
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Alicia E. Mangubat-Medina 

December 13, 2019 



 

 

 

RICE UNIVERSITY 

Photocleavable approaches for reversible bioconjugation 

by 

Alicia E. Mangubat-Medina 

A THESIS SUBMITTED  

IN PARTIAL FULFILLMENT OF THE  

REQUIREMENTS FOR THE DEGREE 

Doctor of Philosophy 

APPROVED, THESIS COMMITTEE 

 

Zachary T. Ball, Chair 

Professor, 

Department of Chemistry 

 

Jeffrey D. Hartgerink 

Professor,  

Department of Chemistry 

 

George N. Phillips, Jr. 

Professor,  

Department of Biosciences 

HOUSTON, TEXAS 

December 13, 2019 



 

 

i 

 

ABSTRACT 

Photocleavable approaches for reversible bioconjugation 

Alicia E. Mangubat-Medina 

The folding of peptides and proteins depends on the structural conformation of the 

amide backbone. Historically, side-chain modifications that respond to external stimuli, 

such as light, were a convenient technique for controlling folding and activity. As our 

curiosity into complex biological systems matures, so must the techniques used to probe 

these systems. While thoroughly less reported than light-sensitive side-chain modifications 

(called photocages), light-responsive modifications to the amide backbone structure 

represents a direct and powerful alternative to impact structural conformation. Using a 

copper-mediated, histidine-directed peptide backbone modification with vinyl boronic 

acids, it was possible to insert a traceless photocage into the N-H bond of the amide 

backbone. Several obstacles required addressing in order to achieve a traceless backbone 

photocage: first, the bond formed required a previously unreported photocleavage between 

(sp2)C and N atoms. Second, the photocaging reagents must maintain a minimum level of 

solubility in an aqueous solution. Finally, for maximized general use in biological systems, 

light-induce uncaging would ideally occur using visible light and near infrared light.  Here, 

the first peptide backbone photocaging reagents are described. These represent a new class 

of photocaging reagents capable of tracelessly uncaging peptides using ultraviolet, blue, 

and near-IR light; reversibly disrupting peptide folding; reversibly interrupting enzymatic 

recognition of a peptide substrate; and reversibly modifying a model protein. These results 

represent a jumping point to developing a vast array of backbone photocages, optimized 

for a wide variety of contexts.
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Chapter 1 

Mechanisms of photolabile protecting groups 

1.1. Introduction 

Photoremovable protecting groups are utilized throughout organic synthesis and 

chemical biology. Photocleavable molecules are ideal for masking chemical functional 

groups and reversibly perturbing biological systems because they require only light as an 

external stimulus for cleavage. These introductory chapters outline the mechanisms of 

common photocleavable groups (Chapter 1) and their applications to biological molecules 

(Chapter 2). The most useful photocleavable groups possess several important 

characteristics: 

1. Sensitive to specific wavelengths and stable in ambient light  

2. High quantum yields with predictable cleavage mechanisms 

3. Byproducts should be generally inert and non-toxic  
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Stability in darkness or, better, ambient light is crucial for the ease and universal 

use of photocleavable protecting groups (PPGs). Furthermore, PPGs sensitive to a specific 

wavelength of light are ideal—allowing chemists to precisely control uncaging. 

Additionally, reactions with high quantum yields (efficiency of cleavage by ratio of number 

of photons absorbed and number of success), with predictable cleavage mechanisms that 

produce inert by-products, are necessary for designing developing applications of these 

photocaging molecules by decreasing the necessary irradiation time. Predictable 

mechanisms allow for rational design to combat side reactions that can damage other 

molecules/tissues. 

Here, the mechanisms of select photocaging groups containing these characteristics 

are described. The mechanism of select PPGs include a variety of pathways including 

homolytic and heterolytic cleavage initiation. This chapter details the mechanisms, small-

molecule applications, and limitations of four major PPGs: nitrobenzene, photoinduced 

acyl transfer, benzoin, and coumarin. 

1.2. Ortho-nitrobenzene 

Nitrobenzene protecting groups have been well studied and documented since they 

were first reported as a protecting group for carboxylic acids.1–4 In addition to protecting 

acids, this collection of photocleavable protecting groups is widely used to protect amino 

acid side chains, alcohols, phosphates, and more.  

The mechanism of the o-nitrobenzene protecting group was first examined in the 

early 1900’s and generally agreed upon by the 2000’s. The mechanism was first described 
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as a photoinduced oxygen transfer after an oxygen atom migration was observed  by a o-

nitrobenzaldehyde rearrangement to o-nitrosobenzoic acid upon irradiation (1.1, Scheme 

1).5,6 No rearrangements were observed for the para- or meta- isomers, indicating the 

importance of the ortho- proximity of the nitro- group to the benzylic carbon. Other 

substrates with benzylic C–H bonds were converted to alcohols and amides through this 

“oxygen migration” (Scheme 2).6 Further mechanistic studies were performed by Walker 

and coworkers, exploring the deprotection of phosphates. Initially, it was hypothesized that 

excitation by 380-nm light caused heterolytic cleavage of the benzyl C-H bond, releasing 

H+ (1.2, Scheme 3).4 The carbanion was thought to be stabilized through the benzene ring 

before a nitro-group oxygen forms a 5-membered ring with the benzylic carbon (1.3). 

Finally, an O=N forms, breaking the 5-membered ring N–O bond to form a ketone at the 

benzyl position (1.4) and releasing phosphate. This mechanism was later revised to 

describe a radical based mechanism where a hydrogen is abstracted from the benzylic 

carbon similar to Norrish Type-II reactions.7 

Scheme 1. Oxygen transfer of o-nitrobenzaldehyde to form nitrosobenzoic acid 
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Scheme 2. Examples of oxygen migration to form amides and alcohols. 

 

Scheme 3. Proposed mechanism of photodeprotection of phosphate by Walker et al. 

indicating release of H+. 

 

The current, accepted mechanism of nitrobenzene derivatives requires an ortho-

nitro group for mechanism initiation and a benzylic C–H bond (Scheme 4).3,8 The cleavage 

mechanism is categorized as a Norrish Type-II mechanism and initiated from a homolytic 

cleavage of the N=O in the nitro group, forming radicals on the nitrogen and oxygen (N•–

O•) (1.5, Scheme 4). Next, an intramolecular H-atom abstraction from the ortho-methylene 

by the O• occurs, forming a carbon radical (C•, 1.6). The N• and C• rearrange through the 

benzene ring to alleviate the radicals (1.7). From here, a nucleophilic attack by the anionic 

oxygen on the ortho-carbon causes rearomatization and forms a 5-membered, fused ring 

(1.8). Next, the unbound, anionic oxygen forms the nitroso, breaking the 5-membered ring 

(1.9), and ending in either a nitrosobenzaldehyde (1.10) or ketone, releasing the molecule 

of interest in its unprotected form. 
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Scheme 4. Nitrobenzene PPG mechanism 

 

Following an initial understanding of this mechanism, several reports of the o-

nitrobenzene derivatives as photosensitive protecting groups appeared in the mid-1960’s 

and continue to be used today. The use of nitrobenzyl derivatives as a photocleavable 

caging method was first reported in 1966 as a photoremovable protecting group for acids ( 

Scheme 5).1 Barltrop and coworkers examined the photodecomposition of o-

nitrobenzyl benzoate to produce benzoic acid. The yield for the photorelease of benzoic 

acid was low (17%), which was attributed to the formation of the side-product azobenzene-

2,2’-dicarboxylic acid (1.11). Side-product 1.11 is a light filter with absorption maxima of 

222 nm, 340 nm, 420 nm that was hypothesized to block photons from being absorbed by 

o-nitrobenzyl benzoate.  Yields for benzoic acid and other acid substrates, and amines such 

as glycine, were improved using o-nitrodiphenylmethyl esters which eliminated the light 

filter byproduct. 
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Scheme 5. Photodeprotection of carboxylic acids. 

