
ABSTRACT 

UPRETY, RAJENDRA. Synthesis of Light-Activated Nucleotides and Unnatural Amino 

Acids for Biological Applications. (Under the direction of Alexander Deiters). 

 

Nature controls biological processes, such as gene regulation and protein function, 

with high spatio-temporal resolution. Light, one of the most spatially and least invasive 

external control elements, can be used for the photo-regulation of biomolecules in order to 

understand cellular processes in a spatially and temporally controlled manner. Installation of 

photo-cleavable moieties onto biomolecules through small organic molecule synthesis is a 

unique and efficient technique to access light-responsive biomolecules. This dissertation 

explains on the syntheses and characterization of a number of light-responsive biomolecules 

including caged phosphoramidites, nucleotides, and amino acids.  

This research work presents syntheses of new light-activated phosphoramidites and 

oligonucleotides to study the photochemical control of DNA and RNA functions. 

Applications of these caged oligonucleotides range from basic biological studies of gene 

expression to potential precursors for gene therapeutics. In addition, we present efficient 

syntheses of a variety of new unnatural caged amino acids based on lysine and tyrosine. Our 

newly synthesized analogues include a variety of lysine derivatives with a distinct functional 

moiety at the 
ε
N position, such as a photocrosslinking group, one-and two-photon caging 

groups, fluorescent probes, a dithiolane unit, or a spin labeled probe. Selective photo-

decaging of these amino acid residues in proteins upon UV irradiation to release caging 

groups and restore biological activities is a powerful technology to investigate protein 

structure, dynamics, localization, and biomolecular interactions in a real-time fashion. 
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CHAPTER 1: UNNATURAL NUCLEOTIDES IN BIOLOGY 

1. Introduction 

1.1. Central dogma of molecular biology 

A sequence of four nucleobases adenine (A), guanine (G), cytosine (C) and 

thymine/uracil (T/U) in deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) preserves 

the genetic information of an organism.
1-3

 The specific pairing (A/T, or G/C) signatures 

among these four base pairs are the codes of genetic information that play a central role in 

life.
1, 4

 The transfer of the genetic information from parent to next generation of cells or 

organisms occurs through the transformation of DNA to RNA to protein, known as the 

“Central Dogma” of molecular biology.
5, 6

 The genetic integrity can only be secured when 

DNA polymerase, an enzyme that catalyzes DNA synthesis, replicates DNA with high 

fidelity and the DNA is stable under physiological conditions.
6, 7

 The error rate of DNA 

polymerase is less than 10
-5

.
8
  

The central dogma of molecular biology proclaims that DNA is the original source of 

genetic information. This double-stranded molecule is transcribed into single-stranded RNA  

in the process of transcription as illustrated in Figure 1. An RNA molecule may be replicated 

or reverse-transcribed into DNA under specific circumstances.
9, 10

 Following transcription, 

RNA then serves as the template molecule for protein synthesis during the process of 

translation. Both the transcription and translation processes are tightly regulated in 

spatiotemporal fashion.
6, 11
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Figure 1. The central dogma of molecular biology.  

  

Over the last sixty years after the discovery of molecular structure of DNA,
2
 the study 

of biological processes has achieved remarkable progress in the fundamental understanding 

of gene regulation and protein function.
12, 13

 The discoveries on the control of flow of genetic 

information,
5
 recombinant DNA technology,

14-16
 the development of the polymerase chain 

reaction (PCR),
17-19

 DNA sequencing technology,
20, 21

 DNA oligonucleotide synthesis,
22

 non-

coding RNAs,
23-25

 G-protein-coupled receptors,
26

 and signaling pathways,
27, 28

 are landmark 

achievements in the history of biology.  

 Investigations on cellular function revealed that many components must work in 

unison to execute a specific function in a spatiotemporal fashion such as transcription or 

translation.
29, 30

 The transcription of a particular gene requires cis and trans regulatory 

proteins in addition to polymerase enzymes.
31

 To manipulate gene function in the laboratory, 

various integrated approaches using functionalized organic compounds as molecular probes 

have been reported.
32, 33

 
34-38

  

 

1.2.Oligonucleotide tools for studying gene function 

Progress on high-throughput gene synthesis technology has made it possible to 

integrate various probes into the gene of interest.
22, 39, 40

 Installation of new probes into a 
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target gene alters the genetic makeup, as well as its biochemical properties. Incorporation of 

unnatural nucleosides modulates selectivity and efficiency of a gene by altering either 

hydrogen bonding topologies, hydrophobic interfaces, charge linkages or shape 

complementarities.
41-45

 A common method to regulate gene activity is through the use of 

antisense oligonucleotides that bind messenger RNA (mRNA) targets by forming a stable 

duplex and cause target degradation or inhibition of the translation process.
46

  

 Antisense oligonucleotides have been classified into three categories:
47, 48

 1) 

oligonucleotides with a modified phosphate backbone (first generation) 1–2, 2) 

oligonucleotides with alkyl substitution at 2ʹO in the ribose ring (second generation) 3, and 3) 

oligonucleotides where the ribose ring has been replaced with a new chemical moiety such as 

morpholino unit or backbone modification with others functionalities (third generation) 4–8 

(Figure 2). Each of these specific modifications provides unique advantages to the 

oligonucleotides despite limitations in solubility or toxicity.
49

 For instance, a 

phosphorothionate backbone increases the stability of the molecule as well as delivery into 

the cell.
50, 51

 Methyl phosphonate or morpholino phosphoramidate containing 

oligonucleotides provide a neutral backbone with an enhanced solubility and a lower 

toxicity.
52, 53

 Furthermore, introduction of locked nucleic acids improves the stability through 

the change in conformation,
54

 and addition of the guanidinium unit introduces a polycationic 

backbone, providing tight binding with DNAs through ionic interactions.
44
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Figure 2. Unnatural oligonucleotides: a) first generation 1–2, b) second generation 3, and c) 

third generation 4–8. B = nucleobase, e.g., G, C, T, U, or A. 

   

Particularly, heteroatoms in either the sugar or base moiety of an oligonucleoside 

significantly aided in the understanding of altered functions of newly generated 

oligonucleosides.
55

 This method provides an outstanding example of structure modulation for 

tunable function. Knowledge on further structural modifications for desired functions can 

always be borrowed from a vast repository of chemical inventories including modified 

nucleosides,
12, 56

 fluorescent dyes,
57

 modified amino acids,
58

 and natural products
59

 to name a 

few. In addition to the research on DNA nucleosides, the discovery of new RNA nucleosides 

helps to explore the structure-property relationships of gene regulatory tools for specific gene 

silencing or activation.
56, 60
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1.3. Caged nucleotides for studying cellular functions 

In-depth knowledge on gene regulation and protein function is essential to understand 

and address complex biological processes at the cellular level.
61

 Biological processes such as 

gene regulation and protein function take place with high spatiotemporal resolution in 

nature.
62

 There are many aspects of cellular dynamics that may not be understood outside a 

cellular environment because of their context dependent nature.
63

  

 A number of oligonucleotide-based tools, with the advancement of nucleic acid 

synthesis and automated DNA synthesis technology, have been developed for therapeutic and 

diagnostic applications.
64

 Such oligonucleotides have been used comprehensively for both in 

vitro and in vivo applications.
61, 65-68

 Synthetic oligonucleotides have been a subject of 

investigation for a variety of purposes; such as catalysts (DNAzymes and ribozymes),
69

 small 

molecule sensors (aptamers),
70

 gene regulatory components (antisense DNA, siRNA, and 

miRNA),
68, 71, 72

 and DNA computation platforms.
73, 74

 Recently developed unnatural 

nucleosides with light-cleavable handles (photocaged oligonucleotides) not only have 

expanded oligonucleotides applications, but also has shown a great promise for achieving 

light-mediated gene modulation with high precision.
45, 62, 75

 These light-cleavable 

oligonucleotides include caged ATP 9,
76

 caged phosphates 10–11,
77-80

 caged sugars 12–13,
81, 

82
 and caged bases 14–15 (Figure 3).

83, 84
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Figure 3. Caged nucleosides and nucleotides include caged ATP 9, caged phosphates 10–11, 

caged toyocamycin 12, caged adenosine 13, caged thymidine 14, and caged morpholino 15.   

 

1.4. Molecular caging
 
and decaging 

Light can act as a unique modulator and has several advantages over traditional 

effectors for controlling biological processes (vide infra). Photomodulation of cellular 

chemistry with light is a powerful means for investigating cellular dynamics
62

 through both 

in vitro and in vivo studies.
62, 85-88

 Still, the design and synthesis of a light-cleavable (caged) 

unnatural nucleoside with good photo-physical properties and the ability to incorporate into 

biological systems is challenging. 

In 1978, Hoffmann et al. reported the first synthesis of the caged ATP molecule 9.
76

 

Since then, the application of photo-caged compounds for the study of cellular processes has 

greatly advanced. Over the past 30 years, many caged nucleotides, neurotransmitters, 
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secondary metabolites, metal ions, and proteins have been reported.
89, 90

  Molecular caging 

and the subsequent activation of the caged compound through light irradiation (decaging) 

involves two major steps: 1) installation of a caging group to render the substrate biologically 

inactive and 2) removal of the caging group (activation) using light as a benign trigger. In 

general, upon brief irradiation with UV light (>365 nm), the caged compound undergoes a 

photochemical reaction to release the caging group thereby restoring the activity of the 

substrate (Figure 4).
62, 91

 

  

 

Figure 4. Activation of a caged biomolecule of interest (BOI) with light (365 nm). 

 

Light can be used as a photomodulator for studying a variety of biological processes 

due to several distinct advantages:
62, 75

 1) Light is an ideal external trigger signal that acts as 

an orthogonal tool in many circumstances except for photosynthetic and photoreceptor 

cells.
85

 2) Light can easily be controlled in amplitude allowing the desired biological effects 

to be tuned. 3) Light can be used as a non-invasive tool causing only a minimal secondary 

perturbation of cellular processes. 4) Light can be controlled in both a spatial and a temporal 

fashion.
65
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For a successful caging application, a caging group should satisfy certain criteria:
62, 75, 

90
 1) It should possess selective reactivity and compatibility with the molecule of interest in 

high yield, 2) the installed caging group should render the substrate biologically inactive, 3) 

the caged substrate should be stable under physiological conditions, 4) it should have high 

quantum yield (vide infra) and a short decaging half-life (t1/2), 5) upon photolysis of  the 

caged substrate, the biomolecule should be able to completely restore its native form, and 6) 

only benign byproducts should be released upon photolysis.  

The quantum yield (ϕ) gives a measure for efficiency of a photochemical process and 

is defined as the ratio of the number of excited molecules that undergo photolysis to the total 

number of photons absorbed.
92

 The rate of photolysis can be estimated by measuring the 

half-life (t1/2) of the chemical reaction, which is the time required for half of the amount of 

the starting material to be consumed.  

 

 
absorbedphotonsofnumberTotal

photolysisundergothatmoleculesexcitedofNumber
photolysisforYieldQuantum   

 

A wide variety of caging groups and their syntheses are reported in the literature.
90, 93

 

However, the most popular caging groups are analogues of the ortho-nitrobenzyl (o-NB) 

moiety (Scheme 1).
87, 94

 A few appealing reasons for the wide acceptance of o-NB 

compounds are: 1) ease of synthesizing its derivatives in high yields, 2) efficient photolysis 

of caged substrates, 3) compatibility with a variety of functional groups including hydroxyl, 

amino, thio, and carboxy groups, and 4) tunable photochemical properties of the o-NB group 
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by electronic modulation through substituent effects on the aromatic ring.
95, 96

 For example, 

introduction of an electron–donating group (e.g., -OCH3) in 16 results in a red shift of the 

absorption maximum allowing for the use of longer wavelength light, which is biologically 

less photodamaging.
65

  

 

 

 

Scheme 1. Light activation of an o-nitrobenzyl caged substrate using UV irradiation (365 

nm). Adapted with permission from ChemBioChem 2010, 11, 47-53. 

 

Taking advantages of fine tunability of the o-NB caging moiety, a variety o-NB 

derivatives have been incorporated into nucleosides (Figure 5) for specific proposes in 

designing caged oligonucleotides (19–29).
95, 97, 98

 A number of caging groups used in the past 

include modifications on a few core frame works such as o-nitrobenzyl, o-nitrodibenzofuryl, 

and 7-hydroxy- or aminocoumaryl core structure; albeit several other types of caging groups 

have been reported suitable for various biological applications.
77, 97-101

 Overall outstanding 

photophysical properties, robustness for DNA synthesis conditions, minimal byproduct 

toxicity upon decaging, ease of synthesis on a multi-gram scale, and structural simplicity for 

their characterization are rationales behind the popularity of using derivatives based on the 

aforementioned core structures.
85, 102, 103
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Figure 5. Caged nucleosides for DNA or RNA synthesis: o-NB caged 19–27, and o-

nitrodibenzofuryl caged 28–29 nucleotide bases. 

 

1.4.1. Single-photon excitation and decaging mechanism 

 

In 1970, Patchornik et al. reported that o-nitrobenzyl type caged substrates undergo 

decaging under UV (320 nm) irradiation as a result of a single photon excitation 

phenomenon. Single-photon excitation is a linear process in which the probability of 

excitation is linearly related to the power of the incident irradiation.
104

 The caged substrate 

30 decaging process is based on a Norrish type II mechanism (Scheme 2) resulting in an 

active substrate 31 and a nitroso-benzocarbonyl byproduct 32.
105

 The rate of photolysis 

depends upon the nature of the caged substrate, pH, and the composition of the buffer and/or 
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dielectric constant of the medium.
106

  In addition, depending on the caging group, the use of a 

protic solvent such as water favors the photolysis compared to that of an aprotic solvent such 

as an acetonitrile. The caging group also poses a few limitations despite its use for various 

purposes. The o-nitrobenzyl caging group requires UV irradiation (~360 nm) which may 

result in photo-damaging of a biological system to some extent. In addition, the 

photochemical degradation of the o-nitrobenzyl caging group caused the formation of an 

amine reactive o-nitroso carbonyl compound. 

  

 

Scheme 2. Mechanism of photolysis of an o-NB type substrate. 

 

Generally, absorption maxima of nitrobenzyl caging groups vary between 254–375 

nm resulting in the release of substrate at the order of microseconds to milliseconds.
90, 107, 108

 

Absorption maximum is a value of a specific wavelength of light required to achieve an 

optimum absorption for a particular compound. Photolysis of a nitrobenzyl caging group 

depends upon the nature of substituents on the caging group 33–38, including the substrate, 

and the UV irradiation.
95

 For instance, a variety of o-NB caging groups possess significantly 
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lower quantum yields upon irradiation with 365 nm UV light compared to that of 254 nm UV 

irradiation (Figure 6).
97

 It was also observed that the quantum yield increases with a 

substitution at the benzylic position and decreases upon substitutions at the aromatic ring.
109

  

 

 

Figure 6. Substitution effect on quantum yield (ɸ) of o-NB caging groups (X = substrate).  

 

1.4.2. Two-photon excitation and decaging mechanism 

 In 1930s German physicist Maria Goeppert-Mayer proposed that a molecule can 

simultaneously absorb two or more photons (within 1fs) of lower energy (non-linear 

excitation) such that the sum of the absorbed energy is equal to the energy required for the 

linear excitation (one-photon) of the molecule as depicted in Figure 7.
110

 Thirty years after 

the discovery, two-photon excitation was experimentally observed by Kaiser and Garrett in 

1961.
111

 In this technique, it is possible to create an event of excitation at the very focal point 

of radiation by the use of a high power laser irradiation technique that allows control over the 

three-dimensional spatial selectivity of excitation to a volume less than 1 fL.
112, 113
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Figure 7. An illustration of a molecular excitation via Jablonski diagram: a) a linear 

excitation (one-photon), and b) a non-linear excitation (two-photon). 

 

A two-photon excitation technique has several advantages for the study of cellular or 

biological processes, including higher tissue penetration up to a few hundred micrometers, 

less photobleaching, photodamaging, and increase in fluorescence collection efficiency 

through the collection of a portion of the scattered fluorescent light from the sample 
114

 
104, 

115, 116
 Furuta et al. reported a coumarin derivative as the first two-photon caging group.

117
 

They discovered that the 6-bromo-7-hydroxycoumarinmethyl (Bhc) 44 caging group readily 

undergoes two-photon photolysis with a δu value of 0.72 GM at 740 nm. In 2007 Bendig et 

al. reported a decaging mechanism of coumarin caged substrate 39 via an ion-pair solvent-

assisted heterolysis (Scheme 3). 
118, 119

 Thus, the solvent polarity plays an important role on 

photolysis resulting in significantly higher quantum yield on using a polar protic solvent such 

as methanol or water compared to that of organic solvent like acetonitrile or hexane. For 
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example, the fluorescence quantum yield of 7-methoxy coumarin 43 at 330 nm irradiation in 

methanol is 0.10 whereas it is greatly diminished to 0.012, 0.007, and 0.006 when using 

acetonitrile, THF, and dioxane, respectively, as solvents.
119

 

 

 

Scheme 3. Mechanism of photolysis of coumarin upon a two-photon excitation (R = 

substrate). 

 

Several promising two-photon caging groups based on core structures 8-bromo-7-

hydroxyquinoline (BHQ) 42,
120

 7-methoxy coumarin (MCM) 43, bromohydroxycoumarin 

(Bhc) 44,
117, 119

 o-nitrodibenzofuran (NDBF) 45,
121, 122

 and 7-nitroindolines
123

 have been 

reported elsewhere. Recently, the Deiters group reported the synthesis and decaging of an o-

nitrodibenzofuran (NDBF) 45 caged thymidine as a two-photon caged nucleoside.
101

 Unlike 

coumarin and hydroxyquinoline, the ortho-nitrobenzyl functionality in NDBF caging group 

45 undergoes Norrish type II decaging pathways of photolysis (Scheme x). The scope of two-

photon excitation is expanding with the discovery of a variety of fluorescent molecular 

probes and an accessibility of two-photon microscopy to study various areas of biological 

studies.
57, 124

 However, one of the limitations of the coumarin caging group is its intrinsic 
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fluorescence both before and after decaging, , which may require washing steps in cases of 

fluorescence imaging.  

 

 

Figure 8. Caging groups 42–45 suitable for two-photon excitation (R = substrate such as 

DNA or protein). 

 

1.5. Synthesis of caged oligonucleotides 

 Oligonucleotides are nucleic acid sequences (DNA or RNA) that are synthesized 

from nucleotide precursors generating polymers of up to ~30 nucleotides (directing from 3′ to 

5′). At present, oligonucleotides are synthesized using standard DNA synthesis protocols 

(Scheme 4). The automated DNA synthesis can be used for the incorporation of a caged 

phosphoramidites or any other unnatural nucleotides at a desired step during DNA or RNA 

synthesis.
125, 126

   

The oligonucleotide synthesis is carried out in the 3ʹ→5ʹ direction, after the first 

nucleoside is immobilized on a controlled pore glass (CPG) resin column at the 3ʹ sugar 

position 46, subsequent detritylation, coupling, capping, and oxidation steps are used in 

sequence to couple each additional nucleotide. The duration for each step in an automated 

DNA synthesis is about 30–50 seconds but may vary in different protocols. Trichloroacetic 

acid (TCA) is used to remove the dimethoxytrityl group by liberating a reactive 5ʹ OH group 
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in 47 which is then reacted with a new incoming phosphoramidite 48 in the presence of 

tetrazole to form a dinucleotide 49. The coupling time may vary up to several minutes (about 

4-6 minutes for our caged phosphoramidite) to ensure completion of the reaction. After the 

coupling, a capping step is performed to acetylate unreacted 5ʹ OH groups in 47 by using 

acetic anhydride in the presence of N-methyl imidazole resulting in 50. Then, the trivalent 

phosphite 49 is oxidized to a more stable phosphate group 51 through treatment with a 

mixture of iodine:water:THF:pyridine. This is the final step of a single nucleotide addition 

leaving the 5ʹ ODMT group for the successive cycles. Once all the nucleotides are added, the 

5ʹ DMT group is removed by treating with trichloroacetic acid. Concentrated ammonium 

hydroxide is used to cleave the oligonucleotide from the resin, to remove the cyanoethyl 

protecting group as well as exocyclic amine protecting groups on certain bases (A, C, G). 

After the cleavage, the DNA oligonucleotide product 53 may be purified by polyacrylamide 

gel electrophorosis (PAGE) or high performance liquid chromatography (HPLC), and 

confirmed by mass spectrometry.  

Although this method of oligonucleotide synthesis is common and widely accepted, 

limitations may arise when a specific functionality has to be inserted into the oligonucleotide.  

For instance, an azide group can be a universal ligation tool for bioconjugation reactions, but 

this particular functionality is not compatible with aforementioned oligonucleotide synthesis 

protocol, since the phosphoramidite monomer contains trivalent phosphorus, inducing azide 

reduction.
127
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Scheme 4. Automated DNA oligomer synthesis, as explained in the text.
128

 

 
 

 

 

CHAPTER 2: CONTROLLING GENE FUNCTION WITH CAGED 

OLIGONUCLEOTIDES 

2. Controlled gene expression 
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Protein levels, the ultimate functional units of gene expression, depend upon both the 

transcription and the translation efficiency of corresponding genes.
129, 130

 A number of factors 

including transcriptional regulators, transcript localization and stability, translational 

regulation, protein stability and post-translational modifications play crucial roles in gene 

expression.
129

 Understanding the functional roles of over 20,000 proteins from vertebrates is 

a challenge in the post genome era.
131

 Continuous development of facile tools to advance the 

deconvolution of gene function in biology is essential to dissect the regulation of the protein 

coding genes.
132

 It appeared that the molecular mechanism of gene expression is enormously 

complex and context dependent, albeit various tools and protocols have been previously 

developed to understand gene expression on a molecular scale.
129, 130, 133

 The two main 

approaches to study gene regulation, either forward or reverse genetics approach, have their 

own advantages and limitations.
134, 135

  

 

2.1. Caged oligonucleotides for controlled gene expression 

 

Caged oligonucleotides can be used as an antisense agent for the deactivation of a 

target gene using light.
80

 This methodology is particularly appealing as an alternative 

approach to gene knock down via gene silencing because of the noninvasive and orthogonal 

nature of light in cells.
77, 136

 Additionally, recent investigations revealed that caged 

oligonucleotide technology can be extended to target gene activation.
137

 Caged 

oligonucleotides have been used for various applications including but not limited to: 1) 

photochemical control of DNA-DNA interactions,
83

 2) DNA logic gate activation,
73

 3) 

activation and deactivation of the polymerase chain reaction,
138

 4) DNA decoy activity,
71

 5) 
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triplex-forming oligonucleotide (TFO) function,
137

 6) DNA-RNA interaction,
139

 7) RNA-

RNA interactions,
72

 and 8) DNA(RNA)-protein interactions.
140, 141

 

Mechanisms of gene silencing have been studied both at the transcriptional and post-

transcriptional level (Figure 9). The mode of action for silencing a target gene is dependent 

on its binding partners. For example, a triplex-forming oligonucleotide (TFO)
142, 143

 or H-

DNA
144, 145

 sequence specifically interacts with a DNA duplex by forming a stable triplex, 

which inhibits transcription. On the other hand, antisense oligonucleotides bind with 

messenger RNA (mRNA) as the target gene by forming a stable duplex and then induce 

degradation of the target gene or block ribosome function.
46

  

The inhibition of gene expression using an antisense oligomer can be accomplished 

by one of two pathways (Figure 9). First, an antisense DNA oligonucleotide can bind with 

the target mRNA and block gene expression by forming a stable duplex. Second, a DNA 

antisense agent binds with the target mRNA forming a duplex which is subsequently 

recognized by RNase H for sequence specific degradation. Third, the duplex (siRNA:RNA) 

incorporates into the RNA-induced silencing complex (RISC) which selectively degrades the 

target gene. The aforementioned approaches have been used to investigate gene regulation 

and protein functions with a variety of probes in the past. 
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Figure 9. Mechanisms of gene silencing using different oligonucleotides. 

 

Investigations have shown that caged oligonucleotides are sufficient enough to 

produce gene silencing activities in a wide range of cell lines.
146

 In addition, the photo-

mediated spatiotemporal activation or deactivation of target genes using caged 

oligonucleotides for therapeutic treatment is a possibility for the future.
12

 However, a few 
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disadvantages of the caged oligonucleotides such as potential toxicity caused from off-target 

effects and the lower efficiency in cellular uptake
147

 need to be addressed. 

Nucleosides modifications have been carried out both to improve the photophysical 

properties and to optimize spatiotemporal control resolutions of the gene functions. 

Generally, synthetic modification strategies address the following major concerns: the 

stability of the modified oligonucleotide in DNA synthesis conditions, robustness in cellular 

environment, efficacy of DNA binding properties, and the ease of the monomer synthesis. A 

variety of nucleoside caged analogues (Figure 3 and 5) have been developed from a few 

different synthetic approaches.  Literature examples show the installation of a caging group 

at the exocyclic oxygen 23–25, nitrogen 19–21 or heterocyclic nitrogen 14–15. Among these 

modifications, caging groups installed at the nitrogen atoms demonstrated better stability. 

 In general, the presence of a caging group interrupts either the hydrogen bonding 

between oligonucleotides, or sterically blocks the DNA-protein recognition. Upon exposure 

to light, the caging groups are removed from the oligonucleotide restoring hydrogen bonding 

ability (Figure 10).
86
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Figure 10. Activation of a caged oligonucleotide using light. 

 

The efficacy of a caged oligonucleotide indisputably relies on the number of caging 

groups and their distributions. For example: 1) evenly distributed three caging groups per a 

19-mer was sufficient to conduct a light-triggered PCR reaction,
148

 2) evenly distributed 3-4 

caging groups per 19-mer oligonucleotide was effective for achieving gene silencing in 

mammalian cells,
61

 3) a caged antagomir with three caging groups was used to investigate 

light-mediated spatiotemporal control of microRNA function,
72

 4) a single caging group at 

the 5ʹ end of an antisense strand was used to regulate kinase activity,
149

 5) about 1.4 caging 

groups per duplex was used to control light-activated RNA interference,
77

 6) a single caging 

group was sufficient enough to accomplish photochemical regulation of peroxidase 

activity,
150

 and 7) specifically positioned 1-2 caging groups per 15-mer DNA were sufficient 

to mask aptamer function.
151
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2.1.1. Transcriptional regulation using caged Triplex-Forming Oligonucleotides (TFO) 

Triplex-forming oligonucleotides (TFO),
142, 152

 can recognize short sequences of 

about 10-30 nucleotides duplex DNA.  The site-specific sequences of those duplex DNAs, 

also known as TFO target sequence (TTS), are mainly found in the promoter region and 

provide invaluable information on genome manipulations.
153-155

 It was estimated that 97.8% 

of the known human genome and 95.2% of the known mouse genome have at least one 

potential TTS in a promoter region or transcription region.
156

 

TFOs regulate the gene expression through transcription inhibition. They recognize 

poly-purine or poly-pyrimidine rich regions of a double stranded DNA from the major 

groove of DNA by forming Hoogsteen hydrogen bonds.
157, 158

 Generally, adenine hybridizes 

to an adenine:thymine base pair forming an T:A:T triplex (Figure 11a), while guanine binds 

to guanine:cystosine base pair through reverse Hoogsteen hydrogen bonds forming a G:G:C 

triplex structure (Figure 11b).
154, 155, 159, 160 

 

 

 

Figure 11. An interaction of a TFO with a DNA duplex through Hoogsteen bonds: a) T:A:T 

triplex, and b) G:G:C triplex. Adapted with permission from ACS Chem. Biol. 2012, 7, 1247-

56. 
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TFOs bind double-stranded DNA in a sequence-specific manner for performing a 

variety of functions
161

 (Figure 12) such as inhibition of protein-DNA interaction,
157

 gene 

expression,
160

 and DNA replication.
162

 They have also been applied to induce site-specific 

DNA damage,
163

 to enhance DNA recombination,
164

 to perform DNA mutagenesis,
154, 155

 and 

are also used as electrochemical sensors for double-stranded DNA.
165

  

 

 

 

Figure 12. TFOs as potential therapeutics. a) Inhibition of transcription factor from binding 

to DNA, b) targeted DNA cleavage, c) molecular recombination, d) polymerase arrest, and e-

f) mutagenesis. 

 

A high level of gene suppression, the foremost benefit of the TFOs, can be 

accomplished by using TFOs in comparison to that of the antisense agents because cells 

contain relatively low copies of DNAs compared to mRNAs.
155 
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Figure 13. Transcription regulation of a target gene using a caged TFO: a) transcription 

inhibition through a light-activation, and b) transcription regulation through a light-

activation. Adapted with permission from ACS Chem. Biol. 2012, 7, 1247-56. 

 

Both the inhibition and the activation of the target gene (vide infra) can be achieved 

by an appropriate design of the caged TFO (Figure 13). First, the presence of caging groups 

in the TFO prevents interaction with the duplex DNA thereby rendering it inactive. Upon 

irradiation, the caging groups can be removed from the TFO resulting in an active TFO that 

site-specifically binds to the target sequence blocking gene expression (Figure 13a). Second, 

the presence of caging groups in a specially designed TFO forms a triplex with the target 

DNA, inhibiting the transcription factor. Once the caging groups are removed the resulting 

TFO forms an inactive dumbbell oligonucleotide resulting in the activation of the gene 

expression (Figure 13b). 
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In order to control the transcription inhibition and activation of the target gene using 

light, we prepared caged TFOs using both NPOM-caged thymidine 48 and NPE-caged 2ʹ 

deoxycytidine 61 (Vide infra). In the past, 1-(2-nitrophenyl) ethyl caged deoxycytidine has 

been reported in the activation of aptamers using light.
166

 It has been shown that the 

efficiency of photolysis of the 2-nitrobenzyl caging group depends upon the nature of its 

aromatic substituents.
167

 Electron-rich substituents on the benzene ring and a methyl 

substituent in the benzylic position enhance the photolytic properties of such caging groups 

enabling the use of long-wavelength UV light of 365 nm and thus are less photo-damaging 

for biological systems.
109, 168

 Taking advantages of electron donating nature of the 

methylenedioxy moiety and an α-methyl group, we synthesized a nitropiperonyl ethyl (NPE)-

caged deoxycytidine phosphoramidite (Scheme 5) for preparing caged DNA oligonucleotides 

with light-activable deoxycytidine residues. The caged 2ʹ-deoxycytidine phosphoramidite 

(vide infra), and caged thymidine phosphoramidite
169

 were synthesized according to 

previously reported procedures. Both the NPOM caged thymidine TFO and the NPE caged 

2ʹ-deoxycytidine TFO were then employed to perform photo-mediated target gene inhibition 

and activation. An endogenous gene, Cyclin D1, was selected as the target gene for the 

photocaged TFO due to its critical regulatory role in the cell cycle.
170-172

  

Cyclin D1 is essential for G1 to S phase transition during the cell cycle.
173, 174

 The 

misregulation of this process has been associated with a number of diseases.
175, 176

 For 

instance, over-expression of cyclin D1 causes multiple downstream effects, including 

anchorage-independent growth, vascular endothelial growth factor production, 
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tumorigenicity, and resistance to chemotherapeutic agents.
176

 Previously, inhibition of cyclin 

D1 gene transcription
177

 and translation
178 

has been achieved using oligonucleotides.  

 

 

 

Figure 14. NPOM-caged thymidine phosphoramidite 48.
83

 

 

Our synthesis of the caged phosphoramidite 61 commenced with the coupling of 

phthalimide with the known alcohol
179

 54 in the presence of diisopropyl azodicarboxylate 

and triphenylphosphine in THF, affording the corresponding nitrodione derivative 55 in 77% 

yield.
180

 The dione 55 was then reacted with hydrazine in refluxing ethanol delivering the 

amine 56 in 81% yield. The amine 56 was subsequently coupled with TBDMS-protected 

triisopropylbenzenesulfonyl activated deoxyuridine 57 (synthesized in 2 steps from 2-

deoxyuridine)
181

 in the presence of diisopropyl ethyl amine (DIPEA) in DMF under reflux 

conditions to obtain the NPE-caged deoxycytidine nucleoside 58 in 86% yield. The TBDMS 

groups on 58 were removed through treatment with TBAF in THF at low temperature to give 

the corresponding alcohol 59 in 95% yield. Selective tritylation of the 5 hydroxyl group on 

59 with dimethoxytritylchloride in pyridine was carried out at room temperature and 

delivered the compound 60 in 72% yield. Finally, activation of the 3 hydroxyl group on 60 
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was achieved by reacting it with 2-cyanoethyl N,N-diisopropylchlorophosphoramidite in the 

presence of DIPEA in dichloromethane providing the desired caged deoxycytidine 

phosphoramidite 61 as a white solid in 45% yield. 

 

 

 

Scheme 5. Synthesis of the NPE-caged deoxycytidine phosphoramidite 61. 

 

2.1.2. Light-activated transcription using a caged TFO 

It is anticipated that the specifically designed caged dumbbell TFO binds to the DNA 

duplex, forming a triplex structure that blocks the transcription factors, thereby inhibiting the 
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gene expression. A brief UV irradiation at 365 nm removes the caging group of the dumbbell 

TFO thereby resulting in an inactive DNA dumbbell structure that may not bind to the DNA 

duplex allowing the gene expression. In order to test this hypothesis, our group designed both 

the regular dumbbell TFO (DB-TFO-1) and the other two caged dumbbell DNA 

oligonucleotides as well. Our newly synthesized NPE-caged cytidine 61 was used to prepare 

the first caged dumbbell TFO (CDB-TFO-1) that contains four NPE-caged cytidine 61 

residues, and the second one CDB-TFO-2 with five NPE-caged cytidines by James Hemphill 

in the Deiters group. Light-mediated transcription activation of a target gene was then 

investigated, using caged dumbbell TFOs, by Jeane Govan in the Deiters group. 

  In this particular experiment, the TFO (DB-TFO-1) serves as a control. In addition, 

additional oligonucleotides were prepared such that a hairpin-protected TFO (HP-TFO-1) 

and a corresponding caged TFO (CHP-TFO-1) containing four NPOM-caged thymidine 48 

units remained at an interval of every 3-6 nucleotides throughout the binding sites for 

obtaining an optimum efficiency.
182, 183

 The particular design of the hairpin-protected TFO 

was selected based on the previous report, which suggested that a hairpin loop structures on 

the 5 and 3 termini of antisense agents help stabilize oligonucleotides rendering its antisense 

properties.
184, 185

 Performed gel shift assays suggested that only three TFOs namely HP-TFO-

1, CDB-TFO-1, and CDB-TFO-2 efficiently bind with the DNA duplex whereas the other 

two TFOs namely CHP-TFO-1 and DB-TFO-1 remained unbound with DNA duplex. 

All of the aforementioned non-caged and caged dumbbell TFOs were tested for their 

ability to control gene activity in cell culture. HEK 293T cells were co-transfected with 

plasmids encoding firefly luciferase (pCyclin D1 Δ-944), Renilla luciferase (pRL-TK), and 
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with the TFOs. As a positive control, the CHP-TFO-1 showed no inhibition of gene 

expression until irradiation that induces decaging and results in nearly a complete inhibition 

of luciferase gene expression (Figure 15). The other control TFO (DB-TFO-1) shows no 

inhibition of gene expression regardless of the presence or the absence of UV irradiation. 

However, the dumbbell TFO (DB-TFO-1) did not inhibit gene expression. The CDB-TFO-1 

remained as an active TFO, inhibiting luciferase gene expression until irradiated with a UV 

light at 365 nm. Caging groups are removed upon irradiation allowing the TFO to form 

dumbbell structure resulting in a substantial increase in luciferase activity, an indication of 

gene expression. Similarly, the CDB-TFO-2 inhibits gene expression and the gene expression 

is restored after UV exposure. These results demonstrate that the caged dumbbell TFOs can 

be complementary tools to the caged TFOs. Together they enable the promoter-specific light-

activation and light-deactivation of transcription with excellent efficiency. This application 

may be useful to explore transcriptional on/off light-switches using TFOs. 
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Figure 15. Photochemical activation of gene transcription in HEK 293T cells. Relative 

luciferase units (RLU) represent a firefly luciferase signal normalized to a Renilla luciferase. 

Error bars represent standard deviations from three independent experiments, (Experiments 

were performed by Jeane Govan). Adapted with permission from ACS Chem. Biol. 2012, 7, 

1247-56. 

 

2.2. Cellular delivery and photochemical activation of antisense agents 

The research interest in the area of antisense agents is ever expanding. In the past, 

only a few antisense agents have been employed to study gene regulations or a controlled 

gene expression
186, 187

 mainly due to their weak stability under physiological conditions, poor 

bioavailability and toxicity.
188-191

  Literature reports show that a wide variety of antisense 

agents have thoroughly been investigated for their therapeutic potential. In addition, 

microinjection technology and use of a transfection agent can assure efficient delivery of 

antisense agents into cells. However, cellular toxicity of available transfection reagents is one 
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of the major concerns of their usage
192

 Alternatively, new synthetic derivatives may be 

investigated.  

We envisioned that a caged thymidine derivative may be used to improve the cellular 

delivery of antisense agents and perhaps can bypass the toxicity associated with commercial 

transfection reagents such as lipofectamine. Therefore, we synthesized propargyl-6-

nitroveratryloxymethyl (PNVOM) caged thymidine 67 and explored it as a bioconjugation 

handle for the modification of caged antisense agents. 

After oligonucleotide synthesis, the alkyne moiety may be coupled with azide 

functionalized cell penetrating peptides (CPPs), such as HIV-TAT-azide, using ‘Click’ 

chemistry to prepare a corresponding PNVOM caged-HIV TAT-oligonucleotide conjugate 

69 (vide infra). The resulting conjugate may facilitate cellular delivery without need for 

transfection. After their delivery in cells, the photo-cleavable peptide linker could be 

removed from the conjugate by using UV light to restore a native antisense oligonucleotide 

(Figure 16b). Advantages of this approach are: 1) efficient delivery of an antisense agent into 

cells without transfection, and 2) the controlled release of a native antisense agent from the 

CPP resulting in its concomitant activation with light. 
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Figure 16. A caged-HIV TAT-oligonucleotide conjugate for a controlled antisense activity. 

a) NVOM caged-HIV TAT-AA conjugate, and b) a caged TAT-oligonucleotide conjugate on 

gene silencing; HIV TAT = GRKKRRQRRRPPQ. 

 

CPPs are one of the most investigated agents for cellular delivery of cargos. The 

proposed modes of action for cellular delivery are based on passive diffusion and 

endocytosis-like pathways.
193

 Studies showed that the modes of cellular uptake rely on 

several parameters, including CPP concentration, cargo size, CPP type, and cell type.
194, 195

 

Results from research studies suggest that the HIV TAT CPP may undergo internalization 

through endocytosis pathways.
196, 197

  The efficiency of a particular CPP-conjugate for the 

effective cargo delivery depends on the nature of CPP, the cargo molecule, and the covalent 

linker.
198
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Previously CPPs, short (8–30) synthetic peptides that facilitate the cellular uptake of a 

cargo,
199-201

 have been conjugated to a variety of biomacromolecules including plasmids,
202

 

oligonucleotides,
203

 and proteins
204

 for  the efficient  delivery of aforementioned 

macromolecules into cells. Diversity in CPP conjugates is rapidly expanding, and has 

resulted in a wide variety of CPP-conjugates including heparan derived CPPs (DPV3 and 

DPV1047), HIV TAT, penetratin, K-FGF, Bac7, and others.
200

 An HIV TAT peptide siRNA 

oligonucleotide conjugate has been reported to significantly increase its gene silencing 

efficiency.
205

 The TAT sequence responsible for the cellular delivery, HIV TAT trans-

activating factor, was later on discovered as one of the first transduction proteins.
206

 

Here, in order to perform a site-specific oligonucleotide conjugation, we synthesized 

an azido-modified HIV TAT peptide and a PNVOM-caged thymidine phosphoramidite. The 

five-step synthesis of the phosphoramidite 67 started with aldehyde 62,
207

 which was 

prepared from vanillin (Scheme 6). Nitration of 62 with concentrated HNO3 gave the 

corresponding ortho-nitrobenzaldehyde 63 as a yellow solid in 71% yield. Methylation of 63 

with AlMe3 in DCM at 0 °C provided the alcohol 64 in 70% yield, which was subsequently 

reacted with methylsulfide in the presence of benzoyl peroxide to furnish the thiomethylene 

derivative 65 in 78% yield. The sulfide 65 was activated in situ with sulfuryl chloride at –78 

°C as the corresponding propargyl-6-nitroveratryloxymethyl chloride (PNVOM-Cl) that was 

then  reacted (without further purification) with DMT-protected thymidine in the presence of 

DBU in DMF to obtain PNVOM-caged thymidine 66 in 67% yield. Finally, reaction of caged 

nucleoside 66 with 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite delivered the caged 

thymidine phosphoramidite 67 as a white solid in 90% yield. 
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Scheme 6. Synthesis of a propargyl-6-nitroveratryloxymethyl (PNVOM)-caged thymidine 

phosphoramidite 67. 

 

The PNVOM-caged thymidine nucleotide was then site-specifically incorporated into 

hairpin-protected antisense agents using standard DNA synthesis conditions by Mark O. 

Lively at Wake Forest University. Hairpin-protected antisense agents can inhibit gene 

expression without further modifications.
184, 185, 208

 In this context, the hairpin loop structure 

protects the phosphodiester antisense agents from intracellular degradation obviating 

additional backbone modifications for their stabilization (e.g., phosphorothioates) that could 

elicit an immune response
209

 or increase non-specific protein binding.
210
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The antisense agent containing three PNVOM units 68 was reacted with an azido-

HIV TAT peptide through Cu(I)-catalyzed [3+2] cycloaddition reaction
211

(Scheme 7)  in the 

presence of tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) as a ligand.
212, 213

 The 

obtained caged-HIV TAT-oligonucleotide conjugate was purified using a NAP5 column.
212, 

214
  Gel shift assays were performed to confirm both 1) the complete conversion of the caged 

oligonucleotide 68 into its caged-HIV TAT-conjugate 69, and 2) the restoration of the native 

antisense oligonucleotide from the conjugate 70 upon a brief UV irradiation. 

 

 

Scheme 7.  Conjugation of the PNVOM-caged antisense agent 68 with an azido-HIV TAT 

peptide to furnish a caged HIV TAT-oligonucleotide conjugate 69, and its light-activation 

upon a UV irradiation. Experiments were performed by Jeane Govan. 
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To demonstrate an efficiency of the light activation and the delivery of the CLuc-AA-

TAT, the human embryonic kidney (HEK) 293T were transfected with the reporter plasmids 

pGL3 and pRL-TK, encoding firefly luciferase and Renilla luciferase respectively in order to 

normalize reporter gene expression in a dual-luciferase assay. The control CNTRL and Luc-

AA were either transfected into cells or simply added to the growth media. The results from 

these experiments (performed by Jeane Govan) showed that, in either case, the CNTRL 

antisense agent did not inhibit luciferase gene expression regardless of UV irradiation (Figure 

17). On the other hand, a positive control Luc-AA reduces Renilla luciferase gene expression 

up to 85% relative to the CNTRL antisense agent while using a transfection reagent. Luc-AA 

when added to the growth media led almost no inhibition of gene expression suggest that 

there was no cellular uptake of Luc-AA in the absence of a transfecting reagent or a cell 

transduction peptide.  

In contrast, when CLuc-AA and CLuc-AA-TAT were added to the cell culture media, 

almost no inhibition of gene expression was observed in cells that were kept in the dark. 

