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Abstract 

Dengue virus (DENV) is a mosquito-transmitted flavivirus that threatens 

approximately half of the world’s population. In this dissertation, the use of bioorthogonal 

chemistry as a tool for researching emerging viral diseases, including DENV is explored. To 

this end, a bioorthogonally-modified amino acid was successfully installed within the 

proteome of DENV, which was used for the pull down of a known virus-protein interaction. 

This technology is intended to be broadly used for the determination of any virus-host 

interaction, through the installment of a non-perturbing modification that 1) does not hinder 

viral infectivity and 2) can be selectively discriminated by any complimentary probe.   

En route to using this technology, a new viral purification strategy was developed for 

DENV that reduces the overall purification time by 10 hours, and improves retention of 

virion infectivity. This method and a survey of other viral purification methods used with 

DENV is contained herein.  

Furthermore, a chemical scaffold that was repurposed for exploration of protein-

protein crosslinking, namely for release of a reactive chemical warhead under acidic 

conditions, was used for the surface modification of DENV.  This triazabutadiene probe was 

found to be activated by light. In this dissertation is reported the first time aryl diazonium 

ions for protein crosslinking have been generated on a protein or viral surface through UV-

irradiation. The advantages and limitations of this chemistry are presented herein.  

 

 

 

 

 



20 
 

 

Chapter 1: An Introduction to Chemical Virology
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1. An Introduction to Chemical Virology 

Mosquito-transmitted viral diseases such as Zika, West Nile, yellow fever, and 

dengue are becoming more prevalent as both the global population1,2 and the temperature 

of the earth3 increase. While some of these diseases (such as yellow fever4) are treatable, 

others, including Zika virus, are not: that is, no vaccines or anti-viral therapeutics 

currently exist5. Intermediately, in recent years, new vaccines have been developed for 

both West Nile6 and dengue7 with limited efficacy. These mosquito-transmitted viruses 

are primarily endemic to tropical and subtropical regions of the globe, where 

approximately 3 billion people are at risk8. Presenting the greatest burden on public 

health, dengue currently infects the largest population, with an estimated 390 million 

individuals infected each year. Of these infections, 20 million become clinically severe, 

leading to over 20 thousand fatalities annually9. When epidemics of these viruses – such 

as the Zika epidemic currently being experienced10 – spread throughout human 

populations, researchers scramble to find a solution. 

Dengue virus (DENV) – the causative agent of Dengue Fever (DF), Dengue 

Hemorrhagic Fever (DHF), and Dengue Shock Syndrome (DSS) – poses an eminent 

threat. The nature of the threat is not only due to the volume of infections each year, but 

also due the emergent nature of the disease: DENV can lay dormant circulating through 

non-human primate species for years prior to an outbreak11. Furthermore, there are four 

(or five12) serotypes of dengue: each producing a different serological effect on the host13. 

Infection by any one of the four serotypes produces limited cross-immunity against 

another. In fact, antibodies produced during the primary infection, may have a non-
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neutralizing effect on a secondary infection, resulting in antibody-dependent 

enhancement of infection (ADE)14,15,16. This ADE complicates the production of an 

efficacious vaccine. Additionally, no anti-viral therapeutics exist17.  

The number of infections from emerging diseases is increasing each year. Methods 

that are currently available for the determination of virus-host interactions have not been 

sufficient to meet the quickly growing need. Therefore, new methodology for this 

purpose is requisite. Through the advent of the chemical biology field over the past 

several decades, new technology has emerged that expands the ability to examine 

biological macromolecular structures. Specifically, new methods of chemical 

modification have been developed that allow for the selective identification of modified 

macromolecular structures for fluorescent tagging/reporter recruitment18, ubiquitination 

and proteolytic degradation19, chemical crosslinking20, drug target identification21, mass 

spectrometry techniques22,  and other applications. Unprecedented, however, is the 

exploitation of this technology to develop new methods for the determination of virus-

host interactions. In this work, the use of bioorthogonal chemistry with DENV is 

explored as the first step towards the application of this technology for the study of 

emerging diseases.  

En route towards the use of this technology for DENV research, a new viral 

purification method was developed and is also discussed herein. Additionally, the use of 

newly-characterized, pH and light activated tools for chemical modification and protein 

crosslinking is discussed. Taken together, this complete work expands the breadth of 

available methods for viral research.  
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1.1. Bioorthogonal Chemistry 

 Bioorthogonal Chemistry is a concise term describing the selective reactivity of 

two chemical functionalities within a biological environment (Figure 1A). These 

functionalities must react within the constraints of a biological system (in aqueous 

conditions, neutral pH, and biologically relevant temperature) while remaining 

orthogonal to (or unreactive towards) competing nucleophiles, electrophiles, and 

metals23. Bioorthogonal chemistry provides the means for the investigation of biological 

systems through the addition of chemically unique attributes on a biomolecule of interest. 

Rendered chemically unique, these target biomolecules can then be selectively 

discriminated by a probe. Central to bioorthogonal chemistry, is the ability of two distinct 

functionalities that are non-native to a biological environment to react selectively within 

this complex system, with minimum perturbations24.  

 

1.1.1. A Brief History of Bioorthogonal Reactions 

The Bertozzi lab first used the term “bioorthogonal” in the early 2000’s to 

describe work the lab had been performing on a modified Staudinger ligation, for the 

formation of an amide bond25. Since then, use of the term bioorthogonal has increased 

exponentially, now describing a unique set of reactions that proceed selectively within 

and orthogonally to a biological environment. These reactions include the Staudinger 

ligation, the copper (I) catalyzed26 and strain-promoted27 alkyne-azide cycloadditions, 

and inverse electron-demand Diels Alder reactions28, among others (Figure 1B)29.   
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Figure 1-1: Bioorthogonal chemistry: examples of commonly accepted reactions.  
(A.) A simple bioorthogonal reaction schematic – bioorthogonal functionality “A” reacts 
selectively with functionality “Z” in the context of a biological system: in the presence of 
various electrophiles, nucleophiles, and metals found within the biological milieu. These 
reactions must also proceed in aqueous conditions and at biologically relevant pH and 
temperature. (B.) A sampling of commonly accepted bioorthogonal reactions and 
functionalities, including the covalent reaction product and the second order rate 
constant. From top to bottom, this chart displays copper(I) “click” chemistry between an 
azide and alkyne26; the strain promoted cycloaddition between an azide and 
cyclooctyne27; the Staudinger-Bertozzi ligation between an azide and a phosphine25; 
aldehyde and ketone condensation ligations30,31; the inverse electron-demand Diels Alder 
reaction between tetrazine and trans-cyclooctene28; the inverse electron-demand Diels 
Alder reaction between tetrazine and norbornene, a shelf-stable alternative for TCO32.  
 

Bioconjugation chemistry usually proceeds with a second-order kinetic model, 

dependent on the concentration of both chemical functionalities. Due to the low natural 

concentration of biological macromolecules, these rates need to be exceptionally fast to 

avoid background reactivity and/or toxicity that is associated with large excess of 

reagent29. Over the past 15 years, the selectivity and rate of these reactions in a target 

environment has drastically improved, however, each faces unique barriers to use. For 

example, the rate of the Staudinger Ligation is comparatively slower than other 

bioorthogonal reactions, and is highly prone to oxidation upon formation of the aza-ylide 

intermediate, despite high selectivity between the azide and phosphine functionalities 

(Figure 2). Attempts to increase the nucleophilicity of the phosphine reagent, increase the 

rate of oxidation of the reagent, and thereby increase the background reactivity. The rate 

of the Huisgen 1,3-dipolar cycloaddition between an azide and alkyne reagent has also 

been improved through the development of strained cyclooctyne systems, eliminating the 

need for a Cu(I) catalyst. 
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Scheme 1-1: The mechanism of the Staudinger-Bertozzi Ligation.  
The “soft” nucleophile and “soft” electrophile (the phosphine and the azide, respectively) 
selectively react to form an aza-ylide intermediate, which is susceptible to hydrolysis. 
The reaction proceeds in two steps culminating in the hydrolysis the phosphine and the 
formation of an amide bond between the two reagents.  

 
Despite these improvements upon reactivity with an azide functionality, the rates 

of these reactions are still slower than that of the inverse electron-demand Diels-Alder 

reaction between tetrazine and trans-cyclooctene (TCO) developed for biological 

applications by the laboratory of Joseph Fox28 and others32. This inverse electron demand 

Diels-Alder (IED) proceeds 1*1011 fold faster than the Staudinger ligation, and is the 

fastest bioorthogonal reaction to date, with nitrogen as the only side-product of the 

reaction. For applied use of the IED reaction between tetrazine and TCO, only tetrazine 

may be incorporated into a biological molecule of interest and used as a target, (as 

opposed to TCO) due to the rapid isomerization of TCO in solution. Limitations in the 

ability to incorporate tetrazine into biomolecules of interest has reduced its applicability 

for biological study.  

 

1.1.2. The Azide – A Bioorthogonal Workhorse 

The azide is an abiotic functional group. It is small, and a highly energetic “soft” 

electrophile33 and as such is relatively inert in a biological environment. The azide reacts 

selectively with tri-aryl phosphine via the Staudinger-Bertozzi Ligation, Cu(I)-catalyzed 
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azide-alkyne cycloaddition, or Cu-free cycloaddition using strained cycloalkynes as 

previously described (Figures 1 and 2). Appendage of an azide functionality to a 

biological macromolecule (protein/glycan/cellular surface) followed by selective labeling 

of the azide functionality within a biological environment has been previously observed 

both in vitro and in vivo18,34,35. The reduction of installed azides by glutathione and other 

cellular reductants – as well as the background reactivity of Cu(I) “Click” chemistry, the 

Staudinger Ligation, and strain-promoted “Click” chemistry – have all been previously 

observed and found to be minimal18,33,36,37. 

 

1.1.3. Utilizing Bioorthogonal Functionalities for Biological Research 

In order to use bioorthogonal chemistry for biological applications, compatible 

functionalities are usually appended to biological macromolecules through metabolic 

supplementation or genetic engineering. Metabolites that have been used for the 

installation of bioorthogonal functionalities include: amino acids38, lipids39, nucleic 

acids40, and glycans41. These biomolecules are made distinct through a variety of methods 

-- the most popular of which include the addition of an azide, due to the fact that it is 

biologically inert, and allows for modularity of bioorthogonal reporter functionalities.  

 

1.2. Unnatural Amino Acids  

Unnatural amino acids are popular chemical probes, allowing for designed insight 

into the proteome of a biological system. Much emphasis in the field of synthetic biology 

has been placed on expanding the amino acid library beyond the 20 canonical amino 

acids. The expansion of the chemical functionality of proteins allows for a number of 



28 
 

applications, including: gathering structural information; exploring enzyme mechanics; 

expanding the enzymatic capability of proteins; and engineering new functionalities for 

antibody selectivity and stability42,43. However, to achieve such modifications in 

functionality, multiple considerations must be made. Most importantly, the endogenous 

system of translation must be manipulated to accept this unnatural functionality44, or the 

amino acid itself must contain a modification that is structurally and electronically 

indistinguishable from one of the canonical amino acids38. Both of these methods have 

been explored in the laboratories of Dr. Peter Schultz, and Dr. David Tirrell, respectively.  

 

1.2.1. Methods of Incorporation of Unnatural Amino Acids 

There are two main methods for the incorporation of an unnatural amino acid into 

a protein: one requires genetic manipulation of the system to achieve incorporation of 

large, unnatural side groups; the other requires no genetic manipulation. The result of 

incorporation from each strategy is thereby distinct: incorporation can either be site-

specific, or not.  

Site-specific incorporation is possible through the insertion of a stop, rare, or four 

base codon at a position of interest on a protein, followed by the recognition of this codon 

by an orthogonal tRNA that has been either chemically or enzymatically acylated with an 

UAA. This method was heavily developed by Peter Schultz and Sidney Hecht45,46,47. 

While providing site-specific placement of and UAA, this method is limited by the need 

for genetic manipulation of the protein of interest, as well as the need for engineering of 

tRNA/aaRS pairs specific for each unnatural amino acid. Furthermore, without expansion 

of the genetic code (which has also been performed by Peter Schultz48, as well as Floyd 
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Romesberg49), limited orthogonal tRNA/aaRS pairs can be used at one time. For this 

system to operate independently, unnatural amino acids must also be metabolically 

synthesized within the host organism.  

David Tirrell developed a less-specific method for unnatural amino acid 

incorporation, wherein an unnatural amino acid is recognized, and inserted into the 

proteome by a naturally occurring tRNA/aaRS50. This method requires the design of the 

unnatural amino acid to be accepted by the endogenous translational system. Generally, 

these unnatural amino acids are devised to mimic one of the canonical amino acids – 

keeping in mind electronic and steric constraints. This method is thereby limited by the 

promiscuity of naturally occurring tRNA/tRNA synthetase pairs. However, the Tirrell 

method allows for general incorporation of an unnatural amino acid throughout an entire 

proteome, within a wild-type genome. Furthermore, both methods are limited by the 

catalytic capability of the ribosome51. Because the Tirrell method is more generalizable, it 

is the only method that is used throughout this work.  

 

1.2.2. The Use of Unnatural Amino Acids as Bioorthogonal Targets  

Azide and alkyne modified amino acids have been incorporated using both site 

specific and non-site specific techniques for placement within proteins of interest44,52. 

The most popular unnatural amino acid that can be used for this purpose is 

azidohomoalanine (Aha)50. Aha has also been extensively characterized and shown to be 

accepted by tRNA/aaRS in the place of methionine (loaded by methionyl tRNA 

synthetase onto tRNAMet) across a number of biological systems, including E. coli49, 

mammalian cells53 and Drosophila54. Incorporation rates of Aha within E. coli have been 
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quantified, and in direct competition with Met for loading onto tRNA by aaRS, Aha has 

been shown to incorporate at 1/400th the rate (Kcat/Km) of Met49.  

 While the complete modification of a proteome is attractive, some potential 

bioorthogonal sites can be buried within the protein structure and inaccessible to probing. 

As an alternative method for unnatural functionality incorporation, unnatural sugars – 

displayed on cellular and glycoslyalted protein (or virus) surfaces – can be examined.  

1.3. Unnatural Sugars 

Glycosylation has been studied as a co- and post-translational modification significant 

to signaling pathways both internal and external to the cell55. It is also central for cellular 

recognition56,57, immune responses58, and yet undiscovered pathways59. Chemical 

modification of individual sugars can provide insight into larger, complex glycosylation 

sites and their interactions.  

1.3.1. Types of Unnatural Sugars 

 Unnatural sugars bearing bioorthogonal functionalities (most frequently bearing 

either an azide or alkyne functionality) have been introduced into biological systems 

through the utilization of salvage pathways or through the introduction of modified 

biosynthetic precursors60,61 (Figure 3a).  Examples of unnatural sugars include modified 

N-acetylglucaosamine (GlcNAc)62, fucose (Fuc) 63,64, and sialic acid – which was 

incorporated using its metabolic precursor, N-acetylmannosamine (ManNAc)65,34 (Figure 

3b).  
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Figure 1-2: The use of unnatural sugars for modification of cellular glycosylation. 
(A.) The fucose salvage pathway66, an example of the use of exogenous sugar for 
metabolic incorporation. (1) Fucose (per-acetylated for increased uptake and 
bioavailability67) is transported into the cell68 where it is then phosphorylated by Fucose 
Kinase (2). GDP-fucose phosphorylase catalyzes the transfer of GDP to the 1 position of 
the sugar, priming it for use by fucose transferase (4) for the appendage to a protein, 
followed by trafficking of this glycoprotein to its final destination (5). (B.) Fucose and 
azide-modified derivative; Sialic acid precursor (ManNAc) and azide/alkyne modified 
derivatives: ManNAz and ManAl. 
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1.4. Flaviviruses and Emerging Diseases  

1.4.1. Dengue Virus (DENV) 

As previously introduced, dengue virus is a mosquito-transmitted Flavivirus that 

effects 390 million people each year. Despite its prevalence in tropical and sub-tropical 

regions of the globe, there are limited strategies for combatting this disease. DENV is an 

enveloped virus containing single-stranded, positive-sense RNA. This RNA codes for 3 

structural, and 7 non-structural proteins. The structural proteins are: the glycosylated 

envelope protein (E, 53 kDa); the membrane protein, (M, 11 kDa) which in its immature 

state exists primarily as a precursor protein (prM, 24 kDa); and the capsid protein (C, 9 

kDa). 180 copies of each structural protein exist in each viral capsid, with 180 copies of 

the external glycosylated E protein creating icosahedral symmetry around the exterior 

(Figure 4)69.  

