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Abstract 

Chapter one provides an overview of bioorthogonal reactions commonly used in the 

chemical biology field. Chapter two describes the synthesis of a BODIPY-tetrazole and its 

use as an "off-on" reporter of hydrogen peroxide in live cells. The BODIPY-pyrazoline 

sensor is generated in situ in cellular systems using photoclick chemistry, and 

subsequent oxidation of the pyrazoline to a pyrazole serves as the basis for detection of 

hydrogen peroxide. Chapter three focuses on the optimization of photoclick chemistry 

in the context of the tetrazole structure. A sterically shielded nitrile imine was designed 

that favors the 1,3-dipolar cycloaddition over the competing nucleophilic addition. The 

utility of this sterically shielded nitrile imine in rapid (~1 min) bioorthogonal labeling of 

glucagon receptor in live mammalian cells was demonstrated. Chapter four focuses on 

bioorthogonal modification of class BG-Protein Coupled Receptors (GPCRs), specifically 

the glucagon-like peptide 1 receptor (GLP-lR). A FRET-based approach was undertaken 

with a goal to study the biophysical properties on the native receptor in living cells. A 

strained alkene amino acid was site-specifically incorporated into the extracellular loops 

of GLP-lR using amber codon suppression. Dual labeling of GLP-lR was achieved using 

SNAP-tag technology along with bioorthogonal tetrazine ligation. 

X 



Chapter 1 

Introduction to bioorthogonal chemistry 

Studying biomolecules in their native environment has been an ongoing effort 

among scientists. The discovery of green fluorescent protein (GFP), a genetically 

encoded fluorescent protein, represents a major milestone in the field. 1 However, while 

the genetically encoded protein reporters are powerful tools to study protein dynamics, 

this approach is limited when it comes to studying nucleic acids, lipids, glycans, or 

protein posttranslational modifications. This is because they are not encoded directly by 

the genome. To this end, bioorthogonal chemistry has become an indispensable tool to 

study these biomolecules in their native environment while not interfering with their 

biological processes. 

Bioorthogonal chemistry allows for specific covalent attachment of a probe 

molecule to a biomolecule of interest. Bioorthogonal labeling usually involves the 

following two steps: (1) incorporation of a bioorthogonal reporter into the biomolecule 

of interest; and (2) bioorthogonal reaction between the reporter and the cognate 

chemical probe (Figure 1.1). 

~-~~-~ Hp 

Step1 ~ 

~ 
{l" 

8. 1 
~~mo e~ 

co 
' 1 

Incorporation of a ~ 
bioorthogonal reporter {l" 
8 0 2 

co, J 
61:)bbb 

Bioorthogonal 
reaction ~ 

{l" o, 

Mbb 

Figure 1.1. Schematic representation of bioorthogonal chemistry. 
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There are a few requirements for a reaction to be considered a bioorthogonal 

reaction. The reaction cannot interfere with biological processes. The reaction needs to 

work under physiological conditions (in water at 37°C and pH of 7.4 at ambient 

pressure).The reaction should be high yielding and have a fast rate in order to avoid the 

use of excess amount of reagents. Rates can vary ranging from 0.001 up to 106 M-1 s- as 

the field continues to progress. 2 The reagents and products need to be stable and 

nontoxic. Also, the reaction cannot have side reactions with other electrophiles and 

nucleophiles present in the cell. 3 For example, thiols can readily react with the reagents 

leading to an undesired pathway. 

This chapter will also give a background of the technique amber codon 

suppression as it will be seen throughout all the chapters. 

1.1 Bioorthogonal Reactions 

The types of bioorthogonal reactions that will be discussed here include, but not 

limited to: a) copper-catalyzed azide-alkyne cycloaddition; b) strain promoted azide

alkyne cycloaddition; c) tetrazine ligation; and d) photoinduced tetrazole-alkene 

cycloaddition. 

1.1.1 Copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

The reaction between a terminal alkyne and an azide to synthesize a 1,2,3-

triazole was first accomplished in 1893. In 1963 Huisgen thoroughly studied the 1,3-

dipolar cycloaddition reaction between azides and alkynes. This [3+2] cycloaddition 

2 



reaction requires temperatures up to 100 °C to drive the reaction forward, which is not 

biologically compatible. When considering the HOMO and LUMO energies of the 

reaction, azides and alkynes have similar energies which means that the reaction can 

proceed with either the highest occupied molecular orbital (HOMO) or the lowest 

unoccupied molecular orbital (LUMO) of the azide. Both pathways result in a mixture of 

regioisomers. Sharpless4 and Mendel 5 independently discovered that adding catalytic 

amount of copper dramatically enhanced the reaction rate by approximately 107 at 

room temperature compared to the thermal process,6 which is overall 25 times faster 

than the Staudinger ligation. 7 This makes the reaction applicable to biological systems 

with no need for elevated temperature. The reaction forms the 1,4-substituted product 

selectively as shown in Figure 1.2. Overall, this reaction has wide substrate scope and is 

insensitive to oxygen and water. With only one major product formed at high yields, it 

avoids the need for further purification.8 This copper-catalyzed azide-alkyne 

cycloaddition reaction is commonly referred to as "click chemistry". 

[cui] 
N-N ::N + 
0 0 

Figure 1.2. Copper catalyzed azide-alkyne cycloaddition. 

The mechanism of this reaction (Scheme 1.1.) was recently elucidated by Fokin 

et al.9
-
11 based on the finding that two copper atoms are involved. In the study, a copper 

(I) acetylide complex was synthesized, and it was observed using heat flow calorimetry 

3 



that the reaction needed a catalytic amount of copper to proceed. Fokin, et al. used 

isotopically pure 63Cu and direct-injection time-of-flight mass spectrometry for analysis, 

which supported the mechanism of two chemically equivalent copper atoms being 

involved. 

[cu[ 
I 
I 

[cu[ -=:- D 

h 0 -NeN0 

Scheme 1.1. Proposed mechanism based on two copper centers involved in the 

CuAAC. 12 

Although the click chemistry was a major breakthrough, it has some drawbacks. 

Copper is naturally found in the body, however, its addition could alter copper 

homeostasis.13 Mammalian cells can survive at low concentrations of copper (I), below 

500 µM for up to 1 hour. 14 However, there is still considerable cell death. When using 

reagents in this reaction some optimized CuAAC conditions require 1 mM copper (I) to 

be used. 15 Excess copper was shown to increase lipid body formation and aggregation, 

which can lead to copper toxicity. Copper can be oxidized by 0 2 forming a superoxide 
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radical that can react with hydrogen to form hydrogen peroxide.16 Copper can be toxic 

to the cells in high amounts, which makes using copper as a catalyst difficult at higher 

concentrations. This limits the overall application in a cellular system. 

1.1.2. Strain-promoted azide-alkyne cycloaddition (SPAAC) 

To circumvent the copper toxicity, a 1,3-dipolar cycloaddition of cyclooctyne and 

azides was developed by Bertozzi in 2004. 17 This was done using a simple cyclooctyne 

that has a ring strain of ~1g kcal/mol. 18 This "strain promoted" reaction called Strain-

Promoted Azide-Alkyne Cycloaddition (SPAAC) as shown in Figure 1.3, circumvents the 

use of copper. 

N-N ::N 
e 0 

Figure 1.3. Strain-promoted (3+2) cycloaddition between an azide and a cyclooctyne. 

The activation barrier of phenyl azide and acetylene is 16.2 kcal/mol. When 

phenyl azide and cyclooctyne, a strained alkyne, are used as the reactants, the barrier 

decreases to 8.0 kcal/mol. 19 The increased reaction rate is primarily due to the 

distortion energy and not the frontier molecular orbital energies. The strain energy is 

the main contributing factor. Shea and Kim studied the reactions of picryl azide with a 

series of mono and bicyclic alkenes and found that the increase in the rate of reaction 

was due to the strain relief in the strained alkenes. 20 To further increase the reactivity of 

the cyclooctynes, Bertozzi added two fluorines as the electron-withdrawing groups to 

5 
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derive the difluoronated cyclooctyne (DIFO), which further decreased the barrier to 6.0 

kcal/mol. DIFO is relatively straightforward to synthesize and biologically inert with no 

observed side reactions with nucleophiles in biological systems. 21 The fluorine atoms 

help lower the LUMO of the cyclooctyne and decrease the energy gap with the HOMO 

of the azide. The reaction also offers improved selectivity because the addition of 

fluorine does not generate a Michael acceptor in the system. A series of commonly used 

strained alkynes are shown in Figure 1.4 with bicycle[6.1.0]non-4-yn-9-ylmethanol, BCN, 

extensively studied in the literature.22 

000 
RO R-{ 

DIFO DIBO O DIBAC 

D-s 

"OR 

BARAC BCN TMTH 

Figure 1.4. Strained alkynes commonly used in the SPAAC reactions. 

In aza-dibenzocyclooctyne, DIBAC, the incorporation of nitrogen into the ring 

disrupts hydrophobic surface interactions and helps with water solubility, which is 

necessary for some applications including the study of carbohydrates, nucleotides, and 

lipids.23 SPAAC is also used to study glycans and their dynamics in CHO, Jurkat cells, and 
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in zebrafish embryos. 24
-
25 This can also help monitor where the glycans will end up in the 

cell. 

1.1.3 Tetrazine ligation 

In 2008, Fox and coworkers reported that by reacting tetrazines with trans

1cyclooctene, the rate of ligation was increased to 2000 M-1 s- . 
26 Tetrazines react with 

alkynes or strained alkenes via an inverse electron demand Diels-Alder reaction as seen 

in Scheme 1.2. Previously in 1990, Sauer studied the reactions of electron-deficient 

tetrazines with dienophiles such as trans-cyclooctene and found that trans-cyclooctene 

reacted 7 orders of magnitude faster than cis-cyclooctene. 26 

A 

HRo::"N--R~ ~ 
-
-N2 

I
✓, N tautomerization ~ NH 

H 

B 

£ N
111 I+ 
R R N 

Scheme 1.2. Inverse electron demand Diels-Alder reaction in the tetrazine ligation. (A) 

The reaction of a strained alkene reacted with tetrazine; (B) The reaction of an alkyne 

with tetrazine. 

There are several advantages of this bioorthogonal reaction. It has a high rate of 

product formation and nitrogen is released as the only byproduct. The reaction partners 
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react faster than the reaction of tetrazine with water or other nucleophiles in the cell. 

To test the specificity of this reaction, Deva raj et al. pre-targeted trastuzumab 

antibodies modified with rhodamine and norbornene and labeled them with a 

VivoTag680-conjugated tetrazine. 27 The inverse electron demand reaction was specific 

for the norbornene-modified antibody in live cells and in serum. Another unique feature 

about this reaction is that when a fluorophore is attached to the tetrazine, the 

fluorescence is essentially quenched. After the ligation with a strained dienophile, the 

fluorescence is restored. This turn-on fluorescence is very useful in imaging studies 

where background fluorescence may interfere with the experiments. Deva raj utilized 

this turn-on fluorescence in 2010 with boron-dipyrromethene (BODIPY) dyes in living 

cells, Scheme 1.3.28 A trans-cyclooctene-modified taxol derivative was synthesized and 

incubated with PtK2 cells for 1 hour. Then, the cells were treated with tetrazine-BODIPY. 

The tetrazine-BODIPY was found to enter the cells and label trans-cyclooctene-modified 

taxol. 

R 

"' '<:: ~ 
~ N - N-' s,, + 

F, 'F N~---0-t'~) 
0 N- N NO -~ - NH 

weakly fluorescent strongly fluorescent 

Scheme 1.3. Tetrazine-BODIPY FL reacts rapidly with trans-cyclooctene-modified taxol 

in an inverse-electron-demand Diels-Alder cycloaddition. 
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Most importantly, tetrazine chemistry shows the greatest rate enhancement for live cell 

1imaging; rates up to 300,000 M-1 s- were reported for the reaction between a 

fl uorescei n-modified tetrazi ne and (E)-2-( cyclooct-4-en-1-yloxyl)-etha nol. 29 

1.1.4 Photoinduced tetrazole-alkene cycloaddition 

Compared with the various bioorthogonal cycloaddition reactions reported in 

recent years, the photoclick chemistry developed by the Lin lab, which uses light to 

initiate a 1,3-dipolar cycloaddition between a tetrazole and an alkene, offers several 

advantages. These include spatial and temporal control and the formation of fluorescent 

pyrazoline cycloadduct, which makes this reaction very useful in biological systems. 

Typically the alkenes are of smaller size, which makes incorporation of an alkene 

reporter into a biological system easier. Huisgen and coworkers initially looked into the 

photoactivated cycloaddition reaction between 2,5- diphenyltetrazole and methyl 

crotonate. This study led to diaryl tetrazoles that can be modified to enhance reactivity 

with an alkene bioorthogonal partner in an aqueous system.30 Upon photoirradiation, a 

nitrile imine dipole is formed in situ from the tetrazole with the loss of nitrogen gas; the 

photogenerated nitrile imine then reacts with an alkene to form the fluorescent 

pyrazoline making the reaction fluorogenic (Figure 1.5).31 

A 

==<B 

Figure 1.5. Photoinduced 1,3-dipolar cycloaddition reaction between a tetrazole and an 

alkene. 
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Protein labeling by photoclick chemistry has become a very useful tool in 

research. In 2010, Lin and coworkers incorporated a small alkene reporter, 

homoallylglycine (HAG), into proteins in mammalian cells, Scheme 1.4. Using various 

tetrazoles they were able to visualize the pyrazoline adduct formation using 

, 32
fl uorescence microscopy. 

hv 
0 

mammalian cell fluorescent cell 

Scheme 1.4. Metabolic incorporation of HAG followed by the photoinduced tetrazole-

alkene cycloaddition reaction in mammalian cells. Green color indicates the in situ 

generated fluorescence. 

In 2012, a cyclopropene lysine, NE-{1-methylcycloprop-2-enecarboxamido)lysine 

(CpK), was genetically incorporated, which was subsequently used for photoclick 

reaction in mammalian cells. In two different fluorescent channels, they observed 

specific labeling after incubation with a tetrazole followed by irradiation.33 

Low-power UV lamp, LED light, or a laser beam can trigger the reaction between 

the alkene and the tetrazole. In an effort to reduce cellular stress with a 302 nm lamp, 

oligothiophene-based tetrazoles were synthesized with 405 nm photoactivatability. The 

key feature of this system is the use of extended TI-conjugation, which leads to greater 

36molar absorptivity and allows the use of longer wavelength for photoactivation. 34 
-
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A characteristic of photoclick chemistry is the speed and specificity at which it 

proceeds. One method to enhance the reactivity between the alkene and the tetrazole 

is to add the electron donating substituents on the aryl rings of the nitrile imine, 

resulting in a HOMO lifting effect. If the reaction occurs faster between the partners, the 

side reaction of the nitrile imine with water to form hydrazonic acid, which then 

tautomerizes to a hydrazide, can be minimized. 37 Another consideration with photoclick 

chemistry is the formation of a hydrazonyl chloride when chloride is present in the 

medium. When studying proteins containing a genetically encoded alkene, it is 

important to avoid high chloride concentrations. 38 

1.2 Unnatural amino acids and amber codon suppression 

The incorporation of unnatural amino acids through genetic code expansion has 

enabled site-specific labeling of proteins via bioorthogonal reactions. There are 

approximately 150 unnatural amino acids that have been designed and incorporated 

into proteins using the orthogonal aminoacyl-tRNA synthetase/tRNA (aaRS/tRNA) 

pairs.39 The unnatural amino acids may contain functional groups such as an alkene as a 

chemical reporter. The subsequent bioorthogonal reaction with a cognate probe allows 

for site-specific labeling of a target protein. The cognate reaction partner usually carries 

a functional probe for detection of the product. In chapters 2 and 3, unnatural amino 

acids with alkene groups were used as substrates for the photoclick reactions to 

produce a fluorescent pyrazoline product. 
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In 1996, Sadtman discovered the 21st naturally occurring amino acid 

selenocysteine. In 2011, Takimoto et al. published the structure of aaRS for the 22nd 

proteogenic amino acid, pyrrolysine.40 This has led to development of the 

Methanosarcina mazei PylRS-tRNAPyl system that can incorporate numerous pyrrolysine 

analogs. The substrate specificity comes from the key structural feature of a carbonyl 

group that is six carbons away from the carboxylate group. The natural amino acids do 

not contain this feature, which makes the PylRS-tRNAPyl system highly orthogonal to 

other endogenous aminoacyl-tRNA synthetases.41 Figure 1.6 shows the structures of 

pyrrolysine, and one its very useful derivative NE-acryloyl-L-lysine (AcrK). The pyrrolysyl-

tRNA synthetase can be further mutated to charge specific amino acids with increased 

activity.42 The genetic encoding of AcrK reported by Liu et al.43 in 2013 showed multiple 

reactions that can be employed to specifically label the AcrK-encoded proteins. For 

example, AcrK can undergo a 1,4-addition with thiols, react with nitrile imines to form 

the fluorescent pyrazoline, and undergo olefin metathesis with an alkene in the 

presence of a catalyst. 

''' •· ~ 
. N 

yo 
H ' NH 
0 NH 

0 OH 
0OH 

Figure 1.6. The 22nd amino acid, pyrrolysine (left) and acrylamide lysine derivative, AcrK 

(right). 
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Using the amber codon suppression technique, unnatural amino acids can be 

incorporated into proteins at a specific site. Figure 1.7. shows the process of this 

technique, starting with a plasmid that encodes a protein of interest with TAG amber 

codon at a specific position. Along with the reporter, the aminoacyl-tRNA synthetase 

(aaRS) is also required. The tRNA synthetase aminoacylates the orthogonal tRNA with 

the unnatural amino acid. The aminoacyl-tRNAcuA travels to the ribosome, where it 

incorporates the unnatural amino acid in response to the UAG codon. 

Unnatural + amlnoacyl-tRNAt rc,.l s,
amino synthetase A_ acid 

Suppressor tRNA 

Site-specific incorporation 
mRNA of an unnatural amino acid 

Figure 1.7. The key steps for incorporating an unnatural amino acid into a protein using 

amber codon suppression technology. 

Using the pyrrolysyl-tRNA system, Liu et al. reported the incorporation of a series 

of unstrained olefins into proteins using an engineered PylRS containing the mutations 

N346A and C348A. They used the tetrazine dyes to label proteins containing the 

unstrained alkenes in live cells.44 Liu also developed a method to incorporate two 

unnatural amino acids by using the amber (UAG) and ochre (UAA) codons. Through the 

suppression of two stop codons and two orthogonal synthetases to charge the 

unnatural amino acids, they were able to incorporate two unnatural amino acids into a 
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single protein. Subsequently the unnatural amino acids were reacted with dyes to 

create a FRET based system to study the conformational folding of glutamine binding 

protein, QBP.45 Another application of the amber suppression system was demonstrated 

by Lin et al. in which they designed spire [2.3]hex-1-ene (Sph) modified lysine, SphK. 