However, upon a brief UV irradiation (2 min, 365 nm), only CLuc-AA-TAT inhibited about 

92% of Renilla luciferase expression, which is comparable to that of using a transfection 

reagent. These results illustrate that HIV TAT peptide covalently linked to the antisense 

agent facilitates cellular uptake and that light-activation restores the native form of the 

antisense agent to induce gene silencing. 
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Figure 17. Light-activation of antisense agents targeting luciferase gene expression. Renilla 

luciferase expression with (left panel) or without (right panel) transfecting reagent and is 

normalized to firefly luciferase expression. CNTRL (a negative control antisense agent) is set 

to 100%. Error bars represent the standard deviations of the triplicate experimental data, 

(Experiments were performed by Jeane Govan). 

 

2.3. Caged antisense oligonucleotides to control microRNA function 

MicroRNAs (miRNAs), a class of about 22 nucleotides short non-coding endogenous 

single stranded RNAs, are negative regulators of gene expression at the post transcriptional 

level.
215-217

 Often, miRNAs mediate the down-regulation of a gene by the sequence specific 

and imperfect complementary binding to the 3′ untranslated regions (UTRs) of target 

mRNAs thereby accelerating the degradation or the deadenylation of the mRNA.
218, 219

 

Generally, mRNAs with longer 3ʹ UTRs contain four conserved miRNA target sites, on 

average, and are extensively regulated by miRNAs.
220

 Targets of miRNAs range from genes 
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that encodes various molecules including signaling molecules, enzymes, and transcription 

factors to RNA binding proteins to name a few.
221-223

 Investigations on miRNAs have 

expanded substantially over the last 20 years revealing its widespread participation in 

biological systems.
224-228

 miRBase, an online repository for all miRNAs sequences and 

annotation, includes over 15,000 miRNA gene loci in over 140 species and 17,000 distinct 

mature miRNA sequences.
229

 

More than 1000 miRNAs have already been discovered in humans, which represents 

around 1-4% of all the genes and thereby affects up to 40-60% of the protein coding 

genes.
224, 230, 231

 Although miRNA expression levels can differ widely for each miRNA, it is 

predicted that miRNAs are more abundant (up to 10,000 copies per cell)  than their target 

mRNA genes (up to 500 copies per cell).
232

 In a typical animal cell, estimated concentration 

of a miRNAs is at maximum up to 22 µM, which is at least ten times higher than that of 

target mRNA genes whose concenntrations range from 80 рM-2.2 µM.
232

 The stability of a 

miRNA ranges from 28 h (miR-155, a less stable) to 9 days (mir-125b, the most stable one). 

The average stability of a miRNA is generally 10 times more than a target mRNA gene (the 

median half-life of which is about 10 hours). 
233, 234

 

After transcription from the genome, miRNAs undergo several post-transcriptional 

processing steps via a dedicated miRNA pathway to produce mature miRNAs through a 

universally linear biogenesis.
216

 At first, miRNAs are transcribed by RNA polymerase II as a 

capped and polyadenylated large precursor called primary miRNAs. These primary miRNAs 

are further processed by an enzyme called Drosha with the help of a co-factor protein 

DGCR8 in the nucleus to form the 70 nucleotide RNA molecule called pre-miRNAs.
217, 235, 
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236
 The pre-miRNAs are transported into the cytoplasm by the exportin-5 complex where 

they are subsequently processed into an about 22 nucleotide mature miRNAs by another 

complex called Dicer (Figure 18).
237-239

 

 

 

 

Figure 18. Biogenesis of microRNAs through a dedicated processing pathway (ORF = open 

reading frame). Adapted with permission from Circ. Res. 2011, 108, 219-234. 
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An abnormal expression level of numerous  miRNAs has been linked to a wide range 

of human diseases including cancers,
240-242

 cardiovascular diseases,
224, 243-245

 defects in 

signaling pathways
246-249

 and immune system,
250-254

 metabolic disorders,
255

  and viral 

infections.
228, 256, 257

  

Tools to manipulate miRNA function are antisense oligonucleotides known as 

antagomirs.
13, 72

 They include site-specifically modified oligonucleotides that are 

complementary to miRNAs and act as competitive inhibitors of the target mRNA binding 

sequence through stable duplex formation.
139

 The chemical modifications are introduced into 

the antagomir structure in order to: 1) render the oligonucleotides resistant to degradation in 

vivo, 2) increase binding affinity, and 3) improve cellular delivery.
187

 Such modifications 

include 2′ sugar modifications including 2′-O-methyl (2′OMe), 2′-O-methoxyethyl, 2′-fluoro, 

the addition of a bridging methylene group between the 2′-O and the 4′-C of the ribose ring 

(locked nucleic acid, LNA), and others.
12, 40, 44, 147

 

 

2.3.1. Photoregulation of microRNA miR-21 and miR-122 functions using caged antagomirs 

 MicroRNA miR-122 is a liver specific miRNA which is necessary for hepatitis C 

virus replication and infectious virus production.
258

 
259

 It has been reported that the 

knockdown of miR-122 with antagomirs resulted in a decrease in HCV RNA replication in 

human liver cells
258

 and reduced HCV levels in chronically infected primates.
260

 The miRNA 

miR-21 has been linked to several human malignancies and over expression of miR-21 has 

been observed in glioblastomas, breast, pancreatic, cervical, colorectal, ovarian, lung, and 

hepatocellular cancers.
261

 MiR-21 functions as an anti-apoptotic factor in cancer cells and a 
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dependence of tumor growth on miR-21 presence has been demonstrated in a mouse 

model.
262

 The involvement of miR-21 and miR-122 in human malignancies and an in vivo 

investigation on photochemical regulation make these miRNAs potential targets of new 

therapeutics. 

 Here, we hypothesized that light-activation of a caged antagomir technique can be used to 

control miRNA functions thereby inhibiting the gene expression. The caged antagomir has 

no effect on miRNA-mediated gene silencing prior to its exposure to UV light to remove the 

caging groups. After a brief UV irradiation, the activated antagomir forms a duplex with the 

target miRNA silencing its gene regulatory function.  

 

 

 

Figure 19. Photoregulation of microRNA function using a caged antagomir. Adapted with 

permission from Mol. BioSyst. 2012, 8, 2987-93. 
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Here, we prepared oligonucleotides with 2′-OMe modified nucleotides and 

phosphorothioate backbones with complementary sequences to the target mature miR-21 and 

miR-122 were prepared.  2′-OMe NPOM (6-nitropiperonyloxymethyl)-caged uridine 

phosphoramidite 77 was synthesized for site-specific installation of a light-removable caging 

group (Scheme 8). 3′,5′-O-(Di-t-butylsilanediyl)uridine
263

 71 was synthesized in one step and 

was subsequently reacted with NPOM chloride
264

 72 in the presence of DBU in DMF to 

furnish the corresponding NPOM-caged uridine 73 in 68% yield.  NPOM chloride 72 was 

synthesized in three steps from commercial 6-nitropiperonal.
264

 The NPOM caged uridine 73 

was refluxed in methyl iodide in the presence of Ag2O
265

 to deliver the corresponding 2ʹOMe 

derivative 74 in 98% yield. Treatment of 74 with HF-pyridine at 0 °C in DCM yielded the 

NPOM caged 2′OMe uridine 75 in 93% yield. Protection of the 5′-OH group of 75 with 

DMTrCl in pyridine resulted in the corresponding DMT-protected caged compound 76 in 

68% yield. Finally, 76 was activated with 2-cyanoethyl N,N-

diisopropylchlorophosphoramidite to give the desired phosphoramidite 77 in 90% yield. 

 

http://www.chemicalbook.com/ChemicalProductProperty_EN_CB1426849.htm
http://www.chemicalbook.com/ChemicalProductProperty_EN_CB1426849.htm
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Scheme 8. Synthesis of an NPOM-caged 2′OMe uridine phosphoramidite 77. 

 

Non-caged and caged 2′OMe phosphorothioate antagomirs with 2′OMe NPOM-caged 

uridine groups were also synthesized (using the standard DNA synthesis protocol by James 

Hemphill in the Deiters group) for targeting mature miR-21 and miR-122. Four NPOM-

caged 2′OMe uridine nucleotides at different positions were installed into the miR-21 caged 

antagomir, whereas only three 2′OMe NPOM-caged uridines were installed into the miR-122 

caged antagomir. In addition, the psiCHECK-2 vector containing both a Renilla luciferase 

and an independently transcribed firefly luciferase reporter gene is chosen.
266

 The 

complementary sequences of miR-122 or miR-21 were inserted downstream of the Renilla 

luciferase gene (Figure 19). Thus, the presence of the mature miRNA results in a decrease in 

the Renilla luciferase signal enabling the detection of endogenous miRNA levels. An active 
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antagomir would act as a competitive inhibitor of miRNA target gene and leading an increase 

in Renilla luciferase expression. 

A Huh7 cell line that is stably transfected with the Renilla luciferase sensor for 

endogenous miR-122 was used to confirm the activity of the synthesized miR-122 

antagomirs. In these in vitro experiments (performed by Colleen Connelly in the Deiters 

group), the Huh7-psiCHECK-miR122 cells were transfected with either the non-caged or the 

caged miR-122 antagomir. Following the transfection, the cells were either kept in the dark 

or irradiated at 365 nm and after 48 h, the relative luciferase signal was measured where 

Renilla luciferase was normalized to the firefly luciferase activity providing relative 

luminescence units (RLU). The non-caged miR-122 antagomir produced a 10-fold increase 

in RLU relative to a transfection control containing no antagomir (Figure 20). The caged 

miR-122 antagomir showed RLU values similar to the transfection control, indicating that 

the presence of three NPOM-caging groups on a 2′OMe U prevents the antagomir from 

inhibiting miR-122 function. Upon UV irradiation, the caging groups are removed resulting 

in a native miR-122 antagomir which efficiently inhibited the miR-122 and leads to a 10-fold 

increase in RLU. 
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Figure 20. Light-activation of miR-122 inhibition: Inhibition of luciferase expression by 

light activation of a miR-122 antagomir in Huh7 cells, where cells were transfected with 

caged and non-caged miR-122 antagomirs and irradiated (365 nm for 2, 5, or 10 minutes) to 

activate antagomir function. The error bars represent standard deviations from three 

independent experiments. Experiments were performed by Colleen Connelly. Adapted with 

permission from Mol. BioSyst. 2012, 8, 2987-93. 

 

 
Similarly, the miR-21 antagomirs were assayed using a Huh7 cell line transiently 

transfected with the Renilla luciferase sensor for endogenous miR-2. The Huh7 cells were 

co-transfected with the psiCHECK-miR21 plasmid and either the non-caged or the caged 

miR-21 antagomirs at 10 pmol. Following the transfection, the cells were either kept in the 

dark or irradiated. The relative luciferase signal was measured after 48 h, (Figure 21) showed 

that the non-caged miR-21 antagomir produced a 3-fold increase in RLU relative to a 

transfection control containing no antagomir. Prior to decaging, the caged miR-21 antagomir 
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showed RLU values equal to the transfection control, whereas a 3-fold increase in its values 

after UV irradiation, demonstrating that the miR-21 inhibitory activity is fully restored. 

 

 

 

Figure 21. Light-activation of miR-21 inhibition: Inhibition of luciferase gene expression by 

light activation of a miR-21 antagomir in Huh7 cells, where cells were transfected with the 

caged and the non-caged miR-122 antagomir and irradiated (365 nm for 2, 5, or 10 minutes) 

to activate antagomir function. The error bars represent standard deviations from three 

independent experiments. Experiments were performed by Colleen Connelly. Adapted with 

permission from Mol. BioSyst. 2012, 8, 2987-93. 

 

2.4. Experimental data for synthesized compounds 

 

2-(1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl)isoindoline-1,3-dione (55). Phthalimide (1.4 g, 

9.4 mmol) and triphenylphosphine (2.90 g, 11.2 mmol) were added to a solution of the 

alcohol 54 (2.0 g, 9.4 mmol) in THF (25 mL) at 0 °C under an argon atmosphere. 

Diisopropyl azodicarboxylate (2.20 mL, 11.2 mmol) was slowly added at 0 °C and the 
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reaction mixture was warmed to room temperature and stirred for another 4 h. The solvent 

was removed under reduced pressure and the remaining residue was dissolved in CH2Cl2 (20 

mL). The organic layer was washed with a saturated aqueous solution of NaHCO3 (2  20 

mL), brine (20 mL), dried over anhydrous Na2SO4, and concentrated under reduced pressure.  

Thus obtained residue was purified by column chromatography on silica gel using 

CH2Cl2:hexanes (1:4) to afford the dione 55 (2.4 g, 77% yield) as a white solid; mp 58-60 

°C. 
1
H NMR (400 MHz, CDCl3): δ = 7.79-7.76 (m, 2H), 7.69-7.66 (m, 2H), 7.34-7.31 (m, 

2H), 6.08-6.04 (m,, 3H), 1.91 (d, J = 6.8 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): δ = 168.3, 

151.8, 147.4, 143.1, 134.3, 132.5, 131.8, 123.5, 108.7, 105.4, 103.1, 46.4, 18.8. HRMS-ESI 

(m/z) [M+Na]
+
 calcd for C17H12N2O6Na: 363.0588; found: 363.0592. 

 

1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethanamine (56). Hydrazine (0.550 mL, 17.6 mmol) 

was slowly added to a solution of the dione 55 (2.4 g, 7.0 mmol) in dry EtOH (30 mL) at 

room temperature under an argon atmosphere and the mixture was heated under reflux for an 

hour. The reaction mixture was then cooled to 0 °C, and diethyl ether (200 mL) was added 

under vigorous stirring to precipitate the byproduct 2,3-dihydrophthalazine-1,4-dione. The 

solid was filtered out, washed with diethyl ether (5  10 mL) to collect any residual product, 

and the solid was discarded. Then, the filtrate was washed with a saturated aqueous solution 

of NaHCO3 (2    20 mL), brine (20 mL), and dried over anhydrous Na2SO4. The solvent was 

removed under reduced pressure and the obtained residue was purified by column 

chromatography on silica gel using CH2Cl2: MeOH (9:1) with 1% TEA to obtain the amine 

56 (1.2 g, 81% yield) as a yellow solid; mp 98-100 °C. 
1
H NMR (300 MHz, CDCl3): δ = 7.32 



 

49 

(s, 1H), 7.22 (s, 1H), 6.06 (dd, 2H), 4.63 (q, J = 6.6 Hz, 1H), 1.59 (s, 2H), 1.37 (d, J = 6.6 

Hz, 3H). 
13

C NMR (75 MHz, CDCl3): δ = 152.1, 146.5, 139.8, 106.5, 105.1, 102.9, 46.2, 

24.8. HRMS-ESI (m/z) [M+H]
+
 calcd for C9H11N2O4:  211.0713; found: 211.0717. 

 

1-((2R,4S,5R)-4-((tert-Butyldimethylsilyl)oxy)-5-(((tert 

butyldimethylsilyl)oxy)methyl)tetrahydrofuran-2-yl)-4-((1-(6-nitrobenzo[d][1,3]dioxol-

5-yl)ethyl)amino)pyrimidin-2(1H)-one (58). DIPEA (0.72 mL, 4.4 mmol) and the amine 56 

(0.58 g, 2.7 mmol) were added to a solution of the sulfonate 57 (1.0 g, 1.3 mmol) in dry 

DMF (5 mL) at room temperature under an argon atmosphere. The reaction mixture was 

heated to 90 °C overnight. The reaction mixture was cooled to room temperature, poured into 

a saturated aqueous solution of NaHCO3 (30 mL), the layers were separated, and the aqueous 

layer was extracted using EtOAc (3  20 mL). The combined organic layers were washed 

with saturated aqueous solution of NaHCO3 (3  10 mL), brine (10 mL), and dried over 

anhydrous Na2SO4. The solvent was removed under reduced pressure and the obtained 

residue was purified by column chromatography on silica gel using EtOAc with 1% TEA to 

obtain compound 58 (0.80 g, 89% yield) as a pale yellow solid; mp 125-127 °C. 
1
H NMR 

(400 MHz, CD3COCD3): δ = 7.82 (dd, J = 24 Hz, 7.6 Hz, 1H), 7.58 (br, 1H), 7.43 (s, 1H), 

7.14 (d, J = 12 Hz, 1H), 6.20-6.16 (m, overlap, 3H), 5.82 (dd, J = 24 Hz, 7.6 Hz, 1H), 5.73 

(br, 1H), 4.47 (br, 1H), 3.90-3.83 (m, overlap, 3H), 2.31-1.99 (m, 2H), 1.53 (d, J = 6.8 Hz, 

3H), 0.93-0.88 (m, 18 H), 0.12-0.08 (m, 12 H). 
13

C NMR (100 MHz, CD3COCD3): δ = 

163.7, 155.7, 155.6, 153.2, 153.1, 141.0, 139.2, 139.0, 106.9, 106.7, 105.6, 105.5, 104.2, 

94.9, 94.8, 88.1, 86.3, 72.5, 72.3, 63.4, 63.3, 47.2, 47.0, 42.3, 42.2, 26.3, 26.1, 22.3, 18.9, 
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18.5, -4.4, -4.6, -5.2, -5.3. HRMS-ESI (m/z) [M+H]
+
 calcd for  C30H49N4O8Si2: 649.3083; 

found: 649.3081. 

 

1-((2R,4S,5R)-4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-4-((1-(6-

nitrobenzo[d][1,3]dioxol-5-yl)ethyl)amino)pyrimidin-2(1H)-one (59). TBAF (1.0 M in 

THF, 3.6 mL, 3.6 mmol) was slowly added to a solution of the compound 58 (0.80 g, 1.2 

mmol) in dry THF (15 mL) at 0 °C. After 30 min, the ice bath was removed; the reaction 

mixture was warmed to room temperature and stirred for another 3 h. The solvent was 

removed under reduced pressure and the remaining residue was purified by column 

chromatography on silica gel using CH2Cl2: MeOH (9:1) with 1% TEA to yield compound 

59 (0.48 g, 95% yield) as a white solid; mp 119-120 °C. 
1
H NMR (300 MHz, DMSO-d6): δ = 

8.26-8.24 (m, 1H), 7.77 (d, J = 7.2 Hz, 1H), 7.54 (s, 1H), 7.09 (d, J = 3, 1H), 6.19-6.17 (m, 

2H), 6.09-6.03 (m, 1H), 5.79 (d, J = 7.5 Hz, 1H), 5.55-5.49 (m, 1H), 5.19 (t, J = 3.6 Hz, 1H), 

4.93 (t, J = 5.4 Hz, 1H), 4.16 (br, 1H), 3.74 (br, 1H), 3.51 (br, 2H), 2.12-2.01 (m, 1H), 1.94-

1.82 (m, 1H), 1.45 (d, J = 6.8 Hz, 3H). 
13

C NMR (100 MHz, DMSO-d6): δ = 162.2, 154.6, 

151.9, 146.4, 141.6, 140.5, 137.7, 105.7, 105.6, 104.6, 104.3, 94.3, 87.2, 84.9, 70.4, 70.3, 

61.3, 45.3, 45.2, 21.9, 21.8. HRMS-ESI (m/z) [M+H]
+
 calcd for C18H21N4O8: 421.1354; 

found: 421.1358. 

 

1-((2R,4S,5R)-5-((bis(4-Methoxyphenyl)(phenyl)methoxy)methyl)-4-

hydroxytetrahydrofuran-2-yl)-4-((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethyl)amino)pyrimidin-2(1H)-one (60). DMTCl (0.19 g, 0.57 mmol) was added to a 
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solution of the compound 59 (0.20 g, 0.47 mmol) in dry pyridine (1.0 mL) at room 

temperature under an inert atmosphere. After 12 h, MeOH (0.2 mL) was added to the 

reaction mixture in order to quench the unreacted amount of DMTCl. The solvent was 

removed under reduced pressure and the remaining residue was dissolved in dichloromethane 

(15 ml). The organic layer was washed with 5% citric acid (2  5 mL), a saturated aqueous 

solution of NaHCO3 (5 mL), brine (5 mL), and dried over anhydrous Na2SO4. The solvent 

was removed under reduced pressure and the obtained residue was purified by column 

chromatography on silica gel using CH2Cl2: MeOH (20:1) with 1% TEA to give compound 

60 (0.26 g, 72% yield) as a white solid. 
1
H NMR (300 MHz, CD3COCD3): δ = 8.02 (s, 1H), 

7.81-7.76 (m, 1H), 7.52-7.43 (m, 3H), 7.34-28 (m, 6H), 7.24-7.11 (m, 2H), 6.89-6.86 (m, 

4H), 6.24-6.15 (m, 3H), 5.74-5.65 (m, 2H), 4.50-4.47 (m, 2H), 4.01-3.99 (m, 1H), 3.78 (s, 

6H), 3.35 (d, J = 2.7 Hz, 2H), 2.34-2.28 (m, 1H), 2.15-2.09 (m, 1H),  1.52 (d, J = 6.8 Hz, 

3H). 
13

C NMR (100 MHz, CD3COCD3): δ = 163.8, 159.6, 155.7, 153.2, 153.1, 147.6, 146.0, 

143.2, 141.1, 139.1, 139.0, 136.7, 136.5, 131.0, 129.0, 128.6, 127.6, 113.9, 106.8, 106.7, 

105.6, 104.2, 94.8, 87.2, 86.8, 86.4, 86.3, 79.2, 71.6, 71.5, 64.2, 55.5, 47.2, 47.0, 42.1, 42.0, 

22.3. HRMS-ESI (m/z) [M+H]
+
 calcd for C39H39N4O10: 723.2661; found: 723.2658. 

 

(2R,3S,5R)-2-((bis(4-Methoxyphenyl)(phenyl)methoxy)methyl)-5-(4-((1-(6-

nitrobenzo[d][1,3]dioxol-5-yl)ethyl)amino)-2-oxopyrimidin-1(2H)-yl)tetrahydrofuran-3-

yl (2-cyanoethyl) diisopropylphosphoramidite (61). DIPEA (0.240 mL, 1.38 mmol) and 2-

cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.12 mL, 0.55 mmol) were added to a 

solution of compound 60 (0.20 g, 0.27 mmol) in dry dichloromethane (2 mL) at 0 °C under 
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an argon atmosphere. After 20 min, the ice bath was removed and the reaction mixture was 

warmed to room temperature and stirred for another 2 h. The solvent was removed under 

reduced pressure and the remaining residue was purified by column chromatography on silica 

gel using CHCl3: CH3COCH3 (20:1) with 1% TEA to afford a white solid. The white solid 

was dissolved in dichloromethane (0.5 mL) and precipitated in diethyl ether (20 mL) under 

vigorous stirring in order to remove an excess of chlorophosphoramidite reagent that was co-

eluted with the desired product. The precipitate was collected through filtration to obtain the 

phosphoramidite 61 (0.11 g, 45% yield) as an off-white solid. 
1
H NMR (400 MHz, 

CD3COCD3): δ = 7.84-7.78 (m, 1H), 7.48-7.44 (m, 4H), 7.36-7.32 (m, 6H), 7.24-7.22 (m, 

1H), 7.12 (d, J = 12 Hz, 1H), 6.90-6.87 (m, 4H), 6.27-6.16 (m, 3H), 5.74-5.71 (m, 1H), 5. 68-

5.66 (m, 1H), 4.65 (br, 1H), 4.14-4.09 (m, 1H), 3.70 (br, 6H), 3.72-3.54 (m, 2H), 3.42-3.35 

(m, 2H), 2.76-272 (m, 1H), 2.63-2.60 (m, 1H), 2.52-2.39 (m, 1H), 2.28-2.16 (m, 1H), 1.53 (d, 

J = 6.8 Hz, 3H), 1.27-0.83 (m, 12 H). 
13

C NMR (100 MHz, CD3COCD3): δ = 163.7, 159.7, 

155.4, 151.7, 145.9, 141.1, 136.5, 131.0, 129.0, 128.7, 127.7, 114.0, 106.8, 106.7, 105.6, 

104.3, 94.9, 87.3, 86.4, 63.9, 59.6, 59.4, 55.5, 47.0, 46.9, 43.9, 43.8, 41.0, 24.9, 24.8, 22.2, 

20.7. 
13

P NMR (121 MHz, CD3COCD3, reference H3PO4 = 0.00 ppm): δ = 146.55, 146.50 

146.39, 146.34. 

 

5-Methoxy-2-nitro-4-(prop-2-yn-1-yloxy)benzaldehyde (63). The benzaldehyde 62 (3.00 

g, 15.7 mmol) was added to ice-cold, concentrated HNO3 (30 mL) and the reaction mixture 

was stirred for another 4 h at 0 °C. Then, the reaction mixture warmed to room temperature 

and was stirred overnight. The reaction mixture was poured into ice-cold water (200 mL) 
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under vigorous stirring and the obtained yellow precipitate was collected through filtration. 

The precipitate was re-dissolved in DCM (50 mL) and was washed with a saturated aqueous 

solution of NaHCO3 (20 mL), brine (20 mL), and dried over anhydrous sodium sulfate. After 

filtration, the solvent was removed under reduced pressure and the remaining residue was 

purified by silica gel chromatography using DCM/hexanes (7:3) to deliver the corresponding 

nitrobenzaldehyde 63 (2.56 g, 71% yield) as a yellow solid; mp 120-123 °C. 
1
H NMR (300 

MHz, CDCl3): δ = 10.39 (s, 1H), 7.73 (s, 1H), 7.17 (s, 1H), 4.85 (s, 2H), 3.96 (s, 3H), 2.57 (s, 

1H). 
13

C NMR (75 MHz, DMSO-d6): δ = 189.2, 153.7, 150.0, 143.7, 126.3, 111.0, 109.8, 

80.3, 78.5, 57.1. HRMS-ESI (m/z) [M+H]
+
 calcd for C11H10NO5: 236.0553; found 236.0063. 

 

1-(5-Methoxy-2-nitro-4-(prop-2-yn-1-yloxy)phenyl)ethanol (64). Trimethylaluminium 

(12.6 mmol, 2.0 M in hexane) was slowly added to a solution of the nitrobenzaldehyde 63 

(1.9 g, 8.0 mmol) in DCM (30 mL) at 0 °C under an argon atmosphere. After stirring for 2 h 

at that temperature, ice cold water (5 mL) was slowly added to the reaction mixture in order 

to quench the unreacted amount of the reagent. Then, aqueous NaOH (40 mL, 1 M) was 

added and the reaction mixture was continuously stirred for another 1 h. The organic layer 

was separated and washed with an aqueous solution of NaOH (1 M, 2 × 20 mL), brine (20 

mL), and dried over anhydrous sodium sulfate. The filtrate was concentrated under reduced 

pressure and the remaining residue was purified by silica gel chromatography using 

CHCl3:CH3COCH3 (9:1) to furnish the alcohol 64 (2.4 g, 70% yield) as a yellow solid; mp 

125-127 °C. 
1
H NMR (300 MHz, DMSO- d6): δ = 7.66 (s, 1H), 7.38 (s, 1H), 5.509 (d, J = 2.1 

Hz, 2H), 5.28-5.25 (m, 1H), 4.91 (d, J = 1.2 Hz, 2H), 3.91 (s, 3H), 3.65-3.63 (s, 1H), 1.38 (t, 
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J = 4.5 Hz, 3H). 
13

C NMR (75 MHz, acetone-d6): δ = 154.6, 145.4, 139.3, 124.2, 110.4, 

109.6, 78.4, 77.2, 65.0, 55.9, 24.8. HRMS-ESI (m/z) [M+Na]
+
 calcd for C12H13NO5Na: 

274.0686; found 274.0731. 

 

((1-(5-Methoxy-2-nitro-4-(prop-2-yn-1-yloxy)phenyl)ethoxy)methyl)(methyl)sulfane 

(65). Methyl sulfide (4.70 mL, 63.3 mmol) was added to a solution of the alcohol 64 (1.60 g, 

6.36 mmol) in a dry acetonitrile (20 mL) under a nitrogen atmosphere at 0 °C. Benzoyl 

peroxide (6.10 g, 25.4 mmol) was added in 4 portions to the reaction mixture with an interval 

of 30 min each. After adding of the last portion of benzoyl peroxide, the mixture was stirred 

at the same temperature for another 3 h. An aqueous solution of NaOH (100 mL, 1 M) was 

added to the reaction mixture and stirring was continued overnight. The aqueous layer was 

extracted with ether (3 × 30 mL) and the combined ether layers were washed with an aqueous 

solution (1 M) of NaOH (2 × 20 mL), brine (20 mL), and dried over anhydrous sodium 

sulfate. The solvent was removed under reduced pressure and the remaining residue was 

purified by silica gel chromatography using EtOAc:hexanes (1:9) to obtain 65 (1.5 g, 78% 

yield) as a brown solid; mp 76-60 °C. 
1
H NMR (300 MHz, CDCl3): δ = 7.74 (s, 1H), 7.21 (s, 

1H), 5.54 (q, J = 6.3 Hz, 1H), 4.81 (d, J = 1.6 Hz, 2H), 4.46 (d, J = 6.3 Hz, 1H), 4.34 (d, J = 

6.3 Hz, 1H), 3.97 (s, 3H), 2.57 (t, J = 2.4 Hz, 1H), 2.14 (s, 3H), 1.51 (d, J = 6.3 Hz, 3H).
13

C 

NMR (75 MHz, CDCl3): δ = 154.5, 145.6, 140.4, 136.0, 110.5, 109.2, 77.4, 77.2, 73.5, 70.9, 

57.2, 56.6, 23.5, 14.3. HRMS-ESI (m/z) [M+Na]
+
 calcd for C14H17NO5SNa: 334.0720; found 

334.0789. 
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1-((2R,4S,5R)-5-((bis(4-Methoxyphenyl)(phenyl)methoxy)methyl)-4-

hydroxytetrahydrofuran-2-yl)-3-((1-(5-methoxy-2-nitro-4-(prop-2-yn-1-

yloxy)phenyl)ethoxy)methyl)-5-methylpyrimidine-2,4(1H,3H)-dione (66). Sulfuryl 

chloride (22 µL, 0.26 mmol) was slowly added to a solution of the thioether 65 (75 mg, 0.24 

mmol) in DCM (0.4 mL) stirred at –78 °C under an argon atmosphere. After 20 min, the 

solvent was removed under high vacuum at -78 °C for about 15 minutes and the reaction 

mixture was warmed to room temperature, followed by continued drying for another 5 h. The 

dry residue was dissolved in dry DMF (0.5 mL) and added to a solution containing the DMT-

protected thymidine
267

 (130 mg, 0.240 mmol) and DBU (107 µL, 0.720 mmol) in DMF (0.5 

mL) at room temperature under an inert atmosphere. Stirring was continued for 12 h and the 

reaction mixture was poured into a saturated aqueous solution of NaHCO3 (10 mL). The 

layers were separated and the aqueous layer was extracted with DCM (2 × 10 mL) and the 

combined organic layers were washed with a saturated aqueous solution of NaHCO3 (2 × 10 

mL), brine (10 mL), and dried over anhydrous sodium sulfate. The solvent was evaporated 

under reduced pressure and the remaining residue was purified by silica gel chromatography 

using DCM:acetone (9:1) with 1% TEA to provide 66 (1.5 g, 78% yield) as a brown solid; 

mp 93-95 °C. 
1
H NMR (300 MHz, CDCl3): δ = 7.70 (s, 0.5H), 7.67 (s, 0.5H), 7.23-7.43 (m, 

13 H), 6.82-6.85 (m, 4H), 6.29 (t, J = 6.3 Hz, 0.5H), 6.20 (t, J = 6.6 Hz, 0.5H), 5.38-5.49 (m, 

2H), 5.26-5.29 (m, 1H), 4.74 (d, J = 4.0 Hz, 2 H), 4.51 (br, 1 H), 3.99-4.04 (m, 1H), 3.78 (s, 

6H), 3.96 (s, 3H), 3.30-3.48 (m, 2H), 2.57 (t, J = 2.0 Hz, 0.5H), 2.52 (t, J = 2.0 Hz, 0.5H), 

2.32-2.41 (m, 2H), 2.27-2.28 (m, 0.5H), 2.10-2.21 (m, 1.5H), 1.47-1.53 (m, 3H), 1.39 (s, 

1.5H), 1.36 (s, 1.5 H).
13

CNMR (75 MHz, CDCl3): δ = 163.3, 158.9, 154.3, 154.0, 151.0, 
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150.8, 145.4, 144.4, 140.0, 139.7, 137.1, 136.8, 135.6, 135.5, 130.2, 128.3, 127.4, 113.5, 

110.5, 110.3, 110.1, 109.7, 109.4, 87.1, 86.1, 85.5, 85.2, 73.6, 72.5, 72.2, 70.2, 63.6, 57.2, 

56.9, 56.7, 55.5, 41.2, 24.1, 12.5. LRMS-ESI (m/z) [M+Na]
+
 calcd for C44H45N3O12Na : 

830.2901; found 830.29. 

 

(2R,3S,5R)-2-((bis(4-Methoxyphenyl)(phenyl)methoxy)methyl)-5-(3-((1-(5-methoxy-2-

nitro-4-(prop-2-yn-1-yloxy)phenyl)ethoxy)methyl)-5-methyl-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)tetrahydrofuran-3-yl (2-cyanoethyl) 

diisopropylphosphoramidite (67). DIPEA (43 µL, 0.24 mmol) and 2-cyanoethyl N,N-

diisopropylchlorophosphoramidite (28 µL, 0.12 mmol) were added to a solution of the 

alcohol 66 (35 mg, 0.04 mmol) in DCM (1.0 mL) at room temperature under an argon 

atmosphere and stirring was continued for 2 h. The solvent was evaporated under reduced 

pressure and the remaining residue was purified by silica gel chromatography using 

CHCl3:acetone (20:1) containing 1% TEA to furnish the caged phosphoramidite 67 (39 mg, 

90% yield) as a white solid; mp 85-87 °C. 
1
H NMR (300 MHz, CDCl3): δ = 7.65-7.68 (m, 

1H), 7.20-7.50 (m, 11H), 6.81-6.85 (m, 4H), 6.14-6.29 (m, 1 H), 5.37-5.47 (m, 2H), 5.23-

5.31 (m, 1H), 4.72-4.77 (m, 2H), 4.54-4.65 (m, 1H), 4.07-4.19 (m, 1H), 3.93 (s, 3H), 3.71-

3.89 (m, 7H), 3.25-3.66 (m, 5H), 2.37-2.71 (m, 4H), 2.08-2.26 (m, 1H), 1.50-1.54 (m, 3H), 

1.30-1.36 (m, 3H), 1.14-1.18 (m, 9 H), 1.04 (d, J = 6.6 Hz, 3H). 
13

C NMR (75 MHz, CDCl3): 

δ = 163.1. 158.7, 154.1, 154.0, 153.8, 150.8, 150.7, 145.2, 144.2, 140.1, 139.9, 139.8, 139.6, 

139.6, 137.0, 136.8, 136.6, 135.3, 134.4, 130.1, 128.2, 127.2, 117.8, 117.5, 113.3, 110.4, 

110.2, 110.1, 109.9, 109.5, 109.2, 86.9, 85.2, 74.0, 73.85, 73.6, 70.2, 63.3, 58.8, 58.5, 58.2, 

http://www.chemicalbook.com/ChemicalProductProperty_EN_CB1426849.htm
http://www.chemicalbook.com/ChemicalProductProperty_EN_CB1426849.htm
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57.9, 57.1, 57.0, 56.8, 56.5, 55.3, 43.4, 43.2, 40.1, 24.7, 23.9,  20.5, 20.4, 12.3. 
31

P NMR 

(121 MHz, CDCl3): δ = 149.1, 149.0, 148.6, 148.5. 

 

1-((4aR,6R,7R,7aS)-2,2-di-tert-Butyl-7-hydroxytetrahydro-4H-furo[3,2-

d][1,3,2]dioxasilin-6-yl)-3-((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)methyl)pyrimidine-2,4(1H,3H)-dione (73). DBU (697 µL, 4.50 mmol) was 

added to a solution of the silyl protected uridine 71 (0.88 g, 2.3 mmol) in DMF (5 mL) at 

room temperature under an inert atmosphere. After 30 minutes, freshly prepared NPOM 

chloride
264

 72 (2.76 mmol) dissolved in DMF (0.5 mL) was added to the reaction mixture 

and stirring was continued for 12 h. The reaction mixture was poured into a saturated 

solution of NaHCO3 (20 mL) and the layers were separated. The aqueous layer was extracted 

using EtOAc (2 × 20 mL) and the combined organic layers were washed with a saturated 

aqueous solution of NaHCO3 (3 × 20 mL), brine (15 mL), and dried over anhydrous sodium 

sulfate. The filtrate was concentrated and the remaining crude product was purified by silica 

gel chromatography using EtOAc:hexanes(1:1) with 1% TEA to obtain the NPOM-caged 

uridine 73 (0.95 g, 68% yield) as a yellow solid; mp 96-98 °C. 
1
H NMR (400 MHz, CDCl3): 

δ = 7.41-7.43 (m, 1H), 7.15-7.17 (m, 1H), 7.08-7.13 (q, 1H), 6.06-6.07 (m, 2H), 5.66-5.71 (q, 

1H), 5.48 (s, 0.5 H), 5.42 (s, 0.5 H), 5.21-5.33 (m, 3H), 5.09-5.12 (m, 1H), 4.27-4.45 (m, 

2H), 3.93-4.15 (m, 4H), 1.48 (d, J  = 4.0 Hz, 3H), 1.00-1.07 (m, 18H). 
13

C NMR (100 MHz, 

DMSO- d6): δ = 162.6, 152.6, 142.8, 140.6, 139.8, 137.8, 106.8, 105.4, 102.4, 102.5, 96.0, 

95.3, 76.2, 75.2, 73.5, 69.3, 67.6, 27.8, 27.7, 24.1, 23.2, 20.8. HRMS-ESI (m/z) [M+Na]
+
 

calcd for C27H37N3O11SiNa: 630. 2090; found 630. 2088. 
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1-((2R,3R,4R,5R)-4-Hydroxy-5-(hydroxymethyl)-3-methoxytetrahydrofuran-2-yl)-3-((1-

(6-nitrobenzo[d][1,3]dioxol-5-yl)ethoxy)methyl)pyrimidine-2,4(1H,3H)-dione (74). 

NPOM-caged uridine 73 (2.1 g, 3.4 mmol) was added to methyl iodide (20 mL) stirred at 

room temperature under an argon atmosphere. Ag2O (2.30 g, 10.3 mmol) was added and the 

reaction mixture was heated under reflux (50 °C) for 5 h. The reaction mixture was cooled to 

room temperature and EtOAc (20 mL) was added. Then, the reaction mixture was filtered, 

the residue was washed with EtOAc (10 mL), and the filtrate was collected. The filtrate was  

washed with a saturated aqueous solution of NaHCO3 (3 × 20 mL), brine (20 mL), and dried 

over anhydrous sodium sulfate. The filtrate was concentrated and the obtained crude product 

was purified by silica gel column chromatography using EtOAc:hexanes (2:3) with 1% TEA 

to obtain the 2ʹOMe uridine 74 (2.1 g, 98% yield) as a white solid; mp 125-127 °C. 
1
H NMR 

(400 MHz, CDCl3): δ = 7.42 (d, J = 1.0 Hz, 1H), 7.17 (d, J = 2.6 Hz, 1H), 7.11-7.15 (m, 1H), 

6.06 (m, 2H), 5.66-5.70 (m, 1H), 5.54 (d, J = 1.6 Hz, 1H), 5.27-5.34 (m, 2H), 5.11-5.17 (m, 

2H), 4.42-4.47 (m, 1H), 4.03-4.12 (m, 2H), 3.80-3.97 (m, 3H), 3.63 (s, 3H), 1.49 (d, J = 3.0 

Hz, 3H), 1.00-1.04 (m, 18H). 
13

C NMR (100 MHz, acetone- d6): δ = 162.7, 162.6, 153.1, 

151.3, 148.0, 142.8, 140.4, 140.0, 138.7, 106.9, 105.2, 104.3, 102.1, 92.7, 92.2, 82.8, 77.6, 

75.3, 74.2, 70.4, 67.8, 59.2, 27.7, 20.9. HRMS-ESI (m/z) [M+Na]
+
 calcd for 

C28H39N3O11SiNa: 644.2246; found 644.2248. 

 

1-((2R,3R,4R,5R)-4-Hydroxy-5-(hydroxymethyl)-3-methoxytetrahydrofuran-2-yl)-3-((1-

(6-nitrobenzo[d][1,3]dioxol-5-yl)ethoxy)methyl)pyrimidine-2,4(1H,3H)-dione (75). HF-

pyridine (330 µL, 70% HF:pyridine) diluted in dry pyridine (2 mL) was added to a  solution 
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of the 2ʹOMe uridine 74 (2.0 g, 3.21 mmol) in DCM at 0 °C under a nitrogen atmosphere in a 

polyethylene vessel (since HF vigorously reacts with glass, avoid using glassware). After 

stirring the reaction mixture for 2 hours at 0 °C, DCM (40 mL) was added followed by a 

saturated aqueous solution of NaHCO3 (30 mL) to neutralize residual amounts of HF. The 

organic layer was separated and washed with a saturated aqueous solution of NaHCO3 (30 

mL), 1 M HCl (2 × 20 mL), water (20 mL), and brine (15 mL), and was dried over anhydrous 

sodium sulfate. The filtrate was concentrated under reduced pressure and the remaining crude 

product was purified by silica gel column chromatography using DCM:MeOH (92:8) 

containing 1% TEA to obtain the caged 2ʹ-OMe uridine 75 (1.4 g) as a yellow solid in 98% 

yield; mp 65-68 °C. 
1
H NMR (400 MHz, acetone- d6): δ = 8.00-8.05 (q, 1H), 7.41 (s, 1H), 

7.13 (d, J = 6.4 Hz, 1H), 6.18-6.21 (m, 2H), 5.84 (d, J = 1.5 Hz, 0.5H), 5.74 (d, J = 1.3 Hz, 

0.5H), 5.17-5.49 (m, 4H), 4.37 (t, J = 4.5 Hz, 1H), 4.20-4.25 (m, 1H), 3.89-3.99 (m, 3H), 

3.77-3.84 (m, 2H), 3.54 (s, 1.5H), 3.50 (s, 1.5H), 1.45 (d, J = 3.1 Hz, 3H). 
13

C NMR (75 

MHz, acetone- d6): δ = 162.9, 162.8, 153.1, 152.9, 151.7, 148.1, 148.0, 140.1, 140.0, 138.8, 

106.9, 105.2, 104.4, 104.3, 101.5, 101.3, 88.7, 85.7, 85.4, 84.8, 84.6, 74.7, 74.3, 70.5, 70.3, 

69.3, 68.9, 61.2, 60.7, 58.6, 24.2, 24.1. HRMS-ESI (m/z) [M+Na]
+
 calcd for C20H23N3O11Na: 

504.1225; found 504.1226. 

