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ABSTRACT 

Cyclic ADR-Ribose Synthases (cADPRSs) are one of the NAD-consuming 

enzymes. It hydrolyzes and cyclizes NAD+ into ADPR and cADPR, which are both 

Ca2+ channel regulators. Since the activities of cADPRSs involves in multiple 

biological process, monitoring the activities of these enzymes can provide useful 

information for studying pathology of the diseases that are closely associated with 

these enzymes. In this thesis, we have designed and synthesized a series of small 

molecule probes which can undergo base exchange reaction with the nicotinamide 

group of NAD+ in the presence of CD38 or activated SARM1. A large red shift of 

emission wavelength occurred after the base exchange reaction, which provides a 

powerful tool for detecting activities of this class of enzymes. 

In the first project, these probes were applied to the detection of the activities of 

SARM1. Among the 23 probes prepared, PC6 and PC11 showed excellent 

sensitivity and selectivity in vitro. They are cell-permeant, yet the resulting 

exchange products are im-permeant, allowing imaging of activated SARM1 in live 

cells. PC6 has provided the first evidence that SARM1 activation precedes axon 

degeneration by several hours in live DRG neurons. Moreover, it was also applied 

in the library screening for SARM1 inhibitor. Dehydronitrosonisodipine (dHNN) 

was found to has the inhibition ability to SARM1 activation, which is also the first 

compound ever reported that can inhibit SARM1 activation. PC11 has better 

fluorescent properties than PC6. With larger absorption and emission wavelength, 

PC11 provided the first approach for imaging SARM1 activation in vivo. 

In the second project, we focused on the study of the catalytic mechanism of CD38. 

Based on the preliminary results of the theoretical studies, we proposed that CD38-

catalyzed cyclization and hydrolysis of NAD+ may involve an epoxide intermediate. 

In this mechanistic study, we have employed our newly developed probe PC6, 

CD38 mutant and different model compounds. The results of this study strongly 

supported the hypothesis of an epoxide intermediate in CD38-catalyzed reactions. 
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Chapter 1 Introduction 

1.1 Nicotinamide adenine dinucleotide 

1.1.1 Structures and properties  

Nicotinamide adenine dinucleotide (NAD) is a crucial intermediate metabolite. It 

was first discovered by Dr. Harden and Mr. Young in 1906 as a mixed compound 

extracted from boiled yeast that promoted the alcoholic fermentation and was 

named coferment or cozymase.1 The structure of NAD contains two nucleotides 

linked by a phosphoanhydride bridge via the 5’ position, and both nucleotides 

consist of a ribose with either an adenine ring or a nicotinamide at the 1’ position 

(Fig. 1-1). NAD+ and NADH are the oxidized and reduced forms of NAD 

respectively. This cofactor involves in many redox reactions in cells. The oxidized 

form (NAD+) accepts two electrons and a hydrogen in the form of a hydride ion at 

the 4-position of the pyridine ring of the nicotinamide and transforms into the 

reduced form (NADH). This reaction is reversible, making NAD a major carrier of 

electrons and protons in major metabolic pathways such as glycolysis, the 

triacarboxylic acid cycle, fatty acid synthesis, and steroid synthesis. 

 

Fig. 1-1 Oxidized and reduced forms of NAD. 
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1.1.2 Biosynthesis and consumption of NAD 

The bio-synthesis of NAD depends on different pathways in certain organs (Fig.1-

2).2 In the de novo pathway, tryptophan is the participant in the synthesis of NAD+, 

which occurs in liver cells via the kynurenine pathway. However, the biosynthesis 

of NAD from tryptophan (Trp) requires an eight-step reaction sequence. Other 

biosynthesis routes are based on the precursor of vitamin B, including nicotinic acid 

(NA), nicotinamide (NAM), or nicotinamide riboside (NR).3-4 Compared to Trp, 

salvageable precursors NA, NAM, and NR only require two to three steps for NAD 

synthesis. Moreover, NAD is required to be produced continuously and it can be 

recycled back by catalysis of diverse NAD consumption enzymes to cut the N-

glycosidic bond and produce nicotinamide. This biosynthetic route is considered to 

be the main pathway for maintaining NAD homeostasis.5  

 

Fig. 1-2 Biosynthesis and consumption of NAD 
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1.1.3 NAD+ metabolism in human disease 

NAD+ is one of the most important cofactors for dehydrogenases, reductases, and 

hydroxylases. It not only participates in glycolysis, fatty acid β-oxidation, and the 

tricarboxylic acid cycle, but its reduced form (NADH) also plays a key role in ATP 

production as a hydride donor. 6 Furthermore, NAD+ works as a regulator of cell 

signaling pathways. Thus, many biological processes are directly affected by the 

level of NAD+ in the human body. Numbers of studies have proved that NAD+ 

reduction is related to diverse human diseases, such as axon degeneration, 

cardiovascular disease, aging, and cancer. 

Cardiovascular disease (CVD), one of the world's most prevalent diseases, is 

associated with intracellular calcium abnormalities. Matasic and Brenner have 

summarized how NAD+ regulates Ca2+ to affect arrhythmogenesis (Fig. 1-3).7 

Cyclic ADP-ribose (cADPR) and nicotinic acid adenine dinucleotide phosphate 

(NAADP) are both Ca+ signaling messengers catalyzed from NAD+ by CD38 or 

other NADase. cADPR and NAADP may promote Ca2+ release by enhancing the 

activity of the sarcoplasmic reticulum Ca2+ pump. The increasing intercellular Ca2+ 

level disturbs the electrogenic influx activated by the Na+ /Ca2+ exchanger (NCX), 

stimulating depolarization of the cardiomyocyte and then causing focal or 
disseminated arrhythmias.8 Reactive oxygen species (ROS) which are produced 

from NADH have been reported to have the inhibition ability to NCX.9 In general, 

NAD+ metabolism affects the electrical conduction in the cardiovascular and leads 

to CVD. Thus, many studies suggested that reduction of Ca2+ accumulation and 

enhancement of NAD+ content in cells by inhibiting NADase activity could provide 

an efficient therapeutic target for CVD.10-11 
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Fig. 1-3 NAD+ and Ca2+ signaling in arrhythmogenesis 

Furthermore, as a key regulator of metabolism and signalling, NAD+ plays an 

essential role in cancer cell survival and proliferation. As a coenzyme, NAD+ affects 

the production of NADPH and Rib-5-P as well as other compounds for the growth 

and angiogenesis of the tumor (Fig.1-4). It also interacts with NAD+-consuming 

enzymes, including CD38, PARPs, and SIRTs to form different and essential 

signaling messengers which are involved in DNA repair, gene expression, and 

Mitogen-activated protein kinases regulation and Ca2+ signaling in cancer cells, as 

well as the product of enzymatic reaction NAM functions in NAD+ replenishment 

pathway. However, the product of Nam in this pathway, Nam 

phosphoribosyltransferase (NamPRT), is inhibited by FK866, GMX1777, and 

CB30865, resulting in the disruption of metabolism and the reduction of 

proliferation in tumor cells. Many data showed that the increasing level of NamPRT 

dramatically enhances tumor cell survival.12 Using inhibitors of NamPRT to restrain 

its expression significantly depresses the intercellular level of NAD+, causing the 

reduction of ATP and then the death of cancer cells.13 Thus, controlling the level of 

NAD+ in tumor cells by targeting NamPRT is a protentional therapeutic strategy. 
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Fig. 1-4 Effects of targeting NAD+ synthesis in cancer cells 

NAD+ is also a star molecule in aging and relevant diseases. Evidence illustrates 

that the intercellular NAD+ level contracts with age in multiple organs, especially 

in the human brain.14 Decreasing NAD+ with age not only appears in humans, but 

also in mice tissues, such as the liver, brain, and skin.15 These results indicated that 

reduction of NAD+ with age is a typical case in diverse species. So, replenishing 

NAD+ has become popular research in improving lifespan. 

In summary, as NAD+ is a critical substrate in multiple biological processes, 

manipulating the level of NAD+ in biological systems is a potential therapeutic 

strategy for various metabolic disorders.  

1.2 NAD consuming enzymes 

There are three kinds of NAD consuming enzymes: deacetylases in the sirtuin 

family (SIRTs), ADP-ribosyltransferases, and cyclic ADP-ribose synthases 

(cADPRSs).  

cADPRSs convert NAD+ into ADP-ribose (ADPR) and cyclic ADP-ribose (cADPR) 

by losing nicotinamide (NAM). These cyclized and hydrolyzed products play a key 

role in regulating biological activities. cADPR is a second messenger of Ca2+ 

signaling pathways by sensitizing the Ca2+ release activity in ryanodine receptors.16 
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ADPR is the most effective agonist in the TRPM2 channel which is a Ca2+-

permeable cation channel,17 and NAM can be recycled for the biosynthesis of NAD. 

There are two members in the family of cADPRSs: CD38 and CD157. CD157 is 

rarely mentioned because of its weak enzyme activity, while CD38 is widely 

recognized. CD38 is a membrane-bound glycoprotein. It has a 69% overall 

homology with ADP-ribosyl cyclase which is an enzyme in marine animal 

Aplysia.18 With the similar enzymatic activity of cyclase, CD38 is mainly 

responsible for catalyzing NAD into cADPR and ADPR. Sterile alpha and TIR 

motif containing 1 (SARM1) is a multifactional enzyme with similar enzymic 

properties to CD38. But they are completely different enzymes, with no sequence 

similarity, totally different sizes, and different subcellular locations. Moreover, 

SARM1 acts as an executor in axon degeneration, making it a potential drug target 

for many neurodegenerative diseases (NDs). Because of this, SARM1 and CD38 

have been studied extensively. 

1.2.1 SARM1  

In 2001, SARM1 is first discovered as a protein with a structure of sterile alpha 

(SAM) domain combined with the HEAT/Armadillo motifs, a member of the 

Toll/Il-1 Receptor (TIR) which had orthologue in drosophila, and caenorhabditis 

elegans, mice and human.19 This structure is unique because no other protein in 

mammals has a SAM adjacent to a TIR domain. In nematode worms and flies, it is 

abundant in mitochondria. But in mammals, the enzyme is highly expressed in 

neurons and mainly located in the axon. It exists in the cytosol and mitochondrial 

pool outside the neurons.20-21  

Recently, the X-ray structure of SARM1 is reported.22 SARM1 is found to be an 

octamer in a ring shape (Fig. 1-5 B–D). The ring's inner and outer diameters are 35 

Å and 200 Å, respectively, and the thickness is ~60 Å. SAM domain packs to form 

the inner layer that organizes the octamer. ARM domain leans aside from SAM to 

https://en.wikipedia.org/wiki/Caenorhabditis_elegans
https://en.wikipedia.org/wiki/Drosophila
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constitute the outer layer, and TIR docks on top of the two adjacent ARM. 

 

Fig. 1-5 X-ray structure of SARM1. A schematic representation of SARM1. The mitochondria 

targeting sequence peptide (MTS), ARM, SAM, and TIR are colored in grey, green, yellow, and 

blue, respectively. (B) Side view of the SARM1 octamer. α-helices are shown as cylinders. 

NAD+ molecules are shown as sticks. One protomer is colored the same as in (A) The other 

protomers are colored in grey. The thickness of the octamer and the length of one protomer are 

indicated. (C-D) Top view of the SARM1 octamer colored by different domains (C) or by 

protomers (D). The inner and outer diameters of the ring structure are indicated. (Source: Fig.1 

in reference 22) 

Containing the TIR domain indicates a role for SARM1 in innate immunity. It is 

reported to participate in regulating T-cells' death in mitochondria.23 As SARM1 is 

highly expressed in neurons and located in the axon, most studies of SARM1 focus 

on axon degeneration and related neurodegenerative diseases. 
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1.2.1.1 Axon degeneration 

The nervous system is a highly complicated part in biology that transmits signal to 

and from different positions of biological systems. It is responsible for many 

important activities in the human body, including learning, memorizing, motor 

control, sensory information processing, etc. The nervous system is divided into the 

central nervous system and the peripheral nervous system, which is mainly 

composed of neuronal cells and glial cells. Neurons are an essential functional unit 

of the nervous system. There are approximately 86 billion neurons in the human 

body with varying lengths ranging from micrometers to meters. In order to maintain 

the activity of neurons and normal signal transmission, nerve cells need to consume 

a large amount of protein. Once the signalling pathways are disturbed, it will lead 

to nerve cell dysfunction. Because nerve cells are difficult to regenerate, these 

dysfunctions are often irreversible, and the accumulation of dysfunctions leads to 

the occurrence of neurodegenerative diseases (NDs), such as Parkinson's disease 

(PD) and Alzheimer disease (AD).24 

The mechanisms of NDs are very complicated. It is widely believed that NDs are 

mainly caused by cell genetic mutations, leading to protein misfolding, 

oligomerization, and accumulation in the brain. Thereby, many nerve cells die, 

destroying the neural network and causing serious neurological diseases.24-26 And 

with deeper study in the molecular mechanisms of neurodegenerative diseases, 

axonal degeneration is gradually considered to be the essential promoter in the 

occurrence and development of NDs. Since axon degeneration occurs before a large 

amount of nerve damage, it is also regarded as a potential target for alleviating 

neuropathy. 

The forms of axon degeneration are very diverse, including dying back, simple axon 

retraction, axonal shedding, local axon degeneration, etc.27 Axon injury is a 

relatively simple model of axon degeneration. After an axon is injured, it separates 

from the neurons, then rapidly becomes fragments and completely degenerates. 
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This process is called "Wallerian degeneration ". Abundant studies found that 

Wallerian degeneration not only occurs in neuronal injury models but also be 

observed in other animal neurological disease models.28-30 

As shown in Fig. 1-6, Wallerian degeneration was divided into three stages:31 acute 

degeneration, latency period, and granular degeneration. The first phase occurs 

within a few minutes after the axon injury. Neurons begin to rapidly degenerate at 

several hundred microns from the injury site within 5 to 60 minutes.32-33 During this 

process, the Ca2+ level in axons increases, which activates the serine-threonine 

protease calpain, which separates neurofilament and microtubule interacting 

proteins, then destroys nerve fibers and cytoskeleton.32 In the second phase, the 

latency period, the separated axon remains intact and still has the ability of 

corresponding physiological functions.34-35 Meanwhile, immune cells around 

neurons are activated, and the levels of local cytokines, chemokines, and growth 

factors begin to increase. Then phagocytes gather around and penetrate the injured 

position.36-37 The final phase is granular degeneration, in which axon degeneration 

starts. The separated axon is fragmented from the end, and phagocytes reach the 

injured site and clean up the cell fragments.38-39 

 

Fig. 1-6 Course of Wallerian axon degeneration. (Source: Fig.1 in reference 31) 

1.2.1.2 The role of SARM1 in axon degeneration  

In 2012, when screening Drosophila mutants of Wallerian degeneration inhibition, 
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Osterloh et al discovered that dSarm mutations can inhibit damage-induced axon 

degeneration.40 They tested Drosophila mutants that inhibit Wallerian degeneration, 

identifying them by next-generation sequencing, and found that these mutations are 

located on the dSarm gene, inactivating the SARM1 protein. In addition, knocking 

out the homologous protein SARM1 in mice also effectively inhibits Wallerian 

degeneration, indicating that SARM1 promotes axon degeneration and its function 

is universal among different species.40 These results further prove that Wallerian 

degeneration is an actively regulated process of axonal death. And SARM1 is the 

first protein to be found that promotes Wallerian degeneration. 

The damaged axon in mutant mice maintained a complete structure and normal 

metabolic pathways for 2-3 weeks, and the process of axon fragmentation was slow. 

This mutant gene was named Wallerian degeneration slow (WLDs). Subsequently, 
the protective ability of WLDs has been verified in a variety of animal models of 

neurodegenerative diseases, including TBI, CIPN, PD, etc., indicating that WLDs 

enables the delay of Wallerian degeneration and their functions are universal among 

different species.41-45 The discovery of WLDs reveals that Waller degeneration is a 

regulated and active cell death process.46-47 

NMNAT2, an important NAD Synthetase, catalyzes NAM into NAD+. When the 

contents of NMNAT2 reduce, NAD+ levels decrease. The amount of NAM 

increases leads to axon degeneration.48 Therefore, reduction of NAD+ is one of the 

important factors that exacerbate axonal degeneration. Overexpression of NMNATs 

protein in neurons significantly increases the synthesis of NAD+ and delays axon 

degeneration.49-50 When axon degeneration occurs, supplementing NAD+ or NAD+ 

precursor molecules such as Nicotinamide, Nicotinic acid riboside, etc., can 

alleviate the damage-induced axon degeneration to a certain extent.51-52  

Similar to the protective mechanism of WLDs /NMNAT2 overexpression, SARM1 

deletion has been shown to inhibit axon degeneration in various species of 

neurological diseases.53-56 Overexpression of SARM1 or WLDs both suppress 
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perinatal death of mice caused by NMNAT2 deletion. However, overexpressing 

WLDs in mice developed hindlimb dyskinesia at about 3 months, lower limb paresis 

and muscle atrophy at 10-12 months. While SARM1 knockout mice grew normally 

within 24 months, 54 indicating that SARM1 knockout is more effective than 

overexpression of WLDs in inhibiting the neurological dysfunction in mice caused 

by NMNAT2 deletion. Therefore, SARM1 plays a crucial role in promoting axon 

degeneration and is a potential drug target to inhibit axon degeneration. 

1.2.1.3 The activation mechanism of SARM1 in axon degeneration 

SARM1 is composed of three parts (Fig. 1-7): the nitrogen-terminal ARM 

(Armadillo/HEAT repeat), two tandem SAM (Sterile alpha motif), and the carbon-

terminal TIR (Toll/Interleukin Receptor). And there is also a mitochondrial 

positioning signal peptide at ARM.53 

 

Fig. 1-7. The structure of SARM1 

The mechanism of SARM1’s role in axon degeneration is still unclear. The 

important features of axonal degeneration are the decrease of NAD+ and the 

increase of NMN. In recent years, it has been found that knocking out SARM1 

inhibits axon degeneration, and NAD+ is maintained at a normal level, indicating 

that SARM1 promotes the consumption of NAD+ and stimulates axon 

degeneration.57-58 However, from the structural, there is no clue showing that the 

ARM, SAM, and TIR may have enzymatic activity. So, it was initially speculated 

that SARM1 might interact with enzymes related to NAD+ metabolism and regulate 

the level of NAD+ in axons by regulating the activity of NAD+ metabolic enzymes. 

Surprisingly, in 2017, Essuman et al. prepared the TIR domain (SARM1-TIR) of 

SARM1 and found that it has NAD+ hydrolase activity.59 In order to exclude the 



12 

 

influence of other NAD+ hydrolases, protein MS analysis techniques were used to 

prove that SARM1-TIR does not interact with other NAD+ hydrolases 59. Further, 

using E. coli expression purification experiments and a cell-free expression system 

to obtain high purity SARM1-TIR finally proved that SARM1-TIR catalyzes NAD+ 

to produce ADPR and cADPR.59 In 2019, Zhao et al. prepared a full-length SARM1 

and confirmed that it has base exchange activity after activation.16 Since one of its 

products, cADPR, is a calcium messenger, SARM1 has been established as a 

multifunctional signal enzyme. 

SARM1-dependent axon degeneration relies on its enzymic activity. Axonal injury 

activates SARM1, leading to NAD+ depletion and axonal degeneration.59 In 

SARM1 knockout neurons, overexpression of SARM1 without TIR cannot cause 

damage-induced axon degeneration.53 Mutating E642 to alanine on TIR makes 

SARM1 lose enzymatic activity and axon degeneration function.59 The addition of 

membrane permeability activator CZ-48 in cells overexpressing SARM1 to activate 

SARM1 induces cell death.16 These results indicate that SARM1-mediated axon 

degeneration and cell death are enzyme-dependent. 

The regulation mechanisms of SARM1 remain to be studied. It is currently believed 

that SARM1 is in a self-inhibiting state under normal conditions. After being 

stimulated, the self-inhibited ARM domain is released to change the conformation 

of SARM1, TIR dimerizes, and activates SARM1 to catalyze the hydrolysis and 

cyclization of NAD+ to generate ADPR and cADPR and release NAM53, 60 More 

and more evidence supports this working model. First, removing the ARM makes 

SAM-TIR constitutively activated, resulting in axon degeneration in undamaged 

neurons, indicating that ARM inhibits the enzymatic activity of SARM1 under 

normal conditions.53 Only expressing the TIR domain and no axon degeneration 

was detected, indicating that both SAM and TIR are required for the SARM1 

enzyme activity.53 

Fusion expression of TIR and FKBP/Frb, the rapamycin-stimulated protein induces 
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dimerization, which can activate the NAD+ hydrolytic activity of TIR, leading to 

axon degeneration. These indicate that TIR is the enzymatic domain of SARM1 and 

SAM mediates protein dimerization to activate TIR.60 In conclusion, SARM1 is 

in a self-inhibited state. After stimulation, ARM separates from SAM or TIR. Then 

TIR forms a homodimer, and SARM1 is activated. 

Moreover, the decreased level of NMNAT2 stimulates the activation of SARM1. 

NMNAT2 may regulate the activity of SARM1 by regulating NAD+ levels. When 

the content of NMNAT2 decreases, the product NAD+ also decreases. And the 

substrate NMN accumulates. The increase of the NMN/NAD+ ratio promotes axon 

degeneration.49, 57, 61 These results suggest that NMN/NAD+ levels may regulate the 

activation of SARM1. The membrane permeability activator CZ-48 further proves 

that NMN can directly activate SARM1.16 CZ-48 is an analog of NMN. The 

hydroxyl group on NMN ribose is replaced by fluorine, and the oxygen atom on 

phosphoric acid is replaced by sulfur. In vitro experiments showed that CZ-48 and 

NMN both activate SARM1, and the ability of activation is equivalent. The level of 

NAD+ reduces in the cell treated with CZ-48, causing the increasing level of 

cADPR and inducing cell death. The same results happened when knockouts 

NMNAT1.16 These data indicated that NMN is the endogenous activator of SARM1 

and enhancing the content of NMN activates SARM1 leading to NAD+ depletion 

and triggering cell death. 

1.2.1.4 SARM1-dependent cell death mechanism 

SARM1-dependent axon degeneration and cell death (Sarmoptosis) are different 

from other types of cell death processes. Neurons treated with carbonyl cyanide 3-

chlorophenylhydrazone(CCCP), an H+ ionophore, stimulate mitochondrial 

depolarization, causing SARM1-dependent axon degeneration and cell death.50, 62 

This process is not affected by the inhibitors of apoptosis and other programmed 

cell deaths, such as Necroptosis, PARP1-dependent cell death, and Ferroptosis.62 

These illustrated that SARM1-dependent cell death is different from known cell 
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death. 

The specific mechanisms of SARM1 causing cell death are still unclear. The release 

of Ca2+ stimulates axon degeneration. However, knocking out SARM1 affects the 

calcium signalling pathway in the axon. The mechanisms may relate to the 

biosynthesis of cADPR and ADPR.62-64 SARM1 activation and cell death induced 

by CZ-48 lead to the increase of mitochondrial ROS, depolarization and ATP 

depletion.16 These results indicate that the axon degeneration and cell death process 

induced by SARM1 is a completely new death mechanism, which may involve 

calcium signaling pathways and mitochondrial dysfunction. 

In summary, SARM1 is a multifunctional signalling enzyme. It is involved in 

various enzymatic catalyzed reactions. In many neurodegenerative diseases, 

activated SARM1 consumes NAD+, initiating a brand-new cell death mechanism. 
Knocking out SARM1 inhibits axon degeneration and disease progression. So, it is 

considered as a potential drug target for NDs. In order to promote the NDs therapy, 

the enzymic mechanism of SARM1 need further study. 
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1.2.2 CD38 

CD38 is a 45-kD transmembrane enzyme. It was first identified in 1980 by E. L. 

