 

purification tags, is a powerful method for the imaging, analysis, or manipulation of 

natural protein function in living cells.1-4 One of the most successful techniques is using 

bioorthogonal reagents and engineered proteins, in which a nonnatural reactive handle 

(e.g., azide, alkyne, alkene, tetrazine, etc.) or natural peptide/protein tag is genetically 

introduced.2,5-7 A part of these approaches permits selective and rapid protein 

modification with specific reaction even inside the cells, but is inherently limited to 

label recombinant, nonnatural proteins. Alternatively, an activity-based probe (ABP) is 

a useful tool for the specific labeling of an “endogenous” enzyme in cells or in vivo.8,9 

However, these probes cannot be applied to label nonenzymatic proteins, and should 

lead to inactivation of the target enzymes after labeling. Clearly, a universal 

methodology for the selective and noninvasive chemical labeling of natural proteins is a 

difficult task and highly desirable.  

 We are now developing ligand-directed (LD) chemistry as a promising strategy for the 

covalent labeling of endogenous proteins noninvasively.10 However, “intracellular” 

protein labeling and imaging is still challenging due to the slow reaction rate of our 

existing LD chemistry (typically over 12h incubation is needed).3d,10e In contrast, 

high-reactive reagents for more rapid protein labeling should cause the nonspecific 

reaction or decomposition of reagents inside the cells.10c,10f Among our LD chemistry 

repertories, 4-dimethylaminopyridine (DMAP) tethering a protein ligand exhibited a 

unique catalytic reaction for selective protein labeling by the proximity effect guided 
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with the specific affinity between a ligand and the target protein (so-called 

affinity-guided DMAP (AGD) chemistry).11 In AGD chemistry, it was shown that the 

acyl transfer reaction was greatly facilitated from the thiophenyl ester type of acyl 

donors to a nucleophilic amino acid residue (such as Lys, Tyr, or Ser) exposed on a 

target protein by DMAP catalyst (Figure 1a). However, AGD chemistry has not been 

applicable to intracellular proteins so far, mainly due to the high reactivity of the 

original acyl donor, while membrane-bound proteins could be efficiently labeled by this 

chemistry on live cell.11b,11c  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 1 

32 
 

1-2 Result and Discussion 

1-2-1 Design of various thioester acyl donor 

 Since the previous acyl donor is highly reactive, resulting the non-specific reactions to 

many non-targets inside live cells. In order to suppress its non-specific reactions, it is 

necessary to reduce the reactivity of the acyl donor. Herein sought to finely tune the 

reactivity of thioesters by varying the leaving group such as 2,4,6-trimethylthiophenol, 

3-nitrobenzyl mercaptan (= 3-nitrobenzyl thiol), and 4-chlorobenzyl mercaptan (= 

4-chlorobenzyl thiol) (acyl donors 2－4). The calculated pKa values of these are higher 

(7.22, 8.97, and 9.32, respectively) than that of the thiophenol (6.61) of the original acyl 

donor 1 (Figure 1b). From these leaving group abilities, the reactivities of new acyl 

donors 2－4 are expected to be lower than that of 1.  

 For evaluating these acyl donors, I employed FK506 binding protein (FKBP12) as a 

model protein to examine the reactivity of these acyl donors. For the AGD-based 

labeling of FKBP12, tris-DMAP tethering SLF, a synthetic ligand of the FK506 analog, 

was used (SLF-3DMAP, 5, Figure 1c).11b  
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Figure 1. (a) Schematic illustration of AGD-catalyst-mediated selective chemical 

protein labeling with reactivity-controlled acyl donors. (b, c) Chemical structures of 

acyl donors (1－4 and 1-Ac－4-Ac, b) and AGD catalyst 5 (c) used in this study. 
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1-2-2 Purified FKBP12 labeling in vitro 

 At first, I initially evaluated the labeling efficiency of these acyl donors for FKBP12 in 

test tube. The labeling reaction was performed by incubating purified FKBP12 (10 µM) 

with the AGD catalyst 5 (10 µM) and the corresponding acyl donor (100 µM) in an 

aqueous buffer at 37 °C, and analyzed by SDS-PAGE and fluorescence gel imager. As 

shown in Figure 2a, the fluorescent band of labeled FKBP12 was clearly observed after 

1h incubation with acyl donors 1, 2, 3, or 4, and the labeling yields were determined to 

be 170%, 120%, 70%, or 30% respectively by comparing the fluorescence intensity 

with the internal standard sample. Importantly, in cases of acyl donors 2－4, no labeling 

occurred without AGD catalyst 5 or in the presence of 5 and FK506, indicating that 

these labeling were driven by specific interaction between SLF and FKBP12. On the 

other hand, nonspecific reaction was slightly but definitely observed in the case of the 

original acyl donor 1 at least in this condition (Figure 2a, lane 1 and 3). These results 

indicated that, in AGD chemistry, moderate reactivity of the acyl donor is a key feature 

for minimizing noncatalyzed (nonspecific) reactions to the protein.  

 Next I also evaluated the labeling kinetics from the detailed MALDI-TOF MS 

analyses of these reactions (Figures 2b, 2c,). As shown in Figure 2d, initial rates of the 

labeling reaction with three new acyl donors 2－4 in the presence of AGD catalyst 5 

decreased relative to 1, and the reactivity was negatively correlated with the pKa value 

of the corresponding thiol as a leaving group of acyl donor. These results implied that 

the reactivity of protein labeling could be rationally tuned by carefully designing the 

acyl donors in AGD chemistry.  
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Figure 2. Evaluation of the reactivity and specificity of prepared acyl donors in vitro. 

(a) SDS-PAGE and fluorescent gelimager analyses of FKBP12 (10 µM) labeling with 

acyl donors 1－4 (100 µM) and AGD catalyst 5 (10 µM) at 37°C for 1 h incubation in 

test tube. (b) MALDI-TOF mass spectra of a reactionmixture containing purified 

FKBP12 (10 µM), AGD catalyst 5 (10 µM), and acyl donor 1-4 (100 µM) in 50mM 

HEPES buffer (pH 8.0) at 37 °C. (○) Native FKBP12; (w)single-fluorescein-labeled 

FKBP12; (*) double-labeled FKBP12. (c) Plots of the labeling yields of FKBP12 (10 

µM) with acyl donors 1－4 (100 µM) and AGD catalyst 5 (10 µM), monitored by 

MALDI-TOF MS analyses. (d) Correlation of the initial rates of FKBP12 labeling and 

predicted pKa values of acyl donors 1－4. 
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1-2-3 Endogenous FKBP12 labeling in living cells 

 Having a set of reactivity-controlled acyl donors in hand, I next conducted intracellular 

FKBP12 labeling endogenously expressed in live HeLa cells. For improving the 

cell-penetrating efficiency of acyl donor, phenol groups of the fluorescein unit of acyl 

donors were masked by acetylation (1-Ac－4-Ac, Figure 1b). HeLa cells were 

incubated in culture medium containing AGD catalyst 5 (10 µM) for 13 h at 37 °C12 and 

then added each acyl donor 1-Ac-4-Ac (10 µM), followed by incubation for 2 h at 37 °C. 

After labeling, the cells were lysed and then evaluated by SDS-PAGE and Western 

blotting (Figure 3a). By using 2-Ac, only a few bands were observed around 12 and 

25kDa with antifluorescein antibody, except for the serum albumin derived from the 

cultured medium (around 68kDa). In contrast, a huge number of bands could be 

detected in the case of 1-Ac (Figures 3a and 3c) even no catalyst was added, which 

showed that various proteins were labeled nonspecifically with the highly reactive 

original acyl donor 1-Ac. No labeling was observed when 3-Ac or 4-Ac was used, 

implying that even the target protein FKBP12 could not be labeled by using these lower 

reactive acyl donors. As shown in Figure 3b using 2-Ac, the intensity of the bands 

around 12 and 25 kDa were dramatically decreased in the absence of SLF-3DMAP 5 

(lane 1) or in the presence of 5 and competitive inhibitor 6 (lane 3, the chemical 

structure is shown in Figure 3d), indicating that these labelings were driven by specific 

interaction between SLF and its binding protein (including FKBP12 (12 kDa) and 

unknown protein (25kDa)) in the living cells. The overall results clearly showed that 

2-Ac having a 2,4,6-trimethylthiophenol leaving group is the optimal reactivity for 
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selective and efficient intracellular protein labeling with minimizing the nonspecific 

reactions.  

 

 
Figure 3. Endogenous FKBP12 labeling in live cellsbyusing AGD chemistry. (a) 

Western blotting analyses of endogenous FKBP12 labeling with acyl donors 1-Ac－

4-Ac (10 µM) and 5 (10 µM) in live HeLa cells. The images were detected by 

antifluorescein antibody (top) or by anti-FKBP12 antibody (bottom). (b) Western 

blotting analyses of endogenous FKBP12 labeling with acyl donors 2-Ac (10 µM) in the 

absence or presence of 5 (10 µM) or competitive inhibitor 6 in live HeLa cells. *, 

fluorescein-labeled endogenous FKBP12; **, unknown proteinwhich can be 

characterized as SLF-binding protein (25 kDa); w, nonspecific labeling band 

corresponding to BSA (68 kDa, derived from the serum for culturing the cells). (c) 

Western blotting analyses of 1-Ac (10 µM)-labeled HeLa cells in the absence or 

presence of 5 (SLF-3DMAP, 10 µM) for 2 h incubation. (d) Chemical structure of 

competitive inhibitor 6.  
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1-2-4 Endogenous FKBP12 imaging in living cells 

 I finally attempted the live cell imaging of SLF-binding proteins, which were 

selectively labeled by new AGD chemistry. Unfortunately, when I tried to observe the 

labeled cells by confocal laser scanning microscopy (CLSM) analyses after 1 h 

incubation of HeLa cells with the acyl donor at 37°C without washing, 2-Ac was not 

homogenously distributed and mainly localized in the mitochondria (Figure 4). 

 

 
Figure 4. (a) CLSM images of HeLa cells stained with 2-Ac (Fl) and 

tetraethylrhodamine ethylester (Rh-OEt) as mitochondrial marker (without 

SLF-3DMAP 5). The cells were incubated with 2-Ac (10 µM) and Rh-OEt (1 µM) for 5 

min at 37℃, washed three times with medium and then the images were obtained. Scale 

bars 10 µm. (b) CLSM analyses of HeLa cells labeled with acyl donor 2-Ac (10 µM) 

and 5 (10 µM). Scale bars 20 µm  
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 For achievement of intracellular protein imaging by AGD chemistry, the property of 

the acyl donor should be optimized in not only cell permeability but also washing out 

capability for minimizing the background signal in cells. For modulating the 

hydrophilicity/hydrophobicity balance of the compounds, oligo (ethylene glycol)-linked 

acyl donors based on 2,4,6-trimethylthiophenyl ester reagents were prepared (7-Ac and 

8-Ac, Figure 5a). The washing-out property of each acyl donor was examined without 

AGD catalyst 5 by confocal laser scanning microscopy (CLSM) analyses.  

 
Figure 5. (a) Chemical structures of compound 7-Ac (n = 1) and 8-Ac (n = 2). (b) 

CLSM images of HeLa cells incubated with 7-Ac only (10 µM) before (left) or after 

washing operations (right). Scale bars 20 µm. (c) CLSM images of HeLa cells incubated 

with 8-Ac only (10 µM) before (left) or after washing operations (right). Scale bars 20 

µm.  
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 As shown in Figure.5b and 5c, 7-Ac and 8-Ac were homogenously distributed in the 

whole cell area. Moreover, the fluorescence of 8-Ac completely disappeared after 

washing, implying that 8-Ac is a washable acyl donor (Figure 5c), whereas the 

fluorescence of 7-Ac remained inside the cells even after washing (Figure 5b). Such a 

washable character of 8-Ac should be favorable for live cell protein imaging. 

 By using the optimal acyl donor 8-Ac and SLF- 3DMAP 5, strong fluorescence was 

clearly observed inside the HeLa cells after labeling, which was homogenously 

dispersed even in the nuclei (Figure 6a). This localization pattern coincides well with 

the image of fluorescent immunostaining with anti-FKBP12 antibody, as previously 

reported.10f, 13 In contrast, significant fluorescence was never observed in the absence of 

5, or in excess amount of 6 (Figures 6b and 6c). Given all of the imaging data 

combined with Western blotting results (Figures 6d and 6e), it was concluded that the 

SLF-binding proteins (including FKBP12) were successfully visualized by the extended 

AGD chemistry.  
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Figure 6. Endogenous FKBP12 labeling imaging in live cells by using AGD chemistry. 

(a, b, c) CLSM analyses of SLF-recognition protein labeling and imaging with acyl 

donor 8-Ac (10 µM) in the presence (a) or absence of AGD catalyst 5 (b, 10 µM). or in 

the presence 5 (10 µM) and competitive inhibitor 6 (50 µM) (c) Scale bars 20 µm. (d) In 

vitro FKBP12 (10 µM) labeling with acyl donors 2, 7, 8 (100 µM) and AGD catalyst 5 

(10 µM) in 50 mM HEPES buffer (pH 8.0) at 37oC for 1h incubation. (e) Labeling 

reaction with acyl donor 8-Ac (10 µM) and AGD-catalyst 5 (10 µM) in the absence or 

presence of competitive inhibitor 6 (50 µM) in HeLa cells: Western blotting results 

using an anti-fluorescein antibody (top) or anti-FKBP12 antibody (bottom).  
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1-3 Conclusion 

 In summary, AGD chemistry is now capable of the selective labeling of FKBP12 by 

finely tuning the reactivity of acyl donors. I also demonstrated that the improved AGD 

chemistry could be applied to the selective labeling of natural proteins that bind to SLF 

ligand even in living cells. Using improved acyl donor I succeeded in native FKBP12 

labeling imaging in living cells. On the other hand, DMAP-mediated protein labeling is 

a powerful tool for not only the specific labeling of ligand-binding proteins but also 

capturing the protein-protein interaction, as reported previously.11c Many critical 

biological processes and targets are intracellular, and therefore this work, including the 

establishment of selective intracellular protein labeling, promises the development of 

the quantitative analysis of endogenous protein function or modulation of various 

biological events.  
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1-4 Experimental section  

General materials and Methods.  

 All chemical reagents and solvents were obtained from commercial suppliers (Aldrich, 

Tokyo Chemical Industry (TCI), Wako Pure Chemical Industries, Acros Organics, 

Sasaki Chemical, or Watanabe Chemical Industries) and used without further 

purification. UV-visible spectra were recorded on a Shimadzu UV-2550 spectrometer. 

All reactions were carried out under an atmosphere of argon or nitrogen unless 

otherwise noted. Thin layer chromatography (TLC) was performed on silica gel 60 

F254 precoated aluminum sheets (Merck) and visualized by fluorescence quenching or 

ninhydrin staining. Chromatographic purification was accomplished using flash column 

chromatography on silica gel 60 N (neutral, 40–50 mm, Kanto Chemical). 1H NMR 

spectra of samples were recorded on Varian Mercury 400 (400 MHz) spectrometers. 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) spectra were recorded on an Autoflex III instrument (Bruker 

Daltonics) using a-cyano-4-hydroxycinnamic acid (CHCA) as the matrix. 

High-resolution mass spectra were measured on an Exactive (Thermo Scientific, CA, 

USA) equipped with electron spray ionization (ESI) by Miss Karin Nishimura 

(Department of Synthetic Chemistry and Biological Chemistry, Graduate School of 

Engineering, Kyoto University). UV-visible spectra were recorded on a Shimadzu 

UV-2550 spectrophotometer. SDS-PAGE and Western blotting were performed using a 

Bio-Rad Mini-Protean III electrophoresis apparatus. Fluorescence and chemical 

luminescent signals were detected with Imagequant LAS 4000 (GE Healthcare). 

In viItro labeling of FKBP12.  

The expression and purification of recombinant FKBP12 was carried out as described 

previously.14 FKBP12 concentration was calculated on the basis of the molar extinction 

coefficient at 280 nm of 9,860 M-1cm-1. The concentration of AGD catalyst 5 was 

determined by the absorbance at 280 nm in methanol using a molar extinction 

coefficient of 54,000 M-1cm-1 for tri-DMAP.15 The concentration of acyl donors were 

determined by their absorbance at 494 nm in 0.1N NaOH aq using a molar extinction 

coefficient of 75,000 M-1cm-1 for carboxy-fluorescein.16 Purified FKBP12 (10 µM) was 

incubated with AGD catalyst 5 (10 µM) and each acyl donor (100 µM) in the absence 
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or presence of FK506 (100 µM) in 50 mM HEPES buffer (pH 8.0) at 37°C for 5 min, 
15 min, 30 min, 45 min, 60 min, 90 min (for acyl donor 1) or 1 h, 2 h, 3 h, 4 h, 5 h, 6 h 

(for acyl donor 2 – 4). The aliquots were taken at different time points and the labeling 

yield was determined by MALDI-TOF MS spectra and fluorescent gel imager. 

 

Intracellular Protein Labeling and Imaging in Living HeLa cells by AGD 

chemistry.   

Hela cells (4 × 105 cells) were incubated at 37°C in serum-free Dulbecco’s Modified 

Eagle Medium (DMEM) containing 5 (10 µM) for 13 h. The cultured medium was 

replaced with the fresh medium containing each acyl donor (1-Ac – 4-Ac, 7-Ac or 

8-Ac) (10 µM) and incubated at 37°C. After 2 h, the cells were washed 3 times with 
phosphate-buffered saline (PBS), lysed using RIPA buffer, and mixed with 2 × 

SDS-PAGE loading buffer. The samples were resolved by 15% SDS-PAGE and 

electrotransferred onto an Immun-Blot PVDF membrane (Bio-Rad). The 

fluorescein-labeled products were detected with anti-fluorescein antibody (Abcam) and 

anti-rabbit IgG antibody-HRP conjugate (GE Healthcare) using ECL Prime Western 

Blotting Detection Reagent (GE healthcare). The immunodetection of FKBP12 was 

carried out with an anti-human FKBP12 antibody (Abcam) and anti-rabbit IgG 

antibody-HRP conjugate (GE Healthcare). In the imaging experiments, Hela cells (4 × 

105 cells) were incubated at 37°C in Dulbecco’s Modified Eagle Medium HEPES 

(DMEM-HEPES) containing 5 (10 µM) for 13 h on glass-based dishes. The cultured 

medium was replaced with the fresh medium containing each acyl donor 2-Ac, 7-Ac or 

8-Ac  (10 µM) and incubated at 37ºC for 2 h. The cells were then washed 3times with 
DMEM containing HEPES (25 mM) and incubated at 37ºC for additional 2 h. The 

labeled cells were observed with confocal laser scanning microscope (Olympus, 

FLUOVIEW, FV10i) while the temperature was maintained at 37ºC. The fluorescence 

images were obtained by excitation at 473 nm and simultaneous detection with 500 – 

600 nm emission filter. 
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Synthesis 
Synthesis of Acyl donors 2 – 4 

 
Scheme 1. Synthetic scheme of acyl donors 2 - 4. Reaction condition: (a) 

4-Aminobutanoic acid t-butyl ester hydrochloride (H-Abu(4)-OtBu), 

1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU), N,N-diisopropylethylamine (DIEA) in dry 

N,N-dimethylformamide (DMF); (b) trifluoroacetic (TFA) in dichloromethane 

(CH2Cl2); (c) 2,4,6-trimethylbenzenethiol (SPh-3Me), HATU, DIEA in dry DMF; (d) 

(3-nitrophenyl) mercaptan (SBn-mNO2), 

(Benzotriazol-1-yloxy)-tris(dimetylamino)phosphonium hexafluorophosphate (BOP), 

DIEA in dry DMF; (e) 4-chlorobenzyl mercaptan (SBn-Cl), HATU, DIEA in dry DMF. 
  