 

1-((2R,3R,4R,5R)-5-((bis(4-Methoxyphenyl)(phenyl)methoxy)methyl)-4-hydroxy-3-

methoxytetrahydrofuran-2-yl)-3-((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)methyl)pyrimidine-2,4(1H,3H)-dione (76). DMTrCl (1.5 g, 4.6 mmol) was 

added to a solution of the alcohol 75 (1.4 g, 2.9 mmol) in dry pyridine (15 mL) at room 
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temperature under an argon atmosphere and stirring was continued for 24 h. MeOH (3 mL) 

was added to the reaction mixture in order to quench the unreacted amount of DMTrCl. After 

20 minutes, the solvent was removed under reduced pressure and the obtained crude product 

was redissolved in EtOAc (40 mL). The organic layer was washed with a 5% aqueous citric 

acid solution (2 × 20 mL), a saturated aqueous solution of NaHCO3 (2 × 20 mL), and brine 

(15 mL), and dried over anhydrous sodium sulfate. The filtrate was concentrated and the 

remaining crude product was purified silica gel column chromatography using DCM:EtOAc 

(1:5) with 1% TEA to furnish the DMT protected caged 2ʹ-OMe uridine 76 (1.9 g) as a white 

solid in 86% yield. 
1
H NMR (300 MHz, acetone- d6): δ = 7.92 (d, J = 3.9 Hz, 0.5H), 7.80 (d, 

J = 4.2 Hz, 0.5H), 7.43-7.48 (m, 2H), 7.26-7.38 (m, 6H), 7.12-7.20 (m, 2H), 6.90-6.94 (m, 

4H), 6.12-6.22 (m, 2H), 5.82 (s, 0.5H), 5.70 (s, 0.5H), 5.40-5.47 (m, 1H), 5.05-5.32 (m, 2H), 

4.36-4.43 (m, 1H), 4.02-4.11 (m, 1H), 3.77-3.81 (m, 6H), 3.60 (s, 1.5H), 3.56 (s, 1.5H), 3.46-

3.52 (m, 2H), 1.44-1.47 (m, 3H). 
13

C NMR (75 MHz, acetone- d6): δ = 162.7, 159.8, 152.8, 

151.4, 148.1, 245.8, 145.7, 139.6, 139.5, 139.09, 136.5, 136.3, 131.1, 131.0, 130.1, 129.1, 

128.8, 128.3, 127.9, 106.9, 105.2, 104.4, 101.5, 101.4, 89.1, 88.9, 87.6, 84.8, 84.6, 83.8, 83.5, 

74.8, 74.4, 70.6, 70.3, 69.7, 69.6, 69.4, 69.3, 62.9, 62.2, 58.8, 55.6, 24.3, 24.1. HRMS-ESI 

(m/z) [M+Na]
+
 calcd for C41H41N3O13Na: 806.2532; found 806.2526. 

. 

(2R,3R,4R,5R)-2-((bis(4-Methoxyphenyl)(phenyl)methoxy)methyl)-4-methoxy-5-(3-((1-

(6-nitrobenzo[d][1,3]dioxol-5-yl)ethoxy)methyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)tetrahydrofuran-3-yl (2-cyanoethyl) diisopropylphosphoramidite (77). DIPEA (0.55 

mL, 3.2 mmol) and 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (0.284 mL, 1.27 

http://www.chemicalbook.com/ChemicalProductProperty_EN_CB1426849.htm
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mmol) were added to a solution of the alcohol 76 (0.50 g, 0.64 mmol) in DCM (5.0 mL) at 

room temperature under an argon atmosphere. After 2 hours of stirring, the reaction mixture 

was concentrated and the remaining crude product was purified by silica gel chromatography 

using EtOAc:hexanes (4:6) with 1% TEA to furnish the caged phosphoramidite 77 (0.5 g) as 

a white solid in 80 % yield. 
1
H NMR (300 MHz, acetone- d6): δ = 7.76-7.95 (m, 2H), 7.27-

7.50 (m, 9H), 7.11-7.16 (m, 1H), 6.90-6.95 (m, 4H), 5.85-5.88 (m, 1H), 5.75-5.77 (m, 1H), 

5.44 (d, J = 5.0 Hz, 1H), 5.04-5.31 (m, 4H), 4.57-4.66 (m, 1H), 4.46-4.54 (m, 1H), 4.20-4.27 

(m, 1H), 3.91-4.01 (m, 2H), 3.80 (s, 6H), 3.61-3.74 (m, 3H), 3.48-3.58 (m, 5H), 2.607-2.65 

(m, 1H), 1.45 (d, J = 3.2 Hz, 3H), 1.16-1.22 (m, 9H), 1.06-1.11 (m, 3H). 
13

C NMR (100 

MHz, acetone- d6): δ = 162.7, 162.6, 159.9, 159.8, 153.1, 151.8, 151.5, 148.0, 145.7, 139.5, 

139.4, 138.9, 138.7, 136.4, 136.2, 136.1, 131.2, 129.2, 128.8, 127.9, 114.1, 107.0, 106.9, 

105.3, 105.2, 104.4, 104.2, 101.7, 101.6, 89.7, 89.5, 89.3, 87.7, 84.2, 83.4, 83.1, 82.8, 74.4, 

74.2, 71.1, 71.0, 70.8, 70.2, 62.7, 62.4, 62.2, 61.9, 59.8, 59.6, 59.4, 59.1, 59.0, 58.9, 58.5, 

55.6, 44.1, 43.9, 25.1, 24.9, 24.8, 24.1, 20.9, 20.8. 
31

P NMR (161 MHz, acetone- d6): δ = 

150.8, 150.7, 150.3, 150.1. 
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CHAPTER 3: PHOTOSWITCHABLE AZOBENZENE NUCLEOSIDES 

3. Controlled gene regulations with an azobenzene photoswitch 

Azobenzene, a diphenyl substituted diazene chromophore 78, has been explored as a 

photoswitchable molecular probe for biological studies. The azo compounds were discovered 

in 1800s as synthetic dyes, and their potential for biophysical applications is currently 

emerging.
268

 The interest in these molecules is mainly due to their existence in a planar 

thermally stable trans (E) form 78 and a compact meta-stable cis (Z) conformation 79 (Figure 

22a).
269

 The trans conformation of azobenzene itself is about 10–12 kcal mol
-1

 more stable 

than its cis isomer.
268

  

The trans–cis isomerization of azobenzene is tunable and can be achieved by 

exposing the trans isomer to UV light (365 nm) to produce the cis isomer and the opposite 

isomerization can be accomplished by using either blue light or by allowing the cis isomer to 

relax back to the thermally stable trans state (Figure 22b).
270

 A number of theories that 

govern trans-cis isomerization have been proposed over time. However, the basis of the 

origin of the driving force for the molecular motion has not fully been understood and is still 

under investigation.
269, 270
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Figure 22. Photophysical properties of azobenzene: a) a trans–cis photoisomerization of 

azobenzene: b) Jablonski diagram showing excitation and relaxation with corresponding time 

(τ); S0 – ground state, S1 – first singlet excited state, S2 – second singlet excited state; ps - 

picosecond. 

 

Upon UV irradiation trans azobenzene is excited to singlet excited states from the 

ground state S0 (Figure 22b). The trans → cis isomerization occurs during the excitation 

processes either via N–N bond rotation, inversion, concerted inversion or inversion-assisted 

rotation as depicted in Figure 23. The UV excitation of trans azobenzene to the S2 state 

would cleave the N–N π bond that leads to the rotational isomerization followed by rapid 

crossover to the first excited state S1. An inversion isomerization occurs in the S1 state 

followed by S1 → S0 decay that takes place via either concerted inversion or a rotational 

isomerization pathway. It has also been proposed that UV irradiation of trans azobenzene, in 
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addition to S1 and S2 excited states, generates S3 and S4 excited states that undergo relaxation 

without isomerization resulting in lower quantum yield.
271

 

 

 

 

Figure 23. Proposed mechanisms of trans → cis isomerization of azobenzene. Reproduced 

with permission from Chem. Soc. Rev. 2012, 41, 1809-25. 

 

Current studies on azobenzene are based on the photo-mechanical properties 

including light driven reversible trans–cis isomerization of chromophores for photo 

switchable devices.
272, 273

 The widespread use of azobenzene to induce or regulate 

biochemical functions in response to light is based on the intrinsic properties of the 
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azobenzene chromophore.
269, 274, 275

 These properties include: 1) the environment has a 

relatively small influence on the chromophore, e.g., as the influence of solvent polarity or 

viscosity on absorption and isomerization is small, 2) the chromophore possesses an 

outstanding photostability and undergoes minimal photobleaching, 3) the process results in 

high quantum yields (e.g., trans → cis up to 0.31 and cis → trans up to 0.41 in CH3CN) with 

a minimal thermal effect, 4) the process can be optimized to achieve a large cis–trans 

population ratio, and 5) the isomerization can furnish ultrafast photoswitching in the order of 

picoseconds. 

There has been a significant progress on azobenzene photoswitches for 

biomolecules
268, 269, 276, 277

 since the first report on the isomerization of embedded azobenzene 

in a model membrane system.
278

 These current studies on azobenzene include, but are not 

limited to, biological areas such as nucleic acid, peptide, proteins, and lipids.
270, 279-281

 

Generally, two approaches have been used to incorporate the azobenzene functionality in 

nucleic acids through covalent linkage.
282-284

 First, azobenzenes 80–82 (Figure 24) can be 

installed into the nucleic acid backbone via linkages such as D-threoniol.
285-287

 Second, 

properly functionalized azobenzene (for instance, with an alkyne or azide handle), may site-

specifically be installed into nucleic acids through bioconjugation reactions.
282

 Additionally, 

cationic azobenzenes have been used to manipulate nucleic acid properties via ionic 

interactions.
288
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Figure 24. A cartoon representation of DNAs labeled with an azobenzene 80–82. 

 

Site-specific incorporation of the azobenzene moiety into DNA or RNA often 

changes the topology of the helix, thereby altering the nucleic acid binding abilities, which 

may be utilized for the photoregulation of gene function if the azobenzene moiety is 

incorporated into an antisense agent.
282, 283, 289

 Investigations have shown that installation of 

an azobenzene moiety into a DNA oligonucleotide drastically changes its binding ability with 

a DNA or an RNA partner to form a duplex.
285, 290

 For example, when the azo moiety in 

DNA adopts a trans form, it stabilizes its DNA binding partners through π stacking 

interactions with nucleo- bases.
290

 On the other hand, when, the duplex is irradiated with UV 

light, the azo moiety changes into the cis form and destabilizes the duplex (Figure 25a).
290

 In 

this context, azobenzene may be used as a photoswitch to regulate gene function. For 

instance, when an azo moiety is incorporated into an antisense agent, the RNase H could 

neither recognize the duplex nor digest it due to its unusal topology. Upon a brief UV 

irradiation, the trans azo moiety isomerizes into its cis form thereby destabilizing the duplex 

and allowing RNase H to cleave it. This notion has been validated to study the 

photoregulation, e.g., visible light for deactivation and UV light for activation, of RNase H 
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(Figure 25b).
291-294

 However, activity and photoswitching of these reagents has not been 

demonstrated in cell culture, presumably because of the need for extended UV irradiation of 

approximately 10 minutes to achieve optimum isomerization.  

 

 

Figure 25. Photoregulation of RNase H activity using azo-antisense agent: a) an illustration 

of reversible duplex formation and b) RNA digestion by RNase H. Adapted with permission 

from  Angew. Chem. Int. Ed. 2010, 49, 2167-70. 

 

3.1. Light-activation of a diazobenzene-containing antisense agent 

Here, we functionalized both ends of the diazobenzene moiety to explore its optimum 

effect during photoisomerization. Upon its incorporation into an oligonucleotide, the photo–

mediated cis-trans isomerization may completely alter the base pairing landscape resulting in 

reversible duplex formation (Figure 26).
295

 We hypothesized that this approach can address 

the potential in vivo problems of the previously discussed DNA photoswitching approach. 
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Figure 26. Light-mediated reversible gene regulation using an azo oligonucleotide: A) trans 

- cis diazobenzene (DAB) antisense agent, B)  trans DAB tightly binds with mRNA 

(inhibition of gene expression), and cis-DAB loosely binds with mRNA (gene expression). 

 

A azobenzene phosphoramidite 87 was synthesized (Scheme 9) to develop an 

antisense oligonucleotide with an azobenzene as a photoswitch. The phosphoramidite 87 was 

synthesized in three steps from alcohol 83, which was synthesized in two steps from the 

commercial para-nitrophenol following literature procedures.
296, 297

 The alcohol 83 was then 

treated with NaNO2 in the presence of aqueous hydrochloric acid for in situ generation of 

diazonium salt which upon treating with phenol under an alkaline condition at 0 °C gave the 

azobenzene phenol 84 in 47% yield. All attempts in altering reaction time, acid ratio, 

temperature (from 0 °C to room temperature) and equivalents of phenol did not improve the 

yield. The phenolic hydroxyl group of the alcohol 84 was selectively reacted with the 

bromide 85 in the presence of K2CO3 in DMF to obtain the azobenzene alcohol 86 in 90% 

yield.  The bromide 85 was prepared from commercially available bromoethanol in a single 
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step by following a reported procedure.
298

 Finally, the alcohol 86 was activated with 

chlorophosphoramidite in the presence of DIPEA in DCM to obtain the desired product 87 in 

76% yield. 

 

 

Scheme 9. Synthesis of an azobenzene phosphoramidite 87. 

 

After the synthesis of the azobenzene phosphoramidite 87, various azobenzene-

containing DNA oligonucleotides (DAB) and spacer DNA strands were prepared in 

colabration with the Sintim Laboratory at the University of Maryland, College Park. The 

hybridization ability of the oligonucleotides was screened by Jeane Govan in the Deiters 

laboratory. The spacer DNA strands contain a linker (varying with 0-4 cytidine nucleotides) 

so that their remaining sequences on either side are complementary to the DAB 

oligonucleotide. The DAB DNA is annealed with the spacer DNA in the presence of 

ethidium bromide, a DNA intercalator, resulting in a fluorescence assay to detect DNA 
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hybridization. Here, we present the preliminary results of the hybridization assay (Figure 27), 

which involves the reversible trans–cis isomerization of the azo moiety. Initially, the 

azobenzene DNA binds to the spacer DNA resulting in a fluorescence signal. Upon UV 

irradiation, the fluorescence decreases indicating a loss of hybridization due to the change in 

conformation of DAB DNA caused by trans → cis isomerization of the azo moiety. After 

exposure to white light for 5 minutes, DAB6:DNA2, DAB5:DNA0 and DAB5:DNA4 all 

restored their fluorescence readings to some degree. This signifies that cis DAB DNA 

converts into the trans form followed by hybridization to the complementary spacer DNA. 

The DAB DNA sequences that show the highest photoswitchability are DNA sequences with 

4-6 nucleotides flanking the DAB linker. 

 

 

Figure 27. Fluorescent reading of DAB DNA:DNA duplex formation. Fluorescence was 

measured before and after irradiation with UV (2 min, 365 nm) light and white light (5 min), 

respectively, on a BioTek plate reader (546/590 nm). Error bars represent standard deviations 

from three independent experiments. Experiments were performed by Jeane Govan. 
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3.2. Experimental data for synthesized compounds 

(E)-4-((4-(2-Hydroxyethoxy)phenyl)diazenyl)phenol (84). NaNO2 (325 mg, 4.71 mmol) 

was added to the solution of the alcohol 83 (500 mg, 3.60 mmol) in aqueous HCl (4 M, 20 

mL) at 0 °C. After stirring the reaction mixture for one hour, a solution of phenol (408 mg, 

4.32 mmol) in aqueous NaOH (4 M, 21 mL) was slowly added to the reaction mixture at 0 

°C, followed by continued stirring at room temperature for 3 h. The reaction mixture was 

neutralized with an aqueous solution of HCl (1 M, 5 mL) and the aqueous layer was 

extracted with EtOAc (3 × 20 mL). The combined organic layers were washed with water (20 

mL), brine (20 mL), and dried over anhydrous Na2SO4. The filtrate was concentrated under 

reduced pressure and the remaining crude product was purified by column chromatography 

on silica gel using Et2O:hexanes (9:1) to furnish the azophenol 84 as a yellow solid (410 mg, 

47% yield). 
1
H NMR (400 MHz, acetone-d6, δ ppm): δ = 9.15 (br, 1H), 7.86–7.80 (m, 4H), 

7.09 (d, J = 4.4 Hz, 2H), 6.94 (d, J = 4.4 Hz, 2H), 4.18–4.15 (m, 2H), 4.12 (s, 1H), 3.91 (s, 

2H). 
13

C NMR (100 MHz, CDCl3): δ = 162.1, 160.9, 147.7, 147.1, 125.3, 125.0, 116.6, 

115.7, 70.9, 61.31. HRMS-ESI (m/z) [M+H]
+
 calcd for C14H15N2O3: 259.1083; found 

259.1077. 

 

(E)-2-(4-((4-(2-(bis(4-Methoxyphenyl)(phenyl)methoxy)ethoxy)phenyl)diazenyl) 

phenoxy)ethanol (86). DMT protected bromoethanol 85 (268 mg, 0.610 mmol) and K2CO3 

(198 mg, 1.44 mmol) were added to the solution of the phenol 84 (125 mg, 0.480 mmol) in 

dry DMF (1 mL) stirred at room temperature under an inert atmosphere. The reaction 

mixture was then heated and continued stirring at 60 °C for 12 h. The reaction mixture was 
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cooled to room temperature, a saturated aqueous solution of NaHCO3 (1 mL), and the 

aqueous layer was extracted using EtOAc (10 mL × 3). The combined organic layers were 

washed with water (20 mL), brine (20 mL), dried over anhydrous Na2SO4, and filtered. After 

filtration, the filtrate was concentrated under reduced pressure and the remaining crude 

product was purified by column chromatography on silica gel using a mixture of 

EtOAc:hexanes (3:2) to furnish the corresponding DMT protected azophenol 86 (265 mg, 

90% yield) as a red foam. 
1
H NMR (400 MHz, CDCl3, δ ppm): δ = 7.90–7.88 (m, 4H), 7.50 

(d, J = 3.6 Hz, 2H), 7.40–7.38 (m, 4H), 7.32–7.16 (m, 4H), 7.04–7.01 (m, 4H), 6.85–6.83 (m, 

4H), 4.22 (t, J = 5.2 Hz, 2H),  4.16 (t, J = 4.8 Hz, 2H), 4.00 (t, J = 4.0 Hz, 2H), 3.97 (s, 6 H), 

3.47 (t, J = 5.2 Hz, 2H). 
13

C NMR (100 MHz, CDCl3): δ = 161.2, 161.1, 160.7, 158.8, 147.5, 

147.2, 145.0, 139.6, 136.2, 130.2, 129.3, 128.3, 128.0, 127.9, 126.9, 115.0, 114.9, 113.3, 

86.3, 69.6, 67.9, 62.5, 61.6, 55.4. HRMS-ESI (m/z) [M+Na]
+
 calcd for C37H36N2O6Na: 627. 

2471; found 627.2466. 

 

(E)-2-(4-((4-(2-(bis(4-Methoxyphenyl)(phenyl)methoxy)ethoxy)phenyl)diazenyl) 

phenoxy)ethyl (2-cyanoethyl) diisopropylphosphoramidite (87). DIPEA (215 µL, 1.20 

mmol) and 2-cyanoethyl- N,N-diisopropylchlorophosphoramidite (110 µL, 0.490 mmol) 

were added to a solution of the alcohol 86 (150 mg, 0.24 mmol) in DCM (2.0 mL) stirred at 

room temperature under an argon atmosphere followed by continued stirring at room 

temperature for 2 h . The reaction mixture was concentrated under reduced pressure and the 

obtained crude product was directly purified by column chromatography on silica gel using a 

mixture of EtOAc:hexanes (1:2) with 1% TEA to obtain 87 (152 mg, 76% yield) as a red 

http://www.chemicalbook.com/ChemicalProductProperty_EN_CB1426849.htm
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foam. 
1
H NMR (300 MHz, CDCl3): δ = 7.87–7.84 (m, 4H), 7.49–7.46 (m, 2H), 7.38–7.34 

(m, 4H), 7.27–7.19 (m, 4H), 7.07–6.98 (m, 4H), 6.83–6.79 (m, 4H), 4.20–4.18 (m, 4H), 4.05-

3.95 (m, 3H), 3.86–3.76 (m, 8H), 3.66–3.58 (m, 2H), 3.46–3.43 (m, 2H), 2.64–2.60 (m, 2H), 

1.22–1.20 (m, 12H). 
13

C NMR (75 MHz, CDCl3): δ = 161. 1, 160.9, 158.6, 147.3, 147.2, 

145.0, 136.2, 130.2, 128.3, 128.0, 126.9, 124.5, 115.0, 114.9, 113.2, 86.3, 68.4, 68.3, 67.9, 

62.5, 62.2, 61.9, 58.8, 58.5, 55.4, 43.4, 43.2, 24.9, 24.8, 22.6. 
31

P NMR (161 MHz, CDCl3, δ 

ppm): δ = 149.75.  
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CHAPTER 4: PROTEIN MODIFICATION WITH UNNATURAL AMINOACIDS 

4. Protein modification 

Proteins of all living organisms consist of the same 20 canonical amino acids (Figure 

28) encoded by the universal genetic code. The genetic code contains 64 triplet codons 

specifying the 20 natural amino acids and three translation-termination codons.
299

 These 

canonical amino acids are utilized to translate genetic information from messenger RNAs to 

proteins by the ribosome. These processes operate with high fidelity, having an error rate of 1 

in 10
4
–10

5
.
6
 The fidelity is important to maintain the integrity of life processes. For instance, 

it was estimated that about 1800 inherited human diseases are caused by nonsense 

mutations.
300

 Studies have also shown that premature termination codons produce truncated 

non-functional proteins, which could account for a large percentage of cases of genetic 

diseases, including cystic fibrosis, muscular dystrophy and cancers.
300

 

Proteins are catalysts, units of signaling pathways, building blocks of cell structure, 

and the determinants of cellular morphology, motility, and stability.
301

 Obviously, alterations 

in protein synthesis, structure, and functions may result in detrimental effects, such as 

cancers or the other biological disorders in cells and ultimately the whole organism. 
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Figure 28. Canonical twenty amino acids with their abbreviated notations. 

 

The protein data bank, one of the vast repositories in protein structures, reports over 

80,000 protein structures at an atomic detail.
302

 Since proteins are associated with many 

biological functions, studies on molecular tools for exploring protein-protein interactions 

may provide crucial information on gene regulations and misregulations.
303

 It has been 

predicted that about 70,000 protein–protein interactions between 6231 proteins may occur in 

the human body; estimated based on protein–protein interaction data from lower eukaryotic 

interactomes.
304, 305

 Studies also revealed that about 244 kinases, one of the largest families 

of the signaling molecules involved in many cellular processes, are related to disease or 

amplified cancer oncogenes among the 918 kinases that are present in the human genome.
306-

308
 Moreover, enzymes and modulator proteins (activators, inhibitors or regulators) in fact 
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share a significant proportion of protein–protein interactions. It was estimated that about 269 

epigenetic enzymes and 4377 modulators, key players in human epigenetics, could be 

investigated as a subject of therapeutic potential.
309

 

A variety of protein modifications techniques with or without genetic code 

manipulation have been used to study protein structures and functions.
310-312

  They include 1) 

labeling with chemical reagents or dyes, 2) labeling with a peptide via native chemical 

ligation, 2) labeling with fusion protein, 3) labeling with fusion tag/dye, and 4) unnatural 

amino acids (UAAs) mutagenesis. These recently evolving methods, applicable at the 

molecular level, have been used to dissect various aspects of protein functions including 

protein–protein interaction, catalysis, or signal transductions etc.
313, 314

  

 

4.1.Unnatural amino acid (UAA) mutagenesis 

Incorporation of UAAs, amino acids that differ from the canonical 20 amino acids, 

can introduce a variety of molecular probes into the proteins of interest. Successful 

incorporation of UAAs as biophysical probes with unique physiochemical properties provide 

unprecedented opportunities for examining proteins in vivo.
315

 In the past, UAA mutagenesis 

has been conducted via residue-specific and site-specific incorporation techniques.
316, 317

  

The residue-specific technique incorporates UAA by replacing the corresponding 

amino acid at every position (globally) in proteins.
318, 319

 Hundreds of unnatural amino acids 

have been investigated using the methodology.
318

 A few of the recently developed residue-

specific labeling techniques offer unprecedented successes to interrogate various cellular 

functions related to diseases.
320

 They include, but not limited to, bioorthogonal non-canonical 
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amino acid tagging, fluorescent non-canonical amino acid tagging, and Staudinger ligation 

etc.
317, 321-325

 

The UAAs mutagenesis via site-specific incorporation technique has four 

fundamental components. They include 1) an unnatural amino acid, 2) a suppressor tRNA 

charged with the unnatural amino acid and containing an anticodon to recognize a nonsense 

codon, 3) a gene of interest with a nonsense codon, and 4) a translation system containing 

ribosomes.
316, 326

 The site-specific incorporation techniques have been extensively 

investigated using both cell-extract and cell-intact translational systems. These two 

approaches may be complementary to each other depending upon the subject of 

investigations since both of them have their own advantages and shortcoming.
317

  

The main difference between cell-extract and cell-intact translational systems is the 

processes of charging a suppressor tRNA with an UAA. In the cell-extract translational 

system, an UAA is chemically acylated to the suppressor tRNA (in vitro), where as in the 

cell-intact translational system, an engineered orthogonal tRNA synthetase charges the UAA 

into the suppressor tRNA in vivo. The use of a cell-extract translational system is a powerful 

technique particularly for mapping ion channel functions,
327

 exploring protease activities, and 

studying protein-protein interactions.
326

 Nevertheless, the global application of the technique 

is limited because of crucial limitations, including low yield of labeled protein, need for 

tRNA synthesis, and need for microinjection or transfection of the tRNA or protein.
58, 326
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4.2. UAA incorporation using cell-intact translational machinery  

UAA incorporation into a protein using orthogonal traslational machinery in response 

to a nonsense amber codon (TAG) is performed in vivo and considered a more advanced 

technique than that of the cell-extract system.
328, 329

 In this method, both the tRNA and the 

tRNA synthetase are evolved to function as orthogonal pairs to endogenous tRNA/tRNA 

synthetase pairs in the cell thereby eliminating a step of chemical amino acylation of 

tRNA.
330

 These engineered orthogonal tRNA/tRNA synthetase pairs can be coupled with 

cellular translational machineries without any cross talk to the endogenous tRNA/tRNA 

synthetase pairs.
331

 Thus, to perform a site-specific incorporation of UAA into the protein, 

the method requires a manipulation of the corresponding genes (plasmids) that encodes all 

three necessary components: a tRNA, a tRNA synthetase, and a target gene with an inframe 

amber stop codon.
315

  

In general, site-specific incorporation of UAAs using this methodology requires 

outstanding knowledge and skills of both chemistry as well as biology. Prior to begin a 

protein expression using UAA 1) an UAA is synthesized, 2) a target gene with an amber stop 

codon (TAG) is designed, and 3) tRNA/tRNA synthetase pairs are engineered to be 

orthogonal by negative and positive rounds of selection. During the translation process, the 

orthogonal tRNA synthetase activates an UAA and subsequently charges the tRNA without 

any cross reaction with endogenous tRNA/tRNA synthetase pairs (Figure 29). Finally, the 

charged orthogonal tRNA recognizes the nonsense stop codon and delivers the UAA into the 

protein thereby helping continue the translation process with high fidelity.
58, 315, 328, 332

 A 

number of UAAs have been site-specifically incorporated into proteins in E. coli using 
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specifically evolved orthogonal tRNA/tRNA synthetase pairs that are reported elsewhere.
328, 

332-335
  

 

 

Figure 29. Site-specific incorporation of unnatural amino acids (UAAs). Adapted with 

permission from Curr. Opin. Chem. Biol. 2011, 15, 392-8. 

 

Historically, the first site-specific UAA incorporation used an evolved tRNA/tRNA 

synthetase pair from M. jannaschi to encode O-methyl-L-tyrosine 88 (Figure 30) in response 

to an amber stop codon in E. coli.
328

 Since then, biological studies via the site-specific 

incorporation technique have been thriving by encoding over 70 UAAs, including 89–98 into 
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proteins to study various areas, including protein-protein interactions, post translational 

modifications, photoregulation of gene functions and signaling pathways.
58, 322, 336-339

 Most of 

those studies are focused on E. coli, and limited investigations have been performed in yeast 

or mammalian cells. 

 

 

Figure 30. Genetically encoded UAAs: fluorinated UAAs 89–91, clickable UAAs 92–93, UAAs for 

cross link formation 94–95, and caged UAAs 96–98. 

 

The success on the site-specific incorporation of UAAs into proteins has been well 

documented.
58

 Yet, further investigation will be more challenging because of the inherent 

and technical limitations associated with the site-specific incorporation of UAAs, including 

1) low yield of the labeled protein 2) extensive and lengthy procedure of tRNA/tRNA 

synthetase engineering 3) limited recognition flexibility of the tRNA synthetase regarding the 
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size of a UAA 4) nonsense-mediated mRNA decay, a eukaryotic surveillance mechanism to 

degrade mRNA with premature stop codon, and its consequences.
300, 322, 340
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CHAPTER 5: GENETIC CODE EXPANSION WITH LYSINE ANALOGUES 

5. Genetic code expansion via orthogonal aminoacyl tRNA/tRNA synthetase pairs 

Translational incorporation of unnatural amino acids (UAAs), a genetic code 

expansion methodology, has enabled fundamentally novel protein engineering by introducing 

unprecedented chemistries into proteins. Over the last twelve years, a number of UAAs have 

been genetically encoded in cells in response to the amber nonsense codon (TAG), the least 

frequently used stop codon (about 7% usage in E. coli),
341

 by orthogonal aminoacyl 

tRNA/tRNA synthetase pairs.
58, 342

 These newly incorporated UAAs have been utilized to 

study protein function including proteins involved in gene regulation, specific protein-protein 

interactions, and the dynamics of cell signaling, etc.
315, 343-346

 Often, the site-specific 

incorporation of UAAs has been focused in E. coli because of the limitation on engineering 

aminoacyl tRNA/tRNA synthetase pairs that are orthogonal in other model organisms.
333, 347, 

348
 This might be the reason why two pairs, namely the tyrosyl tRNA/tRNA synthetase pair 

and pyrrolysyl tRNA/tRNA synthetase pair (vide infra), are investigated extensively among 

the twenty four known aminoacyl tRNA/tRNA synthetase pairs in E. coli.
349

 However, the 

genetic encoding of UAAs has expanded into other model organisms as well, such as yeast, 

Drosophila, and mammalian cells.
331, 350-352

 

 

5.1. Pyrrolysyl tRNA/tRNA synthetase (PylT/PylRS) pairs and its orthogonality 

In the Methanosarcina species, an orthogonal PylT/PylRS pair encodes pyrrolysine, a 

lysine derivative, that is incorporated into the enzyme methyltransferase in response to an in-

frame UAG codon to produce full-length (50 kDa) functional protein.
353, 354

 This enzyme is 
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responsible for methanogenesis (the conversion of methyl amines into methane and 

ammonia), via the pyrrolysine residue which plays a catalytic role in activation of 

methylamines.
354

 In fact, orthogonal PylT/PylRS pairs were found to encode pyrrolysine into 

all three methylamine methyltransferases namely mono-, di- and trimethyltransferases found 

in the archaea M. barkeri.
355

 Later, it was discovered that other three Methanosarcina 

species, M. mazei, M. acetivorans, and M. burtonii, and the gram-positive bacterium 

Desulfitobacterium hafniense also use orthogonal pairs to encode pyrrolysine into 

methyltransferase.
353, 356-359

 

Structural analysis of both the PylT and PylRS revealed a few exceptional features at 

the molecular level for their orthogonality to endogenous aminoacyl tRNA/tRNA synthetase 

pairs.
349, 359

 All known synthetases are classified into two main groups in which the PylRS is 

categorized into the class IIC. The PylRS possesses a unique N-terminal tRNA binding 

domain, the conserved tRNA synthetase class II catalytic domain, the bulge domain, and the 

C-terminal tail (Figure 31).
349, 358, 359

 In the case of class I aminoacyl synthetases such as 

tyrosine and lysine synthetases, N-terminal and C-terminal Rossmann folds are the catalytic 

domains, which are connected through an inserted domain known as connecting peptide loop 

(CPI). The CPI domain serves as a dimer interface in class I synthetases. 
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Figure 31. Synthetase structures: Primary structure and principal domains of synthetases. a) 

Tyrosyl synthetase (TyrRS), b) lysine synthetase (LysRS), c) pyrrolysine synthetase (PylRS); 

and d) interactions between the synthetase and that of tRNA in PylT-PylRS complex; CPI = 

connecting peptide loop, ACBD = anticodon binding domain, KMSKS = a sequence motif 

(lys-met-ser-lys-ser) to stabilize a loop; Figure 31d is adapted with permission from Nature 

2009, 457, 1163-7.  

 

The complementarities between the tRNA interacting domains of PlyRS and the PylT 

play a crucial role for their recognition specificity to each other and to the UAA. A large and 

a flexible hydrophobic amino acid binding pocket is a key structural feature in (wild type) 

PylRS for providing a broad specificity to accommodate various fairly bulky UAAs (Figure 

32).
360, 361

 The primary and the secondary structures of PylT possesses unique features 

including an extended acceptor stem, a small D-loop, and a CUA anticodon.
360

  Thus, wild 

type orthogonal PylT/PylRS pairs have been discovered to encode several lysine analogues 

site-specifically into model proteins in various cell types such as E coli, yeast or mammalian 

cells (Figure 32).
362

 Studies illustrated that UAA incorporation by the wild type synthetase 



 

85 

may also depend upon the characteristic features of the substrate (UAAs). These crucial 

constituents may include a carbamate functionality (at 
ε
N-position in lysine), a hydrophilic 

moiety, a specific chain length (which allow for a fit into the pocket as a spacer), and a small 

hydrophobic group (which can be accommodated by the flexible hydrophobic pocket). 

 

 

 

Figure 32. A pyrrolysine in the binding pocket of the PylRS, with key components of the 

complex indicated. Adapted with permission from Chem. Biol. 2008, 15, 1187-97. 

 

Previously, Deiters et al. and others
362

 have investigated both wild type and 

engineered variants of PylT/PylRS pairs to incorporate various UAAs in proteins in both pro- 

and eukaryotes,
360, 363

 Thus, several PylT/PylRS pairs have been investigated for achieving 

site-specific incorporation of a wide range of uniquely functionalized amino acids. Studies 

also revealed a great potential for genetic code expansion through engineering the tRNA 

anticodon by taking advantage of the loose recognition nature of the tRNA anticodon by 

PylRS, to exploit a frameshift codon (e.g.; four-base or five-base) for incorporating 

additional UAAs into the protein.  
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Figure 33. Lysine-based unnatural amino acids 99–104 that are incorporated by wild type 

PylT/PylRS pair. 

 

To further continue the genetic code expansion of organisms via UAAs incorporation, 

here we report the synthesis of a number of lysine analogues 105–113 and their current status 

on site-specific incorporation into model proteins to achieve unique functions (vide infra). 

The UAAs may be catagorized into: 1) photocrosslinking lysine 104, 2) caged lysine 105–

109, 3) fluorescent lysine 110, 4) dithiolane lysine 111, 5) photoswitchable lysine 112, and 6) 

spin labeled lysine 113 (vide infra). 
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Figure 34. Lysine-based unnatural amino acids. The UAA 105–113 are incorporated by 

evolved PylRS variants. 

 

5.2. Genetic code expansion with diazirine lysine and subsequent protein-protein interaction 

Photocrosslinking groups have been used to study biological functions via spatial and 

temporal activation using light.
364-368

 The key component of a photocrosslinking strategy is 

the photoaffinity label that, when activated by UV light of a suitable wavelength, forms a 

highly reactive species called a carbene.
369

 The newly formed carbene may be linked to a 
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biomolecule within a van der Waals radius through a covalent bond.
367

 Previously, the 

photocrosslinking technique has been successfully applied to investigate protein–lipid 

interactions,
369

 small molecule–protein interactions,
370

 oligonucleotide interactions,
371-373

 

oligonucleotide–protein,
374

 and protein–protein interactions.
368, 375-377

  

The site–specific incorporation of a photoaffinity probe using an UAA mutagenesis, 

in vivo, might be beneficial compared to that of post-translational modification with 

photocrosslinking reagent.
378

 The methodology currently in use in the Deiters lab has the 

advantage that a photoaffinity probe can be incorporated site-specifically into any protein in 

its native environment allowing for the direct study of proteins.
379

 This may enable the 

isolation of weak or transient interactions that are not captured by non-covalent affinity 

purification methods such as tandem affinity purification (TAP) tagging that are commonly 

used in proteomics.
380

 

Previously, phenylalanine derivatives containing azido, benzophenone, and diazirine 

groups have been site-specifically incorporated into proteins in E. coli in response to a 

nonsense amber codon using engineered variants of the M. jannaschii tyrosyl tRNA/tRNA 

synthetase (MjTyrT/MjTyrRS) pair.
381, 382

 para-Benzoyl-L-phenylalanine has also been 

incorporated site-specifically into proteins in yeast and mammalian cells using an E. coli 

TyrRS variant that was evolved in yeast to recognize the UAA.
383

 The site-specific 

incorporation of benzophenone, another photocrosslinking molecule, has been used to 

investigate and define protein interactions in a wide range of biological systems.
384, 385
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The bulkiness of the benzophenone group, prolonged lifetime, low-affinity binding, 

and need of extended time of irradiation limit its application to some extent,
377

 and when 

placed at a protein–protein interface may destroy the potential interaction under 

investigation.
378, 379

 Since aromatic amino acids often constitute protein hotspots on protein 

surfaces, substitutions of aromatic amino acids with benzophenone may often hamper the 

binding event under investigation. Here, we present a brief analysis of what we reported in 

the synthesis of an aliphatic crosslinking amino acid called diazirine lysine and its 

incorporation.
378

 Upon site-specific incorporation, the amino acid may serve as a 

complementary method to the use of p-benzoyl-L-phenylalanine and other aromatic or bulky 

photocrosslinking amino acids to investigate protein interactions. 

 

5.2.1. Synthesis of diazirine lysine analogue 

We synthesized the diazirine-lysine 104 starting from commercial 4-hydroxybutan-2-

one (114) and converting it into the corresponding diazirine 115 in two steps (Scheme 10). 

Subsequent activation of the alcohol 115 with disuccinimide carbonate (DSC) in the presence 

of triethylamine gave the corresponding carbonate 116 in 86% yield. Reaction of 116 with 

Boc-lysine in DMF furnished 117 in 88% yield. The acid sensitive nature of the diazirine 

group posed some synthetic challenges to remove the Boc-protecting group, which happened 

to be more difficult than anticipated. Several common protocols (e.g., TFA:DCM (1:4, or 

1:1); HCl in methanol (1.0, or 0.5 M); HCl in dioxane:DCM (1.0 M); all at 0 °C or room 

temperature; with or without a Me2S as a cation scavenger) were employed and reaction 

progress was monitored at different time intervals. All aforementioned conditions led to 
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decomposition of the starting material. Through further screening of deprotection 

conditions,
386

 a clean deprotection was achieved with a 1:20 mixture of TFA in DCE in the 

presence of triethylsilane as a cation scavenger. Finally, the desired amino acid 104 was 

obtained in 76% yield.  

 

 

 

Scheme 10. Synthesis of the diazirine lysine 104. 

 

5.2.2. Incorporation of the diazirine lysine using wild type PylT/PylRS 

Diazirine lysine was incorporated using wild-type PylT/PylRS into myoglobin as a 

model protein in E. coli and human embryonic kidney (HEK293) cells. In these biological 

studies performed by Chou in the Deiters group, a protein-protein crosslink formation was 

also achieved using a glutathione-S-transferase (GST) in E coli. The PylT/PylRS pair was 

transformed in E. coli, with pMyo4TAGpylT,
363

 containing a hexahistidine-tagged 

myoglobin gene with an amber stop codon (TAG) at the 4 position and pBKpylS that 

encodes MbPylRS. Protein expression was induced in culture media containing diazirine 

lysine 104 (1 mM) and arabinose at room temperature overnight and the protein was purified 
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by Ni-NTA chromatography. A moderate yield of about 2 mg diazirine myoglobin per liter 

of bacterial culture was obtained. The Coomassie stained SDS-PAGE of the purified protein 

revealed that the expressed protein is myoglobin (18 kDa), which was confirmed with a 

molecular weight of 18521.94 ± 0.50 Da by ESI-MS, which closely matches the expected 

value of 18522.26 Da.  

Since the PylT/PylRS pair is also orthogonal to mammalian cells; human embryonic 

kidney (HEK293) cells were transfected with two constructs.
351

 The first one is a reporter 

construct encoding an N-terminal mCherry gene, a linker with an amber stop codon (TAG), a 

C-terminal enhanced GFP gene (EGFP), and a HA-tag coding sequence. The second 

construct is a PylT/PylRS expression plasmid. As expected, only the mCherry gene was 

expressed regardless the presence or the absence of diazirine lysine but full-length mCherry-

TAG-EGFP-HA was expressed only in the presence of diazirine lysine (Figure 35). The 

result was also confirmed by Western blot of mCherry-TAG-EGFP-HA with an anti-HA-tag-

antibody. 

 

 



 

92 

 

 

Figure 35. Diazirine lysine incorporation in mammalian cells: A) The mCherry-TAG-EGFP 

reporter constructs. B) Fluorescence micrographs of HEK293 cells expressing mCherry-

TAG-EGFP-HA; PylT, and PylRS. A full-length protein is expressed only in the presence of 

diazirine lysine. C) Western blot of mCherry-TAG-EGFP-HA expression with an anti-HA-

tag-antibody in the absence (left lane) or in the presence (right lane) of diazirine lysine (1). 

Adapted with permission from Chem. Sci. 2011, 2, 480-4. 

 

Then, the diazirine lysine was incorporated in the glutathione-S-transferase (GST) at 

the 52 position, which lies at an interface between monomers in the GST dimer, to 

investigate protein-protein interactions. The target gene pGST52TAGpylT and the MbPylRS 

encoding gene pBKpyls were transformed in E coli for expression in the presence of 

diazirine lysine. The expressed HA-taged-GST protein was purified by Ni-NTA 
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chromatography and exposed to UV light (365 nm) in order to create a photocrosslinked GST 

dimer. Western blot using an anti-His-tag-antibody confirmed the dimer (Figure 36). 

Additionally, E. coli cultures producing diazirine-GST were washed and resuspended in PBS 

buffer and either kept in the dark or irradiated with UV light (365 nm). Subsequent western 

blot analysis of the cellular lysate confirmed the formation of the GST dimer in the presence 

of UV light. 

 

 

 

Figure 36. Diazirine lysine incorporation in GST52TAGpylT target gene: photocrosslinking 

of diazirine-GST to form GST dimer in the presence of diazirine lysine (1), and a UV 

irradiation (365 nm); left lane – no UV and right two lanes – with UV at 10 and 20 minutes 

respectively. Adapted with permission from Chem. Sci. 2011, 2, 480-4. 

 

In summary, an aliphatic diazirine lysine has been synthesized, site-specifically 

incorporated into both bacterial and mammalian proteins, as well as utilized to create a 

photo-crosslink formation between the binding partners. 
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5.3. Genetic code expansion with caged homocysteine using PylT/PylRs pair 

In general, side chains in natural amino acids are both structurally and functionally 

diverse. For instance, out of 20 canonical amino acids, methionine and cysteine are sulfur 

functionalized amino acids, another twelve amino acids contain the heteroatoms nitrogen 

and/or oxygen in their side chains, and the rest of the amino acids bear a hydrocarbon side 

chain. Both cysteine and homocysteine, a metabolized product of methionine, possess a thiol 

group. Therefore, they share sulfur chemistries and participate in many cellular functions 

through oxidation, reduction, or crosslink formation (vide infra).
387-389

 However, unlike 

cysteine and methionine, homocysteine does not incorporate into proteins through 

translation.
390

 

A cellular mechanism that governs the homocysteine and methionine interconversion 

and their subsequent transformation into cysteine (an essential amino acid for translation) has 

been an important topic for further investigation.
391

 Both cysteine and homocysteine have 

specific biological relevance and both of the amino acids are involved in many diseases. For 

instance, homocysteine metabolism is linked with various diseases, including 1) diabetes, 2) 

neurodegenerative or neuropsychiatric diseases such as Alzheimer’s disease, depression, 

Parkinson’s disease, and so on, 3) cardiovascular diseases, 4) aging, and 5) various forms of 

cancers.
387, 391-393

 

Proteins perform biological functions with a proper transformation of genetic 

information.
394

 Protein dynamics and their post translational modifications pose remarkable 

consequences in cellular processes including unanticipated alteration in gene regulation, 

signaling pathways, protein folding, and enzymatic activities.
395

 In order to investigate 
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protein function and dynamics, previously, Deiters et al. reported on site-specific 

incorporation of caged lysine 105 in response to amber stop codon (UAG) by using 

orthogonal PylT/PylRS pairs to study protein function through its post-translational light 

activation.
344, 351

 In particular, the caged lysine is used for studying photochemical control of 

nuclear import of the tumor suppressor protein p53.
396

  

Here, to continue the investigation of protein function through genetic code 

expansion, we synthesized caged homocysteines 106, 118–119 and caged cysteine 107. 