Reinherz as a surface marker of thymus cell lymphocytes in the immune system.65 

After 12 years, the enzymatic activity of CD38 was found to have the ability to 

catalyze the production of cADPR.66 And later, in 1994, CD38 was first described 

outside the immune system. In the immune system, it is mainly distributed in 

thymocytes, T lymphocytes, B lymphocytes. Circulating osteoclast and osteoblast 

precursors in the myeloid lineage also express CD38 on the surface. Later it has 

become clear that CD38 distributes abundantly outside the immune system. It was 

found in perikarya and dendrites of many neurons, smooth and striated muscle cells, 

renal tubules, retinal ganglia cells, and cornea.66  

As a transmembrane protein, the molecular orientation of CD38 is critical for its 

functions. CD38 has two opposing orientations in the cell surface, type II and type 

III. In type II orientation, the carboxyl-terminal catalytic domain of CD38 is located 

on the outside of the cell.67 In type III orientation, the C-terminal catalytic domain 

faced the cytoplasm, and the N-terminal tail faced the outside of the cell.67 

Since the high expression in many cell surfaces, the function of CD38 plays an 

important role in moderating signal transduction. CD38 can work as a receptor or 

an enzyme. As a receptor, CD38 associates with signalling ligands to regulate the 

signalling pathways. For example, CD38 can bind to CD31 and triggers the 

induction of an intracellular signalling cascade which relates to the activation of T 

lymphocytes. As an enzyme, CD38 participants in the catalyzing NAD+ into 

cADPR. And it can further hydrolysis cADPR into ADPR. Both cADPR and ADPR 

are key regulators of intracellular calcium signalling pathways. 

 

https://en.wikipedia.org/wiki/T_cell
https://en.wikipedia.org/wiki/Lymphocyte
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1.2.2.1 The enzymatic activity of CD38 

There are three proteins known to have a similar catalytic activity to SARM1: ADP-

ribosyl cyclase (cyclase) in marine animals, CD38 and CD157 in mammals. They 

all have NAD+ cyclizing activity, NADase activity and base exchange activity.68  

CD157 is rarely mentioned because of its weak enzyme activity, while CD38 is 

widely recognized. 

CD38 is a membrane protein consisting of a short N-terminal tail, a single 

transmembrane fragment, and a carbon-terminal enzyme active part. Because of the 

similar enzymatic activity, learning more about the reaction mechanism of CD38 

provides a useful tool for studying the mechanism of SARM1. 

Glu226 was considered to be a key residue of CD38 catalysis, which may be 

involved in the formation of a catalytic intermediate. Mutation of Glu-226 to Asp, 

Asn, Gln, Leu, or Gly essentially inhibited all enzymatic activities of CD38, which 

indicate the interaction between Glu226 and 2', 3'-OH groups of the substrate are 

necessary for catalysis.69 Trp125 and Trp189 are also critical for the catalytic 

activity of CD38. They can recognize and localize the substrate by interacting with 

the pyridine ring on the substrate through the indole ring. Substituting it with 

glycine would essentially eliminate all the enzymatic activity of CD38.70 

According to the crystal structure of CD38 and NMN, it is suggested that NMN is 

bound in the active pocket of the protein, and its amino group is very close to the 

two acidic amino acids Glu146 and Asp155 of CD38, which the distances are 3.27 

Å and 2.52 Å, respectively.71-72 When Glu146 and Asp155 were mutated into 

uncharged amino acids, the activity of CD38 of catalysis and hydrolysis are both 

reach 30-85% of the highest reactivity. It shows that these two amino acids are the 

main factors of enzymatic activity of CD38 in neutral conditions.71-72  

SARM1, different from CD38, is located in the mitochondria, with the active 

catalytic part towards the cytoplasm and in the neutral environment. Shang et al. 
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reported a relationship between the enzyme activity and domain of SARM1 in 2019. 

73 According to the results of homology comparison between the existing TIR 

structure and CD38, it is found that TIR has acidic amino acids, which have a 

similar position to Glu146 and Asp155 in CD38. 

However, since the specific catalytic mechanism of SARM1 is unknown, it is not 

clear whether the existing structure is an active form or not. And the existing TIR 

protein structure is different from the CD38 structure, so more evidence needs to be 

found to prove the above speculation.  

 

Fig. 1-8. Enzyme activity comparison between SARM1 and CD38. (Source: Fig. 4 G in 

reference 16) 

Although both enzymes catalyze the same reactions, the enzymatic activities of 

SARM1 and CD38 are different. In 2019, Zhao’s group reported that the NAD+ 

hydrolysis activities of these two enzymes are much higher than cyclization and 

base-exchange activities (Fig. 1-8). However, the hydrolytic activity of SARM1 

is significantly lower than that of CD38 (about 1000 times). Compared with its 

hydrolytic activity, the cyclization activity of SARM1 is stronger than that of CD38. 

The base-exchange activity of CD38 is slightly stronger than that of SARM1 under 

pH 4.5, with NADP+ and NA as substrates.16 Although the enzyme activity of the 

two enzymes is different, the early method developed for CD38 activity can also be 

applied to detect the enzyme activity of SARM1. 
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1.2.2.2 The Reaction Mechanism of CD38 

Since CD38 involves multiple biological processes, it becomes an attractive target 

for drug development. A deeper understanding of the mode of action of CD38 can 

help to design and develop novel inhibitors of CD38-related diseases. 

It is generally believed that the catalytic mechanisms of cyclase and CD38 are 

similar. They both catalyze the cleavage of the nicotinamide bond of NAD+ to form 

an intermediate, which can react with the N1 atom of adenine, H2O, or other 

reagents to obtain the product or regenerate the substrate. However, there is still 

unclear about the intermediates of this enzymatic reaction. 

Currently, there are two hypotheses about this intermediate: one is that non-covalent 

oxonium ions are formed and stabilized by enzymes. 74The other is that the reaction 

intermediate may exist in covalent form. After nicotinamide is left from NAD+, it 

may create a covalent bond with the active site residue Glu or Asp. If the covalent 

bond is formed before the nicotinamide leaves, it can assist in the breaking of the 

C1-N1 bond (Fig. 1-9). 

 

Fig. 1-9 Oxocarbenium intermediate and Glu-covalent intermediate.  

Currently, CD38 and Cyclase have been well characterized by crystallography and 

site-directed mutagenesis. In 2004, Lee’s group obtained the crystal structure of the 

covalent compound of the hydrolysate product of Cyclase and NMN.75 The ribose 

of ribose-5-phosphate (R5P) forms a covalent bond with the catalytic residue 

Glu179, which is the first time that the covalent compound was considered to be 

the intermediate of this enzymatic reaction. However, in the structure of the 
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complex of CD38(E226Q) and NGD obtained by Qun et al., it was suggested that 

the intermediate was stabilized by polar interactions with the catalytic residue 

Glu226 instead of covalently bonding.76 

At present, using different substrates, the formation of oxonium and covalent types 

of intermediates can both be observed in the crystal structure.75, 77Therefore, the 

form of the reaction intermediate is still worthy for further confirmation 

1.2.2.3 Traditional methods for detection of the enzyme activity of CD38 

There are two kinds of commonly used methods for the detection of CD38 enzyme 

activity. The first one is based on the detection of CD38 metabolic products, 

including the cycling analysis method, LC-MS Spectrometry quantitative analysis 

method, etc. The second type is to measure the activity of CD38 by in vitro enzyme 

activity reaction, including reverse cycling reaction, and fluorescent probe, etc. 

The cycling analysis method reflects the enzymatic activity of CD38 by detecting 

the accumulated cADPR in the cell (Fig. 1-10).78 In the presence of a high 

concentration of NAM, cyclase converts cADPR into NAD+ in the sample. NAD+ 

enters the enzyme-linked reaction as a coenzyme factor and is converted into 

NADH by alchohol dehygrogenase (AD/ADH). And then diaphorase use NADH 

and flavin mononucleotide as a coenzyme to convert resazurin into Resorufin. 

Finally, the reaction cycle process causes the accumulation of fluorescent signals. 

The procedure of the cycling analysis method is simple. Firstly, the cells were lysed 

with perchloric acid. Then trioctylamine was used to neutralize the acid. And the 

sample containing cADPR is extracted to the aqueous phase with chloroform. Next, 

the aqueous phase is treated with NAD+ hydrolase to remove the NAD+ in the 

sample. And the NAD+ hydrolase is removed by hydrophobic membrane filter. 

Finally, the prepared sample and cADPR standard were added to the reaction 

solution for fluorescence measurement. 
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Fig. 1-10. The principle of the cycling analysis method. (Source: scheme 1 in reference 78) 

This method is simple to operate and highly sensitive. It can quickly detect the 

nanomolar level of cADPR content in cells, and accurately reflect the changes in 

CD38 activity. However, it has several disadvantages. 1) Although NADase has 

high selectivity, the sample treated with NADase will degrade cADPR so that the 

treatment time and concentration need to be controlled. 2) The reaction requires 

many enzymes and the reaction process is complicated. 3) CD38 can catalyze a 

variety of enzymatic reactions. And this method can only detect cyclase activity of 

CD38. Although this method can be modified to detect NAADP synthesis, it still 

cannot detect the hydrolysis activity of CD38. 4) There are other proteins in the cell 

except from CD38 that can synthesize cADPR. Therefore, measuring the content of 

cADPR may not precisely reflect the enzyme activity of CD38 in the cell; 5) The 

content of cADPR cannot be real-time detection of CD38 enzyme activity. 

LC-MS Spectrometry quantitative analysis uses mass spectrometry to quantify 

metabolic molecules to detect the intracellular CD38 activity. First, the metabolic 

mixture in the cell is extracted, and the sample is separated, analyzed and quantified 

by the instrument. This method has high sensitivity and low detection limit. And it 

can measure different metabolic products at the same time. But the limitations are: 

1) the instrument is expensive, and its operation is complicated. 2) the measurement 
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is time-consuming. 3) Sample data analysis is difficult. Because there are few free 

databases available. 4) Real-time monitoring of intracellular enzyme activity cannot 

be achieved. 

The reverse cycling analysis method is based on the cycling analysis method. First, 

the reaction solution of cADPR and high-concentration Nam is incubated with 

CD38 to catalyze the production of NAD +. After the reaction, the generation of 

NAD+ is detected by cycling assay. The merits and demerits of reverse cycling are 

basically the same as the cycling method. The difference is that the reverse cycling 

directly detects the enzymatic activity of CD38 in vitro, while the cycling method 

measures cADPR accumulated in the cell. The main disadvantage of reverse cycling 

is that it reflects enzymatic activity by measuring the amount of NAD+ so that 

exogenous NAD+ interference should be avoided. The CD38 extracted from the 

cells requires protein dialysis, buffer replacement, or immunoprecipitation to 

remove NAD+ in the solution, which is a cumbersome process. 

Therefore, there are currently a variety of methods that can detect CD38 activity. 

Because SARM1 has a similar enzymatic activity to CD38, these methods have also 

been applied to measure the activity of SARM1.16, 59 However, all the traditional 

methods for detecting CD38 activity mentioned above have limitations. They are 

not suitable for real-time detection of intracellular enzyme activity of SARM1 and 

CD38. Therefore, more efficient approaches need to be investigated for real-time 

detection of enzyme activity of SARM1 and CD38. 
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1.2.3 Molecular imaging of enzymatic activity 

Organic dyes were only a useful approach to cell study before the 20th century. It 

had become a popular tool in life science when the first fluorescence microscope 

was invented in the early 20th century. With the eventual appearance of the confocal 

microscope, molecular imaging allowed the detection of cellular structures and 

intracellular biologic activities. It can non-invasively localize into the living 

organisms, which highly promotes the development of life science. 

Different types of molecular probes need to be designed to detect different 

biological targets.  

Enzymes are key regulators in biological systems which work as catalysts to 

monitor various of metabolic pathways. Because of their unique catalytic properties, 

they are considered as potential biomarkers for the investigation of many human 

diseases. Imaging of enzyme activity in real-time detection provides a powerful tool 

for studying the mechanism of biological processes and related diseases diagnostics 

and treatment. Typically, these molecular probes can be divided into two categories: 

always-on probes and activatable probes (Fig. 1-11). 

 

Fig. 1-11 Two kinds of molecular probes for imaging enzyme activation 
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For always-on probes, they provide a continuous fluorescent signal before or after 

binding to target enzymes, which introduces high background interference. The 

probes unbound to the target enzyme need to be washed away before observation. 

The detection is relay on the reduction of the background signal. This kind of probes 

requires tedious treatment, which may also lead to false positive results. 

Unlike the always-on probe, activatable probes can switch the fluorescence from 

“off” to “on” state after reacting with the target enzymes. The measurement is based 

on the continuously activated probes. It has the advantages of high sensitivity and 

no radioactive irradiation.79 The fluorescent signal will be amplified via interacting 

with the aimed enzyme in which the probes will accumulate in cells and real-time 

measure and monitor the enzyme activity. Since this type of probe almost has no 

fluorescence before interaction with the enzyme, which significantly reduces the 

background interference.  

The always-on type of probes can mainly be classified into two kinds: pre-quenched 

probes and self-quenched probes (Fig. 1-12). Pre-quenched probes are wildly used 

imaging probes for monitoring enzyme activity. The fluorophore is combined with 

a quencher through an enzyme-cleavable linker. The fluorescent signal of the 

fluorophore is quenched by a quencher via Förster resonance energy transfer (FRET) 

to form a non-luminescent probe. After being cleaved by the target enzyme, the 

quencher is released and the fluorescence is recovered. 

The self-quenched probe is the fluorogenic enzyme substrates, which is also the 

wildly used type of probes for enzyme activation detection. 80 it has a fluorophore 

linked to the substrate of the target enzyme which quenches the fluorescence of the 

fluorophore itself. After the substrate was removed by enzymic catalysis, the 

fluorescence of fluorophore is recovered. 
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Fig. 1-12 Two types of activatable probes for imaging enzyme activation 

1.2.3.1 Molecular probes for imaging CD38 activity 

Several activatable probes for detecting CD38 activity were reported. Compared to 

the traditional method for monitoring CD38 activity, molecular imaging has high 

sensitivity and respectively easier treatment procedures, which provides a more 

efficient method for detection of CD38 activity. 

Lee’s group has reported using NAD+ analogs as fluorescence probes to detect 

CD38. The activatable probes are nicotinamide guanine dinucleotide (NGD), 

Nicotinamide hypoxanthine dinucleotide (NHD), Nicotinamide xanthine 

dinucleotide (NXD) and 1, N6 -etheno-NAD+ (εNAD). After reacting with CD38, 

the nicotinamide group leaved the fluorescent products cGDPR, cIDPR and cXDPR 

are generated (Fig. 1-13).  

The maximum excitation of cIDPR, cGDPR and cXDPR are 275 nm, 285 nm and 

288 nm respectively, and the maximum emission is 404 nm, 400 nm and 412 nm. 

Among those fluorescent products, the fluorescent intensity of cIDPR is the highest. 

At the same concentration, the fluorescence intensity of cIDPR is 7.3 times than 

that of cGDPR and 18.9 times than that of cXDPR. But it can be further catalyzed 

into IDPR which has no fluorescence. cGDPR is difficult to be hydrolyzed by CD38, 
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so it is often used to detect the cyclization activity of CD38.81  

Fig. 1-13 cADPR and its fluorescent analogs (A) The structure of cADPR, cGDPR, cIDPR and 

cXDPR; (B) At the same concentration, the excitation and emission spectra of cGDPR, cIDPR 

and cXDPR, the fluorescence intensity cIDPR＞cGDPR＞cXDPR; (C) CD38 can hydrolyze 

cIDPR but not cGDPR. (Source: Fig. 2 in reference 81) 

εNAD is another activatable probe that has been reported can be catalyzed by CD38 

and cyclase to generate εADPR and εcADPR. Because the fluorescence of εNAD 

will be quenched by the nicotinamide group, reducing the fluorescent intensity of 

εNAD itself. After being catalyzed by CD38, εNAD mainly forms εADPR which 

has the maximum emission at 405 nm (Fig. 1-14).81-82 CD38 mainly catalyzes the 

hydrolysis reaction of εNAD, so εNAD is often used to detect the hydrolysis 

activity of CD38. 
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Fig. 1-14 CD38 and cyclase catalyze the reaction of εNAD. (A) Structure of εNAD. (B) 

Structure of εADPR. (C) CD38 and cyclase catalyze εNAD to generate εADPR and εcADPR. 

(Source: Fig. 6 in reference 81) 

Therefore, using different NAD+ analogs as the activatable probes, a variety of 

enzymatic activities of CD38 can be detected and distinguished in vitro. 

Fluorescence analog determination is very simple. It is not involved with other 

proteins and molecules. Meanwhile, it can be used for high-throughput screening 

experiments. But this type of probes still has limitations: 1) It is difficult to 

synthesize and the reactants are expensive; 2) The excitation and emission 

wavelength of the probe are similar to NAD(P)H in the cell, which is not suitable 

for detecting CD38 activity at the cellular level. 3) The analogs are highly 

hydrophilic and cannot penetrate cell membranes. 

In 2008, a base exchange reaction of NAD+ glycohydrolase was reported.83 CD38 

and cyclase can both catalyze the base exchange reaction of NAD+, NADP, and 

cADPR with a variety of nucleophiles, such as pyridine derivatives. At pH 7, CD38 

or cyclase catalyzes the reaction of cADPR and dismerinone to produce fluorescent 

products. Compared to dismerinone, the absorption of the product has a red shift of 

40 nm, and the emission wavelength has a red shift of 70 nm. After reaching the 

reaction platform, the absorption wavelength of the product is larger than the 
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substrate, but its fluorescence intensity is dramatically lower than that of the 

substrate (Fig. 1-15 A-B).83  

This activatable probe was activated by the base exchange reaction via the catalysis 

of CD38 and changed the wavelength of absorption and emission, which is 

beneficial to distinguish the fluorescence of the probe itself. However, because of 

the poor fluorescent intensity, this kind of pyridine derivative is rarely used as a 

probe for detecting the activity of CD38 and SARM1. 

 

Fig. 1-15 The base exchange reaction of cADPR and dismerinone catalyzed by cyclase (A) a-

b absorption and emission spectra of product and dismerinone. (B) Structure of dismerinone. 

(Source: Fig. 1 in reference 83) 

However, there are some unique advantages of nucleophiles as probes for detecting 

the activity of SARM1 and CD38. 1) The structures are relatively simple and not 

expensive to synthesize. 2) Different kinds of nucleophiles can be used as substrates. 

3) The fluorescent products have a large red shift in absorption and emission 

wavelength, which makes the observation easier. 4) Membrane permeability can be 

enhanced by changing the functional group of the probes. 5) Increasing the 

fluorescent red shift of exchanging products by enhancing the conjugate system of 

probes can reduce the damage to cells. 

Activatable imaging probes have provided an efficient tool for measuring CD38 

activity with high sensitivity and specificity, enabling real-time detection in vivo. 

Those reported probes for imaging CD38 activity all has a limitation which has 

been discussed above. Therefore, developing new activatable imaging probes for 
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the detection of CD38 becomes an urgent task. 

1.3 Objectives 

SARM1 plays an important role in axon degeneration. In many neurodegenerative 

disease models such as drosophila, and mice, knocking out SARM1 can 

significantly inhibit axon degeneration, so it is considered to be a potential drug 

target to treat neurodegenerative diseases. The function of SARM1 is closely related 

to its enzyme activity. However, the specific mechanisms of its activation and action 

in the biological system are still unrevealed. 

CD38 is also a crucial enzyme in the human body. It is involved in catalyzing NAD+ 

to form cADPR and ADPR, which both are Ca2+ channel regulators. Its enzyme 

activity affects multiple biological processes. And CD38 has a similar enzyme 

activity to SARM1. The current methods developed based on hydrolysis or 

cyclization activity are difficult to apply to real-time monitoring of intracellular 

SARM1 activity due to their strong hydrophilicity and the overlap of fluorescence 

wavelength with cell auto-fluorescence.  

Thus, we aim to 1) design and synthesize a series of small molecular probes with 

suitable absorption and emission wavelength and fluorescent intensity for real-time 

detection of the activity of SARM1 in cells. 2) Based on these probes, potential 

drugs for axon degeneration and other related diseases could be screened, tested, 

and someday be used for real application. 3) developing a method for investigating 

the biological mechanism of CD38. 
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Chapter 2 Design and synthesis of Small molecular 

fluorescence probe PCs for detecting SARM1 and CD38 

2.1 Molecular design based on the base-exchange reactions 

As we mentioned above, currently, there are several activatable probes for 

fluorescent imaging of CD38 activity. They are mainly derivatives of NAD+, 

generating fluorescence via cyclization (Fig. 2-1 A) or hydrolysis activity (Fig. 2-1 

B) of CD38. These kinds of probes require complicated and tedious synthetic 

procedures, which highly limit their applications. The activatable small molecular 

probes reported in 2008 can base exchange with the nicotinamide group of NAD+ 

via the catalysis of CD38. However, the fluorescent intensity of the exchange 

product was even lower than the probe itself, leading to inevitable strong 

background interference. This kind of small molecular probes with a simple 

structure has unique advantages for imaging CD38, which has been discussed above.  

 

Fig. 2-1 Activatable fluorescence probes based on (a) cyclization, (b) hydrolysis and (c) base-

exchange reactions 
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Therefore, we proposed that conjugating the electron-rich aromatic compounds 

with pyridine or quinoline can form a donor-π-acceptor structure. The positive 

charge of the nitrogen atom of the base exchange products should delocalize over 

the conjugated π-system, which increases the intermolecular charge transfer and 

leads to fluorescence changes. Based on that, we designed a series pyridinal 

conjugations (PCs) as fluorescent probes for detecting the enzyme activity of 

SARM1 and CD38.  

 

Fig. 2-2 Design of PCs. (A) Design of fluorescence probes based on pyridine or quinoline and 

aromatic derivatives with the donor-π-acceptor structure. (B) The strategy of fluorescent 

imaging of the activated SARM1.  
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As shown in Fig. 2-2, we have designed a series of fluorescence probes based on 

the donor-π-acceptor and donor-acceptor motifs that could provide good 

fluorescence properties for cell imaging. The pyridine ring is served as the 

nucleophilic group of the base exchange reaction to ensure the specificity of the 

reaction. Vinylbenzene derivatives and pyridine rings form a conjugate structure to 

increase the fluorescence wavelength of the probes. After exchanging with 

nicotinamide of NAD+, PCs should attach to the north ribose, increasing the internal 

charge transfer of exchanged product. This should allow a large red shift in the 

fluorescence of the product. Thereby, it could distinguish the fluorescence between 

probes and products and avoid the overlapping of the fluorescence of cells.  
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2.2 Structure and synthesis of PCs 

To obtain these coupling products, halogenated aromatic compounds with different 

substituents were synthesized according to the literature.  

These small molecule probes were mainly synthesized via coupling reactions, such 

as Heck reaction, Suzuki coupling, and Sonogashira cross-coupling. These three 

reactions are all palladium-catalyzed coupling reactions which are wildly used in 

academic research and industrial applications. 

PC1-9 and PC19-23 were synthesized through Heck reaction. Between unsaturated 

halogenated hydrocarbons and alkenes under the catalysis of the base, ligand and 

palladium catalyst to form substituted alkenes (Fig. 2-3), which gave the expected 

cross-coupling products in 16-85% yields. 

 

Fig. 2-3 Synthesis of PCs via Heck reaction 
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PC12 and PC13 were synthesized by Sonogashira cross-coupling (Fig. 2-4 A) with 

48-77% yields. In this reaction, homo-coupling reactions are prone to occur in this 

reaction, resulting in the production homo-coupling products of alkynes. Therefore, 

normally the alkynes were dissolved in solvent and added dropwise to reduce the 

generation of side products and the reaction temperature should not be too high. 

PC14 and PC15 were synthesized through Suzuki-Miyaura coupling (Fig. 2-4 B) 

which was first reported in 1979. The cross-coupling is between aryl or alkenyl 

boronic acids or boronic acid esters and chlorine, bromine, iodoaromatic 

hydrocarbons or alkenes under the catalysis of Pd(0) complexes, which is widely 

used in synthesizing nature products and pharmaceuticals. 

Since these three reactions are all catalyzed by palladium catalyst, they are very 

sensitive to oxygen. Degas is necessary and the reaction need to be protected by 

Argon. 

 

Fig. 2-4 Synthesis of PCs via (A) Sonogashira cross-coupling or (B) Suzuki-Miyaura coupling 

As for the rest of probes, PC16-18 were synthesized via azo coupling with 17-70% 

yield (Fig. 2-5 A), PC10 was synthesized through Knoevenagel condensation with 
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the yield of 27% (Fig. 2-5 B). 