 

Following this report, nitrobenzyl protecting groups were used to photocage a 

variety of organic and biologically active molecules in total synthesis and peptide 

synthesis, producing novel synthetic pathways and assays. When o-nitrobenzyl photocages 

were applied to biological molecules, such as ATP, new structural and time-resolved assays 

in biological systems were designed.9,10 Nitrobenzyl protecting groups were also developed 

for peptide synthesis.11,12 Most recently, the nitrobenzyl PPG was used to study ATP 

photocaging for new time-resolved x-ray crystallography.13 

1.3. Photoinduced Acyl transfer  

Acylation is the transfer of an alkylated carbonyl to a nucleophile such as carbon, 

nitrogen and oxygen. Common acyl group donors in organic synthesis are reactive 

electrophiles such as acid chlorides, acid anhydrides, and activated esters. However, acyl 

transfer to amines to form amides is more challenging and requires activation. 

Photoinduced acyl transfers are an attractive alternative due to their mild conditions, and  
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no additional reagents are required.14 This section summarizes the mechanism and 

application of this photolabile protecting group. 

The first photoinduced acylation reagent, 5-bromo-7-nitroindoline (Bni), was 

developed by Amit et al. in 1976 and it continued to be optimized into the 2000’s.15 The 

initial report irradiated  N-substituted Bni (1.12) in nucleophilic solvents, water, methanol 

and ethanol, producing the corresponding carboxylic acids and esters (Scheme 6a). In 

addition, primary amide formation was also possible when reagents were irradiated in the 

presence of ammonia (Scheme 6b). The addition of nucleophiles, such as amines, in inert 

solvents allowed directed acylation to produce the corresponding amides.16 Since these first 

reports, conditions were optimized to synthesize disubstituted amines,17 N-glycosylated 

amino acids,18 carbamates,19 and even stitch together peptide fragments.16 

Scheme 6. Photoinduced transacylation to form esters and primary amides. 

 

The mechanism was described by several authors.20–22 The acyl transfer is initiated 

using either 350-nm or 710-nm light.20 In the photoexcited state, the nitro group oxygen 

attacks the carbonyl, forming a 6-member ring (1.13, Scheme 7). Next, the carbonyl bond 

is formed, migrating electrons through the indole ring and into the nitro group (1.14). 
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Finally, a nucleophile, such as an alcohol, amine, or molecule of water, attacks the activated 

carbonyl (1.15) to release the indole by-product and the acylated nucleophile (ester, amide, 

or carboxylic acid).  

Scheme 7. Mechanism for photoinduced transacylation. 

 

This group has since been used as both a photolabile protecting group and route of 

synthesis of amines/amides, acids and alcohols.20,21,23 In 2007, Amit et al. designed 5,7-

dinitroindoline protecting group. Requiring only a single equivalent of amine, this design 

was more efficient during the synthesis of photocaged amines. More recently, Moth-

Poulsen et al. developed a method for synthesizing plasmonic materials by functionalizing 

gold surfaces with proteins and other biosensors using 5-bromo-7-nitroindoline.23,24 In one 

example, an amide linkage was formed between the gold surface and biotin through 

photoinduced acyl transfer. This biosensor was used to sense the presence of biotin–

streptavidin binding on the gold surface, a jumping point for developing a multi-target 

sensing surface (Figure 1). 

 

Figure 1. Functionalization of a gold surface using photoinduced acyl transfer. 
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1.4. Benzoin group 

The benzoin derivatives received much attention since first described by Schönberg 

et al. in 1956 because of their high quantum yields (0.028-0.64, substrate and medium 

dependent) and biologically compatible by-product.25,26 These characteristics allowed 

adaptation for a variety of applications including drug delivery27,28 and protein folding 

studies.29  

Schönberg and coworkers first reported the UV light sensitivity of benzoin 

derivatives when densylthiobenzoate was exposed to sunlight. Specifically, they described 

a sulfur odor accompanied by a color change, indicating the uncaging of the corresponding 

thiol (Scheme 8a).26 In 1964, experiments by Sheehan et al. indicated a cyclization of the 

benzoin group when exposed to UV light.30 The X group was found to be released as an 

acid (HX) or as a dimer (X2), and the benzoin by-product cyclizes to form benzofuran 

derivatives (1.16, Scheme 8b). In these studies, dimethoxybenzoin (DMB) performed most 

efficiently as a photocage of acetate. This discovery was further supported in 1984 by 

Givens and Matuszewski, who first described benzoin as a PPG for releasing phosphate 

esters and later, by Baldwin et al., for the photorelease of inorganic phosphate in 1990 

(Scheme 8c-d).31,32 
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Scheme 8. Uncaging of benzoin photocaged compounds. 

 

Much effort was required to elucidate this mechanism further due to the solvent 

dependent difference in intermediates (Scheme 9). The history of this mechanism spans the 

work of several groups, performing time-resolved transient absorption experiments on 

DMB. Initially, a cyclohexadienyl cation (1.17) was proposed based on a transient 

absorption at 485 nm, but as experimental resolution has improved, evidence indicated that 

while compound 1.17 existed in acetonitrile, it was not along the primary mechanistic 

pathway. Using pump-probe experiments, a spectroscopy used for studying ultrafast 

electronic dynamics which provides picosecond time resolution, Boudebous et al. found a 

biradical intermediate (1.18), possibly preceding 1.17, with an absorption at 355 nm. The 
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final step of this mechanism was described by Phillips et al. using Raman spectroscopy, 

where the final product was formed within 10 ns of initiation, postulating a concerted HX 

elimination from product 1.18, regardless of solvent.33 More recently, Dai et al. described 

an additional mechanistic pathway when o-(2-methylbenzoyl)-DL-benzoin was irradiated 

with 266 nm light and observed using time-resolved infrared spectroscopy. The uncaged 

product, 2-methylbenzoic acid, and the photocage’s radical intermediates were observed 

in aqueous solution, confirming previously described mechanisms, but additional radical 

intermediates and benzil as a by-product were also reported. The authors hypothesize the 

homolytic cleavage of the C–C=O bond to form benzoyl radical (1.19) and 2-

methylbenzoate benzyl radical (1.20) based on time-resolved infrared (TRIR) spectroscopy 

results but concluded that in the presence of large amounts of water, uncaging of 2-

methylbenzoic acid is the favored mechanism. During efforts to describe the mechanism 

of this PPG, a variety of applications were also reported including light-triggered peptide 

unfolding, drug dosing, and secondary messenger release.  

Scheme 9. Benzoin PPG mechanism. 
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In the early 2000s, Rock and coworkers took advantage of the benzoin PPGs to 

study the unfolding of GCN4-pl.29 Dimethoxybenzoin-caged carboxylates were installed 

at amino acid position 16 of the helices. While caged, the helices were able to form a coiled-

coil, however, following irradiation, carboxylate groups were unmasked, producing 

unfavorable charge interactions (Figure 2). These unfavorable charge interactions caused 

unfolding of the coiled-coil, allowing conformational changes and kinetic processes to be 

studied without using denaturants using flash photolysis.  

  

Figure 2. Unfolding of GCN4-pI following uncaging of carboxylate side chains. 

A few years following this unfolding study, McCoy et al. reported using benzoin 

derivatives for a light-triggered design for precise control of drug dosing.27,28 Light-

sensitive conjugates of model drugs, acetyl salicylic acid (1.21), ibuprofen (1.22), and 

ketoprofen (1.23) were designed and loaded into a polymer hydrogel (Figure 3). 

Characterization of drug release following irradiation indicated successful liberation of 

active drugs from the hydrogel. This work was followed-up in 2017 when McCoy and 

coworkers designed light sensitive conjugates of flurbiprofen (1.24) and naproxen (1.25), 
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and loaded them into poly(2-methoxyethyl acrylate) scaffold. This doped biomaterial was 

shown to deliver multiple doses of drug over a sequence of irradiation time periods.  

 

Figure 3. Structures of photocaged drugs loaded into polymer hydrogels for controlled release. 

1.5. Coumarin 

Coumarin PPGs were developed for their red-shifted photocleavage characteristics. 