Extensive literature searches (as of April 2013) did not yield any reports on homocysteine 

site-specific incorporation into any protein using the cellular translational machinery. 

However, a nitrosyl homocysteine has been reported to incorporate into proteins by using the 

methionine synthetase (metRS) in E. coli, where S-nitroso-homocysteine was activated by 

metRS to produce the corresponding S-nitroso-Hcy-tRNA complex.
390

 

 

 

 

Figure 37. Caged lysine 105, caged lysine mimics of homocysteine 106, 118–119, and caged 

cysteine 107.  
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The caged homocysteine residue 120 in a protein undergoes photolysis (Norrish type 

II) upon UV irradiation (365 nm) resulting in the hemiaminal intermediate 121. The unstable 

hemiaminal intermediate 121 spontaneously eliminates formaldehyde and ammonia, thereby 

introducing a homocysteine residue 123 into the protein (Scheme 11). 

 

 

Scheme 11. UV-induced decaging of 120 incorporated in a protein.  

5.3.1. Synthesis of caged homocysteine lysine analogues 

Synthesis of caged homocysteine 106 was completed in five steps starting from the 

alcohol 54, which was assembled following a literature procedure.
179

 The alcohol 54 was 

treated with diphosgene and then subsequently with an excess of concentrated aqueous 

ammonia solution that resulted in the amide 124 in 83% yield.
397

 The amide 124 was reacted 

with paraformaldehyde in the presence of 10 mol% K2CO3 in DMSO to provide the desired 

hydroxymethyl amide 125 in 70% yield. The alchohol 125 underwent iminium ion chemistry 

through treatment with TsOH (8 mol%) and the iminium intermediate, which was generated 
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in situ, was trapped by the thiol group of either Cbz or Boc protected homocysteine methyl 

esters 126 or 127, delivering the products 128–129. Both esters 126 and 127 were prepared 

according to reported procedures.
398, 399

 The ester 129 was hydrolyzed with aqueous LiOH to 

the corresponding acid 130 in 94% yield. Finally, the acid 130 was deprotected with a 

mixture of TFA in DCM in the presence of triethylsilane (TES) to furnish the caged 

homocysteine 106 in 78% yield.  

 

 

 

Scheme 12. Synthesis of the caged homocysteine 106. 

 

Decaging experiments were performed in an aqueous solution of caged homocysteine 

106 in PBS buffer (0.1 mM, pH 7.4) and exposure to UV light (365 nm) at increasing time 

intervals (5, 10, 15 min), followed by TLC, HPLC, and mass spec analysis. All the 
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performed test experiments indicated that starting material was slowly consumed, but none of 

the attempted analysis (using either HPLC or mass spectrometry data) confirmed the 

recovery of homocysteine upon irradiation. Thus, further studies on the decaging of 106 after 

incorporation into protein are required to confirm the recovery of homocysteine upon 

photolysis. 

Meanwhile, the caged homocysteine 106 was subjected to site-specific incorporation 

in a model protein mCherry-TAG-EGFP in mammalian cells and sfGFP in E. coli. Since 106 

is structurally similar to the caged lysine 105, it was incorporated by the same evolved 

PylRS.
344

 With the success of the caged homocysteine 106 incorporation, the next step was to 

investigate the roles of carbamate functionality and chain length during unnatural amino acid 

incorporation. Therefore, we prepared the caged thiocarbonate and 118 caged homocysteine 

sulfide 119. The synthesis of 118 was completed in four steps from the alcohol 54, which 

was first treated with disuccinimidyl carbonate in the presence of triethyl amine in 

acetonitrile to obtain the succinimidyl carbonate 131 (Scheme 13). The carbonate 131 was 

reacted with Boc homocysteine methyl ester 127 in the presence of DIPEA in DMF to 

furnish the thiocarbonate 132 in76% yield, which upon hydrolysis with aqueous LiOH at 0 

°C gave the corresponding acid 133 in 47% yield. The low yield was found to be mainly due 

to the partial hydrolysis of the thiocarbonate linkage. Finally, the thiocarbonate 133 was 

treated with TFA in DCM in the presence of TES as cation scavenger to provide the desired 

caged homocysteine thiocarbonate 118 as a yellow solid in 97% yield.  
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Scheme 13. Synthesis of the caged homocysteine thiocarbonate 118. 

 

Similarly, the synthesis of caged homocysteine sulfide 118 was accomplished in four 

steps from the alcohol 54 (Scheme 14). The alcohol was reacted with PBr3 to obtain bromide 

134 in 80% yield. The bromide 134 was reacted with Boc homocysteine methyl ester 127 in 

the presence of K2CO3 in DMF to deliver the sulfide 135 in 66% yield, which upon 

subsequent hydrolysis with LiOH gave the corresponding acid 136 in 92% yield. Finally, the 

thiocarbonate 136 was treated with TFA in DCM in the presence of TES as a cation 

scavenger to provide 119 in 70% yield.  

 

 



 

100 

 

Scheme 14. Synthesis of the caged homocysteine sulfide 119. 

 

Upon completion of the syntheses, the sulfide 119 and thiocarbonate homocysteine 

118 were tested for incorporation using the evolved orthogonal PylRS in E. coli. However, 

neither of the caged homocysteines 118 or 119 was recognized by the synthetase. The 

reduction in chain length as well as the loss of carbamate functionality prevented the 

recognition of these amino acid derivatives by the aforementioned cellular machinery, 

requiring the engineering of a new PylRS through directed evolution.  

 

5.4. Genetic code expansion with caged cysteine using PylT/PylRS pair 

The caged cysteine 107 shares structural similarities with the caged homocysteine 

106, having only one less methylene unit in the side chain. Due to the successful 

incorporation of the caged homocysteine 106 into a protein, the incorporation of other 

structurally similar caged cysteines will be investigated using the same cellular mechinary.  
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Cysteine is the least abundant amino acid in proteins (1.9%) although it is present in 

almost all proteins,
400

 and is one of the most investigated amino acid because of the unique 

chemistry of the thiol group in cellular functions.
394, 401-403

 The functional roles of cysteine 

include  1) ubiquitination,
404, 405

 2) caspase mediated apoptosis,
406, 407

 3) maintenance of 

cellular redox potential,
408

 4) defense against oxidative stress,
409-413

 5) contribution in redox 

signaling pathways,
414, 415

 and 6) protein trafficking and localization.
416-419

  

The unique chemistry of the cysteine side chain residue is accountable for the 

aforementioned broad range of functional roles.
420

 Intrinsic properties of the thiol group, such 

as the large atomic radius of sulfur, environmental sensitivity to pKa, variable oxidation 

states (Figure 38),
409, 421

 and metal chelating properties offer significant advantages to 

accomplish diverse functions in proteins and enzymes.
400

  Cysteine also offers various post 

transcriptional modifications including alkylation, nitrosylation, and oxidation to various 

forms of acids.
421
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Figure 38. Cysteine chemistry illustrated in various oxidation states. 

 

The equilibrium between a cysteine and cysteine-glutathione difulfide is important to 

balance cellular redox potential. Deprotonation of thiol group results in a cysteine 

nucleophile that is crucial for a sulfide mediated nucleophilic reaction (a key step of peptide 

hydrolysis). The pKa of a thiol group of cysteine is approximately 8.5 but may be lowered to 

3.5 in a catalytic environment, allowing enzymatic activity over a wide pH range. The thiol 

group in cysteine protease forms a ‘charge relay dyad’ between an imidazolium ring of a 

histidine residue and the sulfur atom resulting in a hard cysteine nucleophile (pKa 3.5), 

which catalyzes the enzymatic hydrolysis of the peptide bonds.
421

  

Furthermore, the thiol group can be oxidized into a more stable disulfide (S–S) bond. 

The disulfide bond exists in a dynamic and reversible state in the presence of glutathione or 

other reactive thiols.
408

 Studies show that the cysteine-glutathion disulfide couple system, a 
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thiol based redox switch, is a key component for some gene regulation.
402

  Alternatively, the 

formation of a disulfide bond between two cysteine residues results in intra- or 

intermolecular disulfide linkages that can result in a substantial change in protein folding or 

dimerization thereby altering protein function.
422

 Since cysteine posttranslational 

modifications are crucial and informative on a variety of intermediates within cellular 

processes, much progress on protein structure and function has already been achieved 

through various applications of cysteine modifications.
401, 423-426

 

To shed light on the protein dynamics and their roles in cells, a number of state-of-

the-art methods have been developed. Recently, a quantitative method, known as isotopic 

tandem orthogonal proteolysis-activity-based protein profiling (TOP-ABPP), has been used 

to investigate reactive and nonreactive cysteine residues in a native proteome.
427

 Other 

prevalent methods of site-specific cysteine modification include covalent modification of 

side chains,
428, 429

 covalent labeling by enzymes,
430

 affinity labeling,
431, 432

 and amino acid 

mutagenesis via amber suppression methods.
433

  

 

5.4.1. Synthesis of a caged cysteine analogue 

In this section, we report the synthesis of a caged cysteine 107 and its site-specific 

incorporation into proteins. The synthesis was completed in three steps starting from 

previously synthesized alcohol 125, which was used to prepare caged homocysteine 106 

(Scheme 12). The alcohol 125 was reacted with Boc-protected cysteine methyl ester 137 in 

dioxane in the presence of a catalytic amount of TsOH, using similar conditions used for 

preparing caged homocysteine (vide supra), to get caged Boc-cysteine methyl ester 139 in 



 

104 

64% yield. Hydrolysis of 139 using aqueous LiOH furnished the corresponding acid 

(structure not shown) under unaticipated difficulties. The hydrolysis reaction not only formed 

product in low yield but also complicated purification due to the decomposition of the 

starting material. Thus, no further optimization was pursued. Alternatively, the acid-mediated 

coupling of Boc-protected cysteine t-butyl ester 138 gave the corresponding caged cysteine 

ester 140 in 73% yield. Finally, both Boc and t-butyl groups were deprotected in a single step 

using TFA in DCM (1:1) in the presence of TES as a cation scavenger to obtain the desired 

product 107 in 77% yield.  

 

 

Scheme 15. Synthesis of caged cysteine 107. 

 

With the caged cysteine 107 in hand, the site-specific incorporation was performed by 

Jihe Liu in the Deiters laboratory. Because of structural similarities between caged cysteine 

and caged lysine, the same PylRS
344

 was used. As expected, the caged cysteine 107 was 

recognized and successfully incorporated into protein, but with a lower yield then the caged 

homocysteine 107. Further investigation of light activated protein function using both caged 

homocysteine and caged cysteine is in progress in the Deiters Laboratory.   
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Figure 39.  SDS-PAGE indicating site-specific incorporation of caged cysteine 107 and 

caged homocysteine 106 into sfGFP using PylRS. Caged lysine 105 and no UAA were used 

as positive and negative controls, respectively.  

 

5.5. Genetic code expansion with NPP caged lysine using PylT/PylRS pair 

The 2-(o-nitrophenyl) propanol (NPP) caged lysine 108 is also a single-photon caged 

lysine that is similar to our previously reported NPE caged lysine 105.
344, 396

 The NPP caging 

group is preferred to the NPE caging group for two main reasons. First, photolysis of the 

NPP group is twice as fast as that of the NPE caging group.
434

 Second, unlike the NPE 

caging group, it does not yield a toxic o-nitroso carbonyl byproduct upon UV irradiation. 

Photolysis of the NPP caging group proceeds through a β-elimination pathway resulting in an 

active substrate and the o-nitrostyrene, which is a relatively less toxic byproduct (Scheme 

16).
435
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Scheme 16. Mechanism of photolysis of the NPP caged substrate. 

 

5.5.1. Synthesis of NPP-caged lysine analogue 

The NPP caged lysine 108 was synthesized in three steps starting from the alcohol 

143 prepared following a literature procedure.
436

 The alcohol 143 was subsequently reacted 

with DSC in the presence of triethyl amine in acetonitrile to give the corresponding 

succinimdyl carbonate 144 in 94% yield. Boc-lysine was reacted with the activated carbonate 

144 in DMF at room temperature, delivering the caged lysine 145 in 81% yield. Boc-

deprotection of 145 using a TFA:DCM mixture (1:1) in the presence of TES resulted in the 

crystalline TFA salt 108 in 92% yield.  
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Scheme 17. Synthesis of NPP caged lysine 108. 

 

The site-specific incorporation of the newly synthesized NPP-caged lysine 108 was 

then performed in both the Chin Laboratory at MRC-LMB and by Ji Luo in Deiters 

laboratory in mammalian cells. Preliminary results showed that 108 has been site-specifically 

incorporated into the model protein mCherry-TAG-EGFP by using an evolved PylRS variant 

V10 with the mutation Y271A in human embryonic kidney (HEK293) cells, which were 

transfected with two constructs.
351

 The first one is a reporter construct with N-terminal 

mCherry gene, a linker with an amber stop codon (TAG), a C-terminal enhanced GFP gene 

(EGFP), and an HA-tag coding sequence. The second one is the PylT/PylRS expression 

plasmid. As expected, the mCherry gene was expressed regardless of the presence or the 

absence of NPP-lysine but a full-length protein mCherry-TAG-EGFP-HA was expressed 

only in the presence of NPP-lysine 108, indicating specific incorporation of this unnatural 

amino acid (Figure 40). 
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Figure 40. NPP-lysine 108 incorporation in mammalian cells. A) The mCherry-TAG-EGFP 

reporter construct. B) Fluorescence micrographs of HEK293 cells expressing mCherry-TAG-

EGFP-HA, PyltRNA,, and PylRS. A full length protein is expressed only in the presence of 

NPP-lysine 108. 

 

5.6. Genetic code expansion with coumarin-caged lysine using PylT/PylRS pair 

Two-photon excitation techniques offer numerous advantages for biochemical 

investigation at the cellular level,
115, 116

 including 1) higher tissue penetration of up to a few 

hundred micrometers, 2) increase in fluorescence quantum efficiency, 3) minimum 

photobleaching, and 4) a reduced amount of photodamage.
104, 115, 116, 437

 Recent use of two-

photon or multi-photon spectroscopy using fluorescent probes has dramatically improved the 

understanding of protein functions.
438-440
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Furuta et al. reported the first two-photon uncaging group based on a coumarin core 

structure.
117

 They reported that the 6-bromo-7-hydroxycoumarinmethyl (44) caging group 

readily undergoes two-photon photolysis with a δu value 0.72 GM at 740 nm.  Later Bendig 

et al. reported a decaging mechanism of Bhc caged substrates 44 via an ion-pair solvent-

assisted heterolysis pathway (Scheme 3).
118, 119

  

Coumarin based chromophores are one of the most investigated class of fluorescent 

labeling probes for biological studies.
100, 441-443

 The protocols on coumarin functionalization 

and their photophysical properties are well established.
117, 444-448

 There are several advantages 

of using coumarin-based chromophores in cellular imaging applications. In general, 

coumarins 1) exhibit bright and stable fluorescence in aqueous environments, 2) are fairly 

resistant to photobleaching, and 3) have high decaging efficiency.
449

 

Lately, coumarin labeling techniques have been an appealing strategy to label 

biomolecules via site-specific incorporation of coumarin UAAs through unnatural amino acid 

mutagenesis.
450

 In particular, the coumarin amino acid 146 has been genetically encoded into 

FtsZ, a tubulin protein in bacteria.
450

 The same coumarin amino acid has also been 

genetically encoded into the protein colicin E1 channel domain in E. coli to investigate the 

membrane topology of the channel.
451

 To further extend the scope of genetic code expansion, 

we report the synthesis of coumarin lysines 147–149 and their incorporation into proteins. 
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Figure 41. Newly synthesized coumarin lysine amino acids 109, 147–148, and previously 

reported coumarin amino acid, 146. 

 

5.6.1. Synthesis of coumarin lysine analogues 

Hydroxycoumarin lysine 109 was synthesized in 3 steps from the reported coumarin 

alcohol 149. We prepared the alcohol 149 in two steps starting from ethyl 4-

chloroacetoacetate and resorcinol according to a literature procedure.
452

 The alcohol 149 was 

then treated with MOMCl in the presence of DIPEA in DCM to achieve MOM protection of 

the phenolic hydroxy group, delivering 150 in 73% yield. The alcohol 150 was activated 

using nitrophenyl chloroformate in the presence of DIPEA in DCM to obtain the 

corresponding carbonate 151 in 92% yield. The carbonate 151 was then reacted with Boc-

lysine in DMF followed by treatment of the crude product with TFA in DCM (1:1) with TES 

as a cation scavenger.  Both the MOM and the Boc protecting groups were removed in a 

single step resulting in the hydroxycoumarin lysine amino acid 109 in 59% yield as a 

crystalline solid.  
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Hydroxycoumarin lysine 109 was successfully incorporated site-specifically into a 

model protein through the use of an evolved PylRS in mammalian cells by Ji Luo in the 

Deiters lab. However, it resulted in a low yield possibly due to the poor solubility of 109, 

which was found to precipitate in cells. Thus, to increase the solubility, we also synthesized 

the corresponding methyl ester analogue 147. The nitrophenyl carbonate 151 was treated 

with Boc-lysine methyl ester followed by deprotection of MOM and Boc groups as described 

for the coumarin lysine 109 above. However, the methyl ester analogue 153 was found to be 

toxic to cells and also did not improve the solubility. 

Previous studies showed that the decaging efficiency of coumarin may be improved 

by having a bromo substitution on its aromatic ring (vide supra). Therefore, we synthesized 

the bromohydroxy coumarin lysine 147 from the known nitrophenyl carbonate
453

 152 

(Scheme 18). The carbonate 152 was synthesized in four steps from commercially available 

ethyl 4-chloroacetoacetate and bromoresorcinol following a literature procedure.
454

 The 

nitrophenyl carbonate 152 was then reacted with Boc Lysine in DMF followed by treatment 

of the crude product with TFA in DCM (1:1) along with TES as a cation scavenger. Both the 

MOM and the Boc protecting groups were removed in a single step resulting in the 

bromohydroxycoumarin lysine amino acid 147 in 64% yield as a white crystalline solid. 
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Scheme 18. Synthesis of coumarin lysines 109, 147, and 153. 

 

After the synthesis of 148, Ji Luo in the Deiters lab incorporated the amino acid into 

the model proteins sfGFP (Y151TAG) in E. coli and mCherry-TAG-EGFP in mammalian 

(HEK293T) cells by using a PylRS with the mutations Y271A and L274M. LRMS-ESI 

analysis of sfGFP-147 showed a major and a minor species with a mass of 28445.97 Da and 

28524.52 Da, respectively. The minor peak indicates the incorporation of 147 in sfGFP 

(observed at 28524.52 Da and calculated 28523.69 Da) where as the major species represents 

sfGFP-147 dependent protein with a loss of about 79 Da. However, no loss in mass was 

observed on LRMS-ESI analysis of the sfGFP-109 (observed 28446.60 ± 0.50 Da and 

calculated 28446.28 Da). Although the exact reason for the loss of 79 Da in protein is not 

known at this point, the loss is consistent with the loss of a bromine atom from 147. Further 

studies are in progress.  
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Figure 42. SDS-PAGE indicating site-specific incorporation of hydroxycoumarin lysine 109 

and Bhc lysine 147 (lane 2) into sfGFP using PylT/PylRS pair. 

 

In order to utilize coumarin fluorescence for protein labeling, coumarin fluorescent 

lysine 148, a higher homologue of 109, was synthesized. The addition of one more 

methylene unit at the 4-position was anticipitated to inhibit decaging but not affect its 

fluorescent properties. Thus, the coumarin lysine 148 was synthesized in three steps from the 

alcohol 154, following a literature procedure involving two steps from resorcinol and 

acetonedicarboxylic acid.
455

 

The alcohol 154, as described before in Scheme 18, was treated with MOMCl in the 

presence of DIPEA in DCM to achieve selective MOM-protection of the phenolic hydroxy 

group resulting in 155 in 90% yield. The MOM-protected alcohol 155 was activated using 

nitrophenyl chloroformate in the presence of Cs2CO3 in DCM to obtain the carbonate 156 in 

33% yield. Use of different bases (such as K2CO3 or DIPEA) and other solvents (THF or 

dioxane) did not improve the yield. Additionally, the poor solubility of the product in 

common organic solvents posed issues during purification using typical column 

chromatography. Attempted purification of the product by crystallization did not improve the 

yield either. The carbonate 156 was reacted with Boc lysine in DMF and subsequently 

treated with TFA in DCM (1:1) with TES as a cation scavenger, removing both the MOM 
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and the Boc protecting groups in a single step and delivering the amino acid 148 in 61% 

yield as a crystalline solid.   

 

 

Scheme 19. Synthesis of coumarin lysine 148. 

 

The coumarin lysine 148 was then incorporated into sfGFP (Y151TAG) using the 

same evolved orthogonal PylRS that was used for 109 in E. coli. The incorporation 

experiments were performed by Ji Luo in the Deiters laboratory and are still in progress. 

 

 

Figure 43. An SDS-PAGE gel indicating site-specific incorporation of 148 into sfGFP using 

PylT/PylRS. The lysine 109 and no UAA were included as positive and negative controls, 

respectively.  
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5.7. Genetic code expansion with fluorescent lysines using PylT/PylRS pair 

Protein labeling with fluorescent tags has provided significant insight into protein 

dynamics, protein localization and protein-protein interactions.
456

 Fluorescent probes have 

been used to investigate real time dynamics and cellular functions in vivo.
457

 Numerous 

protein labeling tags or small molecules have been discovered over the decades to study 

cellular organization.
313, 458

 These methodologies have remarkably expanded the 

understanding of molecular processes at the cellular level and the progress on methods of 

molecular imaging have illustrated an immense future prospect of labeling probes.
438, 439, 441

 

A number of protein and peptide tags for fluorescent labeling have been developed by 

assessing their advantages or disadvantages for biological relevance (vide supra). 

While protein and peptide tags have specific advantages and disadvantages, they 

should generally be
457, 459

 1) small in size to minimize interference with the molecule of 

interest, 2) specific in order to label only the intended target, 3) quantitative and fast reacting, 

4) permeable to enable labeling in cells, and 5) non-toxic. Smaller peptide tags for 

fluorescent labeling, such as the tetracysteine tag or His tag, have a significantly smaller size 

in comparison to fusion protein domain tags.
460

 However, these smaller tags suffer from 

background staining and require substantial washing to optimize fluorescence imaging. 

Hence, there are many factors to consider when choosing an optimal fluorescent tag. 

Instead of conducting a two-step process by 1) creation of recombinant proteins 

containing a labeling tag and 2) selective labeling of the protein with a suitable fluorophore, a 

fluorescent amino acid could be genetically encoded into the protein by using amber 

suppressor methods (Chapter 5.6).
328
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Here, we expand the fluorescent labeling of proteins via site-specific incorporation of 

aminophthalimides, fluorophores that are highly sensitive to their local environment.
441, 461, 

462
 The photophysical properties of the aminophthalimides have been widely studied because 

of their potential use as sensors for cellular applications.
463-465

 For example, dimethyl 

aminophthalimide was incorporated into nucleosides for studying DNA-protein interactions 

by exploiting its exceptional sensitivity to the environment.
466

 Both the 4-aminophthalimide 

160 and 4-(dimethylamino)phthalimide 168 are highly sensitive fluorophores displaying 

solvatochromism, a phenomenon by which a fluorophore changes its photophysical 

properties such as fluorescence lifetime, emission wavelength, and quantum yield based in 

response to the polarity of the medium.
463

  

 

5.7.1. Synthesis of 4-aminophthalimide and 4-(dimethylamino)phthalimide lysine analogues 

Here, we report the synthesis of fluorescent lysine analogues bearing  

aminophthalimide probes namely 4-aminophthalimide lysine 160 and 4-

(dimethylamino)phthalimide lysine 168. Both the 160 and 168 are primarily chosen because 

of their 1) extraordinary sensitivity to the change in their local environment, 2) small size, 

which has always been advantageous for unnatural amino acid recognition by PylRS, and 3) 

the straight forward and high yielding synthesis. 

Our synthesis of 4-aminophthalimide lysine 160 was accomplished in three steps 

from the alcohol 157. The alcohol 157 was synthesized from commercially available 4- 

nitrophthalic acid.
467, 468

 The alcohol 157 was activated with dissccinimidyl carbonate in the 

presence of triethylamine in acetonitrile and the resulting product, when reacted with Boc-
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lysine, in DMF gave the corresponding 4-nitrophthalimide lysine 158 in 87% yield. The 

reduction of nitro group on 158 with tin(II) chloride in the presence of ammonium acetate in 

MeOH furnished the amino lysine 159 in 92% yield.
469

 The amino lysine 159 was treated 

with TFA in DCM (1:1) in the presence of TES as a cation scavenger, to provide the 

aminophthalimide lysine 160 in 80% yield as a crystalline solid.   

 

 

Scheme 20. Synthesis of 4-aminophthalimide lysine 160. 

 The 4-aminophthalimide lysine 160 was then site-specifically incorporated into 

myoglobin using the evolved orthogonal PylRs variant EV3 in E. coli (Figure 44). This 

PylRS variant contains the mutations L274V, C313V, and M315Q. Similarly, dimethyl 

aminophthalimides are found to be useful in a variety of biological applications (vide supra). 

Particularly, dimethyl substitution at nitrogen substantially alters both the bulkiness 

(hydrophobicity) and the basicity (caused from electron donating methyl groups) thereby 

altering the photophysical properties.
470, 471

  Thus, we investigated the synthesis of dimethyl 

aminophthalimide lysines 110 and 168, and their site-specific incorporation into proteins.  
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Both the 4-(dimethylamino)phthalimide lysines 110 and 168 were synthesized from a 

known anhydride
472

 161 (Scheme 21). The only difference between 110 and 168 is the linker 

chain length between the fluorophore and the lysine. The alcohol 162 was prepared according 

to a reported procedure
473

 and was subsequently reacted with DSC in the presence of 

triethylamine in acetonitrile to deliver the corresponding succinimidyl carbonate 164 in 93% 

yield. Boc-lysine was reacted with the carbonate 166 in DMF at room temperature to obtain 

the lysine 166 in 96% yield. Finally, the Boc-deprotection of 166 using a TFA/DCM mixture 

(1:1) in the presence of TES resulted in 110 in 90% yield as a white crystalline solid. The 

amino acid 168 was synthesized using the same procedure that was used for the synthesis of 

110 (Scheme 21).  

 

 

 

Scheme 21. Synthesis of the 4-(dimethylamino)phthalimides lysines 110 and 168. 

  

Both 4-(dimethylamino)phthalimides 110 and 168 were tested for their site-specific 

incorporation by Ji Luo in the Deiters laboratory. Lysine derivatives 110 and 168 were 
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successfully incorporated into myoglobin by using the same evolved orthogonal PylRS 

Variant EV3 in E. coli (Figure 44) that was used for 160 and the further studies are currently 

in progress. 

 

 

 

 

Figure 44. SDS-PAGE indicating site-specific incorporation of the fluorescent lysines 110 

and 168 into myoglobin using the PylRS variant EV3. Positive (99) and negative (– UAA) 

were included as well. 

 

 5.8. Genetic code expansion with azobenzene lysine using PylT/PylRS pair 

Azobenzene 78 exists in either a planar thermally stable trans (E) or a compact meta-

stable cis (Z) conformation (Chapter 3, Figure 22).
269

 The trans-cis isomerization of 

azobenzene can be achieved by exposing it to UV light (365 nm) and the cis-trans 

isomerization may be accomplished by using either blue light or allowing it to relax back to 

the thermally stable state.
270

 After the first report on cis-trans isomerization of azobenzene in 

a model membrane,
278

 there has been  significant progress regarding the studies on 

azobenzene photoswitches for biomolecules.
268, 269, 276, 277
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In general, because of its exceptional photophysical properties (vide supra), studies 

on azobenzene covered a broader context including both material as well as biological areas 

including nucleic acids, peptides, proteins, and lipids.
270, 279-281

 Azobenzene represents a 

versatile biological switch because of its 1) orthogonality with biological systems, 2) 

robustness with extraordinary photophysical properties (vide supra), and 3) ease of protein 

side chain manipulation. But they also have some limitations, such as reduction of an azo 

moiety in cells and low quantum yield due to its reversibility at photo steady states.
269

 The 

azo moiety may be reduced in the cellular environment particularly because of the abundance 

of glutathion in the 1-10 mM range.
474

 Glutathion, a tripeptide, is a defensive agent against 

oxidative stress such as reactive oxygen species or free radicals.
475

 In particular, electron 

poor azobenzene derivatives (acid, amide, ester, or ketone at 4 or 4ʹ position) may easily be 

reduced in cells due to the presence of glutathion.
279

 

Several approaches have been employed to integrate azobenzene photoswitches into 

proteins. Particularly, protein functionalization with an azobenzene may be achieved by 1) 

solid-phase peptide synthesis followed by native chemical ligation,
279, 476

 2) performing site-

directed mutagenesis to allow thiol nucleophilic substitution with halo-azobenzene,
280, 281

 3) 

employing a thiol-ene click reaction,
477

 4) Staudinger-Bertozzi ligation,
478

 and 5) nonsense 

amber suppressor method using the cellular mechinery.
479

 

Accomplishments on azobenzene photoswitches further illuminate the future 

relevance of photoswitching strategies to monitor biological functions. Some of the recent 

studies on azobenzene photoswitching with light may include 1) the control of enzymatic 

activities of a restriction enzyme,
480

 2) the design of light controlled DNA-binding 
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proteins,
277

 3) the development of photochromic ion channels and AMPA receptors,
481, 482

 

and 4) the regulation of cell adhesion.
483

 

 

5.8.1. Synthesis of photoswitchable azobenzene lysine analogues 

We wanted to extend the scope of genetic code expansion by incorporating the 

photoswitchable azobenzene lysine derivatives 169–171 (Figure 45 and Scheme 22). The 

rationale behind each of the amino acid selections was primarily based on its structure-

property relationship. It was anticipated that amino acid 169 having a carbamate at the para 

position would likely be incorporated with greater efficiency because of its small size. Yet, 

the activation of the 4-(phenyldiazenyl) phenol was unsuccessful, most likely due to 

carbonate (dimer) formation (structure and reaction scheme not shown). Attempted 

experiments using DSC, diphosgene, and p-nitrophenyl chloroformate with a variety of bases 

such as K2CO3, DIPEA, and TEA in different solvents (e.g., THF, DCM and CH3CN) did not 

yield the desired carbonate intermediates (not shown), an intermediate en route to the 

synthesis of 169. Alternatively, the activation of (4-(phenyldiazenyl)phenyl)methanol, a 

precursor to 170 using aforementioned conditions did not improve yields beyond 28% 

(structure not shown). From a synthetic perspective, it would be better to explore alternative 

candidates. Therefore, we focused on the azobenzene lysine 171.  
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Figure 45. Azobenzene lysine analogues 112, and 169–170.  

 

The synthesis of the azobenzene lysine 112 was accomplished in four steps starting 

from commercially avilable 2-(4-aminophenyl)ethanol (Scheme 22). The 2-(4-

aminophenyl)ethanol was converted into the alcohol 171 using nitrosobenzene in acetic acid 

following a literature procedure.
484

 Activation of the alcohol 171 with disuccinimide 

carbonate in the presence of triethylamine resulted in 172 as an orange solid in 96% yield. 

The activated carbonate 172 was reacted with Boc-lysine in DMF to deliver 173 in 97% 

yield. Our attempt to prepare a TFA salt of 112 from 173 using standard Boc deprotection 

conditions using TFA in DCM caused decomposition of the starting material. Finally, Boc 

deprotection of 173 was acomplished using 4 M HCl at room temperature, delivering the 

hydrochloride salt of azobenzene lysine 112 in 92% yield as a crystalline orange solid.  
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Scheme 22. Synthesis of the azobenzene lysine 112. 

 

 After the synthesis of the azobenzene lysine 112, site-specific incorporation was 

tested (by Ji Luo and Jihe Liu in the Deiters laboratory) into proteins using a panel of 

evolved PylRSs. Unfortunately, the lysine 112 was not incorporated by any of the tested 

synthetases. Thus, further engineering of the PylRS may be required for achieving site-

specific incorporation of 112 into proteins. 

 

5.9. Genetic code expansion with dithiolane lysine using PylT/PylRS pair 

Dithiolanes are five membered heterocyclic disulfide compounds, which display 

potent antioxidant properties.
485, 486

 Lipoic acid (174), asparaguasic acid (175), and 

tetranorlipoic acid (176) (see structures on Figure 46) represent a few examples of 

dithiolanes.
487, 488

 Among them, lipoic acid (174) has been widely used as a model compound 

in a variety of studies regarding its antioxidant activities.
489, 490

 Additionally, dithiolanes 

possess a wide range of potential applications that could be explored by studying their redox 

and metal chelating properties.
491
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Figure 46. Lipoic acid (174), asparaguasic acid (175), and tetranorlipoic acid (176). 

 

Dithiolane moities can be used to generate two gold-sulfide bonds in biomolecule-

gold nanoparticle conjugates.
492-494

 In general, three different approaches have been adopted 

to prepare biomolecule functionalized gold-nanoparticle (AuNPs) conjugates using lipoic 

acids (Figure 47). In the first method, lipoic acid is incubated with gold nanoparticles under 

suitable conditions. A stable and uniform colloidal mixture can be prepared with no 

aggregation of the gold particles by introducing repulsive negative charges of the carboxylate 

anions on nanoparticles. The carboxylic acid moieties on these nanoparticles are then 

coupled with molecules of biological interest (Figure 47a) to obtain functionalized 

nanoparticles.
495, 496

 For example, a horseradish peroxidase-gold nanoparticle conjugate can 

be used as an electrochemical sensor.
497
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Figure 47. Strategies of immobilizing proteins on gold nanoparticles using a lipoic acid 

group. a) Lipoic acid-gold conjgate functionalization with protein. b) Lipoic acid 

functionalized protein can be immobilized onto gold nanoparticles (POI = protein of 

interest). 

 

In the second approach, the lipoic acid probe is at first coupled to the molecule of 

interest such as a protein or nucleic acid via chemical or enzymatic methods.
498,499

 The 

functionalized molecule is then immobilized onto gold nanoparticles under suitable 

conditions (Figure 47b).
500

 Lipoic acid modified proteins have been conjugated with specific 

affinity fluorophore probes or quantum dots for the study of protein-protein interaction.
501, 502

 

To our knowledge (as of April 2013), there is no report on site-specific incorporation 

of any dithiolane amino acid. Thus, we wanted to expand our lysine analogues by adding a 

new dithiolane lysine to explore the potential application of dithiolanes in proteins via 

unnatural amino acid mutagenesis. We proposed dithiolane lysines 111 and 177 (Figure 48) 

due to the relatively short linkers, which aids in the recognition of amino acids by the cellular 
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machinery. Upon its site-specific incorporation into proteins, the dithiolane probe may be 

investigated for 1) studying metal chelating properties, 2) sensing reactive oxygen species or 

oxidants such as hydrogen peroxide, hydroxyl radicals etc, 3) modulating thiol-redox 

switches, 4) inducing enzymatic activities, and 5) building protein-gold nanoparticle 

conjugates. 

 

 

Figure 48. Proposed dithiolane lysines 111 and 177. 

 

5.9.1. Synthesis of dithiolane lysine analogues 

We proposed that the dithiolane lysine 177 could be synthesized from the dithiolane 

acid 178, which would be prepared from the commercially available lactone 179 (Scheme 

23a). Thus, the synthesis commenced with the lactone 179 by reaction with Br2 in CCl4 in the 

presence of a catalytic amount of PBr3 in MeOH under reflux, following a reported 

procedure,
503

  to obtain the dibromide 180 in 82% yield. The dibromide 180 was then treated 

with potassium thioacetate in DMF to deliver the corresponding dithioacetate 181 in 87% 

yield.
504

 The acetate groups of the dithioacetate 181 were then removed using K2CO3 in 

MeOH. The resulted crude reaction mixture was neutralized with aqueous HCl (1 M) and the 

reaction mixture was treated with aqueous FeCl3 while stirred in a diethyl ether:water 

biphasic system, allowing dithiol oxidation to form the dithiolane 178 in 92% yield.
505

 
506
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The ester 178 was hydrolyzed using aqueous LiOH to deliver the corresponding acid 182 in 

73% yield. Next, we attempted the selective reduction of the carboxylic acid moiety of 182 

using diborane, a chemoselective reducing agent.
507

 The reduction of 182 simultaneously 

reduced both the acid functionality as well as the disulfide bond (structure not shown). Thus, 

the selective reduction of the acid moiety of 182 in the presence of such a labile disulfide 

linkage remained challenging.  

  

 

Scheme 23. a) Retrosynthetic analysis of the proposed synthesis of dithiolane lysine 177. b) 

Progress towards the synthesis of dithiolane alcohol 183. 

 

Alternatively, we started the synthesis of the symmetric dithiolane molecule 189 

(Scheme 24) as a precursor for the desired lysine derivative 111. Following literature 

procedures
508

 
509

  the hydroxyl group of 1,3-dibromopropanol was protected either with a 

TBDMS or a THP group resulting in dibromide ethers 185 or 186, respectively. The 

bromides 185 or 186 were separately reacted with potassium thioacetate in DMF in the 
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presence of KI to get the corresponding dithioacetates 187 or 188, respectively. Both 187 and 

188 were then subjected to a one-pot hydrolysis followed by oxidation as previously 

reported.
505

 
506

 However, in our attempted experiments, starting materials decomposed and 

formed visible aggregates. We then tested an alternative synthetic route as shown in Scheme 

25.  

 

Scheme 24. Towards the synthesis of dithiolane 189.  

 

The outcomes of Schemes 23 and 24 indicated that electron-donating groups in these 

dithiolanes may not tolerate the oxidation step. With this in mind, we proposed a new 

approach for the synthesis of the dithiolane lysine 111 (Scheme 25), where the alcohol 

functionality would be protected with an electron-deficient group. Accordingly, the synthesis 

of the dithiolane lysine 111 was accomplished in six steps starting from 1,3-

dibromopropanol. The propanol 184 was activated by reaction with disuccinimidyl carbonate 

in the presence of triethylamine in acetonitrile to obtain the dibromide carbonate 190 in 52% 

yield. The carbonate 190 was reacted with Boc-lysine methyl ester in DMF to deliver the 

dibromide lysine ester 191 in 90% yield. The dibromide 191 was treated with potassium 

thioacetate in the presence of KI in DMF to furnish the corresponding dithioacetate lysine 

ester 192 in 94% yield. The hydrolysis of dithioacetate groups in 192 using K2CO3 in MeOH 
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followed by oxidation using iodine in the presence of sodium acetate in a CHCl3:H2O 

biphasic system was performed as reported previously
510

 and resulted in the desired 

dithiolane lysine ester 193 in 84% yield. The dithiolane ester 193 was treated with aqueous 

LiOH in dioxane to furnish acid 194 in 91% yield. Finally, the Boc group was deprotected by 

treating 194 with aqueous HCl to obtain the desired dithiolane lysine 111 as a crystalline 

solid in 75% yield. 

 

 

Scheme 25. Synthesis of the dithiolane lysine 111.  

 

 The newly synthesized dithiolane lysine 111 was then tested for its site-specific 

incorporation into proteins. In experiments performed by Jihe Liu in the Deiters lab, the 

PylRS variant EV13-1, containing the mutation Y349F, was used to incorporate 111 into 

sfGFP (Y151TAG) in E. coli. The SDS-PAGE shown in Figure 49 demonstrates the site-
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specific incorporation of 111 into sfGFP. Further, studies including surface immobilization 

of sfGFP-dithiolane on the gold surface are currently being explored by Jihe Liu. 

 

 

Figure 49. SDS-PAGE indicating site-specific incorporation of the dithiolane lysine 111 into 

sfGFP using the PylRS variant EV13-1. 

 

5.10. Genetic code expansion with a spin labeled lysine using PylT/PylRS pair 

Electron paramagnetic resonance (EPR) spectroscopy based on nitroxide spin 

labeling of biomolecules is one of the common techniques to study the localization and 

dynamics of biomolecules.
511, 512

 EPR spectroscopy is exceptionally sensitive to the 

anisotropy of the spin probe in the presence of an external magnetic field and provides 

information on the local environment.
511, 513

 In the presence of an external magnetic field, the 

spin probe provides an EPR signal with hyperfine splitting (Figure 50).
511

 The line shape 

simulations of the EPR spectra enable investigations on global molecular tumbling as well as 

its conformation.
511, 514
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Figure 50. Illustration of anisotropy of the electron spin (in Z-axis) in a nitroxide and b) a 

typical EPR signal of a TEMPO free radical. R = H or substrate. 

 

The Site Directed Spin Labeling-EPR (SDSL-EPR) method has been used to study 

membrane proteins for investigating their topographies, orientation onto the membrane 

surface, and electrostatic potentials.
512, 515

 The SDSL-EPR technology has been used mainly 

because of 1) sufficient sensitivity to measure molecular dynamics on a nanosecond time 

scale,
516, 517

 2) feasible to use physiological measurement conditions,
516

 3) its ability to study 

biological specimens with heterogeneous states,
518, 519

 SDSL-EPR technique involves 

introducing a cysteine residue at specific site of a protein followed by the covalent labeling 

with a sulfhydryl-specific spin probe.
520

 SDSL-EPR technique is often complementary and 

sometimes superior to x-ray crystallography for exploring dynamic or transient states of 

macromolecules that can often be difficult to crystallize.
521

 

In general, EPR benefits from larger electron spin magnetic moments compared to 

those of the nuclear spin in nuclear magnetic resonance (NMR) methods.
522

 The EPR line 

shape may be simulated with fewer numbers of data sets such as free rotation in space, 

rotational diffusion or translation, and fewer numbers of nuclear coupling constants. NMR 

data sets include several variables, for example the Nuclear Overhauser Effect (NOE), J 
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couplings in multiple levels, chemical shifts, and anisotropy on rotational diffusion, causing 

complications in the analysis.
523

 

 

5.10.1. Spin-labeled lysine incorporation using a PylT/PylRS pair 

Recently, site-specific incorporation of a spin-labeled amino acid probe into protein 

via UAA mutagenesis has been reported in an in vitro protein expression.
524

 However, 

incorporation in live cells may be challenging due to potential reduction of the N-oxide in a 

cellular environment.  Since, TEMPO is a well-studied biophysical probe, TEMPO-labeled 

lysine 200 is expected to be a suitable EPR probe.
524

 Here, we want to introduce spin labeled 

TEMPO lysine 200 and its precursor N-hydroxyl TEMP-lysine 199 into proteins, which 

could be oxidized by using either oxygen (air), an oxidizing agent such as hydrogen 

peroxide,  or a radical initiator (Scheme 26).
525

  

 

 

Scheme 26. Oxidation of TEMP(OH) lysine 195 into a spin TEMPO lysine 113.  