 

Figure 1-3: Structure of DENV  
Dengue virus, like many flaviviruses exhibits icosahedral symmetry around the exterior 
of the viral capsid. Image, created using UCSF Chimera, PDB: 1K4R (DENV-1).   
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Structural studies of DENV have revealed an irreversible structural change of the 

viral capsid upon incubation at 37 °C 70,71 as well as both reversible 72,73 and irreversible 

74,75 pH–based structural modifications. These changes due to pH match the conditions 

for maturation of the virus within the host cell (reduction of pH), and the pH of the late 

endosome upon viral endocytosis that is prerequisite for viral fusion76. Temperature 

associated changes correspond to the slight variation in body temperature of both the 

mosquito (28 °C) and mammalian (37 °C) host organisms.  

 

1.4.2. Known Virus–Protein Interactions 

Dengue virus enters host and vector cells through receptor-mediated endocytosis: 

endocytosis occurs through a clathrin-mediated pathway77,78. Upon endocytosis, 

maturation and acidification of the endosome results in activation of the virus, in the form 

of the release of the encapsulated RNA for translation and replication8,79. The mechanism 

for viral entry is typical of a flavivirius76,80. However, there are multiple putative 

receptors for DENV81.  

 DENV is coated with 180 copies of the glycosylated envelope (E) protein. This 

protein has been shown to bind to C-type lectins, for example L-SIGN and DC-SIGN82. 

However, there are dozens of known DENV–binding proteins. Some are vetted cellular 

attachment factors, while other, including TIM (T-cell/transmembrane immunoglobulin 

and mucin domain) and TAM (receptor tyrosine kinases, including Tyro-3, Axl, and Mer) 

protein families are potential ubiquitous receptors, responsible for cellular signaling that 

initiates viral internalization83. For excellent reviews of putative receptors, see Reyes-del 
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Valle, 201484; Perera-Lecoin, 201481; or Cruz-Oliveira, 201585. Excerpts from these 

findings are summarized in the following table. 

 

Cell Type Interacting Protein Type of Protein Reference 
 Mosquito 40 and 45 kDa protein Unknown 86,87 
Mammalian DC-SIGN/L-SIGN C-type lectin  82,88 
Mammalian TIM/TAM Phosphatidyl serine receptor family 83 
Mosquito 
and 
Mammalian 

HSP70/90 Heat shock proteins 89,90 

Mosquito 
and 
Mammalian 

Laminin Receptor High affinity  91,92 

Mosquito Actin Structural 93,94 
 
Table 1-1: DENV-Host Interacting Proteins.  
DENV-binding proteins have been identified in both mosquito and mammalian cell types. 
While some proteins are known only by molecular weight, due to experimental 
limitations, others have been identified and characterized.  
 

The multitude of interacting proteins associated with DENV-cellular attachment 

and/or signaling is extant due to many factors, including: multiple hosts, and a variety of 

cell types within each organism; multiple serotypes of the virus; viral structural 

conformations that are dependent on temperature; and viral structural conformations that 

are dependent on pH. To examine the interaction of DENV or another virus with its host, 

with control of these factors, a new method is desired.  

1.4.5. Use of Bioorthogonal Chemistry – Project Goals 

It is the aim of this work to describe a new method for the bioorthogonal tagging 

of viral proteins that can be used for the determination of virus-host interactions (Figure 

5). A bioorthogonal tag within the proteome or glycome of DENV, if non-perturbing to 

viral integrity and function, could serve as a means for enrichment of virus-conjugated 
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samples after chemical crosslinking of a bioorthogonally modified virus sample with a 

tag-free sample of choice.  

 

Figure 1-4: A Bioorthogonal Strategy for the identification of virus-host 
interactions.  
A bioorthogonally modified (azide modified) virus can be incubated with a sample of 
choice under any conditions necessary (temperature, pH). The mixture of modified virus 
and unmodified sample can be crosslinked at any time, providing an extra element of 
temporal control over the system. The bioorthogonally modified viral proteins can then 
be identified or enriched and isolated. This enrichment and isolation provides a direct 
route to protein identification using mass spectrometry.   

 

1.5. Crosslinking Chemistry for Biological Research 

While the installment of an azide functionality within the glycome or proteome of 

DENV (or any virus) provides a functional handle for protein identification, chemical 

crosslinking and the type of crosslinker used is also vital to the success of the experiment. 

Many types of chemical crosslinkers are commercially available. However, in this work, 

the use of two new heterobifunctional crosslinkers is examined. One was developed for 
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application as an azide-specific photo-crosslinker95. The second developed as the 

reactivity of a chemical scaffold was manipulated by my colleague, Flora Kimani96. Both 

will be discussed in Chapters 4 and 5.  

 

1.6. Dissertation Overview  

Using a combination of bioorthogonal chemistry and new bioconjugate chemistry, 

this work aims to describe a new methodology for the determination of virus-host 

interaction that can be applied to a number of viruses, and most notably, be used for new 

emerging diseases, as a fast route to target identification, that is not dependent on or 

hindered by the use of antibodies for target identification or enrichment. In this 

dissertation work, it is demonstrated that bioorthogonal metabolites can be incorporated 

into DENV, and that this incorporation is non-perturbing. Furthermore, the development 

and application of new bioconjugate chemistry is described through the use of two 

heterobifuncitonal crosslinking probes that have been designed to expand the chemical 

capability of crosslinking technology, as well as compliment the viral system (Figure 6).  

This dissertation is divided into three distinct parts: First, a new method for viral 

purification is discussed as an essential component for the use of bioorthogonally-

modified DENV (Chapter 2); next, metabolic incorporation of bioorthogonally modified 

metabolites into the proteome/glycome of DENV is explored and the effect of this 

modification on the virus is characterized (Chapter 3); lastly, a new tool developed for 

pH-dependent activation, and chemical crosslinking is used on the surface of DENV, 

with surprising results (Chapter 4). While each piece has presented its own experimental 
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challenges (Chapter 5), this work represents a critical first step towards the application of 

bioorthogonal chemistry to viral research.  

 

Figure 1-5: An overview of the bioorthogonal strategy presented herein.  
An azide-modified virus can be chemically crosslinked to a non-modified sample of 
choice using a non-specific crosslinker, a light-activated crosslinker designed specifically 
for the azide functionality, or a pH and/or light activated crosslinker, based on a chemical 
scaffold modified for two modes of activation. Again, chemical crosslinking of unknown 
proteins in the presence of a bioorthogonally modified virus, can provide the means for 
enrichment and identification of this interaction.  
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Chapter 2: Methods in Viral Purification 

 

 

This work has been previously published, and is reprinted with permission from: Jensen, 

S.M., Nguyen, C.T., and Jewett, J.C. “A Gradient-Free Method for the Purification of 

Infective Dengue Virus for Protein-Level Investigations,” J. Virol. Met. 2016, 235, 125-

130. See Appendix A for more information.  

 

The manuscript was written by S.M. Jensen and J.C. Jewett. All experiments were 

designed by S.M. Jensen and J.C. Jewett. All experiments were performed by S.M. 

Jensen and C.T. Nguyen.  
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2. Viral Purification Overview 

Protein purification is integral to many aspects of biochemistry, and biochemists 

have a vast toolkit for this process97. Viral purification, while operationally similar, 

requires the maintenance of an added dimension of structural integrity: that of the viral 

capsid. Virus purification is central to many studies, including: the determination of 

protein-protein interactions98, structural determination69 75, and diagnosis99. Furthermore, 

for the selective identification of bioorthogonally (or otherwise) modified viral DENV, 

(as presented in this work, Chapter 3) pure viral proteins are essential.  

2.1. Need for Viral Purification 

Purification of DENV and other viruses propagated in Aedes albopictus C6/36 

cells can be challenging due to the possibility of a constitutive co-infection of these cells 

by C6/36 densovirus (DNV). DNV causes no cytopathic effect in C6/36 cells, which 

allows the infection to persist undetected100,101. DNV can also be found outside of the 

laboratory, where it is known to infect both Aedes aegypti and Aedes albopictus 

mosquitoes in the wild102. DNV is frequently a contaminant in DENV samples and its 

prevalence is perpetuated by its stability: DNV remains infective after exposure to 

temperatures up to 65 °C and pH 1-11103.  

Densovirus was discovered in both our C6/36 cells (from ATCC) and in DENV 

samples (obtained from BEI). Originally, this virus was found as a continuously co-

purifying protein (Figure 2-1), upon analysis of samples by SDS-PAGE.  
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Figure 2-1: A co-purifying protein. 
A comparison between pure DENV (purified using a new method described herein104) 
(right) and DENV purified over a 20% sucrose cushion, with a contaminating protein 
existing at 40  kDa (left), as observed by SDS-PAGE and coomassie staining.  
 
 

Wanting to understand the identity of the 40 kDa contaminant, the SDS-

PAGE/coomassie stained protein band was cut, digested with trypsin, and analyzed by 

tandem mass spectrometry (Figure 2-2). Proteomic analysis identified the unknown band 

as C6/36 densovirus capsid protein.  
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Figure 2-2: A map of protein coverage resulting from protein identification by 
MS/MS. 
The 40 kDa band was determined to be C6/36 densovirus, by tandem mass spectrometry. 
The unknown protein sample was examined by SDS-PAGE and coomassie staining. A 40 
kDa band was cut from the SDS-PAGE gel, and digested with trypsin for analysis. 
Scaffold software was used to generate this figure.  

 

 

An additional clue to the identity of the unknown protein was provided by early 

Transmission Electron Microscopy (TEM) images of DENV. These images of DENV 

were dominated by a smaller, 20 nm viral particle (Figure 2-3). The presence of DNV in 

DENV-containing samples makes pertinent the need for further purification of viral 

samples.  
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Figure 2-3: TEM micrograph of DENV and DNV co-purified over a 20% sucrose 
cushion.  
TEM showing 50 nm particles, corresponding to DENV (1) as well as 20 nm particles, 
with and without genetic packaging, corresponding to DNV (2). For TEM analysis, this 
suspension was drop deposited on a 150 mesh formvar-nickel TEM grid (Electron 
Microscopy Sciences, catalogue number FF150-Ni) followed by negative staining with 
2% phosphotungstic acid. Imaging was carried out on a FEI Tecnai™ Spirit transmission 
electron microscope, at 87000x magnification.  
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2.2. Mosquito Densovirus 

C6/36 densovirus (DNV) is a non-enveloped, DNA virus belonging to the 

Parvovirus family101. Densovirus infects invertebrates, most notoriously, the Aedes 

mosquitos, vectors of human diseases such as West Nile virus105, Zika virus106, Yellow 

Fever virus107, and Chikungunya virus108. Mosquito densovirus has been shown to reduce 

both vector capacity for these diseases, as well as vector lifespan109 , and resultantly have 

garnered interest as a means for disease vector control and as a means for genetic 

manipulation110. Despite this interest, little is known about the infectious pathway for this 

virus within its host, and no receptor for any of the densoviruses has been identified, to 

date111.  

 

2.2.1. Structural Characteristics 

C6/36 densovirus is approximately 20 nm in diameter and contains a 4 kb genome 

composed of single stranded (ss) DNA112. This positively or negatively stranded 

(ambisense) DNA codes for 2 structural (viral proteins 1 and 2: VP1 and VP2) and at 

least one non-structural protein (NS1)101. Densovirus, like most parvoviruses, has 60 

repeating units of each structural protein on its surface with icosahedral symmetry 

(Figure 2-4).  
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Figure 2-4: The structure of densovirus.  
A representative reconstruction of densovirus (PDB: 1DNV) made with UCSF Chimera 
software. No structure of C6/36 densovirus is deposited in the Protein Data Bank (NCBI), 
1DNV is a representative parvovirus from Galleria mellonella113.  

 

2.3. Traditional Methods for DENV Purification 

Traditionally, the first step of DENV purification is viral concentration. This is 

commonly performed using either polyethylene glycol (PEG) precipitation114 or ultra-

centrifugation over a sucrose cushion115. Following concentration, virions are purified 

through a density, viscosity, or combination gradient, requiring fractional identification 

of the location of the viral proteins116. This process can take anywhere from 15-24 hours 

to complete.  

Traditional viral purification procedures reduce the infective titer due to 

instability of DENV at working temperatures, pH, and the use of multiple freeze-thaw 

cycles117. Additionally, the total protein yield of these purification schemes is low. The 

infective yield and protein yield are effected by the susceptibility of DENV to 

temperature and pH, as previously described. Therefore, a simple purification method 



45 
 

that can preserve viral structure and infectivity would be of interest and utility to the 

community.  

 

2.3.1. Viral Concentration: PEG precipitation 

PEG precipitation is the process of nucleation of viral particles by the poly 

ethylene glycol polymer. DENV PEG precipitation is performed using 8% (w/v) PEG 

8000, through the addition of the polymer to clarified viral media and on overnight 

incubation period. Subsequent centrifugation at low speeds (less than 5000 rcf) results in 

a concentrated virus-containing pellet. However, in this pellet is a combination of viral 

particles and any other proteins nucleated by the polymer. It is also necessary to perform 

some form of dialysis to remove PEG from the resulting viral precipitate which adds an 

additional element of time to the process.  

PEG precipitation is advantageous as a concentration step prior to further 

purification by gradient ultracentrifugation because it allows for visualization of virus-

containing fractions (Figure 2-5). However, even after gradient ultracentrifugation, viral 

particles nucleated by PEG can be contaminated by other proteins trapped in the polymer.  
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Figure 2-5: PEG precipitation of DENV. 
PEG-precipitated DENV can be visualized after ultracentrifugation over a gradient. 
However, the presence of PEG perpetuates the presence of contaminating proteins and 
does not separate DENV from DNV.  
 

2.3.2. Viral Concentration: Sucrose gradient 

Ultracentrifugation for viral concentration is typically performed using a sucrose 

cushion to separate dense viral particles (as a pellet at the base of the ultracentrifugation 

tube) from the biological milieu contained in DENV infection media (Figure 2-6).  

 

Figure 2-6: A 20% sucrose cushion prepared for ultracentrifugation.  
9 mL of infected media carefully layered over 3 mL of 20% (w/v) sucrose prepared in 
water.  
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After viral concentration by either method, it is necessary to isolate viral particles 

both from contaminating protein and from DNV. This step is traditionally performed 

using gradient ultracentrifugation69,116. DENV that is concentrated using a 20% sucrose 

cushion, if further purified using gradient ultracentrifugation, must be identified through 

collection of ultra-centrifugation fractions and analysis (by dot blot). This process is 

successful for the isolation of DENV, but it is time consuming and reduces the overall 

infectivity of the virus. However, it was during the process of preparation of DENV for 

gradient ultracentrifugation that selective precipitation of DENV was first observed.  

 

2.4. A Newly Developed Precipitation Method  

Analysis of DENV concentrated using a 20 % sucrose cushion was suspended in a 

non-traditional buffer due to incompatibility of Tris-Cl buffers with amine-reactive 

chemical probe (Chapters 4 and 5). After suspension of pelleted DENV in 100 mM 

HEPES 7.9, 50 mM NaCl, a precipitate was noticed. This precipitate was analyzed and 

found to be pure DENV as confirmed by SDS-PAGE/coomassie staining (run under 

standard conditions) as well as western blot (Figures 2-7 and 2-8). The supernatant 

contained DNV capsid protein alone.  

Purified DENV samples were shown to be infective in C6/36 cells by indirect 

immunofluorescence assay (IFA), observed three days post infection (Figure 2-9). 

Additionally, purified DENV was shown to be intact by transmission electron 

microscopy (TEM) (Figure 2-10) and did not deviate from previously described 

structures75.  
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Figure 2-7: SDS-PAGE analysis of purification products 
 (a) Purified DENV-1 examined by SDS-PAGE and coomassie staining (standard 
conditions). All three structural proteins and a dimer of the envelope protein were 
observed. The M and C proteins are of similar molecular weight and were not resolved. 
Very little of the immature membrane protein (prM – pre-membrane) was present. (b) 
Supernatant (sup.) and pellet resulting from DENV-1 precipitation. DENV-1 is present in 
the pellet, (lane 2) while DNV remains suspended in the supernatant (lane 1) as observed 
by SDS-PAGE and coomassie staining.  
 
 

 

Figure 2-8: Western blot result of purification process.  
Western blot analysis of the supernatant (sup.) and pellet resulting from DENV-1 
purification. (a) Ponceau stain of proteins transferred to nitrocellulose. (b) Fluorescent 
scan for the observation of DENV-1, envelope protein. The western blot was performed 
using using 1:5000 dilution of monoclonal anti-DENV-1 antibody, specific to domain III 
of the envelope protein, (mouse, BEI, #NR-4751). A goat anti-mouse IgG secondary 
antibody (labeled with AlexaFluor 633, Molecular Probes®) at 1:5000 dilution was used 
for band identification.  
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Figure 2-9: Immunofluorescence Assay, Purified DENV. 
Analysis of purified DENV-1 infectivity in A. albopictus C6/36 cells prepared by indirect 
immunofluorescence assay. Viral purification products (both supernatant and pellet) were 
used to infect C6/36 cells. Equal percentages of purified suspensions were added to 
C6/36 cells at 80% confluence in T25 flasks in maintenance media (MEM, 2 mM L-
glutamine, 1X NEAA, Pen-Strep, 2% FBS). Examination using both bright field and 
epifluorescence microscopy at 20X magnification.  
 