 

Fig. 2-5 Synthesis of PCs via (A) Azo coupling or (B) Knoevenagel condensation 

Most of these final products have high polarity which are also very similar to the 

pyridine derivatives reactants. Fortunately, the reactant and product PCs can be 

purified by silica gel column chromatography with slow solvent elution. All the 

products were characterized unambiguously by 1H NMR, 13C NMR, and HR-MS. 
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2.3 Photophysical properties of PCs 

The photophysical properties of PCs were measured in PBS buffer under the 

concentration of 25 µM since the main application of these probes is for imaging 

enzyme activity. These data were summarized in Table 2.2-1. 

As shown in Fig. 2-6, the intense absorbance of these probes is mainly located in 

the UV region with a maximum absorption wavelength from 284 nm to 379 nm, 

which may be due to the π-π* transitions. Several of them, such as PC4, PC14, 

PC16, and PC23, has two absorption peaks. The long wavelength absorption peak 

is mainly located in the visible region from 392 nm to 461 nm, which may associate 

with n-π* transitions. Almost all of them have fluorescent emission via the 

deactivation process of the singlet excited state of the molecule after being excited 

at maximum absorption wavelength. The fluorescent emission wavelength of PC1-

17 and PC19-23 vary from 371 nm to 667 nm. The emission wavelength of PC18 

cannot be detected, which may cause by photobleaching. 

With a larger conjugate system, PC4, PC19, and PC23 have excellent brightness. 

The fluorescence of these three probes can be observed even under visible light in 

ethyl acetate with low concentration. However, a larger conjugate system also 

sacrifices the water solubility. Moreover, the water solubility of the probes with 

oxygen as a donor is better than those with nitrogen as a donor.  
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Fig. 2-6 UV-visible and fluorescent spectra of PC1-PC23. Black solid line: UV spectra. Red 

dotted line: fluorescent spectra. 

Some of them had strong fluorescence in PBS buffer, yet the absorbance intensity 

will become weaker after a few minutes, such as PC19. As we can see from Fig. 2-

6, after 3 minutes, the absorbance of PC19 dramatically decreased by more than 2-

folds due to interference of the photobleaching. This may also affect the application 

of those probes in imaging. Therefore, these samples were all flesh prepared before 

detection of absorbance and fluorescence. 
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Fig. 2-7 The change of absorbance of PC19 at 0 minute and 3 minutes of dilution 

Table. 3-1 Photophysical properties of PCs in PBS buffer 

PCs Absorption (nm) Emission (nm) 

 

ε×104 L/mol-1·cm-1 

PC1 368 507 1.59 

PC2 364 430 1.22 

PC3 379 526 0.66 

PC4 303/392 667 1.33/0.87 

PC5 320 465 1.30 

PC6 328 433 1.34 

PC7 312 390 2.67 

PC8 314 401 1.62 

PC9 335 473 0.66 

PC10 364 457 0.57 

PC11 360 485 3.79 

PC12 368 437 1.58 

PC13 308 371 1.88 
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PC14 341/423 453 1.14/0.41 

PC15 284 419 1.91 

PC16 368/441 437 1.32/1.09 

PC17 354 434 1.56 

PC18 487 - 1.35 

PC19 358 483 1.93 

PC20 318 396 1.58 

PC21 355 490 2.46 

PC22 361 486 2.95 

PC23 404/461 493 1.83/0.94 
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2.4 Summary 

These small molecule probes were mainly modified based on four parts, electron 

donating group, styryl derivatives, linkers, and the pyridine derivatives to improve 

the photophysical properties and the water solubility. 

To increase the photophysical properties, the conjugate systems of the probes were 

increased. With the enhancement of conjugate systems, the absorption and emission 

wavelengths of probes are larger, and the fluorescence intensity is also enhanced. 

For example, PC11 has one more benzene ring than PC6. The absorption and 

emission spectra of PC11 are red-shifted than PC6, and the extinction coefficient 

of PC11 is almost three times higher than PC6, which indicates PC11 will be more 

sensitive than PC6 during the detection.  

However, larger conjugate systems also lead to a decrease in water solubility. The 

introduction of a hydrophilic group, such as the hydroxyl group, can solve this 

problem. Furthermore, photobleaching happens to these probes which have greater 

brightness, such as PC4 and PC19.  

The design and modification need to take those factors mentioned above all into 

consideration. Moreover, the reaction activity of the probes should also be 

considered. 
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Chapter 3 Application of PCs in imaging of SARM1 

3.1 Base-exchange activity of SARM1 detected by fluorescent 

probe PC1-9 

Nine of them were first synthesized and applied to detect the base-exchange activity 

of fluorescent. PC1-4 have nitrogen atoms as the donor, and PC5-9 have oxygen 

atoms as the donor (Fig. 3-1). According to our design, in the neutral pH, activated 

SARM1 catalyzes the base substitution reaction between NAD+ and PCs to 

generate the fluorescent product PADs+ (pyridinal conjugate adenine dinucleotide). 

In mammalian cells, the pH value in the cytoplasm is around 7.4 and contains a 

large amount of NAD+. Although the SARM1 protein is located in the mitochondria, 

its active catalytic domain faces to the cytoplasm. Therefore, when the fluorescent 

probes enter the cell, under the reaction condition of pH 7.4, the activated SARM1 

protein in the cell can catalyze the base-exchange reaction between nicotinamide 

on the NAD+ by PCs to produce a fluorescent product. 

 

Fig. 3-1 Structure of PC1-9 
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The UV absorption studies of the kinetic reactions 

Firstly, the base-exchange reaction activity of SARM1 is evaluated by establishing 

the reaction in vitro. The solutions of NAD+ were treated with PCs and SARM1, 

and the reactions were detected immediately by UV-visible spectrometry. As we 

can see from Fig. 3-2, among PC1-4, only PC3 has a weak change in absorption. 

The others rarely have changed. It indicated that the pyridine derivatives with the 

nitrogen donor might not be suitable for detecting the base-exchange activity of 

SARM1. Among PC5-9 that have oxygen atoms as electron donors, all the other 

six can react except for PC9 with a diene bond in the middle. By comparing the 

changes in the absorption spectra of the reactants with time, the best absorption 

wavelength of the substrate and the product can be obtained, and the absorption 

spectra after the reaction are both red-shifted. Further, according to the kinetic 

change of the highest absorption wavelength of the substrate, the consumption of 

the substrate per minute is calculated to reflect the reaction rate. The order is as 

follows: PC8> PC7> PC6> PC5/ PC3 >PC1/ PC2/ PC4/ PC9.  

Those data show that oxygen may be a better electron donor in those probes 

compared to the nitrogen atom. The modification improves the activity of probes 

bonging to SARM1.  

The diene design (PC9) with one more double bond than PC6 has a larger 

conjugated system but lower activity. This may indicate that the enzymatic reaction 

of SARM1 with PCs requires the appropriate length of molecules, and PC9 may 

be too long to interact with SARM1. The UV absorption peak of PC6 – PC8 

decreased slowly, and a new absorption band at 390, 340, and 375 nm started to 

appear, forming the isosbestic point at 300, 330, and 340 nm, respectively. Based 

on the absorption result, four probes with better reactivity (PC5, PC6, PC7, PC8) 

were applied in fluorescence emission detection of base-exchange reaction with 

SARM1. (This part of work is collaborated with Dr. Yongjuan ZHAO in 

biology department, CUHK, Shenzhen.) 
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Fig. 3-2 The absorption spectra of the kinetic reaction of the base exchange reaction between 

PCs and NAD+ catalyzed by SARM1. At pH 7.4, 0.6 µg/mL SARM1 activated by 100 µM 

NMN catalyzes 100 µM NAD+ and 50 µM PC1-9 within 50 minutes. 

Emission kinetics spectra of PCs in the base exchange reaction 

The exchange products of these four probes with NAD+ all have fluorescence. From 

Fig. 3-3, we can see that the fluorescence of the reaction between PC6 and SARM1 

is the strongest. The initial rate of fluorescence increases of PC6 is much higher 

than the other three compounds, which are even 15-fold higher than PC7. Those 

indicated that PC6 has better activity in the reaction of SARM1 than the other three 

probes.  
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Fig. 3-3 Fluorescence measurement of PCs base exchange reaction. (A) 0.6 µg/mL SARM1 

actived by 100 µM NMN catalyzes 50 µM PCs, 100 µM NAD+ reaction, the fluorescence 

kinetic curve of the products. (B) The initial rate of fluorescence increases of the products. 

Moreover, as shown in Table. 3-2, the exchange product of PC6 has not only the 

longest emission wavelength among these four probes but also the largest red shift 

of 97 nm, which is almost two times then PC7. The emission wavelength of the 

exchange product was significantly red-shifted which can reduce the influence of 

the probe itself. These results suggest that PC6 with good activity towards SARM1 

and a large red shift can provide a potential tool for live cell imaging of SARM1.  

Table. 3-2 The maximum excitation and emission wavelength of the product after the base 

exchange reaction of PC5-8 and NAD+ catalyzed by SARM1. 

PCs λem nm of PCs 

PADs 
Red shift 

(nm) 
λex nm λex nm 

PC5 465 400 530 65 

PC6 433 390 530 97 

PC7 390 340 445 55 

PC8 401 375 490 89 

(This part of the work is collaborated with Dr. Yongjuan ZHAO in CUHK, 
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Shenzhen) 

HPLC analysis of base exchange reaction of PC6 and SARM1 

To confirm the generation of the exchange product, HPLC is applied to analyze the 

base exchange reaction of PC6 and SARM1. 0.5 µg/mL SARM1 activated by 100 

µM NMN catalyzes the reaction of 50 µM PC6 and 100 µM NAD+. As shown in 

Fig.3-4, after the reaction is incubated at 37 ℃ for 60 minutes, there are seven 

different absorption peaks in the HPLC analysis reaction system. According to 

retention time of standard samples, the retention time of those compounds is as 

follows: NMN (2.16 min), cADPR (4.00 min), ADPR (6.03min), NAD+ (8.52 min), 

NM (11.89 min), and PC6 (26.85 min), and an unknown sample (17.50 min). This 

unknown sample has large absorption intensity at 390 nm, which is similar to the 

fluorescent property of the exchange product. And it did not exist in the control 

group. This unknown sample was separated and further confirmed by HR-MS. The 

M-H- mass is found at 765.1689 with a low-abundance isotope (m/z 766.1721), and 

the exact mass of the theoretical exchange product is 765.1692. This proves that the 

unknown product is PAD6+ generated by the base exchange reaction of PC6. 

Combined with the results of HPLC analysis, it is found that under neutral 

conditions, the probe PC6 and NAD+ activated SARM1 catalyze the base 

substitution reaction to generate the fluorescent product PAD6+, and at the same 

time, SARM1 catalyzes the hydrolysis and cyclization of NAD+ to generate ADPR 

and a small amount of cADPR. 
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Fig. 3-4 Analysis of the base exchange reaction of PC6 and NAD+ with SARM1. (A) HPLC 

analysis. Reaction system: pH 7.4, 0.5 µg/mL SARM1, 100 µM NMN (activator), 50 µM PC6, 

100 µM NAD+. Reaction without PC6 as the control group, reaction time 60 minutes, 

temperature:37 ℃. Condition: HPLC Analysis Column: C-18; mobile phase is as follows, phase 

A: 0.1 M KH2PO4, pH 6.0. phase B: 0.1M KH2PO4: MeOH = 7: 3, pH 6.0. Phase C: H2O. Phase 

D: ACN. The procedure is as follows: 0 to 3 minutes: 1% A and 99% B change to 6% A and 

94% B, maintain 30% A and 70% B from 3 to 10 minutes, maintain 100% B from 10 to 13 

minutes, Maintain 70% C and 30% D from 13 to 18. for 18 to 28 minutes, maintain 30% C and 

70% D for 18 to 28 minutes, and maintain 90% C and 10% D for 28 to 33 minutes. (B) 

Confirmation of PAD6+ by HR-MS. 
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Quantum yield and lifetime study of PC6 and the exchange product PAD6+ 

To further investigate the photophysical properties of probe PC6 and exchange 

product PAD6+, quantum yield and lifetime were analyzed (Table 3-3). First, PAD+ 

was purified by HPLC. The product was further analyzed by HR-MS. Because of 

the small molecule structure and conjugate system of PC6 and PAD6+, the lifetime 

value was too low to be detected precisely. Although the quantum yield of the 

exchange product was not good enough, it was dramatically higher than the probe 

itself. The fluorescent quantum yield and lifetime of the probe are extremely smaller 

than the product and the red shift is 97 nm. These results indicated that PC6 is 

suitable for SARM1 detection in living cells since the background interference of 

the probe itself will be small. These also provided useful clues for probe design.  

Table. 3-3 Quantum yield and molar extinction coefficient of PC6 and PAD6+ in PBS 

 
ε×104 (M −1 cm −1 )  Φfl 

PC6 3.144 0.001 

PAD6+ - 0.114 

 

Dependence of the fluorescence produced by PC6 on the concentration of 

SARM1  

First, 50 µM PC6 was used to detect the activity of SARM1 at different 

concentrations. The results (Fig. 3-54 A) showed that SARM1-dN (a water-soluble 

truncated form of SARM1) was fully activated (0-0.6 µg/mL) treated with 100 µM 

NMN, and the reaction fluorescence increased with the increase of enzyme 

concentration. The initial reaction rate was calculated and plotted. We found that 

the initial reaction rate of PC6 and SARM1-dN (0-0.6 µg/mL) is linearly related to 
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the concentration, and its R2 is 0.9939. These results indicate that the fluorescence 

intensity of PC6 can reflect the activated SAMR1 concentration within a certain 

range. Then, use different concentrations of activator (NMN: 0-60 µM) to activate 

the same amount of SARM1-dN and add 50 µM PC6 to test the emission spectra 

kinetics to verify the correlation between the base exchange reaction of PC6 and 

the activation of SARM1. The results showed (Fig. 3-5 B) that the fluorescence 

intensity increased with the increasing amount of NMN concentration after the 

reaction, and the initial reaction rate increased linearly with the NMN concentration, 

with R2 of 0.9825. These results indicate that PC6 can be used as fluorescent probes 

to detect changes in SARM1 activity. (This part of the work is collaborated with 

Dr. Yongjuan ZHAO in CUHK, Shenzhen) 

 

Fig. 3-5 (A) Emission spectra of PC6 treated with NAD+, SARM1-dN different concentrations 

of NMN. Inset: the initial rates plotted to NMN concentrations. (B) Emission spectra of PC6 

treated with NAD+, NMN and different concentrations of SARM1-dN. Inset: the initial rate 

plotted to SARM1 concentration.  

The selectivity study of PC6 

The reactivity of the probe with these three enzymes was further compared to 

evaluate the selectivity of PC6 to SARM1. It is known that CD38, NADase, and 

SARM1 can all hydrolyze NAD+. And CD38 and SARM1 have similar enzymatic 

activities. They are two known enzymes in mammalian cells that can catalyze base 

exchange reactions. As shown in Fig. 3-6, under the same hydrolysis activity, the 

reaction rate of SARM1 with 10 µM PC6 is much higher than that of CD38, while 
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NADase does not react with PC6 at all. In 2019, Zhao’s group found that under the 

same hydrolysis activity, CD38 has a higher ability to catalyze the base exchange 

reaction of NADP+ and NA under acidic conditions than SARM1. 16 Under neutral 

pH conditions, the reaction efficiency of PC6 with SARM1 is much higher than 

that of CD38, indicating that PC6 have a higher selectivity for SARM1, which may 

be due to the weaker affinity of PC6 with CD38. (This part of the work is 

collaborated with Dr. Yongjuan ZHAO in CUHK, Shenzhen) 

 

Fig. 3-6 Selectivity of 10 µM PC6 to SARM1. Under the same εNAD hydrolysis activity, the 

initial rate of activated SARM1, CD38, and NADase catalyze 10 µM PC6 and 100 µM NAD + 

respectively. 
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3.2 Imaging SARM1 activation with PC6 in live cells and 

neurons  

Live-cell imaging of SARM1 activation labeled by PC6  

E642 residue is the catalytically active site of SARM1, and mutation of it to alanine 

abolishes the enzymatic activity of SARM1.59 SARM1-overexpressed HEK293 

cells and the enzymatically inactive mutant E642A cells, treated without SARM1 

activator were worked as the control group (Fig. 3-7A). The same amount of PC6 

was added to all testing samples. The green fluorescence can be seen clearly in the 

whole wildtype cells, but no fluorescent signal in the mutant cells (Fig. 3-7 B), 

indicating the generation of the fluorescence depended on activated SARM1.  

CZ-48 is a cell-permeant mimetic of NMN and an activator of SARM1, which 

significantly enhanced the fluorescence of PAD6+ in live cells (Fig. 3-7 B, top right) 

but none in E642A-cells. Although fluorescence was also observed in the metabolic 

mixture of SARM1-E642A in the control group at the corresponding wavelength, 

the fluorescence value was significantly lower than that in the SARM1-OE group, 

which may be caused by other molecules in cells. Those results indicated that the 

probe PC6 is cell permeant and can be exchanged with NAD+ in the cytoplasm by 

the activated SARM1 to produce PAD6+, which has a large red-shift in fluorescence. 

The exchanged product PAD6+ was also cell-impermeant due to the positive charge 

of pyridine moiety, enabling the accumulation in the cytosol and dramatically 

increasing the sensitivity of detection in live cells.  

To further determine that the fluorescent signal in the cells was due to the 

production of the base exchange reaction product PAD6+, metabolic mixtures of 

cells were extracted and characterized (Fig. 3-7 C). The fluorescence spectrum of 

the metabolic mixture of SARM1-OE cells is basically consistent with that of 

PAD6+. Its optimal excitation and emission wavelengths are 390 nm and 530 nm, 

which matches that of PAD6+. Then, PAD6+ was purified by HPLC. There were 
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two peaks. The retention time is 18.8 min and 23.75 min, respectively, which may 

be due to the formation of isomers of PAD6+ in the TFA mobile phase during 

detection. These results indicate that after PC6 enters cells, it is catalyzed by 

SARM1 to undergo a base exchange reaction with NAD+ to generate a fluorescent 

product PAD6+. 

 

Fig. 3-7 Imaging the activation of SARM1 labeled by PC6 in live cells. (A) Western blot of the 

overexpression of SARM1 and inactive mutant, E642A in HEK293 cells. (B) Confocal 

fluorescence images of SARM1-overexpressing HEK293 cells and E642A-cells after 

incubation with PC6 in presence or absence of CZ-48. Green: PAD6+; Red: ConA-Alex-647. 

(C) HPLC and MS analysis of PAD6+ extracted from SARM1-OE cells by 0.6 M PCA. Inset: 

MS analysis. (D) Confocal images of wildtype, or SARM1-KO HEK293T cells with PC6 in 

presence or absence of CZ-48. 

SARM1 is expressed in HEK293T cells but at very low levels.16 However, detection 

of the activity of SARM1 endogenously expressed in HEK293T cells by PC6 was 

also feasible. After 48 hours of treatment with 200 µM CZ-48 and 50 µM PC6, a 

distinct green fluorescent signal of PAD6+ was uniformly distributed in HEK293T 

cells (Fig. 3-7 D, top right), but no fluorescence can be detected in the cells without 

SARM1 activator (Fig. 3-7 D, top left) and SARM1-knockout cells (Fig. 3-7 D, 



52 

 

lower). In addition, there were scattered green fluorescence signals in cells where 

no PAD6+ fluorescence signal was detected, presumably due to the accumulation 

of PC6 in lysosomes. These results demonstrate that PC6 is sensitive enough to 

detect the activation of low-expressed SARM1 in cells. 

(This part of the work is collaborated with Dr. Yongjuan ZHAO in CUHK, 

Shenzhen) 

Imaging SARM1 activation with PC6 during AxD 

Cancer is usually incurable, but with the advancement of medicine, various 

therapies have significantly prolonged the survival time of patients. However, the 

side effects cannot be ignored. For example, chemotherapy-induced peripheral 

neuropathy (CIPN) is one of the main side effects of many chemotherapy drugs. 
Vincristine (VCR), bortezomib, and paclitaxel cause CIPN with a probability 

ranging from 19% to 85%.84-85 Studies have found that SARM1 is an important 

executor of the CIPN process. Knockout of SARM1 can effectively inhibit tfhe 

degree of CIPN, so it is considered as a potential drug target for the treatment of 

CIPN.86 However, the conclusions are all obtained through gene knockout 

combined with axon degeneration index. There is still no direct evidence that 

SARM1 is activated during CIPN. Therefore, real-time imaging of the activation 

process of SARM1 in CIPN is carried out by fluorescent probe PC6. 

The result is shown in Fig. 3-8. After 8 hours of VCR treatment, a significant 

fluorescence signal can be detected, indicating that SARM1 was activated within 8 

hours, and the fluorescence reached the highest value after 16 hours of treatment 

(Fig. 3-8 C). CZ-48 has been treated for 4 hours. A significant fluorescence signal 

can be detected, and the fluorescence intensity reaches the highest value at 12 hours, 

indicating that CZ-48 can quickly activate SARM1 (<4 hours) (Fig. 3-8 C). no 

fluorescence signal was detected in neurons without stimulation. SARM1 

knockdown can significantly inhibit the fluorescence production induced by VCR 

treatment, indicating that the generation of this signal is dependent on the activity 
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of SARM1, and VCR can stimulate the activation of SARM1 in neuronal cells. 

 

Fig. 3-8 The fluorescence imaging of SARM1 activation in DRG labeled by 50 µM PC6. (A) 

After treatment with 50 nM VCR and 200 µM CZ-48 for 0, 8, and 12 hours, PC6 was used to 

detects SARM1 activation in DRG neurons for confocal laser imaging. (B) After 50 nM VCR 

treatment 0, 8, and 12 hours, PC6 detects DRG knockdown of SARM1 Confocal laser imaging 

of SARM1 activation in neurons. (C) Statistical results of fluorescence intensity generated by 

SARM1 activation after 0-24 hours of treatment with 50 nM VCR and 200 µM CZ-48. 

Combining the results of axon degeneration and fluorescence imaging, it is found 

that 50 nM VCR can activate SARM1 and axon degeneration. And the activation 

time of SARM1 is much earlier (<8 hours) than the start time of axon degeneration 

(>24 hours). Treatment with 200 µM CZ-48 activates SARM1 earlier than 50 nM 

VCR, but CZ-48 treatment hardly induces axon degeneration. While SARM1 

knockdown can significantly inhibit axon degeneration, indicating that SARM1 

activation is a necessary and insufficient condition for axon degeneration. It also 

further suggests that VCR induces axon degeneration by activating other pathways. 

(This part of the work is collaborated with Dr. Yongjuan ZHAO in CUHK, 
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Shenzhen) 

3.2.1 Screening for inhibitor of SARM1 activation via PC6 

PC6 was applied to the library screening for inhibitors of SARM1. SARM1 was 

activated by NMN and incubated with 2015 drugs selected from the library. 

Dehydronitrosonisodipine (dHNN) was found to have the inhibition ability of 

SARM1 activation. It was then applied to DRG neurons treated with VCR for 16 

hours. The production of cADRP can reflect the depletion of NAD, which reflect 

the activity of SARM1. Before adding dHNN, VCR-activated SARM1 induced the 

cADPR production.  

 

Fig. 3-9 dHNN can inhibit SARM1 activation to reduce AxD. (A) The measurement of cellular 

cADPR concentration of DRG neurons after treated with dHNN for 16 hours in the presence of 

VCR. (B) Micrographs of DRG neurons after treatment of VCR in presence of dHNN for 72 

hours. (C) Quantification of AxD indices after 0, 24, 48, 72 hours treatment with VCR as in (B). 

(D) Micrographs of DRG neurons treated with 3 μM dHNN for 0.5 hours and axotomy 

performed to induce AxD at 0, 24, 48 hours. (E) The AxD index was analyzed by ImageJ. 

As shown in Fig. 3-9, after treated with dHNN for 10 hours, the VCR-activated 

cADPR production was dramatically prevented, almost three times higher than that 
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without dHNN treatmeat (Fig. 3-9 A). dHNN also inhibited SARM1 activation in 

neurons and blocked not only the VCR-induced AxD (Fig. 3-9 B, 3rd picture, Fig. 