Compound 1-1 
To a stirred solution of 5-carboxyfluorescein (200 mg, 0.53 mmol) in dry DMF (5 ml) 

was added HATU (304 mg, 0.80 mmol), H-Abu(4)-OtBu (125 mg, 0.64 mmol), DIEA 

(230 µl,1.33 mmol) under Ar atmosphere. The reaction was allowed to stir for 2.5 h at 

room temperature and evaporated under vacuum. The residue was dissolved in 200 ml 

of ethyl acetate. The organic layer was washed with 5% citric acid aq. (100 ml) and 

brine (100 ml). Then the organic layer was dried over MgSO4, filtered and evaporated. 

The crude residue was purified by flash column chromatography on silica gel (CHCl3 : 

MeOH : AcOH = 15 : 1 : 0.1) to give compound 1-1 (203 mg, 74%) as yellow solid. 
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.42 (d, 1H, J = 1.6 Hz), 8.19 (dd, 1H, J = 

8.0, 1.6 Hz), 7.29 (d, 1H, J = 8.0 Hz), 6.68 (d, 2H, J = 2.0 Hz), 6.59-6.52 (m, 4H), 3.46 

(t, 2H, J = 7.2 Hz), 2.35 (t, 2H, J = 7.2 Hz), 1.95-1.88 (m, 2H), 1.45 (s, 9H) 
  

Compound 1-2 
To a stirred solution of compound 1-1 (203 mg, 0.39 mmol) in CH2Cl2 (5.0 ml) was 

added TFA (1.7 ml). The reaction was allowed to stir for 1 hour at room temperature. 
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The reaction mixture was co-evaporated with toluene (5.0 ml) twice to give compound 

1-2 (190 mg, quantitative) as yellow solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.54 (br, 1H), 8.23 (dd, 1H, J = 8.0, 1.6 Hz), 

7.38 (d, 1H, J =8.0 Hz), 6.89-6.74 (m, 6H), 3.50 (t, 2H, J = 7.2 Hz), 2.43 (t, 2H, J = 7.2 

Hz), 2.00-1.97 (m, 2H) 
  

Compound 2 
To a stirred solution of 1-2 (20 mg, 0.043 mmol) in dry DMF (1.0 ml) was added 

HATU (20 mg, 0.054 mmol), SPh-3Me (12 µl, 0.086 mmol), DIEA (24 µl, 0.13 mmol) 

under Ar atmosphere. The reaction was allowed to stir for 3 h at room temperature and 

evaporated under vacuum. The residue was dissolved in 40 ml of ethyl acetate. The 

organic layer was washed with 5% citric acid aq. (30 ml) and brine (30 ml). Then the 

organic layer was dried over MgSO4, filtered and evaporated. The crude residue was 

purified by flash column chromatography on silica gel (CHCl3 : MeOH : AcOH = 15 : 

1 : 0.1) to give compound 2 (10 mg, 42%) as yellow solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.41 (br, 1H), 8.17 (dd, 1H, J = 8.0, 1.6 Hz), 
7.28 (d, 1H, J = 8.0 Hz), 6.97 (s, 2H), 6.68 (d, 2H, J = 2.4 Hz), 6.59 (d, 2H, J = 8.8 Hz), 

6.52 (dd, 2H, J = 8.8, 2.4 Hz), 3.49 (m, 2H), 2.81 (t, 2H, J = 7.2 Hz), 2.27 (s, 9H), 2.03 

(m, 2H).  

HR-MS (ESI); calc. for C34H29NO7S [M-H]-; 594.1592, Found; 594.1602. 
   

Compound 3 
To a stirred solution of 1-2 (20 mg, 0.043 mmol) in dry DMF (1.0 ml) was added BOP 

(24 mg, 0.054 mmol), SBn-mNO2 (10.6 µl, 0.086 mmol), DIEA (24 µl, 0.13 mmol) 

under Ar atmosphere. The reaction was allowed to stir for 3h at room temperature and 

evaporated under vacuum. The residue was dissolved in 30ml of ethyl acetate. The 

organic layer was washed with 5% citric acid aq. (30 ml) and brine (30 ml). Then the 

organic layer was dried over MgSO4, filtered and evaporated. The crude residue was 

purified by flash column chromatography on silica gel (CHCl3 : MeOH = 30 : 1 : 0.1) to 

give compound 3 (7.0 mg, 28%) as yellow solid. 
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.40 (d, 1H, J = 1.6 Hz), 8.19-8.16 (m, 2H), 
8.10 (m, 1H), 7.71 (m, 1H), 7.52 (t, 1H, J = 8.0 Hz), 7.29 (d, 1H, J = 8.0 Hz), 6.78 (d, 
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2H, J = 2.4 Hz), 6.58 (d, 2H, J = 8.8 Hz), 6,52 (dd, 2H, J = 8.8, 2.4 Hz), 4.23 (s, 2H), 

3.46 (t, 2H, J = 6.8 Hz), 2.76 (t, 2H, J = 7.2 Hz), 2.05-2.00 (m, 2H).  

HR-MS (ESI); calc. for C32H24N2O9S [M-H]-; 611.1130, Found; 611.1134. 
  

Compound 4 
To a stirred solution of 1-2 (20 mg, 0.043 mmol) in dry DMF (1.0 ml) was added 

HATU (20 mg, 0.054 mmol), SBn-Cl (10 µl, 0.086 mmol), DIEA (24 µl, 0.13 mmol) 
under Ar atmosphere. The reaction was allowed to stir for 3 h at room temperature and 

evaporated under vacuum. The residue was dissolved in 30ml of ethyl acetate. The 

organic layer was washed with 5% citric acid aq. (30 ml) and brine (30 ml) then the 

organic layer was dried over MgSO4, filtered and evaporated. The crude residue was 

purified by flash column chromatography on silica gel (CHCl3 : MeOH = 20 : 1 : 0.1) to 

give compound 4 (9.4 mg, 39%) as yellow solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.41 (br, 1H), 8.17 (dd, 1H, J = 8.0, 1.6 Hz), 
7.28 (d, 1H, J =8.0 Hz), 7.25 (m, 4H), 6.68 (d, 2H, J = 2.4 Hz), 6.57 (d, 2H, J = 8.8 Hz), 

6,52 (dd, 2H, J = 8.8, 2.4 Hz), 4.09 (s, 2H), 3.46 (m, 2H), 2.73 (t, 2H, J = 7.2 Hz), 

2.03-1.99 (m, 2H).  

HR-MS (ESI); calc. for C32H24ClNO7S [M-H]-; 600.0889, Found; 600.0896. 
  

Synthesis of acyl donors 2Ac and 4Ac 

 

Scheme 2. Synthetic scheme of Acyl Donor 2Ac and 4Ac. Reaction condition: (a) 

acetic anhydride in pyridine 
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Compound 2-Ac 
To a stirred solution of compound 2 (5.0 mg, 0.0080 mmol) in acetic anhydride (2.0 ml) 

was added dry pyridine (200 µl). The reaction was allowed to stir for 1 hour at room 

temperature and the reaction mixture was dissolved in 30 ml of ethyl acetate. The 

organic layer was washed with water (30 ml) and brine (30 ml). Then the organic layer 

was dried over MgSO4, filtered and evaporated. The crude residue was purified by flash 

column chromatography on silica gel (1st try; CHCl3 : MeOH = 15 : 1, 2nd  try; 

Hexane : AcOEt = 1 : 1) to give compound 2-Ac (3.2 mg, 90%) as white solid. 
1H NMR (400 MHz; CD3OD): δ/ppm = 8.47 (d, 1H, J = 1.6 Hz), 8.29 (dd, 1H, J = 8.0, 

1.6 Hz), 7.35 (d, 1H, J =8.0 Hz), 7.21 (m, 2H), 6.98 (s, 2H), 6.94-6.89 (m, 4H), 3.50 (t, 

2H, J = 6.8 Hz), 2.82 (t, 2H, J = 7.2 Hz), 2.29 (s, 6H), 2.27 (s, 9H), 2.03 (m, 2H). 

HR-MS (ESI); calc. for C38H33NO9S [M+H]+; 680.1949, Found; 680.1938. 
  

Compound 4-Ac 
To a stirred solution of compound 4 (4.0 mg, 0.006 mmol) in acetic anhydride (1.0 ml) 

was added dry pyridine (100 µl). The reaction was allowed to stir for 40 min at room 
temperature and the reaction mixture was dissolved in 30 ml of ethyl acetate. The 

organic layer was washed with water (30 ml) and brine (30 ml) then the organic layer 

was dried over MgSO4, filtered and evaporated. The crude residue was purified by flash 

column chromatography on silica gel (Hexane : AcOEt = 1 : 1) to give compound 4-Ac 

(3.0 mg, 72%) as white solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.46 (br, 1H), 8.19 (dd, 1H, J = 8.0, 1.6 Hz), 
7.35 (d, 1H, J = 8.0 Hz), 7.26 (m, 4H), 7.20 (br, 2H), 6.89-6.88 (m, 4H), 4.08 (s, 2H), 

3.47 (m, 2H), 2.72 (t, 2H, J = 7.2 Hz), 2.29 (s, 6H), 2.00 (m, 2H).  

HR-MS (ESI); calc. for C36H28ClNO9S [M+H]+; 686.1246, Found; 686.1232 
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Synthesis of acyl donors 1Ac and 3Ac. 

 

Scheme 3. Synthetic scheme of Acyl Donor 1-Ac and 3-Ac. Reaction condition: (a) 

acetic anhydride in pyridine; (b) TFA in DCM; (c) Thiophenol (SPh), BOP, DIEA in 

dry DMF; (d) SBn-mNO2, BOP, DIEA in dry DMF. 
  

Compound 1-3 
To a stirred solution of compound 1-1 (54 mg, 0.10 mmol) in acetic anhydride (1.0 ml) 

was added dry pyridine (80 µl). The reaction was allowed to stir for 1 hour at 85ºC and 
the reaction mixture was dissolved in 50 ml of ethyl acetate. The organic layer was 

washed with water (50 ml) and brine (50 ml). Then the organic layer was dried over 

MgSO4, filtered and evaporated to give compound 1-3 (60 mg, 72%) as white solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.47 (br, 1H), 8.22 (m, 1H), 7.36 (d, 1H, J = 
8.0 Hz), 7.20 (br, 2H), 6.93-6.87 (m, 4H), 3.46 (t, 2H, J = 6.8 Hz), 2.35 (t, 2H, J = 7.2 

Hz), 2.29 (s, 6H), 1.97-1.89 (m, 2H), 1.45 (s, 9H). 
  

Compound 1-Ac 
To a stirred solution of compound 1-3 (25 mg, 0.040 mmol) in DCM (3.0 ml) was 

added TFA (500 µl). The reaction was allowed to stir for 2 hours at room temperature. 
The reaction mixture was co-evaporated with toluene (3.0 ml) to give deprotected 

compound 1-3 as yellow solid. 
 To a stirred solution of the deprotected compound 1-3 in dry DMF (1.0 ml) was added 

BOP (23 mg, 0.052 mmol), thiophenol (10.9 µl, 0.052 mmol), DIEA (24 µl, 0.12 mmol) 

under Ar atmosphere. The reaction was allowed to stir for 2 hours at room temperature 

and evaporated under vacuum. The residue was dissolved in 50 ml of ethyl acetate. The 

organic layer was washed with 5% citric acid aq. (50 ml) and brine (50 ml) then the 

organic layer was dried over MgSO4, filtered and evaporated. The crude residue was 

purified by flash column chromatography on silica gel (AcOEt : Hexane = 1 : 1) to give 

compound 1-Ac (6.0 mg, 21%) as white solid.  
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1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.46 (d, 1H, J = 1.6 Hz), 8.19 (dd, 1H, J = 
8.0, 1.6 Hz), 7.38-7.35 (m, 5H), 7.32 (d, 1H, J =8.0 Hz), 7.20 (d, 2H, J = 2.0 Hz), 

6.92-6.87 (m, 4H), 3.50 (t, 2H, J = 6.8 Hz), 2.82 (t, 2H, J = 7.2 Hz), 2.29 (s, 6H), 2.03 

(m, 2H).  

HR-MS (ESI); calc. for C35H27NO9S [M+H]+; 638.1479, Found; 638.1466. 
 

Compound 3-Ac 
To a stirred solution of compound 1-3 (25 mg, 0.040 mmol) in dry DCM (3.0 ml) was 

added TFA (500 µl). The reaction was allowed to stir for 2 hours at room temperature. 

The reaction mixture was co-evaporated with toluene 3ml two times to give deprotected 

compound 1-3 as yellow solid. 
To a stirred solution of last step product in dry DMF (1.0 ml) was added BOP (23 mg, 

0.052 mmol), 3-nitrobenzyl-mercaptan (10.9 µl, 0.052 mmol), DIEA (24 µl, 0.12 mmol) 
under Ar atmosphere. The reaction was allowed to stir for 2 hours at room temperature 

and evaporated under vacuum. The residue was dissolved in 50 ml of ethyl acetate. The 

organic layer was washed with 5% citric acid aq. (50 ml) and brine (50 ml) then the 

organic layer was dried over MgSO4, filtered and evaporated. The crude residue was 

purified by flash column chromatography on silica gel (AcOEt : Hexane = 1 : 1) to give 

compound 3-Ac (6.0 mg, 21%) as white solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.45 (d, 1H, J = 1.6 Hz), 8.20-8.17 (m, 2H), 
8.08 (m, 1H), 7.70 (m, 1H), 7.52 (t, 1H, J = 8.0 Hz), 7.34 (d, 1H, J = 8.0 Hz), 7.19 (br, 

2H), 6.91-6.88 (m, 4H), 4.22 (s, 2H), 3.46 (t, 2H, J = 6.8 Hz), 2.75 (t, 2H, J = 7.2 Hz), 

2.28 (s, 6H), 2.01 (m, 2H).  

HR-MS (ESI); calc. for C36H28N2O11S [M+H]+; 697.1487, Found; 697.1480. 
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Synthesis of Acyl donors 7 and 8. 

 

 
Scheme 4. Synthetic scheme of acyl donors 7 and 8. Reaction condition: (a) tert-Butyl 

12-amino-4,7,10-trioxadodecanoate (H-(PEG)3-OtBu), HATU, DIEA in dry DMF; (b) 

TFA in dichloromethane (DCM); (c) H-Abu(4)-OtBu, HATU, DIEA in dry DMF; (d) 

TFA in DCM;  (e) SPh-3Me, HATU, DIEA in dry DMF; (f) TFA in DCM; (g) 

H-(PEG)3-OtBu, HATU, DIEA in dry DMF; (h) TFA in DCM;  (i) H-(PEG)3-OtBu, 

HATU, DIEA in dry DMF; (j) TFA in DCM; (k) SPh-3Me, HATU, DIEA in dry DMF. 
  

Compound 1-4 
To a stirred solution of 5-carboxyfluorescein (80 mg, 0.21 mmol) in dry DMF (4 ml) 

was added HATU (121 mg, 0.32 mmol), H-(PEG)3-OtBu (87 mg, 0.32 mmol), DIEA 

(124 µl, 0.63 mmol) under Ar atmosphere. The reaction was allowed to stir for 
overnight at room temperature and evaporated under vacuum. The residue was 



Chapter 1 

52 
 

dissolved in 50 ml of ethyl acetate. The organic layer was washed with 5% citric acid aq. 

(50 ml) and brine (50 ml). Then the organic layer was dried over MgSO4, filtered and 

evaporated. The crude residue was purified by column chromatography on silica gel 

(CHCl3 : MeOH : AcOH = 10 : 1 : 0.1) to yield compound 1-4 (88 mg, 65%) as yellow 

solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.43 (br, 1H), 8.20 (dd, 1H, J = 8.0, 1.6 Hz), 

7.29 (d, 1H, J = 8.0 Hz), 6.68 (d, 2H, J = 2.4 Hz), 6.59 (d, 2H, J = 8.4 Hz), 6.52 (dd, 2H, 

J = 8.4, 2.4 Hz), 3.69-3.57 (m, 14H), 2.42 (t, 2H, J = 7.2 Hz), 1.41 (s, 9H) 
  

Compound 1-5 
To a stirred solution of 1-4 (88 mg, 0.39 mmol) in DCM (5.0 ml) was added TFA (1.7 

ml). The reaction was allowed to stir for 1 hour at room temperature. The reaction 

mixture was co-evaporated with toluene (5.0 ml) to give deprotected compound 1-4 as 

yellow solid. Continue to next step. 
To a stirred solution of the deprotected compound 1-4 (40 mg, 0.069 mmol) in dry 

DMF (2.0 ml) was added HATU (38 mg, 0.10 mmol), H-Abu(4)-OtBu (20 mg, 0.10 

mmol), DIEA (41 µl, 0.63 mmol) under Ar atmosphere. The reaction was allowed to stir 
for overnight at room temperature and evaporated under vacuum. The residue was 

dissolved in 50ml of ethyl acetate. The organic layer was washed with 5% citric acid aq. 

(50 ml) and Brine (50 ml). Then the organic layer was dried over MgSO4, filtered and 

evaporated. The crude residue was purified by flash column chromatography on silica 

gel (CHCl3 : MeOH : AcOH = 10 : 1 : 0.1) to give compound 1-5 (20 mg, 40%) as 

yellow solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.44 (br, 1H), 8.21 (dd, 1H, J = 8.0, 1.6 Hz), 

7.30 (d, 1H, J =8.0 Hz), 6.68 (d, 2H, J = 2.0 Hz), 6.59 (d, 2H, J = 8.4 Hz), 6,51 (dd, 2H, 

J = 8.4, 2.0 Hz), 3.70-3.58 (m, 14H), 3.18 (m, 2H), 2.39 (t, 2H, J = 6.0 Hz), 2.23 (t, 2H, 

J =7.2 Hz), 1.71 (m, 2H), 1.42 (s, 9H) 

 

Compound 7 
To a stirred solution of compound 1-5 (20 mg, 0.027 mmol) in DCM (3.0 ml) was 

added TFA (1.0 ml). The reaction was allowed to stir for 1 hour at room temperature. 