SphK was incorporated into the superfolder GFP through amber codon suppression and 

reacted with a tetrazole in the photoclick reaction. The use of the strained cyclopropene 

ring with reduced steric hindrance increased the 1,3-dipolar cycloaddition rate, with k2 

1 46 values up to 34,000 M-1 s- . 

1.3 Research Objectives 

The objective of this work is to optimize bioorthogonal reactions, specifically 

photoclick chemistry and tetrazine ligation, and apply these reactions to label and study 

proteins in live cells. Using bioorthogonal chemistry, small organic probes can be 

installed into a protein to allow for the study of the protein dynamics. 

The objectives are as follows: 

(1) To optimize the tetrazole-alkene cycloaddition reaction and apply this reaction to 

label proteins site-specifically in vitro and in vivo. 

(2) To study the conformational transitions in class B GPCRs during ligand-induced 

activation using a FRET-based approach. 
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Chapter 2 

80D/PY-tetrazole based "off-on" in-cell fluorescent reporter0 

2.1 Introduction 

Bioorthogonal chemistry enables selective functionalization of biomolecules with 

biophysical and chemical probes in their native environment. 2
-
5 Small molecule 

fluorophores can be introduced into a target biomolecule through bioorthogonal 

reactions to visualize either biological processes or environmental changes in living 

6 11 S 12 14 15 17systems. - ma II-moIecu Ie fl uorophores wit. h t he desIra· ble turn-on, - quench'ing, -

or color switching18 
-
20 features have been developed in order to probe reactive oxygen 

and nitrogen species, metal ions, and metabolites, as well as macromolecular 

interactions in living cells and organisms. This chapter highlights in situ formation of 

fluorescent pyrazolines by a photoinduced tetrazole-alkene cycloaddition (photoclick 

chemistry). 

This reaction is capable of fluorescently labeling proteins in live mammalian cells 

with spatiotemporal control. 21
-
23 The synthesis of a series of BODIPY-tetrazoles and the 

characterization of their reactivity in photoclick chemistry and photophysical properties 

after the cycloaddition are discussed. Also, a water-soluble meta-BODIPY-tetrazole was 

synthesized to serve as an "off-on" fluorescent probe for in situ bioorthogonal 

a Contents have been published . 1. An, P.; Lewandowski, T. M.; Qing, L., Design and 

Synthesis of a BODIPY-Tetrazole Based "Off-On" in-Cell Fluorescence Reporter of 

Hydrogen Peroxide. Chembiochem 2018, 19, 1326-1333. 

doi.org/10.1002/cbic.201700656 
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generation of the probe at microtubules and subsequent detection of hydrogen 

peroxide (H 20 2) inside Hela cells. 

Pyrazoline, the product of the photoclick chemistry, has a drawback of not being 

a bright fluorophore due to its low quantum yield. Also, depending on solvent polarity, 

24 the fluorescence intensity can vary. -
25 To overcome the low intensity of the pyrazoline, 

an existing bright fluorophore was covalently linked to the tetrazole to create a probe 

that can detect environmental changes in living systems. The BODI PY fluorophore was 

chosen due to its excellent photochemical stability and high fluorescence quantum 

yield. The synthesis of the BODI PY core was accomplished starting from an aldehyde 

(Schemes 2.2-2.4). 26
-
27 Also, BODIPY fluorescence intensity is susceptible to the 

intra molecular photoinduced electron transfer (PeT) process, which can be modulated 

30 by the presence of a second fluorophore, such as pyrazole. 28
-

For application purposes, it is usually preferable to have a probe that is "turn-on" 

so that it can be more sensitive. The tetrazole that is linked to BODIPY can be converted 

to a pyrazoline. The BODIPY-pyrazoline can then serve as a chemical sensor for oxidative 

33environments in cells when the pyrazoline is oxidized to a pyrazole.31 
-

The intra molecular photoinduced electron transfer efficiency depends on the 

distance between the donor and the acceptor.34 The meta-substituted BODI PY 

conjugated to a tetrazine has been shown to have 1,600-fold increase in fluorescence 

(Figure 2.1). This is almost two fold higher than the para-substituted tetrazine due to the 

folded coplanar conformation that the meta structure can adapt. The donor and 

acceptor transition dipoles align parallel to each other. 14 Weissleder and coworkers also 
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took the same approach in a coumarin-tetrazine structure for probes for biological 

imaging. The meta-substituted coumarin dipole had better alignment than the para

substituted, increasing the turn-on fluorescence 4-fold. 35 
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Figure 2.1. (A) Fluorogenic turn on of tetrazine ligation with trans-cyclooctenol in water. 

(B) Fluorescence emission spectra for starting material in acetonitrile at baseline (black) 

and after addition of TCO (green); excitation at 490 nm. 

2.2 Results and Discussion 

2.2.1 Synthesis of BODIPY-tetrazoles 

Three BODIPY-tetrazole probes were designed by connecting BODIPY with the 

bithiophene-tetrazole36 through a benzene linker in different orientations (Scheme 2.1). 
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This enables light-triggered formation of the pyrazoline fluorophore by photoclick 

chemistry. 

2.1 (p-BODIPY-Tet): para substitution 

2.2 (m-BODIPY-Tet): meta substitution 

------ 2.3 (o-BODIPY-Tet): ortho substitution 

Scheme 2.1. Structures of BODIPY-tetrazoles 2.1-2.3. 

Ideally, the conversion of the adjacent tetrazole to pyrazoline would modulate 

fluorescent properties of BODI PY through an intramolecular PeT process. In addition, 

the pyrazoline could be further oxidized to pyrazole,31
-
33 allowing the BODIPY-

pyrazoline to serve as a chemical sensor for oxidative stress in cells (Figure 2.2). 

N
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~ 0H Fluo~~~c_ence 

202 
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R R' 
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ffoff" 

Figure 2.2. Photoclick reaction to generate the pyrazoline cycloadduct, which shows 

drastically reduced BODI PY fluorescence. Turn-on effect is attributed to conversion from 

the pyrazoline to a pyrazole. 
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---------------

Schemes 2.2-2.4 show the routes for the synthesis of tetrazoles 2.1-2.3. The 

tetrazole and BODI PY moieties were constructed sequentially for compounds 2.1 and 

2.2. 

~ OTs 2.7 
N-NH ~+n_,,s,1/"s'u

IP yfY 
-

CN NaN3, Et3N·HCI ,,'N
I ----, I ~ N -------

0 h' Toluene, 98% 0 h' Cu(OAcb, Et3N, DCM, 35% 

0 0 
2.4a 

O~N=~N-o-0/~ LAH 

Meo - N' ~ /, 8 H~ "'N' ---V--"s/
I/ ~ :--. o\~~=NN- /s, n 

PCC, 76% 
2.5a 

2.6a 

H 
N»- DDQ DIPEA 

TFA 

Scheme 2.2. Synthesis of BODIPY-tetrazole 2.1 
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Scheme 2.3. Synthesis of BODIPY-tetrazole 2.2 
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Scheme 2.4. Synthesis of BODIPY-tetrazole 2.3, the sequence was reversed due to the 

steric hindrance during the BODIPY formation. 

The reactivity of the three BODIPY-tetrazoles was tested with dimethyl fumarate 

in the photoclick reactions. BODIPY-tetrazoles 2.1 and 2.2 gave clean conversions to 

pyrazolines 2.1-pyr and 2.2-pyr, respectively, after 2 min of photoirradiation based on 
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the HPLC traces (Figure 2.3). Tetrazole 2.2 gave a yield of 95% after photoirradiation at 

365 nm or 40% after photoirradiation at 405 nm. BODIPY-tetrazole 2.3 was stable after 

photoirradiation at 405 nm and yielded only trace amount of pyrazoline product after 

photoirradiation at 365 nm, likely due to its high fluorescence quantum yield (Table 2.1), 

which turns the incident light energy to fluorescence instead of rupturing the tetrazole 

ring. With this "filtering effect", only tetrazoles 2.1 and 2.2 were pursued. The 405 nm 

laser was chosen to reduce potential damage to cells in biological applications. The 

presence of the bithiophene group extends then- conjugation system and allows for a 

longer wavelength to be used for excitation. 
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Figure 2.3. Evaluating the reactivity of tetrazoles 2.1-2.3 toward dimethyl fumarate in 

the photoclick reaction in PBS/ACN (1:1) upon photoirradiation at 365 or 405 nm. The 

reactions were set up by mixing 10 µM of tetrazole with 1 mM of dimethyl fumarate 

28 



(DMF) in PBS/acetonitrile (1:1) in a quartz tube, and the solution was irradiated with 365 

nm lamp or a 405 nm laser for 120 s. The reaction mixture was directly injected into the 

HPLC column for analysis. Red trace= 254 nm; blue trace= 370 nm. 

2.2.2 Photophysical properties of BODIPY-tetrazoles 

For the BODIPY-tetrazoles, two absorption bands centered at 355 and 500 nm 

were observed, corresponding to the bithiophene-tetrazole and BODI PY moiety, 

respectively. A new absorption band around 390 nm was observed for the BODIPY

pyrazolines, resulting from the formation of the bithiophene-pyrazoline, and the 

absorption band for BODIPY remained the same (Figure 2.4-2.5). In fluorescence 

measurements, only one emission band at 509 nm was observed for both BODIPY

tetrazoles and BODIPY-pyrazolines, indicating that the pyrazoline fluorescence was 

negligible. The fluorescence quantum yields of BODIPY-tetrazoles range from 14 to 50% 

depending on the linkage, with BODIPY-tetrazole 2.3 giving the highest quantum yield 

(Table 2.1). When the pyrazoline is formed, there is an approximately 97% reduction in 

BODI PY fluorescence. The pyrazoline-dependent fluorescence quenching is due to the 

PeT process. 
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Table 2.1. Photophysical properties of BODIPY-tetrazoles 2.1-2.3 and BODIPY

pyrazolines 1-pyr and 2-pyr 

Compound Aabs (nm) Aem (nm)b (DF (%t Quenching efficiency (%)d 

2.1 354,500 510 14 -

2.1-pyr 392,500 509 0.1 97 

2.2 354,500 508 36 -

2.2-pyr 390,500 508 0.1 97 

2.3 355,506 514 50 -

a) pyrazolines were dissolved in PBS/ACN (1:1) to obtain a concentration of 5 µM. b) Aex 

= 405 nm. c) Fluorescence quantum yields were determined by using DAPI dye as a 

reference. d) Quenching efficiency= 1- fluorescence intensity of 

pyrazoline/fluorescence intensity of tetrazole at 509 nm. 
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Figure 2.4. (A) Reaction of BODIPY-tetrazole 1 with dimethyl fumarate to generate a 

racemic mixture of BODIPY-pyrazoline, 1-pyr, at 365 nm photoirradiation. (B) UV-vis 

absorption spectra of tetrazole 1 (green line) and pyrazoline 1 (red line). (C) 

Fluorescence spectra of tetrazole 1 (green line) and pyrazoline 1 (red line). The spectra 

were recorded by dissolving the appropriate compound in PBS/acetonitrile (1:1) to 

obtain a final concentration of 5 µM. For fluorescence measurement, Aex= 480 nm. 
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Figure 2.5. (A) Reaction of BODIPY-tetrazole 2.2 with dimethyl fumarate to generate a 

racemic mixture of BODIPY-pyrazoline, 2.2-pyr, at 365 nm photoirradiation. (B) UV-vis 

absorption spectra of tetrazole 2.2 (green line) and pyrazoline 2.2 (red line). (C) 

Fluorescence spectra of tetrazole 2.2 (green line) and pyrazoline 2.2 (red line). The 

spectra were recorded by dissolving the appropriate compound in PBS/acetonitrile (1:1) 

to obtain a final concentration of 5 µM. For fluorescence measurement, Aex= 480 nm. 

2.2.3 Kinetics of BODIPY-tetrazoles 

To assess the kinetics of fluorescence quenching as a result of the cycloaddition, 

a solution of BODIPY-tetrazole 2.2 and dimethyl fumarate in PBS/ACN (1:1) was 
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photoirradiated with a handheld 365 nm UV lamp, and the BODI PY fluorescence was 

37 monitored over a period of 200 s. -
38 The BODI PY fluorescence quenching proceeded 

fast, with a half-life of 53 s (Figure 2.6A). Based on the fluorescence signal decay, the 

second-order rate constant, k2, was calculated to be 26 M-1 s-1 for the cycloaddition 

(Figure 2.6B), confirming that the pyrazoline formation indeed occurs rapidly. 
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Figure 2.6. (A) Time-dependent fluorescence spectra of BODIPY-tetrazole 2.2 (5 µM) 

after photoirradiation at 365 nm in the presence of 500 µM dimethyl fumarate. (B) Plot 

of fluorescence intensity at 509 nm vs. photoirradiation time. For spectra acquisition, Aex 

= 480 nm. 

As a control, irradiating the BODI PY core with the 365 nm UV lamp did not lead 

to any decrease in fluorescence intensity over a period of 320 s (Figure 2.7). 
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Figure 2.7. Fluorescence of the BODI PY core (compound 8) after photoirradiation with a 

handheld 365-nm UV lamp for a period of 320 seconds. Compound 8 was dissolved in 

1:1 ACN/PBS to obtain a concentration of 5 µM. Aex = 480 nm. 

2.2.4 Oxidation of pyrazoline 

Pyrazolines can be oxidized to pyrazoles using reagents such as phenyliodine(III) 

diacetate, Dess-Martin periodinane, and hydrogen peroxide. The meta-substituted 

BODI PY pyrazoline was studied and the BODI PY fluorescence recovery was monitored 

upon oxidation with hydrogen peroxide. A solution of 2.2-pyr in PBS/ACN (1:1) was 

treated with 10 mM hydrogen peroxide, and the fluorescence recovery was monitored 

by a fluorometer (Figure 2.8A). Time-dependent BODI PY increase in fluorescence was 

observed, with the maximum fluorescence of five-fold compared to BODIPY-tetrazole 

2.2 reached after about 1 h (Figure 2.8B). 
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Figure 2.8. (A) Fluorescence spectra of 2.2-pyr (1 µMin PBS/ACN, 1:1) after treatment 

with 10 mM H20 2 for various times. (B) Plot of fluorescence intensity at 509 nm vs. 

incubation time. For fluorescence spectra acquisition, Aex was set at 480 nm. 

To verify that the turn-on fluorescence is the result of the conversion of the 

pyrazoline to pyrazole, as a control, the BODIPY-core (compound 8) was also treated 

with 10 mM H20 2• The BODI PY fluorescence did not show appreciable decrease over the 

course of 1 h, indicating that the H20 2-induced fluorescence turn-on was not due to the 

BODI PY oxidation (Figure 2.9), but rather the conversion of the pyrazoline to the 

pyrazole. 
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Figure 2.9. Fluorescence of the BODI PY core (compound 2.8) after treatment with 10 

mM H20 2 for a period of 64 minutes. Compound 2.8 was dissolved in ACN/PBS (1:1) to 

obtain a concentration of 5 µM. "-ex= 480 nm. 

Because hydrogen peroxide is a reactive oxygen species affecting cellular redox 

potential, significant efforts have been devoted to the development of small-molecule 

probes of cellular hydrogen peroxide.39
-
41 The results in Chapter 2 show that hydrogen 

peroxide can turn-on BODIPY-pyrazoline fluorescence. It was hypothesized that this 

fluorescence off-on detection system can be used to detect hydrogen peroxide in 

cellular systems. Specifically, the BODIPY-pyrazoline sensor will be generated in situ 

through photoclick chemistry, followed by subsequent oxidation of the pyrazoline to a 

pyrazole. To this end, a water-soluble meta-BODIPY-tetrazole was synthesized by Peng 

An (Scheme 2.5) to test the fluorescent sensor in live cells. 
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Scheme 2.5. Synthesis of the water-soluble BODIPY-tetrazole 2.15. 1 

2.2.5 Labeling of microtubules in live cells 

For the photoclick reaction to proceed in live cells, the fumarate substrate was 

introduced in mammalian cells through a microtubule-binding ligand. 23 Yu et al. used 

this ligand in a two-photon photoclick experiment. The cells were permeabilized and 

fixed with paraformaldehyde before staining with anti-a-tubulin antibody followed by 

fluorescent detection with Alexa Fluor 568-conjugated antimouse lgG antibody. Based 

on this previous work confirming the pyrazoline-docetaxel labeling specificity from the 

Lin group, the same microtubule-binding ligand was used. 

Briefly, Peng An used Hela cells that were treated with 500 nM tetrazole 2.15 

overnight, and the excess reagents were washed away with DMEM medium. The cells 

were incubated in OPTI-MEM medium containing 30 mM fumarate-modified docetaxel 

(FA-docetaxel) at 37°C for 30 min. Excess FA-docetaxel was washed away with DMEM 
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medium, and 365 nm UV light irradiation was applied to the cells for 3 min prior to 

confocal microscopy. A 66% reduction in BODIPY fluorescence was observed for the FA

docetaxel treated cells (Figure 2.10A, middle row) compared to the untreated cells 

(Figure2.10A, top row), consistent with the formation of the weakly fluorescent 

BODIPY-pyrazoline probe. The DMEM medium was then removed, and the cells were 

incubated in DMEM medium containing 500 µM hydrogen peroxide at 37°C. After 1 h, 

stronger fluorescence was observed for Hela cells (Figure 2.10A, bottom row). 

Quantification of fluorescence intensity revealed about a 20% increase after H20 2 

treatment (Figure 2.10B), consistent with the H20 2-induced conversion of BODIPY

pyrazoline to BODIPY-pyrazole. The magnitude of fluorescence turn-on was similar to an 

arylboronate-based H20 2 detection system previously reported.40 
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Figure 2.10. Confocal microscopy images of Hela cells after docetaxel- directed in situ 

synthesis of the BODIPY-pyrazoline probe by photoclick chemistry and their response to 

H20 2 treatment. (A) Top row: cells treated with only tetrazole 2.15 (500 nM). Middle 

row: cells treated with tetrazole 2.15 (500 nM) and FA-docetaxel (30 µM). Bottom row: 

cells treated with tetrazole 2.15 (500 nM) and FA-docetaxel (30 µM). After cells were 
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treated with 500 µM H20 2 for 1 h, photoirradiation {3 min) with a handheld 365 nm UV 

lamp was applied to all cells. Scale bar= 20 µm. (B) Quantification of fluorescence of 

Hela cells. The fluorescence images were quantified using lmageJ program to obtain 

mean and SEM. Student's t - test was performed to obtain the p value, n = 3. 