3-9 C, red line) but also AxD after axotomy (Fig. 3-9 D, 3rd column, E, red line) as 

effective as knocking out SARM1. (This part of the work is collaborated with 

Dr. Yongjuan ZHAO in CUHK, Shenzhen) 

3.3 Base exchange activity of SARM1 towards PC10-23 

PC6 has good performance on real-time imaging SARM1 activation in cells and 

neurons. But the fluorescent properties and base exchange activity towards SARM1 

of PC6 cannot meet the requirement of the detection of acidity of SARM1 in 

animals, which limits its application. Therefore, in order to improve the fluorescent 

properties of the probe, we designed and synthesised 16 more probes. They are 

mainly modified based on the structure of PC6. The structures of PC10-23 probes 

are shown in Fig. 3-10. To increase the fluorescent properties, the conjugate system 

needs to be enhanced. PC10, PC11, and PC23 with one or two more benzene rings 

were synthesized. However, with a larger conjugate system, the water solubility 

will decrease. To solve this problem, the hydroxyl group was also introduced into 

the structure to get PC21, PC22. PC19 is modified based on the structure of 

traditional dye coumarin. PC16, PC17and PC18 are designed to study the effect of 

the more water-soluble azo linker. The structure of PC20 has nitrogen in the meta-

position of the pyridine ring to study the effect of the different reaction sites. 
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Fig. 3-10 The structure of PC10-PC23 



57 

 

The UV absorption spectra of the kinetic reaction  

The base-exchange reaction activity of SARM1 was processed in vitro. The 

procedures were the same as the previous experiment steps. 

As shown in the Fig. 3-11, the UV-visible absorption peak of PC10, PC11, PC13, 

PC16-20 decreased slowly, and a new absorption band at 440, 445, 380, 550, 415, 

595, 430, 365 nm started to appear, forming the isosbestic point at around 390, 380, 

320, 500, 380, 550, 400, 410 nm respectively. There were two new absorption bands 

of PC21 appeared at 445 and 590 nm, with the formation of the isosbestic point at 

around 390 nm. 

PC10 and PC11 both have changes in absorption. PC10 was weaker than PC11. It 

may be due to the reaction site of PC10 being a quinoline ring with greater steric 

hindrance than PC11.  

Among PC12-PC15, only PC13 has a slight change in absorbance. It indicates a 

single bond has poor performance in the detection, and nitrogen donor is also not 

suitable for measuring the activity of SARM1 when change linkers to tribble bond.  

As for the rest of the probes PC16-21, they all show changes in absorbance to a 

varying degree. Yet, PC22 and PC23 rarely have changed. It may be because two 

oxygen donor groups of PC22 effects the reaction efficiency towards SARM1. And 

PC23 has two more benzene rings than PC6. The larger steric hindrance of PC23 

makes it hard to fit into the catalytic pocket. (This part of work is collaborated 

with Dr. Yongjuan ZHAO in CUHK, Shenzhen) 

The fluorescent emission changes of the base exchange reaction of SARM1 were 

also tested to further evaluate the performance of these probes. 
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Fig. 3-11 The absorption spectra of the kinetic reaction of the base exchange reaction between 

PCs and NAD+ catalyzed by SARM1. At pH 7.4, 0.6 µg/mL SARM1 activated by 100 µM 

NMN catalyzes 100 µM NAD+ and 50 µM PC10-23 within 50 minutes. 
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Emission kinetics spectra of PCs in base exchange reactions 

As we can see from the Fig. 3-12 that the fluorescence enhancement of the reaction 

between PC11 and SARM1 is the strongest, and the fluorescence value at 25 

minutes has exceeded the detection limit of the instrument. PC13 showed almost 

no fluorescent change after 50 minutes. It may because in the stable state of PC13, 

the two benzene rings were in different planes, making its structure non-conjugated 

and effect the fluorescence of the product. PC16-18 also have no fluorescent change 

after 50 minutes. The azo linker can rotate and consume energy, which will reduce 

the fluorescent intensity. With the nitrogen in the meta-position of the pyridine ring, 

PC20 showed less fluorescent enhancement than PC6, indicating the meta-position 

may have greater steric hindrance than the para position. 

 

 

Fig. 3-12 Emission kinetics spectra of PC10,11,13,16-21. At pH 7.4, 0.6 µg/mL SARM1 

activated by 100 µM NMN catalyzes 100 µM NAD+ and 50 µM PC10,11,13,16-21 within 50 

minutes. 
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The fluorescent emission wavelength of the exchange product of PC11 is 595, 

which is the largest among these probes. Moreover, the red shift of 110 nm of 

PAD11+ is almost 2.5-fold and 1.1-fold higher than PC19 and PC21. Although the 

red shift of PAD11+ is slightly tiny than PAD10+, as mentioned above, the 

fluorescent enhancement of PAD11+ is much higher. 

Table. 3-4 The maximum excitation and emission wavelength of the product after the base 

exchange reaction of PC10, PC11, PC19, PC21 and NAD+ catalyzed by SARM1 

PCs λem nm of PCs 

PADs 
Red shift 

(nm) 
λex nm λex nm 

PC10 457 440 580 123 

PC11 485 445 595 110 

PC19 483 430 530 47 

PC21 490 455 590 100 

 

 

Fig. 3-13 (A)The fluorescence kinetics study excited at the maximal absorbance wavelengths 

catalyzed by SARM1-dN in the presence of 100 μM NMN, 100 μM NAD+, and 50 μM PCs 

(PAD6+: λex/λem 390/520 nm; PAD10+: λex/λem 440/580 nm; PAD11+: λex/λem 445/595 nm; 

PAD19+: λex/λem 430/530 nm; PAD21+: λex/λem 455/590 nm). (B) Reaction rate of PCs probes 

based on the fluorescence increase. 
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Moreover, compared with PC6, the fluorescent intensity increase of PC11 is more 

than 2 times than of PC6 at 10 minutes of the reaction, and the signal was out of 

the detection limit after 25 minutes, which indicates the exchange product of PC11 

has excellent fluorescent intensity. To obtain the probe that generate the better 

fluorescence with best reaction activity, the initial rate of fluorescent increases is 

analyzed. The initial rate of fluorescence increases of PC11 is 3.15 times higher 

than PC6, and even much higher than PC10, 19, 21 (Fig.3-13 B). This date 

indicates that PC11 has better activity than PC6 in the reaction of SARM1. (This 

part of work is collaborated with Dr. Yongjuan ZHAO in CUHK, Shenzhen) 

Emission spectra comparison of PC6 and PC11  

The fluorescence properties of PC6 and PC11 and their exchange products were 

further analyzed. As shown in Fig. 3-14, the maximum absorption wavelength of 

the substrate PC6 is 330 nm, and the maximum absorption wavelength of the 

product PAD6 + is 390 nm. The maximum absorption wavelength of PC11 is 360 

nm, and the maximum absorption wavelength of product PAD11+ is 445 nm.  

 

Fig. 3-14 At the isosbestic point, the fluorescence measurement (A) and (C) of the base 

exchange reaction of PC6 and PC11. At pH 7.4, 0.6 µg/mL SARM1 activated by 100 µM NMN 

catalyzes 100 µM NAD and 50 µM PC6(A) or 10 µM PC11(C) reacted within 50 minutes. 

PC6 (B) and PC11 (D) The best excitation, emission wavelength and red shift wavelength of 

its products. 
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As the absorption value of the product increases and the substrate decreases, the 

absorption spectra of the product and substrate passes through the isosbestic point. 

In this point, the extinction coefficient values of the substrate and the product are 

the same. Detecting the emission spectra kinetics at the isosbestic point and the 

reaction conditions are consistent with the above absorption spectra kinetics 

experiment. The results showed that (Fig. 3-14 A, B), the maximum emission 

wavelength of PC6 is 430 nm, and the best emission wavelength of PAD6+ is 530 

nm. The absorption wavelength and fluorescence wavelength of PAD6+ after the 

reaction are 60 nm and 100 nm red-shifted, respectively, compared with the 

substrate, and the fluorescence value of PAD6+ is stronger than that of PC6. The 

isosbestic point of PC11 and PAD11+ is 380 nm. In order to ensure that the 

fluorescence of PAD11+ did not exceed the detection limit of the instrument, the 

PC11 concentration is reduced to 10 µM, and the remaining reaction conditions are 

the same as above, and the emission spectrum kinetics at the isosbestic point is 

measured (Fig. 3-14 C). The results show (Fig. 3-14 C-D) that the best emission 

wavelength of PC11 is 485 nm, and the best emission wavelength of PAD11+ is 595 

nm. The excitation wavelength and emission wavelength of the product are 

respectively 85 nm and 110 nm red-shifted from the substrate. PC11 produces a 

larger redshift than PC6. And the fluorescence intensity produced by 10 µM PC11 

is comparable to that of 50 µM PC6, and the signal-to-noise ratio is better, which 

again verifies that PC11 has a higher fluorescence generation efficiency after the in 

vitro base exchange reaction. In addition, the results of the emission spectra at the 

isosbestic point show that both PC6 and PC11 are good dual-wavelength probes. 

The enzymic activity can be measured by simultaneously detecting the decrease of 

the substrate and the increase of product, which is beneficial in reducing noise and 

increase sensitivity. (This part of work is collaborated with Dr. Yongjuan 

ZHAO in CUHK, Shenzhen) 
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Dependence of the fluorescence produced by PC11 on the concentration of 

SARM1  

First, 10 µM PC11 was used to detect the activity of SARM1-dN at different 

concentrations. The results (Fig. 3-15 A) showed that SARM1 was fully activated 

(0-0.6 µg/mL) treated with 100 µM NMN, and the reaction fluorescence increased 

with the increase of enzyme concentration. The results of the reaction between 10 

µM PC11 and SARM1-dN (0-0.09 µg/mL) are similar to those of PC6, and the 

initial reaction rate is linearly related to the concentration of SARM1-dN (0-0.09 

µg/mL), and its R2 is 0.9895. These results indicate that the fluorescence intensity 

of PC11 can reflect the activated SAMR1 concentration within a certain range.  

 

Fig. 3-15 (A) The reaction rate of 10 µM PC11 depends linearly on the concentration of 

SARM1-dN (0-0.09 µg/mL) activated by 100 µM NMN. The illustration shows the initial 

reaction rate Linear fit results with SARM1-dN concentration. (B) The reaction rate of 10 µM 

PC11 depends linearly on the concentration of the activator NMN. 0.18 µg/mL SARM1-dN 

activated by different concentrations of NMN (0-60 µM). The illustration shows the initial 

reaction rate Linear fit results with NMN concentration. 

Using different concentrations of activator (NMN: 0-60 µM) to activate the same 

amount of SARM1-dN and 10 µM PC11 to test the emission spectrum kinetics to 

verify the correlation between base exchange reaction of PC11 and the activation 

of SARM1. The results showed (Fig. 3-15 B) that the fluorescence intensity 

increased with the increasing amount of NMN concentration after the reaction, and 

the initial reaction rate increased linearly with the NMN concentration, with R2 of 
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0.9928. These results indicate that PC11 can be used as fluorescent probes to detect 

changes in SARM1 activity. (This part of work is collaborated with Dr. 

Yongjuan ZHAO in CUHK, Shenzhen) 

The selectivity study of PC6 and PC11  

It is known that CD38, NADase, and SARM1 can hydrolyze NAD+, and CD38 and 

SARM1 have similar enzymatic activities. They are two known enzymes that are 

able to catalyze base exchange reactions in mammalian cells. Therefore, the 

selectivity of PC6 and PC11 towards SARM1 was assessed by comparing the 

reactivity of these two probes with these three enzymes. As we can see from Fig. 3-

16, the results show that PC6 and PC11 both have better reaction efficiency with 

SRAM1.  

Under neutral pH conditions, the reaction efficiency of PC6 and PC11 with 

SARM1 is almost 100-folds and 200-folds respectively higher than that of CD38 

and NADase, indicating that PC6 and PC11 have a higher selectivity for SARM1 

rather than CD38 and NADase.  (This part of work is collaborated with Dr. 

Yongjuan ZHAO in CUHK, Shenzhen) 
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Fig. 3-16 The initial rates of 10 μM PC11 and PC6 catalyzed by SARM1, NADase, and CD38. 
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3.4 Structural analysis of PCs based on base exchange activity 

The performance of these probes was evaluated by their base exchange activities, 

water solubility, and photophysical properties. 

Unlike those with oxygen as donors, the probes with nitrogen as the donor rarely 

have base exchange reaction activity toward SARM1. Therefore, after the first 

series of probes PC1-7, the rest of them were mainly modified with oxygen as the 

donor.  

Moreover, different electron-donating groups have different base exchange reaction 

activity towards SARM1. For example, PC5, PC6, and PC7. The Ethoxy group 

(PC6) has a better electron-donating effect, which shows better reaction activity. 

With a hydroxyl group (PC5), the base exchange activities of PC5 decreased. It 

suggests the hydroxyl group may form a hydrogen bond with some residues of the 

enzyme and lead to poor reaction abilities.  

 

Fig. 3-17 Structure of PC5, PC6, and PC7 

Modifications were also made on different linkages. Alkenes showed better reaction 

activity. It may be because the two six-membered rings of alkynes and signal bonds 

were not on the same plane, which may affect the bonding between the probes and 

the residues of the catalytic pocket. As for diene and azo linkages, diene may be too 

long to enter the catalytic pocket of the enzyme, and the azo group may consume 

the energy of the conjugate system. Thus, alkene was more suitable as the linkage 

for these small molecule probes. 
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To enhance the photophysical properties, modifications were made to increase the 

conjugation system based on PC6, which has the best performance among the first 

series of probes. The excitation and emission wavelengths increased with larger 

conjugate systems. However, with a larger conjugate system, the water solubility 

of probes was decreased.  

All in all, the performance of these PC probes was affected by their water solubility, 

electronic effect, and steric effect. The main modification will focus on solving 

these problems to provide a potential approach for detecting the activities of 

SARM1 and CD38. 
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3.5 Imaging SARM1 activation with PC11 in live cells 

The same conditions and methods were used to test the sensitivity of 10 µM PC11 

to SARM1 over-expressed cells and SARM1 inactive E642A cells. Treatment with 

10 µM PC11 and 200 µM CZ-48 for 48 hours activates the endogenous expression 

of SARM1 in HEK293T cells.  

 

 

Fig. 3-18 Live-cell imaging of SARM1 activation by PC11. (A) Confocal fluorescence images 

of cells after incubated with 10 μM PC11 in presence or absence of 100 μM CZ-48. (B) 

Fluorescent intensity quantification of cells in (A). Red color: Concanavalin A, yellow color: 

PAD11+. 

The results show that the yellow fluorescence can be seen clearly in the CZ48-
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activated SARM1 overexpressed cells (Fig. 3-17 A). However, in SARM1 knock-

out cells and cells without the SARM1 activator CZ48, no fluorescent signal can be 

found, which indicates that activated SARM1 was required in the detection. 

Furthermore, the yellow fluorescent signal was accumulated in cells. These data 

suggest that the probe PC11 is cell-permeant and can exchange with the 

nicotinamide group of NAD+ in cells by the activated SARM1 to produce PAD11+ 

which has a large red-shift in fluorescence. Meanwhile, the exchange product 

PAD11+ was cell impermeant and will accumulate in cytosol, which amplified the 

measurement signal and increased the detection sensitivity.  

Since PC11 has excellent fluorescent performance in imaging the activity of 

SARM1 in HEK293T cells, it was then applied to detect the activation of SARM1 

in the neuron. DRG culture in mice was processed with the same procedure as the 

imaging AxD with PC6.  

After 12 hours incubation of PC11, the neuron treated with SARM1 activator CZ48 

had bright yellow fluorescent (Fig. 3-1B A). And the fluorescent intensity of the 

sample is much higher than the control group without CD48 and the mutant neuron. 

The control group without CZ48 rarely can find the signal of PAD11+. The same 

phenomenon happened in the SARM1 knockout group. Therefore, PC11 provide a 

useful tool for real-time detection of SARM1 activation in neuron, since it can 

permeant into cells and base exchange with NAD+ to form the charged product 

PAD11+. PAD11+ itself has a large red shift of emission wavelength than PC11, and 

it can accumulate in the cytosol. These advantages make PC11 a potential approach 

to detect SARM1 activation efficiently. (This part of work is collaborated with 

Dr. Yongjuan ZHAO in CUHK, Shenzhen) 
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Fig. 3-19 (A) Confocal fluorescence images of DRG neuron after incubated with 25 μM PC11 

in presence or absence of 200 μM CZ-48. Orange color: PAD11+(λex/λem 445 nm, 595 nm) (B) 

Fluorescent intensity quantification of cells in (D) 
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3.5.1 In vivo imaging of SARM1 activation by PC11 

Imaging the SARM1 activation in animals can provide a powerful tool to study 

pathological the relationship between the activity of SARM1 and 

neurodegenerative diseases. Because of the good performance of PC11 with better 

fluorescent properties and higher reaction activity than PC6, PC11 was further 

evaluated the ability in the imaging of SARM1 activation in animals.  

 

Fig. 3-20 In vivo imaging of SARM1 activation by PC11. (A) Confocal fluorescence images of 

sciatic nerve after incubated with 1 mg/mL PC11 in injured nerve. (B) Fluorescent intensity 

quantification of sciatic nerve in (B). Orange color: PAD11+(λex/λem 445 nm, 595 nm), BF: 

Bright field. 

The sciatic nerve in the right leg of mice was cut and injected with PC11. The 

contralateral side was also injected PC11 but without breaking the nerve. Fig. 3-19 

showed that a bright orange fluorescent signal can be found in the SARM1 
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endogenously expressed nerve which was injured, which also has the highest 

fluorescent intensity than the contralateral side and mutated group, and no 

fluorescence in the normal sciatic nerve and the SARM1 knock out mice. These 

indicated that the nerve damage induces the activation of SRAM1. Furthermore, 

PC11 has good tissue permeability and fluorescent properties, it is also the first 

probe that is applied for imaging SAMR1 activation in animal study. (This part of 

work is collaborated with Dr. Yongjuan ZHAO in CUHK, Shenzhen) 
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3.6 Summary   

In summary, we have demonstrated the utilities of PCs in real-time imaging of the 

activity of SARM1 in living cells, which provides a potential tool for studying the 

mechanism and function of the enzyme, which is a goal pursued by many.   

The PCs small molecular probes we designed are particularly advantageous. The 

probes are able to penetrate cells, but the exchange products catalyzed by SARM1 

are impermeant, leading to the accumulation in the cytosol and will increase the 

detection efficiency. The significant red shift of the fluorescence of the exchange 

product provides more efficient visualization, which reduces the interference of 

auto-fluorescence. These probes we designed requires no cellular manipulation and 

any washing process, which makes the detection procedure simple and efficient. 

With PC6, we provided the first approach to demonstrate that SARM1 activation 

precedes AxD in live DRG neurons by several hours and provides a useful tool for 

drug development of AxD. PC11 provides the first approach for in vivo imaging of 

SARM1 activation. 
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Chapter 4 Mechanistic study of CD38 

As mentioned above, CD38-catalyzed cyclization and hydrolysis of NAD+ involved 

two potential intermediates, which could be the oxocarbenium ion intermediate and 

covalently bound intermediate. However, the results of the molecular simulation of 

the CD38-catazlyed reactions (collaborated with Dr. Han in PKUSZ) indicated that 

the RMSD value of the covalent complex is far different from the initial structure, 

the conformation of the residues near the catalytic pocket of the enzyme is greatly 

changed. This result is not reasonable which suggests covalent complex may not 

likely be intermediate of CD38. 

In the simulation study using oxocarbenium ion as the intermediate, the ratio of 

water molecules near the reaction site C1 below and above the sugar ring is almost 

1:2, which should lead to a 1:2 ratio of the α/β anomers. However, Lee’s group has 

reported the methanolysis of NAD+ by CD38, and the ratio of α/β anomers for 1-

methylribose products was 1:10.87 The simulated results are highly inconsistent 

with the experimental results. 

Moreover, in the simulation (Fig. 4.1), the water molecule near the active site will 

form the hydrogen bond with E146 of CD38, suggesting the activation of water by 

this residue for attacking the reaction site. When glutamate was changed to alanine, 

the β-NAD+ hydrolase activity of E146A CD38 has reduced more than 21-fold and 

its cyclase activity of it was 3-fold higher than its hydrolytic activity. 87 This result 

indicated that the water molecule cannot be activated through hydrogen bonding 

with the A146 for attacking the reaction site to form ADPR. In general, 

oxocarbenium is extremely active, and water molecules can react with it 

simultaneously. These data discredit the hypothesis that the intermediate of CD38 

catalysis is the oxocarbenium ion. 
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Fig. 4-1 (A). The simulation of oxocarbenium intermediate in the catalytic pocket of CD38. B. 

Simplification of the structure in (A). 

Then energy optimizations were performed on the sugar ring of the substrate and 

the catalytic residue Glu226 by our collaborator Dr. Han, and the formation of an 

epoxy intermediate can be observed.  

Meanwhile, E146A CD38 was prepared and applied to catalyze the reaction of 

NAD+ by our collaborator Dr. Zhao. The reaction was monitored by LC-MS. As 

shown in Fig. 4.2, there were two peaks of the m/z value of 540 with different 

retention time, one is the known compound cADPR, indicating another peak is a 

different compound that has the same mass, strongly suggesting the epoxy 

intermediate, which has the same molecular mass. 
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Fig. 4-2 LC-MS spectrum of catalytic reaction between mutant CD38 and NAD+ 

In 2020, Lukasz’s group reported the intermediate in glycosidase catalysis is likely 

to be an epoxide. Those work has inspired us that the catalytic intermediate of CD38 

may be an epoxide. Therefore, we proposed the mechanism as shown in Fig. 4-3. 

The residue Glu226 plays two roles in the catalytic process, recognition, and 

activation of the 2-OH and 3-OH in the north ribose. Then the nicotinamide leaves 

and the epoxide ring are produced. Next, there are two reaction routes. when the 

adenine ring attacks the reaction site, it will generate the cyclized product cADPR. 

When the water molecule activates by E146 and attacks the reaction site, the 

hydrolysate ADPR will form.   
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Fig. 4-3 The proposed mechanism of epoxy intermediate 
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4.1 Mechanistic study based on compound 1,2-epoxy-5-O-

trityl-α- D -ribofuranose 

4.1.1 Base-exchange activity of fluorescent probe PCs with CD38 

To test our hypothesis, several small molecular probes PC1, and PC3-7 will be 

employed for the reaction of NAD+ with CD38. The PC probes with the base 

exchange ability under the catalysis of CD38 can replace the nicotinamide group of 

NAD+ to form PADs, which indicated that the PC probes can react with the 

intermediate of the CD38-catalyzed reactions. Then an epoxy model compound, 

1,2-epoxy-5-O-trityl-α-D-ribofuranose will be prepared and react with the probe 

which has the base-exchange activity toward CD38. The result of this study could 

provide evidence for an epoxide intermediate in the CD38-catalyzed reactions.  

The first batch of six probes has been applied to detect the base-exchange activity 

of CD38, three of them have nitrogen as the donor, and PC5-7 have oxygen atom 

as the donor. As shown in Fig. 4-4 C, PC4 had no fluorescent change before and 

after the reaction which indicated PC4 may not be able to react with CD38 and the 

reaction of PC3 was weak. Only PC1 shows reaction activity. This indicated that 

the nitrogen atom may not be a suitable donor for base-exchange reaction probes of 

CD38. The fluorescent changes before and after the reactions of PC5 and PC6 are 

much higher than PC1 and PC7. Moreover, the initial rate of PC6 was twice than 

that of PC5. This result suggested that PC6 has good base-exchange reaction 

property with CD38. Since PC6 has good reaction activity towards CD38, it will 

be used in the next mechanistic study. 
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Fig. 4-4 Base-exchange reaction between PCs and CD38. (A). Structure of PC1, PC3, PC4. 