The reaction mixture was co-evaporated with toluene (3.0 ml) twice to give deprotected 

compound 1-5 as yellow solid. Continue to next step. 
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To a stirred solution of the deprotected compound 1-5 in dry DMF (2.0 ml) was added 

HATU (14 mg, 0.037 mmol), 3Me-SPh (7.2 µl, 0.048 mmol), DIEA (41 µl, 0.63 mmol) 
under Ar atmosphere. The reaction was allowed to stir for 2 hours at room temperature, 

and evaporated under vacuum. The residue was dissolved in 30 ml of ethyl acetate. The 

organic layer was washed with 5% citric acid aq. (30 ml) and brine (30 ml). Then the 

organic layer was dried over MgSO4, filtered and evaporated. The crude residue was 

purified by flash column chromatography on silica gel (CHCl3 : MeOH : AcOH = 10 : 

1 : 0.1) to give compound 7 (8.0 mg, 37%) as yellow solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.43 (br, 1H), 8.19 (dd, 1H, J = 8.0, 1.6 Hz), 

7.27 (d, 1H, J = 8.0 Hz), 6.96 (s, 2H), 6.68 (d, 2H, J = 2.4 Hz), 6.58 (d, 2H, J = 8.8 Hz), 

6.52, (dd, 2H, J = 8.8, 2.4 Hz), 4.86-3.58 (m, 14H), 3.22 (m, 2H), 2.69 (t, 2H, J =7.6 

Hz), 2.40 (t, 2H, J =6.0 Hz), 2.25 (s, 9H), 1.84 (m, 2H).  

HR-MS (ESI); calc. for C43H46N2O11S [M-H]-; 797.2750, Found; 797.2757. 

 

Compound 1-6 
To a stirred solution of deprotected compound 1-4 (40 mg, 0.069 mmol) in dry DMF 

(2.0 ml) was added HATU (38 mg, 0.10 mmol), H-(PEG)3-OtBu (20 mg, 0.10 mmol), 

DIEA (41 µl, 0.63 mmol) under Ar atmosphere. The reaction was allowed to stir for 

overnight at room temperature, evaporated under vacuum. The residue was dissolved in 

50 ml of ethyl acetate. The organic layer was washed with 5% citric acid aq. (50 ml) 

and brine (50 ml). Then the organic layer was dried over MgSO4, filtered and 

evaporated. The crude residue was purified by flash column chromatography on silica 

gel (CHCl3 : MeOH : AcOH = 10 : 1 : 0.1) to give compound 1-6 (8.5 mg, 14%) as 

yellow solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.44 (br, 1H), 8.21 (dd, 1H, J = 8.0, 1.6 Hz), 
7.31 (d, 1H, J =8.0 Hz), 6.68 (d, 2H, J = 2.4 Hz), 6.60 (d, 2H, J = 8.8 Hz), 6.54 (dd, 2H, 

J =8.8, 2.4 Hz), 4.86-3.55 (m, 26H), 3.50 (m, 2H), 2.46-2.40 (m, 4H), 1.43 (s, 9H) 
  

Compound 1-7 
To a stirred solution of compound 1-6 (8.5 mg, 0.010 mmol) in DCM (3.0 ml) was 

added TFA (1.0 ml). The reaction was allowed to stir for 1 hour at room temperature. 

The reaction mixture was co-evaporated with toluene (3.0 ml) to give deprotected 

compound 1-6 as yellow solid. 
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To a stirred solution of the last product in dry DMF (1.5 ml) was added HATU (5.7 mg, 

0.15 mmol), H-Abu(4)-OtBu (2.9 mg, 0.015 mmol), DIEA (7.0 µl, 0.030 mmol) under 
Ar atmosphere. The reaction was allowed to stir for overnight at room temperature and 

evaporated under vacuum. The crude residue was purified by flash column 

chromatography on silica gel (CHCl3 : MeOH : AcOH = 15 : 1 : 0.1 to 10 : 1 : 0.1 to 8 : 

1 : 0.1) to give compound 1-7 (10 mg, quantitative) as yellow solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.55(br, 1H), 8.15 (dd, 1H, J = 7.2 Hz), 7.37 
(d, 1H, J = 7.2 Hz), 6.86 (d, 2H, J = 8.8 Hz), 6.68 (d, 2H, J = 2.0 Hz), 6.60 (m, 2H), 

4.86-3.34 (m, 28H), 3.20-3.17 (m, 2H), 2.45-2.40 (m, 4H), 2.24 (t, 2H, J = 7.6 Hz), 

1.76-1.71 (m, 2H), 1.42 (s, 9H) 
  

Compound 8 
To a stirred solution of compound 1-7 (10 mg, 0.010 mmol) in DCM (3.0 ml) was 

added TFA (1.0 ml). The reaction was allowed to stir for 1 hour at room temperature. 

The reaction mixture was co-evaporated with toluene (3.0 ml) to give deprotected 

compound 1-7 as yellow solid. 
To a stirred solution of the deprotected compound 1-7 in dry DMF (2.0 ml) was added 

HATU (5.7 mg, 0.15 mmol), 3Me-SPh (7.2 µl, 0.040 mmol) , DIEA (14 µl, 0.070 

mmol) under Ar atmosphere. The reaction was allowed to stir for overnight at room 

temperature and evaporated under vacuum. The residue was purified by RP-HPLC (A 

(CH3CN containing 0.1% TFA) : B (H2O containing 0.1% TFA) = 10 : 90 (0 – 10 min) 

to 40 : 60 (10 – 20 min) to 60 : 40 (20 – 60 min)), and obtained solution was lyophilized 

to yield compound 8 (2.5 mg, 24%) as yellow solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.45 (br, 1H), 8.21 (m, 1H), 7.30 (d, 1H, J = 

8.0 Hz), 6.97 (s, 2H), 6.70 (br, 2H), 6.62-6.54 (m, 4H), 3.70-3.57 (m, 28H), 3.26 (m, 

2H), 2.71 (t, 2H, J = 7.6 Hz), 2.44-2.39 (m, 4H), 2.26 (s, 9H), 1.87-1.83 (m, 2H). 

HR-MS (ESI); calc. for C52H63N3O15S [M-H]-; 1000.3970, Found; 1000.3920. 
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Synthesis of acyl donors 7-Ac and 8-Ac 

 
Scheme 5. Synthetic scheme of Acyl Donor 7-Ac and 8-Ac. Reaction condition: (a) 

acetic anhydride in pyridine 
  

Compound 7-Ac 
To a stirred solution of compound 7 (6.6 mg, 8.0 µmol) in acetic anhydride (1.0 ml) was 

added dry pyridine (100 µl). The reaction was allowed to stir for 1 hour at room 

temperature and the reaction mixture was dissolved in 20 ml of ethyl acetate. The 

organic layer was washed with water (30 ml) and brine (20 ml) then the organic layer 

was dried over MgSO4, filtered and evaporated. The crude residue was purified by flash 

column chromatography on silica gel (CHCl3 : MeOH = 10 : 1) to give compound 7-Ac 

(6.5 mg, 92%) as white solid.  
1H NMR (400 MHz; CD3OD, r.t.): δ/ppm = 8.48 (br, 1H), 8.21 (dd, 1H, J = 8.0, 1.6 Hz), 

7.33 (d, 1H, J =8.0 Hz), 7.19 (br, 2H), 6.96 (s, 2H), 6.89-6.88 (m, 4H), 3.70-3.58 (m, 

14H), 3.20 (t, 2H, J = 7.2 Hz), 2.69 (t, 2H, J =7.2 Hz), 2.40 (t, 2H, J =6.0 Hz), 2.29 (s, 

6H), 2.24 (s, 9H), 1.83 (m, 2H).  

HR-MS (ESI); calc. for C47H50N2O13S [M+H]+; 883.3106, Found; 883.3094. 
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Compound 8-Ac 
To a stirred solution of compound 8 (1.5 mg, 1.0 µmol) in acetic anhydride (0.5 ml) was 

added dry pyridine (50 µl). The reaction was allowed to stir for 40 min at room 

temperature and the reaction mixture was dissolved in 20 ml of ethyl acetate. The 

organic layer was washed with water (30 ml) and brine (20 ml). Then the organic layer 

was dried over MgSO4, filtered and evaporated to give Compound 8-Ac (1.0 mg, 92%) 

as white solid. The purity of this compound was identified with HPLC and HR-MS 

(ESI); calc. for C56H67N3O17S [M+Na]+; 1108.4083, Found; 1108.4079. 
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Chapter 2 

 

Development of Affinity-guided Oxime Chemistry for 

selective protein acylation on Cell Surface 
 

Abstract 

 Catalyst-mediated protein modification is a powerful approach for the imaging and 

engineering of natural proteins. My lab has previously developed an affinity-guided 

4-dimethylaminopyridine   (DMAP) (AGD) chemistry as an efficient protein 

modification method using a catalytic acyl  transfer reaction. However, because of the 

high electrophilicity of the thioester acyl donor   molecule, AGD chemistry often suffers 

from nonspecific reactions to proteins other than the target protein in crude biological 

environments, such as cell lysates, live cells, and tissue samples. To overcome this 

shortcoming, I developed a new acyl donor/organocatalyst system that allows  more 

specific and efficient protein modification. In this method, a highly nucleophilic 

 pyridinium oxime (PyOx) catalyst facilitates the acyl transfer reaction of a electrophilic 

N-acyl-N-alkylsulfonamide acyl donor on the protein surface. In this chapter, I 

demonstrated that the new catalytic system, called AGOX (affinity-guided oxime) 

chemistry, can modify target proteins, both in test tubes and on cell surface, more 

selectively and efficiently than AGD chemistry.  
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2-1 Introduction 

 The methodology to selectively label proteins of interest (POIs) with synthetic probes 

in live cells or tissue samples is becoming increasingly important for the investigation 

of the structure, function, dynamics, and localization of individual proteins in their 

native environment.1 A wide variety of chemical strategies for the selective labeling of 

proteins have been developed in the last two decades.1,2 Catalyst-mediated protein 

labeling is one of the most powerful and successful of these strategies in chemical 

biology. For example, the copper (I)-catalyzed azide-alkyne cycloaddition reaction, 

known as “click chemistry”, is now the most widely used bioorthogonal reaction for 

protein bioconjugation.3 Other transition metal catalysts, including palladium, rhodium, 

ruthenium, and iridium, have also proven to be useful for modifying proteins with 

excellent chemoselectivity both in vitro and in bacterial cells.4 However, despite several 

successful examples,5 transition metal catalyst-mediated protein labeling in cellular 

contexts often suffers from cytotoxicity derived from high concentrations of the metal 

catalyst, which have hampered biological applications in the more sensitive and 

complicated mammalian cells. In addition, all of these methods, in principle, require the 

incorporation of bioorthogonal reactive handles into POIs as coupling substrates via 

genetic engineering, because it is impossible to modify unengineered natural proteins. 

This requirement might potentially interfere with the physiological conditions in living 

systems. Some recent studies have reported that protein ligand-tethered transition metal 

catalysts can selectively modify native proteins in crude biological samples.6 However, 

few reports have demonstrated the use of transition metal-mediated affinity labeling in 
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live-cell contexts.7 

 As an alternative to transition metals, organocatalysts are also promising for use in 

protein labeling.8 In chapter 1, I reported an organocatalyst-based protein labeling 

method, termed affinity-guided 4-dimethylaminopyridine (DMAP) (AGD) chemistry 

(Figure 1a).9 However, several issues regarding the biocompatibility and 

bioorthogonality of AGD chemistry still remain to be investigated (Figure 1a): (1) 

Basic pH conditions (pH > 8) are necessary for efficient labeling because of the low 

nucleophilicity of DMAP at neutral pH. (2) Undesired (non-catalytic) acylation to 

non-target proteins inevitably occurs in crude biological environments because of the 

inherently high electrophilicity of thioester acyl donors. Thus, the reaction is usually 

carried out at low temperature (~4 °C) to minimize non-specific labeling. (3) Thioester 

acyl donors are readily decomposed by esterases in biological samples, which requires 

high concentrations of reagents. These shortcomings have hampered the application of 

AGD chemistry to more complicated and delicate biological samples, such as live 

tissues. Therefore, the development of a new acyl donor/organocatalyst pair applicable 

for affinity-guided protein labeling is desirable.  

 Here, I describe the use of pyridinium oxime as a nucleophilic acyl transfer catalyst for 

proximity-driven protein labeling with a mild electrophilic N-acyl-N-alkylsulfonamide 

acyl donor under physiological conditions (Figure 1b). This new catalytic system, 

called AGOX (affinity-guided oxime) chemistry, allowed more efficient labeling of 

natural proteins in test tubes and on cell surface than AGD chemistry.  
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Figure 1 Schematic illustration of protein chemical labeling by (a) affinity-guided 

DMAP (AGD) chemistry and (b) affinity-guided oxime (AGOX) chemistry. DMAP, 

4-dimethylaminopyridine; NASA, N-acyl-N-alkyl sulfonamide; POI, protein of interest; 

Pr, probe; Lg, ligand; Nu, nucleophilic amino acid. 
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2-2 Results and Discussion 

2-2-1 Design and in vitro evaluation of nucleophilic oxime catalysts 

 I initially investigated the potential of pyridinium aldoxime (PyOx) derivatives as new 

candidates for acyl-transfer catalysts for the affinity-guided strategies. PyOx 

compounds are important antidotes for reactive organophosphate poisoning owing to 

their strong catalytic ability to hydrolyze the O-phosphorylated serine of 

acetylcholinesterase (AChE).10 PyOx compounds have reported pKa values close to 

neutral pH (7–8.5), and the corresponding oximate ions exhibit a high nucleophilicity 

compared with conventional oxygen-based nucleophiles with similar basicity.11 In 

addition, O-acylated oximes are known to be good acyl-transfer reagents.12 Given these 

properties, I envisioned that a ligand-tethered PyOx derivative would be able to activate 

a weakly electrophilic acyl donor at neutral pH and transfer the acyl group to a 

nucleophilic residue on a target protein.  

 To test this hypothesis, I first compared the nucleophilicity of PyOx with DMAP and a 

benzaldoxime (pKa ~10)13 at neutral pH (pH 7.2, 37 °C). The hydrolysis of 

p-nitrophenylacetate (PNPA), a model electrophile, catalyzed by 4-pyridinium aldoxime 

derivative 1, DMAP, or benzaldoxime 2 was spectroscopically monitored (Figure 2a).14 

As shown in Figure 2b, compound 1 promoted hydrolysis more efficiently than DMAP. 

On the other hand, 2 showed no catalytic effect, indicating that the lower pKa value of 

PyOx 1 is essential for the high nucleophilicity. The second order rate constant (k2) was 

determined to be 2.14 ± 0.08 M-1s-1 for 1 and 0.237 ± 0.001 M-1s-1 for DMAP (Figure 

2c), indicating that the nucleophilicity of 4-pyridinium aldoxime 1 is 9-fold higher than 
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that of DMAP under neutral aqueous conditions.  

 

Figure 2 In vitro evaluation of the nucleophilicity of PyOx under neutral pH conditions. 

(a) Catalytic hydrolysis of PNPA. PNPA, p-nitrophenylacetate; PNP, p-nitrophenol. (b) 

Time courses of the hydrolysis of PNPA in the presence of DMAP (○), PyOx 1 (□), or 
benzaldoxime (BenOx) 2 (◇). Reaction conditions: 200 µM PNPA, 20 µM catalyst, 50 

mM HEPES buffer, pH 7.2, 37 °C. The reaction was monitored by the absorbance at 

348 nm with a UV-Vis spectrometer. (c) k2 values for the hydrolysis of PNPA with 

DMAP and PyOx 1. (d) Molecular structure of SLF-PyOx 3 and FL-SPh 4. (e) 

MALDI-TOF mass analysis of FKBP12 labeling with SLF-PyOx 3 and FL-SPh 4. 

Reaction conditions: 5 µM FKBP12, 5 µM SLF-PyOx 3, 50 µM FL-SPh 4, 50 µM 

rapamycin (Rap), 50 mM HEPES buffer, pH 7.2, 37 °C. ○, native FKBP12 (M.W. 

11,914); *, FL-labeled FKBP12 (M.W. 12,357). 
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 Then I examined the protein-labeling capability of the PyOx group conjugated to a 

protein ligand. FKBP12 was employed as the target protein,9c and thus a ligand-tethered 

PyOx reagent 3 containing SLF (synthetic ligand of FKBP12) was designed and 

synthesized (Figure 2d). In vitro labeling was performed by incubation of purified 

FKBP12 with SLF-PyOx 3 and a fluorescein (FL)-tethered thioester acyl donor 

(FL-SPh 4, which is used in AGD chemistry)9 (Figure 2d) in buffer solution (pH 7.2) at 

37 °C. As shown in Figure 2e, the molecular mass corresponding to FL-labeled 

FKBP12 was observed by MALDI-TOF mass spectrometry. No significant labeling 

occurred without 3 or in the presence of excess amount of rapamycin, a competitive 

ligand, in the 4 h incubation, indicating that the labeling reaction was driven by specific 

protein–ligand recognition. Thus, ligand-tethered PyOx can activate a thioester acyl 

donor and efficiently transfer the acyl group to nucleophilic amino acids of FKBP12 

through a proximity effect.   

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

67 
 

2-2-2. Design and chemical properties evaluation of NASA derivatives as new acyl 

donors  

 
Figure 3 Molecular structures of NASA and thioester acyl donors. Bt, biotin; FL, 

fluorescein. 

 

 After found the PyOx as an acyl-transfer catalyst for protein labeling. I next explored 

more suitable acyl donors, than the previously used thioesters 4, which may reduce the 

background reactions of undesired protein labeling in crude biological environments. I 

focused on N-acyl-N-alkyl sulfonamide (NASA) as a unique acyl-donor scaffold, which 

is used in solid-phase peptide synthesis as Kenner’s safety-catch linker (Figure 3)15. 

NASA was expected to have the following advantages over conventional acyl donors: 

(1) as there is no NASA scaffold in biological systems, it should be less susceptible to 

enzymatic degradation, and (2) the electrophilicity of the acyl group of NASA is able to 
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be finely tuned by the substitution of electron-withdrawing group (EWG) at aryl 

sulfonyl (R1) and/or N-alkyl (R2) moieties. To optimize the reactivity of NASA acyl 

donors, I prepared five compounds 5a–5e containing a biotin tag (Bt) and varied the 

EWGs at R1 and R2, including nitrile, nitro, and fluoride groups (Figure 3). 