 

 

 

CompositeFITCBright Field

P
el

le
t (

D
E

N
V-

1)
M

oc
k

S
up

er
na

ta
nt

 (D
N

V
)



50 
 

 

Figure 2-10: Transmission electron micrographs of purified DENV-1 particles.  
Viral particle structures vary in size from 40 nm to 55 and are primarily “smooth” in 
form. Viral particle shapes and sizes did not vary from previously described structures.  
 

 

Yield of infective DENV from this purification method was analyzed using a 

TCID50 – IFA assay at 4 days post infection. The new purification scheme yielded a 

higher infective viral titer than that which was purified over an inverse density-viscosity 

gradient. Log(TCID50)/mL vales were reported as the following: DENV with no 

purification, 8.2 +/- 0.2; DENV prepared using the “new” method of viral precipitation 

and resuspension, 6.3 +/- 0.3; DENV prepared through purification over a inverse 

density/viscocity ultracentrifugation gradient, 2.6 +/- 0.24 (Figure 2-11).  
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Figure 2-11; TCID50 Results 
Log(TCID50/mL) values determined from TCID50 – immunofluorescence asay. C6/36 
cells were infected with equivalent dilutions of DENV prepared as the following: 
clarified supernatant from infected cells (none), DENV-1 purified by the method reported 
in this work (new), and DENV-1 prepared through purification over an inverse 
density/viscosity ultracentrifugation gradient using 60-0% potassium tartrate and 0-30% 
glycerol (old). Infected cells were fixed and infection was confirmed using 
immunofluorescence at 4 days post infection. TCID50 values were calculated using the 
Reed-Muench method118.  
 
 

Densovirus-containing supernatant was also analyzed by SDS-PAGE and 

coomassie staining (Figure 2-7b). Due to the inaccessibility of antibodies for DNV, the 

presence of purified DNV in the purification supernatant was further confirmed by TEM 

(Figure 2-12) and showed no morphological differences from previously described 

structures101.  
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Figure 2-12: TEM of viral supernatant/DNV.  
Densovirus particles isolated from co-purification with DENV by selective precipitation 
of DENV examined by TEM. Image shows 20 nm particles, with and without genetic 
packaging.  
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DENV was successfully purified after propagation in A. albopictus C6/36 cells 

and was separated from DNV and other contaminants through a simple precipitation step 

after a 20% sucrose cushion. All 4 serotypes of DENV were purified by this method 

(Figure 2-13).  

 

 

Figure 2-13: All four DENV serotypes purified by precipitation.  
Viral preparations were analyzed by SDS-PAGE and Western Blot. (a) Ponceau staining 
of nitrocellulose transfer indicates the presence of envelope proteins with variations in 
migration distance, as well as capsid, membrane, and pre-membrane proteins for each 
serotype. (b) Western blot against the envelope protein of DENV was performed using a 
1:2000 dilution of a 1:1 mixture of BEI #NR-15515 and #NR-4756 (mouse). Followed by 
incubation with goat anti-mouse IgG secondary antibody (labeled with AlexaFluor 633, 
Molecular Probes®) at a 1:5000 dilution.  
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In conclusion, viral capsids purified by this method retained infectivity, and were 

more infective than DENV prepared using gradient centrifugation. In general, this 

method reduces the amount of time spent on viral purification by 10 hours (Figure 3-12) 

and will expedite work involving modified DENV for the installment of bioorthogonal 

functionalities, characterization of this incorporation, and application of this strategy to 

this identification of virus-host interactions.  Additionally, other closely related 

flaviviruses might be purified using a similar method.  

 

Figure 2-14: The purification route presented in this work reduces the amount of 
time needed for DENV purification by 10 hours.  

 

2.5. Materials and Methods 

2.5.1. Cell Culture and Infections 

C6/36 cells (ATCC, CRL-1660) were grown to 80% confluence in growth media 

(MEM, 2 mM L-glutamine, 1X NEAA, Pen-Strep, 10% FBS) at 28 °C, 5% CO2 prior to 
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infection by DENV (virus obtained from BEI: Dengue Virus Type 1, 276RKI, NR-3782; 

Dengue Virus Type 2, K0049, NR-12215; Dengue Virus Type 3, BC188/97, NR-3801; 

Dengue Virus Type 4, D85-019, NR-3804) in maintenance media (MEM, 2 mM L-

glutamine, 1X NEAA, Pen-Strep, 2% FBS). Infections were maintained at 28 °C, 5% 

CO2 and monitored by immunofluorescence assay (IFA) for observation of 100% cellular 

infectivity (6-7 days post infection).  

 

2.5.2. Western Blotting/Antibodies 

Western blots were performed using using 1:5000 dilution of monoclonal anti-

DENV antibody, specific to domain III of the envelope protein, (BEI, mouse: DENV-1, 

clone E29, #NR-4751; DENV-1, cross-reactive with serotypes 2 and 4, clone E47, NR-

4756). A goat anti-mouse IgG secondary antibody (labeled with AlexaFluor 633, 

Molecular Probes®) at 1:5000 dilution was used for band identification. After incubation, 

blots were scanned with a ChemiDoc™ MP scanner (BioRad) using red epifluorescent 

excitation and a 695/55 nm bandpass filter. 

 

2.5.4. Mass Spectrometry Preparation and Analysis  

Protein bands were cut from coomassie-stained SDS-PAGE gels. Bands were 

reduced and alkylated, then digested with Trypsin Gold (Promega, #V5280) with 

ProteaseMAX surfactant (Promega, #V2071) according to manufacturer instructions. 

Samples were submitted to the University of Arizona Proteomics facility for clean up and 

tandem mass spectrometry for protein analysis. Spectra were collected using a LTQ 

Orbitrap LC-MS/MS, Analysis was performed with Sequest (Thermo Fisher Scientific, 
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version 1.3.0.339). Scaffold (version Scaffold_4.4.8, Proteome Software Inc.) was used 

to validate peptide and protein identifications. Peptide identifications were accepted at 

98.0% probability with a false discovery rate less than 0.1%. Protein identifications were 

accepted with 100% probability if they contained 3 identified peptides. 

 

2.5.5. Transmission Electron Microscopy 

2.5.5.1. Densovirus Samples 

A suspension of DNV (supernatant from precipitation experiments) in 100 mM 

HEPES pH 7.9, 50 mM NaCl was concentrated using a Nanosep® centrifugation device 

(Pall Life Sciences) with a 100 kDa cutoff, then re-suspended in 75 µM ammonium 

acetate buffer. This suspension was fixed with 2% formaldehyde at room temperature for 

20 min and drop-deposited onto a 150 mesh formvar-nickel TEM grid (Electron 

Microscopy Sciences, catalogue number FF150-Ni). Grids were negatively stained with 

2% phosphotungstic acid, and imaged using a FEI Tecnai™ Spirit transmission electron 

microscope. 

 

2.5.5.2 Dengue Virus Samples 

A suspension of DENV in 5 mM HEPES 7.9, 150 mM NaCl was fixed with 2% 

formaldehyde solution for 30 min at room temperature, prior to absorption onto a 150 

mesh formvar-nickel TEM grid (Electron Microscopy Sciences, catalogue number 

FF150-Ni). Grids were negatively stained with 2% phosphotungstic acid, then imaged 

using a FEI Tecnai™ Spirit transmission electron microscope.  
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2.5.6. PEG precipitation 

Supernatant from infected cells was collected 6 days post-infection. Virus-

containing media was clarified at 3200 rcf on an Eppendorf centrifuge (model 5810R) 

with a swinging bucket rotor (model A462) for 60 min at 4 °C. To clarified virus-

containing media was added 8% (wt/vol) PEG 8000. The mixture was chilled overnight 

at 4 °C. Following overnight incubation, DENV-containing precipitate was collected 

through centrifugation at 3200 rcf for 60 min at 4 °C. Pellets were collected and re-

suspended in buffer of choice. Adapted from Fibriansah, et al. 201371. 

 

2.5.7. Sucrose Cushion Ultracentrifugation 

Supernatant from infected cells  was collected 6 d. post-infection. Virus-

containing media was clarified at 3200 rcf on an Eppendorf centrifuge (model 5810R) 

with a swinging bucket rotor (model A462) for 60 min at 4 °C. The clarified supernatant 

(9 mL) was then layered over 3 mL of a 20% sucrose (w/v) solution prepared in nanopure 

water in ultracentrifuge tubes on ice. Ultracentrifugation was carried out at 30,000 rpm, 

for 3 hours at 4 °C using a Beckman SW-40 Ti rotor (113,602 rcf). Following 

ultracentrifugation, the supernatant was quickly and carefully removed. Tubes were 

inverted to drip-dry for 20 min at RT. Pellets were often visible at this stage. Adapted 

from Medina et al, 2012119.  
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2.5.8. Inverse Density/Viscosity Ultracentrifugation 

Viral pellets prepared by sucrose cushion ultracentrifugation were resuspended in 

5 mM HEPES pH 7.9, 150 mM NaCl, then layered over an inverse density/viscocity 

gradient composed of 60-0% (wt/wt) potassium tartrate and 0-30% (wt/wt) glycerol116. 

Potassium tartrate and glycerol solutions were prepared in SH buffer: 250 mM sucrose, 

50 mM HEPES, pH 7.9. The inverse gradient was prepared as seven individual steps, 

carefully chilled and layered in 13 mL ultracentrifugation tubes prior to sample loading. 

Ultracentrifugation was performed at 35,000 rpm for 1 hour at 4 °C using a Beckman 

SW-40 Ti rotor (154,664 rcf). Fractions from differentiated ultracentrifugation tubes were 

collected and the presence of DENV was analyzed by dot-blot (primary antibody, BEI, 

mouse: DENV-1, clone E29, #NR-4751; secondary antibody, goat anti-mouse IgG 

labeled with AlexaFluor 633, Molecular Probes). Fractions identified as containing 

DENV were concentrated using a Nanosep® centrifugation device (Pall Life Sciences) 

with a 100 kDa cutoff. DENV was resuspended in 5 mM HEPES pH 7.9, 150 mM NaCl 

prior to analysis. Adapted from Ashley and Caul, 1982116. 

 

2.5.9. Selective Purification/Precipitation of DENV 

Viral pellets were prepared through 20% sucrose cushion ultracentrifugation, as 

previously described. Following this time, pellets were quickly re-suspended in 100 mM 

HEPES buffer, pH 7.9 with 50 mM NaCl at 4 °C. Viral suspensions were immediately 

centrifuged on a desktop Eppendorf microcentrifuge (model 5145c) at 16,000 rcf with a 

fixed angle rotor (model F-45-18-11) at room temperature for 10 min. The supernatant, 

containing pure DNV, was removed and stored, and the remaining visible viral pellet 
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(DENV) was re-suspended in a buffer of choice. Examples of permissive buffers for viral 

re-suspension include 100 mM HEPES 7.9, 5 mM HEPES 7.9, 150 mM NaCl.  

 

2.5.10. Immunofluorescence Assay (IFA) 

Infected cells were deposited onto a multi-well microscope slide and incubated in 

a humid chamber at 28 °C for 20 minutes. After incubation, the slides were fixed through 

submersion in acetone at 4 °C for 10 minutes. Slide were air-dried then re-hydrated in 1X 

PBS prior to incubation with monoclonal anti-DENV-1 antibodies at 1:200 dilution 

(Center for Disease Control, Mab D2-1F1-3) at 37 °C for 30 minutes. The slides were 

washed twice with 1X PBS before secondary incubation with fluorescein isothiocyanate 

(FITC) - labeled goat anti-mouse IgG antibodies (Sigma) at 1:1000 dilution in 1X PBS 

(37 °C for 30 minutes). Three final washes with 1X PBS preceded examination with a 

Nikon C1si scanning confocal microscope using both bright field and epifluorescence 

microscopy.  

 

2.5.11. Tissue Culture Infective Dose 50% Endpoint (TCID50) Assay 

C6/36 cells were infected with serial dilutions of the following: clarified 

supernatant from infected cells (none), DENV-1 purified by the method reported in this 

work (new), and DENV-1 prepared through purification over an inverse density/viscosity 

ultracentrifugation gradient using 60-0% potassium tartrate and 0-30% glycerol. Infected 

cells were fixed and infection was confirmed using immunofluorescence at 4 days post 

infection. TCID50 values were calculated using the Reed-Muench method118.  
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Chapter 3: Unnatural Metabolite Incorporation into Vectors for Viral 

Disease and Dengue Virus 
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3. Overview 

Viruses are reliant upon their hosts for replication. While some viruses (including 

DENV) contain genetic material encoding for proteases to assist with polypeptide 

processing, all require the use of host transcriptional and translational machinery for the 

production of new virions120,121. Furthermore, viruses are reliant on their hosts to provide 

metabolites used for protein production, DNA/RNA synthesis, membrane structures, and 

glycosylation or other post-translational modifications.  With the ultimate goal of 

incorporating an bioorthogonally-modified metabolite into either the proteome or 

glycome of DENV, the viability of incorporation of these metabolites into the mosquito 

host was first evaluated (Figure 3-1).  If an unnatural metabolite can be incorporated into 

a viral host cell, the metabolite could likely be incorporated into macromolecules of the 

virus itself (Figure 3-2).  

 

Figure 3-1: A general metabolic incorporation strategy. 
A bioorthogonally modified amino acid (a) or sugar (b) can be incorporated into newly 
synthesized proteins or glycan within a host. This bioorthogonal incorporation can be 
selectively discriminated with a probe.  
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Figure 3-2: A general scheme for the incorporation of an unnatural metabolite into 
the proteome of any virus.  
 

3.1. Aedes Cell Lines for Viral Propagation 

Mosquito-transmitted viruses are frequently passaged through Aedes-derived cell 

lines, 91,122. In fact, the Aedes genus of mosquitoes is the most prevalent mosquito-to-

human viral vector in the world: transmitting DENV123, Zika virus106, West Nile virus105, 

yellow fever virus107, and Chikungunya virus108. In particular, C6/36 cells (Aedes 

albopictus larval cells) are frequently used for viral passage, due to their defective RNA 

interference (RNAi) pathway124. Specifically, C6/36 cells are Dicer-2 deficient, leading 

to inability to process small interfering RNA (siRNA) which is central to the the RNAi 

defense pathway125. Incapable of using RNAi to combat viral infection, viral titers 

produced in these cells are higher than those produced in other Aedes or mammalian cell 

lines122. While high viral titers from these cells are appealing, there are other drawbacks, 

including a persistent co-infection of these cells with a second virus100,101 (as we 

discovered to be true in our cell lines104) and the inability to perform plaque-forming 

assays with this cell type126. However, the obstacles can be overcome through careful 
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viral purification and alternative infectivity assays (Chapter 2). For these reasons, and 

ease of use, C6/36 cells were chosen for DENV passage.  

 

3.2. Unnatural Metabolite Selection and Rationale  

To make the strategy for unnatural metabolite incorporation into DENV 

generalizable, and quickly accessible for application to other viruses, (other emerging 

diseases) it was important to avoid genetic manipulation, a method popularized by the 

Peter Schultz42. Instead, metabolite selection was tailored for the ease of incorporation 

into endogenous machinery, through a simple supplementation (Figure 2-1 and 2-2). This 

strategy requires the bioorthogonal modification on each metabolite to be small and inert. 

To satisfy these constraints, azide-modified sugars and glycans were the bioorthogonally 

modified metabolites of choice. 

 

3.2.1. Azidohomoalanine and Derivatives    

Bearing in mind the electronics of the azide functionality, the Bertozzi and Tirrell 

groups together found that an azide-modified amino acid, aziodohomoalanine (Aha) 

could electronically and sterically mimic the amino acid methionine. Moreover, Aha can 

be recognized and loaded by methionyl tRNA/aaRS50. While azide-modified metabolites 

(including Aha) have been incorporated into biological macromolecules within other cell 

types and organisms, none had been incorporated into the glycome/proteome of Aedes 

cells at the start of this work. Nevertheless, Aha was chosen as a bioorthogonal target 

with which to interrogate the mosquito model system. Unsure as to the ability of these 

cells to metabolize Aha, a small azide-modified amino acid library was synthesized for 
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incorporation screening (Figure 3-3). These amino acids, were designed to structurally 

mimic Aha, with differences in side chain length. Compounds 1-4 were synthesized using 

a diazo-transfer reagent imidazole-sulfonyl-azide (ISA, 5) (Scheme 3-1). Appropriate 

tert-butoxy carbamate (boc) protected amine precursors of the target amino acids were 

modified using ISA – a previously described synthesis127,128 then deprotected with 

trifluoroacetic acid (TFA).  