(B). Structure of PC5-7. (C) Base-exchange reaction result. (Substrate: detection with 

excitation and emission wavelength of substrate. Product: detection with excitation and 

emission wavelength of product.) D. Initial rate of base-exchange reaction. 
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4.1.2 The reaction between PC6 and 1,2-epoxy-5-O-trityl-α -D-

ribofuranose 

To further study the catalytic mechanism, 1,2-epoxy-5-O-trityl-α-D-ribofuranose 

was designed and applied to study the reaction with PC6. As shown in the synthetic 

Fig. 4-5, the synthesis of 1,2-epoxy-5-O-trityl-α-D-ribofuranose began with D-

ribose. After protecting the primary alcohol with a trityl group, 5-O-Trityl-D-

ribose was converted to the epoxy mode compound via the Mitsunobu reaction. 

Under the reaction condition, the hydroxyl of the acetal was activated by 

ADDP/P(n-Bu)3 selectively, which was displaced by the adjacent alcohol and 

afforded the epoxide in one pot. The epoxy product was identified unambiguously 

by NMR experiments and ESI-MS. 

 

Fig. 4-5 The synthetic route of 1,2-epoxy-5-O-trityl-α-D-ribofuranose 

Analysis of Reaction between PC6 and epoxy model compound 

PC6 was then applied to react with 1,2-epoxy-5-O-trityl-α-D-ribofuranose. After 

the m/z value of 1,2-epoxy-5-O-trityl-α-D-ribofuranose can be detected by ESI-

MS, PC6 was added to the Mitsunobu reaction mixture. After 12 hours, the mixture 

was filtered, diluted, and analyzed by ESI-MS. 
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Fig. 4-6 Reaction between PC6 and 1,2-epoxy-5-O-trityl-α-D-ribofuranose 

As shown in Fig.4-7, without adding PC6, peaks of 373.7 and 391.7 were detected, 

which is correspond to the epoxy model compound and the hydrolyzed product. 

The resulting mixture was stirred at room temperature and the reaction mixture at 

different time was analyzed by ESI-MS. The epoxide ring-opening product (m/z = 

600.8) and its isotope pattern were observed after the addition of PC6 for 12 hours. 

Moreover, the MS/MS results of those three ions showed a peak of 226.8 which 

matched the mass value of PC6. This result indicated that PC6 can undergo an 

epoxide ring-opening reaction with the epoxy model compound. This study 

provides a chemical method for epoxide formation from ribose derivatives and 

epoxide ring-opening by PC6, mimicking the base exchange reaction between 

NAD+ and PC6. This method will be useful for investigating the epoxy 

intermediates generated by CD38 substrates, such as NAD+ and NMN.  
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Fig. 4-7 MS spectra analysis reaction between PC6 and model compound. (A) Structure of 

epoxy model compound. (B) Structure of model compound. (C) The MS spectrum of the 

reaction before adding PC6 (positive mode). (D) Structure of reaction product. (E) MS 

spectrum of the reaction after 12 hours between PC6 and model compound. (Positive mode) (F) 

MS/MS analysis of product ion. (Positive mode) 

4.2 Epoxy intermediate study with ADPR 

ADPR was used to synthesize the epoxy intermediate and the procedure was the 

same as that of the epoxy model intermediate. Then this reaction mixture was 

analyzed by ESI-MS. The mass spectrum showed a peak of 540.7 which matched 

the mass value of the epoxy intermediate (Fig. 4-8A). However, when PC6 was 

added to the reaction system, no mass peak of PAD6+ (m/z 765.1692) was observed 

and the peak at 540.7 remain unchanged. This result indicated that the peak at 540.7 

could be cADPR, which has the same molecular mass as the epoxy intermediate. 

Although the epoxy intermediate was not observed in this experiment, cADPR 

could be formed via intramolecular nucleophilic attack of the adenine ring to the 

epoxy intermediate formed in situ under the Mitsunobu reaction condition. This 

result actually suggested that CD38 catalyzed cyclization of NAD+ could involve 
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the epoxy intermediate, which could be the same intermediate that can lead to the 

hydrolysis product of NAD+. 

 

Fig. 4-8 (A) The synthetic route of epoxy intermediate. (B) MS spectrum of the peak of 540.7. 

To avoid the effect of the adenine ring, the hydrolyzed product of NMN was 

employed for the next study. NMN is also one of the substrates of CD38, which can 

only be hydrolyzed by CD38 (Fig. 4-9).  

 

Fig. 4-9 Catalytic reaction of CD38 to NMN 

The hydrolyzed product can be further converted to an epoxide intermediate via the 

Mitsunobu reaction (Fig. 4-10). As mentioned before, CD38 mutant (E146A) may 
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react with NMN, and lead to the same intermediate. LC-MS analysis of these two 

intermediates would provide strong evidence for supporting our hypothesis of the 

epoxy intermediate in CD38 catalyzed reactions.  

 

Fig. 4-9 The strategy of using NMN hydrolysate for epoxy intermediate study 

Synthesis of the hydrolyzed NMN product  

Since separating and collecting the product NMN hydrolysis is tedious via 

enzymatic reaction, we try to synthesize this compound through a chemical method. 

As shown in Fig. 4-11A, the first synthetic route started with D-ribose. After 

protecting the acetal and the 1,2-diol as acetylide, compound 3.1 was 

phosphorylated and gave 3.2. However, the deprotection of 3.2 failed using 

different acid reagents. Using relatively mild conditions, such as 5% HCl in 

different solvent mixtures, the protecting group was found to be stable. The 

compound decomposed while using a strong acid such as TFA. 
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Fig. 4-10 The two different synthetic routes of NMN hydrolysate. 

So, we try another method by using ion exchange resin to hydrolyze AMP to obtain 

the product, which followed the literature procedure (Fig. 4-11B).88 After obtaining 

the hydrolyzed product of NMN, the crude product was submitted to the Mitsunobu 

reaction condition. However, the mass value of the epoxide product cannot be found. 

It may be due to the low solubility of the hydrolyzed NMN product in the solvent 

used for the Mitsunobu reaction, such as DMSO, ACN, etc., which lowers the yield 

of the reaction. Moreover, the hydrolyzed product absorbed water easily, which can 

also participate in epoxide opening and gave back the hydrolyzed product of NMN. 

Due to these restrictions, we turned our attention to an intermediate mimic 

compound for further study of the catalytic mechanism of CD38. 
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4.3 Mechanism study with cyclopentane epoxide 

There are many studies that have reported that carba-NAD and its derivatives are 

the inhibitors of NAD-consuming enzymes, such as CD38, SIRT3. This NAD 

derivative behaves like NAD and can enter the reaction site of the NAD-consuming 

enzymes. However, the catalytic reaction cannot proceed due to the lacking of 

oxygen in the ribose.89-90 The oxygen in the sugar ring may help to push the left of 

the nicotinamide and lead to the intermediate. Thus, switching the oxygen to carbon 

will inhibit the formation of the intermediate. 

Since the NMN has the same reaction site in the ribose as that in the NAD, the 

carba-NMN should also not be able to be hydrolyzed by CD38. Here we synthesize 

a cyclopentane epoxide which is similar to the epoxide intermediate of NMN, 

except that the oxygen atom next to the anomeric bond of nicotinamide was 

replaced with a methylene group. This structure is mimicking the removal of 

nicotinamide from carba-NMN, and if this mimicking intermediate, cyclopentane 

epoxide, can be further hydrolyzed, it would provide strong evidence for supporting 

our hypothesis. 

 

Fig. 4-11 Reaction between (A) carba-NAD or (B) carba-NMN and CD38 
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Synthesis of cyclopentane epoxide 

We envisioned that the structure of cyclopentane epoxide can be achieved from the 

hydroxyl-induced epoxidation of 3.12.91 3.12 can be obtained via 

phosphonolactonation of compound 3.10. Next, 3.10 can be constructed by 

reversing the chirality of the known compound 3.8 through protection and 

Mitsunobu reaction. 

 

Fig. 4-12 Retrosynthetic analysis of cyclopentane epoxide 

The synthetic route is showed as follow: 
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Fig. 4-13 The synthetic route of cyclopentane epoxide 
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As shown in Fig. 4-14, the synthesis started by preparing compound 3.5. We have 

tried different chiral auxiliary reagents and we found that the one with a benzyl 

group has the optimal steric hindrance for good stereoselectivity. Treatment of 3.5 

with di-n-butylboron trifluoromethanesulfonate followed by acrolein gave 3.6 as a 

single diastereomer. Titanium tetrachloride was also tried in this reaction. However, 

the reaction efficiency was inconsistent. We found that only using fleshly opened 

one, the reactant can be fully reacted. Next, the five-membered ring of 3.7 was 

established via RCM reaction. Reduction of 3.7 and removal of the chiral auxiliary 

reagent followed by selective protection of the primary alcohols with TBSCl 

provided 3.8. The chirality of secondary alcohol of 3.8 was reversed via Mitsunobu 

reaction to achieve 3.9. This step results in a rearrangement of side-product S-3.9. 

The ratio of S-3.9 and 3.9 is 1:3. These two products can be separated by silica gel 

column chromatography with slow solvent elution. After deprotection of the TBS 

group, 3.10 was phosphorylated to give 3.11, which was deprotected to form 3.12. 

Under the condition of VO(acac)2/t-BuOOH, the secondary alcohol directs the 

epoxy formation on the same side of the hydroxyl group. Finally, removal of the 

benzyl group afforded the cyclopentane epoxide. 

The reaction between cyclopentane epoxide and CD38 

With the cyclopentane epoxide prepared, it was allowed to react with CD38 for an 

hour, then the enzyme was filtered, and analyzed with ESI MS. The control sample 

which only has the epoxide compound in tris buffer was also studied under the same 

condition. 
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Fig. 4-14 (A) The structure and exact mass of the cyclopentane epoxide and its hydrolysate 

product. [MS-H-] ESI-MS spectrum of (B) 380 µM cyclopentane epoxide in 20 nM tris buffer 

after 1 hour; (C) 0.1 μg/mL CD38 and 380 µM cyclopentane epoxide in 20 nM tris buffer after 

1 hour. 

From the negative mode of the MS spectrum, there was no peak of the hydrolysate 

product of the cyclopentane epoxide in the control experiment (Fig. 4-15 B). In the 

presence of CD38, the peak of 227.1 which matches the mass value of the 

hydrolysate product was observed (Fig. 4-15 C).  
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Fig. 4-15 The hydrolysis reaction between CD38 and cyclopentane epoxide 

This result indicated that CD38 can hydrolyze the cyclopentane epoxide, but not 

the carba-NMN. It suggests that the intermediate is hard to form without the oxygen 

in the 5-membered ring. The nicotinamide group next to the oxygen is a leaving 

group that is highly reactive and easy to leave. Yet, replacing the oxygen with 

carbon makes the nicotinamide stably attached to the 5-membered ring, which 

inhibits the formation of the intermediate. In this experiment, the epoxide of the 

carba-NMN was directly synthesized by chemical reactions, the hydrolysis could 

occur. The epoxide ring cyclopentane epoxide can be hydrolyzed by CD38 to form 

the carba-derivative of the NMN hydrolyzed product, providing strong evidence 

that the catalytic reactions of CD38 with the substrate involve the formation of an 

epoxide. 
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4.4 Summary  

A detailed mechanistic study on the intermediate involved in the CD38-catalyzed 

reactions has been conducted with a combination of theoretical, biological, and 

synthetic tools. According to literature, oxocarbenium ion and covalently bond 

complexes are the potential intermediate for the CD38-catalyzed cyclization and 

hydrolysis reactions of NAD+. In the theoretical study, the results of computational 

simulation show that oxocarbenium ion and covalent bound complex are less likely 

to be the intermediates of the enzymatic reaction of CD38. The covalently bound 

complex does not fit well in the catalytic pocket of CD38 in the stimulation and the 

conformation of CD38 dramatically changed inside the pocket. Moreover, the 

theoretical results of methanolysis are inconsistent with the experimental results of 

the oxocarbenium intermediate. 

Due to the inconsistent results between the theoretical and experimental results, an 

epoxide intermediate was proposed for the CD38 catalyzed the hydrolysis and 

cyclization of NAD+ and this hypothesis was supported by a series of studies. The 

results can be summarized as the following: 1) the epoxy intermediate can be 

observed in energy optimization. Moreover, an MS signal corresponding to the 

ADPR epoxide can be detected in the reaction of NAD+ with the E146A CD38 

mutant. The E146 residue was expected to activate the water molecule for attacking 

the intermediate formed in the pocket of CD38. The epoxide is much more stable 

than oxocarbenium, which explained why the water molecule needs to be activated. 

2) the small molecule probe PC6 has the base exchange activity towards CD38 and 

can replace the nicotinamide group of NAD+. In a model study, the epoxy ring of 

1,2-epoxy-5-O-trityl-α-D-ribofuranose can also be opened by PC6, indicating the 

epoxide is a potential intermediate of CD38-catazlyed reactions. 3) Formation of 

cADPR was observed in the Mitsunobu reaction of ADPR, which indicated the 

epoxide intermediate formed in situ undergoes epoxide ring-opening 

intramolecularly with the N1-adendine. This result also supported the epoxide 
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intermediate hypothesis. 4) The cyclopentane epoxide can be hydrolyzed by CD38, 

also suggesting the catalytic mechanism of CD38 may need the formation of an 

epoxide intermediate. Therefore, our research has provided collective evidence for 

supporting the epoxide intermediate hypothesis of CD38-catalyzed reactions. 
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Chapter 5 Conclusion and perspectives 

In this thesis, we have synthesized twenty-three pyridinal conjugate probes which 

can undergo base exchange reaction with the nicotinamide group of NAD+ 

catalyzed by cADPRSs, such as CD38 and SARM1. 

PC6 and PC11 show good base exchange reaction activity and strong fluorescent 

enhancement in molecular imaging of SARM1 activation in live cells. Application 

of PC6 in drug library screening successfully identified a SARM1 inhibitor, dHNN, 

which has potential for further development. Moreover, PC11 has been 

demonstrated to be the first probe for in vivo imaging SARM1 activation, which 

could be a very useful tool for studying the pathology of AxD-related diseases. 

Furthermore, we proposed that CD38 catalyzed the hydrolysis and cyclization of 

NAD+ via an epoxide intermediate. Strong evidence was observed through a 

combination of chemical, theoretical and biological methods, which indicated the 

hydrolysis and cyclization of NAD+ by CD38 most likely involved an epoxide 

intermediate. 

Our newly developed activated fluorescence probes PCs have high sensitivity and 

selectivity for in vitro and in vivo imaging of the cADPRSs activities. These probes 

are very useful tools for further understanding the mode of actions of cADPRSs, 

including SARM1 and CD38, and real-time monitoring of their enzymatic activities 

for a better understanding of the pathology of related human diseases.  
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Chapter 6 Experimental section 

6.1 Materials and reagents for chemical synthesis 

All the reactions which are sensitive to air and water were processed with anhydrous 

solvents in pre-dried flasks under the protection of argon atmosphere, unless 

otherwise specified. All the reactants were purchased commercially and used 

directly with no more purification, unless otherwise specified. Anhydrous THF was 

vacuum distilled from barium oxide. Anhydrous acetonitrile and dichloromethane 

were purchased commercially. All the reactions were monitored by thin-layer 

chromatography (TLC) processed on 0.25 mm silica gel plates (60F-254), which 

were analyzed by UV light at 254 nm and 365 nm and by staining with anisaldehyde, 

iodine-stain method or KMnO4 solution. Purification was carried out on Silica gel 

(200-300 mesh) by flash column chromatography. All the chemicals were 

characterized by 1H NMR, 13C NMR and HR-MS. 
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6.2 Synthesis  

6.2.1 Synthesis of PCs 

Synthesis of PC1  

 

To a mixture of 4-vinylpyridine (211 mg, 2.0 mmol) and 4-iodoaniline (221 mg, 1.0 

mmol) in degassed CH3CN (15 mL) under argon was added P(o-tol)3 (61 mg, 20 

mol%), triethylamine (0.39 mL, 2.9 mmol) and Pd(OAc)2 successively. Then the 

resulting solution was heated to 100 ºC and stirred for 5 hours at this temperature. 

After the iodide was consumed completely based on TLC monitor, The solution 

was cooled to room temperature and diluted with water (20 mL), then extracted 

with ethyl acetate (15 mL × 3). The combined organic extracts were dried over 

anhydrous Na2SO4, filtered and evaporated under reduced pressure. Silica gel flash 

column chromatography (ethyl acetate/hexanes = 2:1) of the residue gave a pale-

yellow solid (66 mg, yield 34%) as the product.  PC1: M.p: 272-273 °C. 1H NMR 

(400 MHz, DMSO-d6) δ 8.46 (d, J = 5.3 Hz, 2H), 7.47 (d, J = 6.0 Hz, 2H), 7.43 – 

7.32 (m, 3H), 6.89 (d, J = 16.4 Hz, 1H), 6.58 (d, J = 8.5 Hz, 2H), 5.52 (s, 2H). 13C 

NMR (100 MHz, DMSO-d6) δ 149.7, 145.5, 133.6, 128.6, 123.7, 120.1, 120.1, 

113.9. HRMS (+ESI) m/z calcd. for C13H12N2 (M+H)+ 197.1073, found 197.1072. 
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Synthesis of PC2 

 

4-iodoaniline (0.61 g, 2.7 mmol) was dissolved in DMF (7.4 mL), then Na2CO3 

(0.49 g, 4.72 mmol) and ethyl bromide (0.24 mL, 3.35mmol) were added into 

solution, successively, at room temperature. The resulting solution was heated to 70 

ºC and stirred for 6 h at this temperature. After TLC monitored that the iodide was 

consumed completely, the solution was cooled to room temperature and diluted 

with water (20 mL), and the aqueous phase was extracted with ethyl acetate (15 mL 

× 3). The combined organic extracts were washed with water (15 mL × 3), dried 

over anhydrous Na2SO4, filtered and evaporated under reduced pressure. Silica gel 

flash column chromatography (ethyl acetate/hexanes = 1:20) gave a brown solid 

(79 mg, yield 12%) as the product 1. Spectral data of 1 is consistent with those 

reported in the literature.92  

To a mixture of 4-vinlypridine (54 mg, 0.5 mmol) and 1 (75 mg, 0.3 mmol) in 

degassed CH3CN (5 mL) under argon was added P(o-tol)3 (310 mg, 20 mol%), 

triethylamine (0.41 mL, 2.9 mmol) and Pd(OAc)2 (12 mg, 10 mol%) 

successively.Then the resulting solution was heated to 100 ºC and stirred for 12 h 

at this temperature. After TLC monitored that the iodide was consumed completely, 

the solution was cooled to room temperature and diluted with water (20 mL), and 

aqueous phase was extracted with ethyl acetate (15 mL × 3). The combined organic 

extracts were dried over anhydrous Na2SO4, filtered and evaporated under reduced 

pressure. Silica gel flash column chromatography (ethyl acetate/hexanes = 2:1) of 

the residue gave a pale orange solid (51 mg, 76%) as the product PC2. M. p: 199-

200 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.53 (d, J = 5.8 Hz, 2H), 7.39 (d, J = 
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8.5 Hz, 2H), 7.32 (dd, J = 4.7, 1.4 Hz, 2H), 7.22 (d, J = 16.3 Hz, 1H), 6.80 (d, J = 

16.2 Hz, 1H), 6.61 (d, J = 8.6 Hz, 2H), 3.22 (q, J = 7.1 Hz, 2H), 1.28 (t, J = 7.2 Hz, 

3H). 13C NMR (101 MHz, Chloroform-d) δ 149.8, 149.1, 145.6, 133.3, 128.6, 125.3, 

121.2, 120.5, 112.5, 38.3, 14.9. HRMS (+ESI) m/z calcd. for C15H16N2 (M+H)+ 

224.1386, found 224.1382. 

Synthesis of PC3 

 

4-iodoaniline (1.21 g, 5.5 mmol) was dissolved in DMF (15 mL), then Na2CO3 (1.1 

g, 9.4 mmol) and ethyl bromide (2.1 mL, 27 mmol) were added into solution, 

successively, at room temperature. The resulting solution was heated to 70 ºC and 

stirred for 6 hours at this temperature. After TLC monitored that the iodide was 

consumed completely, the solution was cooled to room temperature and diluted 

with water (20 mL), and the aqueous phase was extracted with ethyl acetate (15 mL 

× 3). The combined organic extracts were washed with water (15 mL × 3), dried 

over anhydrous Na2SO4, filtered and evaporated under reduced pressure. Silica gel 

flash column chromatography of the residue (ethyl acetate/hexanes = 1: 30) gave a 

brown oil (814 mg, yield 54%) as the product 2. Spectral data of 2 is consistent with 

those reported.93  

To a mixture of 4-vinlypridine (211 mg, 2.0 mmol) and 2 (272 mg, 1.0 mmol) in 

degassed CH3CN (15 mL) under argon was added P(o-tol)3 (62 mg, 20 mol%), 

triethylamine (0.41 mL, 2.9 mmol) and Pd(OAc)2 (22 mg, 10 mol%) 

successively.Then the resulting solution was heated to 100 ºC and stirred for 12 

hours at this temperature. After TLC monitored that the iodide was consumed 

completely, the solution was cooled to room temperature and diluted with water (20 
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mL), and aqueous phase was extracted with ethyl acetate (15 mL × 3). The 

combined organic extracts were dried over anhydrous Na2SO4, filtered and 

evaporated under reduced pressure. Silica gel flash column chromatography (ethyl 

acetate/hexanes = 2:1) of the residue gave a pale-yellow solid (138 mg, yield 55%) 

as the product PC3. M. p: 184-185 ºC. 1H NMR (400 MHz, Chloroform-d) δ 8.50 

(d, J = 5.6 Hz, 2H), 7.47 – 7.38 (m, 2H), 7.30 (d, J = 6.1 Hz, 2H), 7.25 – 7.19 (m, 

1H), 6.74 (t, J = 16.9 Hz, 1H), 6.66 (t, J = 5.9 Hz, 2H), 3.47 – 3.18 (m, 4H), 1.31 – 

1.02 (m, 6H). 13C NMR (100 MHz, Chloroform-d) δ 149.9, 148.2, 145.7, 133.4, 

128.6, 123.2, 120.4, 120.4, 111.5, 44.5, 12.7. HRMS (+ESI) m/z calcd. for C17H20N2 

(M+H)+ 253.1699, found 253.1699. 

Synthesis of PC4   

 

To a mixture of 1-bromo-4-vinylbenzene (184 mg, 1.0 mmol) and 2 (274 mg, 1.0 

mmol) in degassed CH3CN (15 mL) under argon was added P(o-tol)3 (62 mg, 20 

mol%), triethylamine (0.41 mL, 2.9 mmol) and Pd (OAc)2 (24 mg, 10 mol%) 

successively. Then the resulting solution was heated to 100 ºC and stirred for 12 

hours at this temperature. After TLC monitored that the iodide was consumed 

completely, the solution was cooled to room temperature and diluted with water (20 

mL), and aqueous phase was extracted with ethyl acetate (15 mL × 3). The 

combined organic extracts were dried over anhydrous Na2SO4, filtered and 

evaporated under reduced pressure. Silica flash column chromatography (ethyl 

acetate/hexanes = 1:29) gave a pale green solid (234.1 mg, yield 71%) as the 
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product 3. Spectral data of 3 is consistent with those reported in the literature.94  

To a stirred solution of 3 (164 mg, 0.50 mmol), 4-vinlypyridine (104 mg, 1.0 mmol), 

P(o-tol)3 (31 mg, 20 mol%) and triethylamine (0.21 mL, 1.5 mmol) in degassed 

CH3CN (10 mL) under argon was added Pd(OAc)2 (12 mg, 10%) quickly. The 

resulting mixture was stirred at 100 ºC for 12 hours. The mixture was then diluted 

with water (20 mL) and the aqueous phase was extracted with ethyl acetate (15 mL 

× 3). The combined organic extracts were dried over anhydrous Na2SO4, filtered 

and evaporated under reduced pressure. Silica gel flash column chromatography 

(ethyl acetate/hexanes = 2:1) of the residue gave a pale-yellow solid (128.2 mg, 

72%) as the product PC4. M. p: 225-226 ºC. 1H NMR (400 MHz, Chloroform-d) δ 

8.55 (d, J = 5.7 Hz, 2H), 7.55 – 7.43 (m, 4H), 7.43 – 7.39 (m, 2H), 7.37 (d, J = 6.0 

Hz, 2H), 7.28 (d, J = 16.3 Hz, 1H), 7.08 (d, J = 16.2 Hz, 1H), 6.98 (d, J = 16.3 Hz, 

1H), 6.89 (d, J = 16.2 Hz, 1H), 6.68 (d, J = 8.9 Hz, 2H), 3.38 (q, J = 7.0 Hz, 4H), 

1.20 (t, J = 7.0 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 150.2, 147.7, 144.8, 139.2, 

134.3, 133.2, 129.8, 129.1, 128.7, 128.1, 127.3, 126.4, 124.8, 124.3, 122.8, 120.9, 

111.8, 44.3, 12.8. HRMS (+ESI) m/z calcd. for C25H26N2 (M+H)+ 355.2169, found 

355.2167. 