2.3 Conclusions 

In conclusion, three BODIPY-tetrazoles with para-, meta- or ortho-linkages 

between the bithiophene-tetrazole and the BODI PY fluorophore were synthesized. 

BODIPY-tetrazoles 2.1 and 2.2 displayed excellent reactivity towards dimethyl fumarate 

in vitro in the photoclick reaction. Interestingly, the BODI PY fluorescence showed a 

sharp decrease after the reaction and recovered, to a large extent, after treatment with 

chemical oxidants such as hydrogen peroxide. A water-soluble BODIPY-tetrazole 

derivative was synthesized and served as an off-on fluorescent probe for initial 

bioorthogonal in situ generation of the probe at microtubules and subsequent detection 

of hydrogen peroxide inside Hela cells. 

2.4 Materials and Methods 

Confocal imaging was performed using a Zeiss LSM 710 equipped with 

PlanApochromatic 40X/ oil immersion objective. The wavelengths for excitation and 

emission filters used for the BODIPY fluorophore were 488 nm and 493-598 nm, 

respectively. The light-triggered photoclick reaction inside Hela cells was carried out by 

using a 365 nm UV lamp for 3 min. 
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General reagents and instruments: 

Solvents and chemicals were purchased from commercial sources and used directly 

without further purification. Flash chromatography was performed either manually with 

SiliCycle P60 silica gel (40-63 µm, 60 A) or by using automatic Yamazen AKROS flash 

system equipped with SiliaSep HP pre-packed columns. 1H NMR spectra were recorded 

with lnova-300, -400 or -500 MHz spectrometers, and chemical shifts were reported in 

ppm with either TMS or deuterated solvents as internal standards (TMS, 0.00; CDCl3, 

7.26). 13C NMR spectra were recorded at 75.4 MHz, and chemical shifts were reported in 

ppm with deuterated solvents as internal standards (CDCl3, 77.0). Absorption spectra 

were recorded in 1 cm quartz cuvettes on an HP-8452 diode array spectrometer. 

Fluorescence spectra were recorded in 1 cm cuvettes on a Horiba FluoroMax-4 

spectrofluorometer at 25°C. 

Chemical synthesis1
: 

Methyl 4-(2-([2,2'-bithiophen]-S-yl)-2H-tetrazol-5-yl)benzoate (2.Sa): NaN3 (260 mg, 

4.0 mmol) was added to a solution of methyl 4-cyanobenzoate (322 mg, 2.0 mmol) in 

toluene (15 ml), followed by triethylammonium chloride (548 mg, 4.0 mmol). The 

resulting mixture was stirred at 110°C for 24 h before being cooled to room 

temperature. Then, water (10 ml) was added, and the mixture was stirred for 10 min. 

The mixture was extracted with water (3x15 ml), and the combined aqueous phases 

were acidified with HCI (3 N) solution. The suspension was filtered, and the resulting 

solid was washed with water and diethyl ether to give 2.4a as a white solid (400 mg, 

41 



98%): 1H NMR (CDCl 3, 500 MHz): 6=8.22 (d, J =8.0 Hz, 2H), 8.13 (d, J =8.0 Hz, 2H), 3.94 

ppm (s, 3H). Compound 2.Sa was then synthesized according to a reported procedure.42 

4-(2-([2,2'-Bithiophen]-S-yl)-2H-tetrazol-5-yl)benzaldehyde (2.6a): LiAIH4 {40 mg, 1.05 

mmol) was added to a solution of tetrazole 2.Sa {130 mg, 0.35 mmol) in anhydrous THF 

(10 ml) at 0°C, and the suspension was stirred at room temperature until thin layer 

chromatography (TLC) showed complete disappearance of the starting material. The 

reaction was quenched with MeOH (1 ml) and filtered through a layer of celite resin. 

The filtrate was collected, concentrated, and dried under vacuum. The residue was 

dissolved in dichloromethane (15 ml), and PCC (110 mg, 0.50 mmol) was added. The 

mixture was stirred at room temperature under argon overnight. The reaction mixture 

was then concentrated, and the residue was purified by silica gel flash chromatography 

to give the title compound as a green solid {91 mg, 76 %): 1H NMR (CDCl 3, 500 MHz): 

6=10.11 (s, lH), 8.41 (d, J =8.5 Hz, 2H), 8.04 (d, J =8.5 Hz, 2H), 7.63 (d, J =4.0 Hz, lH), 

7.32 (dd, J =5.5, 1.5 Hz, lH), 7.27 (dd, J =3.5, 1.0 Hz, lH), 7.14 (d, J =4.0 Hz, lH), 7.08 

(dd, J = 5.0, 3.5 Hz, lH); 13C NMR (CDCl 3, 75 MHz): 6 = 191.6, 130.3, 128.2, 127.7, 126.0, 

124.98, 122.7, 120.0. 

para-BODIPY-tetrazole (2.1): Two drops of TFA were added to a solution of aldehyde 6a 

{90 mg, 0.27 mmol) and 2,4-dimethylpyrrole {68 µL, 0.66 mmol) in CH 2Cb (20 ml) under 

argon, and the mixture was allowed to stir at room temperature until TLC showed 

complete disappearance of aldehyde 2.6a. A solution of 2,3-dichloro-5,6-dicyano-1,4-
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benzoquinone (DDQ: 66 mg, 0.29 mmol) in CH 2Cb (10 ml) was then added, and the 

mixture was stirred for 30 min. Afterwards, N,N-diisopropylethylamine (555 µl, 3.2 

mmol) and BF3 •OEt2 (266 µl, 2.1 mmol) were added, and the mixture was stirred 

overnight. The reaction was quenched by adding water (100 ml), and the aqueous layer 

was extracted three times with CH 2Cb {300 ml). The combined organic layers were 

dried with MgSO4 and concentrated under reduced pressure. The residue was purified 

by silica gel flash chromatography with CH 2CIJhexanes (1:2) as an eluent to afford the 

title compound as a red solid (55 mg, 37 % yield): 1H NMR (CDCl 3, 500 MHz): 6 = 8.39 (d, 

J =5.0 Hz, 2H), 7.64 (d, J =5.0 Hz, lH), 7.48 (d, J =10.0 Hz, 2H), 7.32 (d, J =5.0 Hz, lH), 

7.28 (d, J =5.0 Hz, lH), 7.15 (d, J =5.0 Hz, lH), 7.08 (dd, J =5.0, 6.0 Hz, lH), 6.00 (s, J = 

2H), 2.57 (s, 6H), 1.45 (s, 6H); 13C NMR (CDCl3, 75 MHz): 6 = 164.4, 155.9, 143.0, 140.5, 

137.5, 136.2, 135.6, 135.5, 131.2, 128.9, 128.2, 127.8, 127.5, 125.9, 124.9, 122.6, 121.5, 

121.4, 119.7, 110.0, 14.6; HRMS (El) calcd for C28H23 BF2N6S2 : 556.14867 [M+], found: 

556.14972. 

Ethyl 3-(2H-tetrazol-5-yl)benzoate (2.4b): NaN 3 (423 mg, 6.5 mmol) was added to a 

solution of ethyl 3-cyanobenzoate {760 mg, 4.3 mmol) in toluene (20 ml), followed by 

triethylammonium chloride {892 mg, 6.5 mmol). The resulting mixture was stirred at 

110°C for 24 h before being cooled to room temperature. Then, water (10 ml) was, and 

the reaction mixture was stirred for 10 min. The mixture was extracted with water, and 

the combined aqueous phases were acidified with HCI {3 N). The suspension was 

filtered, and the resulting solid was washed with water and diethyl ether to give the title 
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compound as a white solid {862 mg, 91 %), which was used directly in the next step 

without further purification. 

Ethyl 3-(2-([2,2'-bithiophen]-S-yl)-2H-tetrazol-5-yl)benzoate (2.Sb): lodonium salt 743 

{648 mg, 1.2 mmol), Cu(OAch {434 mg, 2.4 mmol), and Et3 N {836 µl, 6.0 mmol) were 

added to a solution of tetrazole 2.4b (262 mg, 1.2 mmol) in CH 2Cb (25 ml). The 

resulting mixture was purged with argon and sealed, and the mixture was stirred at 

room temperature for 20 h. The resulting mixture was diluted with water (10 ml) and 

extracted with CH 2Cb {3x10 ml). The organic layers were separated, washed with 

saturated NH 4CI solution and brine, dried over anhydrous MgSO4, and then 

concentrated under vacuum. The residue was purified by silica gel flash chromatography 

to give the title compound as a white solid (150 mg, 33% yield): 1H NMR (CDCl 3, 300 

MHz): 6 = 8.89 (s, lH), 8.43 (d, J =9.0 Hz, lH), 8.20 (d, J =9.0 Hz, lH), 7.64-7.62 (m, 2H), 

7.30 (d, J =6.0 Hz, lH), 7.26 (s, lH), 7.15 (d, J =3.0 Hz, lH), 7.10 (t, J =6.0 Hz, lH), 4.45 

(q, J =6.0 Hz, 2H), 1.45 (t, J =6.0 Hz, 3H); 13C NMR (CDCl3, 75 MHz): 6 = 165.9, 164.4, 

136.2, 135.7, 135.5, 131.7, 131.5, 131.2, 129.1, 128.1, 127.1, 125.8, 124.9, 122.6, 119.7, 

76.6, 61.3, 14.4; HRMS (El) calcd for C18 H14N4O2S2 : 382.05582 [M+], found: 383.06410. 

3-(2-([2,2'-Bithiophen]-S-yl)-2H-tetrazol-5-yl)benzaldehyde (2.6b): Aldehyde 2.6b was 

synthesized as a green solid {96 mg, 72% yield) by using the same procedure as for 2.6a, 

1H NMR (CDCl 3, 500 MHz): 6 = 10.15 (s, lH), 8.74 (t, J =1.5 Hz, lH), 8.51 (dt, J =7.5, 1.5 

Hz, lH), 8.04 (dt, J =7.5, 1.5 Hz, lH), 7.72, (t, J =7.5 Hz, lH), 7.64 (d, J =4.0 Hz, lH), 7.33, 
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(dd, J =5.0, 1.0 Hz, lH), 7.28 (dd, J =4.0, 1.0 Hz, lH), 7.15 (d, J =4.0 Hz, lH), 7.09 (dd, J = 

5.5, 3.5 Hz, lH). 

meta-BODIPY-tetrazole (2.2): Tetrazole 2.2 was synthesized as a red solid {30 mg, 20% 

yield) by using the same procedure as for tetrazole 2.1: 1H NMR (CDCl3, 500 MHz): 6 = 

8.38 (d, J =5.0 Hz, lH), 8.21 (s, lH), 7.68 (t, J =5.0 Hz, lH), 7.60 (d, J =5.0 Hz, 1 H), 7.46 

(d, J =10.0 Hz, 1 H), 7.32 (d, J =5.0 Hz, 1 H), 7.25 (d, J =5.0 Hz, 1 H), 7.14 (d, J =5.0 Hz, 

lH), 7.07 (t, J =5.0 Hz, lH), 6.01 (s, J =2H), 2.58 (s, 6H), 1.45 (s, 6H); 13C NMR (CDCl3, 75 

MHz): 6 = 164.3, 155.9, 143.0, 140.3, 136.2, 136.0, 135.6, 135.4, 131.3, 130.3, 129.9, 

128.1, 127.8, 127.6, 126.8, 125.9, 124.9, 122.6, 121.4, 119.7, 14.7; HRMS (El) calcd for 

C2sH23BF2N5S2: 556.14867 [M+], found: 556.14850. 

BODIPY-acetonitrile (2.8): Compound 2.8 was synthesized as a red solid {60 mg, 23% 

yield) by using the same procedure as for tetrazole 2.1: 1H NMR (CDCl 3, 500 MHz): 6 = 

7.84 (d, J =3.0 Hz, lH), 7.75 (t, J =7.5 Hz, lH), 7.62 (t, J =7.5 Hz, lH), 7.47 (d, J =7.5 Hz, 

lH), 6.02 (s, 2H), 2.57 (s, 6H), 1.36 (s, 6H); 13C NMR (CDCl 3, 75 MHz): 6 = 156.9, 142.2, 

138.8, 136.0, 133.5, 129.8, 129.7, 121.9, 116.4, 113.1, 76.6, 29.7, 14.7, 14.0; HRMS (El) 

calcd for C20H18 BF2N3 : 349.15618 [M+], found: 349.15594. 

BODIPY-tetrazole (2.9): Compound 2.9 was synthesized as a red solid (27 mg, 4% yield) 

by using the same procedure as for 2.4b: 1H NMR (CDCl 3, 300 MHz): 6 = 8.42-8.39 (m, 

lH), 7.71-7.69 (m, 2H), 7.45-7.42 (m, lH), 5.99 (s, 2H), 2.55 (s, 6H), 1.34 (s, 6H); 13C NMR 
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(CDCl 3, 75 MHz): 6 = 157.5, 142.4, 137.5, 133.2, 132.2, 130.8, 130.5, 130.3, 129.7, 123.2, 

122.3, 29.7, 14.7, 13.9; HRMS (El) calcd for C20H19BF2N6 : 392.17323 [M+], found: 

392.17294. 

ortho-BODIPY-tetrazole (2.3): Tetrazole 2.3 was synthesized as a red solid {34 mg, 76% 

yield) by using the same procedure as for 2.Sb, 1H NMR (CDCl3, 500 MHz): 6 = 8.47 (dd, 

J =7.0, 1.0 Hz, lH), 7.66 (m, 2H), 7.46 (dd, J =7.0, 2.0 Hz, lH), 7.39 (d, J =4.0 Hz, lH), 

7.27 (dd, J =5.0, 1.0 Hz, lH), 7.24 (dd, J =4.0, 1.0 Hz, lH), 7.04 (m, 2H), 5.92 (s, 2H), 2.58 

(s, 6H), 1.35 (s, 6H); 13C NMR (CDCl 3, 75 MHz): 6 = 163.2, 155.4, 142.4, 136.1, 135.2, 

134.0, 131.1, 129.7, 129.5, 128.1, 125.6, 124.7, 122.6, 121.0, 119.5, 14.7, 14.0; HRMS 

(El) calcd for C28 H23 BF2 N6S2 : 556.14867 [M+], found: 556.14923. 

2.1-BODIPY-pyrazoline (2.1-pyr): Dimethyl fumarate (52 mg, 0.36 mmol) was added to a 

solution of tetrazole 1 (20 mg, 0.036 mmol) in ACN (20 ml), and the mixture was 

exposed to a 365 nm lamp with stirring at room temperature. When TLC (silica, 50% 

CH 2Cb in hexanes, UV/PMA) showed no remaining starting material (about 7 h), the 

solution was concentrated, and the residue was purified by silica gel flash 

chromatography {30-50% CH 2Cb in hexanes) to give the title compound as a red solid 

{20 mg, 83% yield): 1H NMR (CDCl3, 500 MHz): 6 = 7.90 (d, J =10.0 Hz, 2H), 7.33 (d, J = 

10.0 Hz, 2H), 7.14 (dd, J =5.0, 1.0 Hz, lH), 7.05 (d, J =2.5 Hz, lH), 6.98 (dd, J =5.0, 3.5 

Hz, lH), 6.91 (d, J =5.0 Hz, lH), 6.16 (d, J =5.0 Hz, lH), 5.99 (s, J =2H), 5.14 (d, J =5.0 

Hz, lH), 4.75 (d, J = 5.0 Hz, lH), 3.85 (s, 3H), 3.73 (s, 3H), 2.56 (s, 6H); 13C NMR (CDCl3, 
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75 MHz): 6 =169.1, 168.2, 155.8, 147.8, 144.2, 142.9, 140.8, 137.9, 136.0, 131.2, 131.0, 

128.4, 127.7, 127.3, 126.5, 123.2, 122.7, 122.3, 121.4, 105.9, 68.1, 56.2, 53.3, 53.2, 14.6. 

2.2-BODIPY-pyrazoline (2.2-pyr): A similar procedure to that shown above for 2.1-pyr 

was followed, beginning from tetrazole 2.2 {15 mg, 0.027 mmol), with a reaction time 

around 5 h to give the pyrazoline compound as a red solid (16 mg, 85% yield): 1H NMR 

(CDCl 3, 500 MHz): 6 =7.95 (dd, J =10.0, 4.0 Hz, lH), 7.63 (t, J =1.5 Hz, lH), 7.53 (t, J =7.5 

Hz, lH), 7.30 (d, J =7.5 Hz, lH), 7.12 (dd, J =5.0, 1.0 Hz, lH), 7.05 (dd, J =3.5, 1.0 Hz, 

lH), 6.97 (dd, J =5.0, 3.5 Hz, lH), 6.89 (d, J =4.0 Hz, lH), 6.14 (d, J =4.0 Hz, lH), 6.00 (s, 

2H), 5.10 (d, J =6.0 Hz, lH), 4.69 (d, J =6.0 Hz, lH), 3.83 (s, 3H), 3.67 (s, 3H), 2.57 (s, 6H), 

1.42 (s, 6H). 

Dimethyl 5-(2H-tetrazol-5-yl)isophthalate (2.10): Tetrazole 2.10 was synthesized as a 

white solid (130 mg, 84% yield) by using the same procedure as for 2.4b: 1H NMR 

((D4]MeOD, 500 MHz): 6 = 8.92 (d, J =2.0 Hz, 2H), 8.77 (t, J =2.0, lH), 4.01 (s, 6H). 

Dimethyl 5-(2-([2,2'-bithiophen]-S-yl)-2H-tetrazol-5-yl)isophthalate (2.11): Tetrazole 

2.11 was synthesized as a white solid (90 mg, 55% yield) by using the same procedure as 

for 2.Sb: 1H NMR (CDCl3, 500 MHz): 6 = 9.07 (d, J =2.0 Hz, 2H), 8.82 (t, J =7.5, 1.5 Hz, 

lH), 7.66 (d, J =4.0 Hz, lH), 7.33 (dd, J =5.0, 1.0 Hz, lH), 7.28 (dd, J =3.5, 1.0 Hz, lH), 

7.16 (d, J =4.0 Hz, lH), 7.09, (dd, J =5.0, 3.5 Hz, lH), 4.01 (s, 6H). 
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(S-(2-([2,2'-Bithiophen]-S-yl)-2H-tetrazol-5-yl)-1,3-phenylene)dimethanol (2.12): 

Excess LiAIH 4 {38 mg, 1.0 mmol) was added to a solution of tetrazole 2.11 (85 mg, 0.20 

mmol) in anhydrous THF at O 0 C. The suspension was stirred at room temperature. 

