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Abstract 

 

Chemical Methods to Modify Proteins and Glycans 

 

By 

 

Paresh Agarwal 

 

Doctor of Philosophy in Chemistry 

 

University of California, Berkeley 

 

Professor Carolyn R. Bertozzi, Chair 

 

 

 The ability to chemically modify biomolecules has facilitated our ability to detect, 

manipulate, and study them both in vitro and in vivo, as well as to prepare and tailor the 

properties of biologics and other pharmaceuticals based on natural products. This thesis 

describes several projects united around the theme of new methods to chemically modify 

biomolecules. The bulk of the thesis describes a new method to prepare protein bioconjugates 

relevant to diagnosis and treatment of human disease, while the last chapter describes the 

development of a new research tool to image protein glycosylation in vivo. 

 Chapter 1 describes the state of the art in protein modification methods by examining 

them through the lens of site-specific antibody–drug conjugates. Many methods for site-specific 

protein modification are now known in the literature, but only the subset that have met stringent 

requirements with respect to reagent and conjugate stability, minimal side reactivity, fast reaction 

kinetics, and amenability to structure-activity relationship studies have been seriously considered 

for use on a commercial scale. Thus, rather than cataloging every known method for site-specific 

protein modification, this chapter harnesses the collective wisdom of the field in detailing the 

origins and practical uses of the most popular and well-validated methods for site-specific 

protein modification. 

 Chapters 2 and 3 describe my contributions to the field resulting in a reaction for protein 

modification known as the Pictet–Spengler ligation. Aldehyde- and ketone-functionalized 

proteins are appealing substrates for the development of chemically modified biotherapeutics and 

protein-based materials. Their reactive carbonyl groups are typically conjugated with α-effect 

nucleophiles, such as substituted hydrazines and alkoxyamines, to generate hydrazones and 

oximes, respectively. However, the resulting C=N linkages are susceptible to hydrolysis under 

physiologically relevant conditions, which limits the utility of such conjugates in biological 

systems. The Pictet–Spengler ligation addresses this problem by providing a means to generate a 

stable linkage to protein aldehydes and ketones. 

 Aside from their hydrolytic instability, another drawback of oxime linkages is that the 

optimal conditions for their formation are acidic (pH 4.5), preventing their use with acid-

sensitive proteins and post-translational modifications. The work in Chapter 3 describes a variant 

of the Pictet–Spengler ligation, the hydrazino-Pictet–Spengler ligation, that proceeds quickly 

near neutral pH. This work was carried out at Redwood Bioscience (now part of Catalent Pharma 
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Solutions), a biotechnology company based in Emeryville, CA that uses aldehyde-functionalized 

proteins to prepare site-specifically modified antibody-drug conjugates. 

 Chapter 4 transitions from protein modification to glycan modification, describing a new 

method that combines the Bertozzi lab’s longstanding interest in metabolic glycoengineering 

with recent advances in fluorogenic bioorthogonal reactions to image internal cell-surface 

glycans in live zebrafish. Vertebrate glycans constitute a large, important, and dynamic set of 

post-translational modifications that are notoriously difficult to manipulate and image. We have 

previously used the chemical reporter strategy in conjunction with bioorthogonal chemistry to 

image glycans on the enveloping layer of live zebrafish embryos; however, the ability to image 

glycans systemically inside a live organism has remained elusive. This chapter describes a 

method that combines metabolic incorporation of a cyclooctyne-functionalized sialic acid 

derivative with a fluorogenic tetrazine ligation reaction, allowing us to image sialylated 

glycoconjugates within in live zebrafish embryos. 
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Chapter 1 

 

Site-specific antibody-drug conjugates: the nexus of bioorthogonal chemistry, protein 

engineering, and drug development
*
 

 

Introduction 

 

 Over the course of the twentieth century, the development of chemotherapeutic agents for 

cancer treatment generally followed the trend of enhancing drug cytotoxicity. Eventually, the 

strategy of searching for more toxic small molecules yielded diminishing returns: today’s most 

potent classes of small molecules such as tubulin polymerization inhibitors and DNA alkylators 

are often too toxic to be of use as pharmaceuticals; in other words, their lack of tumor selectivity 

limits the doses at which they can be administered to levels below those that would show 

efficacy.
1
 In order to improve the therapeutic index (the ratio of toxic dose to effective dose) of 

these toxins, much focus has been directed toward targeting drugs specifically to tumor cells.
2,3

 

Antibody-drug conjugates (ADCs) represent the recent pinnacle of such targeting efforts. 

 ADCs comprise an antibody specific for an antigen that is either uniquely expressed or 

overexpressed on cancer cells, as well as a potent cytotoxin that, on its own, would not be 

tolerated systemically. The concept of using an antibody as a drug targeting moiety seems 

straightforward, but it has been difficult to execute. Research on ADCs began nearly fifty years 

ago,
4
 but there have been few clinical successes: gemtuzumab ozogamicin (Mylotarg) was 

approved by the FDA for treatment of acute myeloid leukemia in 2000, but withdrawn from the 

US market 10 years later due to concerns about safety and lack of efficacy.
5,6

 Since then, just two 

other ADCs, Seattle Genetics’s brentuximab vedotin (Adcetris) and Genentech and 

Immunogen’s trastuzumab emtansine (Kadcyla) have been approved, in 2011 and 2013, 

respectively. 

An ADC has three basic components: an antibody, a cytotoxic drug, and a linker between 

the two. In developing ADCs, scientists have learned a great deal about the constraints on each 

of these components. The antibody must be highly specific and should be humanized to 

minimize immunogenicity. Additionally, the targeted antigen should be highly expressed on the 

surface of tumor cells in copy numbers sufficient to enable delivery of a cytotoxic dose, and it 

must internalize via a mechanism that permits drug access to its intracellular target. The drug 

must be extremely potent and its physical properties must allow the attachment of several 

molecules to the antibody without inducing aggregation of the ADC. Finally, the linker must 

help solubilize the often-hydrophobic drug (a molecule containing the drug and linker is 

typically prepared and then conjugated to an antibody under aqueous conditions), be stable 

during circulation so that the drug is not prematurely released, and, depending on the application, 

may require intracellular cleavage to facilitate release of the free drug.
7
  

Much work has been directed toward optimizing these details of ADC composition and 

manufacturing over the last 50 years. But until the last decade, the fundamental conjugation 

chemistries used to connect the protein and drug-linker moiety remained essentially unchanged. 

Nonspecific acylation of lysine residues with activated esters and alkylation of cysteine thiols 

with maleimides are two classic bioconjugation methods that were used to make the first 

generation of ADCs. For example, both Mylotarg and Kadcyla are produced by nonspecific 

                                                           
*
 Reproduced with permission from Agarwal, P.; Bertozzi, C. R. Bioconjugate Chem. 2015, 26, 176. Copyright 2015 

American Chemical Society. 
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conjugation to lysine residues
8,9

 whereas Adcetris is constructed by alkylation of cysteine thiols 

that are exposed by prior reduction of the conserved hinge region disulfide bonds.
10

 These 

conjugations are problematic, however, because they produce products that are heterogeneous in 

two regards illustrated here for lysine conjugation (Figure 1.1A)
11

: first, the product population 

contains conjugates with a variable drug to antibody ratio (DAR). Secondly, any two conjugates 

with the same DAR are likely regioisomers, as many surface-accessible lysine residues (as well 

as the N termini of the light and heavy chains) are potential candidates for modification. For 

example, one study found that modification of an IgG with an N-hydroxysuccinimide ester 

reagent yielded a population of products with DARs ranging from 0 to 6 in which at least 40 of 

the 86 lysine residues in the antibody were modified to some degree; such a mixture potentially 

contains over 4.5 million unique molecules.
12

 The eight hinge region cysteine residues offer less 

potential heterogeneity for maleimide conjugation methods, but in practice a distribution of 

multiple DARs is observed after the chemistry.
13 

 

 
 

Figure 1.1. Potential sites of modification and theoretical product distributions for 

lysine-conjugated and site-specifically conjugated antibodies. (A) All lysine 

residues of a human IgG1 are highlighted in red, indicating potential sites of 

conjugation with activated esters. The number of regioisomers is calculated based 

on 40 reactive lysine residues. (B) A site-specifically modifiable antibody with 

one conjugation site on each heavy chain highlighted in red; a fully conjugated 

antibody has a DAR of 2. PDB ID: 1IGY.  
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Given the outcome of conventional bioconjugation methods, the clinically approved 

ADCs had to be developed and administered as heterogeneous mixtures. Even though the 

underlying protein scaffold remains constant in a heterogeneous population of ADCs, each 

conjugate has its own set of properties with respect to important parameters such as 

pharmacokinetics, toxicity, aggregation, antigen affinity, and drug release. This realization led 

several groups to contemplate the potential benefits of achieving site-specific conjugation of 

drug to antibody, wherein both the modification sites and DARs could be more precisely 

controlled. A drug that comprises one molecule (Figure 1.1B) instead of a mixture of thousands 

or millions could presumably be more easily optimized, manufactured, and developed through 

the clinical pipeline with fewer regulatory hurdles. 

Although the rationale for site-specific conjugation in ADC production has long been 

apparent, most methods for achieving this goal have only reached fruition in recent years.
14,15

 In 

general, site-specific modification first requires the use of a protein engineering method to 

endow the desired conjugation site with unique reactivity.
16

 This has been achieved by 

engineering ultra-reactive cysteine residues, introducing sugars or unnatural amino acids 

containing bioorthogonal functional groups, or by genetic encoding of peptide tags for further 

enzymatic or chemical modification. The appropriately tagged antibody is then reacted with a 

drug-linker molecule using a bioorthogonal transformation
17,18

 or enzymatically conjugated to a 

drug-functionalized substrate. Many of these methods have now been commercialized and 

should be represented in clinical pipelines within the next decade. 

Here we review site-specific protein conjugation technologies that show promise for the 

production of next-generation ADCs (Table 1.1). For a broader view of the evolution of ADCs 

over the last few decades, we direct readers to an excellent recent review.
1 
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Conjugation to interchain or engineered cysteine residues 

 A classic method for site-specific protein modification is to take advantage of a uniquely-

reactive cysteine residue on the protein’s surface. While most proteins do not have reduced 

solvent-accessible cysteine residues, they can be engineered into the protein or generated by 

reduction of native disulfide bonds. The resulting cysteine residue selectively reacts with a 

variety of suitable electrophiles, with maleimide, haloacetamide, and disulfide reagents being the 

most common. 

 One way of obviating the heterogeneity that results from linker attachment at a variable 

subset of amino acid residues is to drive the reaction to completion, resulting in an ADC with all 

instances of a particular amino acid functionalized. Unlike many of the newer methods for 

production of site-specific ADCs, this method has the advantage that it does not require protein 

engineering and is in principle simple to execute. A typical IgG has far too many lysine residues 

for such an approach to be possible, but reduction of interchain disulfide bonds followed by 

conjugation to the resulting eight cysteine residues is more tractable (an IgG also has 12 

intrachain disulfide bonds, but selective reduction of the four interchain disulfide bonds while 

keeping the IgG intact is straightforward). This approach was originally used by Trail, Firestone, 

and coworkers at Bristol-Myers Squibb to prepare a maleimide-linked doxorubicin conjugate of 

BR96, an antibody against the tumor antigen Lewis Y (Figure 1.2A).
19,20

 The BR96-doxorubicin 

conjugate was tested in Phase II clinical trials, but gastrointestinal toxicity that may have resulted 

from off-target antibody binding prevented further clinical use.
21

 

Senter and coworkers from Seattle Genetics used this reduction-alkylation approach to 

prepare maleimide-linked auristatin conjugates of antibodies against Lewis Y and CD30 with a 

DAR of 8.
22

 A follow-up study used a procedure of partial disulfide reduction followed by 

preparative chromatography to isolate antibody populations with DARs of exactly 2 or 4. 

Evaluation of the performance of these ADCs in vivo showed that antitumor activities of ADCs 

with DARs of 4 or 8 were equivalent at equal antibody doses, but maximum tolerated dose 

(MTD) and circulation half-life were inversely related to DAR.
23

 The rapid in vivo clearance of 

the conjugate with DAR 8 may have been due to its hydrophobicity,
10

 but whatever the cause, 

after a certain point a higher DAR was detrimental to the performance of the ADC. Additionally, 

ADCs with such high DARs are more prone to aggregation due to the hydrophobicity of many 

commonly used small molecule toxins (although the authors noted that it was not problematic 

with their auristatin E conjugates), potentially limiting the generality of the method of driving the 

interchain cysteine conjugation reaction to completion.  
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Figure 1.2. Methods for site-specific ADC production based on cysteine 

conjugation. (A) Reduction and alkylation of all interchain cysteine disulfides. (B) 

Reduction and alkylation of interchain cysteine residues on antibodies containing 

several cysteine to serine mutations. (C) Reduction and bridging alkylation of 

interchain cysteine residues with bis-sulfone linkers. (D) Reduction and bridging 

alkylation of interchain cysteine residues with propargyldibromomaleimide, 

followed by Cu-click ligation. (E) Reduction of cysteine residues followed by 

reoxidation of interchain disulfides and selective alkylation to produce 

THIOMABs. (F) Reductive and nucleophilic deblocking of N-terminal cysteine 

residues on a diabody followed by thiazolidine ligation. Abbreviations: DTT, 

dithiothreitol; TCEP, tris(carboxyethyl)phosphine; THPTA, tris(3-

hydroxypropyltriazolylmethyl)amine.  
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 Given the notion that decreasing DAR might yield similarly-potent ADCs with better 

therapeutic indices, Seattle Genetics next explored two strategies to simplify production of 

cysteine-alkylated ADCs with a lower DAR. The first method involved partial reduction of 

cysteine residues with either dithiothreitol (DTT) or tris(carboxyethyl)phosphine (TCEP), or full 

reduction and partial reoxidation with Ellman’s reagent, followed by conjugation to maleimido-

auristatins.
13

 Analysis of the product distributions from these reactions showed that each method 

yielded a distinct mixture of ADCs, with the reoxidation method affording more conjugates with 

a DAR of 4 at the expense of higher DARs. While this partial conjugation strategy could be used 

to skew the product distribution towards certain sites and/or DARs, it still produced mixed 

populations of ADCs with DARs of 0, 2, 4, 6, and 8. The second method to achieve lower DAR 

involved mutating some of the hinge cysteine residues to serine (Figure 1.2B).
24

 Previous work 

had shown that F(abʹ)2 variants lacking disulfides between their heavy and light chains could be 

assembled biosynthetically, remained intact in serum, and bound their epitopes with affinities as 

high as those of disulfide-bonded variants.
25

 As expected, the cysteine to serine mutations in 

anti-CD30 did not negatively impact binding affinity, aggregation, or conjugate stability in vitro. 

But empirically, there was no obvious advantage to the site-specific conjugates over a 

heterogeneous mixture with DARs ranging from 0 to 8: data comparing ADCs with 4 site-

specifically linked drugs to those with an average of 4.4 heterogeneously linked drugs showed 

similar antitumor activities in mouse xenograft models and similar MTDs in rats. In the words of 

the authors, the main lesson from these studies was that for their conjugates, “the stoichiometry 

of drug attachment is a more critical determinant of antibody-drug conjugate potency and 

tolerability than is the site of drug attachment and conjugate homogeneity.” This conclusion led 

Seattle Genetics to develop its anti-CD30 ADC functionalized with monomethyl auristatin E 

(MMAE), brentuximab vedotin (Adcetris), as a mixture of conjugates, albeit a relatively 

controlled one. 

 Given the desire to achieve low DARs from conjugation at interchain disulfides, 

Brocchini and coworkers devised a strategy to use each disulfide as a single point of attachment. 

They found that treatment of interferon 2b, which contains two disulfide bonds, with a bis-

sulfone reagent that generates a Michael acceptor in situ yielded tethered thioether products with 

a three carbon atom spacer.
26

 The technology has successfully been used for conjugations to Fab 

fragments as well.
27

 Godwin and coworkers from PolyTherics subsequently attached MMAE to 

these bis-sulfone reagents to prepare trastuzumab-MMAE conjugates with DARs close to 3 

(Figure 1.2C).
28

 Importantly, these conjugates did not suffer from the instability inherent to the 

equivalent maleimide conjugates (see below), likely due to the dual sites of attachment. In an 

alternative strategy, Haddleton and coworkers used dibromomaleimides to covalently tether 

disulfides via a two carbon atom spacer.
29

 Subsequently, Caddick, Boyle, and coworkers showed 

that treatment of a reduced Fab fragment with an N-propargyldibromomaleimide quickly yielded 

clickable conjugates with one point of attachment in high conversion (Figure 1.2D).
30

 The 

authors of this study used Cu-click chemistry to assemble the requisite triazole linkage between 

the antibody and drug-linker, but the field has generally avoided Cu-click reactions on ADCs 

because of Cu-mediated generation of reactive oxygen species and oxidized reaction byproducts 

such as dehydroascorbate, both of which can react with proteins.
31,32

 Adapting the 

dibromomaleimide to be compatible with Cu-free click chemistry or another bioorthogonal 

ligation would be straightforward. One potential advantage of the dibromomaleimide and bis-

sulfone linkers is that they provide a stable covalent linkage between the heavy and light chains, 

unlike methods relying on alkylation of individual cysteine residues in which the heavy and light 
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chains remain noncovalently associated; empirically, however, no important differences in 

stability have been observed. 

 Introduction of surface-accessible cysteine residues into an IgG was one of the first 

strategies used to prepare conjugates site-specifically. Owens and coworkers from Celltech (now 

part of Union Chimique Belge, UCB) prepared serine or threonine to cysteine mutants at one of 

five sites on the CH1 domain of an antibody against the tumor-associated glycoprotein TAG72.
33

 

Assaying for cysteine sulfhydryl content revealed anywhere from 0.1–1.1 free thiols per mutant 

out of an expected 2. The blocked cysteine residues, which were not characterized in this study, 

likely existed as disulfides with cysteine or glutathione. Cysteine residues positioned at convex 

or flat parts of the antibody surface were more likely to be blocked than those in concave 

environments. While the authors could successfully conjugate the free cysteine residues, the 

resulting products were not homogeneous because the starting material existed as a mixture of 

antibodies with 0, 1, or 2 free sulfhydryl groups. Attempts to unblock the oxidized cysteine 

residues with small molecule reductants were hampered by inadvertent reduction of the hinge 

region disulfide bonds. A more recent study by Stimmel and coworkers employing a serine to 

cysteine mutant in the CH3 domain of several IgGs found that mercaptoethylamine could 

deblock the desired cysteine residue more selectively than stronger reductants such as DTT. 

While this was a significant improvement, analysis of protease digests still showed that 

approximately 10–20% of a bromoacetamide conjugate was not associated with the desired 

peptide.
34

 Aside from incomplete or off-target conjugation, other complications can arise from 

introduction of cysteine residues depending on the insertion site. For example, a S444C mutation 

in the CH3 domain of an IgG yielded tail-to-tail linked IgG dimers,
35

 and a S119C mutation in 

the CH1 domain yielded a compact, inflexible IgG as a result of an extra disulfide bond between 

the two heavy chains.
36

 

 In 2008, Junutula, Mallet, and coworkers at Genentech disclosed homogeneous ADCs 

prepared by conjugation to IgGs containing an unusually “hot” cysteine residue whose position 

they identified using phage display methods.
37,38

 These ADCs, which they dubbed THIOMABs, 

were produced by global reduction of blocked cysteine residues and interchain disulfides, 

subsequent oxidation in the presence of CuSO4 or dehydroascorbic acid to regenerate the 

interchain disulfide bonds, and then conjugation of the reactive cysteine thiol to maleimide 

reagents (Figure 1.2E). This method generated site-specifically modified ADCs with a DAR of 

2.0 in high purity. The Genentech group went on to show that, in two mouse tumor xenograft 

models, an anti-MUC16-MMAE conjugate was at least as effective as a conventional thiol-

conjugated ADC with approximately twice the DAR (produced with Seattle Genetics’s 

reduction-alkylation approach resulting in a range of DARs from 0–8). Importantly, the 

THIOMAB conjugate displayed a larger therapeutic index, as it was tolerated at much higher 

doses in animals. Further analysis showed that the THIOMAB was cleared from circulation in 

rats more slowly than the conventional ADC. The THIOMAB’s cysteine-maleimide linkage also 

exhibited better serum stability than the conventional ADC’s. This 2008 study highlighted both 

the feasibility and benefits of site-specific antibody-drug conjugation, and marked the beginning 

of a flurry of activity to produce site-specific ADCs. 

 One hypothesis for the improved in vivo stability of THIOMABs relative to nonspecific 

cysteine-maleimide conjugates was that the high solvent accessibility of the latter linkages may 

have facilitated their decomposition. In an effort to explore whether the conjugation site could 

modulate the stability of a cysteine-maleimide conjugate, a team from Genentech prepared three 

THIOMABs of trastuzumab in which the introduced cysteine residue was at a site with high 
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solvent accessibility or a site with intermediate solvent accessibility and either positive or neutral 

charge.
39

 Tracking the fate of the drug or fluorophore cargo after incubation in plasma showed 

stark differences in the stabilities of the conjugates: the solvent-accessible conjugate quickly 

underwent thiol exchange with serum albumin, the conjugate at a positively-charged site 

underwent a succinimide hydrolysis reaction resulting in improved stability, and the conjugate at 

a neutral site exhibited either behavior. Although it was known that succinimidyl thioethers 

could undergo ring-opening hydrolysis reactions,
40

 such a thorough analysis on their stability had 

not previously been performed, particularly as it related to local protein environment and thiol 

exchange. With the growing realization that cysteine-maleimide conjugates are susceptible to 

decomposition, research on cysteine conjugation has yielded several new reaction partners in 

recent years,
41-43

 including a self-hydrolyzing maleimide containing an amine that promotes an 

irreversible hydrolysis reaction to form a stable amide conjugate.
44

  

The success of the THIOMAB reduction/re-oxidation procedure has led others to use it as 

well. For example, Jeffrey and coworkers at Seattle Genetics recently reported an anti-CD70-

pyrrolobenzodiazepine linked through engineered cysteine residues.
45

 Initial attempts to prepare 

conjugates with reduced hinge cysteine residues resulted in significant ADC aggregation because 

of the combination of higher DARs and hydrophobicity of the pyrrolobenzodiazepines, but 

employing a method that limited the DAR to 2 solved the problem. 

 Cysteine conjugation chemistries have also been employed in “traceless” ADC-like 

molecules, wherein release of the drug yields a native protein with no chemically altered side 

chains that might provoke an immune response. Neri and coworkers have pursued this strategy 

using engineered antibody fragments that offer improved tissue penetrance while retaining the 

targeting ability of antibodies. This group has used two less-conventional strategies for cysteine 

conjugation: thiazolidine ligation and disulfide modification. To install the 1,2-aminothiol 

necessary for a thiazolidine ligation, a cysteine residue was placed immediately downstream of 

the signal peptide cleavage site of a diabody (an scFv dimer), affording an N-terminal cysteine 

residue in the secreted protein (Figure 1.2F).
46

 Alternatively, C-terminal cysteine residues could 

be treated with a maleimide reagent containing an aminothiol masked as its formaldehyde-

derived thiazolidine. Following deblocking, conjugation of the aminothiol-containing proteins to 

an aldehyde-functionalized cematodin derivative provided site-specifically modified diabodies, 

although the reaction required up to four days at pH 4.5 to proceed. The thiazolidine linkages 

exhibited half-lives of roughly two days in PBS at 37 °C. While the field has generally moved 

away from linkers that provide slow nonspecific cleavage of the ADC (such as the hydrazone 

linker used to prepare Mylotarg) due to concerns about toxicity arising from premature drug 

release, the rationale for engineering a half-life into the linker here was to use it with antibodies 

targeting poorly-internalized antigens. With the advent of a system to ribosomally incorporate an 

unnatural amino acid containing a masked 1,2-aminothiol that can be deprotected without 

disrupting native disulfide bonds,
47

 the thiazolidine ligation could also be useful for modification 

at interior sites on an antibody; alternatively, the 1,2-aminothiol moiety could be treated with a 

cyanobenzothiazole reagent to form a more stable linkage.
48

 In a subsequent study, the Neri 

group engineered cysteine residues at the C terminus of each CH4 domain of a small immune 

protein.
49

 To conjugate the cysteine residues in a selective and traceless fashion, an umpolung 

strategy was employed: following selective reduction with TCEP, the C-terminal cysteine 

residues were oxidized with Ellman’s reagent. Treatment of the resulting electrophilic disulfides 

with thiol-functionalized cematodin afforded the site-specifically modified proteins in high 

conversions and with short reaction times. 
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 Cysteine conjugation is the testing ground on which much of our current knowledge 

about site-specific ADCs was built. In coming years, cysteine will continue to be a popular target 

for conjugation based on the new generation of cysteine-specific chemistries that promise to fix 

the problem of maleimide exchange. Cysteine alkylation reactions are typically quite fast, 

making these conjugation schemes an appealing choice. 

 

Conjugation to glycans 

 

 Human IgG molecules have a conserved glycosylation site at each N297 residue in the 

CH2 domain. The inherent site-specificity of this post-translational modification and decades of 

research on glycoengineering make the pendant N-glycans a convenient target for site-specific 

conjugation. Additionally, the glycosylation site is sufficiently far from the variable region that 

conjugation to attached glycans is unlikely to impact antigen binding. However, glycosylation is 

a heterogeneous post-translational modification, rendering the generation of homogeneous 

glycans for chemical modification a formidable challenge. A variety of N-linked biantennary 

complex glycan structures can be found on serum-derived IgG; the core heptasaccharide 

containing N-acetylglucosamine (GlcNAc) and mannose can be modified with fucose and 

bisecting GlcNAc (though the latter is not observed on N-glycans expressed in cell lines such as 

CHO, NS0, and Sp2/0), as well as galactose and sialic acid on each of the antennae (Figures 

1.3A, 1.3B).
50

 Site-specific ADC production methods based on glycoconjugation often 

incorporate treatments to reduce glycan heterogeneity prior to the chemistry, but such efforts are 

generally imperfect, which can result in low DARs in the final products. 

 Glycans contain vicinal diol moieities that can be oxidatively cleaved with periodate to 

generate aldehydes. A large body of literature has examined the efficiency of periodate oxidation 

of antibodies and other glycoproteins,
51

 as reductive amination with protein lysine residues has 

been a common method to produce protein-protein conjugates since its introduction in the 

1970s.
52

 Aldehydes produced via periodate oxidation constituted the first widely used 

bioorthogonal functional group, enabling reductive amination as well as conjugation to small 

molecule hydrazide and aminooxy compounds. 