Synthesis of PC5 

 

To a mixture of 4-iodophenol (221 mg, 1.0 mmol) and 4-vinylpyridine (211 mg, 

2.0 mmol) in degassed CH3CN (15 mL) under argon was added P(o-tol)3 (62 mg, 

20 mol%), triethylamine (0.41 mL, 2.9 mmol) and Pd(OAc)2 (22 mg, 10 mol%) 

successively. Then the resulting solution was heated to 100 ºC and stirred for 12 

hours at this temperature. After TLC monitored that the iodide was consumed 

completely, the solution was cooled to room temperature and diluted with water (20 
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mL), and aqueous phase was extracted with ethyl acetate (15 mL × 3). The 

combined organic extracts were dried over anhydrous Na2SO4, filtered and 

evaporated under reduced pressure. Silica gel flash column chromatography (ethyl 

acetate/hexanes = 2:1) of the residue gave an off-white solid (131 mg, yield 66%) 

as the product PC5. M. p: 281-282. 1H NMR (400 MHz, DMSO-d6) δ 9.84 (s, 1H), 

8.56 (d, J = 4.5 Hz, 2H), 7.66 – 7.43 (m, 5H), 7.08 (d, J = 16.4 Hz, 1H), 6.84 (d, J 

= 9.3 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) δ 158.3, 149.7, 144.7, 133.2, 128.6, 

127.3, 122.5, 120.5, 115.6. HRMS (+ESI) m/z calcd. for C13H11NO (M+H)+ 

198.0913, found 198.0913. 

Synthesis of PC6 

 

To a mixture of 1-ethoxy-4-iodobezene (1.25 g, 5.0 mmol) and 4-vinylpyridine 

(631.1 mg, 6.0 mmol) in degassed CH3CN (15 mL) under argon was added P(o-

tol)3 (304 mg, 20 mol%), triethylamine (2.1 mL, 15 mmol) and Pd(OAc)2 (113 mg, 

10 mol%) successively. Then the resulting solution was heated to 100 ºC and stirred 

for 12 hours at this temperature. After TLC monitored that the iodide was consumed 

completely, the solution was cooled to room temperature and diluted with water (20 

mL), and aqueous phase was extracted with ethyl acetate (15 mL × 3). The 

combined organic extracts were dried over anhydrous Na2SO4, filtered and 

evaporated under reduced pressure. Silica gel flash column chromatography (ethyl 

acetate/hexanes = 2:1) of the residue gave an off-white solid (958 mg, yield 85%) 

as the product PC6. M. p: 146-147 ºC. 1H NMR (400 MHz, Chloroform-d) δ 8.56 

(dd, J = 4.6, 1.5 Hz, 2H), 7.52 – 7.43 (m, 2H), 7.34 (dd, J = 4.6, 1.5 Hz, 2H), 7.26 

(t, J = 8.1 Hz, 1H), 6.96 – 6.82 (m, 3H), 4.06 (q, J = 7.0 Hz, 2H), 1.43 (t, J = 7.0 



102 

 

Hz, 3H). 13C NMR (100 MHz, Chloroform-d) δ 159.7, 150.2, 145.1, 132.9, 128.6, 

128.3, 123.5, 120.7, 114.7, 63.6, 14.7. HRMS (+ESI) m/z calcd. for C15H15NO 

(M+H)+ 226.1226, found 226.1226. 

Synthesis of PC7 

 

4-iodophenol (1.08 g, 4.9 mmol) was dissolved in CH2Cl2 (24 mL), then cooled to 

0 °C. Triethylamine (748 mg, 7.40 mmol) and acetyl chloride (464 mg, 5.9 mmol) 

were added into solution, successively, at 0 °C and stirred for 20 minutes at this 

temperature. Then warmed to rt and continued stirring for another 2h. After TLC 

monitored that the iodide was consumed completely, the solution was cooled to 

room temperature and diluted with water (20 mL), and the aqueous phase was 

extracted with ethyl acetate (15 mL × 3). The combined organic extracts were 

washed with water (15 mL × 3), dried over anhydrous Na2SO4, filtered and 

evaporated under reduced pressure. The resulting pale brown oil (1.151 g, yield 

89 %) was obtained as the product 4 and was used for the next step without any 

further manipulation. Spectral data of 4 is consistent with those reported in the 

literature.95  

To a mixture of 4 (241 mg, 1.0 mmol) and 4-vinylpyridine (211 mg, 2.0 mmol) in 

degassed CH3CN (15 mL) under argon was added P(o-tol)3 (62 mg, 20 mol%), 

triethylamine (0.41 mL, 2.9 mmol) and Pd(OAc)2 (24 mg, 10 mol%) successively. 

Then the resulting solution was heated to 100 ºC and stirred for 6 hours at this 

temperature. After TLC monitored that the iodide was consumed completely, the 

solution was cooled to room temperature and diluted with water (20 mL), and 

aqueous phase was extracted with ethyl acetate (15 mL × 3). The combined organic 
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extracts were dried over anhydrous Na2SO4, filtered and evaporated under reduced 

pressure. Silica gel flash column chromatography (ethyl acetate/hexanes = 3:1) of 

the residue gave a white solid (103.1 mg, yield 43%) as the product PC7. M. p: 

152-153 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.59 (d, J = 5.9 Hz, 2H), 7.64 – 

7.49 (m, 2H), 7.37 (dd, J = 4.7, 1.4 Hz, 2H), 7.29 (d, J = 16.3 Hz, 1H), 7.16 – 7.08 

(m, 2H), 6.96 (d, J = 16.3 Hz, 1H), 2.33 (s, 3H). 13C NMR (100 MHz, Chloroform-

d) δ 169.3 150.8, 150.3, 144.4, 133.8, 132.3, 128.2, 126.3, 122.0, 120.8, 21.3. 

HRMS (+ESI) m/z calcd. for C15H13NO2 (M+H)+ 240.1019, found 240.1018. 

Synthesis of PC8  

 

5-bromo-2-hydroxy-benzonitrile (0.61 g, 30 mmol) was dissolved in DMF (6 mL), 

then K2CO3 (1.1 g, 9.4 mmol) and ethyl bromide (0.36 mL, 5.0 mmol) were added 

into solution, successively, at room temperature. The resulting solution was heated 

to 70 ºC and stirred for 6 hours at this temperature. After TLC monitored that the 

iodide was consumed completely, the solution was cooled to room temperature and 

diluted with water (20 mL), and the aqueous phase was extracted with ethyl acetate 

(15 mL × 3). The combined organic extracts were washed with water (15 mL × 3), 

dried over anhydrous Na2SO4, filtered and evaporated under reduced pressure. A 

white solid was obtained as the product 5. The product was used directly in next 

step without purification.  

To a mixture of crude product 5 and 4-vinylpyridine (315.1 mg, 3.0 mmol) in 

degassed CH3CN (30 mL) under argon was added P(o-tol)3 (182 mg, 20 mol%), 

triethylamine (1.3 mL, 8.7 mmol) and Pd(OAc)2 (67.1 mg, 10 mol%) successively. 

Then the resulting solution was heated to 100 ºC and stirred for 5 hours at this 
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temperature. After TLC monitored that the iodide was consumed completely, the 

solution was cooled to room temperature and diluted with water (20 mL), and 

aqueous phase was extracted with ethyl acetate (15 mL × 3). The combined organic 

extracts were dried over anhydrous Na2SO4, filtered and evaporated under reduced 

pressure. Silica gel flash column chromatography (ethyl acetate/hexanes = 3:1) of 

the residue gave a pale-yellow solid (433.1 mg, yield 58%) as the product PC8. M. 

p: 114-115 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.58 (d, J = 5.9 Hz, 2H), 7.81 

– 7.61 (m, 2H), 7.36 (d, J = 5.9 Hz, 2H), 7.20 (d, J = 16.3 Hz, 1H), 6.98 (d, J = 8.8 

Hz, 1H), 6.92 (d, J = 16.3 Hz, 1H), 4.18 (q, J = 7.0 Hz, 2H), 1.51 (t, J = 7.0 Hz, 

3H). 13C NMR (101 MHz, Chloroform-d) δ 160.5, 150.1, 143.8, 132.6, 131.9, 130.3, 

128.8, 125.6, 120.7, 115.8, 112.4, 102.5, 64.9, 14.2. HRMS (+ESI) m/z calcd. for 

C16H14N2O (M+H)+ 251.1179, found 251.1178. 

Synthesis of PC9 

 

To a mixture of 1-ethoxy-4-iodobezene (1.25 g, 5.0 mmol) and 3,3-diethoxyprop-

1-ene (1.02 g, 7.9 mmol) in DMF (30 mL) under argon was added P(o-tol) (304 mg, 

20 mol%), Cs2CO3 (2.27 g, 7.0 mmol), KCl (371 mg, 5mmol) and Pd(OAc)2 (66 

mg, 10 mol%) successively. Then the resulting solution was heated to 90 ºC and 

stirred for 5 hours at this temperature. After TLC monitored that the iodide was 

consumed completely, the solution was cooled to room temperature and treated 

with 5% HCl (10 mL). After stirring for another 10 minutes, poured into water (20 

mL) and aqueous phase was extracted with ethyl acetate (15 mL × 3). The combined 

organic extracts were dried over anhydrous Na2SO4, filtered and evaporated under 

reduced pressure. Silica gel flash column chromatography (ethyl acetate/hexanes = 
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1:5) gave a pale-yellow solid (442 mg, yield 50 %) as the product 6. Spectral data 

of 6 is consistent with those reported in the literature.96  

To a stirred solution of 6 (88.1 mg, 0.50 mmol), 4-methylpyridine (92.9 mg, 1.0 

mmol) in Ac2O (2.5 mL) was added NaOAc (273 mg, 2.0 mmol) at rt. The resulting 

mixture was heated under reflux for 21 hours. Then the mixture was cooled to room 

temperature and diluted with CH2Cl2, washed with H2O, 5% HCl, H2O and 

saturated aqueous NaHCO3. The aqueous phase was extracted with ethyl acetate 

(15 mL × 3). The combined organic extracts were dried over Na2SO4, filtered and 

evaporated under reduced pressure. Silica gel flash column chromatography (ethyl 

acetate/hexanes = 3:1) gave a yellow solid (47.2 mg, yield 37%) as the product. 

PC9: mp = 132-133 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.59 (d, J = 5.9 Hz, 

2H), 7.45 (d, J = 8.7 Hz, 2H), 7.37 – 7.28 (m, 2H), 7.16 (dd, J = 15.5, 10.2 Hz, 1H), 

6.98 – 6.75 (m, 4H), 6.58 (d, J = 15.5 Hz, 1H), 4.12 (d, J = 7.0 Hz, 2H), 1.49 (t, J 

= 7.0 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 159.1, 149.9, 144.8, 135.5, 

133.9, 129.3, 128.3, 127.8, 125.9, 120.2, 114.5, 63.4, 14.7. HRMS (+ESI) m/z calcd. 

for C17H18NO (M+H)+ 252.1383, found 252.1384. 

Synthesis of PC10 

 

To a stirred solution of 4-methylquinoline (143 mg, 1.0 mmol) in anhydrous DMF 

(0.8 mL) was added NaH (52 mg of a 60% dispersion in mineral oil, 1.3 mmol) at 

room temperature. The resulting mixture was stirred at 60 °C for 2 hours and then 

treated with 4-ethoxybenzaldehyde (225 mg, 1.5 mmol). The resulting mixture was 

stirred at 60 °C for 5 hours. After cooling to room temperature, the mixture was 

poured into MeOH (20 mL) and diluted with water (20 mL). The aqueous phase 
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was extracted with ethyl acetate (15 mL × 3) and the combined organic extracts 

were dried over anhydrous Na2SO4, filtered and evaporated under reduced pressure. 

Silica gel flash column chromatography (ethyl acetate/hexanes = 3:1) gave a pale-

yellow solid (73 mg, yield 27%) as the product. PC10: mp =79-80 °C 1H NMR 

(400 MHz, Chloroform-d) δ 8.93 (d, J = 4.6 Hz, 1H), 8.31 – 8.23 (m, 1H), 8.22 – 

8.13 (m, 1H), 7.81 – 7.56 (m, 6H), 7.34 (d, J = 15.7 Hz, 1H), 6.99 (d, J = 8.7 Hz, 

2H), 4.13 (q, J = 7.0 Hz, 2H), 1.50 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, 

Chloroform-d) δ 159.4, 150.0, 148.5, 143.1, 134.5, 129.9, 129.0, 129.0, 128.3, 

126.2, 126.1, 123.3, 120.1, 116.4, 114.6, 63.4, 14.6. HRMS (+ESI) m/z calcd. for 

C19H17NO (M+H)+ 276.1383, found 276.1382. 

Synthesis of PC11 

 

To a stirred solution of 4-bromonaphthalen-1-ol (0.60 g, 3.0 mmol) in DMF (7 mL) 

was added ethyl bromide (0.27 mL, 5.0 mmol), and K2CO3 (1.0 g, 9.4 mmol) at rt. 

The resulting mixture was stirred at 70 °C for 6 hours. The mixture was then diluted 

with water (20 mL), and the aqueous phase was extracted with ethyl acetate (15 mL 

× 3). The combined organic extracts were washed with water (15 mL × 3), dried 

over anhydrous Na2SO4, filtered and evaporated under reduced pressure. A white 

solid was obtained as the product 7. The product was used directly in next step 

without purification.  

To a stirred solution of crude 7, 4-vinylpyridine (316 mg, 3.0 mmol), P(o-tol)3 (183 

mg, 20 mol%) and triethylamine (1.2 mL, 8.7 mmol) in degassed CH3CN (30 mL) 

under argon was added Pd(OAc)2 (69 mg, yield 10 mol%) quickly. The resulting 

mixture was stirred at 100 °C for 5 hours. The mixture was then diluted with water 
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(30 mL) and the aqueous phase was extracted with ethyl acetate (15 mL × 3). The 

combined organic extracts were dried over anhydrous Na2SO4, filtered and 

evaporated under reduced pressure. Silica gel flash column chromatography (ethyl 

acetate/hexanes = 3:1) of the residue gave a pale orange solid (232 mg, yield 28%) 

as the product PC11. M. p: 130-131 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.65 

(dd, J = 4.6, 1.6 Hz, 2H), 8.43 (dd, J = 8.3, 1.0 Hz, 1H), 8.20 (d, J = 8.2 Hz, 1H), 

8.09 (d, J = 16.0 Hz, 1H), 7.76 (d, J = 8.1 Hz, 1H), 7.61 (dddd, J = 25.0, 8.1, 6.8, 

1.3 Hz, 2H), 7.49 (dd, J = 4.7, 1.5 Hz,2H), 7.03 (d, J = 16.0 Hz, 1H), 6.91 (d, J = 

8.1 Hz, 1H), 4.31 (q, J = 7.0 Hz, 2H), 1.64 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, 

Chloroform-d) δ 155.4, 150.0, 145.0, 132.0, 130.0, 126.8, 126.4, 125.7, 125.5, 

125.1, 124.5, 122.9, 122.6, 120.6, 104.4, 63.6, 14.6. HRMS(+ESI) m/z calcd. For 

C19H17NO (M+H)+ 276.1383, found 276.1382. 

Synthesis of PC12 

 

Compound 2 (137.56 mg, 0.5 mmol), TEA (0.83 mL, 5.9 mmol), CuI (4.76 mg,5%), 

5 mL ACN and a stir bar were placed in a two neck round bottom flask fitted with 

a reflux condenser. The bottom was degassed and protected by argon. Then 

palladium catalyst (35.05 mg, 10%) was quickly putted into the bottom. When the 

reaction was heated to 70℃, 4-ethynylpyridine dissolved in 5 mL ACN was slowly 

added into the reaction mixture. The reaction was stirred at reflux for 6 hours under 

the protection of argon. The mixture was diluted with water (20 mL), and extracted 

with ethyl acetate (15 mL×3), dried over anhydrous Na2SO4, and evaporated under 

reduced pressure. The reside was purified by flash column chromatography (ethyl 

acetate/hexanes = 3:1) to get compound PC12(106.3 mg, yield 77%) as pale-yellow 
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solid. M.p. 196-197℃. 1H NMR (400 MHz, Chloroform-d) δ 8.54 (d, J = 4.7 Hz, 

2H), 7.40 (dd, 2H), 7.32 (dd, J = 4.6, 1.5 Hz, 2H), 6.62 (m, 2H), 3.39 (q, J = 7.1 Hz, 

4H), 1.19 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 149.6, 148.2, 

133.5, 132.6, 125.2, 111.1, 107.4, 96.3, 85.1, 44.4, 12.6. HRMS (+ESI) m/z calcd. 

for C17H19N2 (M+H)+ 251.1470, found 251.1541. 

Synthesis of PC13 

 

4-Iodophenetole (124.03 mg, 0.5 mmol), TEA (0.80 mL, 5.8 mmol), CuI (4.76 

mg,5%), 5 mL ACN and a stir bar were placed in a two neck round bottom flask 

fitted with a reflux condenser. The bottom was degassed and protected by argon. 

Then palladium catalyst (35.05 mg, 10%) was quickly putted into the bottom. When 

the reaction was heated to 70℃, 4-ethynylpyridine dissolved in 5 mL ACN was 

slowly added into the reaction mixture. The reaction was stirred at reflux for 6 hours 

under the protection of argon. The mixture was diluted with water (20 mL), and 

extracted with ethyl acetate (15 mL×3), dried over anhydrous Na2SO4, and 

evaporated under reduced pressure. The reside was purified by flash column 

chromatography (ethyl acetate/hexanes = 1:1) to get compound PC13 (106.3 mg, 

yield 48%) as creamy solid. M. p. 90-92℃. 1H NMR (400 MHz, Chloroform-d) δ 

8.59 (s, 2H), 7.61 – 7.42 (m, 2H), 7.36 (d, J = 5.9 Hz, 2H), 6.95 – 6.80 (m, 2H), 

4.07 (q, J = 7.0 Hz, 2H), 1.44 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, Chloroform-

d) δ 159.7, 149.7, 133.4, 131.8, 125.4, 114.6, 113.9, 94.4, 85.6, 63.6, 14.7. HRMS 

(+ESI) m/z calcd. for C15H13NO (M+H)+ 223.0997, found 223.1071. 

Synthesis of PC14  
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Compound 2 (137.6 mg, 0.5 mmol), 4-Pyridineboronic acid pinacol ester (102.5 

mg, 0.5 mmol), Cs2CO3 (814.6 mg, 2.5 mmol), 10 mL DMF and a stir bar were 

placed in a two neck round bottom degassed and charged with argon. Then the 

palladium catalyst (40 mg, 10%) was quickly putted into the bottom. The bottom 

was fitted with a reflux condenser and then charged again with argon. The reaction 

was heated at 100 oC for 12 hours. The mixture was diluted with water (20 mL), 

and extracted with ethyl acetate (15 mL×3), dried over anhydrous Na2SO4, and 

evaporated under reduced pressure. The reside was purified by flash column 

chromatography (ethyl acetate/hexanes = 1:1) to get compound PC14 (64 mg, yield 

57%) as creamy solid. M.p. 157-159℃. 1H NMR (400 MHz, Chloroform-d) δ 8.55 

(d, J = 3.9 Hz, 2H), 7.65 – 7.50 (m, 2H), 7.46 (dd, J = 4.7, 1.4 Hz, 2H), 6.85 – 6.63 

(m, 2H), 3.42 (q, J = 7.1 Hz, 4H), 1.21 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, 

Chloroform-d) δ 150.0, 148.4, 148.1, 127.9, 123.9, 120.1, 111.7, 44.4, 12.9. HRMS 

(+ESI) m/z calcd. for C15H18N2 (M+H)+ 227.1470, found 227.1542. 

Synthesis of PC15  

 

4-Iodophenetole (124.0 mg, 0.5 mmol), 4-Pyridineboronic acid pinacol ester (102.5 

mg, 0.5 mmol), Cs2CO3 (814.6 mg, 2.5 mmol), 10 mL DMF and a stir bar were 

placed in a two neck round bottom degassed and charged with argon. Then the 

palladium catalyst (40 mg, 10%) was quickly putted into the bottom. The bottom 

was fitted with a reflux condenser and then charged again with argon. The reaction 
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was heated at 100oC for 24 hours. The mixture was diluted with water (20 mL), and 

extracted with ethyl acetate (15 mL×3), dried over anhydrous Na2SO4, and 

evaporated under reduced pressure. The reside was purified by flash column 

chromatography (ethyl acetate/hexanes = 3:1) to get compound PC15 (76 mg, yield 

76%) as creamy solid. M.p:100-101℃. 1H NMR (400 MHz, Chloroform-d) δ 8.61 

(d, J = 4.2 Hz, 2H), 7.59 (d, J = 8.6 Hz, 2H), 7.47 (d, J = 5.9 Hz, 2H), 7.00 (d, J = 

8.7 Hz, 2H), 4.09 (q, J = 7.0 Hz, 2H), 1.45 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 159.9, 150.2, 147.8, 130.1, 128.1, 121.0, 115.0, 63.6, 14.8. HRMS 

(+ESI) m/z calcd. for C13H13NO (M+H)+ 200.0997, found 200.1071. 

Synthesis of PC16 

 

4-Aminopyridine was dissolved in 7M HCl (6.7 mL). A mixture containing 10% 

NaOH (3 mL), phenol (0.94g, 0.010 mol), and NaNO2 (0.768 g, 0.011 mol) was 

then added dropwise at 0 oC to the solution of 4-Aminopyridine. The reaction was 

stirred for 2 hours. The product was precipitated and was isolated by filtration and 

crystallization from acetone/ ethanol to give a dark brow solid PC16 (384.8 mg, 

yield 19 %). M.p: 254-255℃. 1H NMR (400 MHz, DMSO-d6) δ 10.64 (s, 1H), 9.37 

– 8.32 (m, 2H), 7.89 (d, J = 8.8 Hz, 2H), 7.75 – 7.56 (m, 2H), 7.00 (d, J = 8.9 Hz, 

2H). 13C NMR (101 MHz, DMSO-d6) δ 162.3, 156.8, 151.2, 145.2, 125.8, 116.2, 

115.8. HRMS (+MALDI-TOF) m/z calcd. for C11H9N3O (M+H)+ 200.0818, found 

200.0816. 
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Synthesis of PC17 

 

PC16 (99.8 mg, 0.5 mmol), ethyl bromide (0.1 mL, 1.5 mmol), K2CO3 (208.6 mg, 

1.5 mmol) was added into 5ml DMF. The resulting mixture was stirred at 80 °C for 

12 h. The mixture was then diluted with water (20 mL), and the aqueous phase was 

extracted with ethyl acetate (15 mL × 3). The combined organic extracts were 

washed with water (15 mL × 3), dried over anhydrous Na2SO4, and evaporated 

under reduced pressure to give a dark brown solid PC17 (79.7 mg, yield 70%). M.p: 

104 -105℃. 1H NMR (400 MHz, Chloroform-d) δ 8.70 (d, J = 5.8 Hz, 2H), 7.88 

(dd, J = 9.1, 0.9 Hz, 2H), 7.60 (dd, J = 5.9, 1.1 Hz, 2H), 6.95 (d, J = 9.0 Hz, 2H), 

4.07 (dd, J = 7.0, 1.2 Hz, 2H), 1.40 (td, J = 7.0, 1.0 Hz, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 162.7, 157.5, 151.2, 146.7, 125.6, 116.2, 114.9, 64.0, 14.7. HRMS 

(+MALDI-TOF) m/z calcd. for C13H13N3O (M+H)+ 228.1131, found 228.1144. 