Other PPGs described in previous sections, required short wavelengths of light which can 

be damaging to cells and tissues. The pursuit of a redshifted photocaging group gave 

scientists the tool to design photoactivatable molecules to be used within cells or even 

within live tissue. Coumarin derivatives were developed in 1998 by Furuta and coworkers 

as a photocaging group, capable of photocaging a variety of species such as carbonyls, 

amines, amides, phosphate, and more.34 These compounds also have the added 
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characteristic of uncaging by absorbing two photons of long-wave, red light. The most 

useful derivatives of these PPGs have quantum yields between 0.0043-0.006, are water 

soluble, and are synthetically accessible. 

The mechanism of coumarin photocages was uniformly described by several 

groups.35–37  In the initial report in 1999, it seemed two mechanisms were possible:  

homolytic cleavage followed by a single electron transfer (path A) or heterolytic cleavage 

forming a carbocation and an alkoxide (path B, Scheme 10).  At first, it was not clear if a 

singlet radical pair (1.26) was formed from homolytic cleavage followed by either 

hydrogen atom abstraction to form compound (1.27) or single-electron transfer (path A).  

However, only traces of path A product 1.27 were formed in comparison to the alcohol 

product (1.28).  Furthermore, triplet state population was not indicated due to lack of 

phosphorescence, contrary to a previous report by Furuta and Iwamura, and suggesting no 

radical formation.  This mechanism was concluded to go through a solvent-assisted, 

heterolytic initiation of an SN1 reaction for form stabilized a carbocation (1.29).  This was 

supported by 18O labeled water experiments, where, after photocleavage, the reported ESI 

mass indicated an 18O label on the coumarin group and an unlabeled uncaged product 

(HOX). 
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Scheme 10. Coumarin PPG mechanism. 

 

Using the coumarin-dervied PPGs, photocaged molecules have been designed for 

photoinduced activation in biological systems, allowing scientists to monitor biological 

processes. Kiso and coworkers designed the first photoresponsive prodrug of paclitaxel, an 

anticancer agent.38 This prodrug, when irradiated with 430 nm light, released isotaxel 

which subsequently underwent spontaneous intramolecular acyl migration to form the 

active drug. Other photocaged biologically active molecules include cAMP,34,39 mRNA 

and DNA,40 and progesterone.41 A group of photobleaching derivatives were designed with 

substitutions at the 3-position where the by-product cyclizes, causing a loss of conjugation 
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in the pi system and therefore does not compete with the PPG to absorb at the photocleaving 

wavelength (Scheme 11).42  

Scheme 11. Substituted coumarin forms photobleached product. 

 

1.6. Conclusions 

This chapter illustrates the advantages and disadvantages of photoprotecting groups 

in masking functional groups and small molecule activity. Four of the most well-studied 

PPGs were described with an emphasis on their discovery and mechanism. This field has 

had major advances, though much ground has yet to be covered in the optimization of PPG 

characteristics. These breakthroughs may unfold solutions to a variety of limitations in 

chemical biology and medicine. 

Photocleavable protecting groups have great potential in medicinal and biological 

contexts. Provided by external regulation, PPGs offer the control of molecular 

concentrations using precise and directed wavelengths of light. This control may provide 

novel methods for drug delivery and biological analysis. When conjugated to biologically 

active molecules, PPGs may serve as “turn-on” switch for studying cellular events and 

biological mechanisms.  
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Synthesis and applications of photocaged peptides and proteins 

2.1. Introduction 

Light—or more properly electromagnetic radiation—is perhaps the most powerful 

external stimulus to probe or to alter the internal state of complex biological environments, 

including cells, tissues, and whole animals. It can be instantaneously delivered from afar 

with high spatial and temporal control and often with minimal damage to biological 

systems. Furthermore, most biological molecules and structures of interest are transparent 

to light, and we have learned to engineer some specific and important biological pathways 

that respond to or utilize visible light in ways that can service to other goals. Photocaged 

peptides and proteins represent one important tool in the toolbox of methods to build light-

responsive complex systems. “Caged” structures have blocked structures or functions, such 

as enzymatic activity, binding sites, supramolecular assembly, or unique reactivity that is 

“revealed” upon exposure to electromagnetic radiation.1 In recent decades, photocaging 
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techniques have allowed us to discover and study important, complex biological pathways 

and mechanisms. Spatiotemporal control of specific individual molecule activation, made 

possible by photocaging concepts, has proven to be a remarkably empowering capability.   

Photocaging concepts are often akin to photocleavable protecting groups in small-

molecule and polymer chemistry. Irradiation with a specific wavelength of light causes 

selective bond scission, releasing a product with native structure or with some other 

desirable biological activity. There is an ever-increasing need to develop photocaging 

concepts and the chemical methods to synthesize caged structures. Among the challenges 

that drive this innovation are the diverse structures and functional groups found in 

biological systems, the need for multiple orthogonal photo-uncaging regimes, and the 

challenges of tissue penetration. Furthermore, the challenges of predicting reactivity in 

complex environments based on much simpler small-molecule models tend to necessitate 

a variety of complementary photocaging approaches. 

A photocaged analogue of adenosine triphosphate (ATP) was first reported in 1978, 

and from that landmark accomplishment, a breadth of photocaged small molecules has 

been reported, allowing light-triggered perturbation of biological systems.2 More recently, 

a variety of photocaged biomacromolecules (such as peptides, proteins, DNA, and RNA) 

and bio-compatible polymers3–5 have appeared, bringing a new set of tools to bear on 

biological problems. The relative paucity of early examples of photocaged peptides and 

proteins reflects the synthetic and analytical challenges to implementing a clean and 

predictable photo-uncaging concept. In this review, we examine the diverse approaches to 

construct photocaged peptides and proteins, focusing on recent advances. We focus on the 
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chemical and synthetic challenges of accessing these photocaged structures, but also 

present representative examples of the biological studies and discoveries these 

achievements made possible.  

Photocaging groups that unmask natural structure via bond scission incorporate 

diverse core structures, such as 2-nitrobenzyl (2.1-2.3, Figure 4), bromonitroindoline 

(2.4),20–22 benzoin (2.5),12–15 bimane (2.6),18,19 coumarin (2.7-2.15),6–11 and 

nitrodibenzofuran (2.17-2.19).16,17  This structural diversity is important to the goal of 

obtaining structures with diverse wavelengths of uncaging reactivity. The 2-nitrobenzyl 

core, one of the most widely used, was first described in 196623 and has been used to cage  

cysteine,17,24–26 serine,27 tyrosine,28 aspartate,29,30 glutamate,31 asparagine,32 glutamine,33 

and lysine34 residues (Section 2.2). Other photocaging agents have been less commonly 

employed, often with demonstrated utility with a much smaller subset of this group. Thus, 

photocaging has been demonstrated with less than half of the 20 canonical amino acids.  
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Figure 4. Photocaging groups and their reported wavelength of photocleavage where (X) is the photocaged 

functional group. 

Mechanistically, current photocaging agents undergo photocleavage with generally 

analogous uncaging processes. In one such example, the nitrobenzyl group (2.20, Scheme 

12) undergoes a photoreaction when irradiated with UV light to cleave the benzylic sp3 C–

X bond (2.24), and most other photocaging agents follow suit. As a result, side-chain 

photocaging has been limited to polar (heteroatom-containing) amino acids, although 

limited approaches to photocaging backbone N–H bonds provides an alternative 

photocaging at such residues. 35 36 Coumarin, for example, has been used to photocage the 

side chain of cysteine,37 lysine,38 and the C-terminus of glycine,39 setting the stage for a 
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structurally similar photocleavage of a (hetero)benzylic C–X bond, albeit via a rather 

different photochemical mechanism.10,40,41 

Scheme 12. Nitrobenzene uncaging mechanism. 