 

 

Figure 3-3: A small azide-modified amino acid library.  
An unnatural amino acid library designed for the introduction of unnatural amino acids 
into mosquito cell lines. (1) Azidoalanine; (2) Azidohomoalanine (Aha); (3) 
Azidonorleucine; (4) Azidolysine. 

 
Scheme 3-1: Diazo-transfer for the synthesis of azide-modified amino acids.  
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3.2.2. Azide-Modified Sugars 

Sialic acid precursor N-acetylmannosamine (ManNAc) is the sugar that has been 

the most vetted for the incorporation of either azide or alkyne functionalities into glycans. 

The azide and alkyne derivatives of ManNAc are N-azidoacetylmannosamine (ManNAz) 

or N-4-pentynoyl-mannosamine (ManNAl), respectively34,65. Despite this precedent, a 

derivative of ManNAc was not considered in our studies for incorporation into mosquito 

cells or DENV. Prior to 2015, mosquito cells were not known have a sialic acid/ManNAc 

metabolic pathway129 which precluded the use of this metabolite within the system. A 

second vetted sugar, fucose, with azide derivative FucAz , was chosen for incorporation 

into the mosquito model system as the most likely candidate to be ultimately incorporated 

into the glycome of DENV. It is known that mosquito cells possess metabolic enzymes 

for fucose de novo synthesis, as well as the fucose salvage pathway (Chapter 1, Figure 1-

3)130,131. Furthermore, the envelope (E) protein of DENV is known to contain fucose at 

both of its Asn-linked glycosylation sites132.  

 

3.3 Model System and Experimental Design  

3.3.1. Modified Amino Acid Incorporation 

To test the incorporation of both Aha and FucAz within a mosquito system, each 

amino acid from the synthesized library (Figure 3-3) was supplemented into both Aedes 

albopictus and Aedes aegypti cells at time of passage. The cells were grown in standard 

media that contained methionine (a potential competitor for incorporation) at a 

concentration of 100 nM. Each azide-modified amino acid was supplemented to cells at 

concentrations in excess of Met. After reaching confluence, passaged cells were lysed, 
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and the total cell lysate (TCL) was reacted with a fluorescent alkyne under copper click 

conditions, or with a fluorescent phosphine probe (DyLight-550 phosphine, “Phos-550”, 

Pierce, 88910) (Figure 3-4).  

 

Figure 3-4: A strategy for the identification of azide-modified metabolites.  
 

All azide-modified amino acids were tested for incorporation, however, only 

azidohomoalanine was observed to incorporate (Figure 3-5). This incorporation was 

observed in both A. albopictus (C6/36) and A. aegypti cells. Ultimately, azidolysine was 

used as a control: its use demonstrated that azide-dependent fluorescence from this assay 

was a result of amino acid incorporation, as opposed to non-specific interactions with 

cellular proteins. 
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Figure 3-5: Successful incorporation of an azide functionality within C6/36 cells.  
Total cell lysate (TCL) was prepared from cells that were treated with an additive (200 
µM methionine, 200 µM azidolysine, or 200 µM azidohomoalanine) at time of cell 
passage. TCL from each sample was reacted with Phos-550 (a fluorescent phosphine 
probe specific for the azide functionality). TCL was then examined by SDS-PAGE and 
fluorescent scanning. Pictured above, coomassie stain of gel (left) and fluorescent scan 
(right). Protein fluorescence was observed only through supplementation of Aha to C6/36 
cells.  

 

 

The lack of successful incorporation of other unnatural amino acids under early 

screening conditions, resulted in only Aha being pursued for further study within C6/36 

cells (as well as for applications with DENV). There was no marked toxicity of Aha 

supplemented to C6/36 cells at concentrations between 0 - 1 mM incubated for 4 days. 

However, a concentration of 2 mM Aha resulted in near complete cell death under these 

conditions – as observed using a Trypan Blue assay.   

 

3.3.2. Azido Fucose (FucAz) 

 Bioorthogonally-modified glycans are popular unnatural metabolites. Of 

particular interest for DENV research are glycans implicated in virus-host recognition as 

well as those that are vital to viral host immune responses59,133,134. While global protein 
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modification can be achieved through unnatural amino acid supplementation, glycan 

modification can provide a more localized approach to bioorthogonal tagging. 

Specifically, there are only two known glycosylation sites within each envelope protein 

on the surface of DENV – as opposed to 10-13 methionine residues within the same 

protein (depending on the serotype/strain). Furthermore, these azide labeled amino acids 

may be buried within the folded protein structure and inaccessible to bioorthogonal 

probing without denaturing the viral protein. Therefore, a bioorthogonal modification of 

the surface of DENV in the form of a glycan is highly desirable.  

To explore the use of an unnatural sugar within Aedes cells and eventually 

DENV, peracetylated-Azido-fucose (FucAz) was chosen. Peracetylation increases both 

bioavailability of sugar within cell culture media, as well as permeability of the cell 

surface membrane67. Peracetlyated-6-azido-fucose was synthesized by Dr. Ali Ahad and 

kindly donated. After synthesis, C6/36 cells were screened using a Trypan Blue assay to 

determine the toxicity of both fucose and FucAz toxicity, however little cell death was 

observed within the range of concentrations used (Figure 3-6).  
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Figure 3-6: Toxixcity of L-fucose and peracetylated L-FucAz. 
Determined by Trypan Blue assay, courtesy of Celina Nguyen.  

 

Incorporation of FucAz into C6/36 cells was attempted through addition of the 

metabolite at time of cell passage. Following the growth of C6/36 cells in the presence of 

FucAz to full confluence, cells were lysed and labeled using a fluorescent phosphine 

probe specific for the azide functionality. This total cell lysate was then analyzed by 

SDS-PAGE and fluorescent scanning. The observation of the incorporation of FucAz 

modified protein labeling of total cell lysate using this method was observed at high 

concentrations of FucAz, between 1 mM and 2 mM (Figure 3-7). However, at lower 

concentrations of FucAz, very little (if any) labeling was observed. This could be 

attributed to low solubility of membrane proteins, (the most likely to be fucosylated66) 

limited FucAz bioavailability, limited sensitivity of the assay, or relatedly, inaccessibility 

of the labeled metabolite due to the core branched nature of the glycosylation site. 
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Figure 3-7: Successful incorporation of an FucAz C6/36 cells.  
Total cell lysate (TCL) was prepared from cells that were treated with FucAZ (at 0, 1, 
1.6, or 2 mM) at time of cell passage. TCL from each sample was reacted with Phos-550 
(a fluorescent phosphine probe specific for the azide functionality). TCL was then 
examined by SDS-PAGE and fluorescent scanning. Pictured above, coomassie stain of 
gel (left) and fluorescent scan (right). Protein fluorescence was observed through 
supplementation of FucAz to C6/36 cells at all three concentrations, with some degree of 
background labeling. However, scans indicate a large number fucosylated mosquito 
proteins, with a number of visibly labeled bands gaining fluorescence with increasing 
FucAz concentration (accentuated with arrows).  
 

3.3.3. Cell Surface Labeling 

To attempt to view labeled membrane proteins directly on the surface of C6/36 

cells and to look at the distribution of fucosylated proteins within the cell, a fixed-cell 

fluorescence assay was performed. This assay provided insight into the incorporation of 

FucAz into C6/36 cells at lower concentrations. FucAz (100 or 200 µM) was added to 

C6/36 cells at time of cell passage. Cells were allowed to grow to 100% confluence 

before fixation on microscopy slides with with 4% formaldehyde. Fixed cells were 
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stained with Hoechst (a DNA-binding fluorescent dye), and the presence of FucAz was 

verified through the addition of a phosphine modified fluorophore, (Phos-550, Pierce). 

Cells were then observed using fluorescence microscopy (Figure 3-8).  

 

 

Figure 3-8: An examination of FucAz incorporation into C6/36 cells by fixed cell 
labeling and fluorescent microscopy.  
C6/36 cells were incubated with 100 µM or 200 µM peracetylated FucAZ from time of 
cell passaging, until cells were 100% confluent. Cells were fixed with 4% formaldehyde, 
stained with Hoechst, then incubated with Phos-550 to look for incorporation of the 
Azide functionality using fluorescence microscopy at 60X magnification. The number of 
labeled cells increased with increasing concentration of FucAz.  
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From the fixed cell labeling experiment, it was clear that FucAz was incorporated 

into the architecture of C6/36 cells. A closer look at composite images from incubation 

with both 100 µM and 200 µM FucAz, show cellular surface labeling, as well as patterns 

of incorporation within the cell interior (Figure 3-9).  

 

Figure 3-9: A closer look at C6/36 cellular labeling with FucAz.  
 

 

3.4. Cellular Incorporation of Unnatural Metabolites Summary 

 Both Aha and FucAz are capable of metabolically labeling C6/36 cells (Aha was 

shown to also incorporate into A. aegypti cells). Incorporation of Aha was easily 

observed through TCL extraction and labeling using click chemistry or the Staudinger 

ligation utilizing fluorescent, azide-specific probes. A higher level of background 

labeling was observed using copper click chemistry using an alkyne conjugated to a 

fluorophore than with a fluorescent phosphine probe. This is consistent with its faster 

reactivity: copper click proceeds with a second order rate constant 135 of ~10 M-1s-1  much 
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faster than the Staudinger ligation25, which has a rate of 0.003 M-1s-1. However, lower 

background labeling using the phosphine probe was preferred – despite the long (4-12 

hour) incubation period necessary for use.  

3.5. Unnatural Metabolite Incorporation into Two Viruses  

With confirmation that both Aha and FucAz readily incorporate mosquito cells, it 

was hypothesized that these could also be incorporated into the proteome of DENV, 

provided that the metabolite were present at time of infection (as illustrated in Figure 3-

2). As previously shown, these metabolites can simply be supplemented into cellular 

media, therefore, the incorporation of an unnatural metabolite into the proteome/glycome 

of DENV could be equally as operationally straightforward. 

 

3.5.1. Aha Use for Infection  

The abovementioned strategy was employed through supplementation of 200 µM 

Aha into C6/36 cell culture at time of infection. DENV was then harvested 6-9 days post 

infection (d.p.i.) after observation of infected cells by immunofluorescence assay (IFA) 

and verification that 90-100% of cells were infected. Notably, at this stage, DENV 

passaged in the presence of Aha showed cellular infectivity similar to that of unmodified 

DENV: an equal number of cells were infected at time of harvest. DENV was purified as 

previously described104, and incorporation was analyzed through the addition of a 

fluorescent phosphine probe (Phos-550) specific for the azide functionality (Figure 3-10 

and 3-11).  
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Figure 3-10: Azide-specific labeling of viral proteins. 
With a fluorescent phosphine probe: “Phos-550” (DyLight-550 phosphine, Pierce, 
88910).  

 

 

Figure 3-11: Successful incorporation of Aha within the viral proteome.  
A western blot against the envelope (E) protein of DENV-1 indicates that the viral 
protein is present; a fluorescent scan reveals the Aha-supplementation specific labeling of 
the envelope protein, and smaller capsid (C) and membrane (M) proteins.  
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3.7. Characterization of Incorporation  

 The number of incorporation sites within each viral protein was not quantified, 

however, qualitative yield of productively labeled proteins was examined using a 

biotinylated phosphine probe (Phos-biotin) and gel-shift assay (Figure 3-12). For this 

assay, DENV-1 was once again propagated in the presence or absence of 200 µM Aha. 

The envelope protein of DENV was purified using anion exchange chromatographyi 

(Sartobind®,Q pico) denatured, and incubated with 1 mM phos-biotin at room 

temperature for 16 hours. Post incubation, both azide-modified and unmodified DENV 

were examined by SDS-PAGE and western blot. The blot was first probed for the 

presence of biotin, then stripped (Lycor NewBlot™ stripping buffer, #928-40028) and 

probed again for the presence of DENV-E protein. 

The assay again indicated that the azide functionality was successfully 

incorporated into the E protein. Furthermore, the phosphine biotin probe, with a 

molecular mass of almost 1 kDa, resulted in a gel shift of the azide-modified protein. 

This gel shift, of approximately 10 kDa, indicates the presence of some amount of E-

protein that was completely modified by Aha. Because Aha is known to compete with 

methionine for placement onto endogenous translational machinery, and the envelope 

protein of DENV-1 contains 10 methionine residues, it might be possible that some small 

amount of envelope proteins were completely labeled with the metabolite (and therefore 

easily observed by western blot, if not abundant enough for other identification). 

                                                

i Anion exchange was performed with the hope of purifying intact virus, however the 
assay was denaturing to the virus and resulted in complete loss of infectivity for both 
modified and unmodified virus, by immunofluorescence assay. 
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Interestingly, this assay produced a binary result: either many methionine residues were 

replaced by Aha, or only 1-2 modifications were present within the protein. A follow up 

experiment with Aha supplemented throughout the time course of infection might yield a 

more significant gel shift and will be explored in the future.  

 

 

Figure 3-12: “Gel Shift” Assay 
DENV-1 E (envelope) protein was purified using anion exchange chromatography, 
protein was incubated with phos-biotin, and analyzed by SDS-PAGE and western 
blotting. The blot was first probed for the presence of biotin, then stripped and re-
analyzed for the presence of DENV.  
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3.8. Using the Azide Functionality as a Handle for Bead Pull-Down  

As an additional method for the identification of the azide functionality within the 

viral proteome, DENV prepared in the presence or absence of Aha was clarified (without 

further purification) and incubated with phos-biotin. After biotinylation of azide-labeled 

proteins, the virus mixture was incubated with NeutrAvidin™ beads. The beads were 

then incubated with a primary antibody specific for the envelope protein of DENV, and a 

secondary fluorescent antibody. These beads were then examined for overall fluorescence 

using confocal microscopyii. Beads were observed to be fluorescent in an azide-

dependent manner, indicating that the azide was again incorporated into the envelope 

protein of DENV, and that this protein could be pulled down onto a NeutrAvidin bead in 

an azide dependent manner (Figure 3-13). 

 

 

Figure 3-13: On bead “elisa” assay 
DENV (+/- Aha) was incubated with phos-biotin. Protein mixtures were then incubated 
with NeutrAvidin beads. Following multiple washes, beads were probed with anti-DENV 
E protein antibody, and a fluorescent secondary antibody. Beads were examined using 
confocal microscopy at 60x magnification and were observed to fluoresce in an azide-
dependent manner.  
 

                                                

ii Flow cytometry was attempted to quantify fluorescent beads; however, the beads were 
smaller than the limit of detection of the instrument. 
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With the azide functionality successfully installed, it was pertinent to know 

whether virus prepared in the presence of Aha was still infective (that overall, the azide 

modification was not perturbing to viral structure in a way that would prohibit its use for 

the identification of virus-protein interactions).  This was examined by both TEM and 

infectivity assays. First, transmission electron microscopy (TEM) was performed on both 

unmodified and modified virus (Figure 3-14). This result indicated that DENV was not 

morphologically affected by production in the presence of Aha in a way detectable by 

TEM. However, it is not possible to determine whether all visible, intact viral capsids 

observed by TEM contained an azide functionality.  

 

Figure 3-14: TEM images of DENV (+/- Aha). 
DENV prepared in the absence (top) or presence (bottom) of 200 µM Aha. Purified as 
previously described Images contain similar viral shapes and sizes.  
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3.9. Infectivity and Quantification of Modified DENV 

Infectivity of modified DENV was first monitored using a Tissue Culture 

Infective Dose 50% (TCID50). The traditional assay requires simple observation of 

C6/36 cells post infection over a course of serial dilutions of viral stock. As DENV 

infection persists in mosquito cell lines, a cytopathic effect is observable in the 

morphology of the cells which can be differentiated from normal (or non-infected cells). 

Observation of infections of C6/36 cells by both Aha-modified and unmodified DENV 

yielded similar Log(TICD50) values: 5.4 +/- 0.5 and 5.6 +/- 0.5 respectively.  

Importantly, it was discovered that the incorporation of Aha into the proteome of 

DENV did not reduce the infectivity of the virus as compared to the unmodified virus. 

Which further confirmed that the modification was minimally perturbing.  

 The amount of DENV produced in the presence or absence of Aha was quantified 

by qRT-PCR. It was found that similar amounts of DENV were propagated from each 

infection, with a slightly greater amount produced in the presence of Aha. These values 

are the following: DENV (no modifications) 1*1012.1 copies/mL; AzDENV (Aha-

modified) 1*1012.4 copies/mL. 
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3.10. Use of Modified DENV to “Pull-Down” a Known Protein Interaction 

To demonstrate the utility of the installed azide functionality for the 

identification/pull down of interacting proteins, a known DENV-protein interaction (that 

between the virus and a monoclonal antibody against it) was examined (Figure 3-16). 