Synthesis of PC18 

 

4-amino-pyridine (0.94 g, 10 mmol) was dissolved in 4 M H2SO4 (5 mL) and this 

solution was cooled to 0 oC in an ice bath. NaNO2 (0.69 g, 10 mmol) was dissolved 

in distilled H2O (1 mL) and this solution was also cooled to 0 oC in an ice bath. A 

slurry of N, N-Diethylaniline (1.59 mL, 10 mmol) in water (5 mL) was also cooled 

to 0 oC in an ice bath. The NaNO2 solution was rapidly added dropwise to the 4-
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aminopyridine solution resulting in a yellow solution, which was then added to the 

N, N-Diethylaniline slurry in one portion. The solution was stirred for 15 seconds 

and 3.5 N NaOH (11 mL) was added in one portion. This solution was stirred at 

room temperature for 3 hours. Vacuum filtration afforded purple crystal PC18 

(424.5 mg, yield 17%). M.p: 181-182℃. 1H NMR (400 MHz, Chloroform-d) δ 8.70 

(d, J = 6.3 Hz, 1H), 7.89 (d, J = 9.3 Hz, 1H), 7.64 (d, J = 6.3 Hz, 1H), 6.73 (d, J = 

9.3 Hz, 1H), 3.48 (q, J = 7.1 Hz, 3H), 1.25 (t, J = 7.1 Hz, 4H). 13C NMR (101 MHz, 

Chloroform-d) δ 158.3, 151.3, 150.7, 143.2, 126.5, 116.1, 111.1, 44.9, 12.7. HRMS 

(+MALDI-TOF) m/z calcd. for C15H18N4 (M+H)+ 255.1604, found 255.1597. 

Synthesis of PC19 

 

3-Bromo-7-hydroxy-4-methylchromen-2-one (3 g, 11.8 mmol), iodomethane (2.2 

mL, 35.28 mmol), K2CO3 (2.5 g, 17.64 mmol) was add in 50mL acetone. Then the 

reaction was refluxed for 12 hours. The solvent was evaporated under reduced 

pressure to give a white solid 8. The compound 8 was directly used in next step 

without purification.  

To a stirred solution of crude 8, 4-vinylpyridine (1.24 g, 11.8 mmol), P(o-tol)3 (718 

mg, 20 mol%) and triethylamine (4.9 mL, 35.4 mmol) in degassed CH3CN (50 mL) 

under argon was added Pd(OAc)2 (69 mg, 10 mol%) quickly. The resulting mixture 

was stirred at 100 °C for 5 hours. The mixture was then diluted with water (50 mL) 

and the aqueous phase was extracted with ethyl acetate (40 mL × 3). The combined 

organic extracts were dried over anhydrous Na2SO4, filtered and evaporated under 

reduced pressure. Silica gel flash column chromatography (ethyl acetate/hexanes 
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2:1) of the residue gave a pale-yellow solid (297 mg, yield 9%) as the product PC19. 

M.p:189.7-189.9. 1H NMR (400 MHz, Chloroform-d) δ 8.69 – 8.50 (m, 2H), 7.75 

– 7.63 (m, 2H), 7.45 – 7.32 (m, 3H), 6.99 – 6.79 (m, 2H), 3.93 (s, 3H), 2.63 (s, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 162.7, 159.9, 154.0, 150.2, 148.5, 145.2, 

132.6, 126.3, 125.1, 121.0, 118.0, 114.0, 112.9, 100.4, 55.8, 15.4. HRMS 

(+MALDI-TOF) m/z calcd. for C18H15NO3 (M+H)+ 294.1125, found 294.1119. 

Synthesis of PC20 

 

To a stirred solution of 3-iodopyridine (1.03 g, 5 mmol), 1-ethoxy-4-iodobezene 

(0.75 mL, 5.0 mmol), P(o-tol)3 (305 mg, 20 mol%) and triethylamine (2.0 mL, 15 

mmol) in degassed CH3CN (15 mL) under argon was added Pd(OAc)2 (112 mg, 10 

mol%) quickly. The resulting mixture was stirred at 100 ºC for 5 hours. The mixture 

was then diluted with water (20 mL) and the aqueous phase was extracted with ethyl 

acetate (15 mL × 3). The combined organic extracts were dried over anhydrous 

Na2SO4, filtered and evaporated under reduced pressure. Silica gel flash column 

chromatography (ethyl acetate/hexanes = 3:1) of the residue gave an off-white solid 

(958 mg, yield 85%) as the product PC20. M.p:120.1-120.2. 1H NMR (400 MHz, 

Chloroform-d) δ 8.67 (d, J = 2.3 Hz, 1H), 8.43 (d, J = 3.2 Hz, 1H), 7.75 (dt, J = 8.0, 

2.0 Hz, 1H), 7.42 (d, J = 8.7 Hz, 2H), 7.25 – 7.20 (m, 1H), 7.07 (d, J = 16.4 Hz, 

1H), 6.94 – 6.84 (m, 3H), 4.02 (d, J = 7.0 Hz, 2H), 1.40 (t, J = 7.0 Hz, 3H). 13C 

NMR (101 MHz, Chloroform-d) δ 159.2, 148.1, 133.4, 132.4, 130.4, 129.3, 128.0, 

123.5, 122.4, 114.8, 63.5, 14.8. HRMS (+MALDI-TOF) m/z calcd. for C15H15NO 

(M+H)+ 226.1226, found 226.1246. 
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Synthesis of PC21 

 

To a stirred solution of 4-bromo-1-naphthol (1.1 g, 5 mmol) and triethylamine (750 

mg, 7.4 mmol) in CH2Cl2 (20 mL) was added acetyl chloride (465 mg, 5.92 mmol) 

at rt. The resulting mixture was stirred at 0 °C for 30 minutes and then warm up to 

room temperature and stirred for 2.5 hours. The solution was then diluted with water 

(20 mL) and the aqueous phase was extracted with ethyl acetate (15 mL × 3). The 

combined extracts were dried over anhydrous Na2SO4, filtered and evaporated 

under reduced pressure. The resulting creamy solid was obtained as the product 9 

and was used for the next step without any further purification. 

To a stirred solution of crude 9, 4-vinylpyridine (525.6 mg, 5.0 mmol), P(o-tol)3 

(305 mg, 20 mol%) and triethylamine (2 mL, 15 mmol) in degassed CH3CN (30 

mL) under argon was added Pd(OAc)2 (112 mg, 10 mol%) quickly. The resulting 

mixture was stirred at 100 °C for 12 hours. The mixture was then directly poured 

into ice water, and the product was precipitated, filtered. The crude was washed 

with hexanes three times and dissolved by EA. Then the organic solvent was 

evaporated under reduce pressure to give crude product 10 (556.5 mg).  

To the stirred solution of crude product 10 (556.5 mg) in MeOH (5 mL) was added 

K2CO3 (798 mg, 5.8 mmol). The reaction was stirred for 2 hours. The MeOH was 

evaporated under reduced pressure, and then diluted with water (10 mL) and the 

aqueous phase was extracted with ethyl acetate (15 mL × 3). The combined organic 

extracts were dried over anhydrous Na2SO4, filtered and evaporated under reduced 

pressure. Silica gel flash column chromatography (ethyl acetate/hexanes = 1:1) of 

the residue gave an orange solid (475.4 mg, yield 36%) as the product PC21. 
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M.p:207.9-208.0. 1H NMR (400 MHz, DMSO-d6) δ 10.50 (s, 1H), 8.59 – 8.45 (m, 

2H), 8.37 (d, J = 8.5 Hz, 1H), 8.29 – 8.16 (m, 2H), 7.80 (d, J = 8.0 Hz, 1H), 7.67 

(d, J = 6.2 Hz, 2H), 7.57 (ddd, J = 8.4, 6.7, 1.5 Hz, 1H), 7.49 (ddd, J = 8.1, 6.8, 1.2 

Hz, 1H), 7.11 (d, J = 16.0 Hz, 1H), 6.93 (d, J = 8.0 Hz, 1H). 13C NMR (101 MHz, 

DMSO-d6) δ 154.3, 149.9, 144.8, 132.1, 129.6, 126.7, 125.4, 124.8, 124.7, 124.4, 

123.9, 123.5, 122.5, 120.9, 108.3. HRMS (+MALDI-TOF) m/z calcd. for 

C17H13NO (M+H)+ 248.1069, found 248.1057. 

Synthesis of PC22 

 

1,8-Naphthalenediol (1.6 g, 10.0 mmol) was dissolved in 50 mL of acetone, and 

K2CO3 (1.72 g, 12.5 mmol) and CH3I (0.93 mL, 15 mmol) were added sequentially 

at room temperature. The resulting heterogeneous mixture was stirred at this 

temperature for 24 h. It was then quenched with H2O (5 mL) and saturated with 

NH4Cl solution (50 mL). Acetone was evaporated under reduced pressure. The 

aqueous phase was extracted with ethyl acetate (2 × 10 mL). The combined organic 

phase was dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure. Purification by flash column chromatography (ethyl acetate/hexane = 1:20) 

gave pure 10 (1.49 mg, yield 86%) as a white solid. Spectral data of 10 is consistent 

with those reported in the literature.97 

To a stirred solution of 10 (522.5 mg, 3 mmol) in ACN (12 mL) was added NBS 

(533.9 mg, 3 mmol). The resulting dark solution was stirred overnight, concentrated, 

and purified by flash column chromatography (ethyl acetate/hexane = 1:20) to give 

11  as white solid (604.1 mg, yield 80%). Spectral data of 11 is consistent with 

those reported in the literature. 97 
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To a stirred solution of 11 (506.2 mg, 2 mmol), 4-vinylpyridine (210 mg, 2.0 mmol), 

P(o-tol)3 (122 mg, 20 mol%) and triethylamine (0.83 mL, 6 mmol) in degassed 

CH3CN (20 mL) under argon was added Pd(OAc)2 (45 mg, 10 mol%) quickly. The 

resulting mixture was stirred at 100 °C for 5 hours. The mixture was then diluted 

with water (30 mL) and the aqueous phase was extracted with ethyl acetate (15 mL 

× 3). The combined organic extracts were dried over anhydrous Na2SO4, filtered 

and evaporated under reduced pressure. Silica gel flash column chromatography 

(ethyl acetate/hexanes = 1:1) of the residue gave an orange solid (88.4 mg, 16.0%) 

as the product PC22. m.p.:170.3-170.4. 1H NMR (400 MHz, DMSO-d6) δ 9.74 (s, 

1H), 8.52 (d, J = 6.1 Hz, 2H), 8.17 (d, J = 16.0 Hz, 1H), 8.00 – 7.91 (m, 1H), 7.81 

(d, J = 8.2 Hz, 1H), 7.69 – 7.60 (m, 2H), 7.47 (dd, J = 8.6, 7.7 Hz, 1H), 7.10 (d, J 

= 16.0 Hz, 1H), 7.03 (d, J = 7.6 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 4.03 (s, 3H). 13C 

NMR (101 MHz, Chloroform-d) δ 156.3, 151.0, 145.8, 131.0, 128.0, 127.2, 127.1, 

122.0, 118.1, 115.6, 111.6, 106.0, 57.4. HRMS (+MALDI-TOF) m/z calcd. for 

C18H15NO2 (M+H)+ 278.1176 found 278.1169. 

Synthesis of PC23 

  

A solution of 10H-Anthracen-9-one (0.97 g, 5 mmol) and potassium carbonate (3.0 

g, 21.8 mmol) in acetone (10 mL) was prepared in 50 mL round-bottomed flask 

under argon atmosphere. Dimethyl sulfate (1 mL, 10.5 mmol) was added to the 
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solution, and the reaction mixture was refluxed for 6 hours. After cooling, water 

was added to the mixture and the product was extracted with a mixture of hexane 

and dichloromethane. The combined organic layer was washed with water and brine, 

dried over anhydrous Na2SO4, and filtrated. The solvent was removed in vacuo. 

Silica gel flash column chromatography (ethyl acetate/hexanes = 1:1) of the residue 

gave 12 (331.4 mg, yield 32%) as a pale-yellow crystal. Spectral data of 12 is 

consistent with those reported in the literature.98 

A solution of 12 (208 g, 1 mmol) in DMF (1.4 mL) was prepared in 25-mL round-

bottomed flask under argon atmosphere, and cooled on ice-bath. To this solution, 

NBS (198.7 g, 1.12 mmol) in DMF (1.4 mL) was added dropwise via an additional 

funnel for 30 min, and the mixture was stirred overnight. Then, the reaction mixture 

was washed with water and extracted with dichloromethane. After drying over 

anhydrous Na2SO4, the solvent was removed in vacuo, and column chromatography 

on silica gel (ethyl acetate/hexanes = 1:100) afforded the pale-yellow solid (77.1 

mg, yield 27%) as 13. Spectral data of 12 is consistent with those reported in the 

literature. 98 

To a stirred solution of the 13, 4-vinylpyridine (116 mg, 0.033 mmol), P(o-tol)3 

(18.3 mg, 20 mol%) and triethylamine (0.1 mL, 0.08 mmol) in degassed CH3CN (5 

mL) under argon was added Pd(OAc)2 (7 mg, yield 10 mol%) quickly. The resulting 

mixture was stirred at 100 °C for 5 h. The mixture was then diluted with water (10 

mL) and the aqueous phase was extracted with ethyl acetate (10 mL × 3). The 

combined organic extracts were dried over anhydrous Na2SO4, filtered and 

evaporated under reduced pressure. Silica gel flash column chromatography (ethyl 

acetate/hexanes = 1:1) of the residue gave an orange solid (88.4 mg, yield 16.0%) 

as the product PC23. m.p.:109.7-109.8. 1H NMR (400 MHz, Chloroform-d) 1H 

NMR (400 MHz, Chloroform-d) δ 8.68 (d, J = 5.1 Hz, 2H), 8.42 – 8.33 (m, 2H), 

8.32 – 8.27 (m, 2H), 8.13 (d, J = 16.5 Hz, 1H), 7.52 (ddt, J = 7.9, 6.8, 3.3 Hz, 6H), 

6.89 (d, J = 16.5 Hz, 1H), 4.18 (s, 3H).13C NMR (101 MHz, Chloroform-d) δ 156.7, 

155.8, 150.2, 145.2, 134.4, 130.6, 126.8, 126.6, 126.4, 124.8, 120.8, 117.5, 115.1, 



118 

 

110.8, 104.4, 56.3. HRMS (+MALDI-TOF) m/z calcd. for C22H17NO (M+H)+ 

312.1382, found 312.1388. 

6.2.2 Synthesis of 1,2-epoxy-5-O-trityl-α-D-ribofuranose 

 

Triphenylchloromethane (1 g, 6.6 mmol) was added with stirring to the solution of 

D-ribose (1.8 g, 6.6 mol) and pyridine (6.6 mL). The mixture was stirred and heated 

at 45°C for ca. 60 min, whereupon the solution became homogenous. The solvent 

was evaporated under vacuum, and the residue was dissolved in DCM (10 mL), 

washed twice with H2O (5 mL), and dried. The residue was again taken up in DCM 

(3 mL) and added dropwise with stirring to a mixture of hexane (10 mL) and CH2Cl2 

(1 mL), whereby the product crystallized out of solution. After stirring at 25°C for 

60 minutes, the product was filtered off, washed with hexane and water, and dried 

under vacuum at 45°C, to get white solid (317.9 mg, yield 81%). Spectral data of 

model compound is consistent with those reported in the literature. 99  

5-O-Trityl-D-ribose (25 mg, 0.064 mmol) was added into a dried 10 mL pear-

shaped flask contained a stir bar and charged with argon. To this flask was added 

CD3CN (1.5 mL) via syringe. To this stirring solution was added P(nBu)3 (93.5 %, 

27 µL, 0.102 mmol, 1.6 equiv.) via syringe followed by 1,1′-(azodicarbonyl) 

dipiperidine (ADDP) (24 mg, 0.096 mmol) at room temperature. After 15 minutes, 

250 µL was removed via syringe and placed in a dried NMR tube. The reaction 

mixture in the NMR tube was further diluted with 250µL CD3CN which mostly 

dissolved the ADDP-based hydrazine byproduct. The NMR tube was quickly 

capped and sealed with Parafilm. The Spectral data is confirmed with that reported 

in the literature.100 1H NMR (400 MHz, Acetonitrile-d3) δ 7.63 – 7.15 (m, 15H), 
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5.24 (d, J = 1.9 Hz, 1H), 4.17 (d, J = 2.0 Hz, 1H), 3.65 (dd, J = 6.8, 5.8, 2.7 Hz, 

1H), 3.56 (d, J = 1.9 Hz, 1H), 3.21 (d, J = 2.7 Hz, 1H), 3.05 (dd, J = 10.5, 5.8 Hz, 

1H). 13C NMR (101 MHz, Acetonitrile-d3) δ 143.67, 128.23, 127.55, 126.83, 85.99, 

80.28, 71.49, 62.74, 57.49. 

 

5-O-Trityl-D-ribose (25 mg, 0.064 mmol) was added into a dried 10 mL pear-

shaped flask contained a stir bar and charged with argon. To this flask was added 

ACN (1.5 mL) via syringe. To this stirring solution was added P(nBu)3 (93.5 %, 27 

µl, 0.102 mmol, 1.6 equiv.) via syringe followed by 1,1′-(azodicarbonyl) 

dipiperidine (ADDP) (24 mg, 0.096 mmol) at room temperature for 15 minutes. 

Then, the reaction turned from a homogenous orange color to a heterogeneous white 

color. At this time, PC6 (0.064 mmol) was added into the reaction mixture. The 

reaction was heated at 45°C for 12h. The part of the solution of reaction was filtered, 

diluted and analyzed by ESI-MS. 
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6.2.3 Synthesis of hydrolyzed product of NMN 

 

Synthesis of 3.1  

H2SO4 (0.5 mL) was added carefully into a stirred mixture of D-ribose (1g, 

6.7mmol) in acetone (5 mL) mixed with methanol (5 mL), resulting the cloudy 

solution to become clear. The solution was stirred overnight and then quenched with 

solid NaHCO3. The solid was filtered and the solvents were evaporated under 

reducing pressure. The resulting residue was purified by gel flash column 

chromatography (ethyl acetate/hexanes = 1:1) to give a colorless oil as 3.1 (509.5 

mg, yield 40%). Spectral data of compound 3.1 is consistent with those reported in 

the literature.101 

Synthesis of 3.2 

3.10 (34 mg, 0.17 mmol) in anhydrous DCM (1 mL) was flushed with argon before 

1H-tetrazole (23 mg, 0.33 mmol) and 4 Å molecular sieves (100 mg) were added. 

The reaction was stirred for 30 min at rt Then dibenzyl N,N-

diisopropylphosphoramidite (0.07 mL, 0.21mmol) was added. After an hour, the 

mixture was treated with m-chloroperbenzoic acid (20 mg, 0.097 mmol) and stirred 

for 5min. The reaction was quenched with saturated NaHCO3. The aqueous phase 
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was extracted with CHCl3 (2 × 10 mL) and the organic phases were collected and 

dried with Na2SO4, filtered, concentrated. The mixture was purified by flash 

chromatography (ethyl acetate/hexanes = 1:3) to give 3.11 (173 mg, yield 37.3 %) 

as a colorless oil. Spectral data of 3.2 is consistent with those reported in the 

literature.102 

Synthesis of 3.4 

β-D-Adenosine-5′-phosphate (1.50 g, 4.33 mmol) and Dowex ® 50W×8 resin (10 

g, H+ -form, prewashed) were stirred in water (20 mL) and refluxed for 30 min, then 

allowed to cool to rt. The resin was removed by filtration and washed with water 

(2×50 mL). The combined filtrates were adjusted to pH 7.5 at 0 °C with 2 M NaOH 

and lyophilised to afford (0.88 g, yield 74 %) as stick creamy solid. Spectral data 

of 3.2 is consistent with those reported in the literature.103 

6.2.4 Synthesis of cyclopentane epoxide 

Synthesis of 3.5 

Allylacetic acid (1.72 mL, 16.68 mmol), Et3N (6 mL, 43.36 mmol) dissolved in 

anhydrous THF (50 mL) under argon atmosphere was treated with pivaloyl chloride 

(2.68 mL, 21.68 mmol) at 0 °C, stirring for 40 minutes. In another separate flask, 

n-BuLi (8.8 mL, 22 mmol) was added dropwise in the solution of (R)-4-benzyl-2-

oxazolidinone in anhydrous THF (25 mL) at 0 °C. The mixture was stirred for 30 

minutes. Then solution of mixed anhydride was added dropwise into the lithiated 

oxazolidinethione. After stirring for 12 hours, the reaction was treated with 100 mL 

water and the aqueous phase was extracted with ethyl acetate (50 mL × 3). The 

organic extracts were collected and dried over anhydrous Na2SO4. The solid was 

filtered and the solvents were evaporated under reducing pressure. The purification 

was processed on silica gel flash column chromatography (ethyl acetate/hexanes = 

1:8) of the residue gave a colorless oil (4.67 g, yield 90%) as the product 3.5. 1H 

NMR (400 MHz, Chloroform-d) δ 7.48 – 7.10 (m, 5H), 5.88 (dd, J = 17.0, 10.3 Hz, 
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1H), 5.21 – 4.97 (m, 2H), 4.66 (ddd, J = 7.2, 6.2, 3.6 Hz, 1H), 4.30 – 3.96 (m, 2H), 

3.28 (dd, J = 13.4, 3.4 Hz, 1H), 3.15 – 2.92 (m, 2H), 2.76 (dd, J = 13.4, 9.6 Hz, 1H), 

2.46 (tt, J = 7.0, 1.3 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 172.5, 153.5, 

136.7, 135.3, 129.5, 129.0, 127.4, 115.8, 66.2, 55.2, 37.9, 34.8, 28.2. HRMS 

(+MALDI-TOF) m/z calcd. for C15H17NO3 (M+Na+)282.1101, found 282.1111. 

Synthesis of 3.6 

di-n-butylboron trifluoromethanesulfonate (n-Bu2BOTf) (14.7 mL, 14.7 mmol) was 

added slowly into the solution of 3.5 in anhydrous DCM (28 mL) at 0 °C and stirred 

for 20 minutes. Then the reaction mixture was treated with N, N-

diisopropylethylamine (DIPEA) (2.68 mL, 15.4 mmol) dropwise and stirred at 0 °C 

for 20 minutes. The resulting mixture was cooled to -78 °C. At the same temperature 

the reaction was treated with Acrolein (1.68 mL, 25.2 mmol) dropwise and stirred 

for 20 more minutes. Then the mixture was slowly warmed up to 25°C and stirred 

for 12 hours. Phosphate buffer (25 mL, pH 7.0) were prepared and added to quench 

the reaction, followed by MeOH (100 mL), 30% H2O2 (15 mL). After an hour, the 

organic phase was evaporated in vacuo. The aqueous residue was extracted with 

ethyl acetate (30 mL × 3). The organic phase was collected and dried over 

anhydrous Na2SO4. The solid was filtered and the solvents were evaporated in 

vacuo. The residue was purified with silica gel flash column chromatography (ethyl 

acetate/hexanes = 1:3) to give a pale-yellow oil (3.57 g, yield 80%) as the product. 