 

Designing photocaging structures has lagged behind that of analogous light-

emitting compounds, such as fluorophores. Quantitative data for cleavage efficiency 

remains limited, and even complete understanding of effective cleavage wavelengths is 

sometimes lacking (Figure 4). Effective uncaging at even green wavelengths (>450 nm) is 

quite limited. Efficient cleavage of nitrobenzyl chromophores are typically limited to 

ultraviolet or blue wavelengths (< 365 nm), and many alternative structures have similar 

limitations. A few structures (e.g. 2.13, 2.15, 2.16-2.19) have been shown to cleave above 

500 nm, and some efforts to develop orthogonal pairs of cages with different uncaging 

wavelengths have been made.9 But full understanding of capabilities for red-shifted 

uncaging is still being uncovered. Layered on top of this discussion, there is also significant 

interest in developing photo-caging groups with efficient two-photon activation, which 

would allow uncaging at red wavelengths (>700 nm) that are most transparent to living 

tissue. 
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Photocaged peptides and proteins have unique capabilities for understanding 

biological function. Photocaging a biomacromolecule of interest is a more direct and time-

controlled method of switching function, compared to more roundabout inhibitor- or 

transcription-based approaches. Despite the potential, synthetic preparation of photocaged 

peptides and proteins remains challenging. Photocaged peptides are often accessed by 

variations of solid-phase peptide synthesis (SPPS). Combining SPPS with native chemical 

ligation concepts also provide access to photocaged proteins, though on a limited basis. 

Photocaged protein synthesis is also accomplished through genetic incorporation of 

photocaged unnatural amino acids. This review is divided into two parts: first, the synthetic 

methods for accessing photocaged peptides and their applications are described, and 

second, the contrasting methods for accessing photocaged proteins and their applications 

are described. We believe this organization is well suited to allow the contrasting 

possibilities of photocaged peptides and proteins to come to light. 

2.2. Overview of photocaged amino acids for peptide and 

protein synthesis 

Photocaged polypeptides have uniformly relied on C–X bond cleavage to reveal 

natural functionality. This typically means photocaging via a cleavable C–O bond (Ser, 

Tyr, Asp, Glu), C–N bond (Lys, Asn, Gln, N-terminus), or C–S bond (Cys). Thus, 

photocaging has typically been limited to polar or charged side chains. In broad terms, 

typical photoprotecting groups are general, and the same group could be used to photocage 

a variety of side chain structures. Indeed, the 2-nitrobenzyl group and its derivatives has 
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been used to cage many different side chains, including Cys, Ser, Tyr, Glu, Asp, and Lys 

(Section 1.3, Figure 5). A common alternative to the 2-nitrobenzyl group is coumarin and 

its derivatives which was used to photocage lysine and aspartate. However, it must be noted 

that these photocaging groups all require UV light to uncage their substrate, save for rare 

examples of two-photon sensitive photocages and a single example of a green-light 

sensitive photocaged aspartate, well above the range accessible with most photocleavage 

structures.42 Even in those cases with two-photo sensitivities are generally more efficient 

in biological contexts when irradiated with UV light.17  

Recombinant incorporation of photocaged unnatural amino acids (UAAs) via a 

unique tRNA is an important method for incorporating photocaged amino acids. Although 

structurally more limited than chemical approaches, an impressive array of photocaged 

residues has been accessed by UAA technologies, including Lys, Tyr, Ser, and Cys.43–45 

Of these, photocaged Lys is perhaps the best-studied case, due to the ease of utilizing and/or 

evolving natural pyrrolysine processes. Indeed, even wavelength limitations have been 

addressed for lysine, with one example demonstrating two-photon uncaging above 700 

nm.46  

2.3. Photocaged peptides: synthesis and applications 

2.3.1. Synthesis of photocaged peptides 

Synthetic access to photocaged polypeptides is often more straightforward than that 

for photocaged proteins, due to the flexibility of solid-phase peptide synthesis (SPPS). 

However, there are at least three approaches to introduce photocaging groups into peptides: 
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(i) solid-phase peptide synthesis using a photocaged amino acid (pAA), (ii) solid-phase, 

functional-group-selective reaction to install a photocaging group, and (iii) solution phase 

modification of a natural amino-acid sequence.   

(i) solid-phase peptide synthesis (SPPS) using unnatural amino acids 

Side-chain photocaged amino acids:  Standard Fmoc SPPS techniques are 

compatible with most side-chain photocaging structures in common use. Peptides with 

photocaged cysteine (pC1, pC2, pC3, pC4),17,24–26 aspartate (pD),42  tyrosine 

(pY),43,45,47,48 serine (pS),49 and lysine (pK1, pK2, pK3)50,51,46 have been constructed by 

such SPPS methods (Figure 5). 
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Figure 5. Side-chain pAAs. 



 

 

10 

 

The lion’s share of examples to date involve photocaging of side chain structure.  

However, it can be desirable to install photocaging groups at the N- or C-terminus, or even 

at backbone amide bonds. Indeed, the essential role of backbone amide H-bonding in 

determining secondary structure, such as α-helix or β-sheet motifs, makes backbone amide 

photocaging an intriguing tool to directly control folding, structure, and function with light. 

Backbone photocaging by SPPS has been used to produce photocaged glycine residues 

using N-(2-nitrobenzyl)glycine (2.26, Figure 6a). Corresponding two-step approaches with 

bromoacetate alkylation are also viable routes to the same photocaged glycine structures 

(Figure 6b).52  However, the generality of such backbone photocaging by SPPS is quite 

limited, due to limited coupling efficiency of the secondary amine in the photocaged 

monomer. No examples extending these concepts to amino acids other than glycine have 

appeared, presumably due to the steric demands of α-branching. Even photocaged glycine 

2.26 is a synthetic challenge, and typical coupling agents, such as HATU, often fail. One 

recent example, photocaged analogues of an amyloid peptide required harsh conditions 

with triphosgene to produce the acid chloride in situ to achieve efficient coupling (Figure 

6c).52 
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Figure 6. Methods for installing photocages on backbone structures through SPPS. (a) SPPS using N-

alkylated amino acids. (b) Two-step approach to produing photocaged glycine structures. (c) SPPS 

triphosgene conditions necessary for efficient coupling to secondary amine. 

(ii) solid-phase selective functional group photocaging 

Site-specific photocaging can also be accomplished through a unique, orthogonal 

protecting group. In this case, selective mono-deprotection on resin allows chemists to 

install a photocaging agent at the N-terminus prior to global deprotection and release from 

resin. This approach is valuable in cases where a chemically sensitive photocaging agent 

is called for, or merely where preparation of individual photocaged Fmoc monomers   

Diederichsen et al. demonstrated selective N-terminal modification, on-resin, to install a 

photocleavable auxiliary for photoactivated native chemical ligation.53 This N-terminal 

photocage was synthesized as a nitrobenzyl derivative and installed onto the peptide by 

reductive amination (Figure 7). With this photocaged peptide, extended peptides were 

synthesized using native chemical ligation (details in “applications”).  
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Figure 7. Selective on-resin N-terminal modification with photocleavable auxiliary. 

(iii) solution-phase selective functional group photocaging 

The major alternative to incorporating photocaging agents during SPPS is selective 

solution-phase reactions on polypeptides, without the need for protecting groups. There are 

several reasons that solution-phase methods may be desirable: peptides of interest may be 

isolated natural products or biological in origin. In addition, the desired photocleavable 

agent may be incompatible with SPPS methods, as is often the case with C-terminal 

photocaging structures. On the other hand, solution-phase modifications of peptides create 

the reactivity and selectivity challenges typical of selective reaction design in complex 

polyfunctional environments.  

In an early example of selective solution-phase photocaging, a photo-reactive 

guanylating agent was reacted with an ornithine side chain of a peptide inhibitor of the 

cAMP-dependent protein kinase (PKA) to form photocaged arginine (Figure 8). This 

photocaged arginine allowed photocontrol of cAMP signaling.54 The group used Fmoc 

protection of the N-terminus, retained from SPPS, to avoid competing reactivity. The 

creation of a caged arginine structure with this method is straightforward and efficient, but 
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the chemistry required anhydrous conditions (DMF), and orthogonal protection of other 

amine groups, limiting the utility of the approach. 

       

Figure 8. Solution phase photocaging of arginine unnatural amino acid.  

Most examples of solution phase photocaging take place in organic solvent and 

absent competing functional groups, which may limit synthetic access to some larger 

structures. C-terminal amidation/esterification (Figure 9, Figure 10)55,56 and N-terminal 

carbamate formation (Figure 10)56 are typical examples of such approaches. C-terminal 

amidation/esterification is accomplished on N-terminal/side-chain protected peptides with 

acid activation agents, such as O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexa-fluorophosphate (HCTU), and 2-(1H-Benzotriazole-1-yl)-

1,1,3,3-tetramethyl-aminium tetrafluoroborate (TBTU), similar to typical SPPS technique. 