Azide-modified DENV-1 was labeled using NHS-Diazirine (Sulfo-LC-SDA, Thermo 

Scientific™, 26174) and incubated with an antibody specific to DENV-1 or DENV-4. 

The photoactivatible diazirine crosslinker was then irradiated with light to trap the 

interaction. After this crosslinking event, the viral sample was denatured and labeled in a 

azide-specific manner using phos-biotin. This biotinylation would again allow protein to 

be captured by magnetic NeutrAvidin™ beads. Beads incubated with these viral samples 

were probed for the presence of crosslinked antibody using a secondary, fluorescent 

antibody (FITC). Successful experimentation concluded that 1) the azide functionality 

was installed and selectively labeled with phos-biotin, and 2) that irradiation of the NHS-

Diazirine probe was successful at capturing the protein-protein interaction.  
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Figure 3-15: Crosslinking DENV to an antibody and selectively “pulling down” this 
interaction with azide-specific biotinylation. 
Beads were examined by confocal microscopy (excitation 514 nm, emission 530 nm) at 
60X magnification.  
 

 

3.11.  Observations and Opportunities for Future Study 

 Although robust labeling of DENV modified with Aha was observed under 

denaturing conditions, very little labeling was seen if the intact virus was incubated with 

an azide-specific fluorophore. This was attributed to the fact that most of the methionine 

residues of the envelope protein of DENV are buried within the intact protein structure 

(Figure 3-14). This observation is neither a limitation nor advantage to the original 

strategy of identifying viral proteins after chemically crosslinking them to host proteins 

of interest, as denaturation at this step for azide identification would not perturb a 
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covalent linkage between DENV and a protein of interest. However, this result means 

that the intact viral structure can not be probed for other applications. Ideally, a second 

bioorthogonal probe within the viral glycan would be accessible in a non-denaturing 

fashion.  

 

Figure 3-16: Location of methionine within the envelope protein of DENV. 
Methionine residues are highlighted in bright green. A single E protein is highlighted as a 
pink ribbon among other E proteins on the viral surface. Image created with UCSF 
Chimera software, PDB 1K4R.  

 

 

3.12. FucAz Use for Infection 

To incorporate FucAz into the proteome of DENV, a similar incorporation 

protocol was performed. Incorporation was attempted at concentrations between 0.3-0.8 

mM, virus was purified, and the presence of an azide functionality was examined using 

phos-550, SDS-PAGE, and fluorescent scanning as previously performed. However, no 

incorporation was observable by this method. Similar to attempts at labeling TCL 

prepared from FucAz treated cells, this could be due to inaccessibility of the probe to the 

core-branched FucAz glycan, or limited by the sensitivity of the assay and incorporation 
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efficiency. Interestingly, the addition of FucAz to DENV infections increased the amount 

of virus produced from these infections. Supplementation of fucose (without any 

modification) at time of infection also increased the amount of virus produced, but to a 

lesser extent than FucAz (observations by Celina Nguyen, undergraduate mentee). This 

observation will be further explored.  

 

3.13. Mosquito Densovirus Modification 

 As previously mentioned, C6/36 densovirus was found to be a second 

contaminating protein in DENV viral purifications. While initially frustrating and viewed 

as a contaminant, the  structural stability of the virus (maintaining infectivity after 

treatment within a pH range of 1-11 and after incubation at temperatures up to 60 °C103) 

allowed for the potential use of densovirus as a scaffold on which to test early versions of 

reagents that were not compatible with the sensitivity of DENV (discussed in Chapter 5); 

that is, reagents that require higher than 10% DMSO for solubilization, or reactions that 

must proceed at low pH, or high temperature.  

Azide-modified DNV is a by-product of DENV infection and was also analyzed 

for Aha incorporation. A limitation in the use of the virus is the absence of an antibody 

specific to the structural protein(s) of C6/36 DNV. Therefore, means of viral detection 

were limited to visualization of proteins of appropriate molecular weight by SDS-PAGE, 

detection by TEM, and mass spectrometry for protein identification. Nevertheless, azide 

modification of viral proteins was verified (Figures 3-17 and 3-18).  However, no 

infectivity assays could be performed.  
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Figure 3-17: Successful incorporation of Aha into DNV structural proteins.  
Analyzed by SDS-PAGE/fluorescence scanning of DNV prepared in the presence of 200 
µM Aha. DNV was purified from a co-infection with DENV-1 as previously 
described104.  
 

 

Figure 3-18: TEM of azide-modified (and unmodified) DNV. 
 

 

 

DNV DNV + Aha 
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3.14. Conclusion 

In summary, Aedes cells were shown to incorporate both Aha and FucAz using a 

simple supplementation strategy. These metabolites were supplemented to C6/36 cells 

infected with DENV, and the presence of a bioorthogonal modification was verified 

within virus produced in the presence of Aha. It was shown that the incorporation of this 

metabolite does not reduce the infectivity of the virus, nor does the supplementation of 

Aha to C6/36 cells inhibit viral production. It was also shown that the azide functionality 

can be used to pull down interacting proteins, through the use of a known protein-protein 

interaction. This experimentation can be further developed for the isolation of virus-host 

interactions. Attempts and limitations of this strategy are discussed in Chapter 5.  

 

3.15. Materials and Methods 

3.15.1. Synthesis of Azide-modified Amino Acids: Azidoalanine, Azidohomoalanine, 

Azidolysine, and Azidonorvaline 

  Tert-butoxy carbamate (Boc) protected amine precursor compounds were 

obtained from Chem-Impex International. For azidoalanine synthesis, this precursor was 

Boc-L-Dap-OH, cat.#06295; azidohomoalanine, Boc-Dab-OH, cat.#06294; 

azidonorvaline, Boc-L-Orn-OH , cat.#01822 azidolysine, Boc-L-Lys-O, cat.#02708. 

To a solution of protected amine precursor (1 equiv.) in methanol was added 

potassium carbonate (2.8 equiv.) followed by imidazole sulfonyl azide (1.2 equiv.). To 

this mixture was then supplemented copper(II) sulfate pentahydrate (0.01 equiv., 

catalytic). The reaction was allowed to stir overnight at room temperature under argon. 

The reaction was then concentrated, and re-suspended in 0.25 M potassium phosphate 
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buffer, pH 6.8 prior to dropwise acidification to pH 3 with 1M HCl. The mixture was 

then extracted three times with ethyl acetate. The organic extract was dried with 

magnesium sulfate, and concentrated. Silica gel chromatography using 1:3 ratio of ethyl 

acetate:hexanes yielded the product, as verified by 1H NMR. The purified compound was 

then deprotected with 20% TFA in DCM at room temperature for 2 hours. Toluene was 

added as an azeotrope for concentration of the final compound. The final azide-modified 

amino acid was re-suspended in water, then lyophilized to produce a yellow-white 

powder. Procedure modified from Goddard-Borger 2007127.  

 

3.15.2. Cell Culture 

Both C6/36 cells, (ATCC, CRL-1660) and A. aegypti cells (ATCC, CCL-125) 

were cultured in growth media (MEM, 2 mM L-glutamine, 1X NEAA, Pen-Strep, 10% 

FBS) at 28 °C and 5% CO2.  Cells were passaged every fourth day (or when at 90% 

confluence) at a 1:8 subcultivation ratio. Cells were passaged to 20 times before they 

were discarded and a new cell stock was grown.  

 

3.15.3. Cellular Supplementation of Metabolites and Labeling 

3.15.3.1. Metabolic Labeling and TCL Preparation 

A 200 mM stock of Aha was prepared in 1X PBS (pH 7.4). Aha was 

supplemented into growth media at time of C6/36 or A. aegypti cell passage at desired 

concentrations. Total cell lysate was prepared from cells 4 days post passage using lysis 
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buffer: 50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1% Triton X-100. Total cell lysate was 

then subjected to either copper(I) click chemistry or the Staudinger ligation. 

 

3.15.3.2. Copper (I) “Click” Chemistry Labeling 

Rhodamine alkyne (Rhod-alkyne) was prepared through the addition of propargyl 

amine (1.2 mM) to Rhodamine B isothiocyanate (Sigma, #283924) (1 mM) in DMSO at 

room temperature overnight. Rhod-alkyne was used without further purification. 

To prepared TCL was added 25 µM Rhod-alkyne, 5 mM sodium ascorbate, 100 

µM Tris(benzyltriazolylmethyl)amine (TBTA), and 1 mM copper sulfate. The reaction 

was allowed to sit at room temperature for 1 hour in the dark, and was quenched through 

the addition of 10 mM ethylenediaminetetraacetic acid (EDTA). 

 

 

3.15.3.3. Staudinger ligation/Phosphine probes 

To prepared TCL or purified DENV was added 0.5 mM DyLight-550 phosphine 

(Pierce, 88910) or  0.5 – 1 mM EZ-Link™ Phosphine-PEG3-biotin (Thermo Scientific, 

88901). The reaction was allowed to proceed overnight at room temperature, or from 2-4 

hours at 37 °C.  

 

3.15.3.4. Protein Analysis by SDS-PAGE 

TCL incubated with a azide-specific fluorophore was subjected to clean-up prior 

to SDS-PAGE using dye removal columns (Pierce, cat#22858). SDS-PAGE samples 
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were then prepared for loading onto 12% acrylamide gels using non-reducing Laemmli 

buffer (without added BME)(Bio-Rad, #1610737). Proteins subjected to azide-specific 

labeling with click chemistry or the Staudinger ligation were not boiled prior to gel 

loading, instead, proteins were chemically denatured using 8M urea before the addition of 

1% SDS.  

 

3.15.4. Cell Toxicity/Trypan Blue Assay 

 Toxicity assays were performed on C6/36 cells four days post 

passage/supplementation with metabolites. Cellular media was aspirated, cells were 

washed with 1X PBS, then incubated with Trypan Blue dye for 10 min. Trypan Blue was 

removed, cells were covered with 1X PBS and cell death was determined through manual 

counting of dye-labeled cells.  

 

3.15.5. Fixed Cell Labeling - FucAz 

C6/36 cells were grown in a 6 well plate on 1” coverslips. Cells were 

supplemented (or not) with FucAz at time of cell passage. Cells were incubated to 100% 

confluence. Cellular media was aspirated, cells were washed 3X with 1X PBS, then cells 

were fixed with 4% formaldehyde in 1X PBS at room temperature for 15 minutes. Post 

fixation, cells were again washed with 1X PBS, then blocked using 50 µM bovine serum 

albumin (BSA) in 1X PBS for 30 minutes at room temperature. Cells were washed, then 

incubated with a mixture of 50 µM BSA and 50 µM Phos-550 at 37 °C for 3 hours. 

Incubated cells were then rinsed 3X with 1X PBST prior to a final incubation with a 

1:10,000 dilution of Hoechst stain at room temperature for 15 minutes in the dark. After 3 
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washes with 1X PBS, microscope slides were imaged using a Nikon C1si Confocal 

Fluorescence microscope. A 465-495 nm epifluorescent excitation filter was used with a 

515-555 nm emission filter for the identification of Phos-550 labeled structures. A 340-

380 nm epifluorescent excitation filter was used with a 435-485 nm emission filter for the 

identification of Hoechst nuclear staining.  

 

 

3.15.6. DENV Infections 

C6/36 cells (ATCC, CRL-1660) were grown to 80% confluence in growth media 

(MEM, 2 mM L-glutamine, 1X NEAA, Pen-Strep, 10% FBS) at 28 °C, 5% CO2 prior to 

infection by DENV (virus obtained from BEI: Dengue Virus Type 1, 276RKI, NR-3782; 

Dengue Virus Type 2, K0049, NR-12215; Dengue Virus Type 3, BC188/97, NR-3801; 

Dengue Virus Type 4, D85-019, NR-3804) in maintenance media (MEM, 2 mM L-

glutamine, 1X NEAA, Pen-Strep, 2% FBS). Infections were maintained at 28 °C, 5% 

CO2 and monitored by immunofluorescence assay (IFA) for observation of 100% cellular 

infectivity (6-7 days post infection).  

 

 

3.15.7. Aha Infection Supplementation 

DENV was used to infect C6/36 cells grown to 80-90% confluence in T75 (75cm2) 

flasks by covering confluent cells with 5 mL of DENV stock overnight at at 28 °C, 5% 

CO2. Cellular supernatant was then removed and cells were washed with 1X PBS. Over 
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infected cells was then layered 20 mL maintenance media (MEM, 2 mM L-glutamine, 1X 

NEAA, Pen-Strep, 2% FBS) containing 200 µM Aha (for infection studies, Aha was 

purchased from Chem-Impex International, #26430).  

 

3.15.8. FucAz Methods 

Peracetylated azido-fucose (FucAz) was prepared by Dr. Ali Ahad136 and kindly 

donated. A stock of FucAz was prepared in EtOH (FucAz has low solubility in water). 

For incorporation studies into cell culture, FucAz was supplemented into empty culture 

flasks, EtOH was air evaporated, and cells were plated over the crystalline metabolite at 

time of passage. For viral incorporation studies, cells were grown to 80% confluence in 

T75 cell culture flasks. In a separate T75 flask, FucAz was supplemented and EtOH was 

evaporated. Cells were then transferred without dilution to the FucAz containing flask. 

After adhering to the flask, cells were infected as previously described. 

 

 

3.15.9. DENV Purification 

 3.15.9.1. Precipitation  

Viral purification was performed as previously described (Chapter 2): virus containing 

cellular supernatant was clarified, then viral pellets were prepared through 20% sucrose 

cushion ultracentrifugation. Following this time, pellets were re-suspended in 100 mM 

HEPES buffer, pH 7.9 with 50 mM NaCl at 4 °C. Viral suspensions were centrifuged at 

16,000 rcf with a fixed angle rotor (model F-45-18-11) at room temperature for 10 min. 
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The supernatant, containing pure DNV, was removed and stored, and the remaining 

visible viral pellet (DENV) was re-suspended in a buffer of choice.  

 

 3.15.9.2. Anion Exchange Chromatography 

DENV-1 containing media was clarified by centrifugation  and concentrated in 

Macrosep™ centrifugal concentration tubes, (Pall, MCP100C41). DENV was re-

suspended in NTE buffer (12 mM Tris-Cl pH 9.5, 30 mM NaCl, and 1 mM EDTA). Anion 

exchange columns (Sartobind® pico Q, #92IEXQ42DD-11-D) were equilibrated with 

NTE buffer prior to and immediately after sample loading. Sample was eluted using a 

step gradient of increasing NaCl concentrations from 30 mM to 800 mM, in 12 mM Tris-

Cl, pH 9.5, 1 mM EDTA. Fractions were analyzed by dot blot. Samples containing 

DENV were concentrated again using Macrosep™ centrifugal concentration tubes.  

 

 

3.15.9 Infectivity 

 3.15.9.1. IFA 

Infected cells were deposited onto a multi-well microscope slides three days post-

infection and incubated in a humid chamber at 28 °C for 20 minutes. After incubation, 

the slides were fixed through submersion in acetone at 4 °C for 10 minutes. Slide were 

air-dried then re-hydrated in 1X PBS prior to incubation with monoclonal anti-DENV-1 

antibodies at 1:200 dilution (Center for Disease Control, Mab D2-1F1-3) at 37 °C for 30 

minutes. The slides were washed twice with 1X PBS before secondary incubation with 
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fluorescein isothiocyanate (FITC) - labeled goat anti-mouse IgG antibodies (Sigma) at 

1:1000 dilution in 1X PBS (37 °C for 30 minutes). Three final washes with 1X PBS 

preceded examination with a Nikon C1si scanning confocal microscope using both bright 

field and epifluorescence microscopy. 

  

3.15.9.2. TCID50 – CPE 

C6/36 cells were infected with serial dilutions of virus prepared in the presence or 

absence of Aha. Infections were preformed in maintenance media (MEM, 2 mM L-

glutamine, 1X NEAA, Pen-Strep, 2% FBS).  Infected cells were visually examined for 

cytopathic effect under 20X light microscopy at 7 days post infection TCID50 values 

were calculated using the Reed-Muench method118.  

 

3.15.10. Quantification of Viral Particles, qRT-PCR 

Viral particle quantification was performed using qRT-PCR with the assistance of 

Dr. Jonathan Cox and Dr Michael Rhiele. DENV-2 (K0049) was used to infect C6/36 

cells in the presence or absence of 200 µM Aha. Virus was harvested 6 days post 

infection and clarified only. Viral RNA was extracted from virus-containing media using 

a QIAamp Viral RNA Mini Kit (Quiagen, #52904). qRT-PCR was performed using a 

RNA Ultrasense One-step Quantitative RT-PCR System (Invitrogen) with a 

Mastercycler® ep realplex real-time PCR machine (Eppendorf). DENV-2 (K0049) 

primers were designed and published previously137. qRT-PCR was run with the following 

cycling conditions: stage 1, 45 °C for 30 min; stage 2, 95 °C for 2 min; stage 3, 95 °C for 
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30 seconds; stage 4, 61 °C for 30 seconds; stage 5, 72 °C for 1 min. 40 cycles were 

performed.  