 

We synthesized the TEMP(OH) lysine 195 in four steps, starting from the 

commercially available TEMPO alcohol 196 (Scheme 27). Activation of the TEMPO alcohol 
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196 with disuccinimidyl carbonate (DSC) in the presence of triethylamine resulted in 197 in 

83% yield. The TEMPO derivative 197, upon reacting with Boc-lysine in DMF, furnished 

the Boc-protected TEMPO lysine 198 in 90% yield. Boc-protected 198 was then treated with 

a TFA:DCM (1:1) mixture at room temperature to generate the TFA salt 113 in 78% yield. In 

order to achieve the synthesis of 195, nitroxide radical reduction followed by deprotection 

steps was performed. Reduction of the Boc-protected TEMPO lysine 198 with Na2S2O4 in 

acetone:water (1:1) delivered the TEMP(OH) lysine 199 as a crystalline white solid in 95% 

yield.
525

 Finally, Boc deprotection of 199 using a mixture of TFA:DCM (1:1) at room 

temperature furnished the desired amino acid 195 in 70% yield.  

 

 

Scheme 27. Synthesis of TEMPO lysine 113 and TEMP(OH) lysine 195. 
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 The spin-labeled lysine 113 and its precursor 195 were then tested for their site-

specific incorporation into proteins. In experiments performed by Ji Luo in the Deiters lab, 

the evolved PylRS EV3 used for fluorescent lysines 160 was investigated to incorporate 195 

and 113 into sfGFP in E. coli. The SDS-PAGE depicted in Figure 51 demonstrates the site-

specific incorporation of 113 and 195 into the protein sfGFP. Further, LRMS-ESI analysis of 

the sfGFP-195 indicates a species with a mass of 28361.61Da, which is about 65 Da less than 

that of the calculated mass (28425.54 Da). At this point, the cause of the loss of 65 Da is not 

known. Further studies are in progress. 

 

 

 

Figure 51. SDS-PAGE indicating site-specific incorporation of TEMPO lysine 113 and 

TEMP(OH) lysine 195 into sfGFP. Positive (99) and negative (– UAA) controls were 

included as well.  
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5.11. Experimental data for synthesized compounds 

2-(3-Methyl-3H-diazirin-3-yl)-ethanol (115). 4-Hydroxy-2-butanone (114, 10 g, 0.11 mol) 

was slowly added to liquid NH3 (60 mL) at –78 °C. Stirring was continued for 5 h at the 

same temperature. Next, a solution of hydroxylamine O-sulfonic acid (14.1 g, 0.120 mmol) 

in methanol (100 mL) was slowly added to the reaction mixture at –78 °C. The reaction 

mixture was then allowed to warm to room temperature and stirring was continued for an 

additional 12 h. The resulting white precipitate was filtered off and was discarded. The 

volume of the filtrate was reduced to ~100 mL and methanol (100 mL) and Et3N (15 mL) 

were added to the mixture, followed by cooling the solution to 0 ºC in an ice bath. Iodine 

(~14 g) was added slowly at 0 ºC until the yellow color was persistent. The reaction mixture 

was allowed to warm to room temperature and stirring was continued for 2 h. The volume of 

the reaction mixture was reduced to 100 mL under reduced pressure, brine (200 mL) was 

added, and the aqueous layer was extracted with diethyl ether (3 × 20 mL). The combined 

organic layers were dried over anhydrous Na2SO4, filtered, and the volume of the filtrate was 

reduced to 10 mL under reduced pressure.  The crude product was subjected to vacuum 

distillation (65 ºC, 9.0 mmHg) to obtain 115 (4.5 g, 39% yield) as a yellow oil. The analytical 

data matched the data reported in the literature.
526

 

 

2,5-Dioxopyrrolidin-1-yl (2-(3-methyl-3H-diazirin-3-yl)ethyl) carbonate (116). N,N-

disuccinimidyl carbonate (2.95 g, 11.5 mmol) and Et3N (4 mL) were added to a solution of 

the alcohol 115 (770 mg, 7.70 mmol) in dry acetonitrile (20 mL) stirred at room temperature 

under an argon atmosphere. Stirring was continued for 16 h at room temperature. The solvent 
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was removed under reduced pressure and the crude product was purified by column 

chromatography on silica gel, using acetone:chloroform (20:1), to obtain 116 (2.5 g, 83%) as 

a white solid. 
1
H NMR (400 MHz, CDCl3) δ = 4.17 (t, J = 6.4, 2H), 3.25 (s, 4H), 1.66 (t, J = 

6.4, 2H), 0.99 (s, 3H). 
13

C NMR (100 MHz, CDCl3) δ = 168.9, 151.4, 66.5, 33.8, 25.6, 19.9. 

LRMS-ESI (m/z) [M+Na]
+
 calcd for C9H11N3O5Na: 264.05, found 264.10. 

 

(R)-2-((tert-Butoxycarbonyl)amino)-6-(((2-(3-methyl-3H-diazirin-3-

yl)ethoxy)carbonyl)amino)hexanoic acid (117). Boc-lysine (2.70 g, 11.2 mmol) was added 

to a solution of the carbonate 116 (1.8 g, 7.4 mmol) in dry DMF (25 mL) at room 

temperature, under an argon atmosphere. Stirring was continued for 30 h. The reaction 

mixture was poured into water (100 mL) and stirring was continued for 10 minutes. The 

aqueous layer was extracted with diethyl ether (3 × 20 mL) and the combined organic layers 

were washed with brine (2 × 15 mL), dried over anhydrous Na2SO4, and filtered. The filtrate 

was concentrated under reduced pressure to obtain 117 (2.4 g, 88%) as a colorless, viscous 

oil. 
1
H NMR (300 MHz, CDCl3) δ = 10.30 (s, br, 1H), 6.31 (s, 1H), 5.21 (s, 1H), 4.89 (s, br, 

1H), 4.24 (br, 1H), 3.99-3.92 (m, 2H), 3.11 (m, br 2H), 1.77-1.37 (m, 17H), 0.98 (s, 3H); 
13

C 

NMR (100 MHz, CDCl3) δ = 176.6, 156.7, 156.0, 80.2, 60.1, 53.3, 40.7, 34.3, 32.2, 29.4, 

28.5, 22.5, 19.9. LRMS-ESI (m/z) [M+Na]
+
 calcd for C16H28N4O6Na: 395.19, found 395.19.  

 

(R)-2-Amino-6-(((2-(3-methyl-3H-diazirin-3-yl)ethoxy)carbonyl)amino)hexanoic acid 

TFA salt, (104). Boc-aminoacid 117 (600 mg, 1.60 mmol) and triethylsilane (513 µL, 3.20 

mmol) were added to a solution of 5% TFA in dichloroethane (25 mL), stirred at room 
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temperature under an argon atmosphere. Stirring was continued for 12 h. The solvent was 

removed under reduced pressure and the remaining residue was dissolved in MeOH (1.5 

mL). The solution was added dropwise to diethyl ether (100 mL) under vigorous stirring to 

precipitate the crude product. The crdue product was redissolved in MeOH (1.5 mL) and the 

precipitation process was performed twice to obtain 104 (472 mg, 76%) as a white crystalline 

solid. 
1
H NMR (300 MHz, D2O) δ = 4.02-3.98 (t, J = 5.7, 2H), 3.74-3.70 (t, J = 6.0, 1H), 

3.14-3.10 (t, J = 6.0, 2H), 1.75-1.70 (m, 2H), 1.53-1.50 (t, J = 5.7, 2H), 1.42-1.32 (m, 2H), 

1.29-1.24 (m, 2H), 1.03 (s, 3H). 
13

C NMR (75 MHz, D2O) δ = 60.6, 54.6, 40.0, 33.4, 30.1, 

28.7, 26.5, 25.1, 23.3, 21.7, 18.8. LRMS-ESI (m/z) [M+H]
+
 calcd for C11H21N4O4: 273.30, 

found 273.15. 

 

1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl carbamate (124). Diphosgene (1.20 mL, 10.4 

mmol) and K2CO3 (2.50 g, 18.8 mmol) were added to a solution of the alcohol 54 (2.0 g, 9.4 

mmol) in dry THF (30 mL) stirred at 0 °C under an inert atmosphere. Stirring was continued 

for 12 h and the reaction mixture was allowed to warm to room temperature. The reaction 

mixture was concentrated under reduced pressure, DCM (50 mL) was added, and the organic 

layer was and washed with brine (2 × 20 mL). The organic layer was dried over anhydrous 

Na2SO4 and filtered. The filtrate was concentrated under reduced pressure and the residue 

was dissolved in THF (20 mL). The solution was cooled to 0 °C in an ice bath followed by 

addition of a concentrated aqueous solution of ammonium hydroxide (20 mL, 14.8 M) under 

vigorous stirring to precipitate the crude product. Stirring was continued for 2 h at the same 

temperature to induce complete precipitation. The volatiles were then removed under reduced 
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pressure to minimize the loss of product because of its partial solubility in THF and the 

precipitate was collected by filtration. The precipitate was washed with water (5 × 30 mL) 

and dried under high vacuum to furnish the carbamate 124 (1.7 g, yield 89%) as a yellow 

solid; mp 189-190 °C. 
1
H NMR (400 MHz, DMSO- d6): δ = 7.57 (s, 1 H), 7.08 (s, 1H), 6.75 

(br, 1H), 6.51 (br, 1H), 6.23-5.91 (m, 1H), 1.46 (d, J = 3.4 Hz, 3H). 
13

C NMR (100 MHz, 

DMSO- d6): δ = 155.6, 152.2, 146.9, 141.1, 135.8, 105.4, 104.6, 103.5, 66.7, 21.7. Due to the 

instability of 124, no mass spec data was obtained. 

 

1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl (hydroxymethyl)carbamate (125). 

Paraformaldehyde (130 mg, 4.32 mmol) and K2CO3 (67 mg, 0.48 mmol) were added to a 

solution of the carbamate 124 (1.00 g, 3.93 mmol) in dry DMSO (10 mL) stirred at room 

temperature under an inert atmosphere. Stirring was continued for 2 h. EtOAc (40 mL) and 

brine (40 mL) were added to the reaction mixture. The organic layer was separated and the 

aqueous layer was extracted with EtOAc (2 × 20 mL). The organic layers were combined, 

washed with brine (2 × 20 mL), dried over anhydrous Na2SO4, and filtered  The filtrate was 

concentrated and the remaining crude product was purified by column chromatography on 

silica gel using acetone:DCM (1:7) to furnish 125 (780 mg, yield 70%) as a white solid. 

1
HNMR (300 MHz, DMSO-d6): δ = 7.98 (t, J = 6.3 Hz, 1H), 7.57 (s, 1H), 7.09 (s, 1H), 6.22 

(s, 2H), 6.02-5.54 (m, 1H), 5.57 (t, J = 6.6 Hz, 1H), 4.35 (t, J = 6.6 Hz, 1H), 1.50 (s, J = 3.1 

Hz, 3H). 
13

C NMR (75 MHz, DMSO-d6): δ = 155.0, 152.2, 147.0, 141.2, 135.4, 105.5, 104.6, 

103.5, 67.1, 64.3, 21.7. LRMS-ESI (m/z) [M+Na]
+
 calcd for C11H12N2O7Na: 307.05; found 

307.00. 
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Methyl 2-(((benzyloxy)carbonyl)amino)-4-(((((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)carbonyl)amino)methyl)thio)butanoate (128). A solution of NaOMe (200 µL, 

5.4 M in MeOH) was added to a suspension of Cbz-protected thiolactone carbamate in 

MeOH (1 mL), stirred at room temperature under an inert atmosphere. Stirring was continued 

for 30 minutes, the reaction mixture was neutralized with aqueous citric acid (5%), and the 

aqueous layer was extracted with EtOAc (2 × 10 mL). The combined organic layers were 

washed with a saturated aqueous solution of NaHCO3 (2 × 10 mL), and brine (10 mL), dried 

over anhydrous Na2SO4, and filtered. The filtrate was concentrated under reduced pressure to 

obtain the Cbz-protected homocysteine methyl ester 126 (212 mg, yield 94 %) as a colorless 

oil. The crude product 126 was used in the next step without further purification. 
1
H NMR 

(300 MHz, CDCl3): δ = 7.37-7.25 (m, 5H), 5.28 (br, 1H), 5.11 (s, 2H), 4.55-4.54 (m, 1H), 

3,76 (s, 3H), 2.60-2.53 (m, 2H), 2.13-1.95 (m, 2H), 1.5 (s, 1H). The Cbz-protected 

homocysteine methyl ester 126 (44 mg, 0.15 mmol) and a catalytic amount (10 mol%) of 

TsOH were added to a solution of the caged alcohol 125 (37 mg, 0.13 mmol) in dry dioxane 

(2 mL) stirred at room temperature under an inert atmosphere. Stirring was continued for 10 

h. EtOAc (10 mL) was added to the reaction mixture, the organic layer was washed with a 

saturated aqueous solution of NaHCO3 (2 × 5 mL) and brine (5 mL), dried over Na2SO4, and 

filtered. The filtrate was concentrated under reduced pressure and the crude product was 

purified by column chromatography on silica gel using Et2O:DCM (1:4) to furnish 128 (48 

mg, yield 67%) as an oil. 
1
H NMR (400 MHz, CDCl3): δ = 7.46-7.44 (m, 1H), 7.36-7.26 (m, 

4H), 6.99 (s, 1H), 6.38-6.25 (m, 1H), 6.10-6.08 (m, 2H), 5.52 (s, 1H), 5.37 (br, 1H), 5.12-

5.10 (m, 2H), 4.40-4.21 (m, 3H), 3.72 (s, 3H), 2.62-2.55 (m, 2H), 2.12-1.99 (m, 2H), 1.54-
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1.51 (m, 3H).  
13

C NMR (100 MHz, CDCl3): δ = 172.8, 152.8, 147.6, 141.9, 136.3, 128.6, 

106.2, 105.7, 103.5, 70.0, 67.5, 53.3, 53.07, 43.2, 33.0, 27.2, 22.5. LRMS-ESI (m/z) [M+H]
+
 

calcd for C24H28N3O10S: 550.14; found 550.00. 

 

Methyl 2-((tert-butoxycarbonyl)amino)-4-(((((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)carbonyl)amino)methyl)thio)butanoate (129). Boc-homocysteine methyl ester 

127 (270 mg, 1.03 mmol) and TsOH (16 mg, 0.08 mmol) were added to a solution of the 

alcohol 125 (1.00 g, 3.93 mmol) in dry dioxane (5 mL), stirred at room temperature under an 

inert atmosphere. Stirring was continued for another 14 h, EtOAc (20 mL) was added to the 

reaction mixture, and the organic layer was washed with a saturated aqueous solution of 

NaHCO3 (2 × 20 mL), and brine (2 × 20 mL), dried over anhydrous Na2SO4, and filtered. 

The filtrate was concentrated under reduced pressure and the crude product was purified by 

column chromatography on silica gel using Et2O:DCM (1:4) to yield 129 (316 mg, yield 

71%) as an oil. 
1
HNMR (300 MHz, CDCl3): δ = 7.48 (s, 1 H), 6.99 (s, 1H), 6.31-6.25 (q, 

1H), 6.11 (s, 2H), 5.46 (br, 1H), 5.19 (br, 1H), 4.38-4.16 (m, 4H), 3.75 (s, 3H), 2.73-2.54 (m, 

2H), 2.07-1.88 (m, 2H), 1.58 (d, J = 3.3 Hz, 3H), 1.44 (s, 9H). 
13

C NMR (75 MHz, CDCl3): δ 

= 172.9, 155.2, 152.6, 147.3, 141.6, 136.3, 105.5, 105.3, 105.2, 80.4, 69.6, 65.9, 52.7, 43.3, 

34.6, 32.7, 28.5, 27.1, 22.3. LRMS-ESI (m/z) [M+Na]
+
 m/z calcd for C21H29N3O10SNa: 

538.14; found 538.10. 
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2-((tert-Butoxycarbonyl)amino)-4-(((((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)carbonyl)amino)methyl)thio)butanoic acid (130). An aqueous solution of LiOH 

(2 mL, 2 M) was added to a solution of methyl ester 129 (300 mg, 0.580 mol) in dry dioxane 

(2 mL) stirred at 0 °C under an inert atmosphere. Stirring was continued for 30 minutes. 

Water (20 mL) was added to the reaction mixture, the aqueous layer was washed with Et2O 

(10 mL), and the organic layer was discarded. Next, the aqueous layer was acidified to pH 

3.0 with an aqueous solution of citric acid (5%). The product remaining in the aqueous layer 

was then extracted with EtOAc (2 × 20 mL). The combined organic layers were washed with 

brine (2 × 20 mL), dried over anhydrous Na2SO4, and filtered. The filtrate was concentrated 

to dryness under reduced pressure to obtain 130 (275 mg, yield 94%) as a yellow foam. 
1
H 

NMR (400 MHz, CDCl3): δ = 7.48 (s, 1 H), 7.00 (s, 1H), 6.27-6.26 (m, 1H), 6.10 (s, 2H), 

5.57 (s, 1H), 5.46-5.36 (m, 1H), 4.36-4.21 (m, 3H), 2.78-2.65 (br, 2H), 2.11-1.96 (br, 2H), 

1.57 (d, J = 3.2 Hz, 3H), 1.4 (s, 9H). 
13

C NMR (100 MHz, CDCl3): δ = 176.0, 152.6, 147.3, 

141.6, 136.2, 105.8, 105.4, 103.3, 70.7, 69.7, 65.9, 52.6, 43.4, 32.5, 28.5, 27.3, 22.3. LRMS-

ESI (m/z) [M+Na]
+
 calcd for C20H27N3O10SNa: 524.13; found 524.10. 

 

2-Amino-4-(((((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)carbonyl)amino)methyl)thio)butanoic acid (106). Triethylsilane (644 µL, 2.34 

mmol) and caged Boc-homocysteine 130 (1.0 g, 1.9 mmol) were added to TFA:DCM (1:1, 

18 mL) and stirred at room temperature for 45 min under an inert atmosphere. The reaction 

mixture was concentrated under reduced pressure and the residue was dissolved in MeOH 

(10 mL). To remove the residual amount of TFA completely from the reaction mixture, the 
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mixture was concentrated again under reduced pressure and the residue was redissolved in 

MeOH. The process was subsequently repeated three times. Finally, the solid was dissolved 

in MeOH (2 mL) and added drop wise to Et2O (200 mL) under vigorous stirring to 

precipitate the crude product. The process of dissolving the product followed by precipitation 

was repeated twice to obtain the caged homocysteine TFA salt 106 (800 mg, yield 78%) as a 

crystalline white solid. 
1
HNMR (400 MHz, CD3OD): δ = 7.48 (d, J = 2.8 Hz, 1H), 7.11-7.09 

(m, 1H), 6.20-6.13 (m, 3H), 4.25-4.14 (m, 2H), 3.86-3.77 (m, 2H), 2.87 (br, 1H), 2.69-1.67 

(br, 2H), 2.22 (br, 1H), 2.07 (br, 1H),  1.63-1.59 (m, 3H). 
13

C NMR (100 MHz, CD3OD): δ = 

172.9, 157.7, 154.1, 148.9, 143.0, 137.1, 106.6, 105.9, 105.0, 70.3, 53.9, 43.4, 32.1, 27.2, 

22.4. LRMS-ESI (m/z) [M+Na]
+
 calcd for C15H20N3O8S: 402.09; found 402.09. 

 

Methyl 2-((tert-butoxycarbonyl)amino)-4-(((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)carbonyl)thio)butanoate (132). Triethylamine (1.90 mL, 14.1 mmol) and 

disuccinimidyl carbonate (1.80 g, 7.10 mmol) were added to the solution of the alcohol 54 

(1.00 g, 4.73 mmol) stirred at room temperature under an inert atmosphere. Stirring was 

continued for 12 h. Next, the solvent was removed under reduced pressure and the crude 

product was directely purified, by column chromatography on silica gel using 

CHCl3:CH3COCH3 (12:1), to furnish succinimidyl carbonate 131 (1.6 g, yield 93%) as a 

white solid. 
1
HNMR (300 MHz, CDCl3): δ = 7.60 (s, 1H), 7.20 (s, 1H), 6.50 ( t, J = 3.3 Hz , 

1H), 6.24 (s, 2H), 2.89 (s, 4H), 1.83 (d, J = 3.3 Hz, 3H). Boc-homocysteine methyl ester 127 

(421 mg, 1.69 mmol) and DIPEA (800 µL, 4.59 mmol) were added to a solution of the 

succinimidyl carbonate 131 (500 mg, 1.53 mmol) in dry DMF (5 mL) stirred at room 
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temperature under an inert atmosphere. Stirring was continued for 14 h. The reaction mixture 

was then concentrated under reduced pressure and EtOAc (20 mL) was added to dissolve the 

remaining crude product. The organic layer was washed with a saturated aqueous solution of 

NaHCO3 (2 × 20 mL), brine (2 × 20 mL), dried over anhydrous Na2SO4 and filtered. The 

filtrate was concentrated under reduced pressure and the remaining crude product was 

purified by column chromatography on silica gel using EtOAc:hexanes (4:6) to furnish 132 

(568 mg, yield 76%) as a yellow solid. 
1
H NMR (400 MHz, CDCl3): δ = 7.48 (s, 1 H), 7.00 

(s, 1H), 6.27-6.26 (m, 1H), 6.12 (s, 2H), 5.08 (d, J = 3.8 Hz, 1H), 4.34 (br, 1H), 3.75-3.72 

(m, 3H), 2.19-2.73 (m, 2H), 2.15-2.12 (m, 1H), 1.96-1.87 (m, 1H) 1.62 (d, J = 3.8 Hz, 3H), 

1.42 (s, 9H). 
13

C NMR (100 MHz, CDCl3): δ = 172.6, 170.0, 155.5, 152.8, 147.6, 141.5, 

135.1, 105.9, 105.5, 103.3, 80.4, 71.6, 52.7, 33.3, 28.4, 27.2, 22.3. LRMS-ESI (m/z) 

[M+Na]
+
 calcd for C20H26N2O10SNa: 509.12; found 509.12. 

 

2-((tert-Butoxycarbonyl)amino)-4-(((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)carbonyl)thio)butanoic acid (133). An aqueous solution of LiOH (4 mL, 2 M) 

was added to a solution of the methyl ester 132 (500 mg, 1.02 mol) in dioxane (4 mL) stirred 

at 0 °C, and stirring was continued for 1 h. Water (30 mL) was added and the aqueous layer 

was washed with Et2O (2 × 20 mL) to remove any unreacted starting material. The aqueous 

layer was acidified to pH 3.0 using an aqueous solution of citric acid (5%) and extracted with 

EtOAc (2 × 20 mL). The combined organic layers were washed with brine (2 × 20 mL), dried 

over anhydrous Na2SO4, and filtered. The filtrate was concentrated to dryness under reduced 

pressure to obtain 133 (275 mg, yield 94%) as an oil. 
1
H NMR (300 MHz, CDCl3): δ = 7.28-
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2-26 (m, 2H), 6.10 (s, 1H), 6.27-6.26 (m, 1H), 5.01 (br, 1H), 4.75-4.73 (m, 1H), 4.33 (br, 

1H), 2.49-2.36 (m, 2H), 2.04-1.80 (m, 2H), 1.53 (d, J = 3.4 Hz, 3H), 1.43 (s, 9H). 

 

2-Amino-4-(((1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethoxy)carbonyl)thio)butanoic acid 

(118). Triethylsilane (155 µL, 0.970 mmol) and caged Boc-homocysteine 133 (230 mg, 

0.480 mmol) were added to a solution of TFA:DCM (1:1, 3 mL) and stirred at room 

temperature for 45 minutes.  The reaction mixture was concentrated under reduced pressure. 

The obtained residue was redissolved in MeOH (2 mL) followed by concentration under 

reduced pressure. The process of MeOH addition followed by concentration was repeated 

twice to remove any residual amount of TFA. Finally, MeOH (500 µL) was added to the 

crude product and the solution was added dropwise into Et2O (50 mL) under vigorous stirring 

to precipitate the crude product. The crude product was redissolved in MeOH (1.5 mL) and 

the process of precipitation was repeated once more to obtain the caged homocysteine TFA 

salt 118 (220 mg, yield 93%) as a white crystalline solid. 
1
H NMR (400 MHz, CD3OD): δ = 

7.51 (s, 1H), 7.08 (s, 1H), 6.43-6.41 (m, 2H), 6.16 (s, 2H), 4.00-3.95 (m,1H), 3.07-2.90 (m, 

2H), 2.25-2.12 (m, 2H), 1.66 (d, J = 3.2 Hz, 3H). 
13

C NMR (100 MHz, CD3OD): δ = 172.1, 

154.8, 149.9, 143.9, 135.8, 107.4, 106.6, 105.7, 73.6, 33.1, 28.9, 22.7. LRMS-ESI (m/z) 

[M+H]
+
 calcd for C14H17N2O8S: 372.06; found 373.07. 

 

5-(1-Bromoethyl)-6-nitrobenzo[d][1,3]dioxole (134).A solution of PBr3 (1.4 mL, 1.0 M in 

THF) was added to a solution of the alcohol 54 (200 mg, 0.94 mmol) in dry DCM (2 mL) 

stirred at 0 °C under an inert atmosphere.  The reaction mixture was warmed to room 
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temperature and the stirring was continued for 12 h.  DCM (10 mL) was added to the reaction 

mixture and the organic layer was washed with a saturated aqueous solution of NaHCO3 (3 × 

10 mL), brine (10 mL), dried over anhydrous Na2SO4, and filtered. The filtrate was 

concentrated under reduced pressure and under high vacuum to obtain the bromide 134 (205 

mg, yield 80%) as a brown solid, which was directly used for the next step without further 

purification. 
1
H NMR (400 MHz, CDCl3): δ = 7.36-7.24 (m, 2H), 6.14 (s, 2H), 5.91-5.88 (m, 

1H), 2.04 (s, 2H). 
13

C NMR (100 MHz, CDCl3): δ = 108.8, 105.1, 103.4, 42.9, 27.7. LRMS-

ESI (m/z) [M+H]
+
 calcd for C9H9BrNO4: 273.97; found 274.27. 

 

Methyl 2-((tert-butoxycarbonyl)amino)-4-((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethyl)thio)butanoate (135). Boc-homocysteine methyl ester 127 (231 mg, 0.870 mmol) 

and K2CO3 (302 mg, 2.19 mmol) were added to a solution of nitropiperonyl bromide 134 

(200 mg, 0.730 mmol) in dry DMF (1 mL) stirred at room temperature under an inert 

atmosphere. The reaction mixture was contineously stirred for 12 h. Then, EtOAc (20 mL) 

was added to the reaction mixture and the organic layer washed with a saturated aqueous 

solution of NaHCO3 (2 × 20 mL), brine (10 mL), dried over anhydrous Na2SO4, and filtered. 

The filtrate was concentrated and the remaining residue was purified by column 

chromatography, on silica gel using EtOAc:hexanes, (1:4) to yield 135 (323 mg, yield 66%) 

as an oil. 
1
H NMR (300 MHz, CDCl3): δ = 7.28-7.23 (m, 2H), 6.11-6.09 (m, 2H), 4.99 (br, 

1H), 4.73-4.69 (m, 1H), 4.30 (br, 1H), 3.71 (s, 3H), 2.38-2.33 (m, 2H), 2.04-1.98 (m, 1H), 

1.81-1.72 (m,1H), 1.55-1.43 (m, 3H), 1.42 (s, 9H). 
13

C NMR (75 MHz, CDCl3): δ = 172.8, 
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155.4, 152.1, 146.9, 143.4, 136.3, 108.2, 104.8, 103.1, 52.6, 39.0, 38.5, 32.8, 28.4, 27.9, 27.6, 

23.2. 

 

2-((tert-Butoxycarbonyl)amino)-4-((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethyl)thio)butanoic acid (136). An aqueous solution of LiOH (2 mL, 2 M) was added to a 

solution of the methyl ester 135 (202 mg, 0.45 mmol) in dioxane (2 mL) stirred at 0 °C. 

Stirring was continued for 1 h, the reaction mixture was diluted with water (30 mL) and the 

aqueous layer was washed with Et2O (2 × 20 mL). The organic layer was discarded and the 

aqueous layer was acidified to pH 3.0 with aqueous solution of citric acid (5%). The product 

remaining in the aqueous layer was extracted using EtOAc (2 × 10 mL). The combined 

organic layers were washed with brine (2 × 20 mL), dried over anhydrous Na2SO4 and 

filtered. The filtrate was concentrated under reduced pressure to obtain 136 (181 mg, yield 

92%) as a foam. 
1
H NMR (300 MHz, CDCl3): δ = 7.27-7.24 (m, 2H), 6.10-6.07 (m, 2H), 

5.01 (br, 1H), 4.77-4.71 (m, 1H), 4.32 (br, 1H), 2.48-2.37 (m, 2H), 2.10-1.78 (m, 2H), 1.54-

1.45 (m, 3H), 1.43 (s, 9H). LRMS-ESI (m/z) [M+Na]
+
 calcd for C18H24N2O8 SNa: 451.11; 

found 451.11. 

 

2-Amino-4-((1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl)thio)butanoic acid (119). 

Triethylsilane (128 µL, 0.790 mmol) and caged Boc-homocysteine 136 (171 mg, 0.390 

mmol) were added to a solution of TFA:DCM (1:1, 2 mL) stirred at room temperature under 

an inert atmosphere. Stirring was continued for 45 minutes. The reaction mixture was 

concentrated under reduced pressure, redissolved in MeOH (2 mL), and reconcentrated. The 



 

147 

process of co-evaporation was repeated twice to remove residual amount of TFA. Finally, the 

crude product was dissolved in MeOH (500 µL) and precipitated in Et2O (50 mL) under 

vigorous stirring. The precipitate was separated by filtration, redissolved in MeOH, and 

reprecipitated in Et2O. The process of dissolution followed by precipitation was repeated 

once more to obtain the caged homocysteine TFA salt 119 (172 mg, yield 70%) as a 

crystalline white solid; mp 82-85 °C. 
1
H NMR (300 MHz, CD3OD): δ = 7.34-7.30 (m, 2H), 

6.12 (s, 2H), 4.77-4.72 (m, 1H), 3.80-3.75 (m, 1H), 2.57-2.48 (m, 2H), 2.09-1.94 (m, 2H), 

1.54 (d, J = 4.0 Hz, 3H). 
13

C NMR (75 MHz, CD3OD): δ = 173.2, 153.9, 148.9, 145.1, 137.0, 

109.1, 106.1, 105.9, 105.1, 54.5, 40.23, 32.3, 28.6, 28.5, 23.5. LRMS-ESI (m/z) [M+H]
+
 

calcd for C13H17N2O6 S: 329.08; found 329.08. 

 

(2R)-Methyl 2-((tert-butoxycarbonyl)amino)-3-(((((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)carbonyl)amino)methyl)thio)propanoate (139). Boc-cysteine methyl ester 137 

(794 mg, 3.37 mmol) and TsOH (54 mg, 0.28 mmol) were added to a solution of the alcohol 

125 (800 mg, 2.81 mmol) in dry dioxane (10 mL) stirred at room temperature under an inert 

atmosphere. Stirring was continued for 14 h, the reaction mixture was diluted with EtOAc 

(30 mL), the organic layer was washed with a saturated aqueous solution of NaHCO3 (2 × 30 

mL) and brine (2 × 20 mL), and then dried over anhydrous Na2SO4 and filtered. The filtrate 

was concentrated under reduced pressure and the remaining crude product was purified by 

column chromatography on silica gel using Et2O:DCM (1:9) to furnish 139 (900 mg, yield 

64%) as an oil. 
1
H NMR (300 MHz, CDCl3): δ = 7.47-7.46 (m, 1H), 7.02-6.96 (m, 1H), 6.29-

6.22 (m, 1H), 6.10 (s, 2H), 5.76 (br, 1H), 5.37 (br, 1H), 4.53-4.20 (m, 3H), 3.76 (s, 3H), 3.17-
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2.86 (m, 2H), 1.57 (d, J = 3.1 Hz, 3H), 1.45 (s, 9H). 
13

C NMR (75 MHz, CDCl3): δ = 171.7, 

155.7, 155.3, 152.6, 147.3, 141.6, 136.0, 105.9, 105.4, 103.2, 80.7, 69.6, 53.7, 52.9, 48.2, 

44.4, 41.4, 36.6, 34.3, 33.2, 28.5, 22.3. 

 

(2R)-tert-Butyl 2-((tert-butoxycarbonyl)amino)-3-(((((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)carbonyl)amino)methyl)thio)propanoate (140). Boc-cysteine t-butyl ester 138 

(421 mg, 1.52 mmol) and TsOH (24 mg, 0.12 mmol) were added to a solution of the alcohol 

125 (360 mg, 1.26 mmol) in dry dioxane (5 mL) stirred at room temperature under an inert 

atmosphere. Stirring was continued for 12 h. The reaction mixture was diluted with EtOAc 

(20 mL); the organic layer was washed with a saturated aqueous solution of NaHCO3 (2 × 20 

mL), brine (20 mL), dried over anhydrous Na2SO4 and filtered. The filtrate was concentrated 

under reduced pressure and the obtained crude product was purified by column 

chromatography on silica gel using Et2O:DCM (1:9) to deliver 140 (505 mg, yield 73%) as 

an oil. 
1
H NMR (300 MHz, CDCl3): δ = 7.47 (s, 1H), 7.02 (s, 1H), 6.28 (br, 1H), 6.09 (s, 

2H), 5.79 (br, 1H), 5.35 (br, 1H), 4.36-4.17 (m, 3H), 3.04-3.00 (m, 1H), 2.92-2.89 (m, 1H), 

1.58 (br, 3H), 1.56 (s, 18H). 
13

C NMR (75 MHz, CDCl3): δ = 170.1, 154.9, 152.6, 147.2, 

141.5, 136.4, 105.8, 105.4, 103.2, 83.1, 80.5, 69.5, 54.4, 44.6, 34.7, 28.5, 28.1, 22.4. LRMS-

ESI (m/z) [M+Na]
+
 calcd for C23H33N3O10SNa: 566.1788; found 566.1784. 

 

(2R)-2-Amino-3-(((((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethoxy)carbonyl)amino)methyl)thio)propanoic acid (107). Triethylsilane (311 µL, 1.90 

mmol) and the caged Boc-cysteine 140 (525 mg, 0.960 mmol) were added to a solution of 
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TFA:DCM (1:1, 10 mL) stirred at room temperature under an inert atmosphere. Stirring was 

continued for 45 minutes. The, the reaction mixture was concentrated under reduced pressure 

and the obtained residue was redissolved in MeOH (5 mL); and the process dissolution and 

concentration was repeated twice to remove residual amounts of TFA. Finally, the crude 

product was dissolved in MeOH (1 mL) and and the solution was added dropwise to Et2O 

(100 mL) under vigorous stirring to precipitate the crude product. The precipitate was 

redissolved in MeOH (1 mL) and the process of precipitation was repeated once more to 

obtain the caged homocysteine TFA salt 107 (370 mg, yield 77%) as a crystalline 

hygroscopic white solid. 
1
H NMR (300 MHz, CD3OD): δ = 7.48 (s, 1H), 7.10 (s, 1H), 6.23-

6.16 (m, 1H), 6.14 (s, 2H), 4.30-4.20 (m, 2H), 3.89-3.85 (m, 1H), 3.24-3.15 (m, 1H), 2.99-

2.91 (m, 1H), 1.57 (d, J = 3.1 Hz, 3H). 
13

C NMR (75 MHz, CD3OD): δ = 172.4, 157.6, 

154.2, 149.0, 143.1, 137.2, 106.7, 106.0, 105.1, 70.5, 54.9, 44.1, 32.7, 28.3, 22.5. LRMS-ESI 

(m/z) [M+H]
+
 calcd for C14H18,N3O8S: 379.14; found 379.15. 

 

2,5-Dioxopyrrolidin-1-yl (2-(2-nitrophenyl)propyl) carbonate (144). Triethyl amine (2.30 

mL, 16.5 mmol) and disuccinimidyl carbonate (2.10 g, 8.28 mmol) were added to a solution 

of the alcohol 143 (1.00 g, 5.52 mmol) in dry acetonitrile (20 mL) stirred at room 

temperature under an inert atmosphere. Stirring was continued for another 12 h. Then, the 

reaction mixture was concentrated under reduced pressure and the obtained crude product 

was directly purified by silica gel column chromatography using acetone:CHCl3 (1:9) 

mixture to furnish the corresponding carbonate 144 (1.6 g, yield 94%) as a white solid; mp 

150-153 °C. 
1
H NMR (400 MHz, CDCl3): δ = 7.80-7.72 (m, 1H), 7.59-7.56 (m, 1H), 7.48-
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7.46 (m, 1H), 7.40-7.38 (m, 1H), 4.50-4.47 (m, 2H), 3.77-3.75 (m, 1H), 2.78 (s, 4H), 1.40 (d, 

J = 3.6 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): δ = 168.7, 151.6, 136.0, 133.3, 128.7, 128.2, 

124.7, 74.6, 33.5, 25.6, 17.72. Due to the instability of 144, no mass spec data was obtained. 

 

(2S)-2-((tert-Butoxycarbonyl)amino)-6-(((2-(2-

nitrophenyl)propoxy)carbonyl)amino)hexanoic acid (145). Boc-lysine (1.40 g, 5.96 

mmol) was added to a solution of the carbonate 144 (1.6 g, 4.9 mmol) in dry DMF (10 mL) 

stirred at room temperature under an inert atmosphere. Stirring was continued for 30 h. Then, 

the reaction mixture was poured into water (100 mL) and the aqueous layer was extracted 

using EtOAc (3 × 20 mL). The combined organic layers were washed with water (3 × 20 

mL), brine (20 mL), dried over anhydrous Na2SO4, and filtered. The solvent was removed 

under reduced pressure and the remaining product was dried under a high vacuum to obtain 

the caged Boc-lysine 145 (1.8 g, yield 81%) as a foam. 
1
H NMR (400 MHz, CDCl3): δ = 

7.71-7.69 (m, 1H), 7.54-7.53 (m, 1H), 7.46-7.44 (m, 1H), 7.34 (br, 1H), 6.36 (s, 0.5H), 6.23 

(s, 0.5H), 5.27 (s, 1H), 4.83 (br, 1H), 4.23-4.21 (m, 2H), 4.08-4.07 (m, 1H), 3.08-2.96 (br, 

2H), 1.80-1.64 (m, 2H), 1.41-1.30 (m, 13H). 
13

C NMR (100 MHz, CDCl3): δ = 176.7, 156.6, 

156.0, 150.9, 137.5, 132.8, 128.3, 128.2, 127.7, 127.5, 124.2, 80.2, 69.6, 68.9, 53.3, 40.7, 

33.4, 32.1, 29.5, 28.3, 25.7, 22.5, 18.0, 17.6. LRMS-ESI (m/z) [M+Na]
+
 calcd for 

C16H23,N3O6Na: 476.20; found 476.10. 
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(2S)-2-Amino-6-(((2-(2-nitrophenyl)propoxy)carbonyl)amino)hexanoic acid (108). 

Triethylsilane (46 µL, 0.28 mmol) and the caged Boc-lysine 145 (64 mg, 0.14 mmol) were 

added to a solution of TFA:DCM (1:1, 2 mL) stirred at room temperature under an inert 

atmosphere. Stirring was continued for 45 minutes. Then the reaction mixture was 

concentrated under reduced pressure and the obtained residue was redissolved in MeOH (200 

µL). The process of dissolution of the solid followed by removal of solvents was repeated 

twice to remove residual amount of TFA. Finally, the crude product was dissolved in MeOH 

(200 µL) and the solution was added dropwise to Et2O (10 mL) under vigorous stirring to 

precipitate the crude product. The precipitate was collected through filtration and redissolved 

in MeOH (200 µL). Then the processes of precipitation was performed once more to obtain 

the caged lysine TFA salt 108 (370 mg, yield 77%) as a white solid. 
1
H NMR (400 MHz, 

CD3OD): δ = 7.75-7.73 (m, 1H), 7.62-7.60 (m, 2H), 7.43-7.40 (m, 1H), 4.25-4.15 (m, 2H), 

3.57-3.54 (m, 2H), 3.05 (br, 2H), 1.88-1.76 (m, 2H), 1.48-1.32 (m, 7H). 
13

C NMR (100 MHz, 

CD3OD): δ = 174.2, 158.8, 152.1, 138.5, 133.8, 129.6, 128.7, 125.0, 69.5, 55.9, 41.38, 35.0, 

31.9, 30.5, 23.5, 18.3. LRMS-ESI (m/z) [M+H]
+
 calcd for C16H24,N3O6: 354.15; found 

354.16. 

 

4-(Hydroxymethyl)-7-(methoxymethoxy)-2H-chromen-2-one (150). Diisopropylethyl 

amine (1.80 mL, 10.4 mmol) and MOMCl (175 µL, 2.29 mmol) were added to a solution of 

the 7-hydroxy coumarin 149 (400 mg, 2.08 mmol) in dry DCM (5 mL) stirred at 0 °C under 

an inert atmosphere. The reaction mixture was allowed to warm to room temperature and 

stirring was continued for 12 h.  Next, the reaction mixture was diluted with DCM (20 mL), 
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the organic layer was washed with a saturated aqueous solution of NaHCO3 (3 × 20 mL) and 

brine (20 mL), and then dried over anhydrous Na2SO4. The solvent was removed under 

reduced pressure to obtain MOM-protected coumarin 150 (491 mg, yield 79%) as a white 

solid; mp 147-150 °C. 
1
H NMR (300 MHz, CD3OD): δ = 7.54 (d, J = 4.6 Hz, 1H), 6.97 (s, 

1H), 6.38 (s, 1H), 5.23 (s, 2H), 4.78 (s, 2H), 3.42 (s, 3H). 
13

C NMR (75 MHz, CD3OD): δ = 

164.3, 162.4, 158.7, 156.9, 126.7, 115.4, 113.8, 109.8, 105.1, 96.2, 61.4, 57.2. LRMS-ESI 

(m/z) [M+H]
+
 calcd for C12H13O5: 237.0768; found 237.0760. 

 

(7-(Methoxymethoxy)-2-oxo-2H-chromen-4-yl)methyl (4-nitrophenyl) carbonate (151). 

Diisopropylethyl amine (936 µL, 5.35 mmol) and p-nitrophenyl chloroformate (430 mg, 2.14 

mmol) were added to a solution of the coumarin alcohol 150 (353 mg, 1.07 mmol) in dry 

DCM (5 mL) stirred at 0 °C under an inert atmosphere. The reaction mixture was warmed to 

room temperature and stirring was continued for 12 h. The reaction mixture was concentrated 

under reduced pressure and the residue was dissolved in EtOAc (20 mL). The organic layer 

was washed with a saturated aqueous solution of NaHCO3 solution (3 × 20 mL) and brine 

(20 mL), and dried over anhydrous Na2SO4. The filtrate was concentrated and the crude 

product was precipitated in Et2O:hexanes (1:1) mixture to obtain the coumarin carbonate 151 

(395 mg, yield 92%) as a white solid; mp 138-140 °C. 
1
H NMR (300 MHz, CDCl3): δ = 

8.32-8.29 (m, 2H), 7.46-7.41 (m, 3H), 7.07-6.99 (m, 2H), 6.46 (s, 1H), 5.45 (s, 1H), 5.25 (s, 

2H), 3.4 (s, 3H). 
13

C NMR (75 MHz, CDCl3): δ = 160.8, 155.3, 147.5, 125.7, 124.6, 124.5, 

121.9, 113.9, 111.4, 104.5, 94.6, 65.7, 56.6. LRMS-ESI (m/z) [M+H]
+
 calcd for C19H16NO9: 

402.08; found 402.08. 
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(S)-2-Amino-6-((((7-hydroxy-2-oxo-2H-chromen-4-

yl)methoxy)carbonyl)amino)hexanoic acid (109). Boc-lys (311 mg, 1.26 mmol) was added 

to a solution of the coumarin carbonate 151 (390 mg, 0.970 mmol) in dry DMF (5 mL) 

stirred at room temperature under an inert atmosphere. Stirring was continued for 12 h, the 

reaction mixture was poured into water (50 mL) and the product in the aqueous layer was 

extracted using EtOAc (2 × 20 mL). The combined organic layers were washed with water (3 

× 20 mL) and brine (20 mL), and dried over anhydrous Na2SO4. The filtrate was 

concentrated under reduced pressure and the solid product was dried under a high vacuum. 