 In 1984, in what was perhaps the first attempt to site-specifically modify an antibody 

with a small molecule, O’Shannessy and coworkers used the periodate oxidation method to 

prepare IgG and IgM conjugates with biotin hydrazide.
53

 Several subsequent studies used similar 

methods to prepare site-specifically radiolabeled antibodies.
54,55

 While the authors showed that 

their oxidized and conjugated antibodies did not suffer from diminished affinity compared to 

unconjugated antibodies, the high concentration of periodate employed (10–30 mM) may have 

resulted in a heterogeneous population of aldehydes on the glycans as well as oxidation of 

methionine residues.
56

 

 Recent efforts to produce glycan-linked ADCs via periodate oxidation have included 

more thorough characterization of the reaction products. Neri and coworkers expressed an IgG in 

CHO cells, which under their culture conditions resulted in a very high occupancy of 

fucosylation at the core GlcNAc residue. By treating the resulting fucosylated IgG with 10 mM 

sodium periodate, they were able to oxidize the fucose residues to a new moiety containing a 

carboxylic acid (from overoxidation) and an aldehyde. The aldehyde was used to prepare 

hydrazone conjugates with fluorophores and a dolastatin analogue (Figure 1.3C).
57 
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Figure 1.3. Methods for chemical conjugation on the N-glycan of IgG. (A) 

Schematic structure of glycans found at N297 of recombinantly expressed IgG. 
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Dashed lines indicate partial occupancy. (B) Chemical structure of a fully-

elaborated complex-type N-glycan. (C) Periodate oxidation of fucose followed by 

hydrazone condensation. (D) Enzymatic transfer of galactose and sialic acid 

followed by periodate oxidation and oxime condensation. (E) Enzymatic transfer 

of galactose and 9-azidosialic acid followed by Cu-free click reaction. (F) 

Enzymatic removal of terminal galactose followed by enzymatic transfer of 

GalNAz and Cu-free click reaction. (G) Metabolic incorporation of 6-thiofucose 

followed by maleimide conjugation. Abbreviations: GalT, galactosyltransferase; 

SiaT, sialyltransferase; 9-N3Sia, 9-azidosialic acid; GalNAz, N-

azidoacetylgalactosamine. 

 

Compared to other monosaccharides, sialic acid can be oxidized under relatively mild 

conditions. It is unique among the nine mammalian glycan building blocks in that it contains 

vicinal diols in the form of a glycerol moiety that is relatively unhindered and flexible compared 

to those found on the other monosaccharides. However, sialic acid is incorporated into antibodies 

at low levels: it is present in 25% of polyclonal IgG in human serum,
58

 and in less than 5% of 

antibody glycans in cell lines commonly used for antibody expression.
59

 Thus, Zhou and 

coworkers from Sanofi-Genzyme used enzymatic means to install sialic acid, demonstrating that 

treatment of trastuzumab or two other IgGs with a mixture of 1,4-galactosyltransferase and 

2,6-sialyltransferase as well as their respective donor substrates UDP-galactose and CMP-sialic 

acid yielded products with monosialylated glycans.
60

 These glycans were then oxidized with 1 

mM periodate and conjugated to aminooxy-drugs to form oxime-linked conjugates with DARs 

between 1.3 and 1.9 (Figure 1.3D). The oxidized trastuzumab bound the neonatal Fc receptor 

(FcRn) with diminished affinity compared to the unmodified antibody, suggesting that oxidative 

protein damage may have occurred. This hypothesis was confirmed by an analysis of tryptic 

peptides showing partial oxidation of two methionine residues involved in FcRn binding upon 

periodate treatment. ADCs with diminished FcRn binding could exhibit shorter half-lives in vivo. 

Using a sialyltransferase to incorporate a modified sialic acid residue containing a 

bioorthogonal functional group would obviate the need for periodate treatment. Many 

sialyltransferases are known to exhibit relaxed substrate specificity for substitutions at the N-

acetyl group and the C9 position, which is normally substituted with a primary hydroxyl group.
61

 

Boons and coworkers recently exploited the substrate tolerance of the commercially available 

sialyltransferase ST6Gal1 to incorporate a sialic acid derivative modified with an azide at the C9 

position into an IgG.
62

 After incubating the antibody with a galactosyltransferase and a 

sialyltransferase as well as their respective donor sugars, a cyclooctyne-conjugated fluorophore 

or drug was clicked on to the glycan (Figure 1.3E). Analysis of the azide-functionalized 

antibodies showed a ratio of 4–4.5 azides per antibody, with some glycosyltransferase-dependent 

conjugation unexpectedly occurring on the light chain. Given the permissive nature of the 

sialyltransferase, this approach could also be used in conjunction with sialic acids containing 

bioorthogonal functional groups other than the azide.  

Work on using glycosyltransferases to introduce clickable monosaccharides into proteins 

dates to 2002, when Qasba and coworkers at NIH designed mutants of a 1,4-

galactosyltransferase containing an enlarged sugar-binding pocket.
63

 Whereas the wild-type 

enzyme showed poor catalytic efficiency with substrates larger than galactose, the best mutant 

efficiently appended the larger sugar N-acetylgalactosamine (GalNAc) to GlcNAc. 

Subsequently, the Hsieh-Wilson group showed that the mutant enzyme could transfer analogues 
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of galactose containing a ketone or azide (N-azidoacetylgalactosamine, GalNAz) to GlcNAc-

bearing substrates.
64,65

 While these clickable galactose analogues were originally introduced to 

detect the presence of GlcNAc as a post-translational modification of serine and threonine 

residues, Qasba’s group showed that the technology could also be used in conjunction with 

nonreducing GlcNAc residues for site-specific conjugations to antibodies.
66

 This proof-of-

concept experiment was followed by a more thorough study in which a cyclooctyne-

functionalized radioisotope chelator was ligated to several GalNAz-functionalized antibodies.
67

 

These conjugates were prepared by galactosidase treatment of the antibody, addition of GalNAz 

in the presence of the mutant galactosyltransferase, and conjugation to the cyclooctyne-

functionalized chelator (Figure 1.3F). Antibody conjugate preparations following this method 

yielded conjugates with an average of 3.3 triazole-linked products per antibody. The authors 

accounted for the lack of complete conjugation to tetrasubstituted products by making note of 

heterogeneity in the starting glycan structures (some native glycans may have been truncated or 

sialylated and thus not susceptible to the galactosidase treatment) and poor glycosyltransferase 

access to glycosylation sites due to steric hindrance. The biotechnology company Synaffix is also 

using a similar approach to ADC construction.
68

 

 An alternative to the above methods involving in vitro chemical or enzymatic 

modifications of native glycans is to glycoengineer the antibody as it is being expressed. This 

strategy is part of the larger field of metabolic oligosaccharide engineering, which has been used 

extensively to metabolically incorporate clickable or otherwise modified analogues of sugars into 

glycoproteins for applications in molecular imaging and proteomics or to modulate their 

functions.
61,69

 Okeley and coworkers from Seattle Genetics used this approach to prepare 

antibodies with thiol-functionalized glycans for further modification.
70

 During a screen of 

approximately 200 fucose analogues for inhibition of antibody fucosylation during expression,
71

 

some analogues were incorporated into antibody glycans at the usual fucosylation site. The 

observation that expression levels of fucose could be controlled metabolically led to the 

deliberate installation of 6-thiofucose, introduced in the cell culture medium in its peracetylated 

form for membrane permeability, as a clickable fucose analogue. At the employed concentration, 

6-thiofucose was incorporated into 60–70% of glycans. Like surface-accessible thiols produced 

via insertion of cysteine residues, the thiols were present as a disulfide with free cysteine. 

Borrowing on the procedure developed to prepare THIOMAB conjugates, complete reduction of 

the antibody (including interchain disulfide bonds) followed by re-oxidation and conjugation 

with a maleimide-linked MMAE yielded a conjugate with a DAR of 1.3 (Figure 1.3G). The 

thiofucose ADC displayed similar in vitro potency and superior plasma stability compared to a 

nonspecific ADC conjugated at interchain cysteine residues. 

While these glycoconjugation methods have provided a straightforward means to achieve 

site-specificity, one downside is the lack of control over site placement. So far there are no data 

indicating that modification of the glycans at N297 is problematic, but other methods such as 

THIOMAB, unnatural amino acid incorporation, and peptide tag methods provide flexibility in 

the number of conjugation sites and their placement that glycoconjugation does not. In principle, 

one could introduce a new N-glycosylation site into the antibody, but given the subtle factors 

governing whether a given NX(S/T) sequon is glycosylated and the large size of common N-

glycans, such an approach would require careful engineering. Another complication associated 

with glycoengineering approaches is that the conjugates produced may be immunogenic. 

Antibodies against a variety of subtly modified glycans have been found in humans: for example, 

N-glycolylneuraminic acid, which differs from sialic acid by addition of a single hydroxyl group, 
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acts as an antigen in humans,
72

 and a variety of sialic acid glycoengineering studies have found 

that other unnatural sialic acids are immunogenic as well.
73

  

 

Ribosomal incorporation of unnatural and noncanonical amino acids 

 

 Methods for ribosomal incorporation of unnatural amino acids (UAAs) into proteins 

provide an elegant solution to the problem of site-specifically engineering bioorthogonal 

functionality. In the most widely used method for UAA incorporation pioneered by Schultz, a 

mutant protein encoded by a gene with the amber stop codon (TAG) at the site of the desired 

UAA is expressed in cells, along with a corresponding orthogonal tRNA/aminoacyl-tRNA 

synthetase (aaRS) pair capable of installing the UAA at the amber stop codon site. This method 

for UAA incorporation has recently been reviewed.
74

 

 One of the first unnatural amino acids to be incorporated in E. coli UAA expression 

systems was p-acetylphenylalanine, chosen for the bioorthogonal reactivity of its ketone.
75

 

Schultz, Smider, and collaborators at Ambrx have incorporated this amino acid into antibodies 

produced in mammalian cells.
76

 Conjugation of an aminooxy-auristatin F to trastuzumab 

containing p-acetylphenylalanine provided oxime conjugates in high conversions (Figure 1.4A). 

The oxime conjugations in these studies proceeded for several days at pH 4–4.5, which is slow 

relative to other ligation strategies; however, many other small bioorthogonal functional groups 

have been introduced into proteins using amber suppression and could in principle be inserted 

into an IgG, so the slow reaction kinetics do not reflect an inherent limitation of the UAA 

technology. In vitro evaluation of a panel of three ADCs produced by oxime conjugation at 

various sites on the antibody showed no significant difference in activity in several HER2-

positive cell lines. The site-specific ADCs exhibited a clearance rate in rats similar to that of 

unconjugated trastuzumab, in contrast to the faster rates of antibody clearance previously 

observed with nonspecifically conjugated ADCs when compared to their parent antibodies.
77

 In 

collaboration with Pfizer, subsequent xenograft studies in mice using ADCs produced with this 

method showed that oxime-linked ADCs against HER2 and 5T4 were more effective against 

tumor growth than nonspecifically cysteine-conjugated ADCs with twice the DAR. Additionally, 

conjugates containing a protease-cleavable linker at one of two sites exhibited different plasma 

stabilities, demonstrating that control over the site of modification is important in tuning the 

pharmacokinetic parameters of ADCs.
78
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Figure 1.4. Conjugation methods based on UAA incorporation. (A) Incorporation 

of p-acetylphenylalanine followed by oxime condensation. (B) Simultaneous 

incorporation of p-acetylphenylalanine and an azido-lysine derivative followed by 

oxime condensation and Cu-free click chemistry to attach a fluorophore (green 

star). (C) Cell-free incorporation of p-azidomethylphenylalanine followed by Cu-

free click chemistry. (D) Incorporation of selenocysteine followed by mild 

reduction and alkylation. 
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Insertion of UAAs can be expanded to site-specifically incorporate more than one 

bioorthogonal functional group into the same protein, which would enable the preparation of 

well-defined theranostics or ADCs linked to toxins operating through different mechanisms. By 

simultaneously introducing two mutually orthogonal tRNA/aaRS pairs that insert unnatural 

amino acids in response to the amber and ochre stop codons in mammalian cells, the Schultz lab 

has demonstrated the ability to incorporate two different unnatural amino acids into one 

protein.
79

 This system was used to prepare trastuzumab analogs containing p-acetylphenylalanine 

and an azide-functionalized carbamate derivative of lysine, which were then conjugated to an 

aminooxy auristatin and a cyclooctyne fluorophore reagent, respectively (Figure 1.4B). 

One complication associated with expressing proteins containing UAAs in mammalian 

cells is that several exogenous components must work in concert to produce protein in high 

enough titers to be commercially viable. Additionally, amber suppression in mammalian cells 

such as CHO is complicated by a relatively high rate of amber stop codon usage, which likely 

leads to toxicity arising from unwanted amber readthrough products in the presence of charged 

tRNAs. Accordingly, antibody titers in CHO cells in the first ADC study from Ambrx were 

around 300 mg/L, which is relatively low compared to typical production scale titers of 2–5 

g/L.
80

  Since then, however, Ambrx has introduced a line of CHO cells named EuCODE that 

provides titers above 1 g/L.
78

 

 As an alternative to amber suppression in mammalian cells, Swartz and coworkers 

combined amber suppression with cell-free protein synthesis to optimize incorporation of several 

UAAs into model proteins.
81

 In cell-free synthesis, a clarified E. coli lysate is used as the 

reaction medium in which UAA-containing proteins are expressed. Sato and coworkers from 

Sutro Biopharma recently described the optimization of this system for production of ADCs 

containing p-azidomethylphenylalanine (historically, other groups have incorporated p-

azidophenylalanine, but the alkyl azide exhibits faster reaction kinetics and likely improves 

stability to reduction and photolysis).
82

 An advantage of using cell-free synthesis relative to 

conventional cell culture expression is that a large number of conditions for protein expression 

can quickly be screened simultaneously in microtiter plates. This was demonstrated by 

expressing a 1760-member library of aaRS mutants to screen for optimal incorporation of p-

azidomethylphenylalanine into green fluorescent protein, but in principle the workflow could be 

adapted to quickly screen many sites of UAA incorporation throughout an IgG. Expression of 

UAA-containing trastuzumab with the top 6 aaRS mutants from the screen followed by 

conjugation with a cyclooctyne-functionalized MMAF yielded conjugates with DARs of up to 

1.9 that exhibited expected in vitro potencies (Figure 1.4C). In conjugates with lower DARs, the 

conjugation efficiency was likely lower due to the insertion of phenylalanine, tyrosine, or 

glutamine in place of the UAA by a lower-fidelity aaRS, although those mutants could not be 

detected by mass spectrometry. Importantly, proteins produced via cell-free synthesis are not 

glycosylated. Historically, aglycosylated antibodies have been avoided due to concerns about 

immunogenicity of the free N297 residue, increased susceptibility to aggregation, and poor 

pharmacokinetics compared to their glycosylated counterparts; however, given the advancement 

of several aglycosylated antibodies into clinical trials, those concerns seem to have abated.
83

 

Of all the methods used for site-specific ADC preparation to date, UAA incorporation 

offers the most flexibility. The ability to generate conjugates site-specifically based on a single 

amino acid mutation may prove valuable to researchers wishing to investigate structure-activity 

relationships (SAR) on ADCs. Additionally, the ketone and the azide are only two of many 

possible functional groups that could be used with these systems; Schultz, Chin, and others have 
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shown that many functionalities can be incorporated into proteins, allowing the use of other 

bioorthogonal reactions.
84

 The main obstacle to using UAAs to generate ADCs seems to be the 

initial investment required to express the requisite UAA-containing antibodies; in contrast, other 

methods can be used with native antibodies or those with just a few mutations. 

An alternative to incorporating a UAA is to incorporate selenocysteine, a noncanonical 

amino acid that is found in 25 human proteins.
85,86

 Selenocysteine is encoded by the opal stop 

codon (UGA) when in proximity to a selenocysteine insertion sequence in the 3ʹ untranslated 

region of an mRNA transcript.
87

 Selenocysteine’s nucleophilicity and low pKa of 5.5 make it 

useful for protein conjugation chemistry under slightly acidic conditions, where competing 

nucleophiles such as cysteine and lysine are unreactive. Arnér and coworkers initially 

demonstrated the ribosomal incorporation of selenocysteine into non-selenoproteins.
88

 

Subsequently, Rader and coworkers at NIH used selenocysteine to prepare immunoconjugates by 

reacting an Fc fragment containing selenocysteine near its C terminus with a maleimide under 

mildly acidic conditions.
89

 An important property of this platform is the moderate incorporation 

efficiency (20%) of selenocysteine into the protein. The majority of assembled Fc proteins 

containing selenocysteine are thus heterodimers of a selenocysteine-containing chain with an 

opal termination chain, resulting in the ability to attach one equivalent of small molecule per Fc 

(the presence of an affinity tag downstream of the opal codon allows selenocysteine containing 

proteins to be purified away from homodimeric opal termination products). In a subsequent 

study, rituximab was used as a model for incorporation of selenocysteine near the C terminus of 

a full-length antibody (Figure 1.4D).
90

 Expression of the full-length antibody yielded increased 

incorporation of selenocysteine (30–50%), resulting in a mixture of products containing one or 

two selenocysteine residues. Maleimide conjugation to selenocysteine did not negatively impact 

antigen affinity, nor did it significantly affect FcRn or Fc binding. Selenocysteine thus provides 

a chemical handle for reactions with electrophilic small molecules; so far, its incorporation into 

non-selenoproteins has only been demonstrated near the C terminus, but in human proteins it can 

be found upstream of  helices as well.
86

 

 
Modification of peptide tags 

 

 Following the success of green fluorescent protein fusion tags for fluorescence 

microscopy in the late 1990s, several efforts were pursued to minimize the size of fluorescent 

tags. These efforts resulted in fusions to progressively smaller proteins that were capable of 

selectively reacting with or binding small molecules, such as the SNAP tag and the TMP tag.
91

 

Proteins possessing highly selective reactivity or binding affinity cannot be miniaturized 

indefinitely, so the field next turned to peptide tags that allowed their carrier proteins to be 

enzymatically modified with small molecules. These types of enzymatic tagging methods were 

popularized in the mid 2000s by the Ting lab, which showed that biotin ligase,
92

 

transglutaminase,
93

 and lipoic acid ligase
94

 were capable of site-specifically ligating small 

molecules to their peptide substrates within a variety of proteins. 

Transglutaminase catalyzes amide bond formation between glutamine side chains and 

small molecules containing a primary amine, and is notable for its relaxed small molecule 

substrate specificity. Work on using microbial transglutaminase to modify antibodies was first 

published by Schibli, whose group showed that Q295, the natural amino acid residue that is 

situated near the N297 glycosylation site, could be a substrate for transglutaminase, but only if 

the N-glycan was first removed.
95

 Such treatment of an IgG makes Q295 more sterically 
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accessible and increases the flexibility of the loop in which the residue is situated. Treatment of 

rituximab or an anti-L1-CAM antibody with the glycosidase PNGase F followed by 

transglutaminase in the presence of various amine-containing small molecules led to isopeptide 

bond formation at Q295 (Figure 1.5A). Alternatively, transglutaminase treatment of the N297Q 

mutant yielded products modified at Q295 and Q297, resulting in up to four small molecule 

additions per antibody (Figure 1.5B). 
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Figure 1.5. Conjugation methods based on enzymatic modification of peptide 

tags. (A) Glycosidase treatment for access to Q295 followed by transglutaminase-

mediated conjugation of amine-functionalized small molecules. (B) 

Transglutaminase-mediated conjugation in an N297Q mutant at sites Q295 and 

Q297. (C) Glycosidase treatment followed by transglutaminase-mediated 

conjugation of an azido-PEG-amine and Cu-free click chemistry. (D) 

Transglutaminase-mediated conjugation of amine-functionalized drugs to an 

engineered LLQGA site or (E) several engineered LLQGA sites simultaneously. 

(F) Sortase-mediated conjugation of a glycine-functionalized chelator near the C-

terminus of an scFv. (G) Formylglycine generating enzyme mediated conversion 

of cysteine to formylglycine followed by HIPS ligation. Abbreviations: PNGase, 

Peptide N-Glycosidase; FGly, formylglycine; HIPS, hydrazino-Pictet–Spengler. 
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 The Schibli group next collaborated with Innate Pharma to use microbial 

transglutaminase for production of ADCs.
96

 In the Schibli group’s initial study, amine-

functionalized small molecules were directly coupled to antibodies in the presence of 

transglutaminase.
95

 When this approach was applied to PNGase-treated IgG1 using amine-

functionalized auristatin derivatives, only 50 to 80% of heavy chains were modified despite the 

presence of 40 equivalents of drug-linker. Hypothesizing that transglutaminase would more 

readily accept a smaller substrate with a clickable functional group, the authors instead modified 

several antibodies with an azido-PEG-amine to yield fully-modified conjugates (Figure 1.5C). 

Subsequent reaction with a cyclooctyne-functionalized MMAE yielded a uniform product with a 

DAR of 2 by MS analysis of the heavy chain, suggesting >95% coupling efficiency.  

Strop, Rajpal, and coworkers from Rinat-Pfizer have used a transglutaminase from 

Streptoverticillium mobaraense to prepare ADCs.
97

 Rather than removing the glycans from N297 

for accessibility to Q295, this group introduced the amino acid tag LLQGA into various sites on 

the heavy or light chains to direct the attachment of fluorophores or auristatins directly to the 

introduced glutamine residue. The best LLQGA sites, one on the light chain and one on the 

heavy chain, exhibited DARs of 1.8–1.9 when coupled directly with a monomethyl auristatin D 

(MMAD)-functionalized amine (Figure 1.5D). A comparison of the pharmacokinetics of these 

two anti-M1S1 conjugates in vivo showed a striking dependence on the conjugation site: in mice, 

the two conjugates as well as the parent antibody exhibited similar clearance rates, whereas in 

rats, the heavy chain conjugate was cleared very quickly. Additionally, in rats, the stability of a 

protease-cleavable linker containing a valine-citrulline dipeptide was dependent on the 

conjugation site: the heavy chain ADC accumulated DAR 1 species, whereas the light chain 

ADC remained almost completely intact. Finally, a comparison of the site-specific ADCs to a 

conventionalcysteine conjugate with DAR 3.6 showed that the former were better tolerated at 

high doses in rats, consistent with the findings from an initial study on THIOMABs.
37

 

In a subsequent study on transglutaminase-mediated ADC production, the Rinat-Pfizer 

group examined tryptic digests of their ADCs by LC-MS/MS and found that 1.3% of the heavy 

chains were inadvertently modified with MMAD at Q295.
98

 This impurity was introduced on the 

small portion of the antibody that was aglycosylated. When a Q295N mutant was used as the 

substrate, no sites of off-target conjugation could be detected by analysis of tryptic peptides, 

suggesting that the reaction proceeded with >99.8% site-specificity. Finally, the group installed 

the LLQGA tag at both a heavy and a light chain site simultaneously to prepare ADCs with a 

DAR of 3.8, a rare example of using a site-specific conjugation method to prepare an ADC 

functionalized at several sites (Figure 1.5E). This study highlighted the importance of thorough 

conjugate characterization with respect to site specificity and DAR: the presence of a 1–2% 

impurity would be difficult to reproducibly detect by intact protein MS, but analysis of tryptic 

digests in this study was capable of detecting femtomole quantities of peptides with a sensitivity 

of approximately 0.2%. 

 Bacterial sortase can also be used to direct amide bond formation with a primary amine at 

a specific site on a protein of interest. Sortase is a transpeptidase that covalently attaches proteins 

to the peptidoglycan layer in the cell wall of gram-positive bacteria. Mao and coworkers 

originally showed that the LPXTG consensus sequence for sortase modification could be 

installed recombinantly into proteins to direct the addition of the primary amine in glycine-

functionalized cargo molecules.
99

 Sortase cleaves the LPXTG peptide between the threonine and 

glycine residues, replacing the original glycine residue and subsequent C-terminal amino acid 

residues with the glycine-functionalized cargo molecule. Hagemeyer, Donnelly, and coworkers 
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have used sortase-mediated conjugation to modify an scFv with a radioisotope chelator (Figure 

1.5F).
100

 Importantly, the product of a sortase-mediated conjugation also contains an LPXTG 

motif, and the reaction is therefore reversible. The authors found that glycine-functionalized 

small molecules incorporating PEG or sterically bulky tryptophan residues led to higher 

conversions, perhaps because they minimized the propensity for the reverse reaction and/or 

hydrolysis of the thioester acyl-enzyme intermediate. The optimized conjugations proceeded 

with around 90% conversion, and following installation of the radioisotope the conjugates were 

used for PET/CT imaging. The sortase-tagging method has also been used by Harrenga and 

coworkers at Bayer to modify an Fab,
101

 as well as by the Ploegh group to ligate peptides and 

proteins to the heavy chain of a full length antibody.
102

 

 While the transglutaminase and sortase methods use peptide tags to direct an amide 

conjugation to a desired site on the protein, a peptide tag could instead be used to direct an 

enzymatic transformation that yields a bioorthogonal functional group. This is the strategy 

behind the aldehyde tag technology, which was developed in our lab as a general method for 

site-specific protein modification. A protein containing the peptide sequence CXPXR at the 

desired site of modification is coexpressed with a formylglycine generating enzyme, which 

catalyzes oxidation of the cysteine residue within the sequence to formylglycine.
103

 During 

studies in which we used aldehyde-tagged proteins to prepare antibody-protein conjugates
104

 and 

Fc fragments with defined glycan structures,
105

 our lab observed that formylglycine-derived 

oximes are unstable to hydrolysis over the course of several days at ambient temperature. The 

need for a stable conjugation chemistry for formylglycine led us to develop the Pictet–Spengler 

ligation, a reaction in which a stable C–C bond is formed between the aldehyde and an 

aminooxy-functionalized tryptamine analogue (Chapter 2).
106

 Rabuka and coworkers at 

Redwood Bioscience (now part of Catalent Pharma Solutions) disclosed ADCs made from 

aldehyde-tagged proteins using the hydrazino-Pictet–Spengler (HIPS) ligation (Chapter 3),
107

 a 

variant of the Pictet–Spengler ligation that proceeds more quickly near neutral pH. The CXPXR 

tag sequence was introduced into trastuzumab at three sites with cysteine to formylglycine 

conversions of 86–98%, and the resulting antibodies were conjugated to HIPS-maytansinoids 

with over 90% conversion (Figure 1.5G).
108

 Comparisons of tagged and untagged protein 

showed no changes in thermal stability or FcRn binding at pH 6, while the ADCs showed a slight 

decrease in thermal stability and slightly slower dissociation from FcRn at neutral pH. The group 

next evaluated how several important parameters varied depending on the conjugation site. 

Evaluation of the plasma stability of three maytansine conjugates showed that stability was site-

dependent, likely resulting from accelerated hydrolysis of the maytansine ester in certain 

microenvironments. In vivo half-life and efficacy in a mouse xenograft model were also site-

dependent, with a nonspecifically lysine-functionalized trastuzumab-maytasine ADC exhibiting 

a shorter antibody half-life than any of the site-specific conjugates. Finally, in results consistent 

with previous studies comparing site-specific and nonspecific ADCs, a toxicity study showed 

that a C-terminally tagged ADC was much better tolerated than the nonspecific ADC. The 

Redwood Bioscience team has also used the aldehyde tag platform to conduct SAR studies on a 

variety of linkers.
109

 Because all of the early linker development for ADCs was done on mixtures 

of conjugates, decisions about linker structure were often made empirically after screening a 

variety of linkers. The ability to interrogate SAR on homogeneous conjugates will likely lead to 

an improved understanding of the factors relevant to linker degradation and drug release. 

