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Abstract

Aryl diazonium ions have long been used in bioconjugation due to their reactivity towards electron 

rich aryl residues, such as tyrosine. However, their utility in biological systems have been 

restricted due to the requirement of harsh conditions for their generation in situ, as well as limited 

hydrolytic stability. Previous work describing a scaffold known as triazabutadiene (TBD) has 

shown the ability to protect aryl diazonium ions allowing for increased synthetic utility, as well as 

triggered release under biologically relevant conditions. Herein, we describe the synthesis and 

application of a novel TBD, capable of installation of a cyclooctyne on protein surfaces for later 

use of copper-free click reactions involving functional azides. The probe shows efficient protein 

labeling across a wide pH range that can be accomplished in a convenient and timely manner. 

Orthogonality of the cyclooctyne modification was showcased by labeling a model protein in the 

presence of hen egg proteins, using an azide-containing fluorophore. We further confirmed that the 

azobenzene modification can be cleaved using sodium dithionite treatment.
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Tyrosine is recognized as an important amino acid in the study of protein-protein 

interactions as it is often targeted for post-translational modifications including 

phosphorylation, glycosylation, and oxidation.1 Tyrosine has also been identified as an 

attractive target in the realm of bioconjugate chemistry due to relatively low abundance on 

protein surfaces, but high abundance at sites of protein-protein interactions.2 Additionally, 

tyrosine is uncharged at physiological pH and therefore, tyrosine modifications do not alter 

the surface charge of proteins in contrast to those that modify charged residues like lysine.1 

As such, several new tyrosine conjugation strategies have been developed in the past decade 

including 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) and sulfur fluoride exchange (SuFeX) 

analogs, among others.3,4,5 Such strategies have shown utility in a range of applications for 

protein modification and functionalization including manufacturing of antibody drug 

conjugates (ADCs).5,6 Amidst the advances, the oldest tyrosine bioconjugation strategy, aryl 

diazonium ions to form azo-bonds, remains one of the most heavily utilized.7,8 Though 

effective, aryl diazonium ions generally require generation under highly acidic conditions, 

and the salts are both prone to degradation and exhibit shock sensitivity, making long term 

storage a challenge.9,10 Further complicating storage, aryl diazonium ions are susceptible to 

hydrolysis at biologically relevant pH.11 Despite the limitations, aryl diazonium ions remain 

a quintessential tool within the realm of bioconjugate chemistry due to their reactivity and 

relative selectivity.

Diazonium ions can orthogonally label residues such as tyrosine and histidine, but further 

selectivity can be attained via inclusion of a second, bioorthogonal, moiety. Bioorthogonal 

modifications are inert towards native biochemical processes and selectively react with 

functional groups not present in the natural world.12,13 Thus, bioconjugation strategies in 

conjunction with bioorthogonal chemistry act as powerful tools to achieve selective, modular 

protein labeling with the potential for a bifurcated workflow (Figure 1a).5 Herein, we 

describe the synthesis and application of a novel, cyclooctyne containing protected 

diazonium ion that is bench stable and can be readily added to aqueous environments for 

protein modification with a bioorthogonal handle.

In recent years, our group has utilized a scaffold known as the triazabutadiene (TBD), which 

acts as a protected diazonium ion. The use of the TBD scaffold incurs the advantage of 
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increased diazonium ion bench stability and more importantly, the ability to release 

diazonium within controlled environmental conditions via triggers such as low pH, or UV 

irradiation at physiological pH.14,15 Protonation of the TBD leads to diazonium release, 

which in turn can be captured by an electron rich aromatic system including residues such as 

tyrosine and histidine.16 The various building blocks of the TBD scaffold advantageously 

provide several points of functionalization to steer stability, reactivity, targeted delivery, and 

has allowed for applications in protein labeling, purification, and crosslinking.14,15,17

Previously, our group developed an alkyne functionalized TBD, capable of bioorthogonal 

modification under ‘copper click’ conditions.18 Though widely popular in bioconjugate 

chemistry, copper click reactions are not without their caveats. Not all systems are 

compatible with copper as it can be toxic, and in some instances reaction conditions can lead 

to protein degradation.19 Additionally, reaction optimization often includes reducing agents 

such as ascorbate, which have been found to cause undesired oxidation of histidine and 

arginine residues, which in turn requires supplementation with novel ligands to avoid.20 

Accordingly, copper free click chemistry via cyclooctynes has become an attractive 

alternative due to their ability to perform strain-promoted alkyne azide cycloadditions 

(SPAAC) without the need for copper.21 Their thermostability, efficiency, and 

biocompatibility have spawned an increasing demand for new cyclooctyne probes with 

numerous applications including bioorthogonal protein labeling, cellular surface 

functionalization and development of antibody conjugates for novel therapuetics.22 As such, 

we sought to develop a next generation TBD (1) containing a cyclooctyne reactive handle 

capable of quick and efficient functionalization of proteins (Figure 1b). Conceptually, the 

exact nature of the linker chemistry is not important, but modifications adjacent to the aryl 

diazonium ion would have an impact on its release and the bioconjugation.