 

3.15.11. On-Bead “ELISA” Assay 

Azide-(Aha) modified DENV-1 was harvested from cellular supernatant through 

clarification of cellular media only) After clarification, cellular media was incubated 

overnight at room temperature with 0.5 mM phosphine-biotin (Thermo Fisher, 

cat.#88901). After incubation, samples were incubated for 1 hour with magnetic 

NeutrAvidin beads (Sera-mag “Speed Beads” NeutrAvidin Coated, GE Health Sciences, 

#78152104011150) that had been washed 3 times prior to exposure to the clarified 

protein mixture. After incubation, the clarified media was removed and magnetic 

NeutrAvidin beads were washed 6 times with 1X PBST at 75 °C. Beads were then 

blocked with a 1:100 dilution of rabbit serum in 1X PBST at room temperature for 1 

hour, then washed again (twice) with 1X PBST. Following these washes, beads were 

incubated in 1:10,000 dilution of anti DENV-1 Envelope protein, (BEI, Clone E29, NR-

4751) with a 1:100 dilution of rabbit serum in 1X PBST at room temperature for 1 hour. 

Beads were again vigorously washed 6 times with 1X PBST at 75 °C. Secondary 

antibody (Rabbit, anti mouse FITC, Sigma) was then incubated at a 1:10,000 dilution in 

1:100 rabbit serum (1X PBST) at room temperature for an hour. Beads were then washed 

6 times at 75 °C, re-suspended in 1X PBS, then samples were prepared for confocal 

imaging on multi-well microscope slides, sealed with coverslips, without drying the 

labeled beads. Beads were imaged with Nikon C1si scanning confocal microscope.  
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3.15.13. Antibody DENV Crosslinking 

DENV-1 (+/- Aha) was purified after clarification over a 20% sucrose cushion and re-

suspended in 100 mM HEPES pH 7.9. Virus was incubated with NHS-Diazirine (Sulfo-

LC-SDA, Thermo Scientific™, 26174) at 1 mM for 30 minutes at room temperature. The 

reaction was quenched through the addition of 100 mM Tris-Cl pH 7.5. DENV samples 

were then incubated with either anti-serotype 1 or anti-serotype 4 antibodies (BEI: 

DENV-1, clone E29, NR-4751; DENV-4, clone E2, NR-15537) on ice for one hour. 

After incubation, samples were irradiated with 365 nm light from an in-house made UV-

LED light source for 5 minutes each138. Samples were then denatured with 8M urea, and 

reacted overnight with 1 mM phos-biotin. Samples were then incubated with NeutrAvidin 

beads (Sera-mag “Speed Beads” NeutrAvidin Coated, GE Health Sciences, 

#78152104011150). Beads were washed thoroughly (5x with 1X PBST) after addition of 

samples, before incubation with secondary fluorescent antibody. 3 washes with 1X PBST 

preceded sample analysis by confocal microscopy.  

 

3.15.14. TEM 

A suspension of virus in 100 mM HEPES pH 7.9, 50 mM NaCl was concentrated 

using a Nanosep® centrifugation device (Pall Life Sciences) with a 100 kDa cutoff, then 

re-suspended in 75 µM ammonium acetate buffer. This suspension was then fixed with 

2% formaldehyde at room temperate for 20 minutes then drop-deposited onto a 150 mesh 

formvar-nickel TEM grid (Electron Microscopy Sciences, catalogue number FF150-Ni). 

Grids were negatively stained with 2% phosphotungstic acid, then imaged using a FEI 

Tecnai™ Spirit transmission electron microscope. 
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Chapter 4: Utilizing Triazabutadiene Compounds for Chemical Biology 

 

 

This work has been submitted for publication as: Jensen, S.M., Kimani, F.W., and Jewett, 

J.C. “Light-Activated Triazabutadienes for the Modification of a Viral Surface” 2016 

 

The manuscript was written by S.M. Jensen and J.C. Jewett. All experiments presented 

herein were designed by S.M. Jensen and J.C. Jewett. All experiments presented herein 

were performed by S.M. Jensen. Synthesis of triazabutadiene compounds was performed 

by Flora Kimani. 
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4. Triazabutadiene Compounds for Chemical Crosslinking  

Chemical crosslinking that provides the means for covalent trapping of protein 

interactions is a vital tool for biochemical research: improving our understanding of the 

cellular “interactome”139,140, mapping drug – target interactions141,142, and – most relevant 

to the study of dengue virus – the discovery and characterization of host-pathogen 

interactions143. The bioorthogonal strategy for modification and identification of DENV-

host interactions relies on the use of an installed biochemical reporter for identification 

and enrichment of proteins of interest, but the identification of interactions is dependent 

on crosslinking technology. 

Crosslinkers that respond to environmental triggers, enabling a chemical 

“snapshot” of a key moment of interaction, are of particular interest for the study of 

DENV: all four of DENV’s non-cross-immunogenic serotypes undergo an acid-induced 

conformational change that is critical for fusion to the late-endosomal membrane (Figure 

4-1)74. Towards this aim, chemical crosslinking technology that is responsive to the 

acidification that occurs during the course of infection is desired.  

 

Figure 4-1: DENV undergoes a pH-dependent conformational change upon entry 
into host cells, through the process of endosome maturation.  
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4.1. Triazabutadienes and pH 

A key development in the advancement of research in our lab was the 

modification of triazabutadiene scaffolds for the release of aryl diazonium species in a 

physiologically relevant range of pH, with the majority of this transformation occurring 

at pH 7 and below (Figure 4-2).96 Due to this reactivity, triazabutadienes have been 

redefined as “protected” aryl diazonium ions. 

 

Figure 4-2: Triazabutadienes can become protonated at the N3 position in acidic 
conditions, liberating an aryl diazonium ion. 
 

Aryl diazonium ions selectively target electron-rich amino acid side chains, most 

commonly, tyrosine (Figure 4-3). The use of aryl diazonium ions for protein modification 

(for the formation of azobenzene products) has been previously described,144,145 but 

Francis146,147 and others148,149 revitalized this  strategy as a modern chemical biology tool. 

Additionally: not only can aryl diazonium ions modify aryl amino acid side chains, but 

the the azobenzene product that is formed can be selectively cleaved under reducing 

conditions146,150,151. Aryl diazonium ions are therefore dually advantageous for chemical 

crosslinking: they result in the covalent, stable modification of tyrosine, but this addition 

is reversible through selective reduction.  
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Figure 4-3: Aryl diazonium ions can be captured by tyrosine residues on proteins.  
This azobenzene linkage can be selectively reduced with sodium dithionite.  

 

4.2. Triazabutadienes for Protein Labeling 

Tyrosine is a targetable amino acid when attempting to determine protein-protein 

interactions. Despite the fact that it makes up a small fraction of the solvent exposed 

protein surface: tyrosine is present on the interfaces of protein-protein 

interactions152.Therefore, tyrosine might be a useful residue to target for probing host-

DENV interactions through chemical crosslinking. To attempt to use this protected 

diazonum species for DENV research, a triazabutadiene must be appended to the surface 

of the virus. This approach is the reverse of common techniques for protein modification, 

instead of probing protein surfaces with small molecules, the triazabutadiene renders the 

entire virus a directing group for a unique chemical warhead (Figure 4-4).  
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Figure 4-4: A strategy for chemically arming DENV with a protected aryl 
diazonium. 
 

4.3. NHS-Modified Triazabutadienes for Protein Labeling 

As mentioned above, Flora Kimani had previously established some of the pH 

reactivity of triazabutadienes, however, these studies were performed only on the small 

molecule scale. In order to evaluate their efficacy of triazabutadienes conjugated directly 

to proteins a lysine-reactive triazabutadiene was synthesized (NHS-TBD, 1, see Figure 4-

5). The bismesityl system was not water soluble, but dissolves well in DMSO. 

To test the bioconjugation and reactivity of the NHS-modified triazabutadiene (1) 

on a protein surface, bovine serum albumin (BSA) was chosen as a model protein. BSA 

was reduced and alkylated95 and treated with 1 in 5% DMSO at pH 8.8: an alkaline pH 

was used to prevent premature release of the acid-labile protecting group and subsequent 

liberation of the aryl diazonium ion. To test the reactivity of 1 on the surface of BSA 

under acidic conditions, labeled protein was re-suspended in a solution buffered to pH 5 

in the presence of a fluorescently labeled resorcinol analog (2) to act as a substitute for 

tyrosine (or an interacting protein) (Figure 4-5).  
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Figure 4-5: A scheme for the liberation of aryl diazonium ions conjugated to a 
protein (BSA) surface, utilizing pH.  

 

The reduction of the pH to 5 was chosen due to its relevance to the pH of the late 

endosome153. Earlier studies with triazabutadienes had provided evidence that the aryl 

diazonium ion should be released at this pH within minutes96. However, after expecting 

the liberation of the diazonium and subsequent conjugation to 2, surprisingly, labeling of 

BSA was not observed within 2 hours of acidification (Figure 4-6a). Even more 

surprisingly, labeling was not observed within the same time frame at pH 3 (Figure 4-6b). 
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Figure 4-6: Acidification of a triazabutadiene conjugated to the surface of BSA.  
 (a) Acidification of BSA conjugated to 1 (BSA-TBD) in the presence of 6 (NBD-
resorcinol) by 5% acetic acid to ~ pH 5 did not result in productive labeling of BSA 
within 2 hours at room temperature. (b) Acidification of BSA conjugated to 1 (BSA-
TBD) in the presence of Rhodamine-tyr (using 1M HCl) to ~pH 3 did not result in 
labeling after 2 hours of exposure at room temperature. 
 

The lack of release of aryl diazonium after conjugation to BSA was was attributed 

to the hydrophobic nature of the triazabutadiene (a bis-mesityl scaffold). Once appended 

to lysine on the protein surface, the hydrophobic compound would likely become buried 

in the hydrophobic interior of the protein. This burial might reduce access of the nitrogen 

atom (N3) that is key to the activation of the triazabutadiene. If this nitrogen were 

occluded from the aqueous environment, protonation might be prevented (Figure 4-7a). 

However, if this were true, a conformational change of the molecule could re-expose the 

N3 nitrogen and allow for deprotection of the aryl diazonium ion (Figure 4-7b). In fact, 
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previous work by Jie He pertaining to light-induced conformational changes of 

triazabutadienes, provided a testable solution.  

   

 

Figure 4-7: The hydrophobic triazabutadiene could be embedded into a 
hydrophobic protein surface.  
(a) This would block the protonation of the N3 nitrogen (red).  Photo-isomerization might 
allow for the the N3 nitrogen to react with surrounding water (b).  

 

Jie was able to show that upon irradiation with light – in addition to the 

conformational change from the E to Z isomer – there is an increase in basicity138. For 

application to use of the protein-conjugated triazabutadiene, irradiation with light, in 

addition to exposing the critical nitrogen atom to water, could also increase the basicity 

of the critical nitrogen atom, therefore accelerating release of the aryl diazonium ion at 

neutral or alkaline pH.  

 

4.4. A Light-Activated Strategy 

To test this hypothesis, BSA was once again conjugated to 1 and maintained at 

pH 8.8. However, the modified protein was activated through irradiation with 350 nm 
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light (an in-house made UV-LED light source, previously described138) in the presence of 

2 – a fluorescent tyrosine analogue (Figure 4-8). Robust labeling of BSA by 2, was 

observable after only 10 seconds of exposure to light (Figure 4-9a). Critically, fluorescent 

labeling of BSA was dependent on its modification with 1, (ruling out the possibility of 

non-specific photocrosslinking to 2). Additionally, labeling was dependent on both the 

concentration of 1 used and the time of irradiation (Figure 4-9b; Figure 4-10). 

 

Figure 4-8: A general scheme for the use of NHS-triazabutadiene for protein 
modification.  
After conjugation of 1 to bovine serum albumin (BSA), aryl diazonium is liberated with 
350 nm light. Aryl diazonium species can be captured by tyrosine, or a resorcinol-
conjugated fluorophore serving as a tyrosine analogue, compound 2. 
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Figure 4-9: Light activation of a triazabutadiene on a model protein. 
 (a.) Fluorescent labeling of BSA is dependent on both light, and the presence of 1. 
Compound 4, (a phenyl-conjugated fluorophore) was not successfully captured through 
irradiation of BSA-TBD. (b) Extent of capture of 2 through irradiation of BSA-TBD with 
350 nm light increases with time of irradiation. Maximal labeling was observed after 5 
minutes of exposure to light, and labeling was apparent after only 10 seconds. 
 

As an additional control, Brandon Cornali synthesized a fluorophore conjugated 

to a simple phenyl substituent (4). This fluorophore did not significantly modify the 

BSA-bound diazonium ion (Figure 4-9, a) adding confidence to the assessment that a 

diazonium ion is formed after irradiation with light, as opposed to a radical species.  
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Figure 4-10: Relative intensity of labeled BSA under different conditions.  
(a.) The relative intensity of fluorescently labeled BSA-TBD after irradiation in the 
presence of 2 at various time points. Data is represented as relative fluorescence intensity, 
with zero minutes of irradiation adjusted to zero intensity, and maximal labeling at 5 
minutes of irradiation adjusted to 1. (b.) The relative intensity of fluorescently labeled 
BSA after incubation of the protein with various concentrations of 1, followed by 
irradiation in the presence of 2. Data is again represented as relative fluorescence 
intensity. (both) Data is representative of three separate experimental replicates. 
Fluorescence intensity was measured using ImageJ software for densitometric analysis. 
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4.5. Pulse Chase Experiment 

To support the hypothesis that an aryl diazonium ion is responsible for the 

observed labeling (and not a shorter-lived radical species) a “pulse-chase” experiment 

was designed (Figure 4-11). Chemically modified BSA (BSA-TBD) was irradiated with 

350 nm light for 1 minute, in the absence of a tyrosine analogue for its capture. The 

fluorescent probe 2 was added to BSA-TBD at a series of time points post-irradiation. 

Compound 2 was captured by BSA-TBD 10 seconds after irradiation. The fluorescent 

signal diminished to background levels after 30 seconds. Fluorescent labeling persisted 

for several minutes: however, in general, the reactive diazonium ion formed on the 

protein surface is short-lived. Rather than being a drawback to the application of 

methodology to protein crosslinking: the short existence of a tyrosine-reactive species is 

advantageous for the minimization of spurious pull downs.  
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Figure 4-11: A “pulse-chase” experiment.  
Designed to determine the survival of liberated diazonium on the surface of BSA after 
irradiation. BSA-TBD was exposed to 350 nm light for 1 minute in the absence of 2. At 
various time points post-irradiation, 2 was introduced.  

 

 

4.6. Application of Light Activated Triazabutadienes to Viral Research 

With confirmation that the NHS-triazautadiene probe was light-activated on the 

surface of BSA, the compound was tested on the surface of DENV. To test the reactivity 

of this compound with dengue, the virus was purified29 and treated with 1. DENV-TBD 

at pH 8.8 was then irradiated with 350 nm light in the presence of 2. Capture of 2 on the 

envelope (E) protein of DENV was observed after exposure to both 1 and light as 

examined by SDS-PAGE and fluorescence scanning (Figure 4-12). However, irradiation 

of DENV-TBD for more than 1 minute resulted in E-protein oligomerization and 
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precipitation – this was likely due to intra-viral reactivity between liberated aryl 

diazonium ion on one surface protein and tyrosine residues on surrounding envelope 

proteins. 

  

 

Figure 4-12: DENV modification with a triazabutadiene.  
DENV-1 was purified and incubated with 200 µM 1. DENV-TBD was then irradiated 
with light in the presence of 2 for 0, 1, 5, and 10 minutes. Modified DENV was analyzed 
by: SDS-PAGE/fluorescence scanning; transfer to nitrocellulose and ponceau stain; and 
western blot for the identification of DENV-1 E protein. The apparent diminishing band 
intensity for DENV-TBD irradiated with light for greater than one minute was indicative 
of protein precipitation. 
 

In order to use this crosslinking strategy for viral research, it is pertinent that the 

modification of DENV by 1 maintain viral infectivity and structural integrity. However, 

if the mechanism of protection of 1 from acidification on the surface of BSA was the 

hydrophobicity of the compound, it was likely that this compound, once conjugated to the 

viral surface, would be denaturing to the virion. To examine this, DENV was incubated 
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with 1 at 10 µM and 50 µM (Figure 4-13) and once again irradiated with light in the 

presence of 2.  