Non-catalytic (background) reactions of these acyl donors with FKBP12 were initially 

evaluated. FKBP12 (5 µM) was mixed with Bt-NASA 5a–5e (50 µM) or Bt-thioester 

acyl donor (Bt-SPh 6) (50 µM), followed by MALDI-TOF mass analysis. While no 

labeling occurred even after 24 h for compounds 5a–5d, labeled peaks corresponding to 

non-catalytic reactions were detected for 5e (~9%), and for Bt-SPh 6 (~100%) (Figure 

4a). I thus excluded the Bt-NASA 5e because of this higher reactivity.  

 I then performed FKBP12 labeling with Bt-NASA 5a–5d catalyzed by SLF-PyOx 3. 

The labeling yields were determined by MALDI-TOF MS. As shown in Figure 4b and 

4d, efficient labeling took place only with Bt-NASA 5a, which contains a p-nitrophenyl 

group in both the aryl sulfonyl (R1) and N-alkyl (R2) positions. This reaction was 

completely abolished in the presence of a competitive inhibitor (FK506), demonstrating 

that the labeling was greatly facilitated by an affinity-driven proximity effect (Figure 

4b). I also found that the labeling yield exceeded 100% (i.e. multiple labeling occurred) 

after 2 h (Figure 4b and 4d), which indicated that the PyOx-mediated FKBP12 labeling 

catalytically proceeded with the NASA acyl donor. Use of 5b–5d showed lower yields 

and slower reaction kinetics (Figure 4b and 4d), probably because the electrophilicity 

of these compounds was too weak. Given these results, 

N-(4-nitrobenzyl)-N-(4-nitrophenyl) sulfonamide was selected as the optimal acyl donor 



Chapter 2 

69 
 

for PyOx-mediated protein labeling.  ,  

 
Figure 4 Reaction properties of NASA acyl donors. (a, b) MALDI-TOF mass analysis 

of FKBP12 labeling with Bt-NASA 5a–5e or Bt-SPh 6 in the absence (a) and presence 

(b) of SLF-PyOx 3 or present of FK506. Reaction conditions: 5 µM FKBP12, 50 µM 

acyl donor, 5 µM SLF-PyOx 3, 50 µM FK506, 50 mM HEPES buffer, pH 7.2, 37 °C. ○, 

native FKBP12 (M.W. 11,914); *, single Bt-labeled FKBP12 (M.W. 12,140); **, 

double Bt-labeled FKBP12 (M.W. 12,366). (c) structure of SLF-3DMAP 8.(d) Initial 

rates (µM•h-1) of FKBP12 labeling by Bt-NASA 5a–5d with SLF-PyOx 3, and 

Bt-NASA 5a with SLF-triDMAP 8 

 

 The stability of the optimal NASA was evaluated by a hydrolysis assay (Figure 5). 

The half-life for autolysis in aqueous buffer (pH 7.2) was determined to be 81 h for the 

FL-NASA 7, which is longer than that of the FL-SPh 4 (t1/2 = 60 h). More importantly, 

FL-NASA 7 was also stable even in the presence of porcine liver esterase (PLE) (t1/2 = 
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55 h), in contrast with the rapid hydrolysis of FL-SPh 4 (t1/2 = 0.5 h). Thus, we 

envisioned that the NASA acyl donor should be suitable for protein labeling under 

crude biological conditions. 

 
Figure 5. Stability evaluation of the optimal NASA 5a. HPLC analyses of the stabilities 

of FL-NASA 7 and FL-SPh 4. (a-c) HPLC charts of 7 incubated in 50 mM HEPES 

buffer (pH 7.2) for (a) 0 h, (b) 20 h, or (c) incubated with 0.1 µM PLE for 35 h. (d-f) 

HPLC charts of 4 incubated in 50 mM HEPES buffer (pH 7.2) for (d) 0 h, (e) 20 h, or 

(f) incubated with 0.1 µM PLE for 1.5 h. IS, internal standard (Terephthalic acid). 

Gradients: A (H2O containing 0.1% TFA) : B (CH3CN containing 0.1% TFA) = 20 : 80 

(0 min) to 80 : 20 (60 min). Detector: Absorbance at 220 nm. (g) Time course plots of 

the hydrolysis of FL-NASA 7 and FL-SPh 4 in the absence (7, �; 4, p) or presence (7, 

¢; 4, ¿) of porcine liver esterase (PLE). Survival rates at several time points were 

calculated by the integration of the signal in HPLC analyses.(h) Half-life (t1/2) of 

FL-NASA 7 and FL-SPh 4 in the absence or presence of porcine liver esterase (PLE). 
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2-2-3. In vitro protein labeling using AGOX chemistry 

 The labeling method using the PyOx catalyst 3/NASA acyl donor 5a pair showed 

sufficient (2 h, ~100 %) FKBP12 labeling under neutral pH (7.2), whereas the reaction 

using SLF-triDMAP 8 (Figure 4c) and NASA 5a resulted in no labeled products under 

the same conditions (Figure 4d). This contrast can be ascribed to the fact that the PyOx 

catalyst, but not the triDMAP group, can efficiently activate the NASA acyl donor, 

highlighting the high nucleophilicity of PyOx even at neutral pH.16  

 The pH dependence of AGOX chemistry is shown in Figure 6. The labeling occurred 

around physiological pH (6.5−8.0), with an increased rate at higher pH, suggesting that 

deprotonating of both aldoxime and certain nucleophilic amino acid side chains may 

contribute to the accelerated acyl transfer reaction at the basic pH.  

 

Figure 6. pH-dependence of the labeling reaction of FKBP12 with SLF-PyOx 3 and 

Bt-NASA 5a. Labeling yields were calculated by MALDI-TOF MS. Reaction 

conditions: 5 µM FKBP12, 50 µM Bt-NASA 5a, 5 µM SLF-PyOx 3, 50 mM HEPES 
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buffer, pH 6.5, 7.2, 8.0, 37 °C. All reactions were repeated in triplicate. Errors bars 

show the standard deviations. 

 

 The sites of FKBP12 labeled by the SLF-PyOx 3/FL-NASA 7 pair were identified by 

conventional peptide mapping analysis. FL-labeled FKBP12 was digested with trypsin, 

and the resultant peptide fragments were analyzed by HPLC and MALDI-TOF MS/MS. 

As shown in Figure 7, Lys44 (79%) and Lys52 (21%), both located on the FKBP12 

surface near the ligand binding pocket (~10 Å), were modified with FL. 

 

 

Figure 7. Determination of labeling sites of FKBP12 treated with SLF-PyOx 3 and 

FL-NASA 7. (a) The primary sequence of FKBP12 and the predictable fragments 

generated by tryptic digestion (T1–T8). The Lys 44 and Lys 52 labeled with fluorescein 

(Fl) are shown in red. (b) HPLC analysis of the digested fragments of FKBP12. The 

chromatograms were shown for the fragments derived from the labeled-FKBP12 

detected with UV absorption at 220 nm (top) and fluorescence (λex=480 nm, λem=520 
nm) (bottom). MALDI-TOF MS of peak T4+Fl (55.2 min): calcd. for [M+H]+ = 

1238.916, obsd. 1239.336, peak T4+Fl (carbamoylated) (57.1 min): calcd. for [M+H]+ = 
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1282.332, obsd. 1282.439, peak T5+T6+Fl (65.1 min): calcd. for [M+H]+ = 1826.286, 

obsd. 1826.719, peak T5+T6+Fl (carbamoylated) (72.4 min): calcd. for [M+H]+ = 

1869.471, obsd. 1869.786. MALDI-TOF MS/MS analysis of (c) the T4+Fl fragment 

and (d) the T5+T6+Fl fragment. (e) The crystal structure of the FKBP12-SLF complex 

(PDB:1FKG) 

 

 According to the affinity-guided catalyst strategy, the target protein for labeling can be 

readily altered by switching the ligand part of the ligand-tethered PyOx. In carbonic 

anhydrase II (CAII) labeling, phenylsulfonamide (SA) was selected as the affinity 

ligand17 and the effective in vitro labeling of CAII was performed by the pair of 

SA-PyOx 9 and FL-NASA 7 (Figure 8a and Figure 8b). Similar to previous examples 

in AGD chemistry, I found that increasing the number of PyOx moieties 

(divalent-PyOx) in the ligand-tethered catalyst, SA-diPyOx 10, can enhanced the 

reaction rate like the example of AGD chemistry (Figure 8d).9c  

 I also determined the amino acids of CAII modified with 10 and 7 by peptide mapping 

analysis. CAII FL-labeled CAII was digested with trypsin, and the resultant peptide 

fragments were analyzed by HPLC and MALDI-TOF MS/MS. As shown in Figure 9, 

in addition to lysine (Lys169, 76%), a serine residue (Ser2, 24%) was identified as an 

amino acid targetable by AGOX chemistry.  

 To compare the target selectivity of AGOX with AGD chemistry, I conducted CAII 

labeling in cell lysates. A HeLa cell lysate containing CAII (0.5 µM) was incubated 

with PyOx catalysts (3 or 4) and FL-NASA 7, or SA-triDMAP 11 and FL-SPh 4, and  

for 3 h. As shown in Figure 10, the di-PyOx/NASA pair selectively labeled CAII 
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without noticeable background (lane 5). In contrast, multiple bands attributed to 

non-specific (non-catalytic) labeling were detected for the triDMAP/thioester pair (lane 

6–8). It is clear that the newly-developed PyOx catalyst/NASA acyl donor pair 

exhibited higher labeling efficiency and selectivity compared with AGD chemistry in 

cell lysates. 

 

Figure 8. (a) Molecular structures of SA-PyOx 9, SA-diPyOx 10, and SA-triDMAP 11 

for CAII and CAXII labeling. MALDI-TOF mass analysis of human CAII labeling with 

FL-NASA 7 and (b) SA-PyOx 9, or (c) SA-diPyOx 10 for 5 h. (d) Time courses of the 

in vitro CAII labeling. Reaction conditions: 10 µM CAII, 100 µM FL-NASA 7, 10 µM 

SA-PyOx 9 or SA-diPyOx 10, 50 mM HEPES buffer, pH 7.2, 37 °C. 〇, native CAII 

(M.W. 29,062); *, single FL-labeled CAII (M.W. 29,669), **, double FL-labeled CAII 

(M.W. 30,276). 
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Figure 9. Determination of labeling sites of CAII labeled with SA-di-PyOx 10 and 

FL-NASA 7. (a) The primary sequence of CAII and the predictable fragments generated 

by tryptic digestion (T1–T19). The Ser 2 and Lys 169 labeled with fluorescein (FL) are 

shown in red. The N-terminal Ser2 is acetylated. (b) HPLC analysis of the digested 

fragments of CAII. The chromatograms were shown for the fragments derived from the 
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labeled-CAII detected with UV absorption at 220 nm (top) and fluorescence (λex=480 

nm, λem=520 nm) (bottom). MALDI-TOF MS of peak T14+T15+FL (48.8 min): calcd. 
for [M+H]+ = 1038.866, obsd. 1038.382, peak T1+FL (56.5 min): calcd. for [M+H]+ = 

1619.054, obsd. 1619.812. MALDI-TOF MS/MS analysis of (c) the T1+FL and (d) the 

T14+T15+FL fragments. (e) Location of the labeling sites on the crystal structure of 

CAII (PDB ID: 3IGP). 

 

 

 

 
Figure 10. CAII labeling in cell lysates. (a) Molecular structures of SA-PyOx 9, 

SA-diPyOx 10, and SA-triDMAP 11 for CAII and CAXII labeling. (b) SDS-PAGE 

analysis by in gel fluorescence imaging and Coomassie brilliant blue staining. HeLa cell 

lysate (protein concentration: 1.0 mg/mL) was mixed with recombinant CAII (final 

concentration, 0.5 µM), and incubated with acyl donors (5 µM) and catalysts (0.5 µM) 

in 50 mM HEPES buffer, pH 7.2, 37 °C. EZA, Ethoxzolamide. 
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2-2-4 Selective labeling of endogenous membrane proteins in live cells  

 Having established the AGOX chemistry, I next applied this strategy to the chemical 

modification of endogenous membrane proteins expressed on live cells. 

Membrane-bound carbonic anhydrase XII (CAXII) was chosen as a target protein.18 

Mono- (9) and di-PyOx (10) containing the SA ligand, and the less cell-permeable 

FL-NASA 7 were employed for CAXII labeling. A549 cells were incubated in culture 

medium containing catalyst (5 µM) and 7 (5 µM) at 37 °C. The cells were subsequently 

washed with phosphate buffered saline (PBS), lysed and analyzed by western blotting 

using anti-CAXII and anti-FL antibodies. As shown in lane 3 of Figure 11a, a strong 

band corresponding to FL-labeled CAXII was observed with SA-diPyOx 10 and 

FL-NASA 7 after 1h incubation. This band was not detected when the labeling was 

performed in the absence of 10 or in the presence of excess EZA (ethoxzolamide), a 

strong inhibitor of CAXII. Time-course experiments showed that the reaction with 

SA-diPyOx 10 and FL-NASA 7 reached a plateau at approximately 3 h, and the labeling 

yield was estimated to be 48% of the entire population of CAXII (Figure 12). 

Compared with di-PyOx 10, the labeling efficiency of mono-PyOx 9 was 2.5-fold lower 

(Figure 11a, b). I also compared the target selectivity and labeling efficiency of AGOX 

with AGD chemistry in live cells. As shown in lanes 5–7 of Figure 13a, FL-SPh 4 

promiscuously reacted with many proteins even in the absence of the AGD catalyst, 

leading to more background signals. In contrast, such non-catalytic reactions did not 

occur using FL-NASA 7, because of the well-controlled electrophilicity. Moreover, the 

labeling yield of CAXII with PyOx/NASA was 1.2-fold greater than with AGD 
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chemistry (lanes 3 and 6 in Figure 13a). These results clearly verified that AGOX 

chemistry is superior to our previously reported AGD chemistry,9 in terms of both 

selectivity and efficiency of membrane protein labeling in live cells.  

 Fluorescent live imaging of endogenous CAXII with the Oregon Green (OG)-NASA 

acyl donor 12 (Figure 13b) was also evaluated. Strong fluorescence of OG-labeled 

CAXII was observed from the plasma membrane area of live A549 cells by confocal 

laser-scanning microscopy (CLSM) (Figure 13c). This fluorescence was not detected in 

the absence of catalyst or in the presence of a competitive inhibitor (EZA), which 

indicated that the fluorescence from the cell surface is predominantly attributed to 

OG-labeled CAXII. Similar to CAXII, the endogenous folate receptor (FR) on live KB 

cells was selectively labeled and visualized using MTX-PyOx 13 containing the 

methotrexate (MTX) ligand18 and OG-NASA 12 (Figure 14). 
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Figure 11. (a) Western blotting analysis of CAXII labeling with SA-PyOx 9 or 

SA-diPyOx 10. A549 cells were treated with catalyst (5 µM) and FL-NASA 7 (5 µM) 

for 1 h at 37 °C in DMEM buffer (pH 7.4). After washing, the cells were lysed and 
analyzed by western blotting using anti-fluorescein and anti-CAXII antibodies. The 

band with a black arrow corresponds to CAXII and a black dot (�) corresponds to a 

non-specifically-labeled BSA derived from the culture medium. (b) Signal intensities of 

FL-labeled CAXII in the case of using 9 and 10 as catalyst. 
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Figure 12. Quantiative analysis of endogenous CAXII labeling in A549 cells. (a, b) 

Standard plots for the determination of the CAXII and FL-labeled CAXII contents in 

labeled-cell lysate. For labeling, A549 cells (2×105 cells) were incubated in serum-free 

DMEM containing SA-diPyOx 10 (5 µM) and FL-NASA 7 (5 µM) at 37 °C for 1 h. 
The cells were washed, lysed, and analyzed by western blotting with anti-Fluorescein 

and anti-CAXII antibodie. (c) Western blotting analysis of time-dependent endogenous 

CAXII labeling using SA-diPyOx 10 and FL-NASA 7 in A549 cells. A549 cells (2×105 
cells) were incubated in serum-free DMEM containing 10 (5 µM) and 7 (5 µM) at 37 

°C. The cells were washed and lysed at the indicated time points and analyzed by 

western blotting. (d) Time course plot of the CAXII labeling yields. 
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Figure 13. Specific labeling and dynamic analyses of endogenous membrane proteins 

using AGOX chemistry in living cells. (a) Western blotting analysis of CAXII labeling. 