The crude product was used to the next step without further purification.  
1
H NMR (300 

MHz, CDCl3): δ = 7.40 (d, J = 4.3 Hz, 1H), 7.00-6.96 (m, 2H), 6.33 (s, 1H), 5.36-5.31 (m, 

1H), 5.29-5.22 (m, 4H), 4.28 (br, 1H), 3.47 (s, 3H), 3.25-3.23 (m, 2H), 1.82-1.70 (m, 2H), 

1.57-1.24 (s, 13H). The crude compound was treated with triethylsilane (350 µL, 2.17 mmol) 

and a solution of TFA:DCM (1:1, 10 mL) at room temperature under an inert atmosphere. 

Stirring was continued for 40 minutes. The reaction mixture was concentrated under reduced 

pressure.  The obtained residue was dissolved in MeOH (2 mL) and concentrated under 

reduced pressure. The process of adding MeOH followed by the removal of solvents was 

repeated three times to remove residual amount of TFA. Finally, the crude product was 

dissolved in MeOH (1 mL), precipitated in Et2O (50 mL) under vigorous stirring. The 

precipitate was collected, and the processes of dissolution followed by precipitation was 

repeated twice to furnish coumarin lysine 109 (275 mg, yield 59%) as a crystalline white 

solid; mp 215-218 °C. 
1
H NMR (300 MHz, DMSO- d6): δ = 7.56-7.48 (m, 2H), 6.82-6.76 

(m, 2H), 6.10 (s, 1H), 5.44 (s, 1H), 3.57 (t, J = 3.0 Hz, 1H), 3.01 (br, 2H), 1.73 (br, 2H), 1.41 
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(br, 4H). 
13

C NMR (75 MHz, DMSO- d6): δ = 172.0, 162.6, 160.9, 160.7, 156.0, 155.6, 

152.7, 150.3, 126.3, 113.9, 109.9, 107.6, 103.1, 61.5, 53.5, 30.8, 29.6, 22.6. LRMS-ESI (m/z) 

[M+H]
+
 calcd for C17H21N2O7: 365.13; found 365.13. 

 

(S)-2-Amino-6-((((6-bromo-7-hydroxy-2-oxo-2H-chromen-4-

yl)methoxy)carbonyl)amino)hexanoic acid (147). Boc-lysine (400 mg, 1.62 mmol) was 

added to a solution of the bromocoumarin carbonate 152 (600 mg, 1.25 mmol) in dry DMF 

(7 mL) stirred at room temperature under an inert atmosphere. Stirring was continued for 30 

h.  Next, the reaction mixture was poured into water (100 mL) and the product in the aqueous 

layer was extracted using EtOAc (3 × 20 mL). The combined organic layers were washed 

with water (3 × 20 mL) and brine (20 mL), dried over anhydrous Na2SO4 and filtered. The 

solvent was removed to obtain crude product as a solid (637 mg). The crude product was 

subjected to the next step synthesis without further purification. 
1
H NMR (300 MHz, DMSO-

d6): δ = 7.97 (s, 1H), 7.58 (br, 1H), 7.15 (br, 1H), 6.28 (s, 1H), 5.43 (s, 2H), 5.27 (s, 2H), 

3.80 (br, 1H), 3.42 (s, 3H), 3.20 (br, 2H), 1.65-1.42 (m, 2H), 1.36-1.34 (s, 13H). 

Triethylsilane (377 µL, 2.34 mmol) and the Bhc Boc-lysine were added to a solution of 

TFA:DCM (1:1, 14 mL) stirred at room temperature under an inert atmosphere. Stirring was 

continued for 45 minutes. The reaction mixture was concentrated under reduced pressure and 

the obtained residue was dissolved in MeOH (5 mL) and then re-concentrated.  The process 

was repeated three times to remove any residual TFA. The crude product was dissolved in 

MeOH (1 mL) and precipitated in Et2O (150 mL) under vigorous stirring. The precipitate 

was collected, redissolved in MeOH, and precipitated. The processes was repeated twice to 
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obtain the Bhc-lysine TFA salt 147 (450 mg, yield 64%) as a crystalline white solid. 
1
H 

NMR (300 MHz, DMSO-d6): δ = 7.82 (s, 1H), 7.03 (s, 1H), 6.14 (s, 1H), 5.22 (s, 2H), 3.57 

(t, J = 6.0 Hz, 13H), 3.00-2.98 (m, 2H), 1.74-1.69 (br, 2H), 1.42 (br, 4H). 
13

C NMR (75 

MHz, DMSOd6): δ = 171.1, 159.8, 157.9, 155.2, 151.3, 128.2, 110.1, 108.15, 106.4, 103.3, 

60.8, 52.6, 30.0, 28.9, 21.9. LRMS-ESI (m/z) [M+H]
+
 calcd for C17H20BrN2O7: 443.04; 

found 443.11.  

 

(S)-Methyl 2-amino-6-((((7-hydroxy-2-oxo-2H-chromen-4-

yl)methoxy)carbonyl)amino)hexanoate (153). Boc-lysine methy ester hydrochloride (71 

mg, 0.23 mmol) and TEA (138 µL, 0.79 mmol) were added to a solution of the coumarin 

carbonate 151 (80 mg, 0.199 mmol) in dry DMF (1.0 mL) stirred at room temperature under 

an inert atmosphere. Stirring was continued for 12 h, the reaction mixture was diluted with 

EtOAc (10 mL), the organic layer was washed with water (2 × 10 mL) and brine (10 mL), 

and dried over anhydrous Na2SO4 and filtered. The solvent was removed under reduced 

pressure to obtain a crude product that was subjected to the next step of synthesis without 

further purification. 
1
H NMR (300 MHz, CDCl3): δ = 7.40 (d, J = 4.3 Hz, 1H), 7.00-6.95 (m, 

2H), 6.32 (s, 1H), 5.36-5.28 (m, 1H), 5.24-5.21 (s, 4H), 4.28 (br, 1H), 3.72 (s, 3H), 3.46 (s, 

3H), 3.22 (br, 2H), 1.82-1.53 (m, 4H), 1.48-1.34 (m, 11H). The crude product was treated 

with triethylsilane (30 µL, 0.18 mmol) and a soluion of TFA:DCM (1:1, 1 mL) at room 

temperature. Stirring was continued for 45 minutes and the reaction mixture was 

concentrated under reduced pressure. The residue was dissolved in MeOH (1 mL) and 

concentrated under reduced pressure to remove both the solvent and TFA. The process was 
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repeated three times to remove any residual TFA. The crude product was dissolved in MeOH 

(200 µL) and precipitated into Et2O (5.0 mL) under vigorous stirring to obtain the coumarin 

lysine methyl ester 153 (37 mg, 67% yield) as a crystalline white solid. 
1
H NMR (400 MHz, 

CD3OD): δ = 7.52 (d, J = 4.4 Hz, 1H), 7.81 (d, J = 4.2 Hz, 1H), 6.18 (m, 1H),  5.29 (s, 2h), 

4.08-4.05 (m, 1H), 3.82 (s, 3H), 3.18-3.15 (m, 2H), 1.98-1.81 (m, 2H), 1.59-1.41 (m, 4H). 

13
C NMR (100 MHz, CD3OD): δ = 170.9, 163.5, 163.1, 157.1, 156.7, 153.8, 126.3, 114.5, 

110.8, 108.3, 103.7, 62.6, 53.8, 41.2, 31.1, 30.2, 23.1. 

 

4-(2-Hydroxyethyl)-7-(methoxymethoxy)-2H-chromen-2-one (155). Diisopropylethyl 

amine (251 µL, 1.44 mmol) and MOMCl (46 µL, 0.58 mmol) were added to a solution of the 

7-hydroxy coumarin alcohol 154 (100 mg, 0.48 mmol) in dry DCM (2 mL) stirred at 0 °C 

under an inert atmosphere. The reaction mixture was allowed to warm to room temperature 

and the stirring was continued for 12 h.  The reaction mixture was diluted with DCM (10 

mL), the organic layer was washed with a saturated aqueous solution of NaHCO3 solution (3 

× 10 mL), brine (5 mL), dried over anhydrous Na2SO4, and filtered. The solvent was 

removed under reduced pressure to furnish the MOM-protected coumarin alcohol 155 (121 

mg, yield 90%) as a low melting solid. 
1
H NMR (300 MHz, CDCl3): δ = 7.55 (d, J = 4.3 Hz, 

1 H), 6.96 (d, J = 4.3 Hz, 1 H), 6.21 (s, 1H), 5.21 (s, 2H), 3.97 (t, J = 6.3 Hz, 1 H), 3.46 (s, 

3H), 2.99 (t, J = 6.3 Hz, 1 H). 
13

C NMR (75 MHz, CDCl3): δ = 161.5, 160.3, 155.4, 153.5, 

125.7, 113.9, 113.5, 112.6, 104.2, 94.5, 60.9, 56.5, 34.9. LRMS-ESI (m/z) [M+H]
+
 calcd for 

C13H15O5: 251.09; found 251.09. 
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2-(7-(Methoxymethoxy)-2-oxo-2H-chromen-4-yl)ethyl (4-nitrophenyl) carbonate (156). 

Cs2CO3 (253 mg, 0.780 mmol), DMAP (63 mg, 0.52 mmol), and p-nitrophenyl 

chloroformate (156 mg, 0.780 mmol) were added to a solution of the coumarin alcohol 155 

(353 mg, 1.07 mmol) in dry THF (5 mL) stirred at 0 °C under an inert atmosphere. The 

reaction mixture was allowed to warm to room temperature and the stirring was continued for 

12 h.  The reaction mixture was filtered to discard any solid precipitate and the filtrate was 

concentrated under reduced pressure. EtOAc (15 mL) was added to the residue and the 

organic layer was washed with a saturated aqueous solution of NaHCO3 (3 × 10 mL) and 

brine (20 mL). The organic layer was dried over anhydrous Na2SO4, filtered, and the filtrate 

was concentrated and the obtained crude product was purified by column chromatography on 

silica gel using an EtOAc:hexanes (1:1) mixture to obtain the coumarin carbonate 156 (70 

mg, 33% yield) as a crystalline white solid. 
1
H NMR (300 MHz, CDCl3): δ = 8.28 (d, J = 4.6 

Hz, 2H), 7.56 (d, J = 4.5 Hz, 1H), 7.35 (d, J = 4.6 Hz, 2H), 7.05-6.99 (m, 2H), 6.25 (s, 1H), 

5.23 (s, 2H), 4.59 (t, J = 6.6 Hz, 2H), 3.48 (s, 3H), 3.21 (t, J = 6.6 Hz, 2H). 
13

C NMR (75 

MHz, CDCl3): δ = 160.9, 160.6, 155.5, 152.6, 150.9, 125.6, 125.2, 122.0, 113.8, 113.2, 

104.5, 94.5, 66.57, 56.6, 31.0. LRMS-ESI (m/z) [M+H]
+
 calcd for C20H18NO9: 416.0903; 

found 416.0903. 

 

(S)-2-Amino-6-((((7-hydroxy-2-oxo-2H-chromen-4-

yl)methoxy)carbonyl)amino)hexanoic acid (148). Boc-lysine (57 mg, 0.23 mmol) was 

added to a solution of the coumarin carbonate 156 (74 mg, 0.17 mmol) in dry DMF (1.5 mL) 

stirred at room temperature under an inert atmosphere. Stirring was continued for 30 h, the 
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reaction mixture was poured into water (20 mL), and the aqueous layer was extracted using 

EtOAc (2 × 15 mL). The combined organic layers were washed with water (3 × 15 mL), 

brine (10 mL), then dried over anhydrous Na2SO4 and filtered. The filtrate was concentrated 

to dryness to obtain the crude product. 
1
H NMR (300 MHz, CDCl3): δ = 7.56 (d, J = 4.2 Hz, 

1H), 7.01-6.92 (m, 2H), 6.22 (s, 1H), 5.50 (br, 1H), 5.22 (s, 2H), 4.37-4.32 (m, 3H), 3.47 (s, 

3H), 3.18 (br, 2H), 3.08-3.00 (m, 2H), 1.82-1.51 (m, 2H), 1.49-1.23 (s, 13H). Without further 

purification, the crude compound was subjected to the next step by treatment with 

triethylsilane (55 µL, 0.34 mmol) and a solution of TFA:DCM (1:1, 2 mL) at room 

temperature under an inert atmosphere. Stirring was continued for 40 minutes.  The reaction 

mixture was concentrated under reduced pressure to remove both the solvent and TFA. The 

residue was redissolved in DCM (2 mL) followed by concentration under reduced pressure 

and the process of adding DCM followed by the removal of solvents was repeated three 

times to remove any residual amounts of TFA. The crude product was dissolved in MeOH 

(300 µL) and precipitated in Et2O (15 mL) under vigorous stirring. The precipitate was 

collected, re-dissolved in MeOH (300 µL), and precipitated again into Et2O. The process was 

repeated twice more to furnish the coumarin lysine TFA salt 148 (53 mg, 61% yield) as a 

crystalline white solid. 
1
H NMR (300 MHz, CD3OD): δ = 7.67 (d, J = 4.3 Hz, 1H), 6.84-6.81 

(m, 1H), 6.71 (s, 1H), 6.13 (s, 1H), 4.37-4.33 (m, 2H), 3.81-3.77 (m, 1H), 3.11-3.08 (m, 2H), 

1.89-1.87 (m, 2H), 1.49 (br, 4H). 
13

C NMR (75 MHz, CD3OD): δ = 171.7, 162.8, 161.8, 

155.7, 154.6, 126.1, 113.3, 111.8, 110.5, 102.5, 62.3, 53.5, 40.0, 31.4, 30.3, 29.2, 22.1. 

LRMS-ESI (m/z) [M+H]
+
 calcd for C18H22N2O7: 379.15; found 379.15. 
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(S)-2-((tert-Butoxycarbonyl)amino)-6-(((2-(5-nitro-1,3-dioxoisoindolin-2-

yl)ethoxy)carbonyl)amino)hexanoic acid (158). Triethylamine (2.20 mL, 16.0 mmol) and 

disuccinimidyl carbonate (983 mg, 3.89 mmol) were added to a solution of the alcohol 157 

(757 mg, 3.20 mmol) in dry acetonitrile (10 mL) stirred at room temperature under an inert 

atmosphere. Stirring was continued for 12 h. The reaction mixture was concentrated under 

reduced pressure and the residue was dried under high vacuum for 3 h to obtain a crude 

product that was used in the next step without purification. A small portion of the crude 

product was purified by column chromatography on activated silica gel using acetone:DCM 

(1:12) with 1% TEA to deliver corresponding carbonate as a solid. 
1
H NMR (300 MHz, 

CDCl3): δ = 8.67 (s, 1H), 8.61 (d, J = 3.9 Hz, 1H), 8.07 (d, J = 4.3 Hz, 1H), 4.55 (t, J = 4.8 

Hz, 2H), 4.10 (t, J = 4.8 Hz, 2H), 2.78 (s, 4H). The crude mixture was dissolved in DMF (6 

mL) at room temperature under an inert atmosphere. Boc-lysine (1.1 g, 4.8 mmol) was added 

to the solution under vigorous stirring and stirring was continued for 12 h. The reaction 

mixture was poured into water (100 mL) and the aqueous layer was extracted using EtOAc (3 

× 20 mL). The combined organic layers were washed with water (5 × 20 mL), brine (20 mL), 

dried over anhydrous Na2SO4, and filtered. The filtrate was dried under reduced pressure and 

high vacuum to obtain the phthalimide Boc-lysine 158 (1.4 g, 87% yield) as a white solid. 
1
H 

NMR (400 MHz, CDCl3): δ = 8.62-8.56 (m, 2H), 8.04 (d, J = 3.7 Hz, 1H), 7.24 (br, 1H), 

6.19 (br, 1H), 5.29 (br, 1H), 4.91 (br, 1H), 4.29-4.27 (m, 2H), 3.99-3.95 (m, 3H), 3.07 (br, 

2H), 1.77-1.60 (m, 2H), 1.43-1.21 (m, 13 H). 
13

C NMR (75 MHz, CDCl3): δ = 176.4, 166.3, 

166.0, 156.4, 151.9, 136.6, 133.6, 129.6, 124.9, 119.0, 80.3, 62.0, 60.5, 53.3, 41.4, 40.7, 38.6, 
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32.0, 29.4, 28.5, 22.4. LRMS-ESI (m/z) [M+Na]
+
 calcd for C22H28N4O10Na: 531.17; found 

531.17. 

 

(S)-6-(((2-(5-Amino-1,3-dioxoisoindolin-2-yl)ethoxy)carbonyl)amino)-2-((tert-

butoxycarbonyl)amino)hexanoic acid (159). Ammonium acetate (174 mg, 2.26 mmol) and 

SnCl2 (257 mg, 1.35 mmol) were added to a solution of the nitrophthaliimide Boc-lysine 158 

(115 mg, 0.22 mmol) in dry MeOH (1.5 mL) stirred at room temperature under an inert 

atmosphere. Stirring was continued for 20 h. EtOAc (20 mL) and water (10 mL) were added 

to the reaction mixture and stirring was continued for an additional 20 min. The organic layer 

was separated, washed with water (3 × 10 mL) and brine (10 mL), dried over anhydrous 

Na2SO4, and filtered. The filtrate was concentrated under reduced pressure and the remaining 

residue was dried under high vacuum to furnish the amino phthaliimide Boc-lysine 159 (102 

mg, 92% yield) as an orange solid. 
1
H NMR (300 MHz, CD3OD): δ = 7.60 (d, J = 4.0 Hz, 

1H), 7.24 (s, 1H), 7.10 (d, J = 4.2 Hz, 1H), 4.22-4.07 (m, 2H), 4.02 (br, 1H), 3.83-3.81 (m, 

2H), 2.98-2.96 (br, 2H), 1.73-1.55 (m, 2H), 1.48-1.26 (m, 13H). 
13

C NMR (100 MHz, 

DMSOd6): δ = 174.9, 168.8, 168.3, 157.3, 156.2, 155.5, 135.1, 134.3, 125.5, 125.0, 117.2, 

106.1, 106.0, 78.6, 61.3, 54.0, 37.7, 31.0, 29.5, 28.8, 23.5. LRMS-ESI (m/z) [M+Na]
+
 calcd 

for C22H30N4O8Na: 501.20; found 501.19. 

 

(S)-2-Amino-6-(((2-(5-amino-1,3-dioxoisoindolin-2-yl)ethoxy)carbonyl)amino)hexanoic 

acid (160). Triethylsilane (67 µL, 0.41 mmol) and 159 (100 mg, 0.20 mmol) were added to a 

solution of TFA:DCM (1:1, 1 mL) stirred at room temperature under an inert atmosphere. 
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Stirring was continued for 40 minutes and the reaction mixture was concentrated under 

reduced pressure. The obtained residue was dissolved in MeOH (500 µL), and then 

concentrated under reduced pressure to remove both the solvent and TFA. The process was 

repeated twice to remove any residual TFA. Finally, the crude product was dissolved in 

MeOH (500 µL) and precipitated into Et2O (5 mL) under vigorous stirring. The solid was 

collected, re-dissolved in MeOH and precipitated into Et2O. The process of dissolving 

followed by precipitation was repeated once more to furnish the amino phthalimide lysine 

TFA salt 160 (102 mg, 80% yield) as a crystalline yellow solid. 
1
H NMR (400 MHz, 

CD3OD): δ = 8.10 (br, 2H), 7.45 (d, J = 4.0 Hz, 1H), 7.23 (br, 1H), 7.07 (s, 1H), 6.89 (s, 1H), 

6.76 (d, J = 4.0 Hz, 1H), 6.47 (br, 2H),  4.10-4.07 (m, 2H), 3.68-3.66 (m, 3H), 2.87 (br, 2H), 

1.76-1.60 (br, 2H), 1.38-1.26 (m, 4H). 
13

C NMR (100 MHz, DMSO- d6): δ = 168.8, 168.4, 

156.5, 155.6, 135.1, 125.5, 117.2, 107.6, 65.6, 53.3, 37.5, 30.6, 29.5, 22.3. LRMS-ESI (m/z) 

[M+H]
+
 calcd for C17H22N4O6: 379.16; found 379.16. 

 

5-(Dimethylamino)-2-(2-hydroxyethyl)isoindoline-1,3-dione (162). 2-Aminoethanol (38 

µL, 0.62 mmol) was added to a solution of the dimethyl aminophthalic anhydride 161 (100 

mg, 0.52 mmol) in dry toluene (3 mL) stirred at room temperature under an inert atmosphere. 

The reaction vessel, equipped with a Dean-Stark apparatus, was heated to reflux for 7 h.  

Next, the reaction mixture was filtered while still warm, and the filtrate was cooled to room 

temperature. The filtrate was concentrated under reduced pressure, and the residue was 

dissolved in DCM (10 mL). The organic layer was washed with a saturated aqueous solution 

of NaHCO3 (2 × 5 mL), brine (5 mL), dried over anhydrous Na2SO4, and filtered. The filtrate 
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was concentrated to dryness under reduced pressure to yield the alcohol 162 (109 mg, 89% 

yield) as a crystalline yellow solid; mp 71-74 °C. 
1
H NMR (400 MHz, CDCl3): δ = 7.55 (d, J 

= 4.2 Hz, 1H), 6.97 (s, 1H), 6.70 (d, J = 5.6 Hz, 1H), 3.79-3.77 (m, 4H), 3.05 (s, 6H). 
13

C 

NMR (100 MHz, CDCl3): δ = 169.8, 169.4, 154.4, 134.6, 125.0, 117.3, 114.7, 105.8, 61.4, 

40.8.  

5-Dimethylamino)-2-(3-hydroxypropyl)isoindoline-1,3-dione (163). The alcohol 163 was 

synthesized using the same protocol that was used for the synthesis of the alcohol 162. 

Yellow solid (92% yield); 
1
H NMR (400 MHz, CDCl3): δ = 7.61 (d, J = 4.8 Hz, 1H), 7.04 (s, 

1H), 6.76 (d, J = 5.4 Hz, 1H), 3.76 (t, J = 6.4 Hz, 2H), 3.56 (t, J = 6.4 Hz, 2H), 3.10 (s, 6H), 

1.82-1.79 (m, 2H). 
13

C NMR (100 MHz, CDCl3): δ = 170.3, 170.0, 154.8, 135.1, 125.4, 

117.7, 115.1, 106.3, 59.2, 41.03, 34.1, 31.9. LRMS-ESI (m/z) [M+H]
+
 calcd for C13H17N2O3: 

249.12; found 249.12. 

 

2-(5-(Dimethylamino)-1,3-dioxoisoindolin-2-yl)ethyl (2,5-dioxopyrrolidin-1-yl) 

carbonate (164). Triethylamine (236 µL, 1.70 mmol) and disuccinimidyl carbonate (174 mg, 

0.680 mmol) were added to a solution of the alcohol 162 (80 mg, 0.34 mmol) in dry 

acetonitrile (2 mL) stirred at room temperature under an inert atmosphere. Stirring was 

continued for 12 h. The reaction mixture was concentrated and the remaining residue was 

dissolved in CHCl3 (2 mL) for purification by column chromatography on activated silica 

gel, using acetone:DCM (1:12), to obtain the corresponding carbonate 164 (122 mg, 95% 

yield) as a white solid; mp 55-57 °C. 
1
H NMR (400 MHz, CDCl3): δ = 7.61 (d, J = 4.2 Hz, 

1H), 7.02 (s, 1H), 6.76 (d, J = 4.2 Hz, 1H), 4.45 (t, J = 5.4 Hz, 2H), 3.95 (t, J = 5.4 Hz, 2H), 
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3.08 (s, 6H), 2.79 (s, 4H). 
13

C NMR (100 MHz, CDCl3): δ = 169.1, 168.9, 154.8, 151.5, 

134.9, 125.4, 117.6, 115.2, 106.3, 68.7, 46.1, 40.9, 36.3, 26.0. LRMS-ESI (m/z) [M+H]
+
 

calcd for C17H18N2O7: 376.11; found 376.11. 

 

3-(5-(Dimethylamino)-1,3-dioxoisoindolin-2-yl)propyl (2,5-dioxopyrrolidin-1-yl) 

carbonate (165). The carbonate 165 was synthesized using the same protocol that was used 

for the synthesis of the carbonate 164. Yellow solid (96% yield); 
1
H NMR (300 MHz, 

CDCl3): δ = 7.61 (d, J = 4.3 Hz, 1H), 7.05 (s, 1H), 6.76 (d, J = 5.4 Hz, 1H), 4.34 (t, J = 6.6 

Hz, 2H), 3.73 (t, J = 6.6 Hz, 2H), 3.09 (s, 6H), 2.82 (s, 4H), 2.15-2.04 (m, 2H). 
13

C NMR (75 

MHz, CDCl3): δ = 168.8, 154.5, 134.7, 125.1, 117.5, 114.8, 106.0, 69.0, 45.9, 40.6, 34.2, 

27.9, 25.6. LRMS-ESI (m/z) [M+H]
+
 calcd for C18H20N2O3: 390.13; found 390.13. 

 

(S)-2-((tert-Butoxycarbonyl)amino)-6-(((2-(5-(dimethylamino)-1,3-dioxoisoindolin-2-

yl)ethoxy)carbonyl)amino)hexanoic acid (166). Boc-lysine (118 mg, 0.480 mmol) was 

added to a solution of the succinimidyl carbonate 164 (122 mg, 0.320 mmol) in dry DMF (1 

mL) stirred at room temperature under an inert atmosphere. Stirring was cotinued for 16 h. 

The reaction mixture was poured into water (15 mL) and the aqueous layer was extracted 

using EtOAc (3 × 10 mL). The combined organic layers were washed with water (3 × 10 

mL), brine (5 mL), dried over anhydrous Na2SO4, and filtered. The filtrate was concentrated 

to dryness under reduced pressure and then under high vacuum to obtain the phthalimide 

lysine 166 (150 mg, 90% yield) as a white solid; mp 62-64 °C. 
1
H NMR (300 MHz, CDCl3): 

δ = 7.60 (d, J = 4.3 Hz, 1H), 7.03 (s, 1H), 6.75 (d, J = 4.3 Hz, 1H), 6.09 (br, 1H), 5.37 (br, 
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1H), 4.93 (s, 1H), 4.24 (br, 2H), 4.51 (s, 1H), 3.88-3.74 (m, 2H), 3.08 (s, 6H), 1.77-1.69 (m, 

2H), 1.40-1.22 (m, 13H). 
13

C NMR (75 MHz, CDCl3): δ = 176.03, 169.4, 169.0, 156.5, 

156.0, 154.6, 134.7, 125.1, 117.5, 114.8, 106.0, 80.2, 63.2, 62.5, 53.4, 40.7, 37.4, 31.8, 29.4, 

28.5, 22.5. LRMS-ESI (m/z) [M+Na]
+
 calcd for C24H34N4O8Na: 529.22; found 529.22. 

 

(S)-2-((tert-Butoxycarbonyl)amino)-6-(((3-(5-(dimethylamino)-1,3-dioxoisoindolin-2-

yl)propoxy)carbonyl)amino)hexanoic acid (167). The Boc-lysine 167 was synthesized 

using the same protocol that was used for the synthesis of the aminophthalimide Boc-lysine 

165. White solid (91% yield); 
1
H NMR (400 MHz, CDCl3): δ = 7.59 (d, J = 4.2 Hz, 1H), 

7.02 (s, 1H), 6.74 (d, J = 4.2 Hz, 1H), 6.11 (br, 1H), 5.40 (br, 1H), 4.86 (s, 1H), 4.28 (s, 1H), 

4.11-4.05 (m, 2H), 3.70-3.67 (m, 2H), 3.12-3.07 (m, 8H), 1.94-1.93 (m, 2H), 1.80-1.71 (m, 

2H), 1.47-1.23 (m, 13H). 
13

C NMR (100 MHz, CDCl3): δ = 175.9, 169.4, 169.0, 156.8, 

156.0, 154.5, 134.8, 125.0, 117.6, 114.7, 105.9, 80.1, 62.4, 53.3, 40.6, 34.9, 32.0, 29.5, 28.4, 

22.3. LRMS-ESI (m/z) [M+Na]
+
 calcd for C25H36N4O8Na: 543.24; found 543.24. 

 

(S)-2-Amino-6-(((2-(5-(dimethylamino)-1,3-dioxoisoindolin-2-

yl)ethoxy)carbonyl)amino)hexanoic acid (110). Triethylsilane (820 µL, 5.13 mmol) and 

the Boc-lysine 166 (1.30 g, 2.56 mmol) were stirred for 40 min in TFA:DCM (1:1, 15 mL) at 

room temperature under an inert atmosphere. The reaction mixture was concentrated under 

reduced pressure and the obtained residue was dissolved in MeOH (10 mL) followed by 

evaporation of all volatiles. The process was repeated twice to remove any residual TFA. 

Finally, the crude product was dissolved in MeOH (3 mL) and the solution was added 
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dropwise to Et2O (200 mL) under vigorous stirring to precipitate the product. The process of 

dissolving followed by precipitation was repeated once more to obtain the phthalimide lysine 

TFA salt 110 (1.2 g, 92% yield) as a crystalline yellow solid. 
1
H NMR (300 MHz, CD3OD): 

δ = 7.61 (d, J = 4.2 Hz, 1H), 7.09 (s, 1H), 6.94 (d, J = 4.2 Hz, 1H), 4.23 (t, J = 5.1 Hz, 1H), 

3.85-3.81 (m, 4H), 3.14 (s, 6H), 3.04-3.02 (br, 2H), 1.93-1.78 (br, 2H), 1.51-1.28 (m, 4H). 

13
C NMR (75 MHz, CD3OD): δ = 170.6, 169.3, 169.0, 157.5, 154.9, 134.6, 124.5, 117.0, 

114.7, 105.3, 61.7, 52.6, 39.9, 39.3, 37.1, 29.9, 29.1, 21.8. LRMS-ESI (m/z) [M+H]
+
 calcd 

for C19H27N4O6 : 407.20; found 407.20. 

 

(S)-2-Amino-6-(((2-(5-amino-1,3-dioxoisoindolin-2-yl)ethoxy)carbonyl)amino)hexanoic 

acid (168). The phthalimide lysine TFA salt 168 was synthesized using the same protocol 

that was used for the synthesis of the aminophthalimide lysine TFA salt 167. Yellow solid 

(92% yield); 
1
H NMR (300 MHz, CD3OD): δ = 7.59 (d, J = 4.3 Hz, 1H), 7.06 (s, 1H), 6.90 

(d, J = 5.5 Hz, 1H), 4.06-3.95 (m, 3H), 3.68 (t, J = 6.6 Hz, 2H), 3.29-3.04 (m, 8H), 1.98-1.89 

(m, 4H), 1.51-1.42 (m, 4H). 
13

C NMR (75 MHz, CD3OD): δ = 170.6, 169.4, 169.2, 157.8, 

154.9, 134.7, 124.4, 117.0, 114.7, 105.3, 62.2, 52.6, 39.3, 34.5, 30.0, 28.2, 28.1, 21.9. 

LRMS-ESI (m/z) [M+H]
+
 calcd for C20H29N4O6: 421.20; found 421.20. 

 

(E)-2,5-Dioxopyrrolidin-1-yl 4-(phenyldiazenyl)phenethyl carbonate (172). 

Triethylamine (5.20 mL, 37.6 mmol) and disuccinimidyl carbonate (2.80 g, 11.3 mmol) were 

added to a solution of the alcohol 171 (1.70 g, 7.51 mmol) in dry acetonitrile (40 mL) stirred 

at room temperature under an inert atmosphere. Stirring was continued for 10 h. The reaction 
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mixture was concentrated and the crude product was purified by column chromatography on 

silica gel using EtOAc:DCM (1:13) to furnish the corresponding carbonate 172 (2.6 g, 96% 

yield) as an orange solid. 
1
H NMR (400 MHz, CDCl3): δ = 7.92-7.89 (m, 4H), 7.54-7.47 (m, 

3H), 7.39-7.38 (m, 2H), 4.57-4.53 (m, 2H), 3.16-3.12 (m, 2H), 2.81 (s, 4H). 
13

C NMR (100 

MHz, CDCl3): δ = 168.8, 152.8, 151.9, 139.6, 131.2, 129.9, 129.3, 13.4, 123.0, 71.3, 34.8, 

25.6. LRMS-ESI (m/z) [M+H]
+
 calcd for C19H18N3O5: 368.12; found 368.09. 

 

(S,E)-2-((tert-Butoxycarbonyl)amino)-6-(((4-

(phenyldiazenyl)phenethoxy)carbonyl)amino)hexanoic acid (173). Boc-lysine (1.90 g, 

7.84 mmol) was added to a solution of the succinimidyl carbonate 172 (2.40 g, 6.53 mmol) in 

dry DMF (15 mL) stirred at room temperature under an inert atmosphere. Stirring was 

continued for 30 h. The reaction mixture was poured into water (100 mL) and the product 

remaining in the aqueous layer was extracted using EtOAc (2 × 20 mL). The combined 

organic layers were washed with water (3 × 20 mL), brine (20 mL), dried over anhydrous 

Na2SO4, and filtered. The filtrate was concentrated under reduced pressure and under high 

vacuum to obtain azobenzene Boc-lysine 173 (3.0 g, 97% yield) as an orange solid. 
1
H NMR 

(400 MHz, CDCl3): δ = 7.82-7.76 (m, 4H), 7.44-7.37 (m, 3H), 7.27-7.26 (m, 2H), 6.30 (br, 

1H), 5.31 (s, 1H), 4.90 (br, 1H), 4.24-4.21 (m, 3H), 3.08-3.06 (m 2H), 2.92-2.90 (m, 2H), 

1.85-1.69 (m, 2H), 1.41-1.34 (m, 13H). 
13

C NMR (100 MHz, CDCl3): δ = 176.5, 156.9, 

152.8, 151.6, 141.7, 131.1, 129.8, 129.3, 123.2, 123.0, 80.3, 65.9, 65.1, 53.4, 40.7, 35.6, 32.1, 

29.6, 29.3, 28.5, 22.5, 22.2. LRMS-ESI (m/z) [M+H]
+
 calcd for C26H35N4O6: 499.25; found 

499.22. 
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(2S)-2-Amino-6-(((2-(2-nitrophenyl)propoxy)carbonyl)amino)hexanoic acid (112). A 

solution of dry HCl (3 mL, 4 M in dioxane) was added to the solution of the azobenzene 

Boc-lysine 173 (1.50 g, 3.01 mmol) in dry DCM (12 mL) stirred at room temperature under 

an inert atmosphere. Stirring was continued for 2 h. The reaction mixture was concentrated 

under reduced pressure and the obtained residue was dissolved in MeOH (10 mL) followed 

by evaporation of the volatiles. The crude product was dissolved in MeOH (5 mL) and and 

the solution was added dropwise to Et2O (200 mL) under vigorous stirring to precipitate the 

crude product. The precipitate was collected and dissolved in MeOH (5 mL) and 

reprecipitated into Et2O (200 mL) to provide the azobenzene lysine hydrochloride 112 (1.2 g, 

92% yield) as an orange solid. 
1
H NMR (300 MHz, DMSO-d6): δ = 8.38 (br, 3H), 7.89-7.83 

(m, 4H), 7.62-7.58 (m, 3H), 7.49-7.46 (m, 2H), 7.16 (s, 1H), 4.22-4.20 (m, 2H), 3.84 (br, 

1H), 2.98-2.94 (m, 4H), 1.76 (br, 2H), 1.39-1.36 (m, 4H). 
13

C NMR (75 MHz, DMSO-d6): δ 

= 171.7, 156.8, 152.6, 151.2, 143.1, 132.1, 130.6, 130.1, 123.2, 64.5, 52.5, 35.4, 30.3, 29.5, 

22.2. LRMS-ESI (m/z) [M+H]
+
 calcd for C21H27N4O4: 399.19; found 399.17. 

 

Methyl 2,4-dibromobutanoate (180). Bromine (2.20 mL, 43.2 mmol) and PBr3 (70 µL, 0.72 

mmol) were added to a solution of the butyrolactone 179 (3.00 mL, 39.3 mmol) in dry 

MeOH (16 mL) stirred at room temperature under an inert atmosphere. The reaction mixture 

was heated to reflux for 1 h, cooled to room temperature, and MeOH (16 mL) was added. A 

saturated aqueous solution of NaHSO3 (5 mL) was slowly added to the reaction mixture 

under vigorous stirring to decolorise the bromine color, and then brine (20 mL) was added.  

The aqueous layer was extracted using EtOAc (3 × 20 mL). The combined organic layers 
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were washed with brine (20 mL), dried over anhydrous Na2SO4, and filtered. The filtrate was 

concentrated and the remaining product was purified by column chromatography on silica gel 

using hexanes:Et2O (9:1) to deliver the dibromide 180 (8.3 g, 82% yield) as a colorless oil. 

The analytical data matched the data reported in the literature.
527

 

 

Methyl 2,4-bis(acetylthio)butanoate (181). Potassium thioacetate (5.50 g, 48.4 mmol) and 

KI (1.60 g, 9.65 mmol) were added to the solution of the dibromide 180 (3.00 mL, 39.3 

mmol) in dry DMF (10 mL) stirred at room temperature under an inert atmosphere. Stirring 

was contiuned for 24 h. The reaction mixture was poured into water (100 mL) and the 

product in the aqueous layer was extracted using EtOAc (3 × 20 mL). The combined organic 

layers were washed with a saturated aqueous solution of NaHCO3 (2 × 30 mL), brine (20 

mL), dried over anhydrous Na2SO4, and filtered. The filtrate was concentrated under reduced 

pressure and the obtained residue was purified by column chromatography on silica gel using 

EtOAc:hexanes (2:8) to furnish the dithioacetate 181 (4.2 g, 87% yield) as a dark brown oil. 

1
H NMR (300 MHz, CDCl3): δ = 4.24-4.22 (m, 1H), 3.78 (s, 3H), 2.93-2.81 (m, 2H), 2.38 (s, 

3H), 2.27 (s, 3H), 2.23-1.92 (m, 2H). The analytical data matched the data reported in the 

literature.
503

 

 

Methyl 1,2-dithiolane-3-carboxylate (178). Potassium carbonate (1.30 g, 9.99 mmol) was 

added to a solution of the dithioacetate 181 (500 mg, 1.99 mmol) in dry MeOH (4 mL) 

stirred at room temperature under an inert atmosphere. Stirring was continued for 40 minutes. 

The reaction mixture was neutralized with aqueous HCl (1.0 M) and an aqueous solution (10 
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mL) of FeCl3•6H2O (1.00 g, 3.98 mmol), and Et2O (20 mL) were added to the reaction 

mixture under stirring, and the resulting mixture was contineously stirred for another 3 h 

while oxygen was bubbled through it using ballon-needle technique. The organic layer was 

separated and the aqueous layer was extracted with Et2O (2 × 10 mL). The combined organic 

layers were washed with a saturated aqueous solution of NaHCO3 (2 × 30 mL), brine (20 

mL), dried over anhydrous Na2SO4, and filtered. The filtrate was concentrated under reduced 

pressure and dried under high vacuum to obtain the dithilane 178 (300 mg, 92% yield) as a 

dark brown oil. 
1
H NMR (400 MHz, CDCl3): δ = 4.18-4.15 (m, 1H), 3.71 (s, 3H), 3.31-3.16 

(m, 1H), 3.17-2.12 (m, 1H), 2.68-2.64 (m, 1H), 2.35-2.30 (m, 1H). 
13

C NMR (100 MHz, 

CDCl3): δ = 171.9, 52.9, 52.7, 41.0, 36.5. The analytical data matched the data reported in 

the literature.
503

 

 

1,2-Dithiolane-3-carboxylic acid (182). An aqueous solution of LiOH (2.0 mL, 2 M) was 

added to a solution of the dithiolane methyl ester 178 (300 mg, 1.82 mmol) in dry THF (5 

mL) stirred at 0 °C. Stirring was continued for 2 h at the same temperature. The reaction 

mixture was acidified using aqueous HCl (1 M) to pH 4.0 at 0 °C, the aqueous layer was 

extracted with EtOAc (3 × 10 mL) and the combined organic layers were washed with water 

(20 mL), brine (20 mL), dried over anhydrous Na2SO4, and filtered. The filtrate was 

concentrated under reduced pressure and dried under a high vacuum to furnish the dithiolane 

acid 182 (201 mg, yield 73%). 
1
H NMR (400 MHz, CDCl3): δ = 4.21-4.18 (m, 1H), 3.38-

3.32 (m, 1H), 3.20-3.14 (m, 1H), 2.66-2.61 (m, 1H), 2.41-2.36 (m, 1H). 
13

C NMR (100 MHz, 
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CDCl3): δ = 177.6, 52.5, 41.3, 36.1. The analytical data matched the data reported in the 

literature.
503

 

 

S,S'-(2-((tert-Butyldimethylsilyl)oxy)propane-1,3-diyl) diethanethioate (187). Potassium 

thioacetate (400 mg, 3.50 mmol) and KI (52 g, 0.31 mmol) were added to the solution of the 

dibromide 185 (525 mg, 1.59 mmol) in dry DMF (2 mL) stirred at room temperature under 

an inert atmosphere. Stirring was continued for 24 h, the reaction mixture was poured into 

water (20 mL), and the product in the aqueous layer was extracted using EtOAc (2 × 20 mL). 

The combined organic layers were washed with a saturated aqueous solution of NaHCO3 (3 × 

20 mL), brine (20 mL), dried over anhydrous Na2SO4, and filtered. The filtrate was 

concentrated under reduced pressure and dried under a high vacuum to get the dithioacetate 

187 (4.2 g, 87% yield) as a brown oil. 
1
H NMR (400 MHz, CDCl3): δ = 3.89-3.83 (m, 1H), 

3.06-3.01 (m, 4H), 2.34 (s, 6H), 0.91-0.86 (m, 9H), 0.11 (s, 6H). No further analytical data 

were collected since this approach was discontinued. 

 

S,S'-(2-((Tetrahydro-2H-pyran-2-yl)oxy)propane-1,3-diyl) diethanethioate (188). 

Potassium thioacetate (261 mg, 2.29 mmol) and KI (76 g, 0.45 mmol) were added to the 

solution of the dibromide 186 (275 mg, 0.91 mmol) in dry DMF (1 mL) stirred at room 

temperature under an inert atmosphere. Stirring was continued for 24 h, the reaction mixture 

was poured into water (20 mL), and the product in the aqueous layer was extracted with 

EtOAc (2 × 10 mL). The combined organic layers were washed with a saturated aqueous 

solution of NaHCO3 (10 × 20 mL), brine (10 mL), dried over anhydrous Na2SO4 and then 
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filtered. The filtrate was concentrated under reduced pressure and then dried under a high 

vacuum to get dithioacetate 188 (236 mg, 88% yield) as a brown oil. 
1
H NMR (400 MHz, 

CDCl3): δ = 4.78 (s, 1H), 3.94-3.87 (m, 2H), 3.53 (br, 1H), 3.20-3.07 (m, 4H), 2.36-2.31 (m, 

6H), 1.78-1.53 (m, 6H). 
13

C NMR (100 MHz, CDCl3): δ = 195.4, 195.2, 98.02, 74.2, 62.7, 

33.4, 31.8, 30.7, 25.5, 19.5, 14.4. No further analytical data were collected since this 

approach was discontinued. 