1H NMR (400 MHz, Chloroform-d) δ 7.72 – 6.71 (m, 5H), 6.15 – 5.66 (m, 2H), 

5.33 (dt, J = 17.2, 1.5 Hz, 1H), 5.22 (dt, J = 10.5, 1.4 Hz, 1H), 5.11 (dd, J = 17.1, 

1.7 Hz,1H), 5.07 – 5.02 (m, 1H), 4.70 (ddt, J = 10.4, 6.9, 3.3 Hz, 1H), 4.44 (dd, J = 

6.2, 4.8 Hz, 1H), 4.26 (dt, J = 9.6, 4.8 Hz, 1H), 4.20 – 4.09 (m, 1H), 3.29 (dd, J = 

13.4, 3.3 Hz, 1H), 2.77 (s, 1H), 2.70 – 2.53 (m, 2H), 2.52 – 2.42 (m, 1H). 13C NMR 

(101 MHz, Chloroform-d) δ 174.4, 153.6, 137.3, 135.2, 129.4, 129.0, 127.4, 117.4, 

116.9, 73.3, 66.1, 55.6, 47.3, 38.0, 32.0. HRMS (+MALDI-TOF) m/z calcd. for 

C18H21NO4 (M+Na+) 338.1362, found 338.1372. 
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Synthesis of 3.7 

Grubbs Ⅱ catalyst (148.6 mg, 0.5mol%) was added into the reaction of 3.6 (2.25 g, 

7 mmol) in DCM (109 mL) under argon and stirred for 1 hour at 25 °C, whereupon 

TLC showed complete reaction. The reaction mixtures were filtered and the 

solvents were evaporated in vacuo. The resulting dark mixture was purified by silica 

gel flash chromatography (ethyl acetate/hexanes = 1:2) to give 3.7 (1.754 g, yield 

87%) as a brown sticky oil. Spectral data of 3.7 is consistent with those reported in 

the literature.104 

Synthesis of 3.8 

A solution of 3.7(1.67 g, 5.8 mmol) in anhydrous THF (25 mL) was treated with 

MeOH (0.25 mL). Cool the mixture to 0°C. the reaction was treated with LiBH4 

(1.62 mL, 6.5 mmol) and stirred for 45 minutes. Then it was warmed up to room 

temperature and stirred for 1 hour. Then 10% NaOH (10 mL) was added, and 

stirring continued until both phases were clear. The solution was extracted with EA. 

The organic phase was washed with brine, dried with anhydrous Na2SO4. The solid 

was filtered and the solvent was evaporated in vacuo. Then the residue directly 

dissolved in dry DCM (25 mL). 4-dimethyl-aminopyridine (22 mg, 0.18 mmol), 

Et3N (0.886 mL, 6.38 mmol) and TBSCl (0.962 g, 6.38 mmol) were added. The 

reaction was stirred overnight at 25°C. Water was added to the solution to quench 

the reaction. The organic phase was washed with aqueous ammonium chloride 

solution, brine and dried with Na2SO4. The solid was filtered and the solvent was 

evaporated in vacuo. Then the residue was purified by silica gel flash 

chromatography (ethyl acetate/hexanes = 1:10) to give 3.8 (410 mg, yield 30.9 %) 

as a light brown oil. 1H NMR (400 MHz, Chloroform-d) δ 5.98 – 5.89 (m, 1H), 5.85 

– 5.76 (m, 1H), 4.91 – 4.81 (m, 1H), 3.86 (dd, J = 10.1, 4.8 Hz, 1H), 3.78 (dd, J = 

10.1, 7.6 Hz, 1H), 2.97 (d, J = 5.5 Hz, 1H), 2.51 – 2.28 (m, 2H), 2.24 – 2.12 (m, 

1H), 0.88 (s, 9H), 0.07 (d, J = 3.1 Hz, 6H). 13C NMR (101 MHz, Chloroform-d) δ 

134.1, 133.2, 77.9, 63.5, 42.4, 34.1, 25.9, 18.2, -5.3, -5.5. HRMS (+MALDI-TOF) 
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m/z calcd. for C16H17NO4 (M+Na+)251.1438, found 251.1418. 

Synthesis of 3.9 

To a solution of 3.8 (410 mg, 1.8 mmol), PPh3 (0.944 mg, 3.6 mmol) and acetic acid 

(0.21 mL, 3.6 mmol) in anhydrous THF (10 mL) was treated with diethyl 

azodicarboxylate (DEAD) (0.708 mL, 3.6 mmol) at -78 °C. The stirring solution 

was warmed to 0 °C over a night. Then the mixture was diluted with saturated 

NaHCO3 (10 mL). The aqueous layer was extracted with hexane (10 mL × 3). The 

organic layer was dried with Na2SO4, filtered and evaporated. The purification of 

residue was processed with flash chromatography (ethyl acetate/hexanes = 1:100) 

to give 3.9 (201.9 mg, yield 41.5 %) as a light brown oil. 1H NMR (400 MHz, 

Chloroform-d) δ 6.04 – 5.97 (m, 1H), 5.78 – 5.70 (m, 1H), 5.52 (dd, J = 2.3, 1.1 Hz, 

1H), 3.63 (dd, J = 6.5, 2.9 Hz, 3H), 2.59 (ddd, J = 17.2, 8.3, 2.4 Hz, 1H), 2.38 (dtd, 

J = 8.1, 3.5, 1.5 Hz, 1H), 2.18 – 2.09 (m, 1H), 2.03 (s, 4H), 0.87 (s, 13H), 0.04 (d, 

J = 2.9 Hz, 8H). 13C NMR (101 MHz, Chloroform-d) δ 171.1, 136.8, 129.0, 82.8, 64.6, 

46.2, 34.5, 26.0, 21.5, 18.4, -5.2, -5.3. HRMS (+MALDI-TOF) m/z calcd. for 

C14H26O3Si [M+Na+] 293.1543, found 293.1560. 

Synthesis of 3.10 

3.9 (200 mg, 0.74 mmol) was dissolved in THF (1 mL) and treated with 

tetrabutylammonium fluoride (TBAF) (0.8 mL, 0.8mmol) slowly at 0 °C under 

argon atmosphere, which was stirred at 25°C for 1.5 hours. The solvent was 

evaporated in vacuo. The residue was purified by flash chromatography (ethyl 

acetate/hexanes = 1:100) to give light-yellow oil product 3.10 (102.6 mg, yield 

88.8 %). This product was used directly for the next step without any purification. 

Synthesis of 3.11 

3.10 (102 mg, 0.66 mmol) was dissolved in anhydrous DCM (6 mL) was flushed 

with argon before 1H-tetrazole (91.5 mg, 1.3 mmol) and 4 Å molecular sieves (250 

mg) were added. The reaction was stirred for 30 minutes at 25°C. Then dibenzyl 
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N,N-diisopropylphosphoramidite (0.27 mL, 0.83mmol) was added. After an hour, 

the mixture was treated with m-chloroperbenzoic acid (267.9 mg, 1.32 mmol) and 

stirred for 5min. To quench the reaction, saturated NaHCO3 was added. The 

aqueous phase was extracted with DCM (2 × 10 mL). The organic phases were 

collected and dried with Na2SO4. The solid was filtered, and concentrated. The 

purification of the residue was carried out on silica gel flash chromatography (ethyl 

acetate/hexanes = 1:3) to give 3.11 (202.2 mg, yield 73.6 %) as a colorless oil. 1H 

NMR (400 MHz, Chloroform-d) δ 7.34 (d, J = 1.2 Hz, 10H), 5.97 (d, J = 1.1 Hz, 

1H), 5.72 (dd, J = 5.7, 2.2 Hz, 1H), 5.49 (dd, J = 2.4, 1.1 Hz, 1H), 5.04 (ddd, J = 

8.2, 3.2, 1.8 Hz, 4H), 4.15 – 3.91 (m, 2H), 2.62 (ddd, J = 17.2, 8.4, 2.4 Hz, 1H), 

2.49 (dd, J = 7.7, 3.9 Hz, 1H), 2.17 – 2.06 (m, 1H), 2.01 (s, 3H). 13C NMR (101 

MHz, Chloroform-d) δ 171.0, 136.4, 136.0, 135.9, 128.8, 128.7, 128.7, 128.1, 81.9, 

69.5, 69.4, 68.9, 68.8, 44.2, 34.4, 21.3. HRMS (+MALDI-TOF) m/z calcd. for 

C22H25O6P (M+Na+) 439.1281, found 439.1300. 

Synthesis of 3.12 

3.11 (151 mg, 0.36 mmol) in MeOH (7 mL), a solution of MeONa (3 mg, 0.073 

mmol) were stirred together for two hours in one solution at 25°C. When the 

reaction was complete, solid NH4Cl (13 mg) was added. After 10 min, the volatile 

components were then evaporated in vacuo. The purification of crude product was 

carried out on column chromatography (ethyl acetate/ hexanes = 2:1) to give 3.12 

(99 mg, yield 73.5%) as a brown oil. 1H NMR (400 MHz, Chloroform-d) δ 7.35 (s, 

10H), 5.86 – 5.81 (m, 1H), 5.74 – 5.69 (m, 1H), 5.14 – 4.94 (m, 4H), 4.67 – 4.60 

(m, 1H), 4.09 – 4.01 (m, 1H), 3.96 (dt, J = 10.1, 7.7 Hz, 1H), 2.63 – 2.50 (m, 1H), 

2.40 – 2.28 (m, 1H), 2.01 – 1.89 (m, 1H). 13C NMR (101 MHz, Chloroform-d) δ 

135.8, 135.8, 133.1, 132.7, 128.6, 128.0, 79.8, 69.5, 69.4, 48.1, 34.0. HRMS 

(+MALDI-TOF) m/z calcd. for C20H23O5P (M-H-) 373.1199, found 373.1186. 
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Synthesis of 3.13 

3.12 (40 mg, 0.107 mmol) in dry DCM (0.5 mL) was added solid VO(acac)2 (1.7 

mg, 0.01 mmol) and protected by argon at 25°C. The stirring mixture was cooled 

to 0°C and TBHP 5.5 M in nonane (28 µL, 0.139 mmol) was added slowly. Stirring 

was continued for an additional 24 hours at 0°C, then the reaction was quenched 

with water (1 mL). The mixture was diluted with DCM, the organic phase was 

separated and washed with a saturated solution of NaHCO3 and brine. The aqueous 

layer was then extracted with DCM; the combined organic layers were dried on 

Na2SO4 and filtered. The crude product was purified by column chromatography 

(ethyl acetate/hexanes = 5:1) to give 3.13 (14.7 mg, yield 73.5%) as a colorless oil. 

1H NMR (400 MHz, Chloroform-d) δ 7.36 (d, J = 1.0 Hz, 10H), 5.26 – 4.88 (m, 

4H), 4.21 – 3.90 (m, 3H), 3.45 (dd, J = 2.9, 1.5 Hz, 1H), 3.42 – 3.36 (m, 1H), 2.15 

– 2.02 (m, 2H), 1.77 (ddd, J = 9.9, 4.8, 2.7 Hz, 1H). 13C NMR (101 MHz, 

Chloroform-d) δ 135.7, 135.7, 128.7, 128.7, 128.0, 74.6, 69.5, 67.3, 58.5, 54.2, 40.5, 

28.6. HRMS (+MALDI-TOF) calcd. for C20H23O6P (M+Na+) 413.1124, found 

413.1112. 

Synthesis of cyclopentane epoxide 

To a stirred solution of 3.13 (14.7 mg, 0.038 mmol) in MeOH (1 mL) was added 

Pb/C (1.5 mg) under hydrogen atmosphere. The reaction was stirred over night at 

room temperature. Then the suspension was filtrated and volatiles were evaporated 

under reduced pressure to give the final product cyclopentane epoxide (8 mg, yield 

100%). 1H NMR (400 MHz, Methanol-d4) δ 3.85 (dq, J = 10.7, 5.7, 5.2 Hz, 3H), 

3.44 – 3.29 (m, 2H), 2.06 (d, J = 6.5 Hz, 1H), 1.81 – 1.64 (m, 2H). 13C NMR (101 

MHz, Methanol-d4) δ 75.2, 65.3, 59.9, 55.2, 41.4, 30.1. HRMS (+MALDI-TOF) 

calcd. for C6H11O6P (M+Na+) 209.0209, found 209.0219. 
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6.2.5 Spectral data of synthesized compounds  

1H NMR and 13C NMR spectra of PC1 in DMSO-d6 
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1H NMR and 13C NMR spectra of PC2 in CDCl3 

 

 

 

 
  



129 

 

1H NMR and 13C NMR spectra of PC4 in CDCl3 
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1H NMR and 13C NMR spectra of PC4 in CDCl3 
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1H NMR and 13C NMR spectra of PC5 in DMSO-d6 
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1H NMR and 13C NMR spectra of PC6 in CDCl3 
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1H NMR and 13C NMR spectra of PC7 in CDCl3 
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1H NMR and 13C NMR spectra of PC8 in CDCl3 

 

 
  



135 

 

1H NMR and 13C NMR spectra of PC9 in CDCl3 
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1H NMR and 13C NMR spectra of PC10 in CDCl3 
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1H NMR and 13C NMR spectra of PC11 in CDCl3 
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1H NMR and 13C NMR spectra of PC12 in CDCl3 
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1H NMR and 13C NMR spectra of PC13 in CDCl3 
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1H NMR and 13C NMR spectra of PC14 in CDCl3 
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1H NMR and 13C NMR spectra of PC15 in CDCl3 
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1H NMR and 13C NMR spectra of PC16 in DMSO-d6 
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1H NMR and 13C NMR spectra of PC17 in CDCl3 
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1H NMR and 13C NMR spectra of PC18 in CDCl3 
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1H NMR and 13C NMR spectra of PC19 in CDCl3 
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1H NMR and 13C NMR spectra of PC20 in CDCl3 
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1H NMR and 13C NMR spectra of PC21 in CDCl3 
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1H NMR and 13C NMR spectra of PC22 in DMSO-d6 
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1H NMR and 13C NMR spectra of PC23 in CDCl3 
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1H NMR and 13C NMR spectra of epoxy model compound in CD3CN  
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HSQC spectrum of the 1,2-epoxy-5-O-trityl-α-D-ribofuranose in CD3CN. 
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MS/MS spectrum of ion 540.7 
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MS/MS spectrum of ADPR 
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1H NMR and 13C NMR spectra of 3.5 in CDCl3 
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1H NMR and 13C NMR spectra of 3.6 in CDCl3 
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1H NMR and 13C NMR spectra of 3.8 in CDCl3 
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1H NMR and 13C NMR spectra of 3.9 in CDCl3 
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1H NMR and 13C NMR spectra of 3.10 in CDCl3 
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1H NMR and 13C NMR spectra of 3.11 in CDCl3 
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1H NMR and 13C NMR spectra of 3.12 in CDCl3 
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1H NMR and 13C NMR spectra of 3.13 in CDCl3 
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1H NMR and 13C NMR spectra of cyclopentane epoxide in CDCl3 
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High Resolution MS spectra of synthesized compounds 

PC1 

 

PC2 

 

PC3 

 

 

 



164 

 

PC4 

 

PC5 

 

PC6 

 

 

 



165 

 

PC7 

 

PC8 

 

PC9 

 
 

 

 



166 

 

PC10 

 
PC11 

 

 

 

 

 

 



167 

 

PC12 

 

PC13 

 

PC14 

 
 

 



168 

 

PC15 

 

PC16 

 

 

 

 

 

 

 

 



169 

 

PC17 

 

PC18 

 

 

 

 

 



170 

 

PC19 

 

PC20 

 

 

 

 

 



171 

 

PC22 

 

PC23 

 

 

 



172 

 

Cyclopentane epoxide 
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6.3 General method  

Physical measurements and instrumentation 

The UV−vis absorption spectra were measured by Agilent Cary 8454 UV-vis 

Spectrometer in Hong Kong Baptist University or Cary 60 UV-vis 

spectrophotometer in Southern University of Science and Technology. Steady-state 

emission spectra at room temperature were measured by Horiba FluoroMax-4 

spectrometer and Infinite® 200 Pro Microplate Reader. Quartz cuvettes (path length 

= 1cm) were used in spectrophotometric and fluorometric measurements. Detection 

of emission lifetime were carried out by using a conventional laser system in 

Southern University of Science and Technology. The excitation source used was a 

355 nm output of a Spectra-Physics Quanta-Ray Q-switched Nd:YAG laser. 

Nuclear magnetic resonance (NMR) spectra were measured on either a 400 (1H: 

400 MHz, 13C: 100 MHz), or 500 (1H: 500 MHz, 13C: 125 MHz) Bruker AVANCE 

400 MHz Fourier transform NMR spectrometer. High resolution mass spectra 

(HRMS) were obtained from an ESI mass spectrometer in Peiking University 

Shenzhen Graduate School or MALDI-TOF mass spectrometer in Hong Kong 

Baptist university. 

In vitro fluorescence assays 

50 μM PC, 100 μM NAD+ and 100 μM NMN were incubated with 0.6 µg/mL 

SARM1-dN in PBS. The detection of absorbance of the reaction was processed in 

a quartz cuvette and the measurement of fluorescence change of the reaction was 

carried out in black 96-well plates (Corning), respectively, by an Infinite M200 PRO 

microplate reader (Tecan). 

HPLC Study of the base-exchange reaction between PC6 and NAD+ catalyzed 

by SARM1  

SARM1-IP (SARM1 binding on BC2-beads, around 2.5 μg/mL) were incubated 
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with 100 μM NAD+, 50 μM PC6, 100 μM NMN and 0.1 mg/mL BSA in PBS and 

a for 60 min at 37 oC. To remove SARM1-IP, the solution was centrifugated at 4,500 

rpm for 1 minute. The resulting mixture were analyzed by HPLC (Agilent 1260) 

with C-18 reverse phase column, and a gradient of 0.1 M KH2PO4 (pH 6.0) and 0.1 

M KH2PO4 (pH 6.0) with MeOH (7:3) to elute NMN, cAPPR, ADPR, NAD and a 

gradient of ACN from 30% to 70% to elute PAD6+ and PC6. PAD6+ were collected 

and lyophilized for photophysical properties measurement. 

To measure the generation of PAD6+ in live cells, 50 μM PC6 by 0.6 M perchloric 

acid was added to the cells, following the neutralization with Chloroform: Tri-n-

octylamine (3:1). The metabolites were extracted and analyzed by a C-18 column 

and eluted with water and acetonitrile by 2% acetonitrile for 8 min then 30% 

acetonitrile for 8 min.  

Confocal fluorescent imaging of PAD6 or PAD11 in living cells 

SARM1-overexpressing wildtype HEK293 cells or the enzymatically mutated cells 

E642A were grown on 0.05 mg/mL poly-L-lysine coated Chambered coverglass 

(Thermo fisher, #155411) overnight, 50 μM of PC6 was then added in the presence 

or absence of 100 μM CZ-48 for 8 hours (SARM1-overexpressing cells) and 200 

μM CZ-48 for 48 hours (original cell lines), respectively. The cells were stained 

with 50 μg/mL Concanavalin A, Alexa Fluor™ 647 Conjugate (Thermo fisher) at 

4℃ for 10 minutes before imaging to give the clear edges of the cells. The 

fluorescence signals (PAD6+, λex/λem: 405/520 nm for; PAD11+, λex/λem: 445/590 nm; 

ConA, λex/λem: 561/590 nm) were measured by the Nikon A1confocal microscope. 

Imaging of DRG with PC6 

The neurons were cultured and infected with lentivirus and then treated with 50 μM 

PC6 in the absence or presence of 200 μM CZ-48 or 50 nM vincristine after 3 days. 

The fluorescence images (λex/λem: 405/520 nm for PAD6; λex/λem: 561/590 nm for 

TdTomato) of live cells were detected by Nikon A1 confocal fluorescent 



175 

 

microscope with a 60x object. The quantification of mean fluorescence intensity 

was detected by Nikon NIS-Elements AR analysis. The quantification of Axon 

degeneration was measured by ImageJ which based on axon morphology using. The 

TdTomato fluorescence images were binarized. The total axon area (size = 20-

infinity pixels) and the degenerated axon (size = 20-4,000,000 pixels) were 

measured with particle analyzer module of ImageJ. Axon degeneration index was 

calculated as the ratio of the degeneration axon over total axon area. 

Imaging and quantification of AxD after axotomy and vincristine treatment.  

One of the DRG was seeding into a 24-well plate, and 5 μM 5-fluoro-2’-

deoxyuridine and 5 μM uridine was added the other day for axotomy. On div5, pre-

incubated axons were treated with drugs for 0.5 hour and severed near the soma 

with a 3 mm flat blade with the guidance of microscope removing the cell bodies. 

For vincristine treatment, DRGs was digested with 0.05% Trypsin and seeding into 

24-well plate. DRGs on Div9-13 were incubated 50 nM vincristine in the presence 

or absence of the drug.  

Acquire 9-12 brightfield images of the axon pre-treatment by using invert optical 

microscope (Olympus) with a 20x object at the indicated time points. The 

quantification of axon degeneration was measured base on axon morphology by 

using ImageJ. 60 random grid-squares with 147x147 pixels were cropped, binarized 

and measured the total axon area in every treatment (size = 16-infinity pixels) and 

the degenerated axon (size = 16-10,000 pixels) with particle analyzer module of 

ImageJ. Axon degeneration index was calculated as the ratio of the degeneration 

axon over total axon area. 

Measurement of cADPR level of DRG treated with vincristine 

50 nM Vincristine or 200 μM CZ-48 were added to DRG neurons for 0, 12, 24, 48 

hours on Div6. DRG was washed after treatment with cold PBS and lysed with 0.6 

M perchloric acid. 
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Confocal imaging of PAD11+ in mice 

6 to 8 weeks-old C57BL/6 Wildtype and SARM1-KO mice were anaesthetised with 

50 mg/kg pentobarbital sodium via intraperitoneal injection. Using scissors and 

forceps to find the sciatic nerve in the right leg and shear it off. The same operation 

was conducted on the contralateral side without shearing the nerve off. Both 

operation sides were kept with 200 μL 1 mg/mL PC11(3.5% Tween 80, 5% 

dimethylacetamide, 20% PEG400, 20% Propylene glycol, 35% PBS, 16.5% Water) 

for 12 hours, while the mice were keeping on the warm operating table with 0.5% 

isoflurane gas anesthesia. The sciatic nerve was isolated immediately and confocal 

microscope was used to acquire the fluorescent signals (λex/λem: 445/595 nm for 

PAD11+) (Nikon A1). 

Library screening for SARM1 inhibitor based on PC6 assay 

2046 compound (50 μM) from a drug approval Targetmol, L1000 library were 

applied for high-throughput screening of inhibition of 1.5 μg/mL SARM1-dN in 

vitro determined by 20 μM PC6 ,50 μM NAD+ and 50 μM NMN. Thirty-four 

compounds with high fluorescence overlapped with PC6 assay were removed. IC50 

test of 0.4 μg/mL SARM1-dN was carried out by pre-incubating with dose of 

compounds in vitro for 10 minutes, and the reaction was started by adding 50 μM 

NAD, 50 μM NMN and 50 μM PC6. IC50 value was calculated by plotting the 

initial rate against dose of compounds. 

SARM1 NADase activity measured by HPLC 

1 μg/mL of SARM1-dN pre-incubated with compounds for 15 minutes at r.t. was 

treated with 100 μM NAD and 100 μM NMN. Then the enzyme was filtered with 

MultiScreen® Filter Plates（Millipore）after 0, 15 and 30 minutes incubation at 

37 ℃ to stop the reaction. The residue was analyzed by a C-18 column (Aligent, 

20RBAX SB-C18) with a gradient of 0.1 M KH2PO4 (pH 6.0) and 0.1 M KH2PO4 

(pH 6.0) with MeOH (7:3) to elute NMN, cAPPR, ADPR, NAD, NAM. The 
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concentration of ADPR were used to calculate the initial rate of this reaction. IC50 

value of NADase activity was measured by plotting dose of compounds against the 

initial rate. 

Measurement of inhibitory activity of dHNN in vitro and in cellule 

Inhibition ability of dHNN to enzymatic activity of SARM1 was determined in vitro. 

dN-SRM1 is the autoinhibited form of SARM1, and SAM-TIR is the constitutively 

active form of SARM1. The different concentrations of dHNN were added to the 

solution of these two types of SARM1 at rt for 10 minutes, after which the activity 

was measured with PC6 assay and the inhibition rate was calculated. The 

determination is also carried ou in cellule, HEK293 cells that is the overexpressing 

inducible SARM1 (iSARM1) or SAM-TIR (iSAM-TIR) cells were pre-incubated 

with 20 μM dHNN for 1.5 hours and then added 100 μM CZ-48 or 0.5 μg/mL 

doxycycline. The cells worked as control sample were carried out with same 

procedures but pre-incubated with vehicle DMSO. The cellular cADPR level of the 

sample cells was detected and divided by that of the corresponding control samples 

to meassure the percent reduction in cADPR amount. 

Data analysis 

All biological experiments were repeated at least three times. Data shown in each 

Fig. are all means ± SD. The statistical significance of differences between means 

were detected by the unpaired Student’s t-test (*P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001). GraphPad Prism 7 and Origin 9 was used for data analysis. 
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