A549 cells were treated with catalysts (5 µM) and acyl donors (5 µM) for 1 h at 37 °C 
in DMEM-HEPES buffer (pH 7.4). After washing, the cells were lysed and analyzed by 

western blotting using anti-FL and anti-CAXII antibodies. The band with a black arrow 

corresponds to CAXII and the black dot (�) corresponds to non-specifically-labeled 

bovine serum albumin (BSA) derived from the culture medium. (b) Molecular structure 

of OG-appended NASA acyl donor 12. (c) Confocal micrograph images of A549 cells 

labeled with SA-diPyOx 10 and OG-NASA 12. A549 cells were treated with 10 (5 µM) 

and 12 (5 µM) for 1 h at 37 °C in DMEM-HEPES buffer (pH 7.4) (left). As negative 
controls, the labeling reaction was performed without 10 (middle) or in the presence of 

EZA (50 µM) (right). Scale bars, 20 µm. 
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Figure 14. Specific labeling of endogenous folate receptor (FR) in KB cells. (a) 

structure of MTX-PyOx 13 (b) Western blotting analysis of FR labeling. KB cells were 

treated with MTX-PyOx 13 (5 µM) and OG-NASA 12 (5 µM) for 1 h at 37 °C in RPMI 
Medium 1640 (folic acid (FA) free). After washing, the cells were lysed and analyzed 

by western blotting using anti-fluorescein/oregon green and anti-CAXII antibodies. (c) 

Confocal micrograph images of KB cells labeled with MTX-PyOx 13 and OG-NASA 

12. KB cells were treated with 13 (5 µM) and 12 (5 µM) for 1 h at 37 °C in culture 
medium (Top). As negative controls, the labeling reaction was performed in the 

presence of FA (50 µM) (bottom). 
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2-2-5 Evaluation of endogenous FR and CAXII diffusion kinetics on the cell 

surface by fluorescence recovery after photobleaching (FRAP) 

 Taking advantage of the selective incorporation of a fluorophore into endogenous 

membrane proteins with a high signal-to-noise ratio, we sought to apply the AGOX 

labeling method to quantitatively analyze the protein dynamics in their native 

environments. After protein labeling using AGOX chemistry in live cells, fluorescence 

recovery after photobleaching (FRAP) was conducted to evaluate the protein diffusion 

kinetics on the cell surface.21 The fluorescence recovery was monitored at 37 °C after 

bleaching the fluorescence of OG-labeled CAXII or FR on a selected area (diameter: 

3.0 µm) of the cell membrane with a confocal laser beam (Figure 15a). As shown in 

Figure 15b, typical recovery curves, because of the lateral diffusion of the 

corresponding proteins, were obtained for OG-labeled CAXII on A549 cells and FR on 

KB cells. The lateral diffusion coefficients (D) were determined, by fitting the raw data 

according to the previously reported Soumpasis mathematical equation,21 to be (7.5 ± 

1.4) ×10-2 µm2/s for CAXII and 0.11 ± 0.02 µm2/s for FR (Figure 15b). The obtained D 

value for FR was consistent with the reported value for GFP-fused FR (ca. 0.06 µm2/s)20, 

validating our FRAP experiment. Overall, the combination of the PyOx-mediated 

labeling method with FRAP analysis provides a powerful platform to investigate the 

diffusion dynamics of endogenous membrane proteins in their native habitats with 

minimal perturbation. 
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Figure 15. Evaluation of endogenous FR and CAXII diffusion kinetics on the cell 

surface by fluorescence recovery after photobleaching (FRAP). (a) Representative 

images of a confocal FRAP experiment. Endogenous FR on KB cells was labeled with 

MTX-PyOx 13 and OG-NASA 12 for 1 h at 37 °C in culture medium. After washing 

the cells 3 times with DMEM-HEPES, FRAP experiments were conducted. Diameter of 

bleach circle, 3.0 µm. Scale bars, 5 µm. (b) Kinetics of recovery for OG-labeled FR (�) 

in KB cells and OG-labeled CAXII (¢) in A549 cells at 37 °C. Each curve shows the 

mean ± SD from 7–9 cells from a single experiment. The calculated D values were (7.5 

± 1.4) ×10-2 µm2/s for CAXII and 0.11 ± 0.02 µm2/s for FR. 
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2-3 Conclusion 

 In conclusion, I have developed a new affinity-guided chemistry for protein labeling 

through precisely controlling both the nucleophilicity of the catalyst and the 

electrophilicity of the acyl donor. AGOX chemistry showed remarkably improved 

selectivity and bioorthogonality as compared with AGD chemistry, which enabled the 

quantitative evaluation of endogenous protein dynamics in their native environments  

 
 
 

2-4 Experimental section  

General materials and methods for the biochemical/biological experiments.  

 Unless otherwise noted, all proteins/enzymes and reagents were obtained from 

commercial suppliers (Sigma-Aldrich, Tokyo Chemical Industry (TCI), Wako Pure 

Chemical Industries, Sasaki Chemical, Bio-Rad, or Watanabe Chemical Industries) and 

used without further purification. UV-vis absorption spectra were acquired on a 

Shimadzu UV-2550 spectrophotometer. Matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry (MALDI-TOF MS) spectra were recorded on an 

Autoflex III instrument (Bruker Daltonics) using α-cyano-4-hydroxycinnamic acid 
(CHCA) or sinapic acid as the matrix. SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) and western blotting were carried out using a Bio-Rad Mini-Protean III 

electrophoresis apparatus. Fluorescence gel images and chemical luminescent signals 

using Chemi-Lumi one (Nacalai Tesque) or ECL Prime (GE Healthcare) were acquired 

with an imagequant LAS4000 (Fujifilm). Cell imaging was performed with a confocal 

laser-scanning microscope (CLSM, Olympus, FV1000) using 60× objectives, and 
images were analyzed using accompanying ASW 3.0 Viewer software. Reversed-phase 

HPLC (RP-HPLC) was carried out on a Hitachi LaChrom L-7100 system equipped with 

a LaChrom L-7400 UV detector, and a YMC-Pack ODS-A column (5 µm, 250 × 4.6 
mm) at a flow rate of 1.0 mL/min. UV detection was at 220 nm. All runs used linear 
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gradients of acetonitrile containing 0.1% TFA (solvent A) and 0.1% aqueous TFA 

(solvent B). 

 

Determination of the rate constants of nucleophilic reaction with PNPA.  

To a solution of PNPA (p-nitrophenylacetate) (30 µM) in PBS buffer (pH 7.4) was 

added a significant excess of DMAP or PyOx 1 (6, 9, 12, 15 mM) at 37 °C. Reaction 

progress was monitored by the absorbance at 348 nm or 400 nm with UV-vis 

spectrometer. The concentrations of PNP (p-nitrophenol) at various time points were 

determined by the absorbance at 400 nm using the molar absorption coefficient of PNP 

(ε400 nm = 8084 cm-1M-1).14 The pseudo-first-order rate constants (kobsd) at different 
concentrations of DMAP or 1 were obtained by fitting the data to a single-phase 

exponential growth model. These rate constants at various concentrations of DMAP or 1 

were fitted by linear regression to determine the second order rate constants (k2).  

 

FKBP12 Labeling in vitro.  

Recombinant human FKBP12 was obtained as described previously.25b Purified 

FKBP12 (5 µM) was incubated with acyl donors (50 µM) in the presence of catalyst (5 

µM) in HEPES buffer (50 mM, pH 7.2) at 37 °C. Control labeling reactions in the 

presence of excess rapamycin or FK506 (10 equiv), or without catalyst were also 

carried out. Aliquots at different time points were taken, and the labeling yields were 

determined by MALDI-TOF MS (matrix: CHCA) 

 

CAII labeling in vitro.  

Human carbonic anhydrase II (CAII) was purchased from SIGMA-Aldrich, and used 

without further purifcation. The concentrations of CAII were determined by absorbance 

at 280 nm using a molar extinction coefficient of 54 000 M-1 cm-1 in 50 mM HEPES 

buffer (pH 7.4). CAII (10 µM) was incubated with acyl donor 7 (100 µM) in the 

presence of catalyst 9 or 10 (10 µM) in HEPES buffer (50 mM, pH 7.2) at 37 °C. 
Control labeling reactions in the presence of excess EZA (10 equiv) or without catalyst 

were also carried out. Aliquots at different time points were taken, and the labeling 

yields were determined by MALDI-TOF MS. (matrix: Sinapic acid).  
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CAII labeling in HeLa cell lysate.  

HeLa cells (1×107 cells) were suspended in HEPES buffer (50 mM, pH 7.2) containing 
1% protease inhibitor cocktail set III (Calbiochem) and lysed by Potter-Elvehjem 

homogenizer at 4 °C. The lysate was centrifuged at 16000 × g for 3 min, and the 
supernatant was collected. Protein concentration was determined by BCA assay and 

adjusted to 1.0 mg/mL. This solution was incubated with CAII (0.5 µM), acyl donor (5 

µM) and catalyst (0.5 µM) for 3 h at 37 °C. The reaction mixture was mixed with the 

same volume of 2×sample buffer (pH 6.8, 125 mM Tris–HCl, 20% glycerol, 4% SDS, 

0.01% bromophenol blue, 250 mM DTT) and incubated for 1 h at 25 °C. The samples 

were subjected to SDS-PAGE, and the gel was analyzed by fluorescence gel imager 

(LAS4000) and Coomassie Brilliant Blue (CBB) stain. 

 

Evaluation of stabilities of acyl donors.  

Acyl donor 7 or 4 (20 µM) and internal standard (Terephthalic acid, 500 µM) were 

incubated with or without Pig liver esterase (PLE, 0.1 µM) in HEPES buffer (50 mM, 

pH 7.2) at 37 °C. Samples at different time points were taken and analyzed by 
RP-HPLC. 

 

Chemical labeling of FR in KB cells.  

KB cells were cultured in folate-free RPMI1640 (Gibco) supplemented with 10% FBS, 

penicillin (100 units/ml), streptomycin (100 mg/ml), and amphotericin B (250 ng/ml), 

and incubated in a 5% CO2 humidified chamber at 37 °C. For the endogenous FR 

labeling, KB cells (1.5 × 105 cells) were washed three times with folate- and FBS-free 
RPMI1640. The cells were incubated in folate- and FBS-free RPMI1640 containing 

catalyst (5 µM) and acyl donor (5 µM) at 37 °C. As control experiments, the labeling 
was conducted in the presence of folate (50 µM) or without catalyst. After labeling, the 

cells were washed three times with PBS, and then RIPA buffer was added containing 

1% protease inhibitor cocktail set III. The lysed sample was collected and centrifuged 

(15,200 g, 10 min at 4 °C). The supernatant was mixed with the same volume of 

2×sample buffer and incubated for 1 h at 25 °C. The samples were analyzed by western 

blotting using anti-fluorescein/oregon-green antibody, anti-FR antibody (Abcam, 

ab125030) and anti-rabbit IgG-HRP conjugate.  

 



Chapter 2 

88 
 

CLSM imaging 

After chemical labeling as described above, the cells were washed 3 times with HBS 

(20 mM HEPES, 107 mM NaCl, 6 mM KCl, 2 mM CaCl2, and 1.2 mM MgSO4 at pH 

7.4). Cells imaging was performed with a confocal microscopy (FV1000, Olympus). 

The fluorescence images were obtained by excitation at 473 nm and simultaneous 

detection with 500 – 600 nm emission filter. 

 

FRAP experiment 

After labeling of CAXII or FR with oregon green dye as described above, the cells were 

washed 3 times with HBS. The fluorescence images were obtained by excitation at 473 

nm and simultaneous detection with 500 – 600 nm emission filter at 37 °C. Bleaching 

was performed with a circular spot (diameter 3.0 µm) using the 488nm lines from a 40 

mW argon laser operating at 100% laser power for 300 msec. Fluorescence recovery 

was monitored at low laser intensity at 3 sec intervals. The lateral diffusion coefficient 

(D) was determined by fitting the raw data according to the previously described 

Soumpasis mathematical equation shown below: 21 

frapd(t)   =   e
! !!

!"#
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where w is the radius of the beam. 
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Synthesis 

 The synthesis of reagent 4, 6 and 8 has been reported previously.9b, 9c All other 

synthetic procedures and compound characterizations are described in the Supporting 

Information. 

 

General materials and methods for organic synthesis 

 All chemical reagents and solvents were obtained from commercial suppliers 

(Sigma-Aldrich, Tokyo Chemical Industry (TCI), Wako Pure Chemical Industries, 

Sasaki Chemical, Nacalai tesque, Novabiochem or Watanabe Chemical Industrie s) and 

used without further purification. 

All reactions were carried out under an atmosphere of nitrogen unless otherwise noted. 

Thin layer chromatography (TLC) was performed on silica gel 60 F254 precoated 

aluminium sheets or glass plates (Merck) and visualized by fluorescence quenching or 

ninhydrin staining. Chromatographic purification was accomplished using flash column 

chromatography on silica gel 60 N (neutral, 40–50 µm, Kanto Chemical). 1H NMR 

spectra were recorded in deuterated solvents on a Varian Mercury 400 (400 MHz) 

spectrometer and calibrated to the residual solvent peak or tetramethylsilane (= 0 ppm). 

Multiplicities are abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet, dd = double doublet. Matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry (MALDI-TOF MS) spectra were recorded on an 

Autoflex III instrument (Bruker Daltonics) using α-cyano-4-hydroxycinnamic acid 
(CHCA) as the matrix. High-resolution mass spectra were measured on an Exactive 

(Thermo Scientific) equipped with electron spray ionization (ESI) and atmospheric 

pressure chemical ionization (APCI). Reversed-phase HPLC (RP-HPLC) was carried 

out on a Hitachi LaChrom L-7100 system equipped with a LaChrom L-7400 UV 

detector, and a YMC-Pack ODS-A column (5 µm, 250 × 20 mm) at a flow rate of 9.9 
mL/min. UV detection was at 220 nm. All runs used linear gradients of acetonitrile 

containing 0.1% TFA (solvent A) and 0.1% aqueous TFA (solvent B). 
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Synthesis of PyOx 1  

 
Compound 1 

 To a solution of Pyridine-4-aldoxime (370 mg, 3.03 mmol) in dry CH3CN (1.5 mL) 

was added 4-bromo-1-butyne (0.60 mL, 6.6 mmol). The mixture was heated to reflux 

and allowed to stir for 25 h. The solution was cooled to room temperature and filtered to 

give compound 1 (518 mg, 2.03 mmol, 67%) as yellow solid. 
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.73 (d, J = 6.0 Hz, 2H), 8.23 (s, 1H), 8.06 

(d, J = 6.4 Hz, 2H), 4.59 (t, J = 6.0 Hz, 2H), 2.80 (m, 2H), 2.33 (m, 1H). 

HRMS (ESI): Calcd for (C10H11N2O1)+ 175.0871. Found 175.0867. 

 

 

Synthesis of BenOx 2  

 

Compound 2 

 A solution of 4-formylbenzoic acid (150 mg, 1.00 mmol) in CH2Cl2 (5.0 mL) was 

added propargylamine (76.4 mL, 1.2 mmol,) and EDC (287 mg, 1.50 mmol). The 

reaction was allowed to stir at room temperature for 3 h. The resulting mixture was 

quenched with saturated NaHCO3 aq. and extracted with CH2Cl2. The combined organic 

layer was dried over Na2SO4 and evaporated under reduced pressure.  

 To a solution of the resulting residue in MeOH (5.0 mL) was added NH2OH·HCl (69.5 

mg, 1.00 mmol), NaOAc (82.0 mg, 1.00 mmol). The reaction was allowed to stir at 

room temperature for 6 h. The reaction mixture was quenched with saturated NH4Cl aq. 
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and extracted with EtOAc. The combined organic layer was dried over Na2SO4 and 

evaporated under reduced pressure. The resulting residue was washed with CH2Cl2 to 

afford compound 2 (136 mg, 0.680 mmol, 68%).  
1H NMR (400 MHz, CD3OD) δ/ppm =  11.46 (s, 1H), 8.96 (t, J = 5.2 Hz, 1H), 8.18 (s, 

1H), 7.86 (d, J = 8.4 Hz, 2H), 7.66 (d, J = 8.0 Hz, 2H), 4.04 (t, J = 2.0 Hz, 2H), 3.12 (s, 

1H). 

HRMS (ESI): Calcd for [(C11H10N2O2) + Na]+ 225.0634. Found 225.0642. 

 

 

Synthesis of SLF-PyOx 3 

 
Compound 3-2 

 To a solution of 3-bromopropionic acid (2.2 mg, 14 µmol) in dry DMF (400 µL) was 

added 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride 

(DMT-MM) (4.6 mg, 17 µmol), compound 3-1S1 (10 mg, 13 µmol) and 

N,N-diisopropylethylamine (DIEA) (3.3 µl, 19 µmol). The reaction was allowed to stir 

at room temperature for 30 min. The solvent was evaporated under vacuum, and the 

residue was purified by flash column chromatography (SiO2, CHCl3 : MeOH = 90 : 

1→70 : 1) to yield compound 3-2 (2.4 mg, 3.0 µmol, 23%).  
1H NMR (CDCl3, 400 MHz, r.t.) δ/ppm = 7.31 (m, 1H), 7.00–6.67 (m, 6H), 5.78–5.74 

(m, 1H), 5.31 (m, 1H), 4.51 (d, J = 3.2 Hz, 1H), 3.86 (m, 6H), 3.42–3.15 (m, 6H), 2.65–

2.53 (m, 2H), 2.44–2.02 (m, 4H), 1.81–1.17 (m, 27H), 0.89–0.82 (m, 3H).  
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Compound 3 

To a solution of compound 3-2 (2.4 mg, 3.0 µmol) in CH3CN (100 µl) was added 

pyridine-4-aldoxime (0.40 mg, 3.0 µmol). The mixture was heated to reflux and allowed 

to stir for 24 h. After removal of the solvent, the residue was purified by RP-HPLC 

(A:B = 80:20 to 85:15 (0 –10 min)) to afford compound 3 (0.88 mg, 0.92 µmol, 31%). 
1H NMR (CDCl3, 400 MHz, r.t.) δ/ppm = 8.89–8.85 (m, 2H), 8.11 (s, 1H), 7.98–7.94 

(m, 2H), 7.30 (m, 1H), 7.04–6.67 (m, 6H), 5.79–5.76 (m, 1H), 5.31 (d, J = 4.0 Hz, 1H), 

4.86–4.82 (m, 2H), 4.52 (s, 2H), 3.86 (s, 3H), 3.85 (s, 3H), 3.36–3.11 (m, 6H), 1.70–

1.07 (m, 20H), 0.88–0.77 (m, 3H). 

HRMS (ESI): Calcd for (C46H62N5O10)+ 844.4491. Found 844.4469. 

 

 

Synthesis of Bt-NASA acyl donor 5a 

 

Compound 5a-1 

 To a solution of 4-nitrobenzenesulfonamide (500 mg, 2.47 mmol) in dry DMF (12 

mL) was added biotin (665 mg, 2.72 mmol), EDC (948 mg, 4.95 mmol), DMAP (604 

mg, 4.95 mmol) and DIEA (1.29 mL 7.42 mmol). The reaction was allowed to stir at 

room temperature for 16 h. After removal of the solvent, the residue was purified by 

flash column chromatography on silica gel (CHCl3 : MeOH : AcOH = 17 : 1 : 0.01) to 

give compound 5a-1 (641 mg, 1.60 mmol, 56%) as a white solid.  
1H NMR (DMSO-d6, 400 MHz, r.t.) δ/ppm = 8.39 (d, J = 7.2 Hz, 2H), 8.11 (d, J = 7.2 

Hz, 2H), 6.34 (s, 1H), 6.32 (s, 1H), 4.27–4.23 (m, 1H), 4.06–4.03 (m, 1H), 3.01–2.96 

(m, 1H), 2.76 (dd, J = 12, 5.2 Hz, 1H), 2.52 (d, J = 12 Hz, 1H), 2.18 (t, J = 7.4 Hz, 2H), 

1.52–1.32 (m, 4H), 1.20–1.14 (m, 2H).  
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Compound 5a 

 To a solution of compound 5a-1 (40.0 mg, 93.4 µmol) in dry DMF (1.5 mL) was 

added 4-nitrobenzyl bromide (121 mg, 560 µmol,) and DIEA (49.0 µL, 280 µmol). The 

reaction was allowed to stir at room temperature for 5 h. After removal of the solvent, 

the residue was purified by flash column chromatography on silica gel (CHCl3 : MeOH 

= 30 : 1) to yield compound 5a (28.4 mg, 50.4 µmol, 54%) as a white amorphous.  
1H NMR (CDCl3, 400 MHz, r.t.) δ/ppm = 8.41 (d, J = 8.8 Hz, 2H), 8.25 (d, J = 8.8 Hz, 

2H), 8.10 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 8.8 Hz, 2H), 5.18 (s, 2H), 4.50–4.47 (m, 1H), 

4.25–4.22 (m, 1H), 3.07– 3.02 (m, 1H), 2.87 (dd, J = 13, 5.2 Hz, 1H), 2.68 (d, J = 13 Hz, 

1H), 2.54 (t, J = 7.0 Hz, 2H), 1.61– 1.43 (m, 4H), 1.32–1.23 (m, 2H).  