N-terminal photocaging is accomplished through carbamate formation from a 

chloroformate precursor.56  In the case of Figure 10, peptide 2.27, bifunctionalized at both 

N- and C-termini, was then cyclized through metathesis, producing a more stabilized 

peptide 2.28. Photocleavage led to free peptide 2.27. 
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Figure 9. Solution phase photocaging of C-terminus by amide formation. 

  

Figure 10. Solution phase photocaging of C-terminus and N-terminus by ester and carbamate formation, 

respectively.  

Bioconjugation methodology is a rapidly developing field. Ingenious and powerful 

reaction methods and selectivity concepts are creating new ways to build complex 

bioconjugates, and new methods for site-selective conjugation may end up providing 

powerful photocaging solutions. Structure and reagent scope limits direct application to 
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photocaging in many cases, but inroads have been made. A recent report described a 

copper-catalyzed method for histidine-directed coupling of boronic acids with a specific 

backbone N–H bond of the residue immediately preceding histidine, in a reaction that 

occurs in water with fully deprotected peptide substrates. Careful structural design of a 

light-sensitive alkenylboronic acid reagent allowed preparation of photocleavable 

backbone conjugates, creating a 1-step approach to specific backbone photocaging 

governed by a neighboring histidine residue (Figure 11).36,57 The design hinges on a 

vinylogous analogue of ortho-nitrobenzyl photocaging agents. The structure represents a 

only example of photocleavage at an alkenyl–X bond, and the uncaging is presumed to 

occur by C–H abstraction, leading to a highly conjugated intermediate on the way to bond 

cleavage.  

 

Figure 11. Histidine-directed peptide backbone photocaging.  
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2.3.2.  Applications of photocaged peptides  

Photocaging RGD peptides for triggered cell patterning 

Cell adhesion is mediated by interactions with the short sequence, Arg-Gly-Asp 

(RGD). This fundamental recognition event is important for artificial scaffolds for tissue 

engineering and controlled cell growth on surfaces, and RGD recognition has important 

consequences for human medicine. Consequently, controlling RGD-mediated adhesion by 

light or other external stimulus has received significant attention. Although it is not 

typically considered “photocaging,” cis-trans photoisomerization of azobenzene induces 

changes in local structures that are often significant enough to induce changes in biological 

function. In that sense, azobenzene photoisomerization “uncages” a new biological state. 

Tethering an RGD peptide to a surface via an azobenzene linker produced a surface in 

which exposure to light induced isomerization to the cis, non-adhesive state.58 Covalent 

side-chain photocaging provides complementary activity, with light turning “on” cell 

adhesion.29,59 In one such approach, SPPS produced a photocaged RGD peptide with 

backbone N-alkylation (2-nitrobenzyl) at the key glycine residue. Alkylation effectively 

blocked activity, and no adhesion was observed for caged peptides attached to a poly-L-

lysine surface. Exposure to light resulted in efficient cell adhesion and spreading. (Figure 

12a). 

In a complementary approach,59 installing a photoreactive ester (3‐(4,5‐dimethoxy‐

2‐nitrophenyl)‐2‐butyl, DMNPB) in the aspartate side chain in a cyclic RGD sequence, 

again by SPPS, was used to prepare photoactivatable surfaces on silica (Figure 12b). The 

study also marked an early application of DMNPB esters, which were developed for high 
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cleavage quantum efficiency (irradiation wavelength = 351 nm).60 Similar to the backbone 

glycine caging, DMNPB esters block key aspartate interactions with the integrin MIDAS 

region,61 and thus photocontrol of cell surface adhesion could be achieved. 

 

Figure 12. Spatial control of cell adhesion to the irradiated left half of the surface. Cell image reproduced 

with permission from Copyright © 2008 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.59 

Advancing native chemical ligation technique  

Cell adhesion is in many ways ideal for photocaging studies, because the very short 

sequences involved minimize synthetic complexity. However, accessing very large 

photocaged structures by chemical means require tools beyond simple SPPS, and native 

chemical ligation (NCL) has become a key tool to construct larger polypeptide structures 

of all kinds, including photocaged examples. Classically limited to cysteine-containing 
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sites, more recent approaches have expanded NCL methods to allow ligation at diverse 

sites without a cysteine. The use of photocleavable auxiliaries at the N-terminus (2.28, 

Figure 13) has been one important component of this expanded NCL scope.53 Diederichsen 

and coworkers synthesized peptides with N-terminal photocaging agents that contain a 

thiol group. The thiol then replaces cysteine in the mechanism of NCL, and photocleavage 

of the modification. This photocaging technique allows joining peptide fragments to form 

14-residue peptides at Gly-Gly and Ala-Gly ligation sites in high yields, and at Gly-Ala 

and Gly-Leu, though with significantly diminished yields. Following ligation, UV light 

(365 nm) was used to liberate the peptide. The temporary N-terminal thiol concept is 

similar to previous reports,62 but with the advantages and unique capabilities of auxiliary 

photocleavage. It is worth noting that while NCL is an important tool for biological studies, 

the NCL-based photocaging has not been demonstrated within a biological system. It is 

interesting to speculate whether photocleavable NCL processes could be integrated in vivo 

as an unnatural relative of native intein splicing processes. 
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Figure 13. Photocleavable auxiliary allows NCL to occur at sequence sites without cysteine.  

Light-activated investigation of cell-cell interactions 

Like cell-surface interactions, cell-cell interactions have been fertile group for 

photocaged peptide applications. Photocaged peptides offer a unique ability to learn about 

biological pathways in a time-resolved fashion. In a study by Janett et al., a C-terminal 

photocaged neurotransmitter offered a peek into neuron–glia communication (Figure 14).55 

As the two main classes of neural cells, a clear understanding of these cell-cell interactions 

is critical for complete understanding of brain function. Among glia cells, astrocytes are 

responsible for providing active synaptic function and structure. A key indication of 

astrocyte-neuron communication is astrocytic calcium elevation.  In this study, a 
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photocaged agonist peptide, Phe-Met-Arg-Phe (pFMRF), of Mas-Related-Gene Gq 

coupled receptor (MrgA1R) was synthesized and used for photo-triggered interactions that 

produce a downstream a readout of calcium spikes. Cells displaying MrgA1R receptors 

were exposed to the pFMRF agonist, and spikes in intracellular calcium levels were 

observed, dependent on UV exposure. 

 

Figure 14. Synthesis of photocaged agonist peptide (pFMRF) and uncaging to produce active agonist peptide 

(FMRF) which induces elevated intracellular calcium levels (green, Fluo-8). (inset) confocal images of 

astrocytes exposed to 365 nm light (inside white outline) where cells containing pFMRF exhibited a spike in 

Ca2+ levels following exposure indicating the uncaging of pFMRF. Cell image reproduced with permission 

from Copyright © 2015, American Chemical Society.55 
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Peptide activation within live cells 

Controlling peptide activation within cells is an intriguing challenge which lends 

itself to exploring mechanisms of action within biological contexts. Unlike extracellular 

activity, intracellular studies require an understanding of cell entry, subcellular 

compartmentalization, and intracellular protease stability. In one key example, a 

photocaged cysteine was deployed to study enzymatic palmitoylation of peptides. In the 

report, 2-nitrodibenzofuran was selected as the cysteine photocage for its efficient UV- and 

two-photon- cleavage abilities. Alternative 2-photon sensitive photocages such as 

brominated hydroxycoumarin were not compatible with cysteine photocaging in all 

contexts due to photoisomer side products upon irradiation, as reported by the authors. The 

nitrodibenzofuran was installed within K-Ras-derived and Cys-Leu-Cys (CLC) peptides 

for enzymatic and cell studies, respectively.17 The CLC peptide was  tagged with an 

NBDhex fluorophore to allow visualization of cellular localization. Cysteine 

palmitoylation at cysteine induces migration to the membrane, and the photocaging 

approach allowed direct real-time visualization of palmitoylation and subsequent 

membrane localization (Figure 15).  
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Figure 15. Scheme of NDB-hexCLC peptide uncaging and subsequence palmitoylation. Left: confocal 

images of cell migration following irradiation of caged NBD-hexCLC peptide. Cell image reproduced with 

permission from Copyright © 2016, American Chemical Society.17 

Probing amyloid oligomers through photocaged peptides 

The complicated kinetics, initiation, and speciation of amyloid aggregation are 

confounding problems tailor-made for a photocaging approach. One important challenge 

in understanding this disease is studying amyloid assembly in cellular environments, where 

chemical means of controlling and initiating assembly fail. In an important study, 

fibrillation could be light-induced with a photocaged analogue of amyloid-forming 

peptides.35 Photocaged Aβ-derived macrocyclic peptides (peptide 2NB) were exposed to 

neuroblastoma cells (SH-SY5Y) (Figure 16). Before irradiation, the photocaged peptides 

were not cytotoxic to cells up to 100 uM as measured with LDH release (Figure 16b) and 
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MTT conversion assays (Figure 16c). Following irradiation, LDH and MTT assays allowed 

quantification of cell toxicity; membrane disruption was observed at peptide concentrations 

of 50 uM. These results clearly indicate the value of photocaged peptides to probe sensitive 

and/or metastable species in cellular environments. 