 Work with transglutaminase, sortase, and formylglycine generating enzyme has shown 

that chemoenzymatic strategies can be a convenient way to produce site-specific ADCs. A 
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variety of other chemoenzymatic protein modification techniques exist that could also be used 

for site-specific ADC production.
110

 Additionally, some methods involving peptide or protein 

tags do not require enzymatic modification. For example, peptide tags can be used to direct 

chemical modification to the N terminus of an Fc via transamination and oxime ligation;
111

 

alternatively, expressed protein ligation has been used to modify an IgG at the C terminus,
112

 and 

the SNAP tag has been used to site-specifically modify an scFv.
113

 Also of note is the 

“Meditope” technology, in which a domain with affinity for a corresponding Meditope peptide 

can be grafted onto an antibody.
114

 

One potential downside to using peptide tags to direct site specificity is that the inserted 

tag sequence may be immunogenic in humans. In such a case, the likely recourse would be to 

find an alternate peptide sequence that acts as a substrate, which could also require engineering 

the enzyme, depending on its promiscuity. Preliminary work can also help rule out problematic 

sites of modification; for example, in the Redwood Bioscience study, computational analysis as 

well as an ex vivo assay for T cell activation suggested that antibodies tagged at the chosen sites 

and the resulting ADCs would not be immunogenic.
108

  

 

Conclusion 

 

 Thanks to advances in protein engineering, bioorthogonal chemistry, and analytical 

methods, the field of site-specific ADC development is advancing rapidly. We can now 

covalently append a drug molecule to many sites on an antibody, but the chemistries for doing so 

are still few in number. Many of the site-specifically modified ADCs in coming years will likely 

be linked via maleimides, oximes, and triazoles, functional groups that bear the signatures of 

classic bioorthogonal reactions. As these functional groups see widespread use, we will also 

come to understand their strengths and limitations. Cys-maleimide conjugations, once considered 

the gold standard of protein bioconjugation reactions for their speed and selectivity, are now 

understood to yield products that undergo thiol exchange and succinimide ring opening 

reactions. Hydrazone and oxime conjugations, widely appreciated for their reliability and 

simplicity, suffer from slow reaction kinetics and potential hydrolytic instability. Additionally, 

many commonly used bioorthogonal reagents do not react stereospecifically. For example, 

reactions of maleimides, bis-sulfone crosslinkers, dibenzocyclooctynes, hydrazides and 

alkoxyamines, and tryptamine analogues with their respective protein-bound reaction partners all 

yield at least two diastereomeric products, with complications sometimes arising from formation 

of several regioisomers as well. As currently performed, these conjugation methods, even when 

applied to homogeneous starting materials with site-specifically installed bioorthogonal 

functionality, cannot generate homogeneous products. As the field progresses, the continued 

development and refinement of protein engineering techniques in conjunction with new 

bioorthogonal chemistries will enable the production of homogeneous conjugates, and will allow 

parameters such as stability, potency, pharmacokinetics, and immunocompatibility to be tuned. 

Protein engineering tools have been used extensively by biopharmaceutical companies in 

the development of biologic therapies over the last three decades. In contrast, the primary drivers 

of bioorthogonal chemistry have been academic labs, and their intended purpose has typically 

been to develop research tools for studying biological systems. The brimming pipeline of site-

specific ADC technologies shows that biopharmaceutical companies are now thoroughly vetting 

the collection of bioorthogonal reactions, and the scope of applications of bioorthogonal 

chemistry is poised to expand into clinical use. 
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Chapter 2 

 

A Pictet–Spengler Ligation for Protein Chemical Modification 

 

Introduction 

 

Reaction methodology for protein modification has been an active area of research for 

decades. Early strategies focused on global modification of native amino acids, providing access 

to heterogeneously modified products.
1
 However, a variety of applications necessitate site-

specific modification of proteins: biophysical studies requiring knowledge of the site of 

attachment of a reporter molecule,
2
 preparation of protein microarrays and functional materials 

requiring immobilization in a specific orientation
3
 and conjugation of protein drugs with 

poly(ethylene glycol) or cytotoxic molecules, where the site of chemical modification affects the 

pharmacokinetic and therapeutic properties of the resulting biologic.
4,5

 Therefore, in recent years, 

the field has refocused on methods to achieve site-specific protein modification, typically by 

introduction of a nonnative functional group exhibiting bioorthogonal reactivity.
6,7

 

Aldehydes and ketones are popular choices as chemical handles for site-specific protein 

modification. Their unique reactivity as mild electrophiles enables selective conjugation with α-

effect nucleophiles such as substituted hydrazines and alkoxyamines, which generate hydrazone 

and oxime-ligated products, respectively.
8
 A variety of chemical, enzymatic, and genetic 

methods have been developed to introduce aldehydes and ketones into proteins site-specifically. 

These include periodate oxidation of N-terminal serine or threonine residues;
9
 pyridoxal 

phosphate-mediated N-terminal transamination to yield an α-ketoamide or glyoxamide;
10-13

 

addition of ketone-containing small molecules to protein C-terminal thioesters generated by 

expressed protein ligation;
14

 genetically-encoded incorporation of unnatural amino acids 

containing ketones via amber stop codon suppression;
15-18

 genetic encoding of peptide tags that 

direct enzymatic ligation of aldehyde- or ketone-bearing small molecules;
19,20

 and genetic 

encoding of a site for modification by the formylglycine generating enzyme (FGE), the 

“aldehyde tag” method developed in our lab.
21-25

 

The diversity of methods for introducing reactive carbonyl groups into proteins stands in 

contrast to the limited number of reactions that have been adopted for their chemical 

modification. Reductive amination has found some use, mainly with glycoprotein substrates in 

which aldehydes were introduced by glycan oxidation.
26

 But the vast majority of examples use 

the hydrazone and oxime-forming reactions mentioned above, due to their bioorthogonality, 

operational simplicity (i.e., no auxiliary reagents are required), and good yields under mild 

aqueous conditions. However, the resulting C=N bonds are susceptible to hydrolysis,
27

 

undermining the use of such conjugates in situations where long-term stability is required. The 

oxime has been identified as the most hydrolytically stable C=N linkage, but it is still 

thermodynamically unstable to hydrolysis under dilute conditions, decomposing via an acid-

catalyzed process.
28

 Many researchers have found that oxime conjugates that are kept under ideal 

storage conditions—low temperature, high concentration, and neutral or high pH—are 

kinetically stable and are therefore suitable for short-term laboratory studies.
23,25,29

 But biological 

applications requiring extended persistence of the conjugate at physiological temperatures and 

low concentrations necessitate a significantly more stable covalent linkage than the oxime 

provides.  

29



The ideal bioconjugation reaction would form a stable C–C bond with protein aldehydes 

and ketones. A few such reactions have been reported, but they are limited by slow reaction 

kinetics
30

 or the need for organic cosolvents.
31,32

 A C–C bond forming transformation possessing 

the kind of generality and operational simplicity that led to the widespread adoption of oxime 

bioconjugation has not yet been reported. Here we describe the development of the Pictet–

Spengler ligation, a C–C bond forming reaction that capitalizes on the bioorthogonality of oxime 

formation in an intermediate step. We used this new reaction to prepare hydrolytically stable 

conjugates with glyoxyl- and formylglycine-modified proteins, including a monoclonal antibody. 

 

Design and synthesis of Pictet–Spengler ligation reagents 

 

For the last century, the Pictet–Spengler reaction has played an important role in the 

synthesis of indole alkaloid natural products.
33

 We hypothesized that the transformation (Figure 

2.1A), which forms a C–C bond between tryptamine and an aldehyde or a ketone, could be 

adapted for the purpose of irreversible bioconjugation. The canonical Pictet–Spengler reaction 

has previously been used in this context;
30

 however, the reaction is slow under protein-

compatible conditions, proceeding with a second-order rate constant of approximately 10
-4

 M
-1

 s
-

1
 at pH 4-5.

34
 These slow reaction kinetics necessitate high concentrations (e.g., 50 mM) of the 

derivatizing reagent to achieve good yields of modified protein, which can be problematic from 

the standpoints of reagent cost, off-target reactivity, purification of the resulting conjugate, and 

toxicity if applied to protein labeling on live cells. 

30



 
Figure 2.1. Design and evaluation of the Pictet–Spengler ligation. (A) The Pictet–

Spengler reaction. (B) The Pictet–Spengler ligation. (C) Synthesis of aldehyde- 

and ketone-reactive indoles used in this study. (D) Second-order rate constants for 

the reaction of 1a with isobutyraldehyde in D2O solutions containing 100 mM 

deuterated acetate (pD < 5.5) or phosphate (pD > 6.0) buffers. Error bars 

represent standard deviation of at least three replicate experiments. Abbreviations 

used: TBS, tert-butyldimethylsilyl; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; 

TBAF, tetrabutylammonium fluoride; Teoc, 2-(trimethylsilyl)ethoxycarbonyl; 

ADDP, 1,1’-(azodicarbonyl)dipiperidine; PFP, pentafluorophenyl; DIPEA, 

diisopropylethylamine.  
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In our design of the Pictet–Spengler ligation (Figure 2.1B), we were guided by a 

thorough kinetic study of the Pictet–Spengler reaction indicating that formation of an iminium 

ion intermediate is partially rate-limiting.
34

 Taking note of rapid rates at which α-effect amines 

condense with aldehydes and ketones,
35

 we hypothesized that the rate of iminium ion formation 

could be enhanced by replacing the aliphatic amine of tryptamine with an aminooxy moiety. To 

further increase the rate of the reaction, we moved the aminooxy substituent to the 2-position of 

the indole, allowing the more nucleophilic 3-position to engage in electrophilic substitution. 

Indoles that are substituted with aliphatic amines at the 2-position are known to engage in “iso-

Pictet–Spengler” reactions in organic solvents.
36,37

 Finally, we methylated the aminooxy 

functionality to provide a reactive oxyiminium ion intermediate that would facilitate rapid C–C 

bond formation via intramolecular electrophilic substitution. Pictet–Spengler reactions of N-

alkoxytryptamines to afford products with exocyclic aminooxy functionality are known,
38-40

 but 

to the best of our knowledge neither their kinetics nor their behavior in aqueous media has been 

studied. With these precedents, we expected aminooxy-functionalized indoles 1 to engage in a 

fast Pictet–Spengler type reaction (Figure 2.1B). 

We prepared model indole 1a in a short, high-yielding synthesis (Figure 2.1C). First, an 

ester was installed as a masked functionalization handle by protection of indole-2-methanol with 

TBSCl followed by a DBU-catalyzed aza-Michael addition to methyl acrylate.
41

 Following 

deprotection of the hydroxyl group to yield indole 2, the aminooxy moiety was installed by 

reaction with Teoc-protected N-methylhydroxylamine under modified Mitsunobu conditions.
42,43

 

Saponification of the resulting product yielded compound 3, which was cleanly deprotected with 

CsF to afford indole 1a in 66% yield over six steps.  

 

Reactivity of model indole and hydrolytic stability of products 

 

To validate the Pictet–Spengler ligation, we treated indole 1a with either 

isobutyraldehyde or acetone in methanolic ammonium acetate solutions at pH 4.5. Both reactions 

proceeded very cleanly in less than 1 hour to afford the desired trihydro-β-oxa-γ-carboline 

(hereafter referred to as oxacarboline) products. Analysis of the rate of the reaction of 1a with 

isobutyraldehyde in D2O by 
1
H NMR spectroscopy revealed a rate law that is first-order in the 

concentrations of 1a and isobutyraldehyde at pD 7.0, and a pD-rate constant profile characteristic 

of aminooxy compounds under acidic conditions (Figures 2.1D and 2.2).
44

 These results show 

that our rate-enhancement strategies were successful, as the Pictet–Spengler ligation is 4-5 orders 

of magnitude faster than the canonical Pictet–Spengler reaction in aqueous media. (In an attempt 

to further increase the rate of the reaction, we also synthesized a variant of 1a with a methoxy 

group at the 5-position of the indole. Kinetic experiments at pD 4.5 and 6.0 showed that the 

methoxylated indole reacts with isobutyraldehyde about 30% faster than 1a, depending on the 

acidity of the solution. Given the modest increase in reaction rate, we pursued further studies 

with unsubstituted indole 1a.) 
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Figure 2.2. Results from second-order 
1
H NMR kinetics experiments on the 

reaction of 1a with isobutyraldehyde at 295 K at pD (A) 4.50, (B) 5.00, (C) 5.50, 

(D) 6.00, (E) 6.50, and (F) 7.00. 
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Next, we compared the hydrolytic stability of the oxacarboline generated by the Pictet–

Spengler ligation with that of a model oxime. We treated an aldehyde-derivatized fluorescein (4, 

Figure 2.3A) with benzylalkoxyamine or 1a to generate conjugates 5a and 5b, respectively. 

Buffered solutions at pH 4.5 or 5.0 containing 1 μM 5a or 5b were incubated at room 

temperature and analyzed by liquid chromatography. Over the course of two days, the majority 

of oxime 5a hydrolyzed while over 90% of oxacarboline 5b remained intact (Figure 2.3B); no 

products other than those arising from hydrolysis were detected. Previous work has shown that 

oxime hydrolysis occurs on a similar timescale in the presence of excess formaldehyde used as a 

trap to drive the reaction toward hydrolysis of the conjugate.
28

 Notably, our results indicate that 

oxime hydrolysis can occur to an appreciable extent in aqueous solution, even in the absence of a 

trap, underscoring the need for irreversible bioconjugation reactions. These model experiments 

establish that the Pictet–Spengler ligation proceeds rapidly under acidic conditions to yield a 

hydrolytically stable product. 

 
Figure 2.3. Hydrolytic stability of a model oxime and oxacarboline. (A) Scheme 

showing hydrolysis of 5a and 5b. (B) Liquid chromotagraphy data showing 

hydrolysis of 1 μM 5a and 5b at room temperature over two days. 

 

Scope of the reaction on model proteins 

 

We next evaluated the Pictet–Spengler ligation as a means to label aldehyde-

functionalized proteins. To facilitate the detection and manipulation of labeled proteins, we 

prepared biotinylated indole 1b by coupling 3 with amino-poly(ethylene glycol)-functionalized 

biotin, followed by deprotection of the Teoc group with CsF. As a protein substrate for reaction 

with 1b, we generated horse heart myoglobin with an N-terminal glyoxyl moiety (glyoxyl-Mb) 

by pyridoxal phosphate-mediated transamination (Figure 2.4A).
10

 In glyoxyl-Mb labeling 

experiments, conjugated product was detected by SDS-PAGE and Western blotting with a FITC-

conjugated α-biotin antibody after quenching excess labeling reagent with benzaldehyde. First, 

34



we established that labeling occurs in a concentration- and time-dependent manner (Figures 2.4B 

and 2.4C, respectively). Importantly, control samples of Mb that were not aldehyde-

functionalized showed negligible labeling. We next studied the pH-dependence of the reaction, 

observing a greater extent of biotinylation at more acidic pH (Figure 2.4D) as also observed in 

kinetic studies of indole 1a. Finally, we found that co-treatment with benzylalkoxyamine as an 

aldehyde scavenger resulted in diminished biotinylation (Figure 2.4E). A similar series of 

experiments using commercial aminooxy-biotin as a labeling reagent showed the same 

qualitative trends in labeling. Collectively, these results establish that indole 1b specifically 

labels the aldehyde functionality in transaminated myoglobin, and, more generally, behaves like 

a typical aminooxy reagent.
45

  

 

 
 

Figure 2.4. Optimization of the Pictet–Spengler ligation on glyoxyl-Mb. (A) 

General scheme for biotinylation of glyoxyl-Mb. Indole 1b exhibits (B) 

concentration-dependent, (C) time-dependent, and (D) pH-dependent labeling of 

glyoxyl-Mb. Additionally, (E) biotinylation can be diminished by co-treatment 

with BnONH2. Mb (– aldehyde) or glyoxyl-Mb (+ aldehyde) was treated with (B) 

0-200 μM 1b for 3 h at pH 4.0, (C) 250 μM 1b for 0-2 h at pH 4.0, (D) 250 μM 

1b for 3 h at pH 4.0-7.5, or (E) 100 μM 1b for 3 h at pH 4.5 in the presence of 0-

800 μM BnONH2. All reactions were run at 37 °C and quenched with 10 mM 

benzaldehyde prior to resolution by SDS-PAGE. Biotinylation was assessed with 

a fluorescein isothiocyanate (FITC)-conjugated α-biotin antibody and total protein 

loading with Ponceau S. 
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We next studied the reaction of 1a with formylglycine-functionalized maltose-binding 

protein (FGly-MBP), prepared using the genetically-encoded aldehyde tag method (Figure 

2.5A).
24

 Briefly, the 6-residue peptide sequence LCTPSR was engineered at the C-terminus of 

MBP, constituting residues 389-394 in the recombinant protein. We also included a thrombin 

cleavage site N-terminal to the aldehyde tag sequence. Coexpression of the protein alongside the 

M. tuberculosis FGE in E. coli resulted in oxidation of Cys390 to FGly.
21

 As a control, we also 

expressed the C390A mutant, which is not a substrate for FGE and lacks the FGly aldehyde. 

Incubation of FGly-MBP with 1 mM indole 1a at 37 °C for 12 hours resulted in quantitative 

conversion to the desired singly-modified adduct, as judged by ESI-MS, whereas the C390A 

mutant showed no reaction (Figure 2.5B). Additionally, when an FGly-MBP conjugate of 1a was 

digested with trypsin, we were able to identify the C-terminal 8-residue tryptic peptide 

containing the desired adduct by high-resolution ESI-MS (Figure 2.6A). MS/MS fragmentation 

of the tryptic peptide by electron-transfer dissociation provided direct evidence for modification 

of the FGly residue (Figure 2.6B). Reaction of FGly-MBP with tryptophan methyl ester under 

identical conditions resulted in only minimal (<3%) conversion to the modified product (Figure 

2.7), confirming that the Pictet–Spengler ligation proceeds much more quickly than the canonical 

Pictet–Spengler reaction on proteins. 
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Figure 2.5. Modification of FGly-MBP by the Pictet–Spengler ligation. (A) 

Scheme depicting Pictet–Spengler ligation with FGly-MBP followed by 

thrombin-catalyzed cleavage of a C-terminal 8mer peptide containing the 

oxacarboline. (B) Deconvoluted mass spectra of Pictet–Spengler ligations. FGly-

MBP and MBP C390A were incubated with 1 mM 1a at pH 5.0 for 12 h at 37 °C 

prior to analysis by ESI-MS. Expected masses (Da): FGly-MBP, 43256 and 

43238 (M – H2O); FGly-MBP + 1a, 43486; MBP C390A, 43242. (C) Thrombin-

catalyzed cleavage of FGly-MBP conjugates. (D) Fluorescence polarization 

analysis of AF488-MBP conjugate hydrolysis; inset shows polarization of 

solutions immediately following thrombin addition. Solutions containing 100 nM 

AF488 conjugate were incubated in phosphate-buffered saline (pH 7.2) at 37 °C 

for one week prior to thrombin addition. 
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Figure 2.6. Mass spectrometric analysis of tryptic digests of FGly-MBP 

conjugated to 1a. (A) High-resolution ESI-MS spectrum showing modified 

peptide. Calculated mass: 1032.5114; observed: 1032.5220. (B) MS/MS 

fragmentation of modified peptide by electron-transfer dissociation.  
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Figure 2.7. Deconvoluted mass spectra of canonical Pictet–Spengler reactions of 

FGly-MBP with tryptophan methyl ester. FGly-MBP was incubated with 1 mM L-

tryptophan methyl ester hydrochloride at pH 5.0 or 6.5 for 12 h at 37 °C prior to 

analysis by ESI-MS. Expected masses (Da): FGly-MBP, 43256 and 43238 (M – 

H2O); FGly-MBP + Trp methyl ester, 43456. 

 

To confirm that labeling occurred only at the FGly residue, we exploited the thrombin 

cleavage site engineered directly upstream of the aldehyde tag sequence. First, we prepared 

indole 1c by coupling 3 with Alexa Fluor 488 (AF488) cadaverine followed by deprotection with 

CsF. Next, we prepared oxacarboline- or oxime-linked AF488 conjugates of FGly-MBP by 

treatment with either 1c or AF488 hydroxylamine, incubated the conjugates with various 

amounts of thrombin for 1 hour, and then analyzed the products by SDS-PAGE. The intensity of 

in-gel fluorescence from the FGly-MBP band decreased at higher thrombin concentrations, 

consistent with labeling exclusively within the cleaved C-terminal 8-residue peptide (Figure 

2.5C). Notably, the oxime- and oxacarboline-linked AF488-MBP conjugates displayed 

qualitatively similar behavior, indicating that, relative to the oxime, the larger oxacarboline 

moiety did not inhibit the protein’s ability to serve as a substrate for thrombin. These 

experiments establish that the Pictet–Spengler ligation exclusively labels the FGly residue on the 

aldehyde tagged protein. 

 

Hydrolytic stability of the oxacarboline linkage on a model protein 

 

Next, we assayed the hydrolytic stability of the oxacarboline linkage on FGly-MBP. 

Fluorescence polarization is a technique that yields information about the tumbling rate of a 

fluorophore in solution: macromolecule-conjugated fluorophores tumble slowly and exhibit high 

polarization values, whereas small molecule fluorophores exhibit low polarization values. Thus, 

fluorescence polarization is ideally suited to monitor cleavage of protein-fluorophore 

conjugates.
46

 A solution of FGly-MBP was treated with 1c, AF488 hydroxylamine, or a lysine-

reactive AF488-sulfodichlorophenol ester to make oxacarboline-, oxime-, or amide-linked 

AF488-MBP, respectively. The samples were then diluted to 100 nM in AF488 conjugate and 

incubated at 37 °C. The fluorescence polarization was monitored for one week (Figure 2.5D). 
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The oxime conjugate exhibited a steady drop in polarization, indicating nearly complete 

hydrolysis of the conjugate over the course of 7 days. In contrast, the oxacarboline and amide 

conjugates showed only a minimal change in polarization. To confirm that the oxacarboline-

linked AF488 conjugate was still intact after one week, we added thrombin to the samples, which 

resulted in an immediate decrease in polarization as the C-terminal peptide containing the 

fluorophore was cleaved from the rest of the protein. The polarization of the resulting solutions 

containing mixtures of free and peptide-linked AF488 matched the polarization of 

independently-prepared solutions of the free fluorophores. The signal from the amide-linked 

AF488 conjugate remained stable (no lysine residues are present downstream of the thrombin 

cleavage site), indicating that the decrease in polarization was not an artifact of thrombin 

addition. 

 

Application of the Pictet–Spengler ligation to site-specific modification of a monoclonal 

antibody 

 

To showcase the utility of the Pictet–Spengler ligation in preparation of antibody 

conjugates, we used an α-HER2 human IgG modified with an aldehyde tag sequence at the C 

terminus of each of its two heavy chains (abbreviated FGly-α-HER2). The parent antibody is a 

variant of the clinically approved drug Herceptin
47

 and of Kadcyla, an antibody-drug conjugate 

based on Herceptin.
48

 FGly-α-HER2 was prepared as previously described
24

 and then labeled 

with indole 1c at pH 4.5 for 12 h; the resulting conjugate (AF488-α-HER2) was cleanly modified 

on the heavy chain (Figure 2.8A) with an average of 1.0 ± 0.13 fluorophores per hIgG. We next 

assessed binding of this antibody conjugate to the ovarian adenocarcinoma cell line SKOV3, 

which overexpresses HER2, by flow cytometry. SKOV3 cells were treated with AF488-α-HER2 

or FGly-α-HER2, followed by a DyLight 649-conjugated α-hIgG secondary antibody to measure 

total hIgG binding. We found no difference in binding between AF488-α-HER2 and FGly-α-

HER2 (Figure 2.8B), suggesting that neither the Pictet–Spengler ligation reaction conditions nor 

the presence of the oxacarboline moiety negatively impacts the antibody’s affinity for HER2. 

Incubation of the labeled cells with a rabbit α-AF488 secondary antibody followed by a FITC-

conjugated α-rabbit tertiary antibody resulted in increased fluorescence on cells treated with 

AF488-α-HER2 but not with FGly-α-HER2 (Figure 2.8B). This result confirms that the AF488 

cargo was successfully delivered to the cell surface by AF488-α-HER2. As expected, an isotype 

control hIgG showed no significant binding to SKOV3 cells; furthermore, the AF488-α-HER2 

conjugate had no affinity for Jurkat T cells, which do not express HER2. Overall, these 

experiments show that the Pictet–Spengler ligation can be used to prepare a site-specifically 

labeled monoclonal antibody without compromising binding activity. 
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Figure 2.8. Characterization of FGly-α-HER2 modified by the Pictet–Spengler 

ligation. (A) Reducing and non-reducing SDS-PAGE analysis of FGly-α-HER2 

and AF488-α-HER2. (B) Median fluorescence intensity of SKOV3 and Jurkat cell 

populations treated with human antibodies. Cells were treated with AF488-α-

HER2, FGly-α-HER2, or human isotype control and then fluorescently labeled 

with α-hIgG and α-AF488 antibodies. Error bars represent standard deviation of 

three replicate experiments. 

 

Conclusion 

 

The Pictet–Spengler ligation possesses the selectivity, kinetics, and operational simplicity 

that originally popularized traditional oxime- and hydrazone protein conjugation reactions. 

However, its oxacarboline product enables the persistence of bioconjugates in hydrolytically 

demanding environments where C=N linkages currently fail. We demonstrated the generality of 

the method using a variety of aldehyde-functionalized proteins, including a therapeutically 

relevant human IgG. Model reactions suggest that ketones are potential substrates as well, a 

future direction to explore with respect to bioconjugation. We focused here on the use of the 

Pictet–Spengler ligation for modification of purified proteins, but applications extend to other 

biomolecules that are amenable to functionalization with reactive carbonyl groups. Methods for 

metabolic,
49-51

 enzymatic,
52

 and chemical
53,54

 functionalization of glycans with ketone and 

aldehyde groups are well-established, and are finding use in proteomic analyses of glycosylated 

proteins. The Pictet–Spengler ligation may enhance the performance of these methods, as well as 

others that seek to detect or manipulate carbonyl groups using bioorthogonal chemistry.
55,56
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Materials and methods 

 

A. General synthetic methods 

 

All reagents were obtained from Sigma-Aldrich, Acros, or TCI and used without further 

purification. Anhydrous solvents were dried and deoxygenated by purification through columns 

of alumina and Q-5,
57

 with the exception of N,N-dimethylformamide, which was purchased in a 

sealed bottle and stored over molecular sieves. Deuterated solvents were purchased from 

Cambridge Isotope Laboratories. Solvents were removed on a Buchi Rotavapor R-114 equipped 

with a Welch 2026 self-cleaning dry vacuum pump or with an Edwards RV3 vacuum pump. 

Thin layer chromatography was performed with Silicycle 60 Å silica gel plates and 

analyzed by UV illumination or I2 staining. Flash chromatography was performed with Silicycle 

60 Å 230-400 mesh silica gel. High-pressure liquid chomatography was performed on a Varian 

ProStar instrument with a UV absorption detector operating at 210 and 254 nm. Preparative-scale 

HPLC was performed on a 100 Å C18 reverse phase column (250 x 21.4 mm) with a solvent 

flow rate of 20 mL/min, or a Varian Microsorb 300-5 C4 reverse phase column (250 x 4.6 mm) 

with a solvent flow rate of 1 mL/min.  

NMR spectra were acquired on Bruker AVQ-400, AVB-400, DRX-500, AV-500, or AV-

600 spectrometers. 
1
H NMR spectra were referenced to residual CHCl3 (7.26 ppm), CD2HCN 

(1.94 ppm), or CD2HOD (3.31 ppm). 
13

C NMR spectra were referenced to CDCl3 (77.16 ppm), 

CD3CN (1.32 ppm), or CD3OD (49.00 ppm). NMR spectra were processed using MestReNova 

(Mestrelab Research S.L.). High-resolution ESI mass spectra of small molecules were obtained 

at the UC Berkeley Mass Spectrometery Facility on a Thermo LTQ Orbitrap mass spectrometer.  