HRMS (APCI): Calcd for [(C23H25N5O8S2) + H]+ 564.1217. Found 564.1203. 

 

 

Synthesis of Bt-NASA acyl donor 5b 

 

 

Compound 5b-1 

  To a stirred solution of benzenesulfonamide (150 mg, 0.955 mmol) in dry DMF (6 

mL) was added biotin (256 mg, 1.05 mmol), EDC (366 mg, 1.91 mmol), DMAP (35 mg, 

0.29 mmol) and DIEA (500 µL, 2.87 mmol). The mixture was stirred overnight at room 

temperature. The solvent was removed under reduced pressure, and the residue was 

purified by flash chromatography on silica (CHCl3 : MeOH = 25:1) to yield compound 

5b-1 (290 mg, 0.756 mmol, 79 %). 
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.00 (d, J = 7.2 Hz, 2H), 7.67 (dd, J = 7.2, 

7.2 Hz, 1H), 7.58 (dd, J = 7.2, 7.2 Hz, 2H), 4.48–4.44 (m, 1H), 4.24–4.21 (m, 1H), 

3.14–3.09 (m, 1H), 2.90 (dd, J = 4.8, 12.8 Hz, 1H), 2.68 (d, J = 12.8 Hz, 1H), 2.23 (t, J 

= 7.2 Hz, 2H), 1.67–1.46 (m, 4H), 1.33–1.27 (m, 2H).  
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Compound 5b 

 To a solution of compound 5b-1 (10.0 mg, 26.1 µmol) in dry THF (500 µL) was added 

p-nitrobenzylalcohol (16.5 mg, 104 µmol), DEAD (47.5 µL, 104 µmol), 

triphenylphospine (28.0 mg, 104 µmol). The reaction was allowed to stir at room 

temperature for 18 h. After removal of the solvent, the residue was purified by flash 

column chromatography on silica gel (CHCl3 : MeOH = 15 : 1) and RP-HPLC (A: B = 

45 : 55 to 65:35 (0 – 20 min)) and the obtained solution was lyophilized to yield 

compound 5b (2.80 mg, 5.40 µmol, 21%) as white solid. 
1H NMR (CDCl3, 400 MHz, r.t.) δ/ppm = 8.20 (d, J = 8.8 Hz, 2H), 7.83 (d, J = 7.2 Hz, 

2H), 7.70 (t, J = 7.2 Hz, 1H), 7.58–7.52 (m, 4H), 5.12 (s, 2H), 4.54–4.53 (m, 1H), 4.28–

4.26 (m, 1H), 3.12–3.07 (m, 1H), 2.91 (dd, J = 13, 5.2 Hz, 1H), 2.73 (d, J = 13 Hz, 1H), 

2.66 (t, J = 7.0 Hz, 2H), 1.63–1.48 (m, 4H), 1.34–1.26 (m, 2H).  

HRMS (APCI): Calcd for [(C23H26N4O6S2) + H]+ 519.1367. Found 519.1357. 

 

 

Synthesis of Bt-NASA acyl donor 5c 

 

 
Compound 5c-1 

 To a solution of 4-fluorobenzenesulfonamide (500 mg, 2.85 mmol) in dry DMF (12 

mL) was added biotin (765 mg, 3.14 mmol), EDC (1.10 g, 5.71 mmol), DMAP (105 mg, 

1.71 mmol) and DIEA (1.49 ml, 8.56 mmol). The reaction was allowed to stir at room 

temperature for 18 h. After removal of the solvent, the residue was purified by flash 

column chromatography on silica gel (CHCl3 : MeOH : AcOH = 20 : 1 : 0.02→15 : 1 : 

0.015) to give compound 5c-1 (641 mg, 1.60 mmol, 56%) as a white solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.07–8.04 (m, 2H), 7.32 (t, J = 8.8 Hz, 2H), 

4.48–4.45 (m, 1H), 4.25–4.22 (m, 1H), 3.13–3.10 (m, 1H), 2.90 (dd, J = 13, 5.0 Hz, 1H), 

2.67 (d, J = 13 Hz, 1H), 2.23 (t, J = 7.4 Hz, 2H), 1.68–1.49 (m, 4H), 1.35–1.29 (m, 2H).  
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Compound 5c 

 To a solution of compound 5c-1 (40.0 mg, 99.6 µmol) in dry DMF (1.5 mL) was 

added 4-nitrobenzyl bromide (215 mg, 99.6 µmol,) and DIEA (52.1 µL, 299 µmol). The 

reaction was allowed to stir at room temperature for 40 h. After removal of the solvent, 

the residue was purified by flash column chromatography on silica gel (CHCl3 : MeOH 

= 30 : 1) to yield compound 5c (32.2 mg, 60.0 µmol, 60%) as a white amorphous. 
1H NMR (CDCl3, 400 MHz, r.t.) δ/ppm = 8.21 (d, J = 8.8 Hz, 2H), 7.92–7.85 (m, 2H), 

7.53 (d, J = 8.8 Hz, 2H), 7.27–7.23 (m, 2H), 5.33 (s, 1H), 5.11 (s, 2H), 4.87 (s, 1H), 

4.50–4.47 (m, 1H), 4.26–4.22 (m, 1H), 3.09–3.04 (m, 1H), 2.91 (dd, J = 13, 5.0 Hz, 1H), 

2.70 (d, J = 13 Hz, 1H), 2.60 (t, J = 7.2 Hz, 2H), 1.62–1.48 (m, 4H), 1.33–1.25 (m, 2H).  

HRMS (APCI): Calcd for [(C23H25 FN4O6S2) + H]+ 537.1272. Found 537.1260. 

 

 

Synthesis of Bt-NASA acyl donor 5d 

 

 

Compound 5d-1 

 To a solution of pentafluorobenzenesulfonamide (300 mg, 1.21 mmol) in dry DMF (6 

mL) was added biotin (326 mg, 1.34 mmol), EDC (465 mg, 2.43 mmol), DMAP (89.0 

mg, 0.730 mmol) and DIEA (634 ml, 3.64 mmol). The reaction was allowed to stir at 

room temperature for 6 h. After removal of the solvent, the residue was purified by flash 

column chromatography on silica gel (CHCl3 : MeOH : AcOH =20 : 1 : 0.02→10 : 1 : 

0.01) to give compound 5d-1 (45.0 mg, 95.0 µmol, 8%) as a white solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 4.51–4.46 (m, 1H), 4.32–4.24 (m, 1H), 

3.25–3.19 (m, 1H), 2.91 (dd, J = 12, 5.2 Hz, 1H), 2.72–2.67 (m, 1H), 2.34–2.29 (m, 2H), 

1.79–1.53 (m, 4H), 1.50–1.37 (m, 2H).  
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Compound 5d 

 To a solution of compound 5d-1 (26.7 mg, 56.4 µmol) in dry DMF (500 µL) was 

added 4-nitrobenzyl bromide (73.0 mg, 338 µmol,) and DIEA (29.5 µl, 169 µmol). The 

reaction was allowed to stir at room temperature for 24 h. After removal of the solvent, 

the residue was purified by flash column chromatography on silica gel (CHCl3 : MeOH 

= 30 : 1) to yield compound 5d (10.3 mg, 17.4 µmol, 31%) as a white amorphous.  

1H NMR (CDCl3, 400 MHz, r.t.) δ/ppm = 8.22 (dd, J = 6.8, 2.0 Hz, 2H), 7.62 (dd, J = 

6.8, 2.0 Hz, 2H), 5.20 (s, 2H), 4.52–4.48 (m, 1H), 4.30–4.27 (m, 1H), 3.16–3.11 (m, 

1H), 2.90 (dd, J = 12, 5.2 Hz, 1H), 2.72 (d, J = 12 Hz, 1H), 2.42 (t, J = 7.6 Hz, 2H), 

1.74–1.61 (m, 4H), 1.49–1.40 (m, 1H). 

HRMS (ESI): Calcd for [(C23H21F5N4O6S2) + Na]+ 631.0715. Found 631.1131. 

 

 

Synthesis of Bt-NASA acyl donor 5e 

 

 
Compound 5e 

  To a stirred solution of compound 5b-1 (30 mg, 78.2 µmol) in dry DMF (1 mL) was 

added iodoacetonitrile (85 µL, 1.17 mmol) and DIEA (40 µL, 234 µmol). The mixture 

was stirred overnight at room temperature. The solvent was removed under reduced 

pressure, and the residue was purified by flash chromatography on silica (CHCl3 : 

MeOH = 50:1→40:1) to yield compound 5e (27 mg, 65 µmol, 83 %). 
1H NMR (CD3OD, 400 MHz, r.t.): δ/ppm = 8.03 (d, J = 7.2 Hz, 2H), 7.79 (dd, J = 7.2, 

7.2 Hz,1H), 7.69 (dd, J = 7.2, 7.2 Hz, 2H), 4.87 (s, 2H), 4.50–4.47 (m, 1H), 4.28–4.25 

(m, 1H), 3.16–3.11 (m, 1H), 2.91 (dd, J = 4.8, 12.8 Hz, 1H), 2.72–2.67 (m, 3H), 1.67–

1.43 (m, 6H).  

HRMS (APCI): Calcd for [(C18H22N4O4S2) + H]+ 423.1155. Found 423.1144. 
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Synthesis of FL-NASA 7 

 

Compound 7-1 

 To a solution of 4-nitrobenzenesulfonamide (99.6 mg, 0.490 mmol) in DCM (1mL) 

was added Boc-NH-PEG4-COOH (150 mg, 0.410 mmol), EDC (157 mg, 0.820 mmol) 

and DMAP (25.0 mg, 0.210 mmol). The reaction was allowed to stir at room 

temperature for 5h. The resulting mixture was diluted with DCM (5 mL) and washed 

with 1M HCl aq. The organic phase was dried over Na2SO4 and evaporated under 

reduced pressure. The residue was purified by flash column chromatography on silica 

gel (CHCl3/MeOH = 10:1) to give compound 7-1 (143 mg, 0.260 mmol, 53%) as white 

solid.  
1H NMR (400 MHz, CDCl3, r.t.) δ/ppm = 8.33 (d, J = 8.8 Hz, 2H), 8.25 (d, J = 8.8 Hz, 

2H), 3.78–3.53 (m, 18H), 3.29 (dd, J = 10.4, 5.2 Hz, 2H), 2.62–2.50 (m, 2H), 1.41 (s, 

9H).  

 

 

Compound 7-2 

 To a solution of compound 7-1 (79.5 mg, 0.145 mmol) in dry DMF (0.5 mL) was 

added 4-nitrobenzylbromide (37.5 mg, 0.174 mmol) and DIEA (50 µL, 0.289 mmol). 

The reaction was allowed to stir at room temperature for 48 h. After removal of the 

solvent, the reaction mixture was diluted with EtOAc (4 mL) and washed with brine. 

The organic phase was dried over Na2SO4 and evaporated under reduced pressure. The 

residue was purified by flash column chromatography on silica gel (hexane : EtOAc = 

1:2) to give compound 7-2 (56.7 mg, 0.0820 mmol, 57%) as colorless oil.  
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1H NMR (400 MHz, CDCl3, r.t.) δ/ppm = 8.40 (dd, J = 2.0, 9.2 Hz, 2H), 8.23 (d, J = 9.2 

Hz, 2H), 8.12 (d, J = 8.8 Hz, 2H), 7.57 (d, J = 8.8 Hz, 2H), 5.21 (s, 2H), 3.70–3.50 (m, 

16H), 3.33–3.28 (m, 2H), 2.83 (t, J = 6.0 Hz, 2H), 1.43 (s, 9H).  

 

 

Compound 7 

 To a solution of compound 7-2 (6.9 mg, 10 µmol) in DCM (0.5 mL) was added TFA 

(30 µL). The reaction was allowed to stir at room temperature for 1 h and the solvent 

was removed in vacuo.  

 To a solution of this residue obtained above in DMF (0.5 mL) was added 

5-carboxyfluroescern (4.5 mg, 12 µmol), DMT-MM (3.3 mg, 12 µmol), 

N-methylmorpholine (NMM) (3.3 µL, 30 µmol). The reaction was allowed to stir at 

room temperature for 30 min. After removal of the solvent, the resulting mixture was 

purified by RP-HPLC (A: B = 40:60 to 70:30 (0–30 min)) to afford compound 7 (7.1 

mg, 7.5 µmol, 75%,).  
1H NMR (400 MHz, CD3OD, r.t.) δ/ppm = 8.49 (s, 1H), 8.40 (d, J = 9.2 Hz, 2H), 8.22–

8.19 (m, 5H), 7.57 (d, J = 8.8 Hz, 2H), 7.32 (d, J = 8.4 Hz, 1H), 6.85–6.58 (m, 5H), 5.25 

(s, 2H), 3.70–3.38 (m, 18H), 2.80 (t, J = 6.0 Hz, 2H)  

HRMS (APCI): Calcd for [(C45H42N4O17S) + H]+ 943.2338. Found 943.2372. 

 

Synthesis of SA-PyOx 9 
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Compound 9-1 

 To a solution of 2-(2-(2-azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (16 mg, 

48 µmol) in dry CH3CN (1.5 mL) was added pyridine-4-aldoxime (8.8 mg, 73 µmol). 

The reaction mixture was heated to reflux and allowed to stir for 36 h. After removal of 

the solvent, the residue was purified by RP-HPLC (A : B = 5 : 95 to 100 : 0 (0 – 50 

min)) to yield compound 9-1 (21 mg, 53 µmmol, quant.) as colorless oil.  

1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.77 (d, J = 6.8 Hz, 2H), 8.32 (s, 1H), 8.23 

(d, J = 6.8 Hz, 2H), 4.75 (t, J = 4.8 Hz, 2H), 3.98 (t, J = 4.8 Hz, 2H), 3.59–3.58 (m, 6H), 

3.31–3.30 (m, 2H).  

 

 

Compound 9-2 

 To a stirred solution of 4-sulfamoylbenzoic acid (200 mg, 0.994 mmol) in dry DMF (5 

mL) was added 2-propargylamine (65 mg, 1.2 mmol), 1-hydroxybenzotriazole hydrate 

(HOBt) (227 mg, 1.48 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) (282 mg, 1.48 mmol), DIEA (547 µL, 2.97 mmol). The reaction 

was allowed to stir for 15 h at room temperature. After removal of the solvent, the crude 

residue was suspended in a solvent (CHCl3 : MeOH = 10 : 1) and the precipitate was 

filtered to yield compound 9-2 (220 mg, 0.923 mmol, 93%) as white solid. 
1H NMR (DMSO, 400 MHz, r.t.) δ/ppm = 9.11–9.08 (m, 1H), 7.96 (d, J = 6.8 Hz, 2H), 

7.86 (d, J = 6.8 Hz, 2H), 4.08–4.03 (m, 2H), 3.12 (s, 1H).  

 

 

Compound 9 

 To a solution of compound 9-2 (3.3 mg, 14 µmol) in dry DMF (100 µL) was added 

compound 9-1 (5.0 mg, 17 µmol,), [Cu(CH3CN)4]PF6 (7.8 mg, 21 µmol), triazole ligand 

(10.8 mg, 20.7 µmol) and ascorbic acid (12 mg, 70 µmol). The reaction mixture was 

allowed to stir at room temperature for 12 h. After removal of the solvent, the crude 

residue was purified by RP-HPLC (A : B = 5 : 95 to 100 : 0 (0 – 50 min)) and obtained 

solution was lyophilized to yield compound 9 (5.5 mg, 11 µmol, 76%) as white solid. 

1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.76 (d, J = 6.8 Hz, 2H), 8.29 (s, 1H), 8.14 

(d, J = 6.8 Hz, 2H), 7.95 (br, 2H), 4.66–4.62 (m, 4H), 4.53–4.51 (m, 2H), 3.83-3.80 (m, 

4H), 3.51–3.50 (m, 4H).  
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HRMS (ESI): Calcd for (C22H28N7O6S)+ 518.1816. Found 518.1806. 

 

 

Synthesis of SA-diPyOx 10 

 

Compound 10-1 

 To a solution of 2-azidoacetic acid (129 µL, 1.72 mmol) in dry DMF (2 mL) was 

added EDC (656 mg, 3.43 mmol), HOBt (525 mg, 3.43 mmol), dry DIEA (1.20 mL, 

6.86 mmol) and H-Lys-OMe・2HCl (200 mg, 858 µmol). The reaction mixture was 

allowed to stir at room temperature for 6.5 h. After removal of the solvent, the crude 

residue was dissolved with AcOEt (70 mL), and washed with citric acid (10 wt%, 10 

mL x 4), saturated NaHCO3 (10 mL x 4), and brine (10 mL x 2). The organic layer was 

dried over MgSO4 and filtered. The filtrate was concentrated in vacuo to give 

compound 10-1 (203 mg, 621 µmol, 72%). 
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 4.44–4.41 (m, 1H), 3.91 (s, 2H), 3.86 (s, 2H), 

3.72 (s, 3H), 3.22 (t, 2H, J = 7.0 Hz), 1.91–1.68 (m, 2H), 1.58–1.49 (m, 2H), 1.45–1.35 

(m, 2H).  
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Compound 10-3 

 To a solution of compound 10-1 (17.7 mg, 54.3 mmol) in MeOH (400 µL) was added 

1N NaOH (179 µL, 179 µmol) on ice. The mixture was stirred at room temperature for 

2 h. After removal of MeOH, the resulting aqueous mixture was neutralized by 1M HCl 

and concentrated in vacuo. To the residue was added CHCl3 (3 mL) and MeOH (1 mL). 

The suspension was filtered and the filtrate was concentrated in vacuo to give 

compound 10-2.  

 To a solution of compound 10-2 in dry DMF (500 µL) was added EDC (18.9 mg, 98.7 

mmol), HOBt (15.1 mg, 98.7 mmol), dry DIEA (34.3 µL, 197 mmol) and SA-C5-NH2 
S2(19.7 mg, 49.4 µmol). The reaction mixture was allowed to stir at room temperature 

for 9 h. After removal of the solvent, the crude residue was dissolved with AcOEt (75 

mL), and washed with citric acid (10 wt%, 5 mL x 2), saturated NaHCO3 (5 mL x 3), 

and brine (5 mL). The organic layer was dried over MgSO4 and filtered. The filtrate was 

concentrated in vacuo to give compound 10-3 (11.6 mg, 20.0 µmol, 41%).  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 7.99–7.94 (m, 4H), 4.30–4.26 (m, 1H), 3.92 

(s, 2H), 3.86 (s, 2H), 3.43–3.37 (m, 2H), 3.24–3.18 (m, 4H), 1.98–1.28 (m, 12H).  
 