When TLC showed no remaining starting material (about 10 min), the reaction was 

quenched with MeOH (1 ml) and concentrated under vacuum. The residue was purified 

by silica gel flash chromatography to give the title compound (42 mg, 60%): 1H NMR 

(CDCl 3, 500 MHz): 6 = 8.18 (d, J =17.0 Hz, 2H), 7.62 (dd, J =4.0, 2.5 Hz, lH), 7.55 (d, J = 

17.0 Hz, lH), 7.33, (d, J =5.0 Hz, lH), 7.26 (d, J =4.0 Hz, lH), 7.14 (d, J =4.0 Hz, lH), 

7.08, (dd, J =5.0, 3.5 Hz, lH), 4.83 (d, J =5.5 Hz, 4H). 

3-(2-([2,2'-Bithiophen]-S-yl)-2H-tetrazol-5-yl)-5-(hydroxymethyl)benzaldehyde (2.13): 

PCC (23 mg, 0.11 mmol) was added to a solution of tetrazole 2.12 (40 mg, 0.11 mmol) in 

CH 2Cb (10 ml). The mixture was stirred at room temperature under argon overnight. 

The reaction mixture was then concentrated, and the residue was purified by silica gel 

flash chromatography to give the title compound as a yellow solid (23 mg, 58 %): 1H 

NMR (CDCl3, 500 MHz): 6 =10.14 (s, lH), 8.64 (s, lH), 8.51 (s, lH), 8.05 (s, lH), 7.64 (d, J 

=4.0 Hz, lH), 7.32 (dd, J =5.0, 1.0 Hz, lH), 7.27 (dd, J =3.5, 1.0 Hz, lH), 7.14, (d, J =4.0 

Hz, lH), 7.08, (dd, J =5.0, 1.5 Hz, lH), 4.91 (d, J =5.0 Hz, 2H). 

BODIPY-tetrazole-OH (2.14): Compound 2.14 was synthesized as a red solid (8 mg, 23% 

yield) by using the same procedure as for 2.1: 1H NMR (CDCl3, 500 MHz): 6 =8.38 (s, 

lH), 8.13 (s, lH), 7.60 (d, J =4.5 Hz, lH), 7.49 (s, lH), 7.31 (dd, J =5.0, 1.0 Hz, lH), 7.25 
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(dd, J =3.5, 1.0 Hz, lH), 7.13 (d, J =4.0 Hz, lH), 7.07 (dd, J =4.0, 1.5 Hz, lH), 6.00 (s, 2H), 

4.89 (s, 2H), 2.57 (s, 6H), 1.45 (s, 6H). 

BODIPY-tetrazole-COOH (2.15): Succinic anhydride {6.8 mg, 0.068 mmol), 4-

dimethylaminopyridine (0.83 mg, 0.007 mmol), and Et3N (19 µL, 0.14 mmol) were added 

to a solution of 2.14 {8 mg, 0.014 mmol) in dioxane. When TLC (silica, EtOAc, UV/PMA) 

showed no remaining starting material (about 5 h), the solvent had been evaporated, 

and HCI {3 N) was added to adjust the pH to 6.0. The solution was then diluted with 

water (5 ml) and extracted with CH 2Cb {3x5 ml). The organic layers were separated, 

dried over anhydrous MgSO4, and concentrated under vacuum. The residue was purified 

by silica gel flash chromatography (EtOAc/MeOH 5:1) to give the title compound as a 

red solid {6.6 mg, 70% yield): 1H NMR (CDCl3, 500 MHz): 6 = 8.34 (s, lH), 8.15 (s, lH), 

7.60 (d, J =4.0 Hz, lH), 7.45 (s, lH), 7.31 (dd, J =4.0, 1.0 Hz, lH), 7.25 (dd, J =3.5, 1.0 Hz, 

lH), 7.13 (d, J =4.0 Hz, lH), 7.07 (dd, J =3.5, 1.5 Hz, lH), 6.00 (s, 2H), 3.71 (s, 2H), 2.71 

(m, 4H), 2.58 (s, 6H), 1.43 (s, 6H); 13C NMR (CDCl3, 75 MHz): 6 = 176.2, 171.7, 164.0, 

156.1, 142.9, 139.7, 138.4, 136.4, 136.3, 135.6, 135.3, 131.2, 129.6, 128.2, 128.1, 126.7, 

126.5, 125.9, 124.9, 122.6, 121.6, 119.9, 65.5, 28.9, 28.7, 14.8, 14.6; MS (ESI) calcd for 

C33H29 BF2N5O4S2: 685.2 [M-HL found: 685.1. 
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Chapter 3 

Sterically shielded tetrazoles for bioorthogonal protein labeling0 

3.1 Introduction 

Harnessing chemical reactivity for covalent modification of biomolecules in their 

native environment has attracted a lot of interest. 2 The success of this "in vivo" 

chemistry approach depends critically on robust bioorthogonal ligation reactions that 

proceed between a pair of reactants at low concentrations without cross-reactivity with 

the endogenous functional groups. 3 The optimization of bioorthogonal ligation 

reactions, particularly their reaction rate and chemoselectivity, i.e., bioorthogonality, is 

of utmost importance for their use in biological systems. 

The Lin lab recently reported the design of strained cycloalkenes such as 3,3-

disubstituted cyclopropene4 and spiro[2.3]hex-1- ene 5 that show drastic rate 

acceleration in the photoinduced tetrazole-alkene cycloaddition reaction with k2 values 

1approaching 10,000 M-1 s- . Compared to other fast bioorthogonal reactions such as 

tetrazine ligation, the tetrazole-alkene cycloaddition requires photoactivation, which is 

a very attractive attribute to biological applications where spatiotemporal control is 

desirable. The photogenerated nitrile imine dipoles also exhibit electrophilic character. 

These are known to undergo nucleophilic thiol and water additions in the absence of a 

suitable dipolarophile. 6
-
7 To control and utilize the nitrile imine reactivity for 

a Contents have been published. 1. An, P.; Lewandowski, T. M.; Erbay, T. G.; Liu, P.; Lin, 

Q., Sterically Shielded, Stabilized Nitrile Imine for Rapid Bioorthogonal Protein Labeling 

in Live Cells. J. Am. Chem. Soc. 2018, 140, 4860-4868. DOI: 10.1021/jacs.8b00126 
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bioorthogonal reactions in living systems, it is critical to selectively tune the 

cycloaddition reactivity while suppressing the competing nucleophilic additions. Chapter 

3 focuses on a strategy where a pendant group was identified that stabilizes the nitrile 

imine in aqueous medium. It increases reactivity in the desired cycloaddition reaction 

and suppresses the undesired nucleophilic additions. The application and utility is 

shown with robust bioorthogonal labeling of the glucagon receptor, GCGR, a member of 

class BG protein-coupled receptors, with a small organic fluorophore in live mammalian 

cells. GCGR was chosen because (1) it is a member of the class BG protein-coupled 

receptor family and a validated drug target for diabetes;8
-
9 (2) the study of GCGR 

activation is crucial to the design of GCGR antagonists;10 and (3) bioorthogonal 

fluorescent labeling of GCGR via tetrazine ligation was reported recently. 11 

3.2 Results and Discussion 

3.2.1 Synthesis and Evaluation of Sterically Shielded Diaryltetrazoles 

The reactivity of the nitrile imine dipole can be directed through adjacent 

structural pendants away from the nucleophilic addition and toward the desired 1,3-

dipole cycloaddition (Scheme 3.1). The shape of structural pendants attached to the 

ortho position of the N-aryl ring of diaryltetrazoles favors the 1,3-dipolar cycloaddition 

over the competing nucleophilic addition. 
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1,3- Dipolar 
cycloadditon 

hv 

'\ )I 

Nucleophilic 
addition 

Scheme 3.1. Strategy of employing structural pendants to stabilize the in situ generated 

nitrile imine and direct the reaction toward 1,3-dipolar cycloaddition over the 

competing nucleophilic addition. 

A series of ortho-substituted diphenyltetrazoles were synthesized and their 

reactivities were assessed in an HPLC-based competition assay using equal amounts of 

excess acrylamide and glutathione (GSH) in mixed acetonitrile/phosphate buffer 

(Scheme 3.2). In principle, the in situ photogenerated nitrile imines can produce four 

different adducts: (i) pyrazoline a from 1,3-dipolar cycloaddition, (ii) hydrazone b from 

nucleophilic GSH addition, (iii) hydrazide c from water quenching and subsequent 

tautomerization, and (iv) adduct d from intramolecular nucleophilic addition. 

CCR~N-0- /
I ~ N ~ /2 0 

CONH 2
Acrylamide/GSH 

Cycloadduct (a) GSH adduct (b) 

PB/ACN (1 :1), pH 7.4 
302 nm, 1 min 

R' N -0- / 
1/ 'N /2

H ~ 

H20 adduct (c) lntramolecular adduct (d) 

Scheme 3.2. Potential products from the substituted tetrazoles under the competitive 

conditions. 

0 
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Four series of tetrazoles (Scheme 3.3) were evaluated in this assay: (i) monoaliphatic-

substituted tetrazoles; (ii) monomethoxymethyl-substituted tetrazoles; (iii) dimethyl-, 

dimethoxy-, and dimethoxymethyl-substituted tetrazoles; and (iv) monoaryl- and diaryl-

substituted tetrazoles. 

3.1: R=H 3.11: R1 = CH3; R2 = H; R3 = H 3.15: R1 = R2 = CH3 
3.18: Ar1 = 2'-furan 

3.2: R= CH3 3.12: R1 = CH3; R2 = H; R3 = Cl 3.16: R1 = R2 = OCH3 
3.19: Ar1 = 2'-thiophene 

3.3: R = CH2OH 3.13 : R1 = CH3; R2 = OCH3; R3 = H 3.17: R1 = R2 = CH 2OCH3 
3.20 : Ar1 = 2' -N-Boc-pyrrole 

3.4: R = COOH 3.14: R1 = CH3; R2 = OCH3; R3 = OCH3 
3.21 : Ar1 = 2'-methoxybenzene 

3.5: R = CH2CN 3.22 : Ar1 = 2' -pyridine 

3.6: R = CH2OCH3 3.23 : Ar1 = 2'-pyrrole 
3. 7: R = CH2SCH3 3.24 : Ar1 = Ar2 = o-2' -furan 

3.8: R = CH2N(CH3)i 3.25 : Ar1 = Ar2 = o-2' -thiophene 

3.9: R = CH2CH 2OCH3 3.26 : Ar1 = Ar2 = o-2' -N-Boc-pyrrole 

3.10: R = CH(CH3)OCH 3 3.27 : Ar1 = Ar2 = o-2' -pyrrole 

3.28 : Ar1 = Ar2 = o-2' -N-Moc-pyrrole 
3.29 : Ar1 = o-2'-N-Boc-pyrrole; Ar2 = 

p-2' -N-Boc-pyrrole 

Scheme 3.3. Four types of substitutes tetrazoles were used in this study that were 

synthesized by Peng An. 1 

The di(o-2'-N-Boc-pyrrole)-substituted tetrazole 3.26 showed the highest 

cycloaddition selectivity with the a:b:c:d ratio of 92:2:6:0 among all the tetrazole 

analogs (Table 3.1). Both the N-substituent and the proximity to the nitrile imine center 

appear to be important as lack of either feature resulted in loss of this high selectivity. 
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Table 3.1. Product Distribution and Reaction Kinetic of Tetrazole 3.26 vs 3.1 in 1,3-

Dipolar Cycloaddition Reaction with the Various Alkene Dipolarophiles performed by 

Peng An. 

tetrazole 
R1 R3
;=< / glutathione(1 :1) 

R2 R4 

PB/ACN (1 :1) 
302 nm, 1 min 

~ OCH, 
N, N~ Cycloadduct (a) GSH adduct (b) H2O adduct (c) 

=t--i 
.,,'' 

d p-tetrazole 

Tetrazole 3.1 Dp-Tetrazole 3.26 

Product distribution Product distribution
Entry Dipolarophile k2 k2

(%) (%) 
M-1 s-1 M-1 s-1a b C a b C 

0 2,000 ± 
1 47 51 2 92 2 6 860 ± 110 

~NH2 300 
0 4,700 ±

2 95 5 0 99 0 1 2,400 ± 300' o~o, 500 

3 C ""' 5 91 4 NA 96 2 2 1,000 ±100 

2,200 ± 
4 20 75 5 89 3 8 1,000 ± 250

700£07 
5 0 93 7 NA 85 6 9 520 ± 140f'o-{--(

HN 

2,800 ± 
6 ~OH 4 90 6 86 2 12 1,400 ± 130 

. 300 

3,100 ±
7 ~ 0 62 35 3 96 0 4 2,800 ± 200

o~\ 600 

3,800 ±q 
H

8 60 37 3 97 0 3 2,300 ± 300
700O'r(N ~ NH2 

0 
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-

The selectivity for photoinduced cycloaddition with tetrazole 3.26 is robust as 

the reaction with Sph proceeded in the presence of 10 mM glutathione (Figure 3.1), 10 

mM glutamic acid (Figure 3.2), or a mixture of nucleophilic amino acids (Figure 3.3). 

-0- or 
,N \ 
. 0 

N 

..,, (S0µM) (S0µM) 

B 

6x108 
- ·- ··10mM -sph 
.........1omM 
-··-1mM 
· · • 0. 1mM 
- - 0.01 mM 

5x10~ 

4x106 

---OmM 

1x106 

432 480 528 576 624 672 
Wavelength (nm) 

D 

0 0.01 0.1 1 

glutathione/mM 

oft 
--./O\ (10 µM) 

GSH (10 µM -10 mM) 
ACN/PB (1:1) 
302 nm 25 s 

C 

0.0 ·':'- ,.,.r.': .": ,": .':':'.. .:.:::.~~-~---... - ····~-

.........10mM-sph 
1.4x10<J 

' -·· ·10mM 

1.2x1011 
;'

I \ 
\ 

-·-1mM 
• · · 0.1mM 
- - 0.01 mM 

1.Dx106 

---OmM 
U)t B.0x10~ 

>, 

-~ 6 .0x105 

C 

2 
.= 4.0x105 

3
2.0x:10 ............ ...... 

" . ... 

432 480 528 576 624 672 

Wavelength (nm) 

Grey bar= dp-tetrazole 3.26 
Orange bar= Tetrazole 3.1 

10 l0(nosph) 

Figure 3.1. Fluorescence-based interference study of the cycloaddition reaction by 

glutathione in acetonitrile/phosphate buffer (1:1). (A) Reaction scheme. (B) 
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Fluorescence spectra of the reaction involving tetrazole 3.26 and Sph in the presence of 

0.01-10 mM glutathione; A.ex= 405 nm. (C) Fluorescence spectra of the reaction 

involving tetrazole 3.1 and Sph in the presence of 0.01-10 mM glutathione; Aex = 405 

nm. (D) Quantification of the inhibitory effect of glutathione on the formation of 

fluorescent pyrazoline adduct. The fluorescence measurements were repeated three 

times for each condition. Grey bar= 3.26, orange bar= 3.1. 
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oft 
--../O\ (10 µM)

;==\_0 or 
',N~ \ GSH (10 µM -10 mM) 

N O N ACN/PB (1 :1) -7.,,' (S0µM) (S0µM) 302 nm 25 s 

B C 

1.3 ..106 

-10 mM-sph -10mM 
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--{) mM - 1mM 
--{).01 mM ----0.1 mM 

1.0K10° 6x 106 --{).1 mM ----0.01 mM 
- 1mM ----0 mM 

5x 106 - 10mm - 10mM -sph 

2.5K105 

1x 106 

4 32 480 528 576 624 672 432 480 528 576 624 672 
Wave length (nm) Wavelength (nm) 

D 
8 .Ei-06 ~-----------------

7 .Ei-06 -+------------------

-~ 6. Ei-06 
C "' 
! 5 .Ei-06 
-= 
~ 4 .Ei-06 

8
f 3.Ei-06 
0 
:::, 

U:: 2 .Ei-06 

0 0 .01 0 .1 1 10 lO(no 
sph) 

glutamic aoid/ mM 

Figure 3.2. Fluorescence-based interference study of the cycloaddition reaction by 

glutamic acid in acetonitrile/phosphate buffer (1:1). (A) Reaction scheme. (B) 

Fluorescence spectra of the reaction involving tetrazole 3.26 and Sph in the presence of 

0.01-10 mM glutamic acid; Aex= 405 nm. (C) Fluorescence spectra of the reaction 

involving tetrazole 3.1 and Sph in the presence of 0.01-10 mM glutamic acid; A.ex= 405 
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nm. (D) Quantification of the inhibitory effect of glutamic acid on the formation of the 

fluorescent pyrazoline adduct. The fluorescence measurements were repeated three 

times for each condition. Grey bar= 3.26, orange bar= 3.1. 

fl 
~ N, - 0 --JO\ O {10 µM) 

N=::N'N-0- \ Amino Acid Mixture {0.3 mM) 
ACN/PB {1 :1) 

{S0µM) 302 nm 25 s 

B C 

· · · · · - amino acids6.0x1o' · · · · · - amino acids 
,:;. - ,. - - - + amino acids - - - + amino acids 

1.0x1 0~ 
'I \ . 

; '(_ 

I ' ',i <. 
I ' ',i ~ 

/ \ 
/
I 

\ 
\, 

! \. 
I 

I 

----- ---0 0 - - ··· · ·· ·· · ·-
432 480 528 576 624 672 432 480 528 576 624 672 

Wavelength (nm) Wavelength (nm) 

Figure 3.3. Fluorescence-based interference study of the cycloaddition reaction by a 

mixture of nucleophilic amino acids (methionine, cysteine, lysine, tryptophan, arginine, 

and tyrosine; 0.3 mM each) in acetonitrile/phosphate buffer (1:1). (A) Reaction scheme. 

(B) Fluorescence spectra of the reaction involving tetrazole 3.26 and Sph in the presence 

(red dashed line) and absence (black dashed line) of the amino acid mixture; Aex= 405 

nm. (C) Fluorescence spectra of the reaction involving tetrazole 3.1 and Sph in the 

presence (red dashed line) and absence (black dashed line) of the amino acid mixture; 

Aex= 405 nm. 
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As seen in Figures 3.1-3.3, tetrazole 3.26 has high selectivity compared to the 

control tetrazole 3.1. To help explain why tetrazole 3.26 is unique in that it can react 

specifically with a dipolarophile over the competing pathways, DFT calculations were 

carried out. 