The synthesis of compound 1 began with a key coupling between azide 2 (Scheme 1, made 

in two steps from commercially available 4-aminobenzoic acid), and t-butyl methyl 

imidazolium iodide (3) in the presence of potassium tert-butoxide (t-BuOK) to provide the 

triazabutadiene (TBD) core.23,24 The ester on the resulting TBD was hydrolyzed with LiOH, 

to provide a lithium salt that was coupled to N- hydroxysuccimide (NHS) to form key NHS-

ester 4. The NHS-functionalized TBD, 4, readily coupled with dibenzocyclooctyne (DBCO) 

- amine25,26,27 to provide 1 in reasonable yield over the final three steps. It should be noted 

that purification prior to final amide bond formation proved to be problematic and 

accordingly, these final steps were performed on the crude material and the purification was 

accomplished on the final compound.

With compound 1 in hand, we sought to characterize its efficiency in protein labeling. We 

began these studies by determining the pH range in which 1 was capable of protein labeling 

(Figure 2a). Bovine Serum Albumin (BSA) was treated with 1 across a range of pH (4–8) for 

2 hours and then further incubated with an azide-linked Alexa Fluor™ 488 fluorophore 

following neutralization. SDS-PAGE analysis indicated that 1 provided robust labeling of 

BSA at pH 4–7, however, labeling was seen to markedly diminish at pH 8 (Figure 2b). This 

is consistent with previous TBD literature showing lability at lower pH, but increased 

stability in alkaline conditions, and is consistent with the proposed mechanism of activation.
17 We then sought to confirm that the labeling on BSA was most likely due to desired azo-
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adduct formation following diazonium release from 1. This was accomplished through both 

competition experiments, and a reductive cleavage of the azo-bond (Figure 2a, c & d).

First, we challenged BSA with 1 in the presence of resorcinol, an aromatic nucleophile that 

readily reacts with diazonium ions. In the presence of excess resorcinol, fluorescent labeling 

of BSA was diminished, indicating that resorcinol was able to outcompete aromatic residues 

on the protein surface (Figure 2c). We further wanted to confirm that azo-modifications on 

BSA could be removed via reduction by treatment with known azo-reductant sodium 

dithionite.9,28 BSA (25 μM) was first treated with 0.4 mM 1. Next, an aliquot of the labeled 

BSA was treated with 50 mM sodium dithionite. After 2 hours, buffer exchange was 

performed using G-10 SEC resin and the resulting sample was then treated with the 

fluorescent azide. The loss of fluorescence following sodium dithionite treatment indicated 

the DBCO moiety had been removed from the BSA prior to azide conjugation (Figure 2d). 

Taken together, these results are consistent with the observed fluorescence being due to the 

desired azo modifications resulting from diazonium ion release by 1.

Next, we gauged the rate of the labeling reaction by measuring BSA fluorescence as a 

function of time incubated with 1 at pH 7. BSA (25 μM) was incubated with 0.4 mM 1 and 

aliquots were removed and quenched with excess resorcinol at time points ranging from 0–6 

hours (Figure 2e). All samples, including controls, were then incubated with the azide-linked 

fluorophore (0.4 mM) for 2 hours prior to gel imaging. We analyzed the fluorescence 

intensity of the protein bands as a function of time and observed that after a brief induction 

time, the fluorescent labeling increased rapidly for the first couple hours before leveling off 

after 4 hours of incubation at room temperature (see Supporting Information Figure S1).

The next goal for the bioconjugation chemistry was to use mass spectrometry to measure the 

extent of protein modification through the 2 step process of bioconjugation and 

bioorthogonal reaction. To accomplish this goal we used MSP1D1T2(−) (MSP), a small 

model protein with several tyrosine in its sequence.29 First, 25 μM of MSP was treated with 

0.5 mM 1 overnight in pH 7 PBS buffer. An aliquot of this experiment was treated with the 

AlexaFluor azide and analyzed by SDS-PAGE as had been done previously with BSA 

(Figure 3). The remainder of the first sample was further split into two equal aliquots, one of 

which was treated with 0.5 mM of a biotin-(PEG)2-azide compound for 4 hours, and the 

other was left with the cyclooctyne intact. Analysis of these two samples compared with the 

control apo-MSP using native mass spectrometry confirmed the desired reactivity. The 

sample treated with 1 clearly showed a distribution of labeled proteins with up to six 

modifications consistent with the expected mass of the desired azo-adduct. Furthermore, the 

sample subsequently treated with the biotin-(PEG)2-azide showed all of the modified peaks 

were further modified, with those of lesser abundance (5 and 6 modifications) no longer 

visible above the background noise. Together, these data confirm that 1 is capable of robust 

labeling of several tyrosine residues on MSP, and importantly that the resulting 

modifications are capable of reacting with multiple azide substrates. This enables the same 