 

B. Synthesis of new compounds 

 

2-(((tert-butyldimethylsilyl)oxy)methyl)-1H-indole (6): An oven-dried flask 

was charged with indole-2-methanol (1.581 g, 10.74 mmol), TBSCl (1789 g, 

11.87 mmol, 1.10 equiv), and imidazole (2.197 g, 32.27 mmol, 3.00 equiv), 

and this mixture was suspended in CH2Cl2 (40 mL, anhydrous). After 16 h, the 

reaction mixture was concentrated to an orange residue. The crude mixture was taken up in Et2O 

(50 mL), washed with aqueous AcOH (5% v/v, 3 x 50 mL) and brine (25 mL). The combined 

organic layers were dried over sodium sulfate and concentrated to a crystalline solid (2.789 g, 

10.67 mmol, 99%) which was used without further purification. Rf = 0.5 in 9:1 hexanes:EtOAc. 
1
H NMR (500 MHz, CDCl3) δ 8.29 (s, 1H), 7.57 (d, J = 7.7 Hz, 1H), 7.37 (dd, J = 8.1, 0.6 Hz, 

1H), 7.19 – 7.14 (m, 1H), 7.12 – 7.07 (m, 1H), 6.32 (d, J = 1.0 Hz, 1H), 4.89 (s, 2H), 0.95 (s, 

9H), 0.12 (s, 6H). 
13

C NMR (101 MHz, CDCl3) δ 138.3, 136.0, 128.6, 121.7, 120.5, 119.8, 

110.9, 99.0, 59.4, 26.1, 18.5, -5.2. HRMS (ESI) calcd for C15H24NOSi [M+H]
+
: 262.1627; found: 

262.1625. 

 

methyl 3-(2-(((tert-butyldimethylsilyl)oxy)methyl)-1H-indol-1-

yl)propanoate (7): To a solution of 6 (2.789 g, 10.67 mmol) in acetonitrile 

(25 mL) was added methyl acrylate (4.80 mL, 53.3 mmol, 5.00 equiv) 

followed by 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU; 800 µL, 5.35 mmol, 

0.50 equiv), and the resulting mixture was brought to reflux. After 18 h, the 

solution was cooled and concentrated to an orange oil which was purified by 
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silica gel chromatography (9:1 hexanes:EtOAc, Rf = 0.4) to yield a colorless oil (3.543 g, 10.19 

mmol, 96%). 
1
H NMR (400 MHz, CDCl3) δ 7.58 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 8.2 Hz, 1H), 

7.23 – 7.18 (m, 1H), 7.12 – 7.07 (m, 1H), 6.38 (s, 1H), 4.84 (s, 2H), 4.54 – 4.49 (m, 2H), 2.89 – 

2.84 (m, 2H), 0.91 (s, 9H), 0.10 (s, 6H). 
13

C NMR (101 MHz, CDCl3) δ 172.0, 138.5, 137.1, 

127.7, 122.0, 121.0, 119.8, 109.3, 101.8, 58.2, 51.9, 39.5, 34.6, 26.0, 18.4, -5.2. HRMS (ESI) 

calcd for C19H30NO3Si [M+H]
+
: 348.1995; found: 348.1996. 

 

methyl 3-(2-(hydroxymethyl)-1H-indol-1-yl)propanoate (2): To a 

solution of 7 (1.283 g, 3.692 mmol) in tetrahydrofuran (20 mL) at 0 °C 

was added tetrabutylammonium fluoride (1.0 M in THF, 3.90 mL, 3.90 

mmol, 1.06 equiv). After 15 minutes, the reaction mixture was diluted 

with diethyl ether (20 mL) and washed with NaHCO3 (sat. aq., 3 x 20 

mL), and concentrated to a pale green oil. The oil was purified by silica gel chromatography (2:1 

hexanes:EtOAc, Rf = 0.25) to yield a white crystalline solid (822 mg, 3.524 mmol, 95%). 
1
H 

NMR (500 MHz, CDCl3) δ 7.60 (d, J = 7.8 Hz, 1H), 7.34 (dd, J = 8.2, 0.4 Hz, 1H), 7.27 – 7.23 

(m, 1H), 7.16 – 7.11 (m, 1H), 6.44 (s, 1H), 4.77 (s, 2H), 4.49 (t, J = 7.3 Hz, 2H), 3.66 (s, 3H), 

2.87 (t, J = 7.3 Hz, 2H), 2.64 (s, 1H). 
13

C NMR (126 MHz, CDCl3) δ 172.3, 138.5, 137.0, 127.6, 

122.2, 121.1, 119.9, 109.3, 102.3, 57.1, 52.0, 39.1, 34.3. HRMS (ESI) calcd for C13H15NNaO3 

[M+Na]
+
: 256.0950; found: 256.0946.  

 

2-(trimethylsilyl)ethyl hydroxy(methyl)carbamate (8): To N-

methylhydroxylamine hydrochloride (249 mg, 2.98 mmol, 1.05 equiv) was 

added KOH (0.1 M solution in MeOH, 30.0 mL, 3.00 mmol, 1.06 equiv), 

resulting in the formation of a white precipitate. After 5 minutes, N-[2-

(trimethylsilyl)ethoxycarbonyloxy]succinimide (736 mg, 2.84 mmol) was added. After 4 h, the 

solution was concentrated and the residue was suspended in ethyl acetate (30 mL). The organic 

solution was washed with sodium bicarbonate (saturated aqueous solution, 3 x 15 mL) and brine 

(15 mL), dried over Na2SO4, and then concentrated to a colorless oil which was of sufficient 

purity for further use (466 mg, 2.44 mmol, 86%). Rf = 0.2 in 4:1 hexanes:EtOAc. 
1
H NMR (500 

MHz, CDCl3) δ 7.35 (br s, 1H), 4.24 – 4.19 (m, 2H), 3.20 (s, 3H), 1.04 – 0.98 (m, 2H), 0.04 (s, 

9H). 
13

C NMR (101 MHz, CDCl3) δ 158.6, 65.0, 38.0, 17.9, -1.4. HRMS (ESI) calcd for 

C7H17NNaO3Si [M+Na]
+
: 214.0875; found: 214.0870. 

 

methyl 3-(2-(3,8,8-trimethyl-4-oxo-2,5-dioxa-3-aza-8-silanonyl)-1H-indol-1-

yl)propanoate (9): To an oven-dried flask charged with 2 (195 mg, 0.836 

mmol), TeocN(Me)OH (201 mg, 1.05 mmol, 1.26 equiv), and tributylphosphine 

(251 µL, 1.05 mmol, 1.26 equiv) was added toluene (24 mL, anhydrous) 

followed by 1,1′-(azodicarbonyl)dipiperidine (263 mg, 1.04 mmol, 1.25 equiv). 

A thick, white precipitate formed over the course of the next hour, after which diethyl ether (40 

mL) was added and the solution was filtered through Celite. The residue was concentrated to a 

yellow oil and then purified by silica gel chromatography (4:1 hexanes:EtOAc, Rf = 0.3) to yield 

a colorless oil (299 mg, 736 µmol, 88%). 
1
H NMR (600 MHz, CDCl3) δ 7.60 (d, J = 7.9 Hz, 1H), 

7.36 (d, J = 8.2 Hz, 1H), 7.28 – 7.22 (m, 1H), 7.14 – 7.09 (m, 1H), 6.57 (s, 1H), 5.05 (s, 2H), 

4.63 (t, J = 7.4 Hz, 2H), 4.25 – 4.19 (m, 2H), 3.67 (s, 3H), 3.09 (s, 3H), 2.88 (t, J = 7.4 Hz, 2H), 

1.02 – 0.96 (m, 2H), 0.05 (s, 9H). 
13

C NMR (151 MHz, CDCl3) δ 171.9, 158.0, 137.3, 133.3, 
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127.5, 122.8, 121.4, 120.0, 109.6, 105.4, 68.0, 64.8, 51.9, 39.3, 37.0, 34.7, 17.9, -1.4. HRMS 

(ESI) calcd for C20H30N2NaO5Si [M+Na]
+
: 429.1822; found: 429.1816. 

 

3-(2-(3,8,8-trimethyl-4-oxo-2,5-dioxa-3-aza-8-silanonyl)-1H-indol-1-

yl)propanoic acid (3): To a solution of 9 (366 mg, 900 µmol) in 

dioxane (7 mL) was added LiOH (0.5 M aqueous solution, 3.60 mL, 

1.80 mmol, 2.00 equiv). After 2 h, the reaction was quenched with 

AcOH (5% v/v aqueous solution, 10 mL) to pH 4, resulting in the 

formation of a white precipitate. The solution was extracted with EtOAc (3 x 10 mL). The 

organic extract was concentrated to a yellow oil and purified by silica gel chromatography (2:1 

hexanes:EtOAc with 2% AcOH, Rf = 0.4), yielding a tan solid (292 mg, 744 µmol, 83%). 
1
H 

NMR (600 MHz, CDCl3) δ 10.95 (br s, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.38 (d, J = 8.3 Hz, 1H), 

7.28 – 7.23 (m, 1H), 7.15 – 7.10 (m, 1H), 6.58 (s, 1H), 5.04 (s, 2H), 4.67 – 4.59 (m, 2H), 4.25 – 

4.19 (m, 2H), 3.11 (s, 3H), 2.98 – 2.90 (m, 2H), 1.04 – 0.94 (m, 2H), 0.04 (s, 9H). 
13

C NMR (151 

MHz, CDCl3) δ 176.4, 158.0, 137.2, 133.1, 127.5, 122.9, 121.5, 120.2, 109.5, 105.5, 68.0, 65.0, 

39.1, 37.0, 34.8, 17.9, -1.4. HRMS (ESI) calcd for C19H28N2NaO5Si [M+Na]
+
: 415.1665; found: 

415.1666. 

 

3-(2-(((methylamino)oxy)methyl)-1H-indol-1-yl)propanoic acid (1a): To a 

mixture of 3 (107 mg, 273 µmol) and CsF (241 mg, 1.59 mmol, 5.81 equiv) was 

added N,N-dimethylformamide (5 mL, anhydrous). After 20 h, H2O (3 mL) was 

added, resulting in evolution of a gas. The solution was concentrated and 

purified by silica gel chromatography (5% AcOH, 3% MeOH in CH2Cl2, Rf = 

0.45), affording a white solid (69 mg, 274 µmol, 100%). 
1
H NMR (500 MHz, CD3OD) δ 7.51 (d, 

J = 7.9 Hz, 1H), 7.40 (d, J = 8.3 Hz, 1H), 7.19 – 7.14 (m, 1H), 7.05 – 7.00 (m, 1H), 6.47 (s, 1H), 

4.89 (s, 2H), 4.54 – 4.50 (m, 2H), 2.83 – 2.75 (m, 2H), 2.66 (s, 3H). 
13

C NMR (151 MHz, 

CD3OD) δ 175.1, 138.5, 136.2, 129.0, 123.1, 121.8, 120.6, 110.4, 104.7, 68.0, 40.4, 38.9, 35.6. 

HRMS (ESI) calcd for C13H17N2O3 [M+H]
+
: 249.1239; found: 249.1232. 

 

3-(1-isopropyl-2-methyl-1,2-dihydro-[1,2]oxazino[5,4-b]indol-5(4H)-

yl)propanoic acid (10): To a solution of 1a (6.0 mg, 24 µmol) in 1:1 aqueous 

NH4OAc (20 mM, pH 4.50) : MeOH (2 mL) was added isobutyraldehyde (6.6 

µL, 72 µmol, 3 equiv). After 1 h, the reaction mixture was concentrated to a pale 

pink solid (7.0 mg, 23 µmol, 96%). Rf = 0.4 in 5% AcOH, 3% MeOH in CH2Cl2. 
1
H NMR (600 MHz, CDCl3) δ 7.49 (d, J = 7.9 Hz, 1H), 7.32 (d, J = 8.1 Hz, 1H), 

7.20 – 7.15 (m, 1H), 7.12 – 7.07 (m, 1H), 5.00 (d, J = 14.8 Hz, 1H), 4.78 (d, J = 14.9 Hz, 1H), 

4.32 – 4.18 (m, 2H), 3.55 (d, J = 5.7 Hz, 1H), 2.76 (t, J = 6.8 Hz, 2H), 2.67 (s, 3H), 2.27 – 2.18 

(m, 1H), 1.08 (d, J = 6.8 Hz, 3H), 1.02 (d, J = 6.8 Hz, 3H). 
13

C NMR (151 MHz, CDCl3) δ 

175.2, 136.2, 130.4, 127.8, 121.5, 119.6, 119.6, 109.2, 107.0, 66.8, 58.3, 41.6, 39.3, 34.5, 33.2, 

20.6, 20.6. HRMS (ESI) calcd for C17H23N2O3 [M+H]
+
: 303.1709; found: 303.1701. 
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3-(1,1,2-trimethyl-1,2-dihydro-[1,2]oxazino[5,4-b]indol-5(4H)-yl)propanoic 

acid (11): To a solution of 1a (5.8 mg, 23 µmol) in 1:1 aqueous NH4OAc (20 

mM, pH 4.50) : MeOH (2 mL) was added acetone (5.1 µL, 69 µmol, 3 equiv). 

After 1 h, the reaction mixture was concentrated to a colorless oil (6.8 mg, 24 

µmol, 100%). Rf = 0.5 in 5% AcOH, 3% MeOH in CH2Cl2. 
1
H NMR (600 MHz, 

CD3CN) δ 7.60 (d, J = 7.9 Hz, 1H), 7.39 (d, J = 8.2 Hz, 1H), 7.15 – 7.10 (m, 1H), 

7.07 – 7.03 (m, 1H), 4.92 (br s, 2H), 4.22 (t, J = 6.7 Hz, 2H), 2.70 (t, J = 6.8 Hz, 2H), 2.66 (s, 

3H), 1.45 (s, 6H). 
13

C NMR (151 MHz, CD3CN) δ 173.0, 137.2, 134.1, 125.7, 121.4, 120.0, 

119.8, 116.9, 110.6, 65.8, 60.0, 40.0, 37.1, 34.69, 34.66. HRMS (ESI) calcd for C16H21N2O3 

[M+H]
+
: 289.1552; found: 289.1544. 

 

2-(trimethylsilyl)ethyl methyl((1-(3-oxo-3-((3-(3-(2-((3aS,4S,6aR)-2-

oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)acetamido)propoxy)propyl)amino)propyl)-1H-indol-2-

yl)methoxy)carbamate  (12): To an oven-dried flask charged with 3 (6.5 

mg, 17 µmol) and diisopropylethylamine (9.0 µL, 51 µmol, 3.0 equiv) in 

CH2Cl2 (1 mL, anhydrous) at 0 °C was added pentafluorophenyl 

trifluoroacetate (3.0 µL, 17 µmol, 1.0 equiv). The  solution was allowed to 

warm to room temperature over the next 30 min, after which it was filtered 

through a 0.5 cm
3
 silica plug which was washed with CH2Cl2 (2 mL). The filtrate was 

concentrated and dissolved in N,N-dimethylformamide (3 x 0.5 mL, anhydrous), then added to a 

solution of biotin-PEG3-NH2 (7.7 mg, 17 µmol, 1.0 equiv) and diisopropylethylamine (9.0 µL, 

51 µmol, 3.0 equiv) in N,N-dimethylformamide (0.5 mL, anhydrous). After 24 h, the solution 

was concentrated and then purified by silica gel chromatography (8% MeOH in CH2Cl2, Rf = 

0.1), affording a white solid (10.2 mg, 12.4 µmol, 75%). 
1
H NMR (500 MHz, CDCl3) δ 7.56 (d, 

J = 7.9 Hz, 1H), 7.43 (d, J = 8.2 Hz, 1H), 7.24 – 7.19 (m, 1H), 7.10 – 7.05 (m, 1H), 6.82 (s, 1H), 

6.59 – 6.54 (m, 2H), 6.00 (s, 1H), 5.19 (s, 1H), 5.03 (s, 2H), 4.60 (t, J = 7.3 Hz, 2H), 4.46 – 4.41 

(m, 1H), 4.26 – 4.22 (m, 1H), 4.20 (dd, J = 9.5, 7.7 Hz, 2H), 3.58 – 3.49 (m, 8H), 3.45 (m, 2H), 

3.34 (t, J = 6.1 Hz, 2H), 3.30 (dd, J = 12.1, 6.0 Hz, 2H), 3.23 (q, J = 6.5 Hz, 2H), 3.13 (s, 3H), 

3.12 – 3.07 (m, 1H), 2.86 (dd, J = 12.8, 5.0 Hz, 1H), 2.72 (t, J = 7.3 Hz, 2H), 2.68 (d, J = 12.9 

Hz, 1H), 2.16 (t, J = 7.4 Hz, 2H), 1.74 – 1.70 (m, 2H), 1.67 – 1.60 (m, 6H), 1.45 – 1.37 (m, 2H), 

1.03 – 0.95 (m, 2H), 0.04 (s, 9H).
 13

C NMR (126 MHz, CDCl3) δ 173.1, 170.8, 163.6, 157.8, 

137.4, 133.1, 127.3, 122.7, 121.1, 119.9, 110.1, 105.3, 70.52, 70.45, 70.2, 70.1, 69.9, 69.2, 67.7, 

64.9, 61.9, 60.2, 55.6, 40.64, 40.57, 38.0, 37.7, 37.3, 36.9, 36.0, 29.8, 29.0, 28.2, 28.2, 25.7, 17.9, 

-1.4. HRMS (ESI) calcd for C39H64N6NaO9SSi [M+Na]
+
: 843.4122; found: 843.4125. 

 

3-(2-(((methylamino)oxy)methyl)-1H-indol-1-yl)-N-(3-(3-(2-

((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yl)acetamido)propoxy)propyl)propanamide (1b): To an oven-dried 

flask charged with 12 (2.2 mg, 2.7 µmol) and CsF (6.5 mg, 43 µmol, 

16 equiv) was added N,N-dimethylformamide (0.5 mL, anhydrous). 

After 2 h, H2O (1 mL) and MeOH (1 mL) were added and the reaction 

mixture was concentrated to a white residue. The crude product was 

purified by silica gel chromatography (65:20:20:2.5:2.5  

EtOAc:MeCN:MeOH:H2O:NH4OH, Rf = 0.25), yielding a colorless oil (1.8 mg, 2.7 µmol, 99%). 
1
H NMR (500 MHz, CDCl3) δ 7.55 (d, J = 7.9 Hz, 1H), 7.40 (d, J = 8.2 Hz, 1H), 7.21 – 7.17 (m, 
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1H), 7.10 – 7.04 (m, 1H), 6.65 (br s, 1H), 6.50 (s, 1H), 6.49 (br s, 1H), 5.71 (br s, 1H), 4.88 (s, 

2H), 4.83 (br s, 1H), 4.55 (t, J = 7.1 Hz, 2H), 4.42 – 4.37 (m, 1H), 4.24 – 4.19 (m, 1H), 3.58 – 

3.48 (m, 8H), 3.47 – 3.43 (m, 2H), 3.36 (t, J = 5.9 Hz, 2H), 3.32 – 3.28 (m, 2H), 3.26 – 3.21 (m, 

2H), 2.85 (dd, J = 12.8, 5.0 Hz, 1H), 2.67 (t, J = 7.1 Hz, 2H), 2.62 (d, J = 12.8 Hz, 1H), 2.15 (t, J 

= 7.3 Hz, 2H), 1.72 – 1.69 (m, 2H), 1.68 – 1.59 (m, 6H), 1.44 – 1.38 (m, 2H). 
13

C NMR (126 

MHz, CDCl3) δ 173.0, 170.9, 163.4, 137.3, 135.5, 127.6, 122.2, 121.0, 119.8, 110.0, 103.7, 70.5, 

70.4, 70.0, 69.8, 69.4, 67.3, 61.9, 60.1, 55.6, 40.7, 40.3, 39.4, 38.2, 37.5, 37.3, 36.0, 29.9, 28.9, 

28.7, 28.2, 28.1, 25.7. HRMS (ESI) calcd for C33H53N6O7S [M+H]
+
: 677.3696; found: 677.3691. 

 

sodium 6-amino-9-(2-carboxy-4-((5-(3-(2-(3,8,8-trimethyl-4-

oxo-2,5-dioxa-3-aza-8-silanonyl)-1H-indol-1-

yl)propanamido)pentyl)carbamoyl)phenyl)-3-iminio-3H-

xanthene-4,5-disulfonate and sodium 6-amino-9-(2-

carboxy-5-((5-(3-(2-(3,8,8-trimethyl-4-oxo-2,5-dioxa-3-aza-

8-silanonyl)-1H-indol-1-

yl)propanamido)pentyl)carbamoyl)phenyl)-3-iminio-3H-

xanthene-4,5-disulfonate (13): To an oven-dried flask charged 

with 3 (9.8 mg, 25 µmol) and diisopropylethylamine (13 µL, 75 

µmol, 3.0 equiv) in CH2Cl2 (1 mL, anhydrous) at 0 °C was 

added pentafluorophenyl trifluoroacetate (4.5 µL, 26 µmol, 1.0 

equiv). The solution was allowed to warm to room temperature over the next 45 min, after which 

it was filtered through a 0.5 cm
3
 silica plug which was washed with CH2Cl2 (2 mL). The filtrate 

was concentrated and dissolved in N,N-dimethylformamide (2.0 mL, anhydrous). To 200 µL of 

this solution was added diisopropylethylamine (4.5 µL, 26 µmol, 17 equiv) and a solution of 

AF488 cadaverine (1.0 mg, 1.6 µmol) in N,N-dimethylformamide (1.0 mL, anhydrous). After 21 

h, MeOH (1 mL) was added and the reaction mixture was concentrated to a red residue which 

was purified by HPLC on a C18 column (time (min), % acetonitrile in H2O: 0, 10; 5, 10; 35, 

100). The product was isolated as a red powder (1.17 mg, 1.15 µmol, 74%). HRMS (ESI) calcd 

for C45H51N6Na2O14S2Si [M+Na]
+
: 1037.2469; found: 1037.2488. 

 

sodium 6-amino-9-(2-carboxy-4-((5-(3-(2-

(((methylamino)oxy)methyl)-1H-indol-1-

yl)propanamido)pentyl)carbamoyl)phenyl)-3-iminio-3H-

xanthene-4,5-disulfonate and sodium 6-amino-9-(2-

carboxy-5-((5-(3-(2-(((methylamino)oxy)methyl)-1H-

indol-1-yl)propanamido)pentyl)carbamoyl)phenyl)-3-

iminio-3H-xanthene-4,5-disulfonate (1c): To an oven-dried 

flask charged with 13 (1.166 mg, 1.149 µmol) and CsF (31 

mg, 204 µmol, 178 equiv) was added N,N-

dimethylformamide (anhydrous, 0.5 mL). After 6 h, H2O (1 

mL) was added and the reaction mixture was concentrated to 

a dark red residue which was purified by HPLC on a C4 

column (time (min), % acetonitrile in H2O: 0, 5; 5, 5; 10, 10). The resulting product was 

dissolved in 9:1 MeCN:H2O (3 x 0.5 mL) and filtered to remove residual CsF, resulting in a red 

solid (871 µg, 1.00 µmol, 87%). Rf = 0.20 in 6:2:2:2 EtOAc:MeOH:MeCN:H2O. in HRMS (ESI) 

calcd for C39H39N6O12S2 [M-Na]
-
: 847.2067; found: 847.2078. 
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5-methoxy-indole-2-methanol (14) was prepared as previously described.
58

 
1
H NMR (600 MHz, CDCl3) δ 8.36 (s, 1H), 7.14 (d, J = 8.8 Hz, 1H), 7.03 (d, J 

= 2.4 Hz, 1H), 6.83 (dd, J = 8.7, 2.5 Hz, 1H), 6.30 (d, J = 2.5 Hz, 1H), 4.69 (s, 

2H), 3.83 (s, 3H), 2.64 (s, 1H). 
13

C NMR (151 MHz, MeOD) δ 155.1, 140.5, 133.4, 130.1, 112.5, 

112.4, 103.1, 100.6, 58.7, 56.2, 49.0. HRMS (ESI) [M+H]
+
 calcd for C10H12NO2: 178.0868; 

found: 178.0867. 

 

2-(((tert-butyldimethylsilyl)oxy)methyl)-5-methoxy-1H-indole (15): A 

flask was charged with 5-methoxy-indole-2-methanol (1.50 g, 8.47 

mmol), TBSCl (1.40 g, 9.29 mmol, 1.10 equiv) and imidazole (1.73 g, 

25.4 mmol, 3.00 equiv). DCM (40 mL, anhydrous) was added and the 

resulting orange suspension was stirred under nitrogen. After 16 h, the reaction mixture was 

concentrated to an orange residue which was taken up in Et2O (50 mL) and washed with aqueous 

AcOH (3 x 50 mL, 5% v/v) and brine (50 mL). The organic layer was dried over Na2SO4, 

filtered, and concentrated to an orange residue. A little over a half of the crude product was 

purified by silica gel chromatography (Biotage Isolera Prime) to give 15 as a white solid (1.33 g, 

4.56 mmol, 54%). Rf = 0.3 in 9:1 hexanes:EtOAc.
 1

H NMR (600 MHz, CDCl3) δ 8.30 (s, 1H), 

7.28 (d, J = 8.7 Hz, 1H), 7.12 (d, J = 2.4 Hz, 1H), 6.91 (dd, J = 8.8, 2.5 Hz, 1H), 6.33 (dd, J = 

2.1, 1.0 Hz, 1H), 4.90 (s, 2H), 3.91 (s, 3H), 1.02 (s, 9H), 0.18 (s, 6H). 
13

C NMR (151 MHz, 

CDCl3) δ = 154.2, 139.1, 131.2, 129.0, 111.7, 111.6, 102.4, 98.9, 59.3, 55.9, 26.0, 18.5, -5.2. 

HRMS (ESI) [M+H]
+
 calcd for C16H26NO2Si: 292.1733; found: 292.1728. 

 

methyl 3-(2-(((tert-butyldimethylsilyl)oxy)methyl)-5-methoxy-1H-

indol-1-yl)propanoate (16): To a solution of 15 (1.33 g, 4.56 mmol) in 

acetonitrile (20 mL) was added DBU (343 µL, 2.21 mmol, 0.48 equiv) and 

methyl acrylate (2.05 mL, 25.1 mmol, 5.50 equiv) and the mixture was 

brought to reflux. After 18 h, the reaction mixture was concentrated to an 

orange oil which was purified by silica gel chromatography (Biotage 

Isolera Prime) to give 16 as colorless crystals (1.61 g, 4.26 mmol, 93%). Rf = 0.3 in 9:1 

hexanes:EtOAc.
 1

H NMR (600 MHz, CDCl3) δ 7.23 (d, J = 8.9 Hz, 1H), 7.05 (d, J = 2.5 Hz, 

1H), 6.88 (dd, J = 8.9, 2.5 Hz, 1H), 6.31 (s, 1H), 4.81 (s, 2H), 4.50 – 4.45 (m, 2H), 3.84 (s, 3H), 

3.68 (s, 3H), 2.87 – 2.82 (m, 2H), 0.90 (s, 9H), 0.09 (s, 6H). 
13

C NMR (151 MHz, CDCl3) δ 

172.0, 154.3, 139.0, 132.4, 128.0, 112.1, 110.0, 102.9, 101.4, 58.2, 56.0, 51.9, 39.6, 34.7, 26.0, 

18.4, -5.2. HRMS (ESI) [M+H]
+
 calcd for C20H32NO4Si: 378.2100; found: 378.2099. 