 

1,3-Dibromopropan-2-yl-(2,5-dioxopyrrolidin-1-yl) carbonate (190). Disuccinimidyl 

carbonate (1.0 g, 4.2 mmol) and DIPEA (1.3 mL, 9.6 mmol) were added to the solution of 1, 

3- dibromopropanol (705 mg, 3.20 mmol) in dry acetonitrile (10 mL) stirred at room 

temperature under an inert atmosphere. Stirring was continued for 2 h, the reaction mixture 

was concentrated under reduced pressure, and the residue was purified by column 

chromatography on silica gel using EtOAc:hexanes (4:6) to get 190 (572 mg, 52% yield) as a 

low melting solid. 
1
H NMR (400 MHz, CDCl3): δ = 5.09-5.06 (m, 1 H), 3.68 (d, J = 6.2 Hz, 

4H), 2.82 (s, 4H). 
13

C NMR (100 MHz, CDCl3): δ = 168.4, 78.3, 29.9, 25.7. Due to the 

instability of 190, no mass spec data was obtained.  

 

(S)-Methyl 2-((tert-butoxycarbonyl)amino)-6-((((1,3-dibromopropan-2-

yl)oxy)carbonyl)amino)hexanoate (191). Boc-lysine methyl ester hydrochloride (465 mg, 

1.56 mmol) and TEA (657 µL, 4.60 mmol) were added to the solution of the succinimidyl 

carbonate 190 (560 mg, 1.56 mmol) in dry DCM (30 mL) stirred at room temperature under 

an inert atmosphere. Stirring was continued for 12 h, the reaction mixture was diluted with 
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DCM (10 mL) and the organic layer was washed with a saturated aqueous solution of 

NaHCO3 (2 × 10 mL), brine (10 mL), dried over anhydrous Na2SO4, and filtered. The filtrate 

was concentrated under reduced pressure and the remaining product was purified by column 

chromatography on silica gel using EtOAc:hexanes (1:1) to furnish the dibromide 191 (710 

mg, 90% yield) as a colorless thick oil. 
1
H NMR (400 MHz, CDCl3): δ = 5.06-4.99 (m, 2H), 

4.92 (br, 1H), 4.26 (br, 1H), 3.71 (s, 3H), 3.61-3.55 (m, 4H), 3.18-3.13 (m, 2H), 1.79-1.66 

(m, 1H), 1.66-1.32 (m, 14H). 
13

C NMR (100 MHz, CDCl3): δ = 155.5, 71.5, 53.3, 52.6, 41.0, 

32.7, 32.2, 29.3, 28.6, 22.6. Due to the instability of 191, no mass spec data was obtained.  

 

(S)-Methyl 6-((((1,3-bis(acetylthio)propan-2-yl)oxy)carbonyl)amino)-2-((tert-

butoxycarbonyl)amino)hexanoate (192). Potassium acetate (650 mg, 5.69 mmol) and KI 

(207 mg, 1.25 mmol) were added to a solution of the lysine methyl ester 191 (1.30 g, 2.58 

mmol) in dry DMF (10 mL) stirred at room temperature under an inert atmosphere. Stirring 

was continued for 24 h, the reaction mixture was diluted with DCM (20 mL) and the organic 

layer was washed with a saturated aqueous solution of NaHCO3 (2 × 10 mL), brine (10 mL), 

dried over anhydrous Na2SO4, and filtered. The filtrate was concentrated and the remaining 

product was purified by silica gel chromatography using EtOAc:hexanes (1:1) to obtain the 

diacetate 192 (1.2 g, 94% yield) as a dark brown thick oil. 
1
H NMR (400 MHz, CDCl3): δ = 

5.06, (br, 1H), 4.19-4.88 (m, 1H), 4.70 (br, 1H), 4.25 (br, 1H), 3.71 (s, 3H), 3.23-3.02 (m, 

6H), 2.32, (s, 6H), 1.78-1.59 (m, 2H), 1.51-1.32 (m, 13H). 
13

C NMR (75 MHz, CDCl3): δ = 

155.6, 71.6, 53.4, 52.5, 40.9, 32.6, 32.1, 30.7, 29.5, 28.6, 22.6. LRMS-ESI (m/z) [M+Na]
+
 

calcd for C20H34N2O6S2 Na: 517.16; found 517.16. 
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(S)-Methyl 6-((((1,2-dithiolan-4-yl)oxy)carbonyl)amino)-2-((tert-

butoxycarbonyl)amino)hexanoate (193). K2CO3 (1.3 g, 9.7 mmol) was added to a solution 

of the diacetate 192 (1.20 g, 2.40 mmol) in dry MeOH (15 mL) stirred at room temperature 

under an inert atmosphere. Stirring was continued for 45 minutes, the solvent was evaporated 

and, the remaining residue was resuspended in EtOAc (50 mL). Water (20 mL) was added to 

the mixture under stirring and the organic layer was separated. The organic layer was washed 

with water (2 × 20 mL) and brine (20 mL), dried over anhydrous Na2SO4, and filtered. The 

filtrate was concentrated and the crude product was dissolved in CHCl3 (120 mL). Water (50 

mL) was added to the solution to establish a biphasic system, and then the reaction mixture 

was cooled to 0 °C. Sodium acetate (604 mg, 7.2 mmol) and a solution (0.1 M) of iodine in 

CHCl3 were added slowly to the reaction mixture under stirring until a yellow persistent 

color appeared. Next, the organic layer was separated, washed with aqueous Na2S2O3 (20 

mL, 10%), a saturated aqueous solution of NaHCO3 (2 × 20 mL), brine (10 mL), dried over 

anhydrous Na2SO4, and filtered. The filtrate was concentrated under reduced pressure and the 

product was purified by column chromatography on silica gel using EtOAc:hexanes (1:1) to 

obtain the dithiolane 193 (979 mg, 84% yield) as a thick oil. 
1
H NMR (400 MHz, CDCl3): δ 

= 5.67-5.66 (m, 1H), 5.25 (br, 1H), 4.92 (br, 1H), 4.28 (br, 1H), 3.72 (s, 3H), 3.34-3.22 (m, 

1H), 3.21-3.07 (m, 5H), 1.78-1.65 (m, 1H), 1.63-1.40 (m, 14H). 
13

C NMR (100 MHz, 

CDCl3): δ = 173.3, 155.6, 80.1, 78.4, 53.2, 52.5, 45.3, 40.7, 32.5, 29.3, 28.5, 22.8, 22.5. 

LRMS-ESI (m/z) [M+Na]
+
 calcd for C16H28N2O6S2Na: 431.12; found 431.12. 
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(S)-6-((((1,2-Dithiolan-4-yl)oxy)carbonyl)amino)-2-((tert-

butoxycarbonyl)amino)hexanoic acid (194). An aqueous solution of LiOH (4.0 mL, 2 M) 

was added to a solution of the dithiolane 193 (815 mg, 1.99 mmol) in dry dioxane (5 mL) 

stirred at room temperature. Stirring was continued for 1 h and the reaction mixture was 

acidified to pH 4.0 using dilute aqueous HCl (8 mL, 1 M) at 0 °C. The aqueous layer was 

extracted with EtOAc (3 × 30 mL), the combined organic layers were washed with water (2 × 

20 mL), brine (20 mL), dried over anhydrous Na2SO4, and filtered. The filtrate was 

concentrated under reduced pressure and the obtained product was dried under a high 

vacuum to furnish the dithiolane acid 194 (715 mg, 91% yield). 
1
H NMR (300 MHz, CDCl3): 

δ = 5.66 (s, 1H), 5.22 (br, 1H), 5.02 (s, 1H), 4.27 (br, 1H), 3.29-3.15 (m, 6H), 1.82-1.67 (m, 

2H), 1.58-1.26 (m, 13H). 
13

C NMR (75 MHz, CDCl3): δ = 177.0, 156.2, 78.9, 53.70, 45.72, 

41.13, 32.48, 29.82, 28.94, 22.96. LRMS-ESI (m/z) [M+Na]
+
 calcd for C15H26N2O6S2Na: 

417.1123; found 417.1140. 

 

(S)-6-((((1,2-Dithiolan-4-yl)oxy)carbonyl)amino)-2-aminohexanoic acid hydrochloride 

(111). A solution of dry HCl (4.0 mL, 4 M in dioxane) was added slowly to a solution of the 

dithiolane 194 (715 mg, 1.84 mmol) in dry dioxane (4.0 mL) stirred at room temperature. 

Stirring was continued for 4 h. The reaction mixture was concentrated under reduced 

pressure and the obtained residue was redissolved in MeOH (1.0 mL). The solution was 

added dropwise to Et2O (250 mL) under vigorous stirring to precipitate the product. The 

precipitate was redissolved in MeOH (1 mL), and the precipitation process was repeated 

three times to obtain the dithiolane lysine 111 (450 mg, 75% yield) as a white solid. 
1
H NMR 
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(300 MHz, CD3OD): δ = 5.16 (br, 1H), 4.03-3.90 (m, 1H), 3.20-3.06 (m, 6H), 1.92-1.89 (br, 

2H), 1.53-1.41 (m, 4H). 
13

C NMR (75 MHz, CD3OD): δ =158.1, 118.6, 79.82, 77.7, 68.6, 

53.8, 45.8, 43.2, 41.1, 37.4, 31.3, 30.3, 28.9, 23.4. LRMS-ESI (m/z) [M+H]
+
 calcd for 

C10H19N2O4S2: 295.07; found 295.07. 

 

2,5-Dioxopyrrolidin-1-yl (1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl) carbonate (197). 

Triethylamine (2.40 mL, 17.4 mmol) and disuccinimidyl carbonate (2.20 g, 8.70 mmol) were 

added to the solution of 196 (1.00 g, 5.80 mmol) in dry acetonitrile (20 mL) stirred at room 

temperature under an inert atmosphere. The reaction mixture was stirred for 10 h, the solvent 

was removed under reduced pressure, and the obtained residue was directly purified by 

column chromatography on silica gel using a acetone:DCM (1:20) to obtain the 

corresponding carbonate 197 (1.5 g, 83% yield) as an orange solid; mp 163-165 °C. LRMS-

ESI (m/z) [M+H]
+
 calcd for C14H22N2O6 : 314.14; found 314.14. NMR data could not be 

collected due to the radical nature of the amino acid. 

 

(S)-2-Amino-6-((((1-hydroxy-2,2,6,6-tetramethylpiperidin-4-

yl)oxy)carbonyl)amino)hexanoic acid (198). Boc-lysine (1.80 g, 7.32 mmol) was added to 

the solution of the succinimidyl carbonate 197 (1.50 g, 4.88 mmol) in dry DMF (15 mL) 

stirred at room temperature under an inert atmosphere. Stirring was continued for 18 h and 

the reaction mixture was poured into water (100 mL) under stirring. EtOAc (30 mL) was 

added to the aqueous mixture to dissolve the precipitate. The combined organic layer were 

washed with water (3 × 20 mL), brine (20 mL), dried over anhydrous Na2SO4, and filtered. 
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The filtrate was concentrated under reduced pressure and dried under high vacuum to yield 

TEMPO Boc-lysine 198 (2.0 g, 95% yield) as an orange, low melting solid. The crude 

product was subjected to the next step without further purification. LRMS-ESI (m/z) [M+H]
+
 

calcd for C21H39N3O7 [M+H]
+
 : 445.27; found 445.27. Then, the Boc-lysine 198 (780 mg, 

1.76 mmol) was added to a solution (14 mL) of TFA:DCM (1:1) stirred at room temperature 

under an inert atmosphere. Stirring was continued for 45 minutes. The reaction mixture was 

concentrated under reduced pressure and the obtained residue was redissolved in MeOH (5 

mL), and concentrated. The process was repeated two more times to remove any residual 

TFA. MeOH (1.5 mL) was added to dissolve the crude product and the solution was added 

dropwise to Et2O (100 mL) under vigorous stirring to precipitate the crude product. The 

precipitate was redissolved in MeOH (1.5 mL) and the process of precipitation was repeated 

once more to obtain the TEMPO lysine TFA salt 113 (610 mg, 78% yield) as a white solid. 

LRMS-ESI (m/z) [M+H]
+
 calcd for C16H31N3O5: 345.22; found 345.22. NMR data could not 

be collected due to the radical nature of the amino acid. 

 

(S)-2-((tert-Butoxycarbonyl)amino)-6-((((1-hydroxy-2,2,6,6-tetramethylpiperidin-4-

yl)oxy)carbonyl)amino)hexanoic acid (199). Sodium dithionite (1.40 g, 8.21 mmol) was 

added to a solution of the Boc-lysine 198 (1.40 g, 3.28 mmol) in acetone:H2O (1:1, 30 mL) 

stirred at room temperature under an inert atmosphere. Stirring was continued for another 30 

minutes and the reaction mixture was concentrated under reduced pressure. Water (20 mL) 

and EtOAc (30 mL) were added and the organic layer was separated. The organic layer was 

washed with water (2 × 20 mL), brine (20 mL), dried over anhydrous Na2SO4, and filtered. 
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The filtrate was concentrated under reduced pressure and dried under a high vacuum to 

obtain TEMP (OH) Boc-lysine 199 (1.4 g, 98% yield) as a white solid. 
1
H NMR (300 MHz, 

CD3OD): δ = 5.36 (s, 1H), 4.99 (br, 1H), 4.12-4.10 (m, 1H), 3.14 (br, 2H), 2.16 (br, 2H), 

1.82-1.62 (m, 3H), 1.41-1.20 (m, 24H). 
13

C NMR (100 MHz, CD3OD): δ = 178.67, 155.9, 

69.8, 66.0, 64.2, 54.6, 54.0, 42.6, 41.0, 33.2, 32.1, 29.9, 29.7, 29.5, 28.7, 28.1, 22.6, 21.2. 

LRMS-ESI (m/z) [M+H]
+
 calcd for C21H40N3O7: 446.28; found 446.20. 

 

(S)-2-Amino-6-((((1-hydroxy-2,2,6,6-tetramethylpiperidin-4-

yl)oxy)carbonyl)amino)hexanoic acid (195). Triethylsilane (932 µL, 5.80 mmol) and 

TEMP(OH) Boc-lysine 199 (64 mg, 0.14 mmol) were added to a solution of TFA:DCM (1:1, 

20 mL) stirred at room temperature under an inert atmosphere. Stirring was continued for 45 

minutes and the reaction mixture was concentrated under reduced pressure. The obtained 

residue was dissolved in MeOH (10 mL) and the evaporation process was repeated twice to 

remove any residual TFA. MeOH (2 mL) was added and the solution was added dropwise to 

Et2O (150 mL) under vigorous stirring to precipitate the product. The precipitation process 

was repeated once more to obtain the TEMP(OH) lysine TFA salt 195 (1.1 g, 84% yield) as a 

white solid. 
1
H NMR (300 MHz, D2O): δ = 5.05 (br, 1H), 3.79 (s, 1H), 3.10 (br, 2H), 2.31-

2.27 (m, 2H), 1.85 (br, 4H), 1.54-1.42 (m, 16H). 
13

C NMR (100 MHz, CD3OD): δ = 173.1, 

163.2, 157.6, 117.8, 114.9, 68.4, 66.9, 64.3, 53.5, 48.9, 41.2, 39.9, 38.7, 29.7, 28.5, 28.4, 

27.6, 27.3, 21.5, 21.1, 19.5. LRMS-ESI (m/z) [M+H]
+
 calcd for C16H31N3O5: 346.23; found 

346.30. 
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CHAPTER 6: GENETIC CODE EXPANSION WITH CAGED TYROSINE ANALOGUES          

6. Tyrosine in protein function 

Tyrosine, a non-essential amino acid for animals, is synthesized from the essential 

amino acid phenylalanine by the enzyme phenylalanine hydroxylase.
528, 529

 The tyrosine 

residue offers exceptional chemistries in proteins by virtue of 1) an amphipatic side chain 

that can be compatible to both hydrophilic and hydrophobic environments,
530

 2) a polar 

hydroxyl group (with a pKa of approximately 10) that often interacts via hydrogen bonding 

and acid-base reactions,
531

 and 3) a tyrosyl moiety that has been linked to various redox 

reactions via stabilizing a free radical.
532, 533

 Thus, the various biochemical reactions of a 

tyrosine residue allow for ionic, non-covalent (via a π-π interaction or Van der Waals forces) 

and covalent interactions. Specifically, the tyrosine residue introduces acid-base chemistry, 

cation-π interactions, cross-links formation, and metal chelation in protein.
531, 532, 534

 

Additionally, the rigid structural character of a tyrosine side chain leads to both high affinity 

and specific interactions.
530

 Thus, the prevalence of tyrosine residue chemistry in a wide 

range of biological processes emphasizes its role in protein function.
535, 536

 

Tyrosine residues in proteins are involved in a variety of cellular processes, including 

proliferation, intercellular communication, cell motility, apoptosis, and post-translational 

modifications (PTMs).
535, 537

 Recent studies revealed the importance of PTMs at tyrosine 

residues in proteins via phosphorylation,
535, 538, 539

 sulphation,
540, 541

 and nitration
542, 543

. For 

instance, phosphorylation at tyrosine makes up 62% of all the PTMs that occurs in the human 

body.
544

 This reaction is mainly maintained by a cooperative action of protein tyrosine 

kinases (PTKs), which represent 90 genes, and protein tyrosine phosphatases (PTPs), which 
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are encoded by 107 genes.
535

 Phosphorylation of a tyrosine residue by an angiogenic receptor 

tyrosine kinase, also called vascular endothelial growth factor receptor 2 (VEGFR2), 

enhances kinase stability.
545, 546

 Studies showed that hypoxia-induced tyrosine 

phosphorylation of Bcl-2 proteins, anti-apoptotic proteins named as B-cell lymphoma 2 

family proteins (Bcl-2), can induce apoptosis.
547-549

  

Tyrosine participates in various enzymatic reactions to maintain protein 

homeostasis.
550

 Therefore, misregulation of tyrosine PTMs results in various diseases such as 

cancer,
551, 552

 neural diseases and cytopathogenesis.
535, 536, 553-555

 A few examples of proteins 

that utilize tyrosine residues are myoglobin,
556

 dehaloperoxidase, 
557-559

 and 

cyclooxygenase.
560-562

 Previously, biophysical probes such as 88–92 that are structurally 

similar to tyrosine but spectroscopically different have been incorporated into proteins 

through metabolic labeling,
563-565

 and amber suppressor methodology (vide supra).  

Site-specific incorporation of O-methyl tyrosine 88 into proteins using an evolved 

tyrosyl tRNA/tRNA synthetase pair in E. coli was reported almost a decade ago.
328

 Since the 

first successful incorporation of O-methyl tyrosine, over 50 different unnatural amino acids 

with diverse functionalities,
352

 88–98 to name a few (Figure 30),
315, 566-568

 have been 

incorporated using engineered orthogonal tyrosyltRNA/tRNA synthetase pairs in E. coli, 

yeast and mammalian cells. The amber suppressor technique has been applied to study 

protein-protein interactions, post-translational modifications, and signaling pathways.
569-571

 

These studies have mainly been focused in E. coli along with a limited number of 

investigations accomplished in yeast or mammalian cells;
572

 because of a low incorporation 
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efficiency of the orthogonal tyrosyl tRNA/tRNA synthetase pairs in higher organisms.
58, 335, 

569
 

 Previously, caged tyrosine analogues have been incorporated into proteins using 

amber suppressor methods. For examples, o-NB tyrosine 96 has been genetically 

incorporated by Deiters et al. into the active site of β-galactosidase in E. coli using the M. 

jannaschii tyrosyl tRNACUA/tyrosyl-tRNA synthetase pair.
334

 The β-galactosidase activity of 

the mutant was then restored upon a brief UV irradiation. This method may be useful for the 

photoregulation of a number of biological processes such as transcription, signal 

transduction, and cellular trafficking. Similarly, site-specific incorporation of a caged 

fluorotyrosine 97–98 in E. coli was reported.
573

 Isotope labeled (
15

N) o-nitrobenzyl tyrosine 

was genetically encoded in the active site of the thioesterase domain of the human fatty acid 

synthetase (FAS-TE; 33kD) for studying protein function and dynamics by NMR.
574

 

Additionally, Deiters et. al also reported the spatial and temporal control of gene function in 

mammalian cells through the site–specific incorporation of o-nitrobenzyl tyrosine into Cre 

recombinase.
67

  

 

6.1. Synthesis of a caged thiotyrosine and its site-specific incorporation into proteins 

 

The SH-group in thiotyrosine is a unique biochemical handle that can be used for 

achieving selective protein labeling via bioconjugation reactions. Additionally, dimerization 

or crosslinking between two different protein domains through disulfide linkages may be 

investigated. Previously, thiotyrosine residues have been incorporated into peptides through 

solid-phase peptide synthesis, and the resulting peptides, such as angiotensin II analogues, 
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have been investigated for their agonistic activities.
575

 In addition, thiotyrosine residues have 

been incorporated at two specific positions in polyphenylalanine peptides to establish a 

disulfide crosslink for studying protein folding via light (270 nm) activation.
576

 However, to 

the best of our knowledge, there has been no investigation on site-specific incorporation of 

thiotyrosine 209 or caged thiotyrosine 205 into proteins to date. We envisioned that site-

specific incorporation of caged thiotyrosine 205 into proteins may provide a new avenue to 

explore sulfur chemistry in cells. The SH-group, restored after the decaging of o-NB 

thiotyrosine 205 using UV light, could be explored to investigate the aforementioned 

potential.  

We synthesized both the o-nitrobenzyl thiotyrosine 205 and a corresponding o-amino 

benzyl tyrosine 206 (Scheme 28a). The amino benzyl analogue 206 serves as a control for 

subsequent mass spectrometry analysis. Both the o-nitrobenzyl thiotyrosine 205 and the o-

aminobenzyl tyrosine 206 were prepared from the disulfide ester 200 which was synthesized 

in two steps starting from toluene disulfide as reported in the literature.
577

 Reduction of a 

disulfide bond of 200 in the presence of NaBH4 followed by alkylation with o-

nitrobenzylbromide 201 or Boc protected aminobenzyl bromide 202 in a THF:EtOH mixture 

(1:1) at room temperature furnished corresponding sulfide 203 (82% yield) or 204 (40% 

yield). Boc protected aminobenzyl bromide 202 was synthesized from commercially 

available aminobenzyl alcohol in two steps following a reported procedure.
578

 Finally, the 

acetamidomalonate 203 or 204 was heated to reflux in a mixture of aqueous 6 M HCl: 

CH3COOH (1:1) to obtain the corresponding amino acid 205 (96% yield) or 206 (94% yield) 

as crystalline hydrochlorides. A dansyl amine fluorophore 207, synthesized following a 
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literature procedure,
579

 was then reacted with bromoacetyl chloride in DCM to deliver the 

desired dansyl fluorophore 208 in 65% yield (Scheme 28b).  

Upon the completion of caged thiotyrosine 205 synthesis, decaging experiments were 

performed either in MeOH or in PBS buffer at pH 7.0 through UV irradiation (365 nm). A 

solution of caged thiotyrosine (0.1 mM in PBS buffer) was subjected to UV irradiation (365 

nm) for 5, 10, or 15 minutes using a transilluminator, and the products were analyzed by 

HPLC. Results showed that nearly half of the caged thiotyrosine 205 was consumed upon 5 

minutes of UV irradiation. Irradiation of the sample for up to 10 minutes showed a gradual 

decrease in the starting material, but did not result in complete consumption of the starting 

material. Although the HPLC chromatogram indicated a decrease in starting material upon 

irradiation, the anticipated decaged thiotyrosine was not observed.  

Thus, thiotyrosine 209 was prepared (Scheme 29) as a reference compound for the 

aforementioned decaging study. The disulfide ester 200 was treated with NaBH4 in MeOH at 

room temperature to reduce the disulfide bond, providing the corresponding thiol 

intermediate, which was subsequently heated to reflux in a solution of acetic acid in aqueous 

HCl (6 M) to deliver thiotyrosine 209. The thiotyrosine 209 solution (0.1 mM in PBS buffer) 

was analyzed by HPLC under the same conditions mentioned before. Under these conditions 

(0.1 mM thiotyrosine in PBS buffer at pH 7.0), detection of the thiotyrosine was very poor 

and lacked a well-resolved peak. Increasing the concentration of thiotyrosine to 0.5 mM 

resulted in a better signal in the chromatogram. With these observations, we anticipate that 

the decaging profile of the caged thiotyrosine 205 at 0.5 mM would result in the detection of 

thiotyrosine. Therefore, thiotyrosine 205 was irradiated with UV light under the same 
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conditions as before in 0.5 mM solution. However, no clear decaging event was observed 

through HPLC analysis. 

  

 

Scheme 28. a) Synthesis of the caged thiotyrosine 205, the o-amino benzyl tyrosine 206, and 

b) the dansylfluorophore 208. 

 

The incorporation of 205 into a superfolder green fluorescent protein (sfGFP)
580

 in 

response to an amber stop codon (TAG) using the MjTyr tRNA and E10 MjTyrRS variant 

were tested by Dr. Liu in the Cropp laboratory at Virginia Commeonwealth University. The 

E10 MjTyrRS variant has mutations at seven active-site residues (Y32G, L65G, H70M, 
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F108G, D158S, I159M, and Ll62G and it can incorporate o-nitrobenzyl tyrosine and its 

fluoro derivatives but not natural tyrosine into proteins in E. coli.
334, 573

 The ability to 

selectively incorporate the caged thiotyrosine 205 may allow to further probe the function of 

active-site tyrosine residues. The expression resulted in a moderate 205-dependent protein 

production (Figure 52, lane 3). Further characterization of the purified protein via ESI-MS 

suggested that the expressed protein contains a major species with a mass 30 Da less than the 

expected value. Although the detailed reason for the loss of 30 Da in mass was not 

understood, it appears consistent with the reduction of a nitro group to an amino group. 

These modifications could occur at either the pre-translational level (free amino acids) or the 

post-translational level (proteins containing UAAs).
581, 582

 

 

 

Figure 52. SDS-PAGE gel indicating site-specific incorporation of 205 into sfGFP using 

MjTyrRS variant E10. The experiment was performed by Jia Liu, Cropp lab, VCU. 

 

To investigate the 30 Da mass loss, regarding the possibility of the reduction of an o-

nitro group, 206 was incorporated into sfGFP (Figure 52, lane 4) using the same protocol 

used for 206. Indeed, 206 was recognized as a substrate by the MjTyrRS variant. Together 

with their expression and ESI-MS results may indicate that the mis-incorporation of pre-
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translationally modified UAA might be the cause of the observed 205-30 Da protein. To 

address this issue, the expression was performed in the presence of dicoumarol,
583

 an 

inhibitor for nitroreductases; but the reduction was not inhibited. Alternatively, orthogonal 

pyrrolysyl tRNA/ tRNA synthetase pairs have been investigated in the Cropp laboratory to 

identify two Methanosarcina mazei PylRS variants that could selectively incorporate 205 

into sfGFP. Further studies are in progress. 

Thus, a pyridinium disulfide tyrosine 211, which could deliver a thiotyrosine upon 

disulfide bond reduction, was synthesized from compound 200 in two steps (Scheme 29). 

After incorporation into proteins, the pyridinium disulfide of 211 can be reduced simply by 

treating cells with a mild reducing agent such as dithiothreitol (DTT) or tris(2-

carboxyethyl)phosphine (TCEP) , thereby restoring thiol functionality and releasing 2-

mercaptopyridone.
584

 One of the main advantages of using pyridinium pyridyl disulfide, as 

compared to that of aliphatic or other aromatic disulfide analogues, is the formation of 2-

mercaptopyridone as a predominant tautomer upon reduction.
585

 Studies showed that the 

possibility of involvement of 2-mercaptopyridone for crosslink formation with cysteine or 

disulfide exchange in an aqueous environment is negligible.
586

 It was anticipated that the 

pyridinium disulfide tyrosine 211 may be incorporated into proteins by tRNA/tRNA 

synthetase pairs because of the structural similarity, To prepare 211, the disulfide ester 200 

was treated with sodium borohydride in methanol to provide the corresponding thiol, which 

was subsequently reacted with commercial 2,2ʹ-dipyridyl disulfide (Py2S2) in THF to furnish 

the pyridinium disulfide ester 210 in 62% yield.
587

 Finally, the disulfide tyrosine ester 210 

was stirred in a solution of aqueous HCl (6 M) in glacial acetic acid and the mixture was 
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heated to generate pyridinium disulfide tyrosine 210 in 90% yield. The site-specific 

incorporation of 211 was tested using several PylRS variants by Jihe Liu in the Deiters 

laboratory. Unfortunately, no incorporation of the amino acid 211 has been achieved to date. 

 

 

Scheme 29. Synthesis of thiotyrosine (209) and the pyridinium disulfide tyrosine 211. 

 

6.2. Synthesis of the para-ethyne-caged tyrosine and its site-specific incorporation attempts 

 

A terminal alkyne moiety in proteins is a potential site for a copper catalyzed alkyne-

azide cycloaddition reaction.
588, 589

 Here, we installed an acetylene moiety, the smallest 

alkyne functionality to impose minimal steric bulk, at the 4-position of the o-NB caging 

group to furnish 219 (Scheme 30). The synthesis of 4-ethynyl-o-nitrobenzyl tyrosine (219) 

was accomplished in six steps starting from the commercially available 4-amino-2-

nitrotoluene (212). The amine group of 212 was converted to an iodide by reaction with 

NaNO2 in the presence of aqueous HCl at 0 
°
C for the in situ generation of a diazonium salt, 

which upon reaction with aqueous KI was converted to the iodide 213 in 71% yield.
590

 The 

iodide 213 was reacted with trimethylsilyl acetylene (TMSA) using Pd catalysis to provide 
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compound 214 in 82% yield.
591

 Benzylic bromination of 214 in the presence of NBS and 

AIBN in carbon tetrachloride at 90 
°
C gave the bromide 215 in 52% yield. Attempted 

optimizations by employing different ratios of NBS or liquid bromine (Br2) as the 

brominating reagent in either CCl4 or acetonitrile did not improve the yield. TMS group 

deprotection using TBAF in THF at -78 
°
C gave the desired bromide 216 in 80% yield. The 

bromide 216 was then reacted with Boc-Tyr OMe in the presence of K2CO3 in DMF at room 

temperature to deliver the ester 217 in 71% yield. Methyl ester hydrolysis of 217 using 

aqueous LiOH in THF resulted in the corresponding acid 218, which upon treating with 

TFA:DCM (1:1) at room temperature gave a white, crystalline TFA salt of 4-ethynyl-o-

nitrobenzyl tyrosine 219 in 80% yield. 

 

 

Scheme 30. Synthesis of the p-ethyne-caged tyrosine 219. 
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The site-specific incorporation of 219 was tested using several PylRS variants by Jihe Liu in 

the Deiters group. Unfortunately, the amino acid 219 could not be incorporated.  

 

6.3. Synthesis of caged azatyrosine and its site-specific incorporation 

Azatyrosines, isolated from Streptomyces chibanesis,
592

 220 and 222 (Figure 53) have 

been studied in a variety of chemical and biological processes.
593-595

 Studies also showed that 

the azatyrosine moiety undergoes pH dependent tautomerization.
596

 In addition, azatyrosine 

exists predominantly in a lactam form in a polar solvent such as water, whereas the lactim 

tautomer predominates in non-polar or hydrophobic medium. Therefore, the solvent polarity 

plays a crucial role in altering its equilibrium state (Figure 53).
597

 It was envisioned that the 

structural uniqueness of the hydroxy pyridine moiety (and its pyridone tautomer) is linked 

with the distinct biochemical features of azatyrosines.
598

 In the past, physico-chemical 

properties of the 2-hydroxy pyridine (pKa = 11.6) functionality have been studied in detail 

including, proton transfer,
599

 tautamerization,
596

 hydrogen bonding,
599

 metal coordination,
600

 

antibiotic activity,
594

 and anticancer activities.
601-603
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Figure 53. Azatyrosine analogues a) 2-azatyrosine 220, 3-azatyrosine 222, and caged 

azatyrosine 221; and b) azatyrosine in equilibrium between 2-hydroxy pyridine 222 and 2-

pyridone 223 tautomers; Keq = equilibrium constant. 

 

Investigations the properties of the pyridone moiety have revealed potential 

applications towards protein functions and dynamics. The characteristic features of 2-

pyridone chemistry may be mediated via 1) acid-base reaction,
599, 604

 2) conjugated dual 

hydrogen bonding,
605, 606

 3) metal coordination,
607

 and 4) non-covalent interactions.
608

  

We envisioned that the caged 3-azatyrosine 221 may be used to investigate protein 

function performing site-specific incorporation. After site-specific incorporation, upon a brief 

UV irradiation, 221 undergoes photolysis thereby generating 222, which spontaneously 

tautamerizes into the thermodynamically more stable 2-pyridone tautomer 223. The 

equilibrium state is maintained based on the microenvironment such as polarity of the 

medium or the local pH (Scheme 31). In the past, only a few methods for the synthesis of 
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azatyrosine analogues have been reported.
609, 610

 Here, we report the preparation of the caged 

azatyrosine to achieve photochemical control on protein function. 

 

 

Scheme 31. A schematic of light-activation of the caged azatyrosine resulting in a 2-hydroxy 

pyridine 225 in equilibrium with a 2-pyridone 226. 

 

The synthesis of caged azatyrosine 221 is completed in seven steps from the known 

pyridone methyl ester 227 (Scheme 32). A selective O-alkylation of 227 with o-nitrobenzyl 

bromide 201 was achieved in 64% yield using Ag2CO3 in THF when heated under reflux.
611

 

The use of inorganic bases such as K2CO3, Na2CO3, or Cs2CO3 in various solvents such as 

THF and acetonitrile at room temperature or under reflux resulted in only the N-alkyl product 

228. It has been shown that pyridone undergoes N-alkylation in the presence of alkali metal 

carbonates such as K2CO3, Na2CO3, or Cs2CO3, whereas O-alkylation occurs when using 

Ag2CO3 as the base.
611, 612

 We confirmed this regio-selectivity in our synthesis and the 

observed N- vs O-alkylation in pyridone 227 were consistent with literature reports. We 

observed that benzylic protons of 228 (o-NBCH2N at 5.86 ppm) are more de-shielded as 

compared to those of 229 (o-NBCH2O at 5.82 ppm). The deshielding of the benzylic protons 

of 228 as compared to that of 229 can be attributed to the presence of carbonyl group in 228. 
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Besides, the 2-pyridone protons on 228 are found to be slightly de-shielded as well, compare 

to than that of the 2-hydroxy pyridine protons on 229 (see Experimental Section). 

Furthermore, the N-alkyl ester 228 did not undergo decaging on using UV 365 nm in 0.1 mM 

in PBS buffer. Thus, only the O-alkyl product was pursued. The O-alkyl ester 229 was 

reduced to the corresponding alcohol 230 with DIBAL in DCM at -78 
°
C. The alcohol 230 

was subsequently reacted with thionyl chloride to provide the chloride 231 in 85% yield. The 

chloride 231 was reacted with the known t-butyl imine glycinate 232 in the presence of LDA 

in THF:HMPA at -78 
°
C to deliver the caged ester 233 in 91% yield. The reaction was found 

to be low yielding without the use of HMPA. Finally both t-butyl protecting groups were 

removed when the ester 233 was treated with aqueous HCl (4 M), furnishing the caged 

azatyrosine 221 in 89% yield. 
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Scheme 32. Synthesis of the caged azatyrosine 221. 

 

 The decaging experiment was performed with 221 (0.1 mM in PBS buffer, at pH 7.0 

with UV irradiation at 365 nm for either 5 or 10 min) and samples were analyzed by HPLC. 

The caged azatyrosine 221 was completely consumed in 10 minutes of UV irradiation, but it 

could not be assessed if azatyrosine was formed. The site-specific incorporation of caged 

azatyrosine 221 into sfGFP using the M. barkeri PylRS mutant EV16-3 was performed by 

Jihe Liu; and 221-dependent protein expression was observed (Figure 54). The PylRS mutant 

EV16-3 has the mutations Y349F, N311A, and C313A. The SDS-PAGE analysis indicated 

that the PylRS mutant EV16-3 incorporates the caged azatyrosine 221, resulting in a sfGFP-
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azatyrosine expression. The protein expression has been further confirmed by LRMS-ESI 

analysis (observed at 28398.56 and calculated 28398.85 Da).  

 

 

Figure 54. Caged azatyrosine 221 incorporation into a sfGFP by the PylRS mutant EV16-3. 

a) SDS-PAGE indicates the sfGFP expression only in the presence of 221, b) ESI-MS 

spectrum indicating that 221 is incorporated into the protein. These experiments were 

performed by Jihe Liu in the Deiters lab. 
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6.4. Experimental data for synthesized compounds 

Diethyl 2-acetamido-2-(4-((2-nitrobenzyl)thio)benzyl)malonate (203). Sodium 

borohydride (640 mg, 1.74 mmol) was added to a solution of the acetamidomalonate 200 

(200 mg, 0.29 mmol) in THF:MeOH (1:1, 5 mL) stirred at 0 °C under an inert atmosphere. 

After 2 h, a solution of o-nitrobenzyl bromide (201, 138 mg, 0.630 mmol) in THF (1 mL) 

was added to the reaction mixture at 0 °C. Stirring was continued overnight and the reaction 

mixture was allowed to warm to room temperature. A saturated aqueous solution of NH4Cl 

(3 mL) was added and the solution was concentrated under reduced pressure to remove 

organic solvents. EtOAc (20 mL) was added to the aqueous mixture and the organic layer 

was washed with a saturated aqueous solution of NaHCO3 (2 × 20 mL), brine (20 mL), and 

dried over anhydrous Na2SO4. The filtrate was concentrated under vacuum and the obtained 

residue was purified by column chromatography on silica gel using EtOAc:hexanes (1:1) to 

obtain 203 (230 mg, yield 82%) as a foam. 
1
H NMR (300 MHz, CDCl3): δ = 7.90 (d, J = 6.6 

Hz, 1H), 7.22 (m, 7.45-7.31, 2H), 7.19 (d, J = 3.9 Hz, 2H), 7.10 (d, J = 3.9 Hz, 2H), 6.83 (s, 

J = 3.9 Hz, 2H), 6.52 (s, 3H), 4.39 (s, 1H), 4.24-4.17 (m, 4 H), 3.59 (s, 2H), 2.02 (s, 3H), 

1.36-1.25 (m, 6H). 
13

C NMR (75 MHz, CDCl3): δ = 169.92, 169. 26, 167.38, 166.48, 148.52, 

134.88, 133.46, 133.38, 133.11, 132.07, 132.00, 130.54, 128.27, 125.25, 67.11, 62.76, 62.63, 

37.38, 37.19, 23.06, 22.76, 14.07. HRMS-ESI (m/z) [M+Na]
+
 calcd for C23H26N2O7SNa: 

497.1358; found: 497.1349. 

 

Diethyl 2-acetamido-2-(4-((2-((tert-butoxycarbonyl)amino)benzyl)thio)benzyl)malonate 

(204). Sodium borohydride (50 mg, 1.3 mmol) was added to a solution of acetamidomalonate 
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200 (180 mg, 0.260 mmol) in THF:MeOH (1:1, 2 mL) stirred at 0 °C under an inert 

atmosphere. After 90 minutes, a solution of Boc-protected aminobenzyl bromide 202 (76 mg, 

0.26 mmol) in THF (1 mL) was added at 0 °C. The reaction mixture was allowed to warm to 

room temperature and the stirring was continued overnight. The reaction mixture was 

quenched with a saturated aqueous solution of NH4Cl (2 mL). The solution was concentrated 

under reduced pressure to remove THF. EtOAc (10 mL) was added to the remaining aqueous 

solution and the organic layer was separated and washed with a saturated aqueous solution of 

NaHCO3 (2 × 10 mL), brine (10 mL), and dried over anhydrous Na2SO4. After filtration, the 

filtrate was concentrated followed by purification using column chromatography on silica gel 

with EtOAc:hexanes (3:7) to obtain the desired product 204 (109 mg, yield 40%) as a solid. 

1
H NMR (400 MHz, CDCl3): δ = 7.71 (br, 1H), 7.26-7.18 (m, 3H), 6.96-6.87 (m, 5H), 6.56 

(br, 1H), 4.27-4.21 (m, 4H), 4.01 (s, 2H), 3.59 (s, 2H), 2.00 (s, 3H), 1.51 (s, 9H), 1.27 (t, J = 

7.2 Hz, 6H). 
13

C NMR (100 MHz, CDCl3): δ = 169.25, 167.48, 153.38, 136.77, 134.90, 

133.44, 131.90, 130.60, 130.57, 128.49, 124.02, 123.08, 67.22, 62.08, 37.49, 37.32, 28.46, 

23.10, 14.13. LRMS-ESI (m/z) [M+Na]
+
 calcd for C28H36N2O7SNa: 567.2243; found: 

567.2201.  

 

2-Amino-3-(4-((2-nitrobenzyl)thio)phenyl)propanoic acid hydrochloride (205). Diethyl 

acetamidomalonate (205, 200 mg, 0.420 mmol) was added to a solution of acetic acid in 6 M 

HCl (1:1, 2 mL) at room temperature. The suspension was then heated to 95 °C under stirring 

for 30 h. The solvent was removed under reduced pressure and the remaining product was 

dried under high vacuum for 20 h to furnish the amino acid 205 (150 mg, yield 96%) as a 
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brown solid. 
1
H NMR (300 MHz, DMSO- d6): δ = 8.44 (s, 2H), 8.00 (d, J =3.9 Hz, 1H), 

7.62-7.59 (m, 2H), 7.54-7.48 (m, 2H), 7.28 (d, J = 4.0 Hz, 2H), 7.20 (d, J = 4.0 Hz, 2H), 4.50 

(s, 2H), 4.12 (br, 1H), 3.08 (d, J = 3.1 Hz, 2 H). 
13

C NMR (100 MHz, DMSO- d6): δ = 

170.20, 148.30, 133.60, 133.57, 133.49, 132.57, 132.11, 130.31, 129.53, 128.90, 125.17, 

53.03, 35.06, 34.06. HRMS-ESI (m/z) [M+H]
+
 calcd for C16H17N2O4S: 333.0909; found: 

333.0901. 

 

2-Amino-3-(4-((2-aminobenzyl)thio)phenyl)propanoic acid hydrochloride (206). Diethyl 

acetamidomalonate (204, 90 mg, 0.16 mmol) was added to a solution of acetic acid in 6 M 

HCl (1:1, 6 mL) at room temperature and the reaction mixture was heated to 90 °C under 

stirring for 24 h. The solvent was removed under reduced pressure and the obtained product 

was dried under a high vacuum resulting in the amino acid 206 (58 mg, 94%) as a white 

solid. 
1
H NMR (400 MHz, D2O): δ = 7.36-7.08 (m, 8H), 4.22-4.21 (m, 3H), 3.24-3.10 (m, 

2H). 
13

C NMR (100 MHz, D2O): δ = 171.73, 134.04, 132.60, 132.38, 131.82, 131.15, 130.22, 

129.26, 129.25, 128.59, 124.17, 54.30, 35.40, 34.62. HRMS-ESI (m/z) [M+Na]
+
 calcd for 

C16H18N2O2SNa: 325.0981; found: 325.0986. 