3.2.2 Effect of Steric Shielding on Transition State Energiesb 

To understand how steric shielding influences the reaction selectivity of the in 

situ generated nitrile imine, Liu et al. computed the transition states of the 1,3-dipolar 

cycloaddition and the nucleophilic addition reactions involving the sterically shielded 

nitrile imine derived from tetrazole 3.26 and the unhindered nitrile imine from 3.1 using 

density functional theory (Figure 3.4). In these calculations, 5-methylspiro[2.3]hex-1-ene 

and methyl thiolate were used as the alkene dipolarophile and model nucleophile, 

respectively. The 1,3-dipolar cycloadditions of 5- methylspiro[2.3]hex-1-ene to the 

unhindered nitrile imine (TSl) and to the sterically shielded nitrile imine (TS2) occur in a 

concerted manner. The N-Boc-pyrrole substitution led to increases of activation free 

energy (tiG*) and activation enthalpy (tiH*) of the cycloaddition by 2.2 and 0.4 kcal/mol, 

respectively. On the other hand, the reactivity difference between the nucleophilic 

addition of methyl thiolate to the unhindered nitrile imine (TS3) and to the sterically 

hindered nitrile imine (TS4) is much greater (titiG* = 5.2 kcal/mol; titiH* = 2.8 kcal/mol). 

In TS4, the N-Boc-pyrrole group perpendicular to the C-phenyl ring effectively creates a 

steric shield surrounding the electrophilic side of nitrile imine; therefore, blocking the 

b DFT calculations were done by Tugce G. Erbay and Peng Liu at University of Pittsburgh. 
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approach of the methyl thiolate nucleophile. As a result, the activation energies for the 

nucleophilic addition reactions increase from 12.2 kcal/mol for TS3 to 17.4 kcal/mo I for 

TS4. This staggering 5.2 kcal/mol increase in l1G* corresponds to >6000-fold reduction in 

reaction rate, which is consistent with the low reactivity to form the GSH adduct in 

reactions with tetrazole 3.26. The greater sensitivity to steric shielding effect of the 

nucleophilic addition compared with cycloaddition is attributed to the preferred 

orientation of the nucleophile, which places the methyl thiolate in close proximity to the 

C-phenyl ring on the nitrile imine (TS3). In TS4, the bulky N-Boc-pyrrole substituent 

forces the methyl thiolate to adopt the higher energy orientation. Together, these 

computational studies indicate that the steric shield formed by the two N-Boc-pyrrole 

groups in tetrazole 3.26 causes a dramatic slowdown of the competing thiolate addition, 

thereby shifting the selectivity toward the 1,3-dipolar cycloaddition (Scheme 3.1). 
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A 

Cycloaddition 

TS1 TS2 
AG'• 15 0 AG' • 17.2 
AH1= 1.0 AHi = 1.~ 

B 

Nucleophilic addition 
AG 

TMl(::,mo1 ·• - o..._R 
..._, . 

~ .i N,ij 

R-N 

TS3 
G'= 12.2 
H< =2.6 R • i)(--o, l•Bu 

Figure 3.4. Computational studies of the steric shielding effect of the ortho N-Boc-

pyrrole substituents. Computed transition states and activation energies involving nitrile 

imines derived from tetrazoles 3.1 and 3.26 for (A) 1,3-dipolar cycloaddition with 5-

methylspiro[2.3]hex-1-ene and (B) nucleophilic addition with methyl thiolate, 

respectively. DFT calculations were performed at the wB97X-D/6-

311++G( d,p )/SM D(water) level of theory using geometries optimized by B3 LYP-D3/6-

31+G(d)/SM D(Water). R = N-Boc. The distances shown are in A, and energies are in 

kcal/mol. 
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3.2.3 Structures of Tetrazoles in Solid State and in Solution 

In addition to the computational results, the crystal structures of the sterically 

shielded tetrazole 3.26 and its analog 3.27 were solved. Figure 3.5B shows that the 

pyrrole rings in 3.26 are nearly perpendicular to the C-phenyl ring with the tert-butyl 

group at one N-Boc-pyrrole extending to the other pyrrole ring. The closest distance 

between the Hl of tert-butyl and H4 of the other pyrrole is 3.1 A. 

+ 
y 

90~C: 
go• cw 

y 

+:~ 
go• cw 

27 

1 8 3E 4 
0.5 

1.0 

K 
~ ..... - . ....... 5- C: 

1.5 

8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 
f2 (ppm) 

Figure 3.5. Structural characterization of tetrazoles 3.26 and 3.27 completed by Peng 

An. (A) Chemical structure of tetrazole 3.26 with the proton numbering marked on the 

structure. (B) X-ray crystal structure of tetrazole 3.26 with depth cue showing co-
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planarity of the diphenyltetrazole (left) and perpendicular arrangement of N-Boc-pyrrole 

relative to the diphenyltetrazole (right). CW, clockwise. (C) Chemical structure of 

tetrazole 3.27. (D) Crystal structure of 3.27 with depth cue showing co-planarity 

between the C-phenyl and pyrrole rings, and perpendicular twisting of the tetrazole and 

the C-phenyl ring. The structures are viewed from the same two angles as in tetrazole 

3.26. (E) Partial 1H-1H ROESY spectrum of tetrazole 3.26 in CDCl 3 showing prominent 

cross-peaks between tert-butyl protons and proton-4, -5, and -7 as marked on the 

chemical structure. 

This type of unusual side contact generates a continuous bowl-shaped shield on 

the C-aryl side of the tetrazole, similar to what is observed in TS2. In contrast, when the 

Boe groups are removed as in tetrazole 3.27, the pyrrole rings are coplanar with the C

phenyl ring, forcing the tetrazole ring to twist out of the coplanarity with the C-phenyl 

ring (Figure 3.5D). The collapse of the three-dimensional bowl-shaped shield likely 

causes the destabilization of nitrile imine-3.27, leading to predominant water 

quenching. To probe whether the steric shield exists in solution, a 2D NMR experiment 

with tetrazole 3.26 in CDCl3 was performed. The proton signals of tetrazole 3.26 were 

assigned based on the 1H-1H COSY spectrum. The spatial proximity between two pyrrole 

rings was assessed by examining the NOE effect. Strong NOE cross-peaks were detected 

between Hl of one pyrrole and H4 of the other pyrrole and between Hl and HS of the 

C-phenyl ring in the ROESY spectrum (Figure 3.SE), indicating the steric shield remains 

intact in solution. 
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3.2.4 Stability of Nitrile lmine-3.26 in Aqueous Medium 

When tetrazoles are photoirradiated to generate the nitrile imine intermediate, 

this intermediate can undergo water-quenching. The water-quenching rate of nitrile 

imine-3.26 was compared to nitrile imine-3.1 by subjecting the corresponding tetrazole 

to a 15 s photoirradiation at 302 nm and quantifying the residual nitrile imines after 

photoirradiation by intercepting them with excess dimethyl fumarate. Despite complete 

photoinduced tetrazole ring rupture, the residual nitrile imine-3.1 under these 

conditions could not be detected (Figure 3.6B, C), suggesting that the half-life of nitrile 

imine-3.1 is less than 7.5 s. In contrast, the half-life of nitrile imine-3.26 was determined 

to be 102 s (Figure 3.6D, E), reminiscent of the sterically crowded 2,5-ditritylnitrilimine 

reported in the literature. 12 To probe the structural basis of the extraordinarily long half

life of nitrile imine-3.26, the nitrile imine derived from Moc-pyrrole-tetrazole 3.28 was 

examined, and its half-life was found to be 21 s (Figure 3.6F, G). This is 5 times shorter 

than that of nitrile imine-3.26, indicating that the Boe groups are crucial to the 

formation of an effective steric shield. 
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Figure 3.6. Fluorescence-based determination of the half-lives of nitrile imines-3.1, -

3.26, and -3.28 in phosphate buffer/acetonitrile (1:1). (A) Scheme showing 

measurement procedure: 10 µM tetrazole 3.1, 3.26 or 3.28 was photoirradiated with a 

hand held 302 nm UV lamp for 15 s. The resulting solution was left unperturbed for the 

in situ-generated nitrile imine to decay for a period of time before dimethyl fumarate 

was added with a final concentration of 500 µM to capture the residual nitrile imine to 

produce the fluorescent pyrazoline product. (B) Fluorescence spectra of the pyrazoline 

products derived from the reaction of dimethyl fumarate with the residual nitrile imine-

3.1 after left unperturbed for various times; Aex= 405 nm. The zero-point sample was 

obtained by incubating dimethyl fumarate with tetrazole 3.1 prior to photoirradiation. 

(C) Plot of fluorescence intensity vs. delay time for nitrile imine-3.1. No fluorescence 

was detected after adding dimethyl fumarate, indicating that the half-life of nitrile 

imine-3.1 must be shorter than 7.5 s. (D) Fluorescence spectra of the pyrazoline 

products derived from the reaction of dimethyl fumarate with the residual nitrile imine-

3.26 after left unperturbed for various times; Aex= 405 nm. (E) Plot of fluorescent 

intensity vs. delay time for nitrile imine-3.26. Based on the curve-fitting, the half-life of 

nitrile imine-3.26 was determined to be 102 s. (F) Fluorescence spectra of the pyrazoline 

products derived from the reaction of dimethyl fumarate with the residual nitrile imine-

3.28 after left unperturbed for various times; Aex= 405 nm. (G) Plot of the fluorescence 

intensity vs. the delay time for nitrile imine-3.28. Based on the curve-fitting, the half-life 

of nitrile imine-3.28 was determined to be 21 s. Each fluorescence measurement was 

repeated three times to obtain the mean values and standard deviations. 
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3.2.5 In Situ Generation of QBP Conformation Sensor 

The photoinduced cycloaddition reaction produces an environmentally sensitive 

pyrazoline fluorophore, B-is whose emission intensity increases when placed in less 

polar solvents. Tetrazole 3.26 was tested to see if it was capable of generating a 

fluorescent sensor in situ for studying protein conformational dynamics. Glutamine 

binding protein (QBP) was chosen because its active site closes after binding to 

glutamine with reduced polarity near the binding cleft. 16
-
18 Environmentally sensitive 

probes have been installed at Asn160 position to sense this conformational transition by 

fluorescence. 19 QBP mutants were expressed encoding SphK at position-160 and reacted 

with a water-soluble tetrazole 3.30 (Figure 3.7). 
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Figure 3.7. Application of the sterically shielded nitrile imine to generate in situ a 

fluorescent sensor for probing ligand-induced QBP conformational change. (A) Scheme 

for in situ synthesis of a pyrazoline-based sensor from QBP-N160SphK mutant and a 

water-soluble tetrazole 3.30. The glutamine free QBP (PDB code: lGGG) adopts an open 

86 



conformation, 16 while the glutamine-bound QBP (PDB code: lWDN) adopts a closed 

conformation. 18 (B) Fluorescence spectra of QBP-pyr-3.30 upon titration of glutamine 

(final concentration= 0.1 mM, 1 mM, 5 mM, 10 mM, or 15 mM in 4:1 

DPBS/acetonitrile). Aex = 405 nm; QBP concentration was set at 5 µM. (C) Plot of the 

change of fluorescence intensity at 480 nm vs glutamine concentration. The data were 

fitted to one-site specific binding model with the following equation: tiFobs = tiFmaxS/(Kd + 

S). (D) SDS-PAGE analyses of the reaction products showing alkene-dependent 

fluorescent labeling of QBP protein. Top panel, Coomassie staining; bottom panel, in-gel 

fluorescence analysis. (E) Deconvoluted mass spec of QBP-N160SphK, calcd mass 

26006.1 Da, found 26008.0 Da; for QBPN160BocK, calcd mass 25970.0 Da, found 

25970.3 Da. 

In-gel fluorescence analysis revealed the pyrazoline band for QBP-N160SphK but 

not for the control mutant QBP-N160BocK, indicating that the cycloaddition-mediated 

pyrazoline formation is highly specific (Figure 3.7D). Upon titration with glutamine, the 

QBP-pyrazoline fluorescence showed concentration- dependent increases with 

maximum reached when the glutamine concentration was 10 mM (Figure 3.7B), 

indicating reduced polarity of the environment surrounding the pyrazoline fluorophore 

following the closure of the QBP active site. As a control, the small-molecule pyrazoline 

did not show the glutamine-dependent fluorescence change. Fitting the data to one-site 

specific binding model gave a dissociation constant, Kd, of 3.3 mM for glutamine (Figure 

3.7C), significantly higher than the reported Kd values for other fluorophore-modified 

QBP-N160C mutants (Kd = 0.3-6.6 µM), 17 presumably due to perturbation by the larger 
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pyrazoline. Nevertheless, the result demonstrates that the sterically shielded nitrile 

imine is capable of generating a fluorescent sensor in situ for monitoring protein 

conformational change. 

3.2.6 Fluorescent Labeling of GCGR in Live Mammalian Cells 

To probe whether the sterically shielded nitrile imine reacts selectively with an 

alkene-encoded protein in a cellular environment, a CyS-conjugated tetrazole 3.31 was 

synthesized, and its selective reactivity in fluorescent labeling of the Sph-encoded s/GFP 

in bacterial cell lysates was verified (Figure 3.8). 
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Figure 3.8. SDS-PAGE analysis of fluorescent labeling the SphK-encoded sfGFP in E. coli 

cell lysates. (A) Reaction scheme. The sfGFP construct used here contains the T65G and 

Y66G mutations, which effectively knocks out the intrinsic GFP fluorescence. (B) SDS-

PAGE analysis of the lysates of E. coli cells expressing either s/GFPQ204SphK (lane 1) or 

s/GFP-Q204BocK (lane 2) after treating the lysates with the CyS-conjugated tetrazole 

3.31: left panel, Coomassie blue staining; right panel, in-gel fluorescence imaging. 

Asterisks indicate weak background labeling, likely due to non-specific association of 

tetrazole 3.31 with these proteins in the cell lysates. (C) Deconvoluted mass of sfGFP-

Q204SphK (top) and sfGFP-Q204BocK (bottom). 
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The efficiency of tetrazole 3.31 in fluorescent labeling of a glucagon receptor 

(GCGR) mutant encoding SphK at position-372 in mammalian cells was investigated. 

Accordingly, HEK 293T cells expressing GCGR-H372SphKGFP were treated with 500 nM 

tetrazole 3.31 followed by a brief exposure to 302 nm photoirradiation (Figure 3.9A). 

Strong CyS fluorescence was detected at the plasma membrane by confocal microscopy 

as early as 30 s with maximum intensity reached at 1 min (Figure 3.9B). The CyS 

fluorescence colocalized with that of GFP, indicating that the tetrazole 3.31 mediated 

GCGR labeling is highly specific. 
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Figure 3.9. Application of the stabilized nitrile imine to bioorthogonal labeling of GCGR 

in live cells. (A) Scheme for bioorthogonal labeling of a GCGR-GFP mutant encoding SphK 

at position-372 with a Cy5-funtionalized water-soluble tetrazole 3.31, PDB: 5XEZ. The C

terminal GFP is not shown for clarity. (B) Confocal micrographs of HEK 293T cells 

expressing GCGR-H372SphK-GFP after photoirradiation with a handheld 302 nm UV 

lamp for a period of 0.5, 1, or 2 min in DMEM medium containing 500 nM tetrazole-Cy5. 

Scale bar= 20 µm. Flow cytometry analysis performed by Peng An of HEK 293T cells 

expressing (C) GCGR-H372SphK, (D) GCGR-H372SphK-GFP before labeling, and (E) GCGR

H372SphK-GFP after labeling with tetrazole 3.31. Cells were treated with 500 nM of 

tetrazole 3.31 and photoirradiated for 1 min. A total of 10,000 events were recorded in 

each measurement: x-axis, GFP channel; y-axis, Cy5 channel; both axes are in log scale. 

For comparison, HEK 293T cells expressing GCGR-H372SphK-GFP were similarly 

labeled with a Cy5-conjugated tetrazine, 11 though a higher tetrazine concentration (1 

µM) and longer incubation time {30 min) were needed to reach maximum fluorescence 

(Figure 3.10). 
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Figure 3.10. Bioorthogonal labeling of GCGR in live HEK 293T cells via tetrazine ligation. 

(A) Scheme for bioorthogonal labeling of a GCGR-GFP mutant encoding SphK at position-

372 with a CyS-funtionalized tetrazine. (B) Confocal micrographs of HEK 293T cells 

expressing GCGR-GFP-H372SphK after treated with 1 µM tetrazine-CyS for 5, 10, or 30 

min in DMEM medium. Scale bar= 20 µm. 
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Based on fluorescence-activated cell sorting, 89% of GCGR-H372SphK-GFP

expressing cells were labeled by tetrazole 3.31 after 1 min (Figure 3.9C-E). The confocal 

micrographs show a representative view of the labeling. The intensity does vary due to 

the variation in the amount of receptors that express the unnatural amino acid and then 

labeled. The labeling specificity is particularly remarkable as cells without expression of 

GCGR-GFP show negligible CyS signals (Figure 3.9B, 3.9E). Together, the confocal and 

FACS analysis results confirmed that the sterically shielded tetrazole offers a new class 

of reagents for fast (-1 min) and highly specific bioorthogonal labeling of membrane 

proteins with a small organic fluorophore in live mammalian cells. 

3.3 Summary and Conclusions 

In summary, sterically shielded tetrazoles were designed for bioorthogonal 

photoinduced cycloaddition with a suitable alkene dipolarophile. The photogenerated 

nitrile imine from the sterically shielded tetrazole 3.26 exhibited dramatically enhanced 

selectivity for the cycloaddition over the nucleophilic addition. The DFT calculations and 

structural studies showed that the N-Boc pyrrole groups adjacent to the in situ 

generated nitrile imine provide a steric shield to prevent the thiolate addition by raising 

the corresponding activation energy. Indeed, the photoactivation-interception study of 

the in situ generated, sterically shielded nitrile imine revealed a remarkably long half-life 

of 102 s, compared to less than 7.5 s for the unshielded parent nitrile imine. Because the 

tetrazole-alkene cycloaddition produces an environmentally sensitive pyrazoline 

fluorophore, the sterically shielded tetrazole 3.30 was used to successfully generate in 
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situ a fluorescent sensor for monitoring ligand-induced conformational transition of 

QBP. Due to its fast kinetics and enhanced selectivity for the cycloaddition reaction, the 

sterically shielded nitrile imine was also utilized to fluorescently label an alkene

encoded GCGR in live mammalian cells at a concentration as low as 500 nM within 1 

min, which is significantly faster than the optimized tetrazine reagent. 

3.4 Materials and Methods 

Expression and purification of unnatural amino acid-containing sfGFP mutants. 