 

methyl 3-(2-(hydroxymethyl)-5-methoxy-1H-indol-1-yl)propanoate (17): 

A solution of 16 (1.59 g, 4.21 mmol) in tetrahydrofuran (20 mL) was cooled 

to 0°C, followed by the addition of tetra-n-butylammonium fluoride (1.0 M 

in tetrahydrofuran, 4.50 mL, 4.50 mmol, 1.07 equiv). After 1 h, the reaction 

mixture was diluted with Et2O (40 mL), washed with NaHCO3 (3 x 20 mL, 

sat. aq.) and brine (30 mL), dried over Na2SO4, filtered and concentrated. The residue was 

purified by silica gel chromatography to give 17 as a white crystalline solid (1.04 g, 3.95 mmol, 

94%). Rf = 0.13 in 2:1 hexanes:EtOAc. 
1
H NMR (600 MHz, CDCl3) δ 7.19 (d, J = 8.9 Hz, 1H), 

7.03 (d, J = 2.5 Hz, 1H), 6.87 (dd, J = 8.9, 2.5 Hz, 1H), 6.32 (s, 1H), 4.71 (d, J = 4.5 Hz, 2H), 

4.42 (t, J = 7.3 Hz, 2H), 3.83 (s, 3H), 3.63 (s, 3H), 2.99 (s, 1H), 2.81 (t, J = 7.3 Hz, 2H); 
13

C 
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NMR (151 MHz, CDCl3) δ 172.2, 154.1, 139.0, 132.2, 127.9, 112.2, 110.0, 102.7, 101.8, 57.0, 

55.8, 51.9, 39.1, 34.4. HRMS (ESI) [M+H]
+
 calcd for C14H18NO4: 264.1236; found: 264.1234. 

 

methyl 3-(5-methoxy-2-(3,8,8-trimethyl-4-oxo-2,5-dioxa-3-aza-8-

silanonyl)-1H-indol-1-yl)propanoate (18): An oven-dried flask 

was charged with 17 (330 mg, 1.25 mmol), carbamate 8 (300 mg, 

1.57 mmol, 1.25 equiv), and 1,1′-(azodicarbonyl)dipiperidine (317 

mg, 1.26 mmol, 1.01 equiv). The flask was purged with nitrogen 

and the solids were dissolved in toluene (30 mL, anhydrous). Tributylphosphine (313 µL, 1.25 

mmol, 1.00 equiv) was added, resulting in the formation of a precipitate. After 2 h, the reaction 

mixture was diluted with Et2O (30 mL), washed with H2O (2 x 50 mL) and brine (50 mL), dried 

over Na2SO4, filtered and concentrated. The residue was purified by silica gel chromatography to 

give 18 as a colorless oil (242 mg, 554 µmol, 44%). Rf = 0.5 in 2:1 hexanes:EtOAc. 
1
H NMR 

(600 MHz, CDCl3) δ 7.24 (d, J = 8.8 Hz, 1H), 7.04 (d, J = 2.5 Hz, 1H), 6.90 (dd, J = 8.9, 2.5 Hz, 

1H), 6.48 (s, 1H), 5.00 (s, 2H), 4.57 (t, J = 7.4 Hz, 2H), 4.24 – 4.19 (m, 2H), 3.82 (s, 3H), 3.65 

(s, 3H), 3.08 (s, 3H), 2.85 (t, J = 7.4 Hz, 2H), 1.01 – 0.96 (m, 2H), 0.05 (s, 9H). 
13

C NMR (151 

MHz, CDCl3) δ 171.8, 157.8, 154.3, 133.6, 132.4, 127.7, 113.0, 110.2, 104.8, 102.6, 67.8, 64.6, 

55.7, 51.8, 39.3, 36.8, 34.6, 17.8, -1.5. HRMS (ESI) [M+H]
+
 calcd for C21H33N2O6Si: 437.2108; 

found: 437.2106. 

 

3-(5-methoxy-2-(3,8,8-trimethyl-4-oxo-2,5-dioxa-3-aza-8-

silanonyl)-1H-indol-1-yl)propanoic acid (19): To a solution of 18 

(84.9 mg, 194 µmol) in dioxane (5 mL) was added a freshly 

prepared aqueous solution of LiOH (0.5 M, 780 µL, 390 µmol, 

2.01 equiv). After 3 h, the reaction was quenched with the addition 

of AcOH (5% v/v aqueous solution, 2.5 mL). The solution was extracted with ethyl acetate (3 x 

40 mL) and the combined organic layers were concentrated and purified by silica gel 

chromatography to give 19 as a light yellow oil (65.8 mg, 156 µmol, 80%). Rf = 0.40 in 2:1 

hexanes:EtOAc with 2% AcOH. 
1
H NMR (600 MHz, CDCl3) δ 10.83 (br s, 1H), 7.26 (d, J = 8.9 

Hz, 1H), 7.05 (d, J = 2.4 Hz, 1H), 6.91 (dd, J = 8.9, 2.5 Hz, 1H), 6.49 (s, 1H), 5.01 (s, 2H), 4.63 

– 4.51 (m, 2H), 4.25 – 4.18 (m, 2H), 3.84 (s, 3H), 3.10 (s, 3H), 2.93 – 2.87 (m, 2H), 1.04 – 0.96 

(m, 2H), 0.04 (s, 9H); 
13

C NMR (151 MHz, CDCl3) δ 177.6, 158.0, 154.4, 133.5, 132.5, 127.8, 

113.3, 110.3, 105.0, 102.9, 68.0, 64.9, 55.9, 39.1, 36.9, 34.9, 17.9, -1.5. HRMS (ESI) [M+Na]
+
 

calcd for C20H30N2O6SiNa: 445.1771; found: 445.1761. 

 

3-(5-methoxy-2-(((methylamino)oxy)methyl)-1H-indol-1-yl)propanoic 

acid (20): A flask was charged with 19 (59.8 mg, 141 µmol) and CsF (100 

mg,  658 µmol, 4.67 equiv) under nitrogen, followed by the addition of N,N-

dimethylformamide (4 mL, anhydrous). After 20 h, H2O (4 mL) was added 

and the solution was concentrated. The residue was purified by silica gel 

chromatography to give 20 as a colorless oil (39.0 mg, 140 µmol, 99%). Rf = 0.1 in 3% 

MeOH/DCM with 2% AcOH. 
1
H NMR (600 MHz, CD3OD) δ 7.27 (d, J = 8.9 Hz, 1H), 7.01 (d, 

J = 2.4 Hz, 1H), 6.81 (dd, J = 8.9, 2.5 Hz, 1H), 6.38 (s, 1H), 4.84 (s, 2H), 4.49 – 4.42 (m, 2H), 

3.77 (s, 3H), 2.80 – 2.71 (m, 2H), 2.65 (s, 3H);
 13

C NMR (151 MHz, CD3OD) δ 175.3, 155.5, 

136.7, 133.8, 129.3, 113.3, 111.2, 104. 5, 103.6, 67.9, 56.2, 40.5, 38.9, 35.9, 20.8, 9.1. HRMS 

(ESI) [M+Na]
+
 calcd for C14H18N2O4Na: 301.1164; found: 301.1167. 
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3-(1-isopropyl-8-methoxy-2-methyl-1,2-dihydro-[1,2]oxazino[5,4-b]indol-

5(4H)-yl)propanoic acid (21): To a solution of 20 (18 mg, 65 µmol) in 

methanol (2 mL) was added isobutyraldehyde (9.0 µL, 99 µmol, 1.5 equiv). 

After 1 h, the reaction mixture was concentrated to a yellow oil (21.3 mg, 

64.1 µmol, 99%). Rf = 0.6 in 1:1 hexanes:EtOAc with 2% AcOH. 
1
H NMR 

(600 MHz, CDCl3) δ 9.31 (s, 1H), 7.23 (d, J = 8.8 Hz, 1H), 6.95 (d, J = 2.5 

Hz, 1H), 6.86 (dd, J = 8.8, 2.4 Hz, 1H), 5.01 (d, J = 14.9 Hz, 1H), 4.79 (d, J = 14.9 Hz, 1H), 4.24 

(hept, J = 7.4, 6.8 Hz, 2H), 3.85 (s, 3H), 3.58 (d, J = 5.7 Hz, 1H), 2.83 – 2.75 (m, 2H), 2.69 (s, 

3H), 2.31 – 2.20 (m, J = 6.8 Hz, 1H), 1.10 (d, J = 6.8 Hz, 3H), 1.03 (d, J = 6.8 Hz, 3H). 
13

C 

NMR (151 MHz, CDCl3) δ 175.2, 154.1, 131.3, 130.8, 128.0, 110.9, 109.7, 106.1, 102.3, 66.5, 

58.3, 56.0, 41.3, 39.2, 34.3, 33.0, 20.6, 20.2. HRMS (ESI) [M+H]
+
 calcd for C18H25N2O4: 

333.1814; found: 333.1807. 
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5-((3,3-diethoxypropyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-

yl)benzoic acid (22): To a mixture of 5-carboxyfluorescein (30 mg, 80 µmol), 

N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (31 mg, 162 

µmol, 2.0 equiv), and 1-hydroxybenzotriazole hydrate (20 wt% H2O, 55 mg, 

326 µmol) was added N,N-dimethylformamide (3 mL) followed by 

triethylamine (22.2 µL, 159 µmol, 2.0 equiv) and 3-aminopropionaldehyde 

diethyl acetal (13 µL, 80 µmol, 1.0 equiv). After being stirred in the dark for 

26 h, MeOH (1 mL) was added and the solution was concentrated to an 

orange oil which was purified by silica gel chromatography (8% MeOH in CH2Cl2, Rf = 0.35) 

and HPLC on a C18 column (time (min), % MeCN in H2O with 0.1% TFA: (0, 45; 3, 45; 15, 

55). The product was obtained as a bright orange powder (13 mg, 26 µmol, 32%). 
1
H NMR (500 

MHz, CD3OD) δ 8.41 (d, J = 0.9 Hz, 1H), 8.17 (dd, J = 8.0, 1.5 Hz, 1H), 7.30 (d, J = 8.0 Hz, 

1H), 6.68 (d, J = 2.3 Hz, 2H), 6.61 (d, J = 8.7 Hz, 2H), 6.53 (dd, J = 8.7, 2.3 Hz, 2H), 4.65 (t, J = 

5.5 Hz, 1H), 3.75 – 3.67 (m, 2H), 3.59 – 3.53 (m, 2H), 3.51 (t, J = 7.1 Hz, 2H), 1.95 (dt, J = 8.6, 

4.3 Hz, 2H), 1.20 (t, J = 7.1 Hz, 6H). 
13

C NMR (151 MHz, CD3OD) δ 170.7, 168.3, 162.4, 

155.5, 154.4, 137.9, 135.0, 130.3, 129.5, 126.1, 125.0, 114.2, 111.2, 103.7, 103.0, 98.2, 63.0, 

37.3, 34.5, 15.7. HRMS (ESI) calcd for C28H28NO8 [M+H]
+
: 506.1815; found: 506.1823. 

 

2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-5-((3-

oxopropyl)carbamoyl)benzoic acid (4): Compound 22 (13 mg, 26 µmol) 

was dissolved in 12:12:1 CH2Cl2:trifluoroacetic acid:H2O (1 mL) and heated 

to 42 °C in a sealed vial. After 18 h, the reaction was quenched with H2O (2 

mL) and the solution was concentrated to an orange oil. The product was 

purified by silica gel chromatography (10% MeOH in CH2Cl2, Rf = 0.2), 

resulting in an orange solid (8.8 mg, 20 µmol, 79%; 97% brsm). 
1
H NMR 

(500 MHz, CDCl3) δ 8.46 (s, 1H), 8.20 (d, J = 8.0 Hz, 1H), 7.34 (d, J = 8.0 

Hz, 1H), 6.81 – 6.58 (m, 6H), 4.67 (t, J = 5.4 Hz, 1H), 3.53 (t, J = 7.0 Hz, 2H), 1.93 (dt, J = 14.2, 

7.1 Hz, 2H). HRMS (ESI) calcd for C24H16NO7 [M-H]
-
: 430.0927; found: 430.0917. 

 

5-((3-((benzyloxy)imino)propyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-

xanthen-9-yl)benzoic acid (5a): A mixture of 4 (3.2 mg, 7.4 µmol) and 

O-benzylhydroxylamine hydrochloride (1.3 mg, 8.1 µmol, 1.1 equiv) was 

dissolved in 1:1 aqueous sodium acetate (100 mM, pH 4.50) : MeOH (1 

mL). After 2.5 h, the resulting suspension was concentrated to an orange 

solid that was purified by HPLC on a C18 column (time (min), % MeCN 

in H2O: 0, 40; 5, 40; 15, 55), affording an orange solid (3.2 mg, 6.0 µmol, 

81%). The product was isolated as a mixture of syn:anti isomers in a 9:11 

ratio. 
1
H NMR (500 MHz, CD3OD) δ 8.40 (d, J = 4.0 Hz, 1H), 8.16 – 

8.08 (m, 1H), 7.54 (t, J = 5.9 Hz, 0.6H, anti-C(H)NO), 7.32 – 7.15 (m, 

6H), 6.87 (t, J = 5.5 Hz, 0.4H, syn-C(H)NO), 6.69 (t, J = 2.2 Hz, 2H), 

6.68 – 6.62 (m, 2H), 6.56 (t, J = 2.3 Hz, 1H), 6.54 (t, J = 2.4 Hz, 1H), 5.08 (s, syn-CH2O, 0.9H), 

5.01 (s, anti-CH2O, 1.1H), 3.61 (t, J = 6.6 Hz, 2H), 2.75 (q, J = 6.3 Hz, syn-CH2C(H)N, 0.9H), 

2.53 (q, J = 6.4 Hz, anti-CH2C(H)N, 1.1H). HRMS (ESI) calcd for C31H25N2O7 [M+H]
+
: 

537.1662; found: 537.1670. 
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5-((2-(5-(2-carboxyethyl)-2-methyl-1,2,4,5-tetrahydro-[1,2]oxazino[5,4-

b]indol-1-yl)ethyl)carbamoyl)-2-(6-hydroxy-3-oxo-3H-xanthen-9-

yl)benzoic acid (5b): A mixture of 4 (3.2 mg, 7.4 µmol) and 1a (2.0 mg, 8.1 

µmol, 1.1 equiv) was dissolved in 1:2 aqueous sodium acetate (100 mM, pH 

4.50) : MeOH (1.5 mL). After 2.5 h, the reaction mixture was concentrated 

to an orange solid that was purified by HPLC on a C18 column (time (min), 

% MeCN in H2O: 0, 40; 5, 40; 15, 55), affording an orange solid (3.7 mg, 

5.6 µmol, 76%). 
1
H NMR (500 MHz, CD3OD) δ 8.07 (s, 1H), 7.85 (dd, J = 

8.0, 1.3 Hz, 1H), 7.51 (d, J = 7.8 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H), 7.17 (d, 

J = 8.0 Hz, 1H), 7.08 – 7.03 (m, 1H), 7.03 – 6.98 (m, 1H), 6.68 (d, J = 1.9 

Hz, 2H), 6.62 – 6.52 (m, 4H), 5.12 (d, J = 14.4 Hz, 1H), 5.05 (d, J = 14.5 

Hz, 1H), 4.37 – 4.27 (m, 2H), 4.11 (br s, 1H), 3.59 (dt, J = 13.2, 6.4 Hz, 

1H), 3.50 (dt, J = 13.7, 6.9 Hz, 1H), 2.88 (s, 3H), 2.75 – 2.63 (m, 2H), 2.52 (m, 1H), 2.29 (m, 

1H). HRMS (ESI) calcd for C37H32N3O9 [M+H]
+
: 662.2138; found: 662.2154. 

 

C. Small molecule experiments 
 

1
H NMR kinetics: Deuterated sodium acetate buffers were prepared by basifying solutions of 

acetic acid-d4 in D2O to the appropriate pD (pD = pH meter reading + 0.41)
59

 by addition of 

NaOD in D2O and diluting them to 100 mM [acetate-d3] with D2O. Deuterated sodium phosphate 

buffers were prepared by combining 100 mM solutions of phosphoric acid-d3 in D2O and 

Na3PO4 in D2O to the appropriate pD. For determination of the order of each reactant in the rate 

equation, stock solutions containing 1a (1.5 mM or 3.0 mM) or isobutyraldehyde (1.5 mM or 3.0 

mM) in deuterated buffer solution were combined in a 1:1 ratio immediately before NMR 

acquisition. For determination of rate constants, stock solutions containing 1a (1 mM) or 

isobutyraldehyde (1 mM) in deuterated buffer solution were combined in a 1:1 ratio immediately 

before NMR acquisition (stock solutions containing 1.5 mM of each reactant were used at pD 

7.0). All kinetic data were acquired on a Bruker AV-500 or AV-600 spectrometer with the probe 

temperature maintained at 295 K. 8-spectrum scan sets were acquired every 30 s, and all 

reactions were followed for at least one half-life. The disappearance of the N-CH2 resonance was 

followed over time and the methyl resonances of the product were integrated to determine the 

total amount of material in solution. Data was analyzed in MestReNova and Microsoft Excel. 

 

Relative reaction kinetics of unsubstitued and methoxylated indoles: A stock solution of 3-

(trimethylsilyl)-2,2’,3,3’-tetradeuteropropionic acid (1 mM) in deuterated sodium phosphate 

buffer (100 mM, pD 4.5 or 6.0) in D2O was used to make 3 mM solutions of isobutyraldehyde 

and indoles 1a and 20. Both indoles were mixed in a 1:1 ratio and their concentrations were 

verified by 
1
H NMR. The solution of isobutyraldehyde was added to the indole mixture to give 

the reactants in a final ratio of 1:1:1. The resulting solution was incubated at room temperature 

until the isobutyraldehyde was fully consumed. The conversion of each indole to the 

corresponding oxacarboline product was assessed by integrating the N-CH2 resonances of 1a, 20, 

10, and 21. Experiments were carried out in triplicate on a Bruker AV-600 spectrometer. 
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Small molecule hydrolysis: Hydrolysis solutions contained 1 µM 5a or 5b, 25 µM phenylalanine 

as an internal standard, and 5 mM sodium acetate at the appropriate pH. The solutions were 

incubated at room temperature and 50 µL aliquots were repeatedly analyzed by liquid 

chromatography on an Agilent 1200 instrument using an Agilent Poroshell 120 EC-C18 reverse 

phase column (4.6 x 50 mm) with a solvent flow rate of 0.4 mL/min. The following gradient was 

employed (time (min), % MeCN in H2O with 0.1% TFA): 0, 5; 10, 95; 12, 95; 14, 5; 19, 5. The 

time of the first injection for each solution was assigned as t = 0. Integrals of the absorption 

peaks for 5a and 5b at 440 nm were normalized against the phenylalanine peak for each 

injection. 

D. Biotinylation of glyoxyl-Mb 

 

Preparation of glyoxyl-Mb: Transamination of horse heart myoglobin (Sigma-Aldrich) was 

performed following a modified literature protocol.
60

 Stock solutions of myoglobin (50 µM) in 

sodium phosphate buffer (25 mM, pH 6.50) and pyridoxal 5’-phosphate (PLP, 200 mM) in 

sodium phosphate buffer (25 mM, pH adjusted to 6.50) were prepared. The myoglobin solution 

was combined with an equal volume of the PLP stock solution or vehicle (25 mM sodium 

phosphate, pH 6.50) and incubated at 37 °C for 1 h in the dark. The solutions were then diluted 

10-fold and exchanged into sodium phosphate buffer (25 mM, pH 6.50) 5 times using centrifugal 

concentrators (Amicon Ultra, 10 kDa MWCO), and then dialyzed against sodium phosphate 

buffer (10 mM, pH 6.50) to remove residual pyridoxal phosphate. 

 

Time-dependent labeling: Glyoxyl-Mb or Mb (3 µg) and 1b or N-(aminooxyacetyl)-N'-(D-

biotinoyl) hydrazine (aminooxy-biotin) (250 µM) were combined  in sodium acetate buffer (25 

mM, pH 4.00) in a 4 µL reaction volume at 37 °C for 0-120 min and then quenched with 

benzaldehyde (10 mM). 

 

Concentration-dependent labeling: Glyoxyl-Mb or Mb (3 µg) and 1b or aminooxy-biotin (0-200 

µM) were combined in sodium acetate buffer (100 mM, pH 4.00) in a 4 µL reaction volume at 

37 °C for 3 h and then quenched with benzaldehyde (10 mM). 

pH-dependent labeling: Glyoxyl-Mb or Mb (1.7 µg) and 1b or aminooxy-biotin (250 µM) were 

combined in sodium acetate (100 mM, pH 4.00-5.50) or sodium phosphate (100 mM, pH 6.00-

7.50) buffer in a 4 µL reaction volume at 37 °C for 3 h and then quenched with benzaldehyde (10 

mM). 

 

Co-treatment with BnONH2: Glyoxyl-Mb or Mb (1.7 µg), 1b (100 µM), and BnONH3Cl (0-800 

µM) were combined in sodium acetate buffer (100 mM, pH 4.50) in a 5 µL reaction volume at 

37 °C for 3 h and then quenched with benzaldehyde (10 mM). 

 

Co-treatment with aniline: Glyoxyl-Mb or Mb (1.7 µg), 1b (100 µM), and anilinium acetate (0-

50 mM, pH 4.50 or 5.50) or anilinium phosphate (0-50 mM, pH 6.50) buffer were combined in 

sodium acetate buffer (50 mM, pH 4.50 or 5.50) or sodium phosphate buffer (50 mM, pH 6.50) 

in a 10 µL reaction volume at 37 °C for 4 h and then quenched with benzaldehyde (10 mM). 

 

General procedure for Western blots: Reaction mixtures were incubated for 5 min at room 

temperature after addition of benzaldehyde, then combined with 33% (v/v) 4x SDS loading 

buffer with β-mercaptoethanol and run on a 26-well Bio-Rad Criterion XT 4-12% bis-tris gel (45 
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min, 175 V) in XT MES buffer. The contents of the gel were then wet-transferred to 

nitrocellulose membranes in tris-glycine buffer with 20% MeOH (60 min, 100 V) and total 

protein loading was imaged with Ponceau S stain (0.1% w/v in 5% v/v acetic acid). The blots 

were then blocked overnight at 4 °C in phosphate-buffered saline with 0.1% Tween-20 (PBST) 

containing bovine serum albumin (4% w/v). The blot in blocking solution was then incubated 

with mouse α-biotin FITC (Jackson ImmunoResearch, 1/10000) for 1h at room temperature, 

washed with PBST (3 x 10 min), and imaged. Western blots were scanned on an Amersham 

Typhoon 9410 imager and data were analyzed in ImageJ. 

 

 

E. Preparation and evaluation of FGly-MBP conjugates  
 

FGly-MBP and MBP C390A were prepared as previously described.
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ESI-MS of full-length protein conjugates: Conjugation reactions of MBP for mass spectrometry 

analysis were prepared by combining FGly-MBP or MBP C390A (6.8 µg) with 1a or L-

tryptophan methyl ester (1 mM) in sodium acetate buffer (100 mM, pH 5.0) in a 8 µL reaction 

volume at 37 °C for 12 h. The reactions were then quenched by addition of dibasic sodium 

phosphate (100 mM, 92 µL) to bring the pH to 7.9, and stored at 4 °C for less than 1 h prior to 

analysis by ESI-MS. 

 

Tryptic digest: A conjugate of FGly-MBP with 1a (5.7 µg) in sodium phosphate buffer (65 mM, 

pH 7.2) was incubated with dithiothreitol (DTT, 2.54 mM, 60 nmol) at 56 °C for 30 min, 

iodoacetamide (5.98 mM, 150 nmol) at room temperature for 1 h in the dark, and then DTT (2.33 

mM, 60 nmol) at room temperature for 5 min (although no cysteine residues are present in FGly-

MBP, DTT and iodoacetamide were added to show that the oxacarboline moiety is compatible 

with standard reduction and alkylation procedures employed in proteolytic digestion). The 

resulting sample was treated with trypsin (0.115 µg, 2 wt%) at 37 °C for 18 h. The solution was 

then acidified with formic acid to a final concentration of 1% and purified on Millipore ZipTip 

C18 resin, eluting with a solution of 70% MeCN and 1% formic acid in H2O. The eluant was 

concentrated by centrifugal evaporation and the resulting residue was resuspended in water prior 

to analysis at the UC Berkeley HHMI Mass Spectrometry Lab by flow injection on a Bruker 

Apex-Qe ESI-Q-FT-ICR mass spectrometer (9.4T). HRMS (ESI) calcd for C45H70N13O15 

[M+H]
+
: 1032.5114; found: 1032.5220. 

 

Thrombin cleavage: A solution of FGly-MBP (44 µg) was labeled with AF488 C5-

aminooxyacetamide or 1c (200 µM) in sodium acetate buffer (100 mM, pH 4.5) in a 20 µL 

reaction volume at 37 °C for 17 h. The solutions were diluted 10-fold and exchanged into PBS 5 

times using a centrifugal concentrator (Amicon Ultra, 30 kDa MWCO). Solutions of the 

resulting AF488-MBP conjugates (0.6 µg) in PBS were incubated with thrombin (0-1.2 U) in a 6 

µL reaction volume at 37 °C for 1 h and then quenched by addition of reducing SDS loading 

buffer and boiling for 5 min prior to resolution by SDS-PAGE. The gel was imaged and then 

stained with Colloidal blue (Life Technologies). 

Fluorescence polarization: Oxime and oxacarboline-linked AF488-MBP conjugates were 

prepared as described above. Amide-linked AF488-MBP was prepared by treatment of FGly-

MBP (44 µg) with AF488 5-SDP ester (500 µM) in sodium bicarbonate buffer (100 mM, pH 8.0) 
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in a 15 µL reaction volume at 37 °C for 45 min. The solution was then diluted 10-fold and 

exchanged into PBS 5 times using a centrifugal concentrator (Amicon Ultra, 30 kDa MWCO). 

After evaluating conjugation efficiency by UV-vis, solutions of each conjugate containing 100 

nM AF488 were prepared in PBS (100 µL) in triplicate. The solutions were incubated in a sealed 

black 96-well plate (Costar) at 37 °C. Fluorescence polarization data were acquired periodically 

using a Perkin Elmer Victor
3
V plate reader. After nearly one week, the plate reader was 

equilibrated to 37 °C, thrombin (12 U) was added to each well, and polarization was monitored 

at 12 min intervals. Solutions of the free fluorophores (100 nM) exhibited polarization values of 

40 ± 1.3 mP (AF488 C5-aminooxyacetamide) and 104 ± 0.3 mP (1c), consistent with those of the 

thrombin-cleaved products, with error attributable to the presence of a mixture of a peptide-

AF488 conjugate and free fluorophore, as well as a slight increase in the concentration of AF488 

conjugate solutions due to evaporation of PBS over the course of a week at 37 °C. 

 

 

F. Preparation and evaluation of AF488-α-HER2 
 

FGly-α-HER2 was prepared as previously described and Cys to FGly conversion was 97% 

complete 
24

. 