 

Figure 16. Photocaged Aβ-derived macrocyclic peptide 2, 2NB, and 2Me. LDH release assay and MTT 

conversion assays indicate that only the uncaged form of peptide 2 (peptide 2NB + h) cause cell death. 

Figures reproduced with permission from Copyright © 2018, American Chemical Society.35   

Phototriggered collagen mimetic peptide folding 

Collagen sequences are another class of metastable monomer that undergoes 

assembly to triple helices and then further aggregation to a variety of collagen biomaterials. 

Collagen-mimetic peptides (CMP) have been developed to model, mimic, and directly 
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interface with natural sequences. Similarly, controlling the kinetics and initiation of 

assembly and aggregation is of significant value. Applying photocaging concepts to 

collagen systems, one approach installed a photocaged backbone N–H at glycine during 

SPPS. This photocaged CMP exhibited light-induced folding (Figure 17a-b) upon exposure 

to UV light. Even more impressingly, UV light triggered the photocaged CMP sequences 

to co-assemble with degraded natural collagen in mouse model. Increased matrix 

metalloproteinase (MMP) activity, which is correlated with several pathogenic conditions, 

remodels collagen in diseased tissue, producing degraded collagen structures that can be 

visualized by a fluorescently-tagged, photocaged CMP (Figure 17c). 

 

Figure 17. Photo-triggered triple-helical folding of caged CMPs for detecting MMP activity. (a) Structure of 

CFNB(GPO)9 featuring the photo-reactive nitrobenzyl (NB) group (in blue) conjugated to the central Gly. (b) 

CD melting studies triple-helical folding of CFNB(GPO)9 before (blue) and after (red) photo-cleaving of the 

NB cage, leading to CMP folding into stable triple helices.63 

Photocaging hormone or other peptide substrates of peptidase activity is another 

straightforward application of photocaged peptides. Peptidase activity is often highly 
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sensitive to local structure, and alteration with a photocaging group is often sufficient to 

abrogate activity. In a follow-on to the photocaged CMP study above, copper-catalyzed 

backbone modification was also employed to photocage an -chymotrypsin substrate 

peptide (CSP) (Figure 18c). Consistent with expectation, photocaged peptide was 

completely resistant to peptidase activity, while enzymatic proteolysis occurred quickly 

upon irradiation (Figure 18d, blue/red). This photocaged peptide concept could be valuable 

in studying protease activity within living cells and could be used to control proteolytic 

processing of pro-hormones. 
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Figure 18. CMP modification-driven unfolding and photocleavage-driven refolding. (a) MALDI-MS of 

photocaged (blue) and uncaged (red) CMP. (b) CD melt analysis indicating folding of modified CMP before 

(blue) and after (red) photocleavage with 365 nm light. (c) Modification scheme of CSP to block -

chymotrypsin recognition and cleavage. (d) right: HPLC and MALDI-MS analysis of peptide cleavage by -

chymotrypsin; left: cartoon depiction of experiment. Figures reproduced with permission from Copyright © 

2018, American Chemical Society.36 



 

 

27 

 

2.4. Photocaged proteins: synthesis and applications 

Proteins, while structurally and functionally similar to peptides on a monomeric 

level, come with a host of additional challenges when photocaging these complex 

structures. The proteins generally require aqueous conditions, limiting chemical techniques 

available to photocage these macromolecules. Furthermore, when proteins modified from 

their native structure, their behavior and stability alter making their modified forms 

difficult to purify and use for future applications.  While peptides have a whole host of 

photocaging technologies, proteins are, in comparison, quite limited. Here, the synthesic 

technologies for photocaging proteins and applications of these photocaged proteins are 

described.  

2.4.1. Synthesis of photocaged proteins 

(i) genetic encoding of pAAs 

Genetic encoding of photocaged amino acids (pAA) in whole proteins is now well 

established. In 1998, Miller et al. first reported genetic incorporation of a photocaged 

tyrosine by nonsense/amber codon suppression technology. Using a nonsense anticodon 

tRNA modified with the photocaged tyrosine (pY, Figure 19), the muscle nicotinic ACh 

receptor (nAChR) was synthesized containing a photocaged tyrosine in the α subunit. 

Building on prior work to incorporate UAAs in nAChR,63–65 the method injected tRNAs 

mixed with the desired nAChR coding mRNA into the oocytes. Following this initial 

report, tRNA amber codon techniques have been used to install photocaged tyrosine,66–69 
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serine,49 lysine,34,38,70 cysteine,24,71–73 homocysteine (Hcy),71 and selenocysteine (SeCy) 

(Figure 19).74  

 

Figure 19. Genetically incorporated photocaged amino acids. 

Since the first report of amber codon suppression by Miller et al., the technique has 

been used to install a variety of amino acids with unnatural functionalities from the 
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canonical 20 amino acids, and this same technology was utilized to install pAAs in E. coli, 

S. cerevisiae, and mammalian cells.34,69,72 Other early examples include the incorporation 

of photocaged cysteine (pC1) by the Schultz group, where E. coli leucyl tRNA synthetases 

were evolved by randomizing the amino acids (Met40, Leu41, Tyr499, Tyr527, and 

His537) that form the hydrophobic pocket.72 This active-site library was screened to select 

enzymes (where successful enzymes were identified was based on suppression of amber 

codons at positions 44 and 110 in the gal4 gene in yeast) with various hydrophobic pockets 

capable of accepting the steric bulk and electronic properties of a photocaged cysteine. 

Since this first report, many efforts have utilized such mutant pairs of E. coli leucyl-tRNA 

synthetase (EcLeuRS)/tRNA and pyrrolysyl-tRNA synthetase (PylRS)/tRNA in yeast and 

mammalian cells for the genetic encoding of pAAs. 

In contrast to the variety of genetically photocaged proteins, examples of alternative 

methods for photocaging proteins are rare.  These alternative methods include an example 

of total protein synthesis using native chemical ligation (NCL) and solution-phase 

photocaging.  

(ii) total chemical synthesis using SPPS and NCL 

The first and only example of total chemical synthesis of photocaged proteins produced a 

photocaged hen egg lysozyme.75 Since the photocaged amino acids employed were not 

compatible with Boc SPPS techniques, Fmoc SPPS was required. Four fragments were 

synthesized and subsequently ligated together to form lysozyme, a 14.3 kDa protein 

(Scheme 13). Lysozyme was synthesized with three photocaged mutants at lysine, serine, 

and aspartate. 
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Scheme 13. Synthesis of photocaged lysozyme through native chemical ligation. 

 

(iii) solution-phase selective functional group photocaging  

Selective photocaging reactions on whole proteins are the third major approach to 

photocaged proteins, and the development of selective caging methods has mirrored 

broader efforts to develop methodology for selective protein modification, especially in the 

last decade. Perhaps the most conceptually simple approach is nonselective surface 

modification. In a representative early example,76 a nitrobenzyl-photocage conjugated to a 

large polyethylene glycol (PEG) chain reacted with abundant, nucleophilic lysine on the 

lysozyme surface, forming a stable carbonate linkage (Figure 20a). Numerous PEG chains 

attached to the surface have the effect of blocking natural cell lysis activity of the protein 

(NHS-PEG lysozyme, Figure 20b). upon irradiation, the cell lysis activity is recovered 

(Figure 20c). While effective, this technique produces heterogeneous mixtures of 

photocaging location, and typically installs an ensemble of multiple modifications on the 

surface of the protein. 
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Figure 20. PEG-photocaging of lysozyme using NHS ester in aqueous conditions. (a) Scheme depiction of 

PEG-photocaging of lysozyme. (b) Consumption of Micrococcus lysodeikticus exposed to different 

lysozymes for 20 min as measured by optical density (OD). (c) OD measurements of Micrococcus 

lysodeikticus consumption by photocaged lysozyme during irradiation time points. Figure adapted with 

permission from Copyright © 2010, American Chemical Society.76 

Achieving site-selective photocaging through reactions on canonical proteins is 

both a more daunting challenge and important for many applications of photocaging 

concepts. In rare cases, a unique amino acid residue—typically cysteine—may exist in an 

appropriate location for selective photocaging. Such nucleophilic residues allow the use of 

reactive electrophiles, such as alkybromides or maleimides.77–81 Absent these natural 

nucleophiles, genetic incorporation of a cysteine residue often represents the most 

straightforward way to incorporate a uniquely reactive site.  
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In an alternative approach to solution-phase photocaging of proteins, our lab 

developed a copper-catalyzed, histidine directed protein backbone conjugation with 

boronic acids (Figure 18 and Figure 21).36 Given the influence of protein backbone in 

folding and function, photocaging backbone structures implies significant alteration to 

protein structure. Protein backbone of soybean trypsin inhibitor (SBTI) was photocaged 

using a bi-functional boronic acid. This molecule contained both a photocleavable group 

and desthiobiotin (DTB), which acted is a purification handle and a probe for western blot. 

While relatively preliminary, SBTI modification and subsequent uncaging was determined 

using two methods: MALDI-MS and anti-DTB western blot. The MALDI-MS indicates a 

signal for the modified protein before UV irradiation and loss of modification after UV 

irradiation. Furthermore, the loss of modification was supported by a loss of signal for 

desthiobiotin following UV irradiation in the anti-biotin western blot. Backbone 

modification has future use in photocaging proteins at allosteric positions. In potential 

cases where photocaging the active site of enzymes is inaccessible, photocaging the 

backbone at an allosteric position on the protein may have interesting, previously 

unavailable, applications. 
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Figure 21. Photocleavable modification of soybean trypsin inhibitor (SBTI). MALDI–MS analysis of 

modified SBTI before (blue) and after (red) irradiation. (Inset) Anti-biotin western blot indicated loss of 

desthiobiotin following photocleavage.36  

2.4.2. Applications of photocaged proteins 

Probing protein localization within mammalian cells 

Controlling protein localization is fundamental in understanding cellular roles of 

these biological machines. Protein localization and nuclear import are regulated by amino 

acid sequences “barcoded” on the protein. Probing and understanding these effects is 

challenging due to the specificity required to disrupt the localization without altering the 

rest of the protein. Photocaging techniques are uniquely qualified for these challenges 

given our sophisticated installation techniques and relatively small molecular size. Protein 

localization in the nucleus can be reversibly disrupted by photocaging a single amino acid. 

Using genetic engineering to install pK1, a lysine was photocaged in the nuclear 

localization sequences (NLS) of a EGFP-fused p53 (Figure 22a).50 As a control, the lysine 

was also mutated to alanine (K305A, Figure 22b). By photocaging the NLS, these p53-

EGFP fusion proteins were incorrectly localized in the cytosol in HEK293 cells. The 
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migration of the photocaged fusion protein from the cytosol into the nucleus when 

irradiated with light was observed (Figure 22c). The control protein, K305A, did not show 

any nuclear localization, due to the missing lysine. Furthermore, cells provided with the 

incorrect tRNA containing tyrosine instead of photocaged lysine also did not indicate 

nuclear localization. 

 

Figure 22. Photocaged lysine for controlling protein localization within cells. (a) scheme of pK1 

incorporation into p53-EGFP fusion protein and subsequence uncaging. (b) sequence design of p53 fusion 

proteins. (c) Confocal microscopy indicating cellular localization of the p53-EGFP fusions before and 50 

min after photolysis (5 s, 365 nm, 1.2 mW/cm2). Figure adapted with permission from Copyright © 2010, 

American Chemical Society.50 
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A photocaged tyrosine for controlled STAT1 phosphorylation 

Cells communicate information about their environment through signal 

transduction, promoting a response by the nucleus. Generally caused by phosphorylation 

of various amino acid side chains, these signal transduction pathways are often regulated 

incorrectly in diseased cells.  STAT1, a translation promoter, dimerizes and is translocated 

into the nucleus where the protein binds DNA to induce transcription as an immune 

response to viruses (Figure 23a). The first site-specific photocaged tyrosine was genetically 

encoded into STAT1 protein in mammalian cells (Figure 23b).66 The orthogonal 

pyrrolysyl-tRNA synthetase (PylRS/tRNACUA) pair from Methanosarcina species was used 

to incorporate the photocaged tyrosine (pY) into STAT1 (Tyr701) and demonstrated the 

ability to control tyrosine phosphorylation and, in turn, regulate interferons in mammalian 

cells. Following STAT1 phosphorylation, dimerized STAT1 translocates into the nucleus 

and induces transcription by binding DNA,85 however, when tyrosine is photocaged, no 

phosphorylation occurs (Figure 23a). Using antibody against phosphotyrosine 701 of 

STAT1, western blot analysis of indicated dependence of phosphorylation on uncaging 

Tyr701 (Figure 23c). 
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Figure 23. Photocontrol of STAT1 phosphorylation. (a) cartoon model of the interferon JAK/STAT1 

pathway. (b) Scheme of genetic incorporation of photocaged tyrosine. (c) western blot of pTyr-STAT1-GFP 

fusion protein where phosphorylation of STAT1-GFP increases over time with UV irradiation (saturating at 

5 min) (blot:P-STAT1). Figure adapted with permission from Copyright © 2012, American Chemical 

Society.66 

Photocaged T7-RNA polymerase for controlled gene expression 

 The natural controls over gene expression are comprised of complex gene 

regulatory networks, governing cellular behaviors from cell responses to external stimuli 

to cell derivation. Deactivating expression of specific genes can have disastrous results but 

having an ability to probe these outcomes is a powerful tool. Using site-specific protein 

photocaging, consequences of gene deactivation was examined during mitosis. In probing 

gene activation and reprogramming genetic machinery, a photocaged T-7 RNA polymerase 

at tyrosine was developed in E.coli cells through site-specific incorporation of pY, 

blocking GFP expression.68 In a follow up to this methodology for controlling gene 
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expression, T7-RNA polymerase was photocaged at lysine (pK3) in mammalian cells was 

later published showing the a light-triggered expression of luciferase, GFP, and short 

harpin RNA (shRNA).70 Using the photocontrolled shRNA expression, light-triggered 

inhibition of Eg5 gene, which encodes a motor protein required for mitosis and inhibition 

causes binucleated cells,86 was developed to study interfering RNA pathways in gene 

silencing. The photocaged T7-RNA inhibited expression of shRNA, thus cells divided 

naturally (Figure 24, top). Photoactivation of T7-RNA promotes the synthesis of shRNA, 

inhibiting the Eg5 gene and resulted in binucleated cells during mitosis (Figure 24, bottom). 

 

Figure 24. RNA interference and triggering of binucleated cell phenotype (white arrow) through light-

triggered shRNA inhibition of Eg5 using the caged T7RNAp. Scale bars indicate 20 μm. Figure adapted with 

permission from Copyright © 2013, American Chemical Society.70 

Tobacco Etch Virus (TEV) protease activation 

Light controlled protein function provides a route identify protein dynamics in cells 

and living organisms. Photoactivation of Tobacco Etch Virus (TEV) protease selectively 

turns on the decomposition of any protein containing the TEV restriction sequence (TevS), 

an easily engineered tag. This allows for optically active protein knock out, and the 

opportunity to probe different cellular developmental stages. Using a photocaged cysteine, 

Chin et al. engineered a photocaged TEV protease using amber codon suppression in E. 

coli and mammalian cells.24 Two TEV proteases were designed: the first with pAA 
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photocaged cysteine (pC2) to form the caged protein (TEV-C151-pC2) and a second 

control protein where the cysteine is mutated to Boc protected lysine (Kboc) to knock out 

protease activity (TEV-C151-Kboc) (Figure 25a). To demonstrate the activation of TEV 

in cells, FRET active fusion protein CFP-TevS-YFP-V5 was engineered containing cyan 

fluorescent protein (CFP), TevS, yellow fluorescent protein (YFP), and C-terminal peptide 

tag V5 as an immunoblot handle. Uncaging of TEV-C151-pC2 causes cleavage between 

the fluorescent proteins as analyzed by western blot (Figure 25a, inset blot: YFP) and 

FRET-FACS (Figure 25b). 

 

Figure 25. Photocaging of TEV protease. (a) photocaged cysteine (pC2) and Boc protected lysine (Kboc, 

activity knock-out) incorporated into mutant TEV proteases. Western blot indicating free YFP following the 

cleavage of CFP-TevS-YFP-V5 by light-activated TEV-C151-pC2. (b) FRET analysis of photoactivation of 
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TEV-C151-pC2 in mammalian cells. Percentage of FREThi at time points post-irradiation, confirming TEV 

protease activation of TEV-C151-pC2 (red). TEV-C151-Kboc (yellow) did not show protease activity. 

Controls: no TEV (green), wild-type TEV (black). Figure adapted with permission from Copyright © 2014, 

American Chemical Society.24 

Photocaged membrane proteins 

Membrane proteins are essential to cell function and optical control to probe the 

mechanisms of these proteins is a valuable tool to understanding their roles. Potassium 

channels play crucial roles in regulating neuronal excitability, action potential cessation, 

hormone secretion, heart rate, and salt balance. In a report from Wang et al., a photocaged 

cysteine (pC4) was genetically encoded to express a photocaged, inwardly rectifying 

(passes positive charge into the cell) potassium channel (Kir2.2) in embryonic mouse 

neocortex (Figure 26) and rat hippocampal neurons (data not shown).83 Cysteine 169 was 

found to block ion flow of Kir2.2  when photocaged with pC4. To incorporate pC4, the 

amino acid was introduced as a dipeptide pC4-Ala to enhance transport into cells. 

Dipeptide pC4-Ala later hydrolyzed by cytosolic peptidases to the free pC4 for 

incorporation into Kir2.2. Photoactivation of Kir2.2 in embryonic mouse neurons was 

measured by analyzing the ion channel current at 100 mV of neocortical acute slices 

(Figure 26b). Following UV irradiation, the current changed dramatically, from −17 ± 13 

pA (black) down to −317 ± 73 pA (blue), indicating the passing of positive ions into the 

cell. The channels were then inhibited using Ba2+, returning the current to its original value, 

indicating the ion channels were, in fact, activated by UV irradiation (orange). These data 

indicate the first reported expression and photocaging of mouse neocortical potassium ion 

channels in vivo. 
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Figure 26. Scheme of Kir2.2 photocaging and ion current analysis of Kir2.2 channel in the mouse neocortex 

in vivo. Scheme of pC4 incorporation into Kir2.2 where pC4 is genetically incorporated at C169, stopping 

the ion current. When irradiated, C169 is uncaged, allowing the flow of positive ions through the channel. 

When inhibited with Ba2+, ion current is stopped.  (top, right) Mouse neocortical neurons current-to-voltage 

(I-V) plot. Plot before irradiation (black) verses after irradiation (385 nm, blue) showed a change in current 

at voltage = 100 mV for Kir2.2-expressing neuron indicating light-dependent activation of Kir2.2. The 

current of the Kir2.2 channel was inhibited upon exposure to BaCl2 (orange). Copyright © 2013 Elsevier Inc. 

All rights reserved.83 

Photoactivation of luciferase chemiluminescence and GFP fluorescence 

Photocaging the active sites of proteins drastically alters their ability to function. In 

studies from the Deiters lab, two applications were described: photocaging GFP 

fluorescence and photocaging the active site luciferase enzymes.38,71 These examples 

demonstrate the use of optical control of protein active sites as tools for probing cellular 

mechanisms. 
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Renilla luciferase and photinus pyralis firefly luciferase (Fluc) were photocaged at their 

active sites through genetic incorporation of a photocaged cysteine pC5 (Renilla , C124)71  

and coumarin-photocaged lysines, pK1 or pK2 (Fluc, K204).87 Photocaging at these 

critical residues resulted in loss of activity. Enzymatic activity was restored following UV 

irradiation in both the Renilla and Fluc examples. Coumarin-photocaged Fluc, allowed 

both one- and two-photon uncaging.38 Fluc has a key lysine (K206) in the active site where 

luciferin and ATP enter. When photocaged at K206 with pK2, luciferin and ATP are 

blocked from entering the active site, thus deactivating the protein (Figure 27a). Uncaged 

Fluc is generated by irradiation with 365-nm light, and a 30-fold enhancement of 

chemiluminescence indicated recovery of the protein activity (Figure 27c). This 

photocaging technique was also demonstrated on an EGPF-mCherry fusion protein with 

pK2. Lysine photocaging disrupting the folding of EGFP and demonstrated the sensitivity 

of these folding motifs to perturbation (Figure 27d). Following irradiation with 405- or 

760-nm light, EGFP folds and becomes fluorescent (inset, Figure 27d).  
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Figure 27. Photoactivated Photinus pyralis firefly luciferase (Fluc) using amber codon suppression. (a) lysine 

206 is photocaged with pK2, disrupting hydrogen bonding network and blocking luciferin and ATP from 

entering the binding pocket (b) Following UV irradiation, wild-type Fluc is generated allowing substrates to 

enter the active site. (c) Bright-Glo luciferase assay of cells before (blue) and after (red) irradiation (365 nm, 

4 min). Chemiluminescence units were normalized to the −UAA/–UV control. Error bars represent standard 

deviation, n = 3. (PDB: 2D1S). (d) photocaging of EGFP-mCherry fusion protein with pK2. Fluorescence is 

recovered following uncaging and folding of EGFP. (inset) Confocal microscopy of cells before and after 
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irradiation with 405- or 760-nm light. Figure adapted with permission from Copyright © 2014, American 

Chemical Society.87 

Photocaging of fast inteins for controlled protein splicing 

Light-promoted protein activation is most commonly controlled on the tertiary 

level, however, a direct method for controlling protein activation is also available at the 

primary sequence level. By photocaging the ability for a newly synthesized protein to 

excise intein sequences, proteins are not able to mature to their functional state. In a study 

by Ai et al., a photocaged cysteine residues (pC3) was incorporated into the N-terminus of 

the intein coding region for mCherry (Figure 28a) and the catalytic domain of human 

tyrosine kinase, Src, using the Nostoc punctiforme (Npu) DnaE intein.25 As one of the most 

well-characterized and efficient inteins, Npu is compatible with a variety of flanking extein 

sequences and has a splicing half-life of ~60 s at 37 °C.88,89 Cysteine photocaging blocked 

excision of the Npu DnaE intein and fluorescence imaging showed successful incorporation 

of the pAA into mCherry. Fluorescence was not visible without UV irradiation, indicating 

the dependence of mCherry maturation on uncaging the cysteine (Figure 28b).  
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Figure 28. Photocaging of light-triggered intein splicing and activation of mCherry and Src. (a) Schematic 

representation of intein/mCherry primary structures before and after photoactivation of intein excision. (b) 

Fluorescence imaging of photocaged mCherry expressing HEK 293T cells before and after UV irradiation. 

(c) Schematic representation of Src-mCherry fusion protein before and after photoactivation of intein 

excision. (d) Post-treatment images of pseudocolored fluorescence ratio (YPet/ECFP) images of F1 

expressing HEK 293T cells treated with UV irradiation indicating the activation of Src based on decreased 

FRET ratio. Color bar: fluorescence ratio (YPet/