BL21(DE3) cells were transformed with the pEVOL-PylT-mmPylRS and pET-sfGFP

GGG-Q204TAG plasmids. The cells were recovered in 1 ml SOC medium following 

transformation and incubated at 37 °C for 1 hour before plating on LB agar plate 

containing chloramphenicol (Cam) {34 µg/ml) and ampicillin (Amp) (100 µg/ml). A 5-ml 

overnight culture from a single colony was used to inoculate 25 ml LB medium 

supplemented with Cam and Amp. Cells were grown at 37 °Cina shaker-incubator (250 

rpm), and the protein expression was induced by adding 1 mM IPTG, 0.2% arabinose, 

and 1 mM SphK for sfGFP-Q204SphK or 1 mM BocK for sfGFP-Q204BocK when OD600 

reached 0.6. After 6-hour induction, cells were harvested, resuspended in a lysis buffer 

{50 mM NaH 2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0), and sonicated in an 

ice/water bath ten times (10 sec each with 20 sec interval). The lysate was centrifuged 

{30 min, 4 °C). The supernatant was incubated with 0.1 ml Ni-NTA resin (Thermo 

HisPurTM) (2 hours, 25 °C). The slurry was then loaded to a column, and the protein

bound resin was washed twice with 3 ml washing buffer {50 mM Na 2HPO4, 300 mM 
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NaCl, 50 mM imidazole, pH 8.0). The protein was eluted off the resin using the elution 

buffer {50 mM Na 2HPO4, 300 mM NaCl, 250 mM imidazole, pH 8.0). The eluted fractions 

were collected, concentrated, and subjected to buffer-exchange to DPBS containing 100 

µM TCEP using 10 kD MWCO spin column column (Thermo Scientific). The protein 

identity was verified by LC/ESI-MS. 

Expression and Purification of SphK or BocK-Encoded QBP. 

BL21(DE3) competent cells were transformed with the pETtrioQBP160TAG and 

pEVOL-TCOKRS (for SphK) or pEVOL-PylT-mmPylRS (for BocK) plasmids. The 

transformants were recovered in 1 ml of SOC medium at 37 °C for 1 h before plating 

onto an LB agar plate containing 100 µg/ml ampicillin and 34 µg/ml chloramphenicol. A 

single colony was picked and allowed to grow in 5 ml of LB medium supplemented with 

100 µg/ml ampicillin and 34 µg/ml chloramphenicol at 37 °C overnight. This starter 

culture was used to inoculate 25 ml of LB medium supplemented with 100 µg/ml 

ampicillin and 34 µg/ml chloramphenicol. Cells were allowed to grow at 37 °C with 

shaking at 280 rpm until OD600 reached 0.6-0.8. Protein expression was then initiated by 

adding 1 mM IPTG, 0.2% arabinose, and 1 mM SphK or BocK. After 6 h of incubation, 

cells were harvested by centrifugation, resuspended in binding buffer {300 mM NaCl, 50 

mM Na 2HPO4, 10 mM imidazole, pH 8.0), and lysed by sonication. The lysate was 

clarified by centrifugation. Afterward, 150 µL of Ni-NTA beads (Thermo Scientific) was 

added to the supernatant, and the mixture was rocked at room temperature for 2 h. 

Beads were collected by centrifugation and washed with washing buffer {300 mM NaCl, 
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50 mM Na 2HPO4, 50 mM imidazole, pH 8.0). The bound proteins were eluted with 

elution buffer {300 mM NaCl, 50 mM Na 2HPO4, 250 mM imidazole, pH 8.0). A buffer 

exchange was then carried out with DPBS using a 10 kDa MWCO spin column (Thermo 

Scientific). The protein mass was determined by deconvoluting the charge ladder in the 

mass spectrum. The protein concentration was determined by the BCA assay. 

For SDS-PAGE analysis, protein in cell lysates was added 25 µM tetrazole-Cy5 and 

the mixture was irradiated with a handheld 302-nm UV lamp for 1 min. The sample was 

then added with the loading buffer and heated to 100 °C for 10 min before loaded to 

the gel. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of proteins was 

performed on an XCell Surelock Mini-Cell apparatus using the precast Nu PAGE 4-12% 

Bis-Tris gels (lnvitrogen). Bench Mark Prestained Protein Ladder was applied to one lane 

of each gel for estimation of apparent molecular weight. 

Cloning and mutagenesis 

The cloning of GCGR-GFP and site-specific amber mutagenesis of glucagon 

receptor (GCGR) were carried out as reported previously. 11 The bacterial expression 

construct QBPN160TAG was derived from pETtrio-1-AcKRS-pylT(TAA)-QBP141TAA in 

which position-141 was mutated back to Asn using the following primer pair: 5'-

CTGCGTCAGTTCCCGAACATCGATAATGC CTATATGG-3' and 5'

GTTGGTGCCCAGTTCCATATAGGCATTATCGATGTTC-3'. Afterwards, Asn160 was mutated 

to TAG using the following primer pair: 5'-CGATACGCCATAGATTCTGTACTT 

CATCAAAACCG-3' and 5'-TGCAGAACGGCGTCTGCG-3'. 

97 

https://previously.11


HEK 293T cell culture and transfection 

HEK 293T cells were maintained in a growth medium containing Dulbecco's 

modified eagle medium (DMEM, Life Technologies) supplemented with 10% (v/v) fetal 

bovine serum (FBS, Life Technologies) and 10 µg/ml gentamicin (Life Technologies). 

Transfection was performed at 70-80% confluency using 3:1 reagent/DNA ratio of 

Lipofectamine 2000 (Life Technologies) with 2.5 µg total DNA or polyethylenimine (PEI, 

Polysciences Inc.) with 3 µg total DNA per 35-mm dish. For imaging experiments, cells 

were maintained in 35-mm glass bottom culture dishes using FluoroBrite DMEM 

medium (Life Technologies) supplemented with 10% FBS, 4 mM L-glutamine, and 25 mM 

HEPES. 

Bioorthogonal Labeling of SphK-Encoded GCGR-GFP and Confocal Microscopy 

HEK 293T cells were cotransfected with a 4:1 ratio of pCMV-MmPylRS-U6-tRNA 

and pCMV-GCGRH372TAG-GFP plasmids. A solution of 100 mM SphK in DMSO was 

diluted in growth medium to obtain a final concentration of 1 mM SphK, and the 

resulting medium was filtered through 0.2 µm poly(ether sulfone) membrane. The 

medium was added to the cells followed by the transfection mixture. The cells were 

incubated for an additional 24-48 hand then washed with the growth medium prior to 

labeling. A fresh solution of tetrazole 3.31 or DpTz-Cy5 was prepared from 1 mM stock 

solution in DMSO to a final concentration of 500 nM and 1 µM, respectively, in 1 ml of 

growth medium. For the photoclick chemistry mediated labeling, HEK 293T cells 

expressing GCGR-H372SphK-GFP were treated with 500 nM tetrazole 3.31 in 1 ml of 
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DMEM medium containing 10% FBS, and the culture was exposed to 302 nm UV light for 

a brief period (30 s, 1 min, or 2 min). The tetrazole-containing medium was removed, 

and the cells were washed with growth medium before incubation in 1 ml of growth 

medium at 37 °C and 5% CO2 for an additional 30 min. For the tetrazine ligation 

mediated labeling, HEK 293T cells expressing GCGR-H372SphK-GFP were treated with 1 

µM DpTz-Cy5 in 1 ml of DMEM medium containing 10% FBS, and the culture was 

incubated at 37 °C and 5% CO2 for various times (5, 10, 30, or 60 min). The DpTz-Cy5 

containing medium was removed, and the cells were washed with growth medium 

before incubation at 37 °C and 5% CO2 for additional 30 min. The medium was then 

switched to FluoroBrite DMEM before laser scanning confocal microscopy. The confocal 

images were acquired using a Zeiss lSM 710 equipped with Plan-Apochromat 20x/0.8 

M27 or 40x/1.3 Oil DIC M27 objective with ex. 488/em. 493-598 nm for the GFP 

channel and ex. 640/em. 645-759 nm for the Cy5 channel. 

Computational Detailsb 

All calculations were carried out with the Gaussian 09 program package. 

Geometry optimizations were performed with the B3lYP functional with Grimme's DFT

D3 dispersion correction, the 6-31+G(d) basis set, and the SMD salvation model with 

water as the solvent. Frequency analysis was conducted at the same level of theory to 

verify the stationary points to be minima or saddle points and to obtain zero-point 

energy (ZPE) and thermal energy corrections at 298.15 K. Single-point energy 

calculations on the B3lYP-D3-optimized geometries were performed with the wB97X-D 
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functional, using the 6-311++G(d,p) basis set, and the SMD salvation model with water 

as the solvent. Computed structures are illustrated using CYLView. 
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Chapter 4 

Bioorthogonal labeling of class B G protein- coupled receptors on live cells0 

4.1 Introduction 

Glucagon-like peptide-1 receptor, GLP-lR, is part of the secretin-like class B 

family of G-protein coupled receptors, GPCRs. GPCRs are plasma membrane receptors 

with seven transmembrane helical segments. Recently, the crystal structure of the full-

length GLP-lR bound to a truncated peptide agonist was reported, which offers further 

insight into the mechanism of activation specifically for class B GPCRs. 2 In addition, the 

cryo-EM structure of the activated GLP-lR in complex with G-protein revealed the 

extensive interactions that GLP-1 ligand makes.3 GLP-lR has three extracellular loops 

(ECLs) in its structure: ECLl and 2 are directly involved in ligand binding, which is also 

supported by alanine scanning mutagenesis. The basis of all the GLP-lR structures 

shown in chapter 4 are from this reported structure with PDB: SVAI. Another cryo-EM 

structure of GLP-lR bound with ExPS in complex with a heterotrimeric Gs protein was 

also reported. This structure revealed that ECL3 undergoes a large conformational 

change upon addition of ExpS.4 The residues studied in this chapter are strategically 

chosen to avoid interference with direct ligand interactions but also potentially sensitive 

to receptor activation, particularly those in ECL3. 

a Some contents have been published 1. Ramil, C. P.; Dong, M.; An, P.; Lewandowski, 

T. M.; Yu, Z.; Miller, L. J.; Lin, Q., Spirohexene-Tetrazine Ligation Enables Bioorthogonal 
Labeling of Class BG Protein-Coupled Receptors in Live Cells. J. Am. Chem. Soc. 2017, 
139, 13376-13386. DOI: 10.1021/jacs.7b05674 
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Treatment of type 2 diabetes requires positive modulation of GLP-lR to 

stimulate insulin secretion. This is a glucose dependent action. GLP-1 is a peptide 

hormone from the gut that protects ~-cells, inhibits glucagon secretion and gastric 

emptying, reduces appetite and food intake. GLP-1 activates cyclic adenosine 

monophosphate, cAMP, and activates protein kinase A, PKA. GLP-1 agonists are a class 

of pharmacological agents that improve glucose homeostasis. A known agonist of GLP

lR is exendin-4. GLP-1 is metabolized quickly by the enzyme dipeptidyl peptidase 4 

(DPP-IV), limiting its use clinically. However, exendin-4 is more resistant to DPP-IV, due 

to a glycine residue at position two. The administration of exendin-4 decreases plasma 

glucose levels, 5 and ultimately results in the secretion of insulin. Studies of the overall 

ligand binding and protein activation with GLP-lR with exendin-4 show that the 

truncated exendin-(9-39) -amide is an antagonist for GLP-lR because it can still bind. 

However it does not cause activation.6 The overall drawback to using peptides as a 

clinical treatment is the overall stability and the administration route. A recently 

reported allosteric ligand for GLP-lR is the Novo Nordisk compound 6,7-dichloro-2-

methylsulfonl-3-3-butylaminoquinoxaline (DMB). 7
-
8 Teng et al. systematically explored 

2-sulfonylquinoxalines as agonists for the GLP-lR receptor by screening a small

molecule library. Optimization of the structure led to the small molecule DMB that is 

commercially available through Axon Medchem. 

Despite progress in the structural elucidation of non-rhodopsin GPCRs, the 

understanding of GPCR dynamics is still limited, especially the mechanism by which 

ligands induce specific conformational change in live cells. This chapter focuses on a 
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bioorthogonal chemistry approach to study the biophysical properties of class B GPCRs 

in live cells. 9 Other techniques that have been used include mapping peptide ligand

receptor interactions using fluorescently labeled peptide ligands. 10 Disulfide trapping11 is 

another technique that can be used to probe the receptor-ligand interactions by 

measuring the distance between the possible disulfide bonds. Also another method that 

has been used is cross-linking with p-benzoyl-L-phenylalanine-modified peptide ligands12 

and the genetically encoded receptors containing fluoromethylketone13 and 

azidophenylalanine.14 These studies have provided better understanding of the ligand

receptor interactions15 but there is still a need to monitor the ligand-induced receptor 

conformation in real time in live cells. The use of a chemical reporter in our 

bioorthogonal chemistry approach minimizes structural perturbation and also allows for 

the use of various fluorescent dyes. 

4.2 Results and Discussion 

Recently the Lin lab reported a new bioorthogonal reactant pair, spiro(2.3)hex-1-

ene (Sph) and 3,6-di(2-pyridyl)-s-tetrazine (DpTz), for the strain-promoted inverse 

electron-demand Diels-Alder cycloaddition (tetrazine ligation). Sph had a balance of 

reactivity and stability compared to other strained alkenes such as trans-cylcooctene 

(TCO) and 1,3-disubstituted cyclopropene. Sph and DpTz will be used as a bioorthogonal 

pair in this chapter. 
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4.2.1 Reactivity Comparison of Sph versus TCO and Cyclopropene 

The TCO-tetrazine ligation is the fastest bioorthogonal reaction known today 

1with the second-order rate constant approaching 106 M-1 s- .
16 The fast kinetics makes it 

particularly valuable for applications involving low substrate abundance such as 

membrane GPCRs. The use of TCO as a chemical reporter, however, is not without 

limitation. For example, TCO is known to undergo trans ~ cis isomerization in the 

presence of thiols or copper-containing proteins, 17 with the resulting cis-cyclooctene 

100,000-fold less reactive. 18 To overcome this limitation, alternative strained 

cycloalkenes such as cyclopropene (Cyp) have been developed with improved stability; 

however, the Cyp derivatives exhibit significantly slower reaction kinetics. 19 For GPCR 

substrates with only a few thousand copies on the cell membrane, a robust alkene 

reporter with balanced reactivity and stability is imperative. To this end, the kinetics of 

the ligation reaction between superfolder green fluorescent protein (sfGFP) encoding a 

strained alkene at position-204 and 3,6-di(2-pyridyl)-s-tetrazine (DpTz) conjugated with 

TAMRA was measured via FRET by following the decrease in s/GFP fluorescence in 

phosphate buffer, pH 7.4. Sph-lysine (SphK) encoded s/GFP gave a second-order rate 

1constant (k2) of 7,900 ± 1,000 M-1 s- , while the corresponding TCOK (single axial 

1diastereomer) encoded sfGFP gave a k2 value of 38,000 ± 7,000 M M-1 s- , 

approximately 5 times faster than sfGFP-204SphK (Figure 4.1B), similar to what was 

reported previously.20 By comparison, the CypK-encoded sfGFP gave a much lower k2 

value of 280 ± 10 M M-1 s-1 (Figure 4.1B), indicating that the doubly strained SphK is 28-

fold more reactive than CypK in the tetrazine ligation reaction. 
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Figure 4.1. Fluorescence-based kinetic analysis of the ligation reaction between sfGFP 

encoding a strained alkene and DpTz-TAMRA. (A) Deconvoluted mass spectra of the 

recombinantly expressed and purified sfGFP204TCOK, sfGFP204SphK, and 
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sfGFP204CypK. (B) Time courses of the fluorescence spectra of the reaction mixtures. 

Excitation was set at 460 nm, and the emission window was set at 480-630 nm. For 

ligation with sfGFP204TCOK, 50 nM sfGFP204TCOK was mixed with 200 nM DpTz

TAMRA in phosphate buffer, pH 7.4. For ligation with sfGFP204SphK, 100 nM 

sfGFP204SphK was mixed with 500 nM DpTz-TAMRA in phosphate buffer, pH 7.4. For 

sfGFP204CypK, 100 nM sfGFP204CypK was mixed with 10 µM DpTz-TAMRA in 

phosphate buffer, pH 7.4. The time-dependent decrease in GFP emission at 510 nm was 

plotted, and the data were fitted to an exponential rise equation in the GraphPad Prism 

6.0 program: y = (y0-a) e-kobs*t +a.The second-order rate constant of the ligation 

reaction, k2, was calculated using the equation: k2= kobs/[DpTz-TAMRA. 

To determine if Sph-tetrazine was suitable for protein labeling in live cells, SNAP

tag21 was fused to the N-terminus of GLP-lR, and the new construct called SNAP-GLP-lR 

was expressed in HEK 293T cells. SNAP-tag is a 20-kDa mutant of a6-alkylguanine-DNA 

alkyl transferase that reacts specifically with the strained alkene-tethered 

benzylguanine. Expression of the SNAP-GLP-lR was verified by Dr. Carlo Ramil with 

DpTz-FL reacting with a benzylguanine-strained alkene (Figure 4.2). 
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Figure 4.2. (A) Scheme for introduction of strained alkenes into SNAP-protein. 

Structures of the BG compounds are shown. (B) Scheme for the introduction of the 

strained alkenes into SNAP-tag of the SNAP-GLP-lR fusion protein and subsequent 

reaction with DpTz-FL in live cells. (C) Representative confocal micrographs of the alkene 

encoded SNAP-GLP-lR proteins after labeling with DpTz-FL. Scale bar= 20 µm. 
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Both BG-TCO and BG-Sph-treated cells showed robust labeling, whereas BG-Cyp

treated cells showed weaker fluorescence. The labeling is specific, which is verified by 

Figure 4.2C that shows the BG-amine-treated cells did not show fluorescence. 

4.2.2 Bioorthogonal Labeling of GLP-lR and Functional Characterization 

To introduce a fluorophore into the middle part of a membrane protein, for 

example, a flexible loop, with minimum perturbation to protein function in live cells the 

strategy we employed involves site-specific incorporation of a synthetic amino acid 

carrying a chemical reporter followed by selective bioorthogonal reaction, tetrazine 

ligation. To this end, Carlo Ramil made amber mutations that were introduced into the 

selected 11 positions of GLP-lR-GFP, including D59 in the N domain, and 10 residues in 

the J domain (four in ECL2: E294, G295, T298, and S301; and six in ECL3: E373, H374, 

A375, R376, G377, and T378), and estimated the BocK incorporation efficiencies on the 

basis of GFP fluorescence. GLP-lR appears less tolerant to UAA mutagenesis with only 

five mutants (out of 11) expressing at greater than 10% level of the wild-type (Figure 

4.3A). Among four ECL2 mutants, only E294BocK expressed at ~35% of the wild-type. 