 

Preparation of AF488-α-HER2: FGly-α-HER2 (76 µg) was incubated with 1c (1 mM) in sodium 

acetate buffer (100 mM, pH 4.50) in a 100 µL reaction volume at 37 °C for 12 h. The solution 

was then diluted 10-fold and exchanged into PBS 6 times using a centrifugal concentrator 

(Amicon Ultra, 30 kDa MWCO). The conjugation efficiency was determined on a Thermo 

NanoDrop 2000 spectrophotometer, using ε280 = 210000 M
-1

 cm
-1

 for FGly-α-HER2, ε494 = 

71000 M
-1

 cm
-1

 for AF488, and applying a correction factor to account for absorption of AF488 

at 280 nm (ε280 = ε494 * 0.11). 

 

Cell culture: SKOV3 and Jurkat T cells were obtained from ATCC and grown in a humidified 

5% CO2 atmosphere at 37 °C in RPMI-1640 media supplemented with glutamine, 10% fetal 

bovine serum, and penicillin/streptomycin. Cell density was kept between 1x10
5
 and 2x10

6
 

cells/mL. 

 

Live cell labeling with AF488-α-HER2: Cells in culture media were harvested and washed with 

FACS buffer (1 % fetal bovine serum in PBS) and resuspended at 10
6
/mL in FACS buffer in 100 

µL aliquots in a 96-well V-bottom plate (Costar), then cooled to 4 °C (all subsequent 

manipulations were performed at 4 °C). Labeling experiments were performed in triplicate. All 

antibody incubations were carried out in 100 µL FACS buffer, and all washing steps entailed 

centrifugation at 300 x g and washing 3 times with 200 µL FACS buffer. Cells were incubated 

with hIgG (10 nM) for 30 min, washed, incubated with rabbit α-AF488 (Life Technologies, 

1/2000) or vehicle for 30 min, washed, and then incubated with goat α-hIgG DyLight 649 

(Jackson ImmunoResearch, 1/2000) and donkey α-rabbit FITC (Jackson ImmunoResearch, 

1/2000) or vehicle for 30 min. The cells were then washed, resuspended in 300 µL FACS buffer, 

and analyzed by flow cytometry. Flow cytometry was performed on a BD FACSCalibur flow 

cytometer and data analysis was performed in FlowJo (Tree Star). 
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Chapter 3 

 

Hydrazino-Pictet–Spengler Ligation as a Biocompatible Method for the Generation of 

Stable Protein Conjugates
*
 

Introduction 

 

The introduction of aldehydes and ketones into proteins has emerged as a powerful 

strategy for conjugation methods. The reactivity of these moieties as electrophilic functional 

groups renders them bioorthogonal, allowing for selective reactivity with nucleophiles in the 

presence of native amino acids and a variety of post-translational modifications (PTMs). As a 

result, the number of tools available to incorporate aldehydes and ketones into proteins, 

particularly using site-selective approaches, has grown dramatically in the last decade. There are 

now many ways to incorporate these functional groups into proteins using chemical,
1-6

 

enzymatic,
7-10

 and chemoenzymatic
11-14

 methods. The introduction of aldehydes and ketones into 

proteins has facilitated glycoproteomic studies,
15-18

 protein imaging in live cells,
11,19

 single-

molecule imaging studies,
20

 and protein purification,
21

 as well as preparation of chemically 

modified therapeutic and heterobifunctional proteins,
22-24

 functional protein-based materials,
25,26

 

and protein nucleic acid conjugates and glycoconjugates.
27,28

 In most of these applications, a 

protein aldehyde or ketone is treated with a molecule of interest bearing an aminooxy 

nucleophile to generate an oxime-linked conjugate that is used in a downstream application. 

One major drawback to oxime conjugation chemistry is the requirement for acidic 

conditions to enable the reaction to proceed at an appreciable rate. While many biomolecules can 

tolerate extended incubation under typical oxime conjugation conditions (pH 4.5), some types of 

proteins and PTMs are susceptible to conformational changes or degradation under acidic 

conditions. For example, histidine phosphorylation, a PTM increasingly appreciated for its 

biological relevance, is unstable to mildly acidic conditions;
29

 large protein assemblies such as 

viral capsids are prone to acid-induced disruption of quaternary structure;
30

 proteins mediating 

viral infection such as influenza hemagglutinin undergo irreversible acid-triggered 

conformational changes;
31

 and a variety of proteins implicated in amyloid diseases undergo acid-

induced aggregation.
32,33

 To prevent loss of function, the labeling of these types of proteins 

through oxime-based chemistry would need to be carried out close to neutral pH, where oxime 

formation is very slow. The use of aniline as a nucleophilic catalyst for oxime conjugations has 

obviated this problem to a degree,
34

 but its efficiency varies according to the system. For some 

conjugations aniline catalysis works well, while for others it has a neutral or detrimental impact 

on reaction kinetics and conjugation efficiencies.
17,22

 Furthermore, for sensitive biological 

applications it may prove problematic to use millimolar quantities of aniline as a catalyst due to 

concerns about its toxicity.
35

 

As an alternative to aminooxy nucleophiles, hydrazines are attractive functional groups 

for bioconjugation reactions with aldehydes and ketones because of their nucleophilicity near 

neutral pH.
36

 However, reactions of aliphatic hydrazines to form hydrazones suffer from low 

equilibrium constants in water, requiring a large excess of hydrazine reagent to achieve good 

conversions in conjugation reactions.
37

 Furthermore, alkylhydrazones are readily hydrolyzed 

under aqueous conditions, severely limiting the utility of these conjugates due to the high 

                                                           
*
 Reproduced with permission from Agarwal, P.; Kudirka, R.; Albers, A. E.; Barfield, R. M.; de Hart, G. W.; Drake, 

P. M.; Jones, L. C.; Rabuka, D. Bioconjugate Chem. 2013, 24, 846. Copyright 2013 American Chemical Society. 
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likelihood of hydrolysis after purification.
38

 As a result, hydrazine derivatives such as hydrazides 

and semicarbazides have found use in bioconjugation reactions with aldehydes and ketones 

because the resulting acylhydrazone conjugates hydrolyze less readily than alkylhydrazones. 

However, hydrazide and semicarbazide reagents suffer from slower reaction kinetics because of 

the presence of electron-withdrawing groups adjacent to the nucleophilic hydrazine moiety. 

 

Design of the HIPS ligation 

 

At the outset of our study, we sought to design a reactive group that would (i) retain the 

intrinsic nucleophilicity of alkylhydrazines at neutral pH, and (ii) provide a stable conjugate, 

ideally without the necessity for catalysis or auxiliary reagents. Thus, we developed a strategy 

for generating stable conjugates between hydrazine-bearing probes and aldehyde-containing 

proteins that does not depend on the incorporation of electron-withdrawing groups to impart 

stability. Our design was based on the recently reported Pictet–Spengler ligation, which uses 

aminooxy-functionalized indoles that react with aldehydes to generate an oxyiminium ion 

intermediate. This intermediate rearranges to the hydrolytically stable reaction product
39

 

containing a very stable C–C bond. Because the original Pictet–Spengler ligation uses an 

aminooxy nucleophile to form the C=N intermediate, the optimal reaction conditions are acidic 

(pH less than 5.0) rather than the preferable neutral reaction conditions for most bioorthogonal 

and bioconjugation reactions. We reasoned that the reaction kinetics of the ligation could be 

significantly improved near neutral pH by replacement of the aminooxy nucleophile with an 

alkylhydrazine nucleophile. Thus, we designed a reactive partner for aldehydes and ketones that 

would generate an intermediate hydrazonium ion followed by intramolecular alkylation with a 

nucleophilic indole (Figure 3.1). We anticipated that such indoles would engage in a hydrazino-

Pictet–Spengler (HIPS) ligation, combining the speed and bioorthogonality of hydrazine 

conjugation chemistry with the stability of a C–C bond to the biomolecule of interest. 

 
Figure 3.1. Overview of the hydrazino-Pictet–Spengler ligation. In reactions with 

(A) small molecule and (B) protein aldehydes, a C–C bond (highlighted in red) is 

formed between the indole and the aldehyde of interest. 

 

Preparation and kinetic characterization of reagents 

 

To test our hypothesis, we first prepared a model HIPS ligation reagent (Scheme 1). 

Oxidation of alcohol 1 with Dess-Martin periodinane followed by saponification with lithium 

hydroxide provided indole 2. Next, we installed the hydrazine moiety by reductive amination 
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with an Fmoc-protected N,N’-dimethylhydrazine. We chose to use a dimethylhydrazine rather 

than a monomethylhydrazine moiety to avoid the conjugate heterogeneity that could result from 

a mixture of 5- and 6-endo-trig cyclizations in the latter case. Removal of the Fmoc group from 3 

provided the model hydrazine-functionalized indole 4 as its piperidinium salt. We found that 4 

reacts smoothly in 1:1 water:acetonitrile with benzyloxyacetaldehyde, which we chose as a 

model small molecule aldehyde for its UV absorption and aqueous solubility properties, to 

produce the desired azacarboline product 5. 

 

 
Scheme 3.1. Synthesis of model hydrazino-Pictet–Spengler ligation reagent 4 and 

its reaction with a model aldehyde to produce azacarboline 5. Reagents and 

conditions: (a) Dess-Martin Periodinane, 84%; (b) LiOH, 84%; (c) 

FmocN(Me)NHMe, NaB(OAc)3H, 62%; (d) piperidine, 62%; (e) 

benzyloxyacetaldehyde, 88%. 

 

Next, we studied the reactivity of HIPS reagent 4 relative to model aminooxy, hydrazide, 

and Pictet–Spengler ligation reagents with benzyloxyacetaldehyde (Figures 3.2 and 3.3). 

Buffered aqueous solutions containing 50 M amine and aldehyde were incubated at room 

temperature for 2 h prior to analysis by HPLC. Within a pH range encompassing conditions 

commonly used for aldehyde and ketone bioconjugation reactions, aminooxy indole 6 (a model 

Pictet–Spengler ligation reagent) and model aminooxy compound 7 reacted more quickly under 

acidic conditions, as expected. The reaction of hydrazide 8 did not proceed appreciably under 

any conditions, probably because of the low equilibrium constant for hydrazone formation. 

Notably, above pH 6, indole 4 outperformed the other amine nucleophiles, suggesting that the 

HIPS ligation might be particularly useful for labeling proteins near neutral pH. The observed 

bell-shaped pH-rate curve is typical of amine-carbonyl addition reactions;
40

 the decreased 

reaction rate at lower pH likely reflects rate-limiting carbonyl addition due to protonation of the 

hydrazine moiety of 4, since trialkylhydrazines such as the one in 4 (pKa ~ 6.6 for 

trialkylhydrazinium ions) are more basic than N,O-dialkylaminooxy moieties such as the one in 6 

(pKa ~ 4.8 for alkoxyammonium ions).
41,42

 Finally, to yield a more robust comparison of the 

relative reactivity of compounds 4 and 7, we determined the second-order rate constants for these 

reactions at pH 6 in aqueous solution (Figure 3.4). We found that in reactions with 

benzyloxyacetaldehyde, HIPS indole 4 (k = 4.17 ± 0.19 M
-1

 s
-1

) reacted more than three times 

faster than aminooxy compound 7 (k = 1.13 ± 0.09 M
-1

 s
-1

). 
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Figure 3.2. Percent conversion to products in condensation reactions of model 

amine compounds with benzyloxyacetaldehyde. (A) Panel of amines used in the 

experiment. (B) Percent conversion to product in sodium citrate (pH 4.0-5.5) or 

sodium phosphate (pH 6.0-7.5) buffers. Reactions contained 50 M amine and 

benzyloxyacetaldehyde and proceeded at room temperature for 2 h prior to HPLC 

analysis. 

 

Figure 3.3. Representative HPLC traces for small molecule conversion 

experiments, showing reaction of (A) 4, (B) 6, (C) 7, and (D) 8 with 

benzyloxyacetaldehyde after 2 h at pH 6.0. Benzyloxyacetaldehyde (°) and 

bromocresol green(*), which was added as an internal standard, are marked on 

each chromatogram. Absorbance at 205 nm was monitored on a gradient of 10-

100% acetonitrile in water over 18 min. 
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Figure 3.4. Data used to determine second-order rate constants in reactions of (A) 

HIPS indole 4 and (B) aminooxy compound 7 with benzyloxyacetaldehyde. 

Reactions on model proteins near neutral pH 

 

The promising reactivity of reagent 4 with model small molecule aldehydes suggested its 

potential for the selective labeling of aldehyde-containing proteins at near-neutral pH. As a 

model substrate we selected an aldehyde-tagged maltose binding protein (FGly-MBP), which is a 

variant of MBP that bears a C-formylglycine (FGly) residue near its C terminus.
7
 As described 

previously, the FGly residue is installed by inclusion of the short peptide sequence LCTPSR at 

the C-terminus of the protein.
19,43

 Coexpression of MBP with the Mycobacterium tuberculosis 

formylglycine generating enzyme results in cotranslational oxidation of the consensus sequence 

cysteine residue to formylglycine, which is selectively reactive with the hydrazine-containing 

reagent 4. We treated FGly-MBP with indole 4 overnight and then trypsinized the resulting 

conjugate. Analysis of the tryptic digest by ESI-MS showed that 4 reacted with the FGly residue 

as expected (Figure 3.5). 
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Figure 3.5. Mass spectrum of MBP tryptic digest eluent containing C-terminal 

peptide modified with indole 4. Calculated mass for [M+2H]
2+

: 523.28; found: 

523.28. 

 

Next, we sought to confirm the speed of the HIPS ligation under mild reaction conditions 

by assessing labeling kinetics on proteins at pH 6.0. To facilitate the analysis of protein 

conjugation experiments by SDS-PAGE, we prepared a fluorophore-functionalized HIPS indole 

(9) by coupling 3 with Alexa Fluor 488 (AF488) cadaverine followed by Fmoc deprotection with 

piperidine. In these experiments, we compared the relative conjugation efficiencies of HIPS 

reagent 9 to both the commercially-available AF488 hydrazide (10) and the aminooxy reagent 

11. This experimental design allowed for a comparison of the HIPS ligation to the previously-

reported Pictet–Spengler ligation as well as commercially-available aminooxy AF488 (12, 

Figure 3.6A). We assessed the relative labeling of two formylglycine-bearing proteins at pH 6.0: 

FGly-MBP and FGly--HER2, a variant of the therapeutic monoclonal antibody Herceptin that 

contains a formylglycine residue at the C-terminus of each of its heavy chains.
22,39

 To show the 

generality of the method with an aldehyde other than formylglycine, we also assessed the 

labeling of chemically modified myoglobin (Mb) containing an N-terminal glyoxamide installed 

by pyridoxal phosphate-mediated transamination.
3
 In all three cases, treatment of the aldehyde-

functionalized protein with 400 M of the fluorophore reagents 9-12 at pH 6.0 for 2 h showed 

that labeling with HIPS reagent 9 was faster than labeling with the aminooxy and hydrazido-

fluorophore panel (Figure 3.6B-D). These results were further substantiated by a comparative 

analysis of HIPS and oxime ligations by ESI-MS (Figure 3.7). Control experiments with the 

FGly-MBP C390A mutant (which lacks the requisite cysteine residue for conversion to 
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formylglycine), -HER2 without the aldehyde tag sequence, and wild-type Mb, all of which lack 

aldehyde functionality, showed negligible labeling with 9. Notably, our experiment using FGly-

-HER2 demonstrates a method for the site-specific conjugation of a monoclonal antibody with 

a small molecule under mild conditions. 

 

 
Figure 3.6. Fluorescent labeling of aldehyde-bearing proteins with the HIPS 

ligation and other common aldehyde bioconjugation chemistries. (A) Structures of 

the HIPS ligation reagent 9, the hydrazide reagent 10, the Pictet–Spengler ligation 

reagent 11, and the aminooxy reagent 12. Gel scans show the relative labeling of 

(B) FGly-MBP (0.67 mg/mL, 15 M), (C) FGly--HER2 (0.37 mg/mL, 2.5 M), 

and (D) N-terminally transaminated Mb (0.51 mg/mL, 30 M) with reagents 9-

12. In all cases, buffered protein solutions at pH 6.0 were treated with 400 M 

fluorophore for 2 h at 37 °C prior to analysis by SDS-PAGE. 
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Figure 3.7. Deconvoluted ESI-MS spectra of (A) FGly-MBP and reactions of 

FGly-MBP with (B) indole 4 and (C) aminooxy compound 7. FGly-MBP was 

incubated with 1 mM 4 or 7 for 24 h at pH 6.0 in 7% DMA prior to analysis. 

Expected masses (Da): FGly-MBP, 43256 and 43238 (M – H2O); FGly-MBP + 4, 

43499; FGly-MBP + 7, 43361. 

 

Hydrolytic stability of azacarboline products 

 

Having shown the superior speed of the HIPS ligation on several proteins near neutral 

pH, we next verified the hydrolytic stability of the linkage on FGly-MBP relative to oximes, 

which are generally regarded as the most hydrolytically stable linkage for aldehydes and ketones 

in bioconjugation chemistry.
38

 Purified azacarboline- and oxime-linked AF488 conjugates of 

FGly-MBP were incubated at 10 g/mL in human plasma at 37 °C for five days. Over this time 

the MBP was monitored for the loss of AF488 by ELISA (Figure 3.8). Our sandwich ELISA 

procedure entailed MBP-AF488 capture on an -MBP-coated microtiter plate followed by 

detection of covalently bound AF488 using an -AF488 antibody and an HRP-conjugated 

secondary antibody. Over the course of five days, we observed no appreciable hydrolysis of the 

azacarboline conjugate. In contrast, the oxime conjugate of AF488 quickly decomposed within 

one day. 
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Figure 3.8. MBP-AF488 conjugate hydrolysis over 5 days. Human plasma 

containing 10 μg/mL MBP-AF488 conjugate, linked by either an azacarboline or 

an oxime, was incubated at 37 °C. Aliquots taken approximately 12 h apart were 

analyzed by ELISA. Error bars represent standard deviation of six replicate 

samples. 

 

The results of our MBP-AF488 conjugate stability experiments, which are consistent with 

a previous experiment showing hydrolysis of the oxime in phosphate-buffered saline,
39

 are 

particularly important in light of the use of hydrazone and oxime linkages for the generation of 

therapeutic protein conjugates; their unintended hydrolysis in circulation is problematic from a 

toxicity standpoint.
44,45

 In aqueous buffers, ketoximes are quite stable,
24,46,47

 in contrast to the 

relative instability of protein-derived aldoximes.
39

 However, the serum stability of protein-

derived oximes has not been studied as thoroughly.
48

 A recent study showed that cysteine-

maleimide conjugates, which are generally regarded as stable, can be remarkably susceptible to 

decomposition when incubated in human plasma and in vivo.
49

 Thus, new methods are needed to 

generate conjugates that are stable under the more demanding conditions in serum. When used to 

generate a C–C bond between a site-specifically introduced aldehyde and a small molecule of 

interest, the HIPS ligation is a rare example of a stable and site-selective conjugation reaction. 

 

Conclusion 

 

We have shown that for small molecule and protein conjugations, the HIPS ligation 

exhibits reaction kinetics faster than those of aminooxy compounds at near-neutral pH. 

Additionally, the resulting azacarboline conjugate demonstrates vastly improved hydrolytic 

stability compared to an oxime conjugate. When combined with the aldehyde tag technology 

allowing for site-specific introduction of aldehydes into proteins, the HIPS ligation promises to 

be a powerful method for the scalable and reliable preparation of homogeneous protein 

conjugates. Potential conjugation partners include fluorophores, affinity handles, drugs, and 

other small molecules endowing therapeutic properties, as well as biomaterials requiring site-

specific protein conjugation.
50

 More generally, the HIPS ligation can be incorporated into the 

many workflows that now routinely make use of carbonyl-functionalized biomolecules, and the 

modular synthesis of HIPS reagents allows for easy incorporation of a moiety of interest. We 

expect that the ability to generate truly stable conjugates near neutral pH without the necessity of 

optimizing multicomponent reactions requiring auxiliary reagents and catalysts will prove useful 

to researchers seeking a simple and biocompatible conjugation protocol. 
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Materials and Methods 

A. General synthetic methods 

Syntheses of (9H-fluoren-9-yl)methyl 1,2-dimethylhydrazinecarboxylate, methyl 3-(2-

(hydroxymethyl)-1H-indol-1-yl)propanoate (1), and 11 have been described previously.
39,51

 All 

reagents were obtained from Sigma-Aldrich, Acros, or TCI and used without further purification 

except piperidine, which was dried over CaH2 and distilled. Anhydrous solvents were obtained 

from commercial sources in sealed bottles. Alexa Fluor 488 cadaverine was obtained from 

Invitrogen. Column chromatography was performed with a Biotage Isolera Prime 

chromatograph. 

NMR spectra were acquired on a Bruker 400 MHz spectrometer by Emeryville 

Pharmaceutical Services. 
1
H NMR spectra were referenced to residual SiMe4 (0.00 ppm), CHCl3 

(7.26 ppm), or CD2HCN (1.94 ppm). 
13

C NMR spectra were referenced to SiMe4 (0.00 ppm), 

CDCl3 (77.16 ppm), or CD3CN (1.32 ppm). NMR spectra were processed using MestReNova 

(Mestrelab Research S.L.). High-resolution ESI mass spectra of small molecules were obtained 

at the UC Berkeley Mass Spectrometery Facility on a Thermo LTQ Orbitrap mass spectrometer. 

 

B. Synthesis of new compounds 

methyl 3-(2-formyl-1H-indol-1-yl)propanoate (13): Dess-Martin 

periodinane (5.195 g, 12.25 mmol, 1.09 equiv) was suspended in a mixture of 

dichloromethane (20 mL) and pyridine (2.70 mL, 33.5 mmol, 3.0 equiv). After 

5 min, the resulting white suspension was transferred to a solution of methyl 

3-(2-(hydroxymethyl)-1H-indol-1-yl)propanoate (1; 2.611 g, 11.19 mmol) in dichloromethane 

(10 mL), resulting in a red-brown susupension. After 1 h, the reaction was quenched with sodium 

thiosulfate (10% aqueous solution, 5 mL) and sodium bicarbonate (saturated aqueous solution, 5 

mL). The aqueous layer was extracted with dichloromethane (3 x 20 mL); the combined extracts 

were dried over sodium sulfate, filtered, and concentrated to a brown oil. Purification by silica 

gel chromatography (5-50% ethyl acetate in hexanes) yielded 13 as a colorless oil (2.165 g, 

9.363 mmol, 84%). 
1
H NMR (400 MHz, CDCl3) δ 9.87 (s, 1H), 7.73 (dt, J = 8.1, 1.0 Hz, 1H), 

7.51 (dd, J = 8.6, 0.9 Hz, 1H), 7.45 – 7.40 (m, 1H), 7.29 (d, J = 0.9 Hz, 1H), 7.18 (ddd, J = 8.0, 

6.9, 1.0 Hz, 1H), 4.84 (t, J = 7.2 Hz, 2H), 3.62 (s, 3H), 2.83 (t, J = 7.2 Hz, 2H).
 13

C NMR (101 

MHz, CDCl3) δ 182.52, 171.75, 140.12, 135.10, 127.20, 126.39, 123.46, 121.18, 118.55, 110.62, 

51.83, 40.56, 34.97. HRMS (ESI) calcd for C13H13NO3Na [M+Na]
+
: 254.0793; found: 254.0786. 

 

3-(2-formyl-1H-indol-1-yl)propanoic acid (2): To a solution of indole 13 

(2.369 g, 10.24 mmol) dissolved in dioxane (100 mL) was added LiOH (4 M 

aqueous solution, 7.68 mL, 30.73 mmol, 3.00 equiv). A thick white precipitate 

gradually formed over the course of several hours. After 21 h, hydrochloric 

acid (1 M aqueous solution, 30 mL) was added dropwise to give a solution with 

pH = 4. The solution was concentrated and the resulting pale brown oil was dissolved in ethyl 

acetate (50 mL) and washed with water (2 x 50 mL) and brine (20 mL). The organic layer was 

dried over sodium sulfate, filtered, and concentrated to an orange solid. Purification by silica gel 

chromatography (10-50% ethyl acetate in hexanes with 0.1% acetic acid) yielded 2 as a pale 
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yellow solid (1.994 g, 8.623 mmol, 84%). 
1
H NMR (400 MHz, CDCl3) δ 9.89 (s, 1H), 7.76 (dt, J 

= 8.1, 0.9 Hz, 1H), 7.53 (dd, J = 8.6, 0.9 Hz, 1H), 7.48 – 7.43 (m, 1H), 7.33 (d, J = 0.8 Hz, 1H), 

7.21 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H), 4.85 (t, J = 7.2 Hz, 2H), 2.91 (t, J = 7.2 Hz, 2H).
 13

C NMR 

(101 MHz, CDCl3) δ 182.65, 176.96, 140.12, 135.02, 127.33, 126.42, 123.53, 121.27, 118.76, 

110.55, 40.19, 34.82. HRMS (ESI) calcd for C12H10NO3 [M-H]
-
: 216.0666; found: 216.0665. 

 

3-(2-((2-(((9H-fluoren-9-yl)methoxy)carbonyl)-1,2-dimethylhydrazinyl)methyl)-1H-indol-1-

yl)propanoic acid (3): To a solution of 2 (1.193 g, 5.492 mmol) 

and (9H-fluoren-9-yl)methyl 1,2-dimethylhydrazinecarboxylate 

(2.147 g, 7.604 mmol, 1.38 equiv) in 1,2-dichloroethane 

(anhydrous, 25 mL) was added sodium triacetoxyborohydride 

(1.273 g, 6.006 mmol, 1.09 equiv). The resulting yellow suspension 

was stirred for 2 h and then quenched with sodium bicarbonate 

(saturated aqueous solution, 10 mL), followed by addition of 

hydrogen chloride (1 M aqueous solution) to pH 4. The organic 

layer was separated, and the aqueous layer was extracted with dichloromethane (5 x 10 mL). The 

pooled organic extracts were dried over sodium sulfate, filtered, and concentrated to an orange 

oil. Purification by C18 silica gel chromatography (20-90% acetonitrile in water) yielded 3 as a 

waxy pink solid (1.656 g, 3.425 mmol, 62%). 
1
H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 7.4 Hz, 

2H), 7.70 –  7.47 (br m, 3H), 7.42 – 7.16 (br m, 6H), 7.12 – 7.05 (m, 1H), 6.37 (s, 0.6H), 6.05 (s, 

0.4H), 4.75 – 4.30 (br m, 4H), 4.23 (m, 1H), 4.10 (br s, 1H), 3.55 (br d, 1H), 3.11 – 2.69 (m, 5H), 

2.57 (br s, 2H), 2.09 (br s, 1H).
 13

C NMR (101 MHz, CDCl3) δ 174.90, 155.65, 143.81, 141.42, 

136.98, 134.64, 127.75, 127.48, 127.12, 124.92, 122.00, 120.73, 120.01, 119.75, 109.19, 103.74, 

67.33, 66.80, 51.39, 47.30, 39.58, 39.32, 35.23, 32.10. HRMS (ESI) calcd for C29H30N3O4 

[M+H]
+
: 484.2236; found: 484.2222. 

 

piperidinium 3-(2-((1,2-dimethylhydrazinyl)methyl)-1H-indol-1-yl)propanoate (4): Indole 3 

(64.2 mg, 133 mol) was dissolved in a solution of piperidine in in 

N,N-dimethylacetamide (20% v/v, 1.31 mL, 2.65 mmol, 20.0 equiv). 