protein sample to be utilized in several workflows while retaining knowledge of the extent of 

modification.
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After showcasing the versatility and efficiency of 1, we sought to highlight its built-in 

bioorthogonal reactivity. Functionalizing proteins with cyclooctynes allows for highly 

specific modifications both in vitro and in vivo, as organic azides will only react with 

proteins with the complimentary DBCO modification. To illustrate this point, we used hen 

egg protein extract as a model system. First, we confirmed that 1 was capable of labeling a 

range of proteins by using it to treat hen egg protein extract (Figure 4a). When comparing 

untreated hen egg protein extract to that treated with 1, SDS-analysis showed robust 

fluorescent labeling with minimal background fluorescence attributed to indiscriminate, non-

covalent fluorophore labeling (Figure 4a).

Having confirmed minimal background labeling within the hen egg protein sample, we 

moved on to show that BSA modified with 1 could be selectively observed within a complex 

protein mixture (Figure 4b). We labeled BSA with 1 and then transferred the modified 

protein to a solution of unlabeled hen egg protein extract. Following incubation with 

fluorescent azide, we only observed fluorescence of the labeled BSA shown at ~60 kDa 

(Figure 4b). This band was consistent with the same modified BSA without the presence of 

the egg protein, confirming it was indeed orthogonally labeled BSA. Finally, we tested the 

ability for the cyclooctyne to remain intact and reactive in the presence of strong biological 

nucleophiles, such as cysteine. We observed that 1-modified BSA remained reactive with the 

fluorescent azide even following treatment with 20 mM cysteine over 24 hours (see 

Supporting Information Figure S2). While some fluorescence intensity, and by proxy 

cyclooctyne, was lost, the overall fluorescence of the cysteine treated sample maintained 

~60% of the intensity of the non-cysteine-treated sample (see Supporting Information Figure 

S3).30

Overall, we have shown the ability to synthesize a versatile cyclooctyne containing TBD 

capable of efficient modification of proteins. Leveraging the physiological compatibility of 

the novel TBD, we were able to accomplish robust protein labeling across a range of pH, 

with relatively low reaction times. Importantly, we also displayed that this probe could be 

used to install a reactive cyclooctyne on the surface of proteins, allowing for quick and 

selective functionalization of proteins, even in the presence of complex protein mixtures. 

The triazabutadiene afforded the synthetic opportunity to show the cross-compatibility of 

cyclooctynes and aryl diazonium ions, two highly reactive and sought after functional 

groups. Furthermore, the aryl diazonium ion chemistry described can be coupled with other 

strategies, such as chemoselective rapid azo-coupling reactions (CRACR) with 5-

hydroxytryptophan to enhance selectivity.31 Taken together, we believe that this system 

poses great potential for a wide variety of bioconjugate applications including highly 

selective and bioorthogonal modification of proteins for purification, imaging, or drug 

conjugation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Design workflow showing the activation of the dormant chemical probe, bioconjugation 

and bioorthogonality. (b) Structural representation of the designed chemical probe and its 

behavior.
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Figure 2. 
(a) Treatment of protein with 1 at pH < 8 results in azo modification by cyclooctyne 

diazonium ion. Labeling can be outcompeted by addition of resorcinol or reductively 

removed with sodium dithionite. All samples, including controls, were treated with 

AlexaFluor azide in the final step prior to analysis by SDS-PAGE (b-e). (b) BSA treated 

with 0.2 mM 1 for 2 hours at pH 4–8. (c) BSA treated with 1 with or without excess 

resorcinol present. (d) BSA treated with 1 with and without a subsequent reaction with 50 

mM sodium dithionite at pH 7. (e) Time point assessment of BSA treatment by 1 over the 

course of 6 hours at pH 7 (0.1 M PBS pH 7).
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Figure 3. 
The extent of protein labeling was quantified using a membrane scaffold protein 

(MSP1D1T2(−)), as a small model protein. MSP (mass spectrum in purple) was first 

incubated with 1 at pH 7 to provide a cyclooctyne-modified MSP (mass spectrum in red). At 

this point part of the sample was split. One portion was treated with a fluorescent azide and 

the modification was observed by SDS-PAGE. The second portion was treated with a biotin-

containing azide (mass spectrum shown in orange). Masses corresponding with integer-

values of the appropriate modifications were observed and are noted with symbols (P = MSP 

protein, mod = chemical modification)
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Figure 4. 
(a) Workflow of hen egg protein treatment by 1 and subsequent fluorescent azide, along with 

SDS-PAGE of fluorescently labeled hen egg extract. Control hen egg protein shown in the 

left lane was also treated with the fluorophore. (b) Workflow of BSA treated with 1 and then 

orthogonally labeled by fluorescent azide in hen egg protein extract, along with SDS-PAGE 

of BSA treatment with 1 and fluorescent azide with and without the presence of hen egg 

protein extract. All lanes were treated with the fluorophore.
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Scheme 1. 
Synthesis of DBCO-functionalized TBD (1)
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