Aside from low amber suppression efficiency, the ECL2 mutants showed poor response 

in GLP-1 induced cAMP accumulation assay with Em ax < 5% of the wild-type, suggesting a 

critical role played by ECL2 in ligand binding and receptor activation. On the other hand, 

the ECL3 region is more permissive of BocK mutagenesis as the ECL3 mutants showed 

significant cAMP accumulation with Emax 2: 18% of the wild-type. It is not well 

understood whether the ECL3 of GLP-lR is directly involved in receptor activation.22 In 
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the absence of BocK, low levels of receptor expression were detected, typically in the 

range of 1-7% (Figure 4.3A). Importantly, none of the amber mutants showed significant 

cAMP response (Figure 4.3B). Since ECL3 tolerates UAA mutagenesis, SphK-encoded 

GLP-lR mutants without C-terminal GFP fusion were generated and labeled with DpTz

FL via the Sph-tetrazine ligation. Confocal microscopy revealed that three mutants 

encoding SphK at A375, R376, or T378 showed significant labeling (Figure 4.3C). 

Interestingly, the labeling efficiency does not follow the same order as the 

incorporation, suggesting that SphK is likely more accessible at these positions. To 

examine the effect of SphK mutagenesis on receptor activity, cells expressing the Cy3-

labeled GLP-1R-T378SphK mutant were stimulated with 1 µM GLP-1 peptide. Substantial 

internalization of the GLP-lR mutant was observed after 15 minutes of stimulation 

(Figure 4.3D). Importantly, cells expressing the labeled GLP-lR mutant did not exhibit 

loss of activity in the cAMP accumulation assay (Figure 4.3E), indicating that addition of 

Cy3 fluorophore on ECL3 is well tolerated. In the absence of SphK, the background 

amber suppression at position-378 gave greatly diminished cAMP activity (Figure 4.3, 

Table 4.1). 
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Figure 4.3. Unnatural amino acid mutagenesis and bioorthogonal labeling of SphK-

encoded GLP-lR on live cell surface. (A) Relative expression levels and (B) cAMP 

accumulation activity of GLP-lR-GFP BocK-encoded mutants. (C) Live-cell surface 

labeling of GLP-lR SphK-encoded mutants with DpTz-FL. (D) GLP-1-induced 

internalization of tetrazine-labeled GLP-1R-T378SphK 15 minutes post-stimulation. (E) 

cAMP accumulation activity of GLP-1R-T378SphK before and after labeling with DpTz-

Cy3. Scale bar= 20 µm 
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Table 4.1. Effect of Unnatural Amino Acid Mutagenesis of GLP-lR and Its Bioorthogonal 

Labeling on GLP-1-lnduced cAMP Accumulation 

GLP-lR variant pECso fmax 

WT 10.7 ±0.1 102 ±2 

T378SphK 10.3 ±0.1 98 ±2 

T378SphK-Cy3 10.4 ±0.2 90 ±3 

T378TAG 9.0 ±0.1 33 ±2 

While the conceptual framework for site-specific, bioorthogonal protein labeling 

is well established, the application of this approach to the class B GPCRs turns out to be 

more subtle. It was found that the effect of bioorthogonal labeling of class B GPCRs on 

receptor function is rather complex and difficult to predict. There are several factors 

that can be attributed to the inherent complexity. First, there appears a positional effect 

in charging unnatural amino acids using the amber codon suppression technique. While 

the mechanism of how the local sequence context of the amber codon affects its 

suppression efficiency remains to be determined, this type of sequence dependency has 

been previously reported in£. co/i. 23 In principle, the amber codon suppression 

efficiency in GLP-lR can be further improved using known approaches such as the 

optimization of PylT expression,24 the inclusion of a nuclear export signal in the PylRS 

construct, 25 and the use of a baculovirus vector for efficient delivery of the PylRS/PylT 

, 26
pair. 

Another complication to consider is the accessibility of the strained alkene, 

depending on its chemical structure and location on the receptor. TCOK is less solvent 
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accessible, particularly when it is located close to a hydrophobic environment, e.g., 

plasma membrane. As a result, it exhibited dramatically reduced reactivity in the ligation 

reaction with the tetrazine reagents. In contrast, despite its lower intrinsic reactivity, 

SphK exhibited greater labeling efficiency with the tetrazine reagent due to its greater 

solvent accessibility. In this context, the Sph-tetrazine reagents represent a better 

reactant pair for bioorthogonal labeling reactions where chemical reporters exist in a 

hydrophobic environment. The attenuation of TCO reactivity in a hydrophobic 

environment of protein surfaces has been previously noted in the TCO-mediated 

antibody-small molecule conjugation studies. 27 

Also, a correlation was not observed between incorporation efficiency and 

function of the UAA-encoded receptors. For example, position A375 of GLP-lR charges 

BocK at a higher level (Figure 4.3A); however, despite its high expression, this mutant 

exhibits very low receptor activity (Figure 4.3B). Therefore, it is imperative that the 

biological activities of the UAA mutants need to be assessed independently in order to 

identify functional mutants for biophysical studies. It is equally important to re-assess 

the biological activity after bioorthogonal labeling as the posttranslational modification 

may potentially alter the receptor activity. 

Taken all three factors together, it is evident that the generation of functional 

fluorescent GPCRs requires a concerted, multi-parameter optimization approach. The 

success of this effort requires the identification of suitable positions for the 

incorporation of chemical reporters, the selection of a reactant pair that are stable, 

solvent accessible, and yet sufficiently reactive, and independent testing of the receptor 
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mutants, the products of the bioorthogonal labeling, carrying the fluorescent side chains 

to ensure functional integrity. To this end, the Sph/DpTz pair appears to offer the right 

balance of stability, accessibility, and reactivity in this complex system. 

4.2.3 Dual labeling of ECL3 mutants of SNAP-GLP-lR 

To test whether the SNAP-tag fusion to GLP-lR affects the receptor activity, the 

cAMP assay was carried out. The EC50 value for GLP-lR was 8 pM, while the EC50 value 

for SNAP-GLP-lR was 21 pM. This indicates that the fusion of SNAP-tag to GLP-lR does 

not affect GLP-lR activity. Mutations were made of the N domain, D59, and ECL3 of 

SNAP-GLP-lR. BocK was incorporated to see the cAMP results in order to determine 

active mutants. As seen in Figure 4.4, incorporation of BocK to the ECL3 of SNAP-GLP-lR 

yields functional mutants with R376BocK having an EC50 value of 161 pM. 
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Figure 4.4. Relative cAMP accumulation activity of BocK-encoded SNAP-GLP-lR. Data 

obtained from Dr. Laurence Miller and Dr. Maoqing Dong at Mayo Clinic in Arizona. (A) 

Full image; (B) Zoomed in image of A. Data were fitted to the equation: Y = Ymin+ 

(Ymax - ymin) h y h y I . h b f 1 · d y
logEC log [A} 1 W ere min represents t e Va Ue Int ea Sence O lgan ; max1+10 so-

represents the maximal stimulation in the presence of ligand; [A] is the molar 

concentration of ligand, and EC50 represents the molar concentration of ligand required 

to generate a response halfway between Ymin and Ymax• 
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With the SNAP-GLP-lR and mutant-376 in hand, dual labeling was performed to 

create the FRET pair using a two-step procedure. The first step involves labeling of SNAP 

with BG-fluorophore (Figure 4.5), which introduces the donor of the FRET pair. The 

second step part of the approach is to use amber codon suppression to incorporate an 

unnatural amino acid that reacts with DpTz-fluorophore via tetrazine ligation. This 

introduces the second, acceptor fluorophore in the FRET system. The reagents used for 

dual labeling are shown in Figure 4.5 

R= 

HO 

AF647 

Figure 4.5. Structures of benzyl guanine and tetrazine derivatives used in this study. 

To study protein conformational dynamics, FRET is used to measure the distance 

change between the two fluorophores upon ligand stimulation. One requirement of 

FRET is that the two fluorophores need to have overlapping spectra meaning the donor 

emission energy is used to excite the acceptor fluorophore. For this to happen, the 

fluorophores need to be in close proximity. Figure 4.6 shows a modified Jablonski 

diagram representing the FRET process. 
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Cyan and yellow fluorescent proteins, CFP and YFP, are commonly used protein 

fluorophores in FRET studies. Vilardaga et al. used CFP and YFP to study GPCRs and 

receptor activation. To determine the FRET efficiency, acceptor photobleaching was 

used, which led to 50% increase in the donor fluorescence channel. This allowed them 

to do perfusion over a course of milliseconds to observe the rapid switch of the 

receptors on or off. 28 Another approach is to take advantage of the technology of 

fluorescein arsenical hairpin, FIAsH, that introduced CCPGCC binding motif into the 

protein sequence. Nuber et al. designed their FRET pair with cyan fluorescent protein at 

the C-terminus and FIAsH binder into different positions in the N and C domains in ~

arrestin receptor. 29 They monitored FRET by the emission ratio of YFP to CFP. Previously 

this approach was also done with FIAsH and CFP for the human adenosine A2a 

receptor. 30 By super-fusing norepinephrine into the system, they detected a 20% change 

in FRET efficiency, which allows imaging of the receptor activation in real time. Another 

method that has been tested is the use of bioluminescence resonance energy transfer, 

BRET, and a fluorescent ligand. Stoddart et al. fused Nanoluc fused to the N-terminus of 

~radrenergic receptors and treated the receptor with a concentration of BODIPY

labeled antagonist. 31 The advantage of this approach is that no washing step is needed, 

and a fluorophore does not need to be conjugated to the protein. Another approach, 

which this chapter utilizes, is to fuse SNAP-tag to the N-terminus of the protein. Maurel 

et al. used this approach to study the assembly of GPCRs, specifically class A and C. 32 

119 

https://antagonist.31
https://receptor.30
https://receptor.29


Donor 

Acceptor 
\ ...., 

4 

"T1 
C 
0 
·.;::; 
e-
0 

Energy 
transfer ) 

C 
0 

ri1 
V, 
n 

V) (I) 
.0 :::J 
<I: n 

(I) 

' 

Figure 4.6. Jablonski diagram showing the FRET process. 

Methods for measuring the FRET efficiency include acceptor photobleaching, 

donor photobleaching, ratio imaging, and fluorescence lifetime imaging (FLIM). In 

acceptor photobleaching method, the technique used in our study, the acceptor 

fluorophore is bleached, which results in the enhancement of the donor fluorescence 

(unquenching).33 For example, in the spectra of the FI/Cy3 FRET pair shown in Figure 

4.7B, the acceptor Cy3 fluorophore is bleached. This results in an increase in the 

fluorescein emission because it is no longer involved in the FRET system. Two FRET pairs 

were tested in this study, fluorescein and Cy3, as well as Cy3 and AF647 (Figure 4.7). 
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Figure 4.7. Excitation and emission spectra of FRET pairs used in this study. (A) Cy3 and 

AF647; (B) Fl and Cy3 

Before the FRET study, the SNAP-GLP-lR ECL3 mutants incorporating BocK were tested. 

Scheme 4.1 shows the incorporation of BocK into ECL3 followed by labeling with BG-FL. 

Figure 4.8 shows the confocal micrographs of the HEK 293T cells expressing the SNAP-

GLP-lR ECL3 mutants containing BocK. 

:~ ~ ~ ' ·o 
0~ 9 )\- ~ . 

Extracellular 
_~_: " ,!l_ "H: N "• •.,_;·o xtracellula_<, :c_ _lN_ _ _ _H_ 7-"o ,t-, E r 

mmPylRS/ PylT CUA SNAP-tag labeling _"""' -
Int racellular Intracellular Intracellular 

Scheme 4.1. SNAP-GLP-lR mutants were expressed using 1 mM of BocK and then 

labeled with BG-FL (5 µM). Fluorescein is represented by the green sphere. 
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Figure 4.8. Incorporation of BocK into the N- and J- domains of SNAP-fused GLP-lR. 

Scale bar= 20 µm. 
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As seen in Figure 4.8, not all positions tolerate unnatural amino acid 

mutagenesis, e.g., position 374. The other ECL3 mutants clearly show labeling in the 

fluorescein channel. Following the incorporation study with BocK, SphK was 

incorporated and verified by labeling with BG-FL. The reactivity of SphK with DpTz-FL in 

the tetrazine ligation reaction was also investigated. Scheme 4.2 shows the two 

pathways of labeling that were done, and Figure 4.9 shows the confocal results. 

' ,,.,f 
E,uacellula, 

mmPylRS/PylTcuA - -Intracellular 

Scheme 4.2. SphK (1 mM) was incorporated into the SNAP-GLP-lR mutants. Labeling 

was done with BG-FL (5 µM) and DpTz-FL (5 µM), separately. 
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Figure 4.9. Incorporation of SphK into SNAP-GLP-lR mutants. Labeling was done with 

BG-FL (left panel) and separately with DpTz-FL (right panel). For each mutant top panel 

scale bar= 50 µm and the zoomed in version below scale bar= 10 µm. 

The results, as shown in Figure 4.9, are consistent with the cAMP data shown in 

Figure 4.4. The GLP-lR mutants encoding SphK at positions 376 and 378 can be labeled 

with BG-FL and DpTz-FL. Once verified, SNAP-GLP-1R-R376SphK was tested in the FRET 

studies. 
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Dual labeling of SNAP-GLP-1R-R376SphK 

Figure 4.10A shows the two-step labeling that was done to achieve the FRET 

system. 

A 

Intracellular 
SNAP-tag 

labeling 
Bioorthogonal 

labeling 
Intracellular 

B 

BG-Cy3 FRET DpTz-AF647 DIC Overlay 

After AcceptorBefore Acceptor 
PhotobleachingPhotobleaching 

Figure 4.10. Dual labeling of SNAP-GLP-1R-R376SphK. (A) Scheme of dual labeling with 

the FRET pair BG-Cy3 as the donor and DpTz-AF647 as the acceptor. (B) SNAP-GLP-1R

R376SphK dual labeled with BG-Cy3 and DpTz-AF647. Top panel is before acceptor 
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photobleaching. Bottom panel is after acceptor photobleaching. White box indicated 

the region that was photobleached. Scale bar= 5 µm. (C) Raw data representing 

photobleaching study. Green line indicated Cy3 (donor); red line indicates AF647 dye 

(acceptor). 

To determine FRET efficiency, half of the cell in Figure 4.10B was subjected to 

acceptor photobleaching. An efficiency of 19% was derived by averaging the %FRET of 2 

cells. The other half of the cell without photobleaching was used as a control; the %FRET 

was determined to be 0.3%. Upon addition of GLP-1 to the culture medium, images 

were taken every 2 minutes. The %FRET was determined to be 9 ±4% over three cells 

while the control was O±4% after 10 minutes. Figure 4.11 shows one cell before and 

after acceptor photobleaching. 

BG-Cy3 FRET DpTz-AF647 DIC Overlay 

Figure 4.11. SNAP-GLP-1R-R376SphK dually labeled with BG-Cy3 and DpTz-AF647. GLP-1 

ligand was added (1 µM) and after 10 minutes the photobleaching was performed to the 

ROI as indicated by the white box. Scale bar= 5 µm. 
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Controls were performed to ensure there was no bleed through of the 

fluorescence into the AF647 channel. A sample with just BG-Cy3 labeling was observed 

as well as labeling with just DpTz-AF647, Figure 4.12. Internalization is observed for both 

dyes following 10 minutes after ligand addition. 

Cy3 FRET AF647 DIC Overlay 

Figure 4.12. SNAP-GLP-1R-R376SphK after addition of GLP-1 ligand. Top panel labeled 

with BG-Cy3 (5 µM) scale bar= 5 µm; bottom panel labeled with DpTz-AF647 (SµM) 

scale bar= 10 µm. 

Another FRET pair was chosen to test the FRET efficiency in the SNAP-GLP-lR 

system. Fluorescein and Cy3 as a pair (Figure 4.4) is not as common as Cy3 and CyS 

because the spectral overlap is not optimum, (Figure 4.4) and that fluorescein is prone 

to photobleaching. However this FRET pair was tested to see if there is an increase in 

the FRET efficiency in the ECL3 R376SphK mutant (Figure 4.13). For the FL/Cy3 FRET pair, 

the %FRET was determined to be 39 ±3% and the control was -0.1 ±1.7% over 5 cells. 

After adding 10 µM of GLP-1 ligand and waiting 10 minutes, acceptor photobleaching 
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was done on 10 different cells. One representative cell is shown in Figure 4.13. On 

average the %FRET was 36 ±7% with the control of 1 ±4%. 
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Figure 4.13. Dual labeling of SNAP-GLP-1R-R376SphK. (A) The FRET pair is composed of 

BG-FL as the donor and DpTz-Cy3 as the acceptor. (B) Confocal micrograph of a 
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representative cell. Top panel is before acceptor photobleaching. Bottom panel is after 

acceptor photobleaching. White box indicated the region that was photobleached. Scale 

bar= 10 µm. (C) GLP-1 ligand was added (10 µM) and after 10 minutes photobleaching 

was done in the ROI represented by the black box. Scale bar= 5 µm. 

Taking into account the error bars of the study, there is not a significant change 

in the FRET efficiency before and after ligand addition. It is possible that this specific 

mutant is located in a position that it is not sensitive to the conformational change that 

is occurring in the receptor upon ligand activation. Another position, T378TAG was 

tested moving forward, still on ECL3, but it might be more sensitive to the conformation 

change. 

Dual labeling of SNAP-GLP-1R-T378SphK 

SNAP-GLP-1RT378TAG initially showed positive data with the BocK and SphK 

incorporation study. The EC50 value is shifted even more to the right compared to 

position 376 (Figure 4.2), suggesting that a higher concentration of ligand is needed for 

receptor activation. Nevertheless, an excess amount of GLP-1 was used to probe if there 

is a change in the FRET efficiency after ligand stimulation. Both FRET pairs were tested, 

BG-FL and DpTz-Cy3 (Figure 4.14A) and BG-Cy3 and DpTz-AF647 (Figure 4.14B). For the 

FL/Cy3 FRET pair, the FRET efficiency was determined to be 22.8 ± 1.8%, while the 

control was -1.9 ± 1.2%. This indicates a higher FRET efficiency for FL/Cy3 pair than for 

the Cy3/AF647 FRET pair, which had a FRET efficiency of 14 ±6%, and the control O±3%. 

Therefore, we decided to use the FL/Cy3 as the FRET pair. 
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Figure 4.14. (A) A) SNAP-GLP-1R-T378SphK dual labeled with BG-FL and DpTz-Cy3. Top 

panel is before acceptor photobleaching. Bottom panel is after acceptor 

photobleaching. (B) SNAP-GLP-1R-T378SphK dual labeled with BG-Cy3 and DpTz-AF647. 

Top panel is before acceptor photobleaching. Bottom panel is after acceptor 

photobleaching. White boxes indicate the photobleaching regions. Scale bar= 5 µm. 
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HEK 293T cells expressing SNAP-GLP-1R-T378SphK dually labeled with BG-FL and 

DpTz-Cy3 were treated with GLP-1 ligand and after 10 minutes acceptor photobleaching 

was performed. Six cells were analyzed before ligand addition and the average FRET 

efficiency was determined to be 27 ±4%, and the control was -3 ±3%. After ligand 

addition, 11 cells were analyzed and a representative cell is shown in Figure 4.15B. The 

average FRET efficiency was 3 ±8%, and the control was -3 ±4%. Given the error bars, 

there is no significant difference in FRET efficiency before and after GLP-1 ligand 

addition. 