 

Figure 4-13: Concentration-dependent labeling of DENV.  
After incubation of DENV-3 in the presence of 10 or 50 µM 1, DENV-TBD was 
irradiated with 350 nm light in the presence of 2 for one minute, then analyzed by SDS-
PAGE/fluorescence scanning and western blot (specific for the envelope protein on the 
surface of DENV). 

 

Again, light-induced, concentration dependent labeling of the viral envelope 

protein was observed. However, infectivity of the virus was markedly reduced after 

incubation of DENV with 1 at either concentration.  Infectivity was measured by TCID50 

assay (Figure 4-14). Moreover, the infectivity of DENV (by TCID50) after incubation 

with 50 µM 1 was not measurable. However, around 20% of cells were infected at the 

highest concentration of the virus (compared to 100% of cells that were incubated with 

10 µM 1).  
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Figure 4-14: Infectivity of modified DENV. 
The infectivity of DENV-3 reported as Log(TCID50)/mL for viral samples modified by 
1, and/or irradiated with light. Log(TCID50)/mL values were the following: DENV, 6.8 
+/- 0.1; DENV + hv, 5.1 +/- 0.1; DENV + 1, 4.6 +/- 0.1; DENV + 1+ hv, 3.0 +/- 0.1. 
TCID50 values were calculated using the Reed-Muench method118. 

 

Morphological changes of DENV (treated with 10 and 50 µM 1) were observed 

using transmission electron microscopy (TEM) (Figure 4-16). No DENV particles were 

found by this method from viral samples incubated with 50 µM 1. Additionally, DENV 

labeled with 10 µM 1 displayed morphological irregularity (as compared to unmodified 

DENV). Taken together, infectivity and TEM results indicate that modification of DENV 

by 1 is denaturing to the viral capsid. Therefore this compound (a first generation 

reagent) is not ideal for more advanced protein crosslinking studies. The possibility of 

further modifying this scaffold to increase hydrophillicity is being explored by other 

members of the Jewett group.  
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Figure 4-15: TEM of viral particles modified by 1 
TEM analysis of modified viral particles showing irregularities in viral shape after 
incubation with 30 µM 1. No viral particles were observed from samples prepared with 
50 µM 1. 
 

4.7. Discussion of Triazautadiene Reagents 

Regardless of the applicability of this compound for viral crosslinking studies at 

this time, the capability of a modified triazabutadiene to conjugate to a protein surface, 

and release an aryl diazonium ion upon irradiation with light has not been previously 

reported. The characterization of the use of this compound demonstrates the first of the 

use of masked diazonium on a protein surface. Next generation reagents might be further 

characterized for trapping and identifying host proteins that interact with DENV during 

the early stages of viral entry. The occlusion of the triazabutadiene scaffold within the 

protein interior is also likely to be dependent on individual protein microenvironment to 

which it is appended (this will be explored further in Chapter 5). However, this occlusion 

helps to overcome shortcomings in the range of reactivity of pH-labile triazabutadienes in 
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solution. As previously reported, the formation of the diazonium species is at a non-zero 

rate at neutral-to-alkaline pH, conjugation of these compounds to a protein surface 

minimizes this background reactivity, thus a next generation reagent should be both more 

stable within a neutral pH, if it is also to be more hydrophobic.  

 

 

4.8. Materials and methods 

4.8.1. Bovine Serum Albumin Labeling with pH 

BSA (100 µM) was reduced and alkylated as previously described.95 BSA was 

then acetone precipitated and resuspended in 100 mM HEPES pH 7.9 prior to incubation 

with 200 µM 1 at room temperature for 15 minutes. The reaction was quenched through 

suspension in 100 mM Tris-Cl, pH 8.8. To labeled BSA in 100 mM Tris-Cl, pH 8.8, was 

added 10 µM 2. The protein mixture was dropwise acidified to pH 5 with 5% AcOH. 

BSA-TBD prepared identically was also dropwise acidified to pH 3 with 1M HCl in the 

presence of 10 µM rhodamine-tyrosine. At time points of interest, the reactions were 

quenched through addition of 1% NaOH to pH 8. Rhodamine-tyrosine (3) was prepared 

through the incubation of 1 mM Rhodamine B isothiocyanate (Sigma, #283924) with 1.2 

mM tyrosine overnight at room temperature in DMSO. The reaction was quenched 

through dilution in 100 mM Tris-Cl, pH 8.8 and used without further purification.  
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4.8.2 Bovine Serum Albumin Labeling with Light 

BSA (100 µM) was reduced and alkylated, acetone precipitated, resuspended in 

100 mM HEPES pH 7.9, and incubated with 200 µM 1 (unless otherwise indicated) at 

room temperature for 15 minutes. The reaction was quenched through suspension of 

labeled BSA in 100 mM Tris-Cl, pH 8.8. To labeled BSA, was added 10 µM 2 (or 4). 

Modified protein was irradiated with 350 nm light for 1 minute, unless otherwise 

indicated.  

 

4.8.3. Pulse-Chase Experiment 

Reduced and alkylated BSA (100 µM) was acetone precipitated, resuspended in 

100 mM HEPES, pH 7.9 prior to incubation with 200 µM 1 at room temperature for 15 

minutes. After this incubation, labeled BSA was suspended in 100 mM Tris-Cl, pH 8.8 

buffer. Labeled BSA was irradiated with 350 nm light for one minute. Post-irradiation, 

BSA was added to 2 (10 µM) at various time points. For control experiments, labeled 

BSA was irradiated in the presence of 2 (time point “0”), or labeled BSA was incubated 

with 10 µM 2 without irradiation (labeled “X”).  

 

4.8.4. BSA Experiments, Protein Analysis 

Modified protein was analyzed by SDS-PAGE, (12% acrylamide) under non-

reducing conditions. Samples that were prepared for SDS-PAGE were not boiled. Gels 

were analyzed by coomassie staining and fluorescence scanning: ChemiDoc™ MP 

scanner (BioRad) using blue epifluorescent excitation and a 530/30 nm bandpass filter.  
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4.8.5. DENV Labeling - General 

Dengue virus (DENV-1, BEI, NR-3782; DENV-3, BEI, NR-3801) was 

propagated and purified as previously described.104 DENV (in 5 mM HEPES pH 7.9, 150 

mM NaCl) was incubated with 200 µM 1 (unless otherwise described) for 15 minutes at 

room temperature. The reaction was quenched through the addition of 150 mM Tris-Cl 

pH 8.8. Labeled virus was then mixed with 20 µM 2, prior to irradiation with 350 nm 

light for 1 minute, (unless otherwise designated). DENV was prepared for SDS-PAGE 

through denaturation using 8M urea prior to addition of non-reducing laemmli buffer. 

Modified DENV samples were analyzed by SDS-PAGE, fluorescence scanning, and 

western blot. Western blots were performed through incubation with anti-DENV E-

protein monoclonal antibodies (BEI, NR-15515 or NR-4752) at 1:5000 dilution, followed 

by incubation with goat anti-mouse IgG secondary antibody (labeled with AlexaFluor 

633, Molecular Probes®) also at 1:5000 dilution. Western blots were scanned with the 

ChemiDoc™ MP scanner (BioRad) using red epifluorescent excitation and a 695/55 nm 

bandpass filter. 

 

4.8.6. TEM of Labeled DENV 

DENV-3 was modified (or not) with 10 µM or 50 µM 1 for 15 minutes in 5 mM 

HEPES pH 7.9, 150 mM NaCl. DENV samples were fixed with 2% formaldehyde for 30 

minutes. Viral particles were then drop-deposited on 150 mesh formvar-nickel TEM grids 

(Electron Microscopy Sciences, cat.#FF150-Ni) followed by negative staining with 2% 
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phosphotungstic acid. Imaging was carried out on a FEI Tecnai™ Spirit transmission 

electron microscope at 87000-105000x magnification.  
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4.8.7. Tissue Culture Infective Dose 50 (TCID50) 

C6/36 A. albopictus cells (ATCC, CRL-1660) were grown to 80% confluence in 

24-well plates, (growth media, MEM, 2 mM L-glutamine, 1X NEAA, Pen-Strep, 10% 

FBS) at 28 °C, 5% CO2. Cells were infected with serial dilutions of purified viral 

samples. Infections were maintained in media containing MEM, 2 mM L-glutamine, 1X 

NEAA, Pen-Strep, 2% FBS for 5 days prior to analysis. Viral samples prepared for 

TCID50 assay include: unmodified DENV-3; DENV irradiated with 350 nm light for 1 

min; DENV incubated with 10 or 50 µM 1; and DENV modified with 1 prior to 

irradiation with 350 nm light for 1 min. Infected cells were plated on multi-well 

microscope slides and incubated in a humid chamber at 28 °C for 20 min. Adherent cells 

were then fixed with acetone at 4 °C for 10 min, rehydrated in 1X PBS for 5 min, then 

incubated with mouse anti-DENV-3 E-protein antibody (BEI, NR-15515) at a 

concentration of 20 µg/mL (4 °C, overnight). Slides were then washed twice with 1X 

PBS, and incubated with 1:1000 dilution of FITC – labeled goat anti-mouse IgG antibody 

(Sigma) for 30 min at 37 °C. Slides were washed twice prior to analysis using a Nikon 

C1si scanning confocal microscope with both bright field and epifluorescence 

microscopy. TCID50 values were calculated using the Reed-Muench method118.  
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Chapter 5: Future Directions: Triazabutadiene Probes, Protein 

Crosslinking, and DENV-Host Interactions 

 

A section of this work was previously published and is reprinted with permission from: 

Ahad, A.M., Jensen, S.M., and Jewett, J.C. “A Traceless Staudinger Reagent to Deliver 

Diazirines,” Org. Lett. 2013, 15(19), 5060–3. Copyright 2013, American Chemical 

Society. For more information, see Appendix A. 

 

All experiments presented herein were designed by S.M. Jensen and J.C. Jewett. All 

experiments presented (with the exception of the synthesis of phosphine-diazirine and 

Rhodamine-diazirine, Dr. Ali Ahad) were performed by S.M. Jensen.  
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5. Triazabutadienes and Other Unfinished Business 

While each chapter presented thus far has had a consistent story of development, 

herein is presented research that is ongoing: preliminary data that can be developed upon, 

and unexplained results that could lead to progress in the future.  

5.1. Triazabutadiene Probes 

As described in Chapter 4, compounds containing modified triazabutadiene 

scaffolds were designed in our lab to be acid-labile. These compounds could release 

reactive aryl diazonium ions upon acidification and protonation. This reactivity was tuned 

through manipulation of substituents on the imidazole core (by Flora Kimani) to create a 

pH-labile compound that produced an aryl diazonium ion within a biologically relevant 

pH window. For application to a biological system, a NHS-conjugated derivative (1) was 

designed. However, the stability of the resultant scaffold left something to be desired: the 

rate of diazonium formation at neutral to slightly alkaline pH was non-zero. Indeed, at a 

pH range of 7-8 (the pH window in which much of biology operates) the half life of both 

2 (a 5mM solution) was between 18-22 minutesiii.  

 

Figure 5-1: Triazabutadienes for protein conjugation. 
 

                                                

iii For a full characterization of rates of decomposition, see Kimani, F.W. and Jewett, J.C., 
201596. 
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While the use of triazabutadiene compounds for some biological applications is 

hindered by this pH reactivity, it was found that appendage of 1 to a protein surface 

would actually serve to protect the scaffold from its protic environment, rendering the 

diazonium stable to acidification for multiple hours. However, irradiation of the complex 

with 350 nm light, even at a moderately alkaline pH of 8.8, resulted in diazonium release 

and capture by a fluorescent tyrosine analogue.  

Protection of the triazabutadiene scaffold was observed through conjugation of 1 

(a triazabutadiene with highly hydrophobic imidazole substituents) to both BSA and 

DENV. However, studies utilizing 1 on a third model, mosquito densovirus (DNV) 

revealed that this protection strategy is not necessarily ubiquitous, and that protection is 

highly dependent on the protein microenvironment to which the compound is conjugated: 

hypothetically, the surrounding environment can either be stabilizing or destabilizing. 

This should be taken into consideration in the design of future reagents. 

 

5.1.1. Using pH with Triazabutadienes and Densovirus 

 Densovirus (DNV) is a small, highly stable virus and was found to be a 

contaminant of all DENV infections and purifications. With its stability in mind, DNV 

was chosen for initial protein modification studies using 1, for pH-activated release of an 

aryl diazonium (and subsequent capture by a fluorescent tyrosine probe) (Figure 5-2). 

Attempts at using this technology with DNV were performed prior to experimentation 

described in Chapter 4, and our understanding of the mechanism of action of 

triazabutadienes on the protein surface was not fully developed. Initial studies performed 
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by acidifying DNV conjugated to 1 with HCl to low pH (~2) provided promising positive 

labeling results (Figure 5-3).  

 

Figure 5-2: A method for labeling the surface of DNV with a protected diazonium.  
 

 

Figure 5-3: pH Labeling of DNV. 
Acidification of 1 conjugated to DNV in the presence of 3 (Rhod-tyr). An increase in 
labeling was observable after incubation at pH 2 for 5 minutes. Viral protein dimerization 
(*) was also observed in a pH-dependent fashion.  
 

 It appeared that at pH 2, (on ice) DNV-conjugated triazabutadiene 1 could be 

activated within a 5-minute window. However, labeling at pH 5 at room temperature was 

more difficult to obtain: no labeling was observed. This was attributed to either protection 

of the triazabutadiene within a hydrophobic protein “pocket” (as with DENV and BSA) 

or viral capsid self-quenching that competed with fluorophore capture: diazonium 

formation on one capsid protein might conjugate to a nearby tyrosine residue on an 
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adjacent protein or different virus. Light activation of 1 conjugated to densovirus was 

also attempted, and complete protein precipitation (likely due to oligomerizaion) was 

observed under these accelerated conditions within 30 seconds of irradiation.  

5.1.2. A Protection Strategy  

To mitigate the effect of self-crosslinking, and to see if it was the reason no viral 

labeling was observed upon exposure to pH 5, a protection strategy was used. It was 

hypothesized that if viral tyrosine residues were first protected (using diazonium 

chemistry) that self-crosslinking would decrease and fluorescent labeling would increase. 

This strategy was first employed by using our own chemistry for the generation of 

diazonium ions: DNV was pretreated with compound 2 (Figure 5-1) under acidic 

conditions (pH 5, 30 minutes) prior to returning the virus to ~pH 8, and NHS-conjugation 

with 1. After conjugation with 1, the virus was again exposed to acidic conditions in the 

presence of a fluorescent tyrosine analogue. Gratifyingly, when this strategy was used, 

robust labeling of DNV was seen at pH 5 within 1 minute of acidification (Figure 5-4).  

 

Figure 5-4: Protected DNV Labeling Using pH 
Tyrosine-protected DNV, conjugated to 1 and acidified to pH 5 in the presence of 3. 
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After observing productive labeling of protected DNV under mildly acidic 

conditions, reactivity of the liberated diazonium was examined with a “pulse-chase” 

experiment, as in Chapter 4 (Figure 5-5). Protected DNV was treated with 1, acidified to 

pH 5 in the absence of 3, then returned to neutral pH. Following this “pulse” of 

acidification, 3 was introduced at various time points. This experiment showed the (faint) 

existence of the reactive species up to 5 minutes post-acidification.  

 

 

Figure 5-5: A “pulse-chase” experiment with tyrosine-protected DNV.  
DNV was treated with 2 at pH 5, returned to neutral pH, and conjugated to 1 prior to 
acidification at pH 5 once more in the absence of 3. Conjugated virus was acidified for 5 
minutes at room temperature, brought back to neutral pH, then introduced to 3 at various 
time points. A small amount of labeling was observed up to 5 minutes post-acidification.  

 

 

While encouraging, these initial results proved to be misleading. Post-protection, 

a pH-induced conjugation of DNV to 3 was surprisingly no longer dependent on 

incubation with compound 1 (Figure 5-6). 
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Figure 5-6: Acid-dependent labeling of tyrosine-protected DNV was independent of 
conjugation to 1.  

 

There were two potential culprits for this result, non-specific pH-dependent 

labeling of DNV by the fluorophore, or the protection strategy. To test for non-specific 

fluorophore labeling, two other fluorescent tyrosine analogues were made and tested with 

DNV under identical conditions (Figure 5-7). However, all three fluorophores produced 

the same result, pH-dependent labeling of protected DNV in the absence of 1, as in 

Figure 5-6.  

 

 

Figure 5-7: Fluorescent tyrosine analogues used in this work. 
 

With pH activation of the fluorophore ruled out as the reason for 1-independent 

labeling catalyzed by a reduction in pH, the tyrosine protection strategy was examined. 
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Instead of using triazabutadiene chemistry for tyrosine modification, p-

nitrobenzenediazonium (tetrafluoroborate salt, 6, synthesized by Flora Kimani154) was 

incubated with DNV. Protected DNV was treated with 1 and acidified in the presence of 

3. However, DNV labeling was once again observed in the absence of 1 after 

acidification.   