After 20 min, the solution was purified by C18 silica gel 

chromatography (0-100% acetonitrile in water). The product was 

isolated as a colorless oil (28.4 mg, 82.0 mol, 62%). 4 is best stored 

cold as a neat oil because it is susceptible to air oxidation over the course of several weeks in 

solution at room temperature. 
1
H NMR (400 MHz, 7:5 D2O:CD3CN) δ 7.84 (d, J = 7.9 Hz, 1H), 

7.76 (d, J = 8.3 Hz, 1H), 7.49 (m, 1H), 7.36 (m, 1H), 6.73 (s, 1H), 4.73 – 4.69 (m, 2H), 4.25 (s, 

2H), 3.36 – 3.29 (m, 4H), 2.86 – 2.80 (m, 2H), 2.78 (s, 3H), 2.67 (s, 3H), 1.99 – 1.95 (m, 4H), 

1.88 – 1.83 (m, 2H). 
13

C NMR (101 MHz, 7:5 D2O:CD3CN) δ 179.80, 137.61, 135.78, 128.40, 

122.59, 121.29, 120.50, 110.94, 103.70, 53.86, 45.32, 42.79, 41.43, 38.64, 33.95, 23.07, 22.41, 

1.32. HRMS (ESI) calcd for C14H20N3O2 [M–piperidine+H]
+
: 262.1556; found: 262.1547. 
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3-(1-((benzyloxy)methyl)-2,3-dimethyl-3,4-dihydro-1H-pyridazino[4,5-

b]indol-5(2H)-yl)propanoic acid (5): To a solution of 4 (16.2 mg, 46.8 mol) 

in aqueous acetonitrile (1:3 water:acetonitrile, 800 L) was added 

benzyloxyacetaldehyde (7.23 L, 51.5mol, 1.10 equiv). After 1 h, the 

solution was purified by C18 silica gel chromatography (0-100% acetonitrile 

in water with 0.1% acetic acid). Toluene was added to the eluent to aid in 

removal of residual acetic acid, and indole 5 was isolated as a pale brown oil 

(16.2 mg, 41.2 mol, 88%). 
1
H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 7.8 Hz, 1H), 7.38 – 7.34 

(m, 2H), 7.34 – 7.30 (m, 3H), 7.18 – 7.15 (m, 2H), 7.08 – 7.05 (m, 1H), 4.65 (d, J = 12.4 Hz, 

1H), 4.58 (d, J = 12.4 Hz, 1H), 4.28 – 4.18 (m, 2H), 4.10 (m, 1H), 3.91 (t, J = 9.0 Hz, 1H), 3.81 

(s, 1H), 3.76 – 3.64 (m, 2H), 2.69 (t, J = 6.8 Hz, 2H), 2.63 (s, 3H), 2.39 (s, 3H). 
13

C NMR (101 

MHz, CDCl3) δ 175.08, 138.74, 136.27, 131.75, 128.42, 127.92, 127.60, 126.61, 121.43, 119.61, 

118.74, 109.33, 105.41, 73.46, 71.94, 61.61, 44.16, 41.33, 39.19, 34.98, 31.17. HRMS (ESI) 

calcd for C23H28N3O3 [M+H]
+
: 394.2131; found: 394.2120. 

 

sodium 9-(5-((5-(3-(2-((2-(((9H-fluoren-9-

yl)methoxy)carbonyl)-1,2-

dimethylhydrazinyl)methyl)-1H-indol-1-

yl)propanamido)pentyl)carbamoyl)-2-

carboxyphenyl)-6-amino-3-imino-5-sulfo-3H-

xanthene-4-sulfonate and sodium 9-(4-((5-(3-(2-

((2-(((9H-fluoren-9-yl)methoxy)carbonyl)-1,2-

dimethylhydrazinyl)methyl)-1H-indol-1-

yl)propanamido)pentyl)carbamoyl)-2-

carboxyphenyl)-6-amino-3-imino-5-sulfo-3H-xanthene-4-sulfonate (14): To a solution of 

indole 3 (1.4673 g, 3.0344 mmol) and pentafluorophenol (608.1 mg, 3.304 mmol, 1.09 equiv) in 

ethyl acetate (anhydrous, 10 mL) at 0 °C was added a solution of N,N’-dicyclohexylcarbodiimide 

(684.0 mg, 3.315 mmol, 1.09 equiv) in ethyl acetate (anhydrous, 15 mL). A white precipitate 

began to form and after 5 min the solution was allowed to warm to room temperature. After 90 

min, the suspension was cooled to 0 °C and filtered; the filter cake was washed with cold ethyl 

acetate (5 mL). The filtrate was washed with water (4 x 10 mL) and brine (10 mL), dried over 

sodium sulfate, filtered, and concentrated to a pale yellow solid (1.979 g, 3.046 mmol, 100%; 

(9H-fluoren-9-yl)methyl 1,2-dimethyl-2-((1-(3-oxo-3-(perfluorophenoxy)propyl)-1H-indol-2-

yl)methyl)hydrazinecarboxylate) which was used immediately. To a solution of this material (3.0 

mg, 4.6 mol equiv) and Alexa Fluor 488 cadaverine (1 mg, 1.6 mol) in N,N-

dimethylformamide (0.2 mL) was added sodium carbonate (100 mM aqueous solution, 31.2 L, 

3.12 mol, 2 equiv). After 2 h, the reaction mixture was concentrated to a red-orange oil which 

was purified by C18 silica gel chromatography (0-100% acetonitrile in water). Indole 14 was 

isolated as a red solid (1.7 mg, 1.54 mol, 99%). HRMS (ESI) calcd for C55H52N7O13S2 [M-Na]
-
: 

1082.3070; found: 1082.3064. 
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sodium 6-amino-9-(2-carboxy-5-((5-(3-(2-((1,2-

dimethylhydrazinyl)methyl)-1H-indol-1-

yl)propanamido)pentyl)carbamoyl)phenyl)-3-

imino-5-sulfo-3H-xanthene-4-sulfonate and 

sodium 6-amino-9-(2-carboxy-4-((5-(3-(2-((1,2-

dimethylhydrazinyl)methyl)-1H-indol-1-

yl)propanamido)pentyl)carbamoyl)phenyl)-3-

imino-5-sulfo-3H-xanthene-4-sulfonate (9): Indole 

14 (1.7 mg, 1.54 mol) was dissolved in a solution of 

dioxane : MeOH : 2 M aqueous NaOH (30:9:1, 94 

L, 4.7 mol NaOH, 3.1 equiv NaOH). After 30 min, 

the pale blue reaction mixture was quenched with 

acetic acid (5% aqueous solution, 50 L), resulting in a fluorescent green solution which was 

concentrated to a red solid. The product was purified by C18 silica gel chromatography and 

further purified by HPLC on an Agilent Zorbax 300SB-C18 column (9.4 x 250 mm). Indole 9 

was isolated as a red solid (1.0 mg, 1.16 mol, 75%). 9 is best stored cold as a neat solid because 

it is susceptible to air oxidation over the course of several weeks in solution at room temperature. 

HRMS (ESI) calcd for C40H42N7O11S2 [M-Na]
-
: 860.2389; found: 860.2387. 
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C. Other experimental protocols 

 

General methods: FGly-MBP,
7
 FGly--HER2,

22
 and transaminated Mb

39
 were prepared as 

previously described. High-pressure liquid chromatography was performed on an Agilent 1100 

chromatograph equipped with an Agilent Poroshell 120 column (4.6 x 150 mm), with UV 

absorption monitored at 205 nm. Peptide samples were desalted using MacroSpin columns from 

The Nest Group, and analyzed by nano-LC/MS at the UC Berkeley QB3/Chemistry Mass 

Spectrometry Facility on a Waters Q-Tof premier electrospray ionization time of flight mass 

spectrometer connected to a Waters nanoAcquity UPLC. 

 

HPLC conversion assay: Reactions mixtures contained amine 4, 6, 7, or 8 (50 M), 

benzyloxyacetaldehyde (50 M), bromocresol green (10 M), and buffer (10 mM) in a 120 L 

aqueous solution containing 6.7% acetonitrile, which was present to solubilize the stock solution 

(1 mM) of benzyloxyacetaldehyde. After 2 h at room temperature, a 100 L aliquot was 

analyzed by HPLC, employing a gradient of 10 to 100% acetonitrile in water over 18 min. 

 

HPLC kinetics: Reactions mixtures contained equimolar concentrations (50 M for 4, 100 M 

for 7) of amine and benzyloxyacetaldehyde in sodium phosphate (10 mM, pH 6.0). Reaction 

progress was followed by repeated HPLC analysis of the reaction mixture, monitoring at 280 nm 

for compound 4 or 210 nm for compound 7. Reactions were monitored for two half-lives. 

 

Conjugation of 4 to FGly-MBP: Indole 4 (1 mM) and FGly-MBP (1.41 mg/mL, 56 g) were 

combined in sodium citrate buffer (50 mM, pH 5.0) with 6% acetonitrile and incubated at 37 °C 

for 24 h. Excess 4 was removed by buffer exchange into PBS in a centrifugal concentrator 

(Amicon, 10 kDa MWCO) and the sample was then treated with trypsin (1.1 g, 2 wt%) and 

incubated at 37 °C for 24 h. The peptides were desalted on a C18 column, eluting with 70% 

acetonitrile, 1% formic acid in water. The eluent was concentrated by centrifugal evaporation 

and then analyzed by LC-MS. 

 

Protein labeling experiments: Reaction mixtures contained fluorophore 9, 10, 11, or 12 (400 

M) and protein (MBP, 0.67 mg/mL, 15 ; -HER2, 0.37 mg/mL, 2.5 ; or Mb, 0.51 

mg/mL, 30 ) in sodium phosphate buffer (100 mM, pH 6.0). After 2 h at 37 °C, the reaction 

was stopped by adding Tris-Cl to pH 8.5-9 and immediately analyzed by SDS-PAGE. In the case 

of conjugations with FGly-MBP, an impurity in commercially-available 12 coeluted with MBP, 

so all reactions were purified by size exclusion chromatography (Thermo Zeba 7 kDa desalting 

column) immediately prior to SDS-PAGE. Since the free fluorophores coeluted with and 

obscured Mb, the protein was wet transferred to a nitrocellulose membrane to remove free 

fluorophore prior to fluorescence imaging, and protein loading was assessed using Ponceau S. 

 

MBP-AF488 conjugate stability ELISA 

Preparation of MBP-AF488 conjugates: Fluorophore 9 or 12 (545 M) and FGly-MBP (1.61 

mg/mL, 40 g) were combined in sodium citrate buffer (45 mM, pH 4.5). After 18 h at 37 °C, 

the proteins were purified away from free fluorophore by ion-exchange chromatography (GE 

HiTrap SPXL, 5 mM to 1 M NaCl in 5 mM sodium citrate pH 5.5). Conjugation of the AF488 

dye was verified by UV-vis spectroscopy. 
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Incubation of conjugates in human plasma: A freshly-purified solution of MBP-AF488 

conjugate (10 g/mL) in human plasma (0.98x) was incubated at 37 °C for 5 d. Aliquots were 

withdrawn at 10-14 h intervals and diluted with 1% BSA in PBS to 10 ng/mL; the resulting 

solutions were immediately frozen at -80 °C until analysis by ELISA. 

ELISA: A 96-well microtiter plate (Nunc Maxisorp) was coated with -MBP (2.5 g/mL in PBS, 

Abcam) at 4 °C overnight. The wells were washed twice with PBST, then incubated with BSA 

(1% in PBS) for 2 h. The wells were washed twice with PBST, then incubated with MBP-AF488 

conjugate solutions (10 ng/mL). After 1 h, the wells were washed four times with PBST, then 

incubated with rabbit -AF488 IgG (Invitrogen, 1:5000) for 1 h. The wells were washed four 

times with PBST, then incubated with HRP-conjugated donkey -rabbit IgG (Jackson 

ImmunoResearch, 1:10000) for 1 h. After washing the wells four times with PBST, 

tetramethylbenzidine and hydrogen peroxide (Pierce TMB kit) were added and the reaction was 

quenched by addition of 1 volume of aqueous H2SO4 (2 M) after 15 min. Absorption was read at 

450 nm on a plate reader (SpectraMax M5). Percent hydrolysis was assessed against a standard 

curve generated from samples containing 0%, 20%, 40%, 60%, 80%, or 100% MBP-AF488 

conjugate; these samples were generated by mixing conjugated and unconjugated FGly-MBP in 

the proper proportions. 
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Chapter 4
*
 

 

Systemic Fluorescence Imaging of Zebrafish Glycans with Bioorthogonal Chemistry 

 

Introduction 

 

 Cell-surface glycans mediate a variety of important biological processes, including 

inflammation, bacterial and viral infection, cardiovascular disease, cancer progression and 

embryogenesis.
1
 Owing to their complicated structures and non-template-driven synthesis, 

glycans are difficult to manipulate and interrogate compared to other biomacromolecules such as 

proteins and oligonucleotides. In particular, the biological importance of glycans has led to the 

need for in vivo imaging tools,
2
 as imaging biomolecules in their native environments can 

provide a great deal of information about subcellular localization, interactions with neighboring 

cells and pathogens, and changes in expression resulting from various stimuli. Lectins and 

antibodies targeting specific glycan epitops are ill-suited for in vivo imaging because of their 

poor tissue penetrance and low affinity for glycans.
3
 As an alternative to these affinity-based 

methods, our lab developed the bioorthogonal chemical reporter strategy to image and 

manipulate glycans;
4
 in this strategy, a metabolic precursor to the sugar of interest armed with a 

bioorthogonal functional group is fed to a population of cells or an organism, whereupon it is 

processed and appended to cell surface glycans in lieu of the natural sugar. Subsequently, 

glycans that have incorporated the analog can be visualized by a covalent ligation reaction with a 

probe molecule containing a complementary bioorthogonal functional group. 

 Our lab and others have previously employed the chemical reporter strategy to image a 

variety of glycan structures in developing zebrafish embryos,
5-11

 which we chose to study 

because of the importance of the zebrafish as a model organism in developmental and infectious 

disease biology as well as its optical transparency.
12

 In a typical experiment, an azido or alkynyl 

sugar is injected into the embryo during the 1–8 cell stage or added to the embryo’s media during 

development. Then, the embryo is bathed in a solution of a fluorophore or affinity probe 

modified with the appropriate reaction partner for a Cu- or Cu-free click ligation reaction. These 

experiments provided insight into the dynamics and localization of glycan expression during 

zebrafish development, but unfortunately were limited to studies of the enveloping layer, i.e., the 

outermost layer of the embryo analogous to skin. Exogenous fluorophores could not access 

internal cells and tissues and thus the method could not be applied to study glycomic changes 

associated with most biological processes. 

 An alternative approach to system-wide labeling of cell-surface glycans is to introduce 

both the metabolic labeling substrate and, later, the imaging probe into the developing embryo by 

injection. However, unreacted probe would be trapped inside the organism, leading to high 

background fluorescence that would obscure cell-surface glycan-dependent signal. This problem 

could be obviated by use of a bioorthogonal fluorogenic probe whose fluorescence is activated in 

the course of the desired ligation reaction.
13

 While many such probes have been prepared in 

recent years, to the best of our knowledge none has yet been used within a live animal. Here we 

report that metabolic incorporation of a bicyclononyne-functionalized sialic acid, in conjunction 

with a fluorogenic tetrazine ligation reaction, enables systemic imaging of sialylation during 

zebrafish embryogenesis (Figure 4.1). 

  

                                                           
*
 The work in this chapter was carried out in collaboration with Brendan Beahm. 
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Figure 4.1. Expected metabolic pathway for incorporation of BCNSia into cell-

surface glycans followed by labeling with a fluorogenic tetrazine probe. CMAS, 

cytidine monophosphate N-acetylneuraminic acid synthase; CMP, cytidine 

monophosphate. 

 

Considerations in designing an in vivo fluorogenic ligation strategy 

 

Our selection of the cyclooctyne chemical reporter and tetrazine-based probe were driven 

by the following considerations. We sought bioorthogonal ligation reaction partners that would 

produce a large fluorescence enhancement, remain stable to metabolic incorporation 

experiments, and react quickly at biologically relevant concentrations. Several groups have 

reported fluorogenic tetrazine probes that fluoresce upon reacting with strained alkenes and 

alkynes.
14-17

 We were drawn to a recent study in which Devaraj and co-workers reported para-

vinylmethyltetrazines that exhibit up to 400-fold fluorescence turn-on;
18

 we expected these 

tetrazines to be stable for at least several hours in serum,
19

 making them good candidates for in 

vivo imaging experiments. Tetrazines are known to react with a variety of strained unsaturated 

hydrocarbons including norbornene,
20

 cyclopropene,
16,21

 cyclooctyne,
15,22-24

 and trans-

cyclooctene.
25

 Of these choices, cyclooctyne stands out because it reacts more quickly than 

norbornene and cyclopropene,
26

 but is not susceptible to the same in vivo instability as trans-

cyclooctene, which isomerizes to relatively unreactive cis-cyclooctene within hours in serum.
27

 

Furthermore, several studies across different classes of fluorophores have observed that the 

pyridazine products resulting from alkyne-tetrazine cycloadditions are brighter than the 

dihydropyridazine products resulting from alkene-tetrazine cycloadditions.
18,28

  

 In addition to its beneficial attributes, cyclooctyne has a liability as a chemical reporter: it 

is large relative to a monosaccharide substrate, unlike azides and terminal alkynes, the more 

common chemical reporters for glycan imaging. Indeed, unnatural monosaccharides containing 

modifications larger than a few atoms are generally poor substrates for the biosynthetic enzymes 

that enable their incorporation into glycans.
29,30

 Sialic acid analogues are a fortuitous exception, 

however, in that large substituents at the C5 and C9 positions are tolerated by the enzymes 
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involved in sugar activation and incorporated into mammalian cell surface glycans.
31,32

 

Furthermore, the sialome is one of the most important sectors of the glycome; sialylated glycans 

contribute to immune cell interactions, brain development, cancer progression, viral and bacterial 

infection, and many other glycobiological phenomena.
1
 For these reasons, we chose to append a 

cyclooctyne to sialic acid for metabolic incorporation experiments, and prepared a 

bicyclononyne-functionalized sialic acid derivative (BCNSia, Figure 4.1) in a 5-step synthesis 

from sialic acid.
32,33

 

 

Metabolic glycoengineering with BCNSia in mammalian cells 

 

We first asked whether BCNSia would be metabolically incorporated into cultured 

mammalian cells. After growth with BCNSia for 2 days, HEK cells exhibited robust 

fluorescence upon treatment with tetrazine-biotin probe 1 (Figure 4.2A) followed by avidin-488 

detection and flow cytometry (Figure 4.2B). To assess the incorporation efficiency of BCNSia 

relative to that of commonly used peracetylated sugar derivatives, we compared the Cu-free click 

reactions of BCNSia and peracetylated N-azidoacetylmannosamine (Ac4ManNAz), which is 

metabolized to an azide-bearing sialic acid derivative.
34

 Cells were grown with either 500 μM 

BCNSia or 50 μM Ac4ManNAz for 2 days and then treated with dibenzoazacyclooctyne-biotin 

probe 2 or azido-biotin probe 3, respectively, and avidin-488. While comparison of the 

fluorescence of these cell populations revealed that BCNSia was incorporated less efficiently 

than Ac4ManNAz (Figure 4.2B), the use of the tetrazine ligation with BCNSia compensated for 

this problem. To confirm that the low labeling efficiency was not specific to HEK cells, we 

incorporated BCNSia into Jurkat cells and observed similar levels of signal above background 

that were dose-dependent up to 3 mM, the highest concentration we tested (Figure 4.3). Next, we 

verified that BCNSia was incorporated into mammalian cell surface glycans in place of sialic 

acid by comparing labeling of Chinese hamster ovary (CHO) cells and Lec2 cells. Lec2 is a 

CHO mutant that displays a 90% reduction in cell-surface sialylation due to a deletion in 

CMPST, which transfers CMP-sialic acid into the Golgi as a precursor to its addition to 

glycans.
35,36

 Compared to CHO cells, Lec2 cells treated with BCNSia for two days displayed 

poor labeling with 1 (Figure 4.2C), consistent with processing of BCNSia by CMP-sialic acid 

synthase and CMPST en route to cell surface display. The small amount of labeling observed in 

Lec2 cells at high concentrations of BCNSia is consistent with the presence of a low basal level 

of sialylation. Taken together, these experiments establish that BCNSia can be incorporated into 

a variety of commonly used mammalian cell lines and is processed through the same metabolic 

pathway as sialic acid. 
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Figure 4.2. BCNSia is incorporated into the cell-surface glycans of cultured 

mammalian cells. (A) Structures of probe molecules used. (B) HEK cells 

incubated with BCNSia or ManNAz and then treated with 1, 2, or 3 followed by 

avidin-488 display sugar-dependent labeling. (C) Following treatment with 

BCNSia and detection with probe 1, Lec2 cells display significantly less BCNSia 

than do wildtype CHO cells. Error bars represent SD of three replicate 

experiments. 

 

 

 
 

Figure 4.3. Jurkat cells incubated with BCNSia for 2 days and then treated with 2 

followed by avidin-488 display sugar-dependent labeling. Error bars represent SD 

of three replicate experiments. 
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Determining the maximum tolerated dose of BCNSia in developing zebrafish 

 

Next, we attempted to metabolically incorporate BCNSia into zebrafish embryos. 

Membrane-impermeable nucleotide sugars can be administered to zebrafish embryos by 

microinjection into the yolk during the 1–8 cell stage, a time period when the process of 

cytosolic streaming provides the sugar derivatives access to all daughter cells in the embryo.
6
 

Given the high concentrations of BCNSia necessary for incorporation into mammalian cells and 

our desire to deliver the sugar to all cells of the developing embryo, we reasoned that 

microinjection would provide superior results to bathing embryos in sugar-containing media. We 

began by administering various amounts of BCNSia from 5–50 pmol. At 5 pmol, no adverse 

phenotype was visible, whereas at higher doses, the notochord became twisted and the embryos 

exhibited an extension defect (Figure 4.4).
37,38

 Therefore, a 5 pmol dose of BCNSia was used in 

all subsequent experiments. 

 

 
 

Figure 4.4. Zebrafish embryos at 48 hpf show dose-dependent phenotype after 

microinjection with BCNSia at the 1–8 cell stage. 

 

Fluorescence imaging of glycoconjugates in developing zebrafish 

 

We next explored applications in molecular imaging by injection of fluorogenic tetrazine 

probe 4 into the caudal vein (Figure 4.5). Embryos were injected with BCNSia at the 1–8 cell 

stage and were allowed to develop to various stages prior to imaging experiments. The caudal 

vein plexus is not fully formed until 30 hpf,
39

 so we injected embryos at 30, 48, or 72 hpf with an 

equimolar mixture of 4 and Alexa Fluor (AF) 647 cadaverine, which we added as a nonspecific 

tracer of the vasculature. At 30 and 48 hpf, we observed robust BCNSia-dependent fluorescence 

from 4 throughout the interior of the embryo (Figure 4.5B); at 72 hpf, we observed little signal 

above background (Figure 4.6), likely because the dye quickly accumulated in the pronephric 

duct or because little BCNSia remained in the embryo after several days. The BCNSia-dependent 

signal observed at 30 and 48 hpf in areas of low perfusion is consistent with labeling of cell-

surface glycoconjugates by 4. We also observed BCNSia-independent green fluorescence in the 

yolk; colocalization in fixed embryos with a lipid droplet marker suggested that the yolk 

fluorescence was a result of encapsulation of 4 by lipid droplets (Figure 4.7),
40,41

 perhaps 

followed by reaction with unsaturated fatty acids or sterols. As this phenomenon was confined to 

the yolk, we did not explore it further. Importantly, embryos injected with a non-fluorogenic 

tetrazine probe exhibited minimal BCNSia-dependent labeling (Figure 4.8), indicating the 

importance of using a fluorogenic probe. 
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Figure 4.5. Zebrafish embryos treated with BCNSia and subsequently injected 

with 4 show robust systemic BCN-dependent labeling. (A) Scheme showing 

injections of BCNSia and 4; embryos were injected with BCNSia or vehicle at the 

1–8 cell stage and then injected with 4 in the caudal vein 1 h prior to imaging. (B) 

Projection images of 30 and 48 hpf embryos treated with BCNSia or vehicle; 4 

was coinjected with AF647-NH2 to map the vasculature. Scale bar, 200 μm. (C) 

20x projection images of 48 hpf embryos from various viewpoints. (D,D′) Lateral 

view of the eye and (D′′) lens. (E,E′) Lateral view of tail with floor plate labeling 
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(arrow). (F,F′) Lateral view of the intermyotomal boundaries and muscle fiber 

cells. (G,G′) Ventral view of the optic nerve. (H,H′) Ventral view of the 

developing mouth. (I,I’) Lateral view of the developing jaw. (J,J’) Lateral view of 

the hindbrain. (K,K’) Dorsal view of the hindbrain. (L) Three-dimensional 

reconstruction of dorsal view. Embryos were injected with (D-L) BCNSia or (D′-

K′) vehicle. All injections of 4 were performed at 48 hpf, except in (B). Scale bar 

for D-K, 100 μm.  

 

 

 
 

Figure 4.6. Zebrafish embryos injected with BCNSia at the 1–8 cell stage do not 

exhibit BCNSia-dependent labeling when injected with 4 at 72 hpf. Scale bar, 200 

μm. 
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Figure 4.7. Colocalization of 4 and LipidTox red suggests that BCNSia-

independent fluorescence from 4 is localized to yolk lipid droplets. Embryos were 

grown to 48 hpf, injected with 4, fixed with formaldehyde, and bathed in media 

containing LipidTox red. 
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Figure 4.8. Zebrafish embryos exhibit minimal BCNSia-dependent fluorescence 

when treated with a non-fluorogenic tetrazine probe. Embryos were injected with 

BCNSia or vehicle at the 1–8 cell stage, grown to 48 hpf, and then injected with 

tetrazine-Cy5. Imaging after 1 h resulted in minimal BCNSia-dependent 

fluorescence, while allowing unreacted probe to clear for 9 h prior to imaging 

resulted in a small amount of BCNSia-dependent fluorescence. 

 

Our initial experiments suggested that sialylation was abundant within several structures 

which we explored in detail in embryos injected at 48 hpf with 4. The BCNSia-dependence of 

labeling was particularly apparent in higher magnification images of the head acquired from the 

lateral, ventral, dorsal, and rostral views, as well as a lateral view of the tail (Figure 4.5C). Both 

the retina and the surfaces of the onion-shaped fiber cells that make up the lens, which is known 
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to heavily express the sialyltransferase St8SiaIII during development,
42

 were sialylated (Figure 

4.5D). Analysis of the labeling pattern within the lens showed that the fluorescence was more 

concentrated at intercellular contacts between three or more cells than at contacts between two 

cells (Figure 4.5D′′). We also observed dense sialylation along the entire length of the floor plate, 

which is known to express the neural cell adhesion molecule, a developmentally important 

protein that displays polysialic acid (Figure 4.5E).
43

 Also notable was the bright labeling along 

the intermyotomal boundaries, as well as on the surface of muscle fiber cells in the myotomes, 

which also express St8SiaIII (Figure 4.5F).
42

 

In addition to these structures that we expected to be sialylated, we observed several 

novel sialylation patterns. A ventral view of the embryo revealed sialylation of the optic nerve 

(Figure 4.5G) as well as the exterior of the developing mouth (Figure 4.5H); posterior to the 

mouth we observed a tubular sialylation pattern when viewed laterally (Figure 4.5I). In the 

hindbrain, we observed a columnar pattern of labeling along the dorsoventral axis of the embryo 

(Figure 4.5J). These cells displayed a neuron-like morphology, with a bulbous body and rod-like 

projections that traversed the height of the hindbrain until reaching the hindbrain ventricle 

(Figure 4.5J′′). A dorsal view of this sialylation pattern showed the presence of more heavily 

sialylated cells arranged in a grid-like pattern extending laterally from the midline (Figure 4.5K). 