133 



A 

BG-FL FRET DIC DpTz-Cy3 Overlay 

'- "-

') ). 

,,, 
'\ " ' .\ 

\ 
5µm 5µm 5µm 5µm 5µm 

'- ' 
'i ' 

" ' 
.\ 

5µm 5 µm 5µm 5µm 5µ ' 
B 

BG-FL FRET DIC DpTz-Cy3 Overlay 

t 
5~ 5~ 5µm 5µm 5µ 

D. ' ~ 

5~ 5~ 5µm 5µm 5µ 

Figure 4.15. SNAP-GLP-1R-T378SphK dual labeled with BG-FL and DpTz-Cy3. (A) Before 

ligand addition; Top panel is before acceptor photobleaching. Bottom panel is after 

acceptor photobleaching. White box indicated the region that was photobleached. Scale 

bar= 5 µm. (B) GLP-1 ligand was added (10 µM) and after 10 minutes photobleaching 

was done in the ROI represented by the white box. Scale bar= 5 µm. 
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The FRET efficiencies for the two ECL3 mutants before and after GLP-1 ligand 

addition are plotted in Figure 4.16. Again, there is not a significant change after ligand 

addition. 
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Figure 4.16. Plot of FRET efficiency vs various positions and with/without 10 µM GLP-1 

ligand addition. 

Dual labeling of ECL3 SNAP-GLP-lR mutants and testing OXM ligand 

To test the effect of peptide ligands other than the native GLP-1, a variant of 

oxyntomodulin was chosen. Oxyntomodulin (OXM), a 37-amino acid peptide hormone 

derived from proglucagon, is an endogenous agonist of GLP-lR. OXM exhibits short half-

life and rapid renal clearance. To overcome these limitations a class of cross-linked OXM 
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analogs was designed to increase plasma stability and increase potency. Muppidi et al. 

designed an analog of OXM, specifically peptide 7 which showed >20-fold higher 

potency in GLP-lR activation.34 To test the effect of OXM-7, cells expressing SNAP-GLP-

1R-R376SphK dually labeled with BG-Fl and DpTz-Cy3 were subjected to acceptor 

photobleaching both before and after OXM-7 addition. Before ligand addition, 4 cells 

were analyzed to give a FRET efficiency of 18.2 ±1.7%, while the control gave -1.8 ± 

1.4%. Figure 4.17A shows the confocal images of a representative cell before and after 

acceptor photobleaching. Figure 4.18B shows one cell that was stimulated with OXM-7 

and after 10 minutes was subjected to acceptor photobleaching. The FRET efficiency 

was 22 ±4% after analysis of 5 cells, while the control was -1.5 ±0.7%. By comparing 

the FRET efficiency before and after OXM-7 addition, there does not appear to be a 

significant change in FRET efficiency for SNAP-GLP-1R-R376SphK. SNAP-GLP-1R

T378SphK was also tested using the same FRET pair, FL and Cy3. 
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Figure 4.17. SNAP-GLP-1R-R376SphK dual labeled with BG-FL and DpTz-Cy3. (A) Before 

ligand addition; Top panel is before acceptor photobleaching. Bottom panel is after 

acceptor photobleaching. White box indicated the region that was photobleached. Scale 

bar= 5 µm. (B) OXM-7 ligand was added (10 µM) and after 10 minutes photobleaching 

was done in the ROI represented by the white box. Scale bar= 5 µm. 
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SNAP-GLP-1R-T378SphK was dual-labeled with BG-FL and DpTz-Cy3, and before 

OXM addition, four cells were analyzed using the acceptor photobleaching method. An 

average FRET efficiency of 24 ±3% along with -1 ±4% for the control sample was found 

(Figure 4.18A). OXM-7 was then added and after a 10 minutes the average FRET 

efficiency was 22 ±3%, with a control of-2 ±3% over 7 cells. By comparing the FRET 

efficiency before and after ligand addition, we do not detect a substantial change of 

receptor conformational change for this mutant (Figure 4.19). Comparisons of the FRET 

efficiency before and after OXM-7 ligand addition for both SNAP-GLP-1R-R376SphK and 

SNAP-GLP-1R-T378SphK mutants are summarized in Figure 4.19. 
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Figure 4.18. SNAP-GLP-1R-T378SphK dual labeled with BG-FL and DpTz-Cy3. (A) Before 

ligand addition; Top panel is before acceptor photobleaching. Bottom panel is after 

acceptor photobleaching. White box indicated the region that was photobleached. Scale 

bar= 5 µm. (B) OXM ligand was added (10 µM) and after 10 minutes photobleaching 

was done in the ROI represented by the white box. Scale bar= 5 µm. 
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Figure 4.19. Plot of FRET efficiency vs various positions with/without 10 µM OXM-7 

ligand addition. 

In summary, the agonist OXM-7 was able to activate the GLP-lR receptor based 

on the dyes being internalized after ligand addition. However, we did not observe 

significant change for the ECL3 mutants based on the comparison of the FRET efficiency 

before and after ligand addition. It appears that it is crucial to identify a residue on the 

extracellular loop that is sensitive to receptor conformational change. ECL2 initially was 

not chosen because it was known to be involved in ligand binding. With the new cryoEM 

structure published,3 the residues that are directly involved in ligand binding are now 

known. Residues were strategically chosen that can tolerate mutagenesis35 as well 

theoretically be solvent exposed so that SphK can be accessible to be labeled. 
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4.2.4 Dual labeling of the ECL2 mutants of SNAP-GLP-lR 

To better understand receptor dynamics upon ligand stimulation, residues on 

ECL2 were chosen. The same approach was used with SNAP-tag fused to the N-terminus 

of GLP-lR, which will incorporate one fluorophore through the use of BG. The second 

fluorophore will be installed through tetrazine ligation with a fluorophore-conjugated 

DpTz reagent. Because residues 297, 298, 299 are directly involved in ligand binding,36 

we decided to mutate residues 293, 294, 303, and 304 to unnatural amino acids. 

168' 

Figure 4.20. Snake diagram37 of the transmembrane domain of GLP-lR 

For the SNAP-GLP-lR ECL2 mutants, BocK was tested in an incorporation study. 

SNAP-GLP-1R303BocK and SNAP-GLP-1R304Bock both showed labeling with BG-FL. 

Positions 293 and 294 did not show fluorescence in the GFP channel. This indicates that 

the GLP-lR may not fold properly. Based on the alanine scan, position 293 does not 

tolerate mutagenesis.35 Position 294 does tolerate mutagenesis, but there is also a 
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disulfide bond nearby that can disrupt the incorporation of an unnatural amino acid 

possibility due to the lack of accessibility of the UAA. Moving forward, positions 303 and 

304 were tested for the incorporation of SphK. Labeling was done with BG-FL and DpTz-

FL separately to test overall receptor conformation in HEK 293T as well as the possibility 

for the UAA to participate in a bioorthogonal reaction (Figures 4.21 and 4.22). 

Representative images were taken and overall the quality of the cells was poor due to 

what appears to be clumps of dead cells. 
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Figure 4.21. Incorporation of SphK into SNAP-GLP-lR ECL2 mutants. Labeling was done 

with BG-FL. Scale bar= SO µm. 
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Figure 4.22. Incorporation of SphK into SNAP-GLP-lR ECL2 mutants. Labeling was done 

with DpTz-FL. Scale bar= SO µm. 

Moving forward with mutant 303, both FRET pairs were tested: FL and Cy3, Cy3 

and AF647. For the FL/Cy3 pair, the FRET efficiency was determined to be 6 ± 3%, with 

the control being -3.7 ± 1.6%, over 6 cells (Figure 4.23). For the Cy3/CyS pair, the 
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average FRET efficiency over 6 cells was 8 ±4%, with the control being -0.3 ±1.8% 

(Figure 4.24). 

BG-FL FRET DIC DpTz-Cy3 Overlay 

Figure 4.23. SNAP-GLP-1R-M303SphK dual labeled with BG-FL and DpTz-Cy3. Top panel 

is before acceptor photobleaching. Bottom panel is after acceptor photobleaching. 

White box indicated the region that was photobleached. Scale bar= 5 µm. 
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BG-Cy3 FRET DpTz-AF647 DIC Overlay 

Figure 4.24. SNAP-GLP-1R-M303SphK dual labeled with BG-Cy3 and DpTz-AF647. Top 

panel is before acceptor photobleaching. Bottom panel is after acceptor 

photobleaching. White box indicated the region that was photobleached. 

To probe if mutating position 303 to an UAA has a detrimental effect on receptor 

activation, an internalization study was carried out using GLP-1 ligand. Before ligand 

addition (Figure 4.25A), the FRET efficiency was very low 5.1%. Statistical analysis was 

not performed because too few dual-labeled cells were found. GLP-1 ligand was then 

added and after 10 minutes, the FRET efficiency was 11.3 ±1.0, with a control of-5.7 ± 

1.5% an average of 3 cells, (Figure 4.25B). Overall, there is a minimal change in the FRET 

efficiency after ligand addition. 
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Figure 4.25. SNAP-GLP-1R-M303SphK dual labeled with BG-FL and DpTz-Cy3. (A) Before 

ligand addition; Top panel is before acceptor photobleaching. Bottom panel is after 

acceptor photobleaching. White box indicated the region that was photobleached. Scale 

bar= 5 µm. (B) GLP-1 ligand was added (10 µM) and after 10 minutes photobleaching 

was done in the ROI represented by the white box. Scale bar= 5 µm. 
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One of the potential problems with the ECL2 mutant is that it can be difficult to 

label. The amount of the acceptor is low and very few cells actually showed dual 

labeling. The FL/Cy3 FRET pair was still used to overcome this potential limitation, 

however, introduction of the fluorophores was changed. BG-Cy3 and DpTz-FL reagents 

were used to examine if the more robust chemistry of BG labeling may help improve the 

overall FRET efficiency, as the acceptor will be in a higher amount in the population. 

Figure 4.26 shows a representation of one cell before ligand addition as well as another 

cell after ligand addition. By examining all the cells that were analyzed, it is clear there 

was not a significant change in the FRET efficiency (Figure 4.27). 
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Figure 4.26. SNAP-GLP-1R-M303SphK dual labeled with BG-Cy3 and DpTz-FL. (A) Before 

ligand addition; Top panel is before acceptor photobleaching. Bottom panel is after 

acceptor photobleaching. White box indicated the region that was photobleached. Scale 

bar= 5 µm. (B) GLP-1 ligand was added (10 µM) and after 10 minutes photobleaching 

was done in the ROI represented by the white box. Scale bar= 5 µm. 
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Figure 4.27. Dot plot of cells expressing SNAP-GLP-1R-M303SphK dual labeled with BG

Cy3 and DpTz-FI. Before 10 µM of GLP-1 ligand was added, 5 cells were analyzed by 

acceptor photobleaching. After 10 minutes following the addition of GLP-1, 12 cells were 

analyzed by acceptor photobleaching. 

The FRET efficiency before ligand addition was 16 ±4% and for the control O±3%. After 

ligand addition, the FRET efficiency was 17 ±3% and the control was -5 ±3%. Overall, 

there was no significant change in the FRET efficiency. 

4.3 Summary and Future Work 

In summary, the two ECL3 mutants that were studied, specifically SNAP-GLP-lR-

R376TAG and SNAP-GLP-1R-T378TAG, both showed high FRET efficiency in the absence 

of ligand stimulation. Two FRET pairs, BG-FL and DpTz-Cy3, and BG-Cy3 and DpTz-AF647, 

worked well; however, there was no significant change in the FRET efficiency after 
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ligand addition. GLP-1, the native ligand, and an analogue of the OXM were tested. The 

ECL2 mutants were also tested because ECL2 is known to be directly involved in ligand 

binding. However, SNAP-GLP-1R303SphK with the acceptor fluorophore attached to 

position 303 did not show a significant change in FRET efficiency after ligand addition. 

To overcome the low labeling efficiency of the tetrazine ligation and increase the 

amount of acceptor fluorophore, Cy3 was conjugated to BG. SNAP-mediated labeling 

was more robust compared to the tetrazine ligation and more dually labeled cells were 

able to be found. Future work will include testing other mutants, specifically at position 

304, and a time-dependency study. It is possible that the receptor population being 

monitored under confocal microscopy is no longer the same after ligand addition and 

10-minute waiting. Ideally, a perfusion experiment can be designed that can capture the 

emission of the fluorophores in real time. Instead of the acceptor photobleaching 

method, the FRET efficiency can be determined by the ratio of the emissions of the 

fluorophores in the FRET pair.30 
' 

38 This would clearly show if the ECL3 and ECL2 mutants 

chosen could help understand the receptor dynamics upon activation. 

4.4 Materials and Methods 

SNAP-GLP-lR. The cloning sites Hindi II and Nhel were introduced by PCR into pCMV6-

GLP1R-myc-DDK (OriGene) immediately after the signal sequence to make pCMV6-SP

HN-GLP1R-myc-DDK using the primer pair: 
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F: 5'- tcaactaggaccggctagcCGCCCCCAGGGTGCCACTG -3' R: 5'

gatctggcgcgccgaagcttGGGGCCGGCCCTGCCCAC -3' 

Mammalian codon-optimized SNAP-tag gene was custom synthesized (Genscript) and 

cloned into pCMV6-SP-HN-GLP-1R-myc-DDK at the N-terminus to make pCMV6-SNAP

GLP-1R. 

TCOKRS. TCOKRS carries three mutations in active site: Y306A, L309M and C348A.39 The 

first round of mutation - Y306A/L309M - was carried out by PCR using the template 

pCMV-mmPylRS-U6-PylT40 and the primer pair: 

F: 5'- CCCATGCTTGCTCCAAACCTTGCGAACTACATGCGCAAGCTTGACAGGGCCCTG -3' R: 5'

CAGGGCCCTGTCAAGCTTGCGCATGTAGTTCGCAAGGTTTGGAGCAAGCATGGG -3' 

A second round of PCR was performed to introduce the C348A mutation using the 

primer pair: F: 5'- GAGTTTACCATGCTGAACTTCGCGCAGATGGGATCGGGATGCACA -3' R: 

5' - TGTGCATCCCGATCCCATCTGCGCGAAGTTCAGCATGGTAAACTC -3'. 

All ECL3 mutants were designed and obtained from Dr. Carlo Ramil also including ECL2 

mutant 294. 

For the other ECL2 mutants the primers were designed using NEB base changer are 

listed below. Mutatiosn were carried out using NEB Q5 Site directed mutagenesis kit. 

D293TAG: F: 5'- CCTCTATGAGTAGGAGGGCTGCTG -3' R: 5'-TACTTGACAATGCCCCAG -3' 

M303TAG: F: 5'- GAACTCCAACTAGAACTACTGGCTCATTATCCGG -3' R: 5' 

CTGGTCCAGCAGCCCTCG -3' 
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N304TAG: F: 5'- CTCCAACATGTAGTACTGGCTCATTATCCG -3' R: 5'-

TTCCTGGTCCAGCAGCCC -3' 

LionheartFX automated live cell imager (BioTek Instruments) equipped with 4X/0.13 NA 

and GFP filter (469/525) was used to initially test the incorporation of BocK into the 

ECL2 mutants. 

Confocal imaging was performed using a Zeiss LSM 710 equipped with 

PlanApochromatic 20X/ air or 40X/ oil immersion objective. The excitation and emission 

profiles for each fluorophore are as follows: FL (Ex 490/Em 495-635), Cy3 (Ex 550/Em 

555-680), AlexaFluor 647 (Ex 635/Em 640-759). 

Quantification of FRET efficiency 

Using lmageJ for analysis- the FRETcalc plug-in, the %FRET was quantified using the 

following equation. The calculation is based on the sum of the fluorescence intensities 

of all the pixels in the selected ROI. Essentially in the FRET pair the acceptor is destroyed 

which then causes the "de-quenching" of the donor. An increase in the donor 

fluorescence can be observed. 

% FRET= (/DonorPostBleaching - foonorPreBleaching) X lOO 
IDonorPostBleaching 
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HEK 293T cell culture and transfection 

HEK 293T cells were maintained in growth medium Dulbecco's modified eagle medium 

(DMEM, Life Technologies) supplemented with 10% (v/v) fetal bovine serum (FBS, Life 

Technologies). To each culture, 10 µg/ml of Gentamicin (Life Technologies) and 1:5000 

ratio of Plasmocin (lnvivogen, 2.5 mg/ml) was added. Cells were grown to a confluency 

of 70-80% and then transfection was done using a ratio of 1:3 DNA:Polyethylenamine 

(PEI, Polysciences, Inc.). Total DNA for a 35-mm plate was 3 µg. For imaging 

experiments, cells were kept in imaging medium (FluoroBrite DMEM supplemented with 

10% FBS, 4 mM L-glutamine, and 25 mM HEPES). 

UAA incorporation in HEK 293T cells 

HEK 293T cells were co-transfected with a 1:4 ratio of DNA containing the plasmid of 

interest: synthetase in 200 µL of OPTI-MEM (Life Technologies). The plasmid used 

contained an amber codon mutation on the protein of interest and the synthetase used 

was pCMV-mmPlyRS-U6-tRNA that is able to charge BocK and SphK. A 100 mM stock 

solution of the UAA was first made in DMSO and then diluted to 1 mM using DMEM 

containing FBS. This solution was filtered through a 0.2 µm PES filter. The media was 

removed from the cells and then the UAA solution was added followed by the addition 

of the transfection mixture. Cells were incubated for 24 hand then imaged. 
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Labeling of SNAP-GLP-lR on live cell surface 

A fresh solution of BG-FL or BG-Cy3 was prepared from a 1 mM stock in DMSO diluted to 

a final concentration of 5 µM in 1 ml growth medium and filtered through 0.2 µM PES. 

The solution was added to HEK 293T cells expressing SNAP-GLPlR and incubated for 30 

minutes at 37 °C/5% CO2 • The cells were washed once and incubated in 1 ml growth 

medium for 2 h before changing to imaging medium. 

Labeling of UAA-encoded GLPlR on live cell surface 

A fresh solution of DpTz-Cy3 or DpTz- AF647 was prepared from a 1 mM stock in DMSO 

diluted to a final concentration of 5 µM in 1 ml growth medium and filtered through 0.2 

µM PES. The solution was added to HEK 293T cells expressing SphK encoded SNAP

GLPlR and incubated for 1 hat 37 °C/5% CO2 • The cells were washed twice and 

incubated in 1 ml growth medium for 2 h before changing to imaging medium. 
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