 

Compound 10  

 To a solution of compound 10-3 (11.6 mg, 20.0 µmol) in dry DMF (300 µL) was 

added compound 1 (20.4 mg, 80.0 µmol), [Cu(CH3CN)4]PF6 (3.73 mg, 10.0 µmol), 

triazole ligand (5.20 mg, 10.0 µmol), ascorbic acid (17.6 mg, 100 µmol). The reaction 

mixture was allowed to stir at room temperature for 12 h. After removal of the solvent, 

the crude residue was purified by RP-HPLC (A:B = 15 : 85 to 25 : 75 (0 – 30 min)) and 

obtained solution was lyophilized to yield compound 10 (2.39 mg, 2.50 µmol, 13%) as 

white solid. 
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.76–8.73 (m, 4H), 8.28 (s, 1H), 8.27 (s, 1H) 

8.16–8.12 (m, 4H), 7.96–7.91 (m, 4H), 7.82 (s, 1H), 7.81 (s, 1H), 5.17–5.16 (m, 2H), 

5.10 (s, 2H), 4.90–4.81(m, 4H), 4.27–4.24 (m, 1H), 3.45–3.20 (m, 10H), 1.80–1.32 (m, 

12H).  

HRMS (ESI): Calcd for (C42H55N15O8S)2+ 464.7034. Found 464.7029. 
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Synthesis of SA-triDMAP 11 

 

Compound 11-1 

 To a solution of Boc-Lys(Boc)-OH・DCHA(2.00 g, 3.79 mmol) in dry DMF (30 mL) 

was added H-Lys(Boc)-OMe (1.10 g, 3.79 mmol), EDC (1.10 g, 5.69 mmol), HOBt 

(882 mg, 5.69 mmol), and DIEA (1.98 ml, 11.4 mmol,). The reaction was allowed to 

stir at room temperature for 12 h. After removal of the solvent, the reaction mixture was 

diluted with CHCl3 (150 mL) and washed with saturated NaHCO3 (70 mL×3), 5 % 

citric acid (70 mL×3), and brine (50 mL×2). The organic phase was dried over MgSO4, 

filtered and evaporated to yield compound 11-1 (2.47 g, 4.20 mmol, quant.) as color 

less oil.  
1H NMR (400 MHz, CDCl3, r.t.) δ/ppm = 6.63–6.61 (m, 1H), 5.19 (s, 1H), 4.68 (s, 1H), 

4.61–4.56 (m, 1H), 4.07–4.05 (m, 1H), 3.74 (s, 3H), 3.14–3.08 (m, 4H), 1.89–1.64 (m, 

4H), 1.62–1.26 (m, 35H).  

 

 

 

 

 

O

HN

O

Boc

NH2

HO
H
N Boc

HN

O

Boc
EDC, HOBt, DIEA

dry DMF

HO

HN

O

Boc

N
H

H
N Boc

HN

O

Boc

O

HN

O

Boc

N
H

H
N Boc

HN

O

Boc

SO2NH2

N
H

O

EDC, HOBt, DIEA

dry DMF
NaOH
MeOH

NH2

SA-C5-NH2

SO2NH2

N
H

O N
H

H
N N

H

O

HN

O

HN

Boc

Boc

Boc

TFA

DCM

HO N

O N

DMAP-COOH

EDC, HOBt, DIEA

dry DMF

SO2NH2

N
H

O N
H

H
N N

H

O

HN

O

HN N

N

N

O

O

O

N

N

N

11-1 11-2

11-3 11



Chapter 2 

103 
 

Compound 11-2 

 To a solution of the 11-1 (600 mg, 1.02 mmol) in MeOH (10 mL) was added 1 M 

NaOH (3.06 ml, 3.06 mmol). The reaction mixture was allowed to stir for 30 min on ice, 

then 3 h at room temperature. The reaction mixture was neutralized with 0.1 M HCl (40 

mL) and extracted with CHCl3 (50 mL×5). The organic phase was dried over MgSO4, 

then filtered, evaporated to yield compound 11-2 (627 mg, 1.09 mmol, quant.) as 

colorless oil.  
1H NMR (400 MHz, CDCl3, r.t.) δ/ppm = 5.46 (s, 1H), 4.86–4.82 (m, 1H), 4.52–4.48 

(m, 1H), 4.14 (s, 1H), 3.14-3.08 (m, 4H), 1.88–1.58 (m, 4H), 1.46–1.20 (m, 35H).  

 

 

Compound 11-3 

 To a solution of 11-2 (180 mg, 0.314 mmol) in dry DMF (4 mL) was added 

SA-C5-NH2・TFA (120 mg, 0.314 mmol), EDC (90.0 mg, 0.471 mmol), HOBt (72.0 mg, 

0.471 mmol), and DIEA (0.186 ml, 1.26 mmol). The reaction was allowed to stir at 

room temperature for 20 h. After removal of the solvent, the reaction mixture was 

diluted with AcOEt (100 mL), and washed with saturated NaHCO3 (50 mL×2), 5 % 

citric acid (50 mL×2), and brine (50 mL×1). The organic phase was dried over MgSO4, 

filtered and evaporated to yield compound 11-3 (262 mg, 0.312 mmol, 99 %) as 

colorless oil.  
1H NMR (400 MHz, CD3OD, r.t.) δ/ppm = 7.98–7.93 (m, 4H), 4.27–4.23 (m, 1H), 

3.96–3.90 (m, 1H), 3.41–3.37 (m, 4H), 3.03–2.99 (m, 4H), 1.76–1.53 (m, 4H), 1.44–

1.28 (m, 41H).  

 

 

Compound 11 

 To a solution of the compound 11-3 (75.8 mg, 90.0 µmol,) in dry DCM (2 mL) was 

added trifluoroacetic acid (1 mL). The reaction was allowed to stir at room temperature 

for 1 h. The reaction mixture was co-evaporated with toluene(1 mL) two times. 

 To the solution of the residue obtained above in dry DMF (2 mL) was added 

DMAP-COOHS3 (56.8 mg, 0.315 mmol), EDC (60.4 mg, 0.315 mmol), HOBt (48.8 mg, 

0.315 mmol,) and DIEA (78.1 µL, 0.450 mmol). The reaction was allowed to stir at 

room temperature for 12 h. After removal of the solvent, the reaction mixture was 
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purified by RP-HPLC (A: B = 5 : 95 to 30 : 70 (0 – 50 min) to 100 : 0 (50 –60min)) and 

obtained solution was lyophilized to yield compound 11 as colorless oil.  
1H NMR (400 MHz, CD3OD, r.t.) δ/ppm = 8.12–8.06 (m, 6H), 7.95–7.91 (m, 4H), 

7.12–6.96 (m, 6H), 4.21–4.10 (m, 2H), 3.91–3.84 (m, 6H), 3.41–3.36 (m, 2H), 3.32–

3.30 (m, 9H), 3.19–3.15 (m, 2H), 3.17–3.08 (m, 4H), 2.65–2.52 (m, 6H), 1.73–1.20 (m, 

18H). 

HRMS (ESI): Calcd for [(C51H73N13O8S) +H]+ 1028.5498. Found 1028.5466. 

 

 

Synthesis of OG-NASA 12 

 
Compound 12 

 To a solution of compound 7-2 (11 mg, 16 µmol) in DCM (0.8 mL) was added TFA 

(30 µL). The reaction was allowed to stir at room temperature and the solvent was 

removed in vacuo.  

 To a solution of this residue obtained above in DMF (1 mL) was added 

5-carboxyoregon-green (7.9 mg, 19 µmol,), DMTMM (10 mg, 38 µmol), NMM (5.0 µL, 

45 µmol,). The reaction was allowed to stir at room temperature for 2 h. After removal 

of the solvent, the resulting mixture was purified RP-HPLC (A: B = 25: 75 to 100:0 (0 – 

50 min)) and obtained solution was lyophilized to yield compound 12 (3.3 mg, 3.4 µmol, 

21%) as yellow solid. 
1H NMR (400 MHz, CD3OD, r.t.) δ/ppm = 8.44 (s, 1H), 8.41 (d, J = 6.8 Hz, 2H), 8.22–

8.19 (m, 5H), 7.58 (d, J = 8.8 Hz, 2H), 7.32 (d, J = 7.6 Hz, 1H), 6.83 (d, J = 7.2 Hz, 2H), 

6.45–6.42 (m, 2H), 5.25 (s, 2H), 3.68–3.40 (m, 18H), 2.80 (t, J = 6.0 Hz, 2H). 

HRMS (ESI): Calcd for [(C45H40F2N4O17S) +Na]+ 1001.1969. Found 1001.1952. 
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Synthesis of MTX-PyOx 13 

 
Compound 13-2 

 To a stirred solution of Compound 13-1S4 (20 mg, 0.040 mmol) in dry DMF (1 mL) 

was added 2-propargylamine (2.5 mg, 0.050 mmol), HOBt (9.2 mg, 0.060 mmol), EDC 

(11 mg, 0.060 mmol) and DIEA (22 µL, 0.12 mmol). The reaction was allowed to stir 

for 2 h at room temperature. After removal of the solvent, the crude residue was purified 

by flash column chromatography on silica gel (CHCl3 : MeOH : NH3 aq = 10 : 1 : 0.01) 

to give compound 13-2 (3.4 mg, 6.2 µmol, 15%) as yellow solid.  

1H NMR (CDCl3, 400 MHz, r.t.) δ/ppm = 8.66 (s, 1H), 7.71 (d, J = 8.8 Hz, 2H), 6.75 (d, 

J = 8.8 Hz, 2H), 5.22 (s, 2H), 4.76 (s. 2H), 4.64–4.63 (m, 1H), 3.13 (s, 3H), 2.38–2.27 

(m, 3H), 2.18–2.17 (m, 1H), 2.02–1.95 (m, 1H), 1.47 (s, 9H).  

 

 

Compound 13 

 To a stirred solution of compound 13-2 (3.4 mg, 6.2 µmol) in DCM (1.5 mL) was 

added TFA (500 µL). The reaction was allowed to stir for 2 hours at room temperature 

and co-evaporated with toluene (3.0 ml) twice.  

 To a solution of this residue in MeOH/DCM (2 mL) was added compound 9-1 (1.9 mg, 

6.2 µmol), [Cu(CH3CN)4]PF6 (3.9 mg, 11 µmol,), triazole ligand (5.5 mg, 11 µmol,) and 

ascorbic acid (7.1 mg, 40 µmol). The mixture was stirred at room temperature for 10 h 

under N2. After removal of the solvent, the crude residue was purified by RP-HPLC 

(A : B = 5 : 95 to 5:95 (0 – 5 min) to 100 : 0 (5 – 50 min) and the obtained solution was 
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lyophilized to yield compound 13 (3.0 mg, 3.1 µmol, 50%) as yellow solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.80 (d, J = 6.8 Hz, 2H), 8.64 (s, 1H), 8.29 

(s, 1H), 8.16 (d, J = 6.4 Hz, 2H), 7.85 (s, 1H), 7.73 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.8 

Hz, 2H), 4.69–4.68 (m, 2H), 4.48–4.44, (m, 4H), 3.85–3.64 (m, 4H), 3.53–3.52 (m, 4H), 

3.48 (s, 3H), 3.13–3.12 (m, 2H), 2.40– 2.11 (m, 4H).  

HRMS (ESI): Calcd for (C35H43N14O7)+ 771.3434. Found 771.3425. 
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Chapter 3 
 

Specific labeling of endogenous AMPA-type glutamate 
receptor in live cell and tissues with Affinity-guided 

Oxime Chemistry 
 

Abstract 

With the development of the labeling technology for proteins, more and more chemical 

modification can be applied in cell contexts. However, there still remain challenges to 

selectively label target proteins in live tissues, which have more complicated and 

delicate biological environment. In chapter 2, I developed AGOX chemistry 

(affinity-guided oxime) and found the mild electrophilic N-acyl-N-alkylsulfonamide 

(NASA) acyl donor shows the high stability even in the presence of esterase, and much 

lower non-specific labeling on cells surface than AGD chemistry (affinity-guided 

4-dimethylaminopyridine   (DMAP) chemistry). In present chapter, I selectively labeled 

the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-type 

glutamate receptors (AMPARs) in live hippocampal and cerebellum slices of 

mouse brain.  
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3-1 Introduction 

 In the past two decades, a wide variety of chemical strategies for the selective labeling 

of proteins have been developed.1,2. Most of these chemical-labeling methods were 

succeeded in specific labeling of target proteins in live cells, but few methods could 

label endogenous proteins in live tissues or bodies because of the complicated and 

delicate biological environment than cultured cells. 

 In chapter 2, I developed AGOX (affinity-guided oxime) chemistry that is very useful 

in specific labeling of endogenous cell-membrane proteins in cell contexts, and 

providing a tool for the precise evaluation of diffusion coefficients in their native 

environments. I also found that the mild electrophilic N-acyl-N-alkylsulfonamide 

(NASA) acyl donor, which has higher stability even in the presence of esterase and 

displayed much lower non-specific labeling on cells surface than AGD chemistry 

(affinity-guided 4-dimethylaminopyridine   (DMAP) chemistry). These advantages of 

AGOX chemistry may suggest that it is not only suitable for specific proteins labeling 

in live cell contexts but also may suit for labeling in live tissue samples. 

 Glutamate receptors are endogenously expressed in excitatory neurons of 

the brain and classified into several groups depending on their ligand 

recognition properties and relevant functions. Among them, the 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type 

glutamate receptors (AMPARs), which are composed of heteromeric 

tetramers of four subunits (GluA1–GluA4), are essential for synaptic 

plasticity and play crucial roles in memory formation.3,4 Nevertheless, 



Chapter 3 

111 
 

conflicting findings for AMPAR trafficking in neuronal cells have been reported5, most 

likely reflecting the limitations of currently available methods. For example, 

overexpression of a single AMPAR subtype6,7 and pH changes in intracellular pool8,9 

could have affected the differences. Here if the small molecular probe was modified by 

chemical method to the native AMPARs in live tissues, it will be very useful for 

studying the functional of AMPARs.  

 In this chapter, I describe the selective modification of the endogenous AMPAR in the 

slices of mouse brain with the improved biocompatibility and bioorthogonality of 

AGOX chemistry. 
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3-2 Result and Discussion 

3-2-1 In vitro recombinant ligand-binding domain of GluA2 (S1S2J domain) 

labeling using AGOX chemistry 

 Prior to challenging to the endogenous AMPAR in brain tissues, I initially sought to 

label a recombinant ligand-binding domain of GluA2 (S1S2J domain). As a ligand for 

AMPAR, 6-pyrrolyl-7-trifluoromethyl-quinoxaline-2,3-dione (PFQX) was used as a 

ligand, because PFQX exhibits a sufficient affinity (Ki value of 170 nM) and 

selectivity10. As a catalyst group, I conjugated divalent-PyOx group to PFQX, because 

divalent-PyOx was expected to enhance the reaction rate of protein labeling (Figure 

1a).  

 First I evaluated the PFQX-diPyOx 1 (Figure 1a) and optimized Acyl Donor 

Fl-NASA 7 (Figure 1b). Labeling of purified protein S1S2J was performed in vitro by 

incubating PFQX-diPyOx 1 and Acyl Donor 7 with purified S1S2J for 5h. As shown by 

MALDI-TOF MS analysis (Figure 1c), S1S2J was covalently modified by 

PFQX-diPyOx 1/Acyl Donor 7 pair. The labeling yield was 78%. In contract, the 

reaction was completely abolished without PFQX-diPyOx 1 or presence of competitive 

inhibitor NBQX. This demonstrated that S1S2J labeling was also greatly facilitated by 

an affinity-driven proximity effect. 
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Figure 1. Purified recombinant ligand-binding domain of GluA2 (S1S2J domain) 

labeling in vitro use AGOX chemistry. (a) Molecular structures of PFQX-diPyOx (1). 

(b) Molecular structures of Acyl Donor Fl-NASA (7). (c) MALDI-TOF mass analysis 

of the S1S2J domain labeled with PFQX-diPyOx 1 and Fl-NASA 7. Reaction 

conditions: 1.0 µM S1S2J domain, 10 µM Fl-NASA 7, 1.0 µM PFQX-diPyOx 1, 50 

mM HEPES buffer, pH 7.2, 25 °C, 10 h. 〇, native S1S2J (M.W. 29,273); *, single 

Fl-labeled S1S2J (M.W. 29,880),  
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3-2-2 Determination of the labeling sites of S1S2J 

 The sites of S1S2J labeled by PFQX-diPyOx 1 /FL-NASA 7 pair were determined by 

conventional peptide mapping analysis. For identifying all the potential labeling amino 

acid residues, I labeled S1S2J with PFQX-diPyOx 1 /FL-NASA 7 pair for 10h. As 

shown by MALDI-TOF MS analysis (Figure 2), the doubly-labeled S1S2 domain was 

detected along with the singly-labeled one. The FL-labeled S1S2J was purified and 

digested with trypsin and the resulting peptide fragments were analyzed by HPLC and 

MALDI-TOF MS/MS. As shown in Figure 3, it was clear that Lys 470 (Lys 60) (22%) 

and Lys 677 (Lys 144) (78%), both located at the entrance of the ligand-binding 

pocket, were modified with FL. 

 

 
Figure 2. MALDI-TOF mass analysis of the recombinant ligand-binding domain of 

GluA2 (S1S2J domain) labeled with PFQX-diPyOx 1 and FL-NASA 7. Reaction 

conditions: 3.4 µM S1S2J domain, 49 µM FL-NASA 7, 4.9 µM PFQX-diPyOx 1, 50 

mM HEPES buffer, pH 7.2, 25 °C, 10 h. 〇, native S1S2J (M.W. 29,273); *, single 

FL-labeled S1S2J (M.W. 29,880), **, double FL-labeled S1S2J (M.W. 30,487).  
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Figure 3. Determination of labeling sites of S1S2J domain labeled with PFQX-di-PyOx 

1 and FL-NASA 7. (a) The primary sequence of S1S2J and the predictable fragments 

generated by tryptic digestion (T1–T25). The Lys60 and Lys144 labeled with FL are 

shown in red. (b) HPLC analysis of the digested fragments of S1S2J. The 
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chromatograms were shown for the fragments derived from the labeled-S1S2J detected 

with UV absorption at 220 nm (top) and fluorescence (λex=480 nm, λem=520 nm) 
(bottom). MALDI-TOF MS of peak T6+T7+FL (59.5 min): calcd. for [M+H]+ = 

1854.689, obsd. 1854.858, peak T13+T14+Arg+FL (61.7 min): calcd. for [M+H]+ = 

2911.141, obsd. 2911.171, peak T13+T14+FL (64.0 min): calcd. for [M+H]+ = 

2755.040, obsd. 2755.189. MALDI-TOF MS/MS analysis of (c) the T6+T7+FL and (d) 

the T13+T14+FL fragments. (e) Location of the labeling sites on the crystal structure of 

GluA2 (PDB ID: 3KG2). Residue numbers of full-length GluA2 (NP_058957) are 

shown. Residue numbers in a recombinant of S1S2J domain of GluA2 are also shown in 

parenthesis. The labeled residues (Lys470 and Lys677) are shown in red. ZK200775, a 

competitive antagonist is shown as blue stick.  