A three-dimensional reconstruction of these images (Figure 4.5L) indicated that the punctate 

labeling pattern observed in the dorsal view of the hindbrain (Figure 4.5K) indeed corresponds to 

the rod-like projections observed in the lateral view (Figure 4.5J). 

 

Biochemical analysis of labeled embryos 

 

To independently confirm that injection of 4 into BCNSia-treated embryos resulted in 

covalent cell-surface labeling, we analyzed cells from dissociated embryos by flow cytometry. 

Embryos were microinjected with BCNSia, allowed to develop to 48 hpf, and injected with a 

mixture of 4 and NHS-AF647, which was added to select for cells exposed to the vasculature. 

The embryos were then deyolked and dissociated into single cells by treatment with collagenase. 

Flow cytometry analysis indicated a BCNSia-dependent correlation between labeling with 4 and 

NHS-AF647 (Figure 4.9A). Analysis of cells displaying NHS-AF647 labeling showed robust 

tetrazine labeling that was dependent on incorporation of BCNSia (Figure 4.9B), with minimal 

fluorescence arising from injection of 4 into embryos without BCNSia (Figure 4.10). Taken 

together, these data demonstrate both the successful display of BCNSia on surfaces of internal 

zebrafish cells as well as our ability to covalently label BCNSia-containing glycoconjugates with 

our caudal vein injection protocol. 
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Figure 4.9. Flow cytometry reveals that BCNSia-dependent fluorescence in 

zebrafish embryos arises from cell-surface labeling. Embryos were injected with 

BCNSia or vehicle at the 1–8 cell stage and then injected at 48 hpf with 4 and 

NHS-647, deyolked, dissociated, and analyzed by flow cytometry. (A) Labeling 

with 4 as a function of labeling with NHS-647. (B) Green fluorescence of cells 

from embryos injected with 4 and NHS-647, gated on cells displaying NHS-647 

labeling. Error bars represent SD of three replicate experiments. 

 

 
Figure 4.10. Probe 4 produces minimal background fluorescence in zebrafish 

embryos that do not contain BCNSia. Embryos were injected at 48 hpf with 4 and 

NHS-647, deyolked, and dissociated; green fluorescence was analyzed by flow 

cytometry. Error bars represent SD of three replicate experiments. 

 

Next, we confirmed that BCNSia was incorporated into zebrafish glycoproteins. We 

prepared lysates of deyolked embryos at 48 hpf, treated the lysates with tetrazine-dinitrophenyl 

conjugate 5 (Figure 4.11A), and analyzed the resulting products by Western blot (Figure 4.11B). 

As expected, lysates from embryos injected with BCNSia displayed robust labeling compared to 

uninjected and/or untreated embryos. Treatment with Vibrio cholerae sialidase had no effect, 

while treatment with Arthrobacter ureafaciens sialidase prevented subsequent tetrazine labeling. 

This indicated that the cyclooctyne was incorporated by the expected route as a 

sialoglycoconjugate rather than by metabolism of BCNSia to a cyclooctyne-donor intermediate 

that could be linked to cell-surface biomolecules. 
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Figure 4.11. Western blot analysis of zebrafish embryo lysates shows that 

BCNSia is present in glycoproteins. (A) Structure of affinity probe 5 used in 

Western blot experiments. (B) Western blot of lysates. Embryos were injected 

with BCNSia or vehicle, grown to 48hpf, deyolked, and lysed. The resulting 

lysates were treated with sialidase (VC, Vibrio cholerae; AU, Arthrobacter 

ureafaciens) and then 5, resolved by SDS-PAGE, and probed with an anti-

dinitrophenyl (DNP) horseradish peroxidase conjugate. 

 

Labeling enveloping layer and internal glycans with two click reactions 

 

Finally, we showed that the tetrazine–BCNSia ligation can be carried out orthogonally to 

Cu-click chemistry in live zebrafish. We microinjected embryos with 5 pmol BCNSia and/or 50 

pmol SiaNAl, the expected metabolic product of an N-pentynoyl mannosamine derivative that 

we have previously described (Figure 4.12A).
44,45

 At 48 hpf, the embryos were injected with 4 

and then bathed in a Cu-click solution containing sodium ascorbate, BTTAA ligand,
46

 and the 

azide probe CalFluor 647 for 30 min.
45

 We observed robust BCNSia-dependent labeling of 

interior cells and SiaNAl-dependent labeling of enveloping layer cells (Figure 4.12B). Analysis 

of embryo cross-sections confirmed that the signal from 4 and CalFluor 647 were confined to the 

interior and enveloping layer of the embryo, respectively (Figure 4.12C). Consistent with the 

very slow reaction rate of tetrazines with alkynes,
47,48

 in control experiments we observed that 

embryos treated with SiaNAl were not labeled when bathed in media containing tetrazine 4 

(Figure 4.13). Additionally, while BCNSia should react with CalFluor 647, we observed no such 

labeling because BCNSia is apparently not displayed on enveloping layer cells (Figure 4.13); 

however, in situations where cross-reactivity might present a problem, it would be 

straightforward to quench BCNSia on the enveloping layer with a sacrificial tetrazine prior to 

and during the Cu-click reaction. 
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Figure 4.12. Injection of BCNSia and SiaNAl at the 1–8 cell stage enables 

concurrent in vivo detection of spatially distinct glycoproteins using two different 

bioorthogonal ligation reactions. (A) Structures of SiaNAl and CalFluor 647. (B) 

Embryos were injected with BCNSia and/or SiaNAl or vehicle at the 1–8 cell 

stage, then injected with 4 and bathed in a Cu-click solution with CalFluor 647 at 

48 hpf. Scale bar, 200 μm. (C) Tail slice of an embryo treated with both BCNSia 

and SiaNAl as in (B) shows spatial separation of labeling. 

87



 
 

Figure 4.13. Bathing BCNSia- or SiaNAl-treated embryos in 4 does not produce 

detectable labeling of the enveloping layer. 

 

Conclusion 

 

We have demonstrated that the ability to metabolically incorporate a cyclooctyne-

functionalized sialic acid, in conjunction with the use of a fluorogenic cyclooctyne-reactive 

probe, enables systemic in vivo fluorescence imaging of sialylation during zebrafish 

embryogenesis. Importantly, our method uses bioorthogonal chemistry to image glycosylation 

with sub-cellular resolution throughout the interior of a living organism, in contrast to previous 

in vivo imaging efforts that have focused on the ability to detect the presence or absence of large 

masses of tumor cells.
28,49-53

 This work opens up a number of promising avenues for further 

research. We have identified several new sialylated structures in the developing zebrafish, raising 

questions about tissue-specific sialyltransferase activity and the importance of sialylation in these 

structures for proper embryonic development. Additionally, one unique attribute of the 

cyclooctyne is its ability to engage in cycloaddition reactions with both tetrazines and azides. 

The latter functional group has been used by our lab to generate fluorogenic xanthene 

derivatives, including CalFluor 647, with emission maxima spanning the visible spectrum, 

potentially enabling multicolor labeling of temporally distinct classes of glycans.
54,55

 

Furthermore, methods to use fluorogenic ligation reactions in conjunction with metabolic 

engineering of glycans may find applicability in cyclopropene–tetrazine ligations since 

cyclopropene can be metabolically incorporated into glycans via a variety of monosaccharide 

precursors.
56,57

 Finally, we expect that our demonstration of the utility of fluorogenic probes for 

in vivo imaging will motivate the use of such probes for the visualization of other classes of 

biomolecules. 
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 Materials and Methods 

 

A. Synthesis of new compounds 

 

All reagents were obtained from Sigma-Aldrich, Acros, or TCI and used without further 

purification. Anhydrous N,N-dimethylformamide was purchased in a sealed bottle and stored 

over molecular sieves. Deuterated solvents were purchased from Cambridge Isotope 

Laboratories. Solvents were removed on a Buchi Rotavapor R-114 equipped with a Welch 2026 

self-cleaning dry vacuum pump or with an Edwards RV3 vacuum pump. 

Thin layer chromatography was performed with Silicycle 60 Å silica gel plates and 

analyzed by UV illumination, I2 staining, or ceric ammonium molybdate staining. Flash 

chromatography was performed on a Biotage Isolera Prime purification system. High-pressure 

liquid chomatography was performed on a Varian ProStar instrument with a UV absorption 

detector operating at 210 and 254 nm. Preparative-scale HPLC was performed on a 100 Å C18 

reverse phase column (250 x 21.4 mm) with a solvent flow rate of 20 mL/min. 

NMR spectra were acquired on Bruker AVQ-400, AVB-400, DRX-500, AV-500, or AV-

600 spectrometers. 
1
H NMR spectra were referenced to residual CHCl3 (7.26 ppm), 

CD3COCD2H (2.05 ppm), or CD2HOD (3.31 ppm). 
13

C NMR spectra were referenced to CDCl3 

(77.16 ppm), (CD3)2SO (39.52 ppm), or CD3OD (49.00 ppm). NMR spectra were processed 

using MestReNova (Mestrelab Research S.L.). High-resolution ESI mass spectra of small 

molecules were obtained at the UC Berkeley Mass Spectrometery Facility on a Thermo LTQ 

Orbitrap mass spectrometer. 

 

(2S,4S,5R,6R)-5-acetamido-6-((1R,2R)-3-((((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-

ylmethoxy)carbonyl)amino)-1,2-dihydroxypropyl)-2,4-dihydroxytetrahydro-2H-pyran-2-

carboxylic acid (BCNSia): To a solution of (2S,4S,5R,6R)-5-acetamido-6-((1R,2R)-3-azido-

1,2-dihydroxypropyl)-2,4-dihydroxytetrahydro-2H-pyran-2-carboxylic acid
32

 (9-azidosialic acid, 

795 mg, 2.378 mmol) in aqueous acetic acid (1 M, 12 mL) was added PdO (77 mg, 0.63 mmol, 

0.26 equiv). The flask was purged with nitrogen and hydrogen was introduced via a balloon. 

After 21 h, the suspension was filtered through Celite and concentrated to a brown solid. This 

material was combined with (1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyl (4-nitrophenyl) 

carbonate
33

 (695 mg, 2.204 mmol, 0.93 equiv) and the mixture was dissolved in N,N-

dimethylformamide (10 mL) and water (1 mL). Sodium bicarbonate (800 mg, 9.523 mmol, 4.00 

equiv) was added and the solution was stirred for 14 h, after which TLC showed completion of 

the reaction (ceric ammonium molybdate stain, Rf 0.1 to 0.5 in 6:2:1 

acetonitrile:methanol:water). The reaction mixture was filtered through Celite and purified by 

C18 silica gel chromatography (0-100% acetonitrile in water). To remove residual para-

nitrophenol, the eluant was dissolved in aqueous acetic acid (2 mM, 40 mL) and washed with 

ethyl acetate (5 x 10 mL). The resulting material was purified by C18 HPLC (0-15% methanol in 

water); lyophilization of the eluant yielded 1 as a white powder (234 mg, 483 μmol, 22%).
 1

H 

NMR (500 MHz, CD3OD): δ 4.63 (br s, 1H), 4.14 (d, J = 8.1 Hz, 1H), 4.03 – 3.89 (m, 3H), 3.72 

– 3.65 (m, 1H), 3.52 (dd, J = 13.9, 3.0 Hz, 1H), 3.29 (d, J = 9.2 Hz, 1H), 3.14 (dd, J = 14.0, 7.3 

Hz, 1H), 2.30 – 2.07 (m, 7H), 1.99 (s, 1H), 1.86 (t, J = 11.9 Hz, 1H), 1.67 – 1.56 (m, 2H), 1.44 – 

1.33 (m, 1H), 0.94 (t, J = 9.7 Hz, 1H) ppm. 
13

C NMR (126 MHz, CD3OD): δ 177.6, 174.7, 

159.7, 99.6, 97.7, 71.7, 71.1, 70.6, 68.4, 63.9, 53.9, 49.0, 45.3, 41.6, 30.1, 23.0, 21.9, 21.3, 18.8 

ppm. HRMS (ESI) calcd for C22H32N2O10Na (M+Na)
+
: 507.1949; found: 507.1942. 
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N-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-

thieno[3,4-d]imidazol-4-yl)pentanamide (1): To a mixture of (4-(6-methyl-1,2,4,5-tetrazin-3-

yl)phenyl)methanamine (11.4 mg, 56.7 μmol) and 2,5-dioxopyrrolidin-1-yl 5-((4S)-2-

oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanoate (biotin NHS ester, 18.9 mg, 55.4 μmol) 

was added N,N-dimethylformamide (1 mL, anhydrous) followed by triethylamine (22 μL, 158 

μmol, 2.9 equiv). After 16 h, the reaction mixture was purified by C18 silica gel chromatography 

(0-100% methanol in water) and the eluant was concentrated to afford 3 as a pink solid (23.0 mg, 

53.8 μmol, 97%). 
1
H NMR (400 MHz, DMSO-d6): δ 8.47 (t, J = 5.9 Hz, 1H), 8.42 (d, J = 8.3 Hz, 

2H), 7.52 (d, J = 8.3 Hz, 2H), 6.45 (s, 1H), 6.37 (s, 1H), 4.39 (d, J = 5.9 Hz, 2H), 4.33 – 4.26 (m, 

1H), 4.16 – 4.09 (m, 1H), 3.11 (dt, J = 8.5, 6.0 Hz, 1H), 2.99 (s, 3H), 2.82 (dd, J = 12.4, 5.1 Hz, 

1H), 2.58 (d, J = 12.4 Hz, 1H), 2.19 (t, J = 7.4 Hz, 2H), 1.69 – 1.43 (m, 4H), 1.33 (m, 2H) ppm. 
13

C NMR (126 MHz, DMSO-d6) δ 172.3, 167.1, 163.2, 162.8, 144.6, 130.4, 128.1, 127.5, 61.1, 

59.2, 55.5, 41.8, 39.6 (S–CH2, obscured by residual solvent resonance; see 
1
H–

13
C HSQC 

spectrum), 35.2, 28.3, 28.1, 25.3, 20.9 ppm. HRMS (ESI) calcd for C20H26N7O2S (M+H)
+
: 

428.1863; found: 428.1858. 

6-((2,4-dinitrophenyl)amino)-N-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)hexanamide (5): 
To a solution of of N-(2,4-Dinitrophenyl)-ε-amino-n-caproic acid (30 mg, 101 μmol) and O-(6-

chlorobenzotriazol-1-yl)-N, N,N′,N′-tetramethyluronium hexafluorophosphate (41 mg, 99 μmol, 

1.0 equiv) in N,N-dimethylformamide (0.5 mL) was added diisopropylethylamine (34.6 μL, 199 

μL, 2.0 equiv). After 5 min, (4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)methanamine (20 mg, 99 

μmol) was added. The reaction mixture was stirred for 30 min and then concentrated to a red-

orange solid which was resuspended in methanol (10 mL), collected on a sintered glass filter, 

and washed with methanol (3 x 2 mL), affording 5 as a red-orange solid (40.1 mg, 83.5 μmol, 

84%). 
1
H NMR (600 MHz, (CD3)2CO): δ 8.97 (d, J = 2.7 Hz, 1H), 8.76 (s, 1H), 8.47 (d, J = 8.3 

Hz, 2H), 8.28 (dd, J = 9.6, 2.6 Hz, 1H), 7.65 (s, 1H), 7.57 (d, J = 8.4 Hz, 2H), 7.28 (d, J = 9.6 Hz, 

1H), 4.52 (d, J = 6.1 Hz, 2H), 3.61 (dd, J = 13.0, 7.1 Hz, 2H), 3.02 (s, 3H), 2.32 (t, J = 7.3 Hz, 

2H), 1.86 – 1.80 (m, 2H), 1.78 – 1.71 (m, 2H), 1.60 – 1.49 (m, 2H) ppm. 
13

C NMR (126 MHz, 

(CD3)2SO): δ 172.3, 167.1, 163.2, 148.2, 144.6, 134.7, 130.4, 130.1, 129.6, 128.1, 127.5, 123.8, 

115.4, 42.8, 41.9, 35.3, 27.9, 26.0, 25.0, 20.9 ppm. HRMS (ESI) calcd for C22H23N8O5 (M–H)
–
: 

479.1797; found: 479.1788. 

 

B. Mammalian cell flow cytometry experiments 

 

General considerations: Cells were obtained from ATCC and grown in a humidified 5% CO2 

atmosphere in RPMI-1640 medium (Jurkat), minimum essential medium (HEK), or minimum 

essential medium alpha (CHO and Lec2). All media were supplemented with glutamine, 10% 

fetal bovine serum, and penicillin/streptomycin. Azido-PEG3-biotin was obtained from Sigma-

Aldrich. DIBAC-PEG4-biotin was obtained from Click Chemistry Tools. A stock solution of 

BCNSia (500 mM in 500 mM sodium phosphate pH 10.0) was diluted into media from a stock 

solution immediately prior to addition of cells. During labeling experiments, all incubations were 

done in the presence of FACS buffer (1% fetal bovine serum in PBS). All washes were 

performed by three cycles of centrifugation at 1000 x g followed by resuspension of cells in 

FACS buffer (200 μL) at 4 °C. Cells were analyzed on a BD LSRFortessa flow cytometer and 

data analysis was performed in FlowJo (Tree Star) with 10000 cells per replicate. In experiments 
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where propidium iodide was added, the analysis was performed only on live cells (typically 

>90% of the population).  

 

Metabolic incorporation of BCNSia into HEK cells: Confluent HEK cells were split 1:4 into 2 

mL media containing BCNSia (untreated or 500 μM) or Ac4ManNAz  (50 μM or vehicle). After 

38 h, the cells were harvested by scraping, washed, incubated with 1, 2, or 3 (100 μM) for 5 min 

at room temperature, washed, incubated with avidin-488 (Life Technologies, 1:1000) for 1 h at 

room temperature, washed, and incubated with propidium iodide (5 μg/mL) prior to analysis by 

flow cytometry. 

 

Metabolic incorporation of BCNSia into Jurkat cells: Confluent Jurkat cells were split 1:15 into 

3 mL media containing BCNSia (untreated, 300 μM, 1 mM, or 3 mM). After 45 h, the cells were 

harvested, washed, incubated with azido-PEG4-biotin for 1 h at 4 °C, washed, incubated with 

avidin-488 (Life Technologies, 1:1000) for 45 min at 4 °C, washed, and incubated with 

propidium iodide (5 μg/mL) prior to analysis by flow cytometry. 

 

Metabolic incorporation of BCNSia into CHO and Lec2 cells: Confluent CHO or Lec2 cells 

were split 1:4 into 2 mL media containing BCNSia (untreated or 500 μM). After 42 h, the cells 

were harvested by scraping, washed, incubated with tetrazine-biotin (100 μM) for 30 min at 4 

°C, washed, incubated with avidin-488 (Life Technologies, 1:1000) for 30 min at 4 °C, washed, 

and incubated with propidium iodide (5 μg/mL) prior to analysis by flow cytometry. 

 

C. Zebrafish experiments 
 

General considerations: Adult wild-type AB zebrafish were kept at 28.5 °C on a 14-h light/10-h 

dark cycle. Embryos were obtained from natural spawning and were maintained in embryo 

medium (EM; 150 mM NaCl, 0.5 mM KCl, 1.0 mM CaCl2, 0.37 mM KH2PO4, 0.05 mM 

Na2HPO4, 2.0 mM MgSO4, 0.71 mM NaHCO3 in deionized water, pH 7.4). After developing to 

24 hpf, embryos were enzymatically dechorionated with pronase (1 mg/mL in EM), rinsed three 

times with EM, and maintained in EM containing N-phenylthiourea (0.2 mM). Prior to caudal 

vein injections, embryos were anesthetized in EM containing N-phenylthiourea (0.2 mM) and 

tricaine (2.4 mM). Deyolking was performed by manually pipetting embryos in Ca-free Ringer’s 

solution through a 200 μL pipet tip 20 times. For microscopy experiments, embryos were 

mounted between glass cover slips in a solution containing a 2:1 mixture of 1% low-melt agarose 

and EM containing N-phenylthiourea (0.2 mM) and tricaine (2.4 mM). Tricaine and N-

phenylthiourea were obtained from Sigma-Aldrich. Alexa Fluor 647 cadaverine and LipidTox 

Red were obtained from Life Technologies. Tetrazine-Cy5 was obtained from Click Chemistry 

Tools. Compound 4 was prepared as previously described.
18

 Anti-dinitrophenyl horseradish 

peroxidase conjugate was obtained from PerkinElmer. Pronase (from Streptomyces griseus), 

collagenase P (from Clostridium histolyticum), and sialidases (from Vibrio cholerae and 

Arthrobacter ureafaciens) were obtained from Roche. Lysates were prepared using a Misonix 

sonicator. Confocal microscopy experiments were performed at the UC-Berkeley Molecular 

Imaging Center on a Zeiss LSM 780 NLO AxioExaminer or a Zeiss LSM 710 AxioObserver 

fluorescence microscope. Flow cytometry experiments were performed on a BD LSRFortessa 

flow cytometer. Zebrafish experiments were approved by the UC-Berkeley Animal Care and Use 

Committee under Animal Use Protocol #R234. 
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Maximum tolerated dose of BCNSia: Embryos at the 1–8 cell stage were injected with 2 nL of a 

solution containing BCNSia (0 mM, 2.5 mM, 10 mM, or 25 mM), KCl (0.2 M), and phenol red 

(0.2%). After developing to 48 hpf, they were imaged on an epifluorescence microscope. 

 

General protocol for imaging experiments: Embryos at the 1–8 cell stage were injected with 2 

nL of a solution containing BCNSia (0 mM or 2.5 mM), KCl (0.2 M), and phenol red (0.2%). 

After developing to 30, 48, or 72 hpf, embryos were anesthetized, injected in the caudal vein 

with 1 nL of a solution containing either (A) 4 (2.5 mM) and phenol red (1%) in phosphate-

buffered saline or (B) tetrazine-Cy5 (100 μM, 500 μM, or 2.5 mM) and phenol red (1%) in 

phosphate-buffered saline or (C) 4 (2.5 mM) and AF647-NH2 (2.5 mM) in phosphate-buffered 

saline, and then mounted and imaged. 

 

Colocalization experiment with LipidTox Red: After developing to 48 hpf, embryos were 

anesthetized and then injected in the caudal vein with 1 nL of a solution containing phenol red 

(1%) or both phenol red (1%) and 4 (2.5 mM) in phosphate-buffered saline. After 1 h, embryos 

were fixed in formaldehyde (4% in phosphate-buffered saline), washed four times with 

phosphate-buffered saline, and then bathed in LipidTox Red (1:200 in phosphate-buffered saline) 

for 1 h. The embryos were then mounted in media containing LipidTox Red (1:200) and imaged. 

 

Flow cytometry analysis of dissociated embryos: Embryos at the 1–8 cell stage were injected 

with 2 nL of a solution containing BCNSia (0 mM or 2.5 mM), KCl (0.2 M), and phenol red 

(0.2%). After developing to 48 hpf, embryos were anesthetized and injected in the caudal vein 

with 1 nL of a solution containing 4 (2.5 mM) and Alexa Fluor 647 NHS ester (2.5 mM) in 

sodium phosphate buffer (10 mM, pH 6.5). Subsequent manipulations were performed in 

triplicate. After 3 h, 30 embryos (+BCNSia, –BCNSia, or completely untreated) were deyolked, 

transferred to a solution containing EDTA (5 mM) in phosphate-buffered saline, and treated with 

collagenase P (2 mg/mL). The resulting suspensions were mixed every 5 min with a 200 μL pipet 

tip to aid the homogenization process. After 20 min, the protease reaction was quenched by 

addition of fetal bovine serum (5% v/v) and CaCl2 (1 mM) in phosphate-buffered saline. Cells 

were isolated by centrifugation at 350 x g, washed three times with FACS buffer, and then 

analyzed by flow cytometry. In NHS-647 treated populations, positive labeling was defined as 

exhibiting fluorescence intensity greater than 99% of cells in untreated populations. 

 

Western blot analysis of lysates: Embryos at the 1–8 cell stage were injected with 2 nL of a 

solution containing BCNSia (2.5 mM), KCl (0.2 M), and phenol red (0.2%). Uninjected embryos 

were used as a control. After developing to 48 hpf, embryos were deyolked, washed three times 

with Ca-free Ringer’s solution, resuspended in lysis buffer (20 mM Tris-Cl pH 7.5, 150 mM 

NaCl, 1% Triton X-100) on ice, and lysed by sonication for 30 sec. The lysates were cleared by 

centrifugation at 16100 x g. To a solution of lysate (7 μL, 1.3 μg/uL) was added sialidase buffer 

(500 mM sodium phosphate pH 6.5, 100 mM NaCl, 5 mM CaCl2; 1 μL), followed by Vibrio 

cholerae sialidase (10 U/mL; 1 μL), Arthrobacter ureafaciens sialidase (10 U/mL; 1 μL), or H2O 

(1 μL). After 30 min, tetrazine-dinitrophenyl conjugate 5 (500 μM in 80% DMSO; 1 μL) or 80% 

DMSO (1 μL) was added. After an additional 30 min, 4x reducing SDS loading buffer was 

added. The resulting samples were boiled for 5 min, resolved by SDS-PAGE (175 V, 45 min in 

XT MES), and transferred to nitrocellulose (100 V, 60 min). The membrane was blocked 
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overnight with 3% BSA in phosphate-buffered saline with 0.1% tween-20, probed with anti-

dinitrophenyl horseradish peroxidase conjugate (1:1000), and then stained with India ink. 

 

Dual labeling experiment with 4 and CalFluor 647: Embryos at the 1–8 cell stage were injected 

with 2 nL of a solution containing BCNSia (0 mM or 2.5 mM), SiaNAl (0 mM or 25 mM), KCl 

(0.2 M), and phenol red (0.2%). After developing to 48 hpf, embryos were anesthetized, injected 

in the caudal vein with 1 nL of a solution containing 4 (2.5 mM) and phenol red (10 mg/ml) in 

phosphate-buffered saline, washed with EM, and then bathed in EM containing CuSO4 (50 μM), 

BTTAA (300 μM), sodium ascorbate (10 mM), and CalFluor 647 (10 μM) at 28 °C for 30 min. 

The embryos were then washed with EM containing N-phenylthiourea, anesthetized, mounted, 

and imaged. 

 

Bathing BCNSia- or SiaNAl-labeled embryos in 4: Embryos at the 1–8 cell stage were injected 

with 2 nL of a solution containing KCl (0.2 M), phenol red (0.2%), and either BCNSia (0 mM or 

2.5 mM) or SiaNAl (0 mM or 25 mM). After developing to 48 hpf, embryos were bathed in EM 

containing 4 (100 μM) at 28 °C for 30 min, washed with EM containing N-phenylthiourea, 

anesthetized, mounted, and imaged. 
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