  

2-Bromo-N-(3-(5-(dimethylamino)naphthalene-1-sulfonamido)propyl)acetamide (208). 

A solution of the dansyl amine 207 (40 mg, 0.13 mmol) in DCM (1.0 mL) was added 

dropwise to a solution of bromoacetyl chloride (16.2 µL, 0.190 mmol) in DCM (3.0 mL) 

stirred at 0 °C under an inert atmosphere. The reaction mixture was warmed to room 

temperature and stirring was continued overnight. The reaction mixture was diluted with 
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DCM (10 mL), washed with a saturated aqueous solution of NaHCO3 (2 × 10 mL), brine (10 

mL), and dried over anhydrous Na2SO4. After filtration, the filtrate was concentrated under 

reduced pressure and the remaining residue was purified by column chromatography on silica 

gel using acetone:DCM (1:9) delivering the fluorophore 208 (37 mg, 65%) as a solid. 
1
H 

NMR (400 MHz, CDCl3): δ = 8.52 (d, J = 4.6 Hz 1H), 8.28-8.20 (m, 2H), 7.58-7.47 (m, 2H), 

7.16 (d, J = 3.9 Hz, 1H), 6.82 (br, 1H), 6.73 (br, 1H), 5.56-5.49 (m, 1H), 3.96 (s, 1H), 3.77 

(s, 1H), 3.35-3.27 (m, 2H), 2.92-2.86 (m, 6H), 1.63-1.55 (m, 2H). 
13

C NMR (100 MHz, 

CDCl3): δ = 167.08, 166.80, 135.51, 130.13, 129.71, 129.63, 128.47, 142.15, 121.50, 116.14, 

45.99, 42.78, 40.14, 36.83, 36.55, 29.63, 29.56, 29.22. HRMS-ESI (m/z) [M+Na]
+
 calcd for 

C17H22BrN3O3SNa: 450.0457; found: 450.0460. 

 

2-Amino-3-(4-mercaptophenyl)propanoic acid (209). Sodium borohydride (20 mg, 0.51 

mmol) was added to a solution of the acetamidomalonate 200 (35 mg, 0.05 mmol) in EtOH 

(2 mL) stirred at 0 °C under an inert atmosphere. Stirring was continued for 1 h at the same 

temperature. The reaction mixture was acidified to pH 4 using an aqueous solution of HCl (1 

M) and the product in the aqueous layer was extracted using EtOAc (2 × 5 mL). The 

combined organic layers were washed with a saturated aqueous solution of NaHCO3 (2 × 5 

mL) and brine (5 mL), and then dried over anhydrous Na2SO4. After filtration, the filtrate 

was concentrated under reduced pressure and the product was dried under high vacuum to 

obtain the thiol. The thiol was dissolved in a solution of CH3COOH/6M HCl (1:1, 300 µL) at 

room temperature and the solution was heated to reflux for 30 h. The reaction mixture was 

then cooled down to room temperature and dried under high vacuum for 20 h to provide 
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thiotyrosine 209 (13.7 mg, yield 58%) as brown solid. The analytical data matched the data 

reported in the literature.
575

 

 
 

Diethyl 2-acetamido-2-(4-(pyridin-2-yldisulfanyl)benzyl)malonate (210). Sodium 

borohydride (55 mg, 1.4 mmol) was added to a solution of the acetamidomalonate 200 (500 

mg, 0.730 mmol) in MeOH (5 mL) stirred at 0 °C under an inert atmosphere and continued 

stirring for 1 h at the same temperature. The reaction mixture was neutralized using aqueous 

solution of HCl (1 M) and the resulting aqueous layer was extracted using EtOAc (2 × 20 

mL). The combined organic layers were washed with a saturated aqueous solution of 

NaHCO3 (2 × 20 mL), brine (20 mL), and dried over anhydrous Na2SO4. After filtration, the 

filtrate was concentrated under reduced pressure followed by drying under high vacuum for 2 

h to obtain the thiol, which was used in next step without further purification. A solution of 

the thiol 000 in THF (1 mL) and K2CO3 (101 mg, 0.73 mmol) were added to a solution of 

2,2ʹ-dipyridyl disulfide (209 mg, 0.94 mmol) in THF (10 mL) at room temperature and 

stirring was continued for 12 h. The solvent was removed under reduced pressure and the 

remaining residue was dissolved in EtOAc (20 mL), washed with a saturated aqueous 

solution of NaHCO3 (2 × 20 mL), brine (20 mL), and dried over anhydrous Na2SO4. After 

filtration, the filtrate was concentrated and the obtained residue was purified by column 

chromatography on silica gel using EtOAc:hexanes (1:1) delivering 210 (230 mg, yield 82%) 

as a foam. 
1
H NMR (300 MHz, CDCl3): δ = 8.45 (d, J = 2.4 Hz, 1H), 7.62-7.60 (m, 1), 7.39-

7.37 (m, 2H), 7.10-7.07 (m, 1H), 6.93-6.91 (m, 2H), 6.55 (s, 1H), 4.27-4.19 (m, 4H), 3.59 (s, 

2H), 1.99 (s, 3H), 1.27-1.23 (m, 6H). 
13

C NMR (75 MHz, CDCl3): δ = 169.2, 167.4, 159.6, 
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149.6, 137.4, 137.1, 134.7, 130.7, 127.3, 121.0, 119.7, 67.1, 62.8, 37.4, 23.1, 14.1. LRMS-

ESI (m/z) [M+Na]
+
 calcd for C21H24N2O5S2Na: 471.1024; found 471.1022. 

 

2-Amino-3-(4-(pyridin-2-yldisulfanyl)phenyl)propanoic acid (211). Diethyl 

acetamidomalonate (210, 200 mg, 0.44 mmol) was added to a mixture of acetic acid/6 M HCl 

(1:1, 2 mL) at room temperature and the reaction mixture was heated to 90 °C for 30 h. The 

solvent was removed under reduced pressure and the obtained product was dried under high 

vacuum furnishing the amino acid 211 (150 mg, yield 90%) as a white solid. 
1
H NMR (400 

MHz, D2O): δ = 8.45 (br, 1H), 8.80 (br, 1H), 8.12(m, 1H), 7.60 (m, 1H), 7.42-7.38 (m, 2H), 

7.14-7.11 (m, 2H), 4.11 (br, 1H), 3.18-2.95 (m, 2H). 
13

C NMR (75 MHz, D2O): δ = 199.0, 

118.9, 171.2, 143.2, 143.1, 142.9, 135.6, 135.1, 130.8, 130.3, 124.9, 124.5, 53.9, 35.2. 

LRMS-ESI (m/z) [M+H]
+
 calcd for C14H15N2O2S2: 307.04; found 306.96. 

 

Trimethyl((4-methyl-3-nitrophenyl)ethynyl)silane (214). TEA (396 µL, 2.85 mmol), 

PdCl2(PPh3)2 (67 mg, 0.09 mmol), CuI (36 mg, 0.19 mmol), and TMSA (405 µL, 2.85 

mmol), were added to a solution of the iodide 213 (500 mg, 1.90 mmol) in dioxane (10 mL) 

stirred at room temperature under an inert atmosphere, and stirring was continued for 5 h. 

The reaction mixture was concentrated under reduced pressure and the obtained residue was 

resuspended in DCM (20 mL). The mixture was filtered through diatomacious earth (Fisher 

Scientific). The filtrate was washed with a saturated aqueous solution of NaHCO3 (2 × 10 

mL), brine (10 mL), and dried over anhydrous Na2SO4. After filtration, the filtrate was 

concentrated under reduced pressure and the crude product was purified by column 
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chromatography on silica gel using DCM:hexanes (1:20), delivering the silane 214 (740 mg, 

yield 83%) as a white solid; mp 51-52 °C. 
1
H NMR (300 MHz, CDCl3): δ = 8.05 (s, 1H), 

7.55 (d, J = 4.6 Hz, 1H), 7.20 (d, J = 3.9 Hz, 1H), 2.59 (s, 3H), 0.27 (s, 9H). 
13

C NMR (75 

MHz, CDCl3): δ = 136.1, 133.9, 132.9, 128.1, 122.6, 102.4, 96.8, 20.7, 0.02. Due to the 

instability of 214, no mass spec data was obtained. 

 

((4-Bromomethyl-3-nitrophenyl)ethynyl)trimethylsilane (215). NBS (113 mg, 0.640 

mmol) and AIBN (10 mg, 0.06 mmol) were added to a solution of the silane 214 (100 mg, 

0.42 mmol) in anhydrous CCl4 (2 mL) stirred at room temperature under an inert atmosphere. 

The reaction mixture was heated to reflux for 12 h, cooled to room temperature, and diluted 

with DCM (10 mL). The organic layer was washed with a saturated aqueous solution of 

NaHCO3 (2 × 10 mL), brine (10 mL), and dried over anhydrous Na2SO4. After filtration, the 

filtrate was concentrated under reduced pressure and the remaining crude product was 

purified by column chromatography on silica gel using Et2O:hexanes (1:20) to deliver the 

bromide 215 (70 mg, yield 52%) as a white solid. 
1
H NMR (400 MHz, CDCl3): δ = 7.81 (s, 

1H), 7.64 (d, J = 3.2 Hz, 1H), 7.49 (d, J = 5.2 Hz, 1H), 4.80 (s, 2H), 0.27 (s, 9H). 
13

C NMR 

(100 MHz, CDCl3): δ = 136.6, 136.1, 132.9, 132.7, 128.9, 128.1, 125.4, 101.8, 99.1, 28.6, -

0.05. LRMS-ESI (m/z) [M+H]
+
 calcd for C12H15BrNO2Si: 312.99; found: 313.14.  

 

1-Bromomethyl-4-ethynyl-2-nitrobenzene (216). A solution of TBAF (3.50 mL, 3.53 

mmol, 1 M in THF) was added to a solution of the silane 215 (735 mg, 2.35 mmol) in dry 

THF (7 mL) stirred at -78 °C under an inert atmosphere and stirring was continued for 1 h. 
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The reaction mixture was warmed to room temperature, and concentrated under reduced 

pressure. The obtained residue was dissolved in Et2O (20 mL), washed with a saturated 

aqueous solution of NaHCO3 (2 × 10 mL), brine (10 mL), and dried over anhydrous Na2SO4. 

After filtration, the filtrate was concentrated followed by purification using column 

chromatography on silica gel with Et2O:hexanes (1:20), furnishing the bromide 216 (456 mg, 

yield 80%) as a tan solid; mp 40-42 °C. 
1
H NMR (300 MHz, CDCl3): δ = 8.13 (s, 1H), 7.70-

7.67 (m, 1H), 7.55-7.52 (m, 1H), 4.8 (s, 2H), 3.26 (s, 1H). 
13

C NMR (75 MHz, CDCl3): δ = 

136.9, 136.8, 132.8, 129.1, 129.0, 81.1, 28.5. LRMS-ESI (m/z) [M+H]
+
 calcd for 

C9H7BrNO2: 239.96; found: 239.11.  

 

(S)-Methyl 2-(tert-butoxycarbonyl)amino-3-(4-((4-ethynyl-2-

nitrobenzyl)oxy)phenyl)propanoate (217). Boc-tyrosine methyl ester (44 mg, 0.15 mmol) 

and K2CO3 (51 mg, 0.37 mmol) were added to a solution of the bromide 216 (30 mg, 0.12 

mmol) in dry DMF (2 mL) stirred at room temperature under an inert atmosphere. Stirring 

was continued for 12 h at the same temperature and the reaction mixture was poured into 

EtOAc (10 mL). The organic layer was washed with water (3 × 10 mL), brine (10 mL), and 

dried over anhydrous Na2SO4. After filtration, the filtrate was concentrated under reduced 

pressure and the crude product was purified by column chromatography on silica gel using 

EtOAc:hexanes (3:7) to obtain the caged tyrosine 217 (41 mg, yield 76%) as a white solid. 

1
H NMR (300 MHz, CDCl3): δ = 8.27-8.23 (m, 1H), 7.88-7.85 (m, 1H), 7.76-7.72 (m, 1H), 

7.06 (d, J = 4.2 Hz, 2H), 6.90 (d, J = 4.2 Hz, 1H), 5.45 (s, 2H), 4.97 (d, J = 4.2 Hz, 1H), 4.55 

(d, J = 3.9 Hz, 1H), 3.71 (s, 3H), 3.21-3.01 (m, 2H), 1.46 (s, 9H). 
13

C NMR (75 MHz, 
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CDCl3): δ = 172.5, 157.2, 146.8, 137.3, 137.2, 134.6, 130.78, 130.4, 129.3, 128.8, 128.6, 

123.0, 115.1, 81.0, 80.2, 66.8, 54.6, 52.4, 37.7, 28.5.  

 

2-(tert-Butoxycarbonyl)amino-3-(4-((4-ethynyl-2-nitrobenzyl)oxy)phenyl)propanoic 

acid (218). An aqueous solution of LiOH (1 mL, 2 M) was added to a solution of the caged 

tyrosine methyl ester 217 (25 mg, 0.05 mmol) in dioxane (1 mL) stirred at 0 °C under an 

inert atmosphere. Stirring was continued for 30 minutes at the same temperature, the reaction 

mixture was acidified with a citric acid solution (5%) to pH 4, and the aqueous layer was 

extracted using EtOAc (2 × 5 mL). The combined organic layers were washed with water (2 

× 10 mL), brine (10 mL), and dried over anhydrous Na2SO4. After filtration, the filtrate was 

concentrated under reduced pressure and the remaining product was dried under high vacuum 

to furnish the caged 218 (18 mg, yield 75%) as a thick oil. 
1
H NMR (300 MHz, CDCl3): δ = 

8.14 (s, 1H), 7.61 (d, J = 4.0 Hz, 1H), 7.35 (d, J = 4.3 Hz, 1H), 6.93 (d, J = 4.3 Hz, 1H), 6.67 

(d, J = 4.0 Hz, 1H), 5.45 (s, 2H), 4.96 (br, 2H), 4.58 (br, 1H), 3.16 (s, 1H), 2.96 (d, J = 3.3 

Hz, 2H), 1.36 (s, 9H). LRMS-ESI (m/z) [M+H]
+
 calcd for C23H25N2O7: 441.1662; found: 

441.1620. A 
13

C NMR was not measured due to an insufficient amount of material. 

 

(S)-2-Amino-3-(4-((4-ethynyl-2-nitrobenzyl)oxy)phenyl)propanoic acid (219). Et3SiH 

(150 µL, 0.930 mmol) and the caged Boc-tyrosine 218 (205 mg, 0.460 mmol) were added to 

a solution of TFA:DCM (1:1, 1.5 mL) stirred at room temperature under an inert atmosphere. 

Stirring was continued for 1 h and the reaction mixture was concentrated under reduced 

pressure. The obtained residue was dissolved in MeOH (1 mL) and concentrated, and the 
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process was repeated two more times to remove residual amounts of TFA. The crude product 

was dissolved in MeOH (500 µL) and precipitated into Et2O (10 mL) under vigorous stirring. 

The precipitate was washed with Et2O (3 mL) and dried under reduced pressure to obtain the 

caged tyrosine TFA salt 219 (180 mg, yield 85%) as a white solid. 
1
H NMR (400 MHz, 

CD3OD): δ = 8.16 (s, 1H), 7.72 (d, J = 4.0 Hz, 1H), 7.31 (d, J = 4.2 Hz, 1H), 7.04 (d, J = 4.0 

Hz, 1H), 7.73 (d, J = 4.2 Hz, 1H), 5.55 (q, 2H), 4.35 (t, J = 3.4 Hz, 1H), 3.80 (s, 1H), 3.12 (d, 

J = 3.4 Hz, 2H). 
13

C NMR (100 MHz, CD3OD): δ = 168.8, 157.2, 136.6, 130.3, 130.0, 127.9, 

124.4, 115.7, 81.0, 64.1, 54.2, 35.6. LRMS-ESI (m/z) [M+H]
+
 calcd for C18H17N2O5: 

341.1137; found 341.1135 

 

Methyl 1-(2-nitrobenzyl)-6-oxo-1,6-dihydropyridine-3-carboxylate (228). o-Nitrobenzyl 

bromide (169 mg, 0.780 mmol) and K2CO3 (90 mg, 0.65 mmol) were added to a solution of 

the pyridone methyl ester 227 (100 mg, 0.65 mmol) in dry THF (3.0 mL) stirred at room 

temperature under an inert atmosphere. The reaction mixture was heated to reflux for 10 h 

and then cooled to room temperature. EtOAc (5.0 mL) and water (10 mL) were added to the 

mixture under stirring. The organic layer was separated, washed with a saturated aqueous 

solution of NaHCO3 (2 × 5 mL), brine (5 mL), and dried over anhydrous Na2SO4. After 

filtration, the filtrate was concentrated under reduced pressure and the crude product was 

purified by column chromatography on silica gel using EtOAc:hexanes (3:2) to furnish the 

corresponding N-substituted oxo-dihydropyridine 228 (130 mg, 70% yield) as a white solid. 

1
H NMR (300 MHz, CDCl3): δ = 8.76 (s, 1H), 8.21-8.10 (m, 2H), 7.68-7.60 (m, 1H), 6.90-

6.87 (m, 1H), 5.86 (s, 2H), 3.9 (s, 3H). 
13

C NMR (100 MHz, CDCl3): δ = 164.6, 162.5, 
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143.5, 139.3, 134.3, 131.0, 129.2, 129.0, 125.7, 120.4, 110.7, 52.4, 51.0. LRMS-ESI (m/z) 

[M+H]
+
 calcd for C14H13N2O5: 289.08; found 289.08. 

 

Methyl 6-((2-nitrobenzyl)oxy)nicotinate (229). o-Nitrobenzyl bromide (987 mg, 4.57 

mmol) and silver carbonate (1.00 g, 3.65 mmol) were added to a solution of the pyridone 

methyl ester 227 (700 mg, 7.51 mmol) in dry THF (40 mL) stirred at room temperature under 

an inert atmosphere. The reaction mixture was heated to reflux for 12 h, cooled to room 

temperature, re-suspended in DCM (20 mL), and filtered to discard silver carbonate. The 

filtrate was washed with a saturated aqueous solution of NaHCO3 (2 × 20 mL), brine (20 

mL), and dried over anhydrous Na2SO4. After filtration, the solvent was removed under 

reduced pressure followed by purification using column chromatography on silica gel with 

EtOAc:hexanes (1:9) containing 1% TEA to furnish the corresponding methyl ester 229 (650 

mg, yield 50%) as a white solid; mp 91-93 °C. 
1
H NMR (400 MHz, CDCl3): δ = 8.73 (s, 1H), 

8.17-8.14 (m, 1H), 8.08-8.06 (m, 1H), 7.67-7.65 (m, 1H), 7.61-7.57 (m, 1H), 7.45-7.41 (m, 

1H), 6.86-6.83 (m, 1H), 5.82 (s, 2H), 3.86 (s, 3H). 
13

C NMR (100 MHz, CDCl3): δ =165.8, 

150.0, 140.1, 133.8, 129.0, 128.7, 128.5, 125.0, 120.5, 110.8, 65.0, 52.2. LRMS-ESI (m/z) 

[M+H]
+
 calcd for C14H13N2O5: 289.0824; found 289.0826. 

 

(6-((2-Nitrobenzyl)oxy)pyridin-3-yl)methanol (230). DIBAL (12.20 mL, 12.28 mmol, 1 M 

in THF) was added to a solution of the methyl ester 229 (1.60 g, 5.58 mmol) in dry DCM (20 

mL) stirred at -78 °C under an inert atmosphere Stirring was continued for 7 h at the same 

temperature and the reaction mixture was diluted with DCM (30 mL), slowly quenched with 
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MeOH (5.0 mL) at -78 °C, and was warmed to room temperature. A saturated aqueous 

solution of NaHCO3 (5 mL) was added to the reaction mixture. The suspension was filtered 

through the diatomaceous earth and the filtrate was washed with a saturated aqueous solution 

of NaHCO3 (2 × 20 mL), brine (20 mL), and dried over anhydrous Na2SO4. After filtration, 

the solvent was removed under reduced pressure and the remaining crude product was 

purified by column chromatography on silica gel with DCM:EtOAc (4:1) containing 1% 

TEA to deliver the alcohol 230 (1.2 g, yield 81%) as a white solid; mp 70-71 °C. 
1
H NMR 

(400 MHz, CDCl3): δ = 8.06-8.03 (d, J = 4.2 Hz, 1H), 7.97-7.96 (s, 1H), 7.67-7.65 (m, 1H), 

7.61-7.54 (m, 2H), 7.42-7.37 (m, 1H), 6.79 (d, J = 4.2 Hz, 1H), 5.71 (s, 2H), 4.53 (s, 2H), 

2.54 (s, 1H). 
13

C NMR (100 MHz, CDCl3): δ = 163.0, 146.1, 139.2, 134.4, 134.1, 130.2, 

129.3, 128.6, 125.3, 111.4, 64.8, 62.7. LRMS-ESI (m/z) [M+H]
+
 calcd for C13H13N2O4: 

261.08; found 261.09. 

 

5-Chloromethyl-2-((2-nitrobenzyl)oxy)pyridine (231). SOCl2 (1.00 mL, 13.7 mmol) was 

added drop wise to a solution of the alcohol 230 (1.20 g, 4.61 mmol) in dry DCM (20 mL) 

stirred at 0 °C under an inert atmosphere. The reaction mixture was warmed to room 

temperature and stirring was continued for 12 h. The reaction mixture was diluted with DCM 

(10 mL), slowly quenched with water (20 mL), and neutralized with a saturated aqueous 

solution of NaHCO3. The organic layer was separated, washed with a saturated aqueous 

solution of NaHCO3 (2 × 20 mL), brine (20 mL), and dried over anhydrous Na2SO4. After 

filtration, the solvent was removed under reduced pressure and the remaining crude product 

was purified by column chromatography on silica gel using hexanes:EtOAc (9:1) to obtain 
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the chloride 231 (1.1 g, yield 85%) as a white solid; mp 73-75 °C. 
1
H NMR (400 MHz, 

CDCl3): δ = 9.09-8.07 (m, 2H), 7.67-7.59 (m, 3H), 7.46-7.41 (m, 1H), 6.85-6.83 (m, 1H), 

5.77 (s, 2H), 4.51 (s, 2H). 
13

C NMR (100 MHz, CDCl3): δ = 163.0, 146.9, 139.8, 134.0, 

133.8, 129.1, 128.4, 127.1, 125.0, 111.5, 64.6, 43.3. LRMS-ESI (m/z) [M+H]
+
 calcd for 

C13H12ClN2O3: 279.0536; found 279.0535. 

 

tert-Butyl 2-(diphenylmethylene)amino-3-(6-((2-nitrobenzyl)oxy)pyridin-3-

yl)propanoate (233). n-Butyl lithium (2.5 mL, 2.58 mmol, 1 M in hexanes) was added to a 

solution of diisopropyl amine (394 µL, 2.79 mmol) in THF:HMPA (2:1, 6 mL) stirred at -78 

°C under an inert atmosphere and stirring was continued for 30 minutes at the same 

temperature. Diphenylmethylene glycine t-butyl ester (232, 823 mg, 2.79 mmol) was added 

and stirring was continued at -78 °C for 1 h.  The chloride 231 (600 mg, 2.15 mmol) was 

added and the reaction mixture was allowed to warm to room temperature and stirring was 

continued overnight. The reaction mixture was diluted with EtOAc (20 mL) and quenched 

with a saturated aqueous solution of NH4Cl (5.0 mL) at 0 °C. The organic layer was 

separated, washed with water (2 × 20 mL), brine (20 mL), and dried over anhydrous Na2SO4. 

After filtration, the solvent was removed under reduced pressure and the remaining crude 

product was purified by column chromatography on silica gel using Et2O:hexanes (3:7) to 

obtain the corresponding glycinate 233 (1.0 g, yield 91%) as a white solid; mp 120-122 °C. 

1
H NMR (300 MHz, CDCl3): δ = 8.07 (d, J = 4.6 Hz, 1H), 7.81 (s, 1H), 7.68-7.53 (m, 4H), 

7.50-7.26 (m, 8H), 6.71-6.68 (m, 3H), 5.75 (s, 2H), 4.08-4.04 (m, 1H), 3.12-3.08 (m, 2H), 

1.43 (s, 9H). 
13

C NMR (100 MHz, CDCl3): δ = 170.5, 161.7, 147.5, 140.7, 136.3, 134.4, 
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133.6, 130.4, 129.0, 128.8, 128.6, 128.4, 128.2, 128.1, 127.6, 127.3, 124.9, 110.3, 81.5, 67.5, 

64.2, 35.9, 28.1. LRMS-ESI (m/z) [M+H]
+
 calcd for C32H32N3O5: 538.2342; found 358.2352. 

 

2-Amino-3-(6-((2-nitrobenzyl)oxy)pyridin-3-yl)propanoic acid (221). An aqueous 

solution of HCl (15 mL, 4.0 M) was added drop-wise to a solution of the t-butyl glycinate 

233 (1.00 g, 1.86 mmol) in Et2O (20 mL) at room temperature. The reaction mixture was 

stirred for 5 h and the aqueous layer was separated and washed with Et2O (2 × 20 mL). To 

remove any benzophenone byproduct, leaving the crude product in the aqueous layer, more 

Et2O (20 mL) was added and the biphasic mixture was stirred for 24 h at room temperature. 

The aqueous layer was separated, concentrated under reduced pressure to dryness, and dried 

further under a high vacuum for 8 h to obtain the caged azatyrosine 221 (650 mg, 89%) as a 

white crystalline solid. 
1
H NMR (400 MHz, D2O): δ = 8.24-8.18 (m, 2H), 8.13-8.11 (m, 1H), 

7.70-7.67 (m, 2H), 7.54 (br, 1H), 7.43-7.41 (m, 1H), 5.74 (s, 2H), 4.31-4.29 (m, 1H), 3.33-

3.29 (m, 2H). 
13

C NMR (100 MHz, D2O): δ = 170.7, 159.7, 146.7, 140.0, 134.9, 129.9, 

129.1, 126.3, 125.6, 111.9, 69.5, 53.2, 31.7. LRMS-ESI (m/z) [M+H]
+
 calcd for C15H16N3O5: 

318.1090; found 318.1010. 
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CHAPTER 7: CAGED PEPTIDES FOR THE PHOTOREGULATION OF GPCRS          

7. Peptides in cell signaling 

Peptides, polymers of amino acids, typically with fewer than 50 amino acids, have 

been investigated in various purposes including 1) additives in foods and cosmetics,
613

 2) 

antimicrobials,
614, 615

 3) drugs for various diseases including cancers,
616

 and 3) ligands for 

studying cell signaling.
617, 618

 Therefore, investigations on peptide chemistries have 

intensified, in both academia and the pharmaceutical industries, through further investigation 

of their benefits and drawbacks
619-622

 Peptide chemistry represents a beneficial avenue for 

future drug discovery because of the high specificity, high potency, low off-targets side 

effects, and high chemical as well as biological diversity of the molecules.
620

 Currently, more 

than 100 peptide-based drugs are on the market and over 400 are in advanced preclinical 

stages.
623

 It was estimated that the current market for protein/peptide drugs is over 40 billion 

USD per year, which covers about 10% of the entire pharmaceutical market.
623

 Between 

2009-2011, peptide-based drugs made up 8% of the total drugs approved by the US Food and 

Drug administration (FDA).
623-626

 However, a few crucial limitations of peptide drugs such as 

low systemic stability, high renal clearance, poor membrane permeability, and high 

manufacturing cost need to be addressed to explore peptide therapy.
623

 

Peptides, often synthesized either by traditional synthesis
627, 628

 or solid phase 

synthesis,
629

 have been used to interrogate cell signaling,
630

 probe viral antigens,
631

 

enzymatic activities,
632

 and neural disorders.
633, 634

 For an example, several peptides have 

been investigated to explore G-protein-coupled receptors (GPCRs) protein functioning in cell 
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signaling pathways. About 1200 genes encode GPCRs (4.5% of total genes) in humans and 

they are the targets of 36% of all current marketed drugs.
635-638

  

Thus, a clear understanding of the GPCR functioning in cell signaling is important to 

address the above mentioned receptor related issues. Here, we focus on two different 

peptides namely met-enkephalin (a pentapeptide), and an N-terminal endogenous 

hexapeptide - SLIGKV (ser-leu-iso-gly-lys-val) found in transmembrane proteins. Met-

enkephalin stimulates the opioid receptors producing a signaling cascade (vide infra), to 

inhibit pain messages in pain pathways
639

 whereas SLIGK is involved in protease-activated 

receptor 2 (PAR2) activity. 

We prepared two caged peptides: 1) the caged hexapeptide SLIGK*V 235 (with the 

caging group installed at the lysine residue, K*) and 2) caged met-enkephalin 237 (with the 

caging group installed at the amine moiety of tyrosine). We envisioned that the caged 

hexapeptide 235 can be explored as a light-activated agonist to investigate PAR2 function. 

Similarly, the caged met-enkephalin 237 may be used to study opioid receptors, a class of 

GPCR receptors. 

 

7.1.Caged hexapeptide SLIGK*V in the investigation of PAR2 activation 

PAR2 is regulated by self-activation of tethered sequence SLIGKV in response to 

endogenous or exogenous proteases.
640

 Site-specific proteolysis of the N-terminal chain of 

PAR2 furnish the short sequence SLIGKV that spontaneously binds to PAR2 

intramolecularly and activates downstream signaling cascades and maintains both the cellular 

homeostasis (Figure 55).
635

 Extensive studies on the enzyme-activated receptor PAR2 show 
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that exogenous synthetic peptides may be applied to regulate its functions. However, the 

success rate is low as only a limited numbers of short synthetic peptides (6-8 amino acids and 

devoid of the non-specific and proteolytic effects) could produce a significant potency as 

compared to the native ones in human and rodent PAR2.
641-643

 Thus, further investigation of 

PAR2 using light-activated peptide could be beneficial to study its function in spatio-

temporal fashion.  
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Figure 55. Schematics of mechanism of PAR2 activation: a) protease site-specifically 

cleaves the tethered sequence activating the native ligand, b) PAR2 activation thereby 

contributing a signaling cascade, c) an exogenous peptide SLIGK*V (K* = caged lysine), 

and d) light-activation of PAR2.  

 

Previously, light-cleavable caged peptides have been applied to achieve 

spatiotemporal control of protein functions and dynamics.
633, 644-646

 These caged peptides 

have been prepared in a post-synthesis reaction via residue specific modification of the 

peptide.
647-649

 Alternatively, a caged amino acid residue can be incorporated during peptide 

synthesis.
644, 650, 651

 To the best of our knowledge, none of the aforementioned approaches has 
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been employed in PAR2 studies using caged peptides. Here, we report the synthesis of a 

caged Fmoc-lysine 234 and its subsequent incorporation to the hexapeptide SLIGK*V 235 

(K* = caged lysine,Scheme 33) through a solid phase peptide synthesis. Thus, the obtained 

caged peptide 235 could then used to study the light-activation of protease-activated receptor 

2 (PAR2). 

 

 

Scheme 33. Peptide caging: a) synthesis of a caged Fmoc-lysine 234, and b) caged 

hexapeptide (SLIGK*V) 235; K* = caged lysine residue. 

 

Caged Fmoc-lysine 234 was prepared from the alcohol 54 in a single step in 70% 

yield. The caged lysine 234 was then incorporated into the peptide following the Fmoc based 

solid phase peptide synthesis protocol
629

 to obtain caged peptide (SLIGK*V) 235. PAR2 

activation using the caged peptide 235 was investigated by Kalyn Brown in the Deiters 
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group. The non-caged analogue of SLIGKV was used as a control in KNRK cells. Cells 

transfected with PAR2-EGFP 24 h prior to the experiments were treated with either the 

activating peptide SLIGKV or the caged peptide 235 (100 µM), and cells were observed 

under a Zeiss Observer Z1 microscope. Twenty minutes after SLIGKV addition, 

translocation of PAR2-EGFP into perinuclear vessels was observed. This result was 

comparable to the literature report.
652

 In cells treated with caged peptide 235, perinuclear 

translocation of PAR2-EGFP was observed within 35 minutes. Thus, the presence of a 

caging group at the lysine residue in peptide 235 did not seem to inhibit the activation of 

PAR2. Next, the cells were irradiated with UV light (365 nm). No significant change in 

activity after irradiation (10 seconds, 365 nm) was observed. These results suggest that 

caging the peptide on the lysine residue is insufficient to inhibit the activation and subsequent 

translocation of PAR2-EGFP. To achieve photochemical control of PAR2 activation using a 

caging strategy, a thorough structural-activity relationship (SAR) is necessary in future 

studies. 

 

7.2. Light-activated caged met-enkephalin  

Met-enkephalin, a pentapeptide opioid motif (tyr-gly-gly-phe-met), stimulates the 

opioid receptors producing a signaling cascade to inhibit pain messages in pain pathways.
639

 

Opioid receptors, expressed throughout the peripherial (nociceptive pathways) as well as 

central nervous (CNS) system (brain), are involved in hematopoiesis,
653

 pain control,
654

 and 

emotional responses.
655, 656

 Previous studies have shown that met-enkephalin could be 

applied to study either delta (δ) or mu (µ) receptors among the three delta, (δ), mu (µ), and 
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kappa (κ) opioid receptors.
657

 Moreover, the agonist met-enkephalin is found to be associated 

with the regulation of reactive oxygen species, tumor formation etc.
658, 659

  

Here, we hypothesized that the caged met-enkephalin 237 may remain inactive due to 

protection at the N-terminal amino functionality with a caging group. The caging group can 

be removed upon a brief UV irradiation, thereby releasing a native agonist that may restore 

activity. Therefore, the specially designed caged met-enkephalin may be a useful molecule to 

study opioid receptor function with high temporal resolution. Thus, we synthesized the caged 

met-enkephalin 237 in three steps starting from the alcohol 54. To begin the synthesis, the 

alcohol 54 was converted to the corresponding chloroformate by using diphosgene followed 

by reacting with met-enkephalin 236 in the presence of K2CO3 in THF (Scheme not shown). 

But the reaction did not reach completion after 24 h, resulting in the mixture of crude product 

along with a large fraction of starting materials. We then chose DSC as an alternative reagent 

for the activation of the alcohol 54 to prepare the succinimidyl intermediate 131 (Scheme 

13). The intermediate 131 was reacted with met-enkephalin 236 in DMSO at room 

temperature for 24 h to obtain the desired caged met-enkephalin 237 as a crystalline solid 

(Scheme 34). The product was confirmed by mass spectrometry and the purity was assessed 

by HPLC. The biological studies using caged met-enkephalin are under current investigations 

in the Sombers laboratory at NCSU.  
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Scheme 34. Synthesis of N-caged met-enkephalin 237. 
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7.3. Experimental data for the synthesized compounds 

(2S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-6-(((1-(6-nitrobenzo[d][1,3]dioxol-

5-yl)ethoxy)carbonyl)amino)hexanoic acid (234). Diphosgene (420 mL, 3.55 mmol) and 

K2CO3 (977 mg, 7.08 mmol) were added to a solution of the alcohol 54 (500 mg, 2.36 mmol) 

in THF (10 mL) stirred at 0 °C under an inert atmosphere. The reaction mixture was warmed 

to room temperature and stirring was continued for 12 h. The solvent was removed under 

reduced pressure and the remaining residue was dissolved in DCM (20 mL). The organic 

layer was washed with brine (2 × 20 mL), dried over anhydrous Na2SO4, and filtrated. The 

filtrate was concentrated and the remaining product chloroformate was dried under high 

vacuum for 1 h. A solution of the chloroformate in dry THF (2 mL) was transferred to a 

solution of Fmoc-lysine (956 mg, 2.59 mmol) and K2CO3 (358 mg, 2.59 mmol) in THF:H2O 

(4:1, 20 mL) stirred at 0 °C. The reaction mixture warmed to room temperature and stirring 

was continued for 12 h. The reaction mixture was concentrated under reduced pressure to 

remove THF, water (30 mL) was added, and the mixture was neutralized with aqueous HCl 

(1 M). The aqueous layer was extracted with EtOAc (3 × 20 mL) and the combined organic 

layers were washed with brine (20 mL), dried over anhydrous Na2SO4, and filtered. After 

filtration, the solvent was removed under reduced pressure, and the remaining residue was 

purified by column chromatography on silica gel using EtOAc to furnish the caged Fmoc-

lysine 234 (1 g, yield 70%) as a yellow solid. 
1
H NMR (300 MHz, CDCl3, δ ppm): δ = 7.73 

(d, J = 3.6 Hz, 2H), 7.57 (br, 2H), 7.44–7.25 (m, 5H), 6.96 (s, 1H), 6.23 (d, J = 3.1 Hz, 1H), 

6.02 (s, 2H), 5.6 (br, 1H), 4.9 (br, 1H), 4.40–4.36 (m, 3H), 4.18 (s, 1H), 3.10 (br, 2H), 1.86–

1.23 (m, 10H). 
13

C NMR (400 MHz, CDCl3): δ = 155.8, 152.5, 147.2, 144.0, 143.9, 141.5, 

http://www.chemicalbook.com/ChemicalProductProperty_EN_CB1426849.htm
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136.6, 127.9, 127.3, 125.3, 125.0, 120.1, 105.7, 105.4, 103.2, 69.2, 67.3, 53.8, 47.3, 40.7, 

32.0, 29.4, 22.3. 

 

(2R,5S,11S,14S,17S)-17-Amino-11-(sec-butyl)-18-hydroxy-14-isobutyl-2-isopropyl-5-(4-

(((1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethoxy)carbonyl)amino)butyl)-4,7,10,13,16-

pentaoxo-3,6,9,12,15-pentaazaoctadecan-1-oic acid (235). The synthesis of the caged 

peptide 235 was performed following the solid phase peptide synthesis protocol starting from 

the commercial Fmoc-Val-Wang resin (from Sigma Aldrich) and was completed as described 

in the following steps. 

Swelling and Fmoc-deprotection: Fmoc-val-wang resin (50 mg, 0.04 mmol) was taken in a 

caped syringe (NORM-JECT®,3 mL) in dry DCM (1mL) and allowed to swell for one hour. 

(A syringe was used as the reaction vessel till the final cleavage stage). The cap was removed 

and placed into a stopcock valve of the vacuum manifold (Vac-man® laboratory manifold) 

and washing of the Fmoc-val-resin via gravity filtration was performed using DCM (0.5 mL) 

and dry DMF (0.5 mL) respectively. The syringe was removed from the vacuum, caped with 

a syringe tip cap, and a rubber septum securely. Then, a solution (0.5mL) of piperidine:DMF 

(1:5) was added to the resin at room temperature under an inert atmosphere and reaction 

vessel was placed on a shaker for 20 minutes. As mentioned before, the solvent was removed 

and the resin (residue) was washed with dry DMF (0.5 mL) through gravity filtration. The 

resin was subjected for second round of deprotection by treating the resin with 

piperidine:DMF solution (0. 5 mL) for 20 minutes and washing with DMF (0.5 mL) to 

ensure the complete Fmoc deprotection and the product was dried under high vacuum. 
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Coupling: DCM (0.5 mL) was added to the resin to get swelling in the syringe as described 

before (all the deprotection and the coupling reactions were performed in the same syringe 

consecutively). Then, Fmoc amino acid (0.12 mmol), HBTU (0.12 mmol), and DIPEA (0.16 

mmol) were added to the mixture and the reaction vessel (syringe) was placed on the shaker 

for 90 minutes. A few crystal of resin beds were taken out to perform a Kaiser test. Kaiser 

solutions were made as the reported procedure
629

 and the test was performed to ensure the 

complete consumption of free amine while coupling. In the Kaiser test, a primary amine 

results in a blue color solution (a positive test) when heated with the Kaiser reagent over a 

boiling water bath for 2 minutes, where as the amide results in no color change (negative 

test). After the completion of the coupling reaction, the peptide on resin was washed with 

DMF (2 × 0.5 mL), MeOH (2 × 0.5 mL), DCM (2 × 0.5 mL), DMF (2 × 0.5 mL), and (2 × 

0.5 mL) respectively, and dried under reduced pressure for 2 h. (For this particular coupling 

step, Fmoc-caged lysine 234 was used). The same procedures mentioned above were 

performed to attach all of the remaining amino acids, by performing both deprotection and 

coupling steps, to prepare the hexapeptide (SLIGK*V). 

Cleavage and purification: Solid supported peptide was transferred to a vial and DCM (1 

mL) was added to swell resin for 1 h. Then, a cocktail (300 µL) of TFA:TES:H2O (95: 

2.5:2.5) was added to the mixture, and stirred for 30 minutes at room temperature. After the 

cleavage, the resin was filtered out and discarded. The filtrate was concentrated under 

reduced pressure, redissolved in MeOH (0.5 mL), and concentrated remove the residual 

amount of water and TFA. Finally the crude product was dissolved in MeOH (200 µL), 

precipitated in Et2O under stirring, and centrifuged (5000 rpm, 5 min) to get the desired 
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peptide 235 (17.7 mg, 52% over all yield). The product was confirmed by mass spectrometry 

and its purity was assessed by HPLC. LRMS-ESI (m/z) [M+H]
+
 calcd for C38H61N8O14: 

853.43; found 853.42. 

 

(6R,15R,18S)-15-Benzyl-6-(4-hydroxybenzyl)-18-(2-(methylthio)ethyl)-2-(6-

nitrobenzo[d][1,3]dioxol-5-yl)-4,7,10,13,16-pentaoxo-3-oxa-5,8,11,14,17-

pentaazanonadecan-19-oic acid (237). The succinimidyl carbonate 131 (1.35 mg, 0.003 

mmol) was added to the solution of met-enkephalin 236 (2.00 mg, 0.003 mmol) in dry 

DMSO (300 µL) at room temperature under an inert atmosphere and continued stirring for 12 

h. The solvent was removed under high vacuum for 10 h. Water (0.5 mL) was added to 

dissolve the residue followed by chloroform (0.6 mL). The mixture was stirred overnight at 

room temperature, which resulted in a precipitation of a product in the chloroform layer. The 

liquid (both water and chloroform) was drained, the solid was collected, and washed with 

chloroform (0.5 mL) to remove any soluble impurities. The solid was dried under high 

vacuum to obtain caged met-enkephalin 237 (2. 5 mg, 88% yield). The product was 

confirmed by mass spectrometry and its purity was assessed by HPLC. LRMS-ESI (m/z) 

[M+H]
+
 calcd for C37H43N6O13S: 811.26; found 811.40. 
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CONCLUSION 

In conclusion, this dissertation presents syntheses of new light-activated 

phosphoramidites and oligonucleotides. These caged oligonucleotides have been used to 

study gene regulation in transcription and translation processes. The caged 2ʹ-deoxycytidine 

is used for preparing caged TFO that was used for light-mediated transcription regulation. 

Caged 2ʹ- O-methyl uridine was used to study controlled spatiotemporal regulation of micro 

RNA function using light. In addition, a wide variety of new unnatural caged amino acids 

have been synthesized in this research work. Our newly synthesized analogues include a 

variety of lysine derivatives with a distinct functional moiety at the 
ε
N position and different 

tyrosine derivatives. A diazirine moiety has been introduced to lysine as a photocrosslinking 

group to study protein-protein interactions. Besides, one-and two-photon caging groups, 

fluorescent probes, a dithiolane unit, or a spin labeled probe have also been installed to 

lysine. Furthermore, selective photo-decaging of these amino acid residues in proteins upon 

UV irradiation to release caging groups and restore biological activities have been achieved 

that help investigate protein structure, dynamics, localization, and biomolecular interactions 

in a real-time fashion. 
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