 

 

3-2-3 Chemical labeling of cell-surface AMPARs in HEK293T cells 

 Having confirmed the specific labeling of S1S2J in vitro, I next applied PFQX-diPyOx 

1 /FL-NASA 7 pair to the chemical modification of GluA2 subtype, a main subtype of 

AMPARs in brains, which was transfected in living HEK293T cells.  

 HEK293T cells transfected with GluA2 subtype were incubated in culture medium 

containing catalyst PFQX-diPyOx 1 (5 µM) and 7 (5 µM) at 37 °C. The cells were 

subsequently washed with phosphate buffered saline (PBS), lysed and analyzed by 

western blotting using anti-HA and anti-FL antibodies. As shown in lane 3 of Figure 4, 

a strong band corresponding to FL-labeled GluA2 was observed with PFQX-diPyOx 1 

and FL-NASA 7 after 1h incubation. This band was not detected when the labeling was 

performed in the absence of 1 or in the presence of excess inhibitor NBQX (lane 1 and 

4). This result demonstrated that AGOX chemistry was also suitable for specific 

AMPAR (GluA2) labeling on cells condition. 
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Figure 4. Specific labeling of AMPARs (GluA2) recombinant expressed in HEK293T 

cells using AGOX chemistry. Western blotting analysis of AMPAR labeling. HEK293T 

cells were treated with catalysts (5 µM) and acyl donors (5 µM) for 1 h at 37 °C in 
DMEM buffer (pH 7.4). After washing, the cells were lysed and analyzed by western 

blotting using anti-FL and anti-HAI antibodies. The band with a black arrow 

corresponds to AMPAR and the black dot (�) corresponds to non-specifically-labeled 

bovine serum albumin (BSA) derived from the culture medium. 
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3-2-4 Endogenous AMPAR labeling in brain tissues 

 Finally, I sought to apply the AGOX chemistry to label native AMPARs located in 

brain hippocampal and cerebellar tissue slices, which are more complicated and delicate 

biological samples than cultured cells (Figure 5a). Acutely prepared hippocampal slices 

from mice brains were incubated in buffer containing PFQX-diPyOx 1 (1 µM) and 

FL-NASA 7 (1 µM) at 20 °C for 30 min. The tissues were then washed with buffer and 

lysed, followed by western blot analysis. As shown in Figure 5c, while a few bands 

attributable to off-target labeling were detected, a strong band corresponding to 

FL-labeled AMPAR was predominant in the presence of PFQX-diPyOx 1 and 

FL-NASA 7. This band was completely abolished by co-incubation with NBQX, 

strongly indicating selective labeling of AMPARs in hippocampal slices (lane 1 – lane 

4). In contract, AGD chemistry was also applied to label native AMPARs in 

hippocampal slices. PFQX-triDMAP 2 and FL-SPh 4 (Figure 5b) was prepared and 

performed in hippocampal slices. As shown the western blotting analysis, AGD 

chemistry failed to label AMPARs in hippocampal slices because of heavy nonspecific 

background labeling (Figure 7c lane 5 – lane 7). In the cerebellum, neurons expressing 

AMPARs are highly covered with glial cells, and the expression level of AMPARs is 

less than in hippocampal neurons.11 Even in these conditions, AMPARs selective 

labeling using the PyOx 1/NASA 7 pair was able to be achieved in cerebellar slices. 

These results explicitly highlight the sufficient bioorthogonality and broad utility of 

AGOX chemistry in complex tissue samples.  
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Figure 5. Selective labeling of endogenous neurotransmitter receptors in brain slices. 

(a) Schematic illustration of chemical protein labeling in brain slices by AGOX 

chemistry. (b) Molecular structures of PFQX-triDMAP (2) and FL-SPh (4) for 

AMPARs labeling. (c) Western blot analyses of AMPARs labeling in hippocampal 

slices. Hippocampal slices were treated with catalysts (1 µM) and acyl donors (1 µM) in 

the absence or presence of 100 µM NBQX in ACSF buffer. The lysates were analyzed 

by western blotting using anti-FL or anti-GluA2 antibodies. (d) Western blot analyses 

of AMPARs labeling in cerebellar slices. Mice cerebellar slices were treated with 

PFQX-diPyOx 1 (1 µM) and FL-NASA 7 (1 µM) in the absence or presence of 100 µM 

NBQX in ACSF buffer. The lysates were analysed by western blotting using 

anti-Fluorescein or anti-GluA2 antibody. �; non specific labeling. 
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3-3 Conclusion 

 In conclusion, I have demonstrated that AGOX chemistry showed remarkably 

improved selectivity and bioorthogonality as compared with AGD chemistry, which 

selective labeling of a naturally occurring neurotransmitter receptor in brain tissue 

slices.  

 Compared with ligand-directed chemistry, such as ligand-directed tosyl (LDT)12 or 

acyl imidazole (LDAI) chemistry13, the most significant advantage of the 

affinity-guided catalyst strategy is that protein or peptide ligands, as well as 

small-molecules, can be employed as target-recognition modules. This is because the 

affinity-guided catalyst can minimize the protein (ligand)-attacked decomposition of 

labeling reagents. Therefore, a variety of protein and peptide ligands (e.g. cytokines, 

toxins, complements, lectins, and small antibodies) may be used in PyOx-conjugates, 

which not only expands the range of available target proteins, but also enables diverse 

applications of this method. Given the previous examples of AGD chemistry14, for 

instance, the AGOX-mediated protein labeling should be more applicable to detect 

protein-protein interactions such as antigen-antibody and lectin-glycoprotein 

interactions, as a powerful alternative to photo-crosslinking strategy. Such research are 

now underway in our group. 
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3-4 Experimental section  

General materials and methods for the biochemical/biological experiments.  

 Unless otherwise noted, all proteins/enzymes and reagents were obtained from 

commercial suppliers (Sigma-Aldrich, Tokyo Chemical Industry (TCI), Wako Pure 

Chemical Industries, Sasaki Chemical, Bio-Rad, or Watanabe Chemical Industries) and 

used without further purification. UV-vis absorption spectra were acquired on a 

Shimadzu UV-2550 spectrophotometer. Matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry (MALDI-TOF MS) spectra were recorded on an 

Autoflex III instrument (Bruker Daltonics) using α-cyano-4-hydroxycinnamic acid 
(CHCA) or sinapic acid as the matrix. SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) and western blotting were carried out using a Bio-Rad Mini-Protean III 

electrophoresis apparatus. Fluorescence gel images and chemical luminescent signals 

using Chemi-Lumi one (Nacalai Tesque) or ECL Prime (GE Healthcare) were acquired 

with an imagequant LAS4000 (Fujifilm). Reversed-phase HPLC (RP-HPLC) was 

carried out on a Hitachi LaChrom L-7100 system equipped with a LaChrom L-7400 UV 

detector, and a YMC-Pack ODS-A column (5 µm, 250 × 4.6 mm) at a flow rate of 1.0 
mL/min. UV detection was at 220 nm. All runs used linear gradients of acetonitrile 

containing 0.1% TFA (solvent A) and 0.1% aqueous TFA (solvent B). 

 

Recombinant ligand-binding domain of GluA2 (S1S2J domain) labeling in vitro  

Recombinant ligand-binding domain of GluA2 (S1S2J domain) (1 µM) was incubated 

with acyl donor 7 (10 µM) in the presence of catalyst 1 (1 µM) in HEPES buffer (50 

mM, pH 7.2) at 25 °C. Control labeling reactions in the presence of excess NBQX (50 
equiv) or without catalyst were also carried out. Aliquots at different time points were 

taken, and the labeling yields were determined by MALDI-TOF MS. (matrix: Sinapic 

acid).  
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Peptide Mapping of the FL-Labeled S1S2J.  

Recombinant S1S2J (3.4 µM) was incubated with acyl donor 7 (49 µM) in the presence 

of catalyst 1 (4.9 µM) in HEPES buffer (50 mM, pH 7.2) at 37 °C. After 4h, the labeled 

S1S2J was purified by size-exclusion chromatography using a TOYOPEARL HW-40F 

column and dialyzed against HEPES buffer (50 mM, pH 8.0) with a Spectra/Por 

dialysis membrane (MWCO: 3,000). To this solution, urea (at a final concentration of 2 

M) and Trypsin (Trypsin /substrate ratio = 1/10 (w/w)) were added. After incubation at 

37 °C for 20 h, the digested peptides were separated by analytical RP-HPLC. The 
collected fractions were analyzed by MALDI-TOF MS (matrix: CHCA) and the labeled 

fragment was further characterized by MALDI-TOF-TOF MS/MS analysis.  

 

Chemical labelling of AMPARs in HEK293T cells.  

HEK293T cells were incubated in DMEM under 5% CO2 at 37 °C. Cells were 

transfected with a pCAGGS plasmid encoding flop form of RNA-edited GluA2 

(GluA2flop (R))@ using the lipofectamine 2000 (Invitrogen) according to the 

manufacture’s instruction and subjected to labeling experiments after 18 h of the 

transfection. For chemical labeling, the cells expressing GluA2 were washed three times 

with FBS-free DMEM and treated with catalyst (5 µM) and acyl donor (5 µM) at 37 °C 

in FBS-free DMEM and incubated for 1 h. As control experiments, the labeling was 

conducted in the presence of NBQX (50 µM) or without catalysts. The cells were 

washed three times with PBS, and then lysed with RIPA buffer as described above. The 

samples were analyzed by western blotting using anti-fluorescein antibody, anti-HA tag 

antibody (for AMPAR detection, abcam, ab9110) and anti-rabbit IgG-HRP conjugate.  

 

Chemical labeling and western blot analysis of Hippocampal or cerebellar slices.  

Hippocampus or cerebellum (200 µm thickness) was prepared from P14–21 ICR mice. 

The slices were treated with catalyst (1 µM) and acyl donor (1 µM) in ACSF solution 

(125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1.25 mM NaH2PO4, 26 

mM NaHCO3, 10 mM D-glucose and 100 mM Picrotoxin) at 20 °C for 0.5 h under 95% 

O2/5% CO2. As control experiments, the labeling was conducted in the presence of 

NBQX (100 µM) or without catalysts. The slices were then washed with ACSF solution 

three times and lysed with RIPA buffer containing 1% protease inhibitor cocktail set III. 
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The lysed sample was centrifuged (15,200 g, 10 min at 4 °C). The supernatant was 

mixed with the same volume of 2×sample buffer and incubated for 1 h at 25 °C. The 
samples were analyzed using anti-fluorescein antibody, anti-GluA2 antibody (abcam, 

ab20673) and anti-rabbit IgG-HRP conjugate. 

 

Synthesis 

General materials and methods for organic synthesis 

 All chemical reagents and solvents were obtained from commercial suppliers 

(Sigma-Aldrich, Tokyo Chemical Industry (TCI), Wako Pure Chemical Industries, 

Sasaki Chemical, Nacalai tesque, Novabiochem or Watanabe Chemical Industrie s) and 

used without further purification. 

 All reactions were carried out under an atmosphere of nitrogen unless otherwise noted. 

Thin layer chromatography (TLC) was performed on silica gel 60 F254 precoated 

aluminium sheets or glass plates (Merck) and visualized by fluorescence quenching or 

ninhydrin staining. Chromatographic purification was accomplished using flash column 

chromatography on silica gel 60 N (neutral, 40–50 µm, Kanto Chemical). 1H NMR 

spectra were recorded in deuterated solvents on a Varian Mercury 400 (400 MHz) 

spectrometer and calibrated to the residual solvent peak or tetramethylsilane (= 0 ppm). 

Multiplicities are abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet, dd = double doublet. Matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry (MALDI-TOF MS) spectra were recorded on an 

Autoflex III instrument (Bruker Daltonics) using α-cyano-4-hydroxycinnamic acid 

(CHCA) as the matrix. High-resolution mass spectra were measured on an Exactive 

(Thermo Scientific) equipped with electron spray ionization (ESI) and atmospheric 

pressure chemical ionization (APCI). Reversed-phase HPLC (RP-HPLC) was carried 

out on a Hitachi LaChrom L-7100 system equipped with a LaChrom L-7400 UV 

detector, and a YMC-Pack ODS-A column (5 µm, 250 × 20 mm) at a flow rate of 9.9 
mL/min. UV detection was at 220 nm. All runs used linear gradients of acetonitrile 

containing 0.1% TFA (solvent A) and 0.1% aqueous TFA (solvent B). 
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Synthesis of PFQX-diPyOx 1 

 
Compound 1-2 

 To a solution of 1-110 (15 mg, 36 µmol) in dry DMF (1 mL) was added compound 

10-2 (13 mg, 36 µmol), HBTU (20 mg, 72 µmol) and dry DIEA (20 µL, 108 µmol). The 

reaction mixture was allowed to stir at room temperature for 15 h. After removal of the 

solvent, the crude residue was purified by RP-HPLC (A: B = 10 : 90 to 100 : 0 (0 – 50 

min)) to yield compound 1-2 as crude product. This was used in the next step without 

further purification.  

 

 

Compound 1 

 To a solution of compound 1-2 (3.0 mg, 4.2 µmol) in MeOH (500 µL) was added 0.5M 

LiOH (40 µL, 20 µmol) on ice. The mixture was stirred at room temperature for 5 h. 

After removal of MeOH, the aqueous solution was neutralized by 1M HCl. This 

solution was diluted with dry DMF (500 µL), to which compound 1 (1.6 mg, 9.0 µmol), 

[Cu(CH3CN)4]PF6 (5.1 mg, 13 µmol), triazole ligand (7.1 mg, 13 µmol) and ascorbic 

acid (3.5 mg, 20 µmol)were added. The reaction mixture was allowed to stir at room 

temperature for 12 h. After removal of the solvent, the crude residue was purified by 

RP-HPLC (A: B = 10 : 90 to 65:35 (0 – 30 min)) and the obtained solution was 
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lyophilized to yield compound 1 (2.2 mg, 2.1 µmol, 53%) as pale brown solid.  
1H NMR (CD3OD, 400 MHz, r.t.) δ/ppm = 8.77–8.72 (m, 4H), 8.28 (s, 1H), 8.27 (s, 1H), 

8.16–8.13 (m, 4H), 7.82 (s, 1H), 7.81 (s, 1H), 7.59 (s, 1H), 7.23 (s, 1H), 6.80–6.79 (m, 

2H), 6.22 (d, J = 2.4 Hz, 1H), 5.18 (s, 2H), 5.09 (s, 2H), 4.98 (s, 2H), 4.81-4.80 (m, 4H), 

4.31-4.29 (m, 3H), 3.45-3.33 (m, 4H), 3.21 (t, J = 7.2 Hz, 2H), 1.82–1.57 (m, 2H), 

1.55–1.41 (m, 4H).  

HRMS (ESI): Calcd for (C46H49F3N16O9)2+ 513.1905. Found 513.1915. 

 

 

Synthesis of PFQX-triDMAP 2 

 
Compound 2-2 

 To a solution of 1-1 (50 mg, 0.12 mmol) in dry DMF (4 mL) was added 

N-(tert-butoxycarbonyl)-6-aminohexanoic acid (34 mg, 0.15 mmol), EDC (28 mg, 0.15 

mmol), HOBt (22 mg, 0.15 mmol), and DIEA (85 µL, 0.48 mmol). The reaction was 

allowed to stir at room temperature for 2 h. After removal of the solvent, the residue 

was purified by flash column chromatography on silica gel (CHCl3 : MeOH = 15:1) to 

give compound 2-2 (38 mg, 0.060 mmol, 50%) as brown oil. 
1H NMR (400 MHz, CD3OD, r.t.) δ/ppm = 7.60 (s, 1H), 7.29 (s, 1H), 6.79–6.76 (m, 2H), 

6.22 (d, J = 2.0 Hz, 1H), 5.03 (s, 2H), 4.26–4.20 (m, 4H), 2.29–2.18 (m, 4H), 1.66–1.57 
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(m, 4H), 1.42 (s, 9H), 1.39–1.31 (m, 2H), 1.26 (t, J = 7.2 Hz, 3H).  

 

 

Compound 2-3 

 To a solution of compound 2-1 (38 mg, 61 µmol) in DCM (1 mL) was added TFA 

(300 µL) on ice. The reaction was allowed to stir at room temperature for 5 h. The 

mixture was co-evaporated with toluene. 

 To a solution of this residue (14 mg, 23 µmol) in dry DMF (2 mL) was added 

compound 15-215 (24 mg, 28 µmol), HBTU (11 mg, 30 µmol), DIEA (20 µl, 108 µmol). 

The reaction was allowed to stir at room temperature for 1.5 h. The mixture was 

concentrated under reduced pressure. This product was used to the next step without 

further purification. 

 

 

Compound 2 

 To a solution of compound 2-3 in MeOH (1 mL) was added 1N NaOH (300 µL) on ice. 

The reaction was allowed to stir at room temperature for 3 h. The solution was 

neutralized by 1N HCl and evaporated under vacuum. The residue was purified by 

RP-HPLC (A: B = 0 : 100 to 50 : 50 (0 – 50 min)) and obtained solution was 

lyophilized to yield compound 2 (4.6 mg, 3.7 µmol, 16 %) as colorless amorphous.  
1H NMR (400 MHz, CD3OD, r.t.) δ/ppm = 8.19 (d, J = 6.8 Hz 6H), 7.60 (s, 1H), 7.25 (s, 

1H), 7.18-6.94 (m, 6H), 6.79 (s, 2H), 6.22 (s, 1H), 5.00 (s, 2H), 4.23–4.12 (m, 4H), 3.88 

(t, J = 6.4 Hz, 6H), 3.22–3.07 (m, 15H), 2.62–2.57 (m, 2H), 2.55–2.53 (m, 4H), 2.20 (t, 

J = 6.8 Hz, 2H), 1.89–1.23 (m, 18H).  

HRMS (ESI): Calcd for [(C61H78F3N15O10) +H]+ 1238.6081. Found 1238.6063. 
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