The effect of light (instead of pH) on this protected system was investigated using 

BSA. BSA was previously shown to readily conjugate to 5, in the presence of both 1 and 

350 nm light (Chapter 4). Again, 1-independent labeling was observed when BSA was 

protected (and only when it was protected) with either triazabutadiene chemistry 

(acidification in the presence of 2) or the use of 6 (Figure 5-8). 
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Figure 5-8: Protecting strategy results 
A summary of the use of two different tyrosine protection strategies, and their effect on 1 
– independent labeling of protein in the presence of light. 

 

It was clear after these experiments, that protection of tyrosine residues/pre-

treatment of the protein using an aryl diazonium ion was the main factor contributing to 

non-specific labeling of both BSA and DNV. This non-specific labeling was also 
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activated in the presence of acid or 350 nm light.  After narrowing down the cause of 

non-specific labeling, it was possible to speculate as to the reason for this phenomenon: 

1) The aryl diazonium used during protection reacts also with lysine (which is a known 

possibility28,155,156) and the newly formed triazene linkage can be hydrolyzed by a drop in 

pH (or activated with light) to form a second reactive diazonium (Figure 5-9a) or 2) The 

azobenzene linkage (a product of protection) is activated by pH and light in a way that 

makes the addition of resorcinol/tyrosine possible (Figure 5-9b).  

 

 

Figure 5-9: Hypothetical pathways for the capture of a tyrosine/resorcinol-
conjugated fluorophore by diazonium protected protein. 
 (a.) The addition of diazonium to lysine, forming a triazene intermediate, which upon 
acidification or irradiation with light can form a new diazonium on the protein surface. 
(b.) An unknown pathway through which the azobenzene formed on tyrosine residues can 
be activated with light or pH, resulting in productive labeling of a protein with a 
tyrosine/resorcinol-conjugated fluorophore. 
 

The formation of a triazene on lysine seems unlikely, due in part to the pH at 

which diazonium formation occurs during protection with 2 (as in Figure 5-9a). 

Additionally, it is not known if alkyl diazonium ions can react with aryl rings. However, 

this is our working model of this side reactivity, to date.  



127 
 

 

 

5.1.3. Conclusions and Future Directions – General Triazabutadiene Labeling 

As an outcome of this preliminary experimentation, we determined that use of 1 

for diazonium ion release is dependent on the protein to which it is appended.  The 

specific position (N3) of triazabutadiene probe is likely stabilized or destabilized by the 

presence of surrounding amino acid chemistry (acidity/basicity) or hydrophobicity. 

Although DNV was not activating to the triazabutadiene, 1 was still reactive on the 

protein surface after acidification, which was not true for BSA or DENV. With DNV, at 

pH 5, labeling might be possible; however, a tyrosine protection strategy produced false-

positive results, and its reactivity could not be disentangled from this. The effect of this 

protection strategy warrants further study.  

5.2. Using A Triazabutadiene for Protein Crosslinking 

5.2.1. A Known Protein Interaction 

As previously established, DENV can be modified with 1, and diazonium release 

can be catalyzed with light. The use of this strategy was explored for crosslinking DENV 

to a protein known to interact with the virus: DENV-specific antibody (Figure 5-10). For 

this study, DENV, (pre-treated with 1) was incubated with a 1:10 dilution of an anti-

DENV E-protein antibody. Post incubation, the sample was irradiated with light at 350 

nm for one minute. Samples were then denatured with 8M urea, and reduced with 2.5 

mM DTT, which does not reduce azobenzene bonds formed through productive 

diazonium crosslinking, but orthogonally reduces disulfide bonds. This reduction was 
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performed to resolve the light and heavy chains of the antibody by SDS-PAGE/western 

blot. Western blotting was performed using both a primary antibody specific to DENV 

(that bound to DENV in a different position that that used in the assay) and a secondary 

fluorescent antibody that also bound to primary antibody/antibody fragments within the 

assay.  

 

 

Figure 5-10: An antibody crosslinking experiment, performed with NHS-
triazabutadiene.  
DENV was incubated first with 1, then with an antibody specific to the E protein of the 
virus. Samples were then irradiated (or not) with 350 nm light. Samples were denatured 
and reduced with DTT prior to analysis. Samples were analyzed by western blot (left) 
using a primary mouse anti DENV E-protein antibody and a fluorescent anti-mouse 
antibody (AlexaFluor 633). Pictured on the right, an antibody labeled with both heavy 
and light chain molecular weights, as well as disulfide bonds indicating points of 
potential reduction by DTT.  
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To analyze this western blot, it was necessary to assign the identity of bands 1-4, 

which existed in samples that were not treated with 1 (lanes 1 and 2). These samples 

contained DENV that was simply incubated with the antibody, or incubated with the 

antibody and irradiated with light, respectively. Bands 1-4 were therefore antibody 

proteins, where 1 was an appropriate molecular weight for the entire complex (~150 

kDa), and 2-4 were partially reduced fragments: 2) antibody without 1 light chain, (~125 

kDa) 3) antibody missing 2 light chains, (~100 kDa) and 4) antibody reduced only 

between heavy chains, (~70 kDa).  

Lanes 3 and 4 contained DENV that was incubated with 1, and regardless of 

irradiation with light, produced the same 130 kDa product (band 5). This molecular 

weight could correspond to the antibody reduced between the heavy chains (74 kDa) 

crosslinked to DENV E-protein (53 kDa). The absence of other bands might indicate that 

DENV formed higher molecular weight complexes with the antibody through 

crosslinking. What was surprising about this data, regardless of the crosslinked product 

produced, was that crosslinking occurred only to DENV that was treated with 1, but it 

occurred independent of irradiation. This result is important, as it indicates that the 

triazabutadiene might become activated by the interaction between two proteins, through 

conformational change/alteration of the chemical environment.  

This has many implications for the future use of these compounds for protein 

crosslinking. Firstly, if a conjugated triazabutadiene on a protein surface can be activated 

by an interacting antibody, this phenomenon might exist for other interacting proteins. It 

would be useful to understand whether the triazabutadiene is activated by protein targets 

that tightly bind, (as does the antibody) or weakly bind, and what specifically the 
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threshold for activation is. Likely this occurs on a case-by-case basis – evidence for this 

comes from related experimentation: DENV incubated with 1 and supplied to total cell 

lysate did not produce any non-specific crosslinking events, in the presence of 1 but 

absence of light (data not shown). 

 Secondly, a protection strategy for hindering the reactivity of the N3 position of 

the triazabutadiene is absolutely necessary for use of these compounds during 

crosslinking experiments to have control over their activation. This is especially 

important for the adaptation of this technology for general use within chemical biology, 

and it might reduce the need to fully characterize the range of triazabutadiene reactivity 

on individual protein surfaces. 

  

 5.2.1. Conclusions, Triazabutadienes for Protein Crosslinking 

 

The current triazabutadiene chemistry that has been developed in our lab is a 

critical first step towards the use of these compounds for Chemical Biology. Not only can 

these compounds be activated through acidification, but they can also release reactive 

aryl diazonium species in the presence of 350 nm light. If appended to a protein using 

NHS technology, the triazabutadiene scaffold is protected from diazonium release that 

proceeds at a non-zero rate at neutral pH. However, this scaffold is protected by its 

hydrophobic nature, which ultimately is destabilizing to some proteins and therefore 

might interfere with natural protein-protein interactions.  

Undoubtedly, a new generation of reagent needs to be developed that is less 

hydrophobic, to be less destabilizing to DENV and other proteins that this technology 
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might be used with. Furthermore, a next generation reagent should be protected at the N3 

position: efforts towards the generation of this reagent are well underway within the lab. 

Protection at the N3 position would allow the controlled release of aryl diazonium ions 

from protein crosslinking applications, and is especially useful for the development of 

hydrophilic triazabutadienes that are exposed to the aqueous environment. Without these 

modifications, triazabutadienes for protein-protein crosslinking might be too 

unpredictable from system to system.  

 

5.3.  Other Crosslinking Strategies, Bioorthogonal Identification of Proteins 

A primary goal of this work, was the identification of proteins that interact with 

DENV, through utilization of the installed azide functionality. To this end, many attempts 

have been made at crosslinking prepared azide-modified DENV with C6/36 total cell 

lysate (TCL). There have been several bottlenecks to this research, the most prevalent is 

illustrated in Figure 5-11: background labeling of the phosphine-fluorophore when 

incubated with DENV and TCL samples. While the phosphine probe selectively labels 

azide-modified DENV (Figure 5-11, left panel) there is a surprisingly high amount of 

background reactivity, when azide-modified DENV and TCL (with or without 

crosslinking) are incubated together (Figure 5-11, right) making it impossible to identify 

DENV-crosslinked proteins with a bioorthogonal probe, as intended. This background 

reactivity needs to be avoided in future experimentation, which could potentially be 

achieved using a phosphine-biotin probe for a blind pull down, prior to on-bead digestion 

and analysis by mass spec, or the use of alternative azide-reactive probes.  
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Figure 5-11: An azide-assisted crosslinking example. 
Crosslinking of Aha-modified DENV, prepared and analyzed for incorporation (left) with 
C6/36 total cell lysate. Samples were crosslinked for 15 minutes with 0, 0.5, or 1.0 mM 
of non-specific NHS-NHS crosslinker (BS3, Thermo Scientific, 21580).  
 

 

5.4. Other Crosslinking Tools 

 In 2013, we noticed a gap in available azide-specific technology for crosslinking. 

While many Staudinger ligation reagents existed, none appended a photo-crosslinking 

functionality to the azide modification. We chose to quickly develop a reagent that could 

append a diazirine to an azide via the traceless Staudinger ligation (Figure 5-12). We 

designed this compound with the hope that it could be applied as a crosslinker for our 

studies of bioorthogonally modified proteins.  
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Figure 5-12: A traceless Staudinger reagent to append a diazirine functionality to an 
azide.  

 

This traceless Staudinger reagent was synthesized by Dr. Ali Ahad95. To test the 

reactivity of this compound, Dr. Ahad appended it, via an installed azide functionality, to 

Rhodamine B isothiocyantate (Figure 5-13).  

 

  

Figure 5-13: One-pot synthesis of Rhodamine-diazirine (Rhod-DAz).  
 

The diazirine conjugated rhodamine (Rhod-DAz) was tested for photo-activation in 

the presence of reduced and alkylated BSA (Figure 5-14). Unsurprisingly, Rhod-DAz 

was successfully conjugated to BSA upon irradiation with 365 nm light, as observed by 

SDS-PAGE fluorescence scan. A control fluorophore, Rhod-OH (prepared through the 

conjugation of Rhodamine B isothiocyanate to ethanolamine) did not label BSA, 
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indicating that an increase in the fluorescence of BSA was a product of diazirine 

activation, rather than other non-specific labeling.  

 

 

Figure 5-14: The use of Rhod-DAz to label BSA, catalyzed by 365 nm light.  
 

Unfortunately, within our own lab, the use of this compound has not been pursued for 

crosslinking experimentation. It was discovered soon after the development of this tool, 

that azide handles installed within DENV are not accessible to phosphine probes without 

denaturation of the virus, which defeats the purpose of appending a photoactivatable 

crosslinker to the viral surface. Fortunately, azide handles installed with in DNV are 

accessible to probing without viral denaturation. In the future, this phosphine-diazirine 

probe can be used for the decoration and crosslinking of Aha-modified DNV.  
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5.8. Materials and methods 

 

5.8.1. Densovirus labeling with triazabutadiene probes 

5.8.1.1. Labeling at pH 2  

C6/36 densovirus was purified as described previously104, and labeled with 200 

µM 1 in 100 mM HEPES pH 7.9, 50 mM NaCl for 15 minutes prior to quenching with 

100 mM Tris-Cl, pH 8.8. Virus was then concentrated using a Nanosep® centrifugation 

device (Pall, OD100C33) and resuspended in Tris-Cl buffer that had been acidified with 

1% HCl to a pH of ~2 in the presence of 3, on ice (for DNV that was not acidified, the 

sample was resuspended in 100 mM Tris-Cl, pH 8.8). The reaction was quenched at 

various time points post-acidification through the addition of 1% NaOH to a neutral or 

slightly alkaline pH of ~8. Samples were then denatured through the addition of 8M urea, 

and analyzed by non-reducing SDS-PAGE gel/fluorescence scan.  

 

5.8.1.2. Labeling at pH 5 

Purified DNV that was incubated with 1 was then concentrated using a Nanosep 

® centrifugation device, (Pall, OD100C33) then resuspended in Tris-Cl buffer that had 

been acidified to pH ~5 in the presence of 3 (alternatively, modified DNV was acidified 

without concentration using 5% AcOH to pH 5 in the presence of 3, both methods 

produced the same result). The reaction was quenched at various time points post-

acidification through the addition of 1% NaOH to a neutral or slightly alkaline pH of ~8. 
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Samples were then denatured through the addition of 8M urea, and analyzed by non-

reducing SDS-PAGE gel/fluorescence scan.  

 

 

5.8.2. DNV and BSA Protection 

5.8.2.1. Triazabutadiene-derived Diazonium for Protein Protection 

Purified densovirus or reduced and alkylated BSA was treated with 200 µM 2 at 

pH 5 for 30 min (at room temperature) prior to reaction quenching with 1% NaOH to 

neutral pH. Protected protein was then labeled with 1 at 200 µM and investigated through 

pH reduction as previously described.  

 

5.8.2.2. The Use of p-Nitrobenzenediazonium Salt for Protein Protection 

Flora Kimani synthesized p-nitrobenzenediazonium, tetrafluoroborate salt by 

previously described methods154. A solution of the salt was quickly added to a suspension 

of DNV at a final concentration of 200 µM. Labeled DNV was then concentrated using a 

Nanosep® centrifugation device (Pall, OD100C33) and resuspended in 100 mM HEPES, 

pH 7.9, prior to conjugation with 1 and further investigated as previously described. 

Protected BSA was used without further purification.  

 

5.8.3. Pulse-Chase Experiment 

DNV was protected using 2, (method 5.8.2.1.) prior to conjugation with 200 µM 1 

at room temperature for 15 minutes. Following conjugation, DNV was acidified to pH 5 
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for 5 minutes, then neutralized with 1% NaOH. After neutralization, 3 was introduced at 

10 µM, at various time points. Samples were then prepared for and analyzed by non-

reducing SDS-PAGE/fluorescence scanning.  

 

 

 

5.8.4. Antibody crosslinking 

DENV-1 (BEI, NR-3782) was purified as previously described, and incubated 

with 50 µM 1 for 15 minutes at room temperature. The reaction was quenched through 

the addition of 100 mM Tris-Cl, pH 8.8. A 1:10 dilution of anti-DENV E-protein 

antibody (BEI, Clone E30, NR-4752) was added to the viral sample and the mixture was 

incubated at room temperature for 2 minutes prior to irradiation with light (or no 

irradiation) for 1 minute (350 nm). To each sample was added 8M urea, followed by 2.5 

mM DTT for 10 minutes at room temperature. The samples were then prepared for non-

reducing SDS-PAGE/western blot. The western blot was performed using a primary 

antibody mixture of a 1:1 ratio of anti-DENV-1 E-protein antibodies (BEI, Clone E18, 

NR-4746, specific to domain I-II; Clone E47, specific to domain II, NR-4756). The blot 

was probed with a secondary goat anti-mouse antibody conjugated to AlexaFluor 633 

(Molecular Probes).  
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Chapter 6: Concluding Remarks 
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6. Concluding Remarks 

 The use of bioorthogonal chemistry for the study of virus-host interactions is still 

underway, although much progress has been made towards its development. Firstly, an 

azide handle was successfully installed within the proteome of both DENV and DNV 

(Chapter 3). This handle was found to be non-perturbing to viral structure and infectivity. 

Furthermore, the handle could be used to pull down a known protein interaction (that 

between DENV and a DENV-specific antibody). In addition to these contributions to 

viral research, a new viral purification method was developed for the separation of 

DENV from DNV, in order to explore the modification of these viruses by bioorthogonal 

metabolites, and for use of these modified virions thereafter (Chapter 2). While 

crosslinking studies have not yet been fruitful, they are still ongoing.  

 Triazabutadiene chemistry developed in the lab could prove to be essential to the 

identification of virus-host interactions, and is very promising as a new chemical biology 

tool – with some improvements in future generation reagents to be made (Chapter 4). 

Other crosslinking tools were also developed for use within our system, and can also be 

put to use within our lab and within the general chemical biology community.   

 The combination of the chemical technology presented herein is a significant step 

towards the development of new methodology for the determination of virus-host 

interactions. While much of this work was made developing “first-generation” reagents 

and strategies, we now know that the eventual goal of successfully applying this 

technology is feasible, and that it expands the breadth of existing technology for the study 

of emerging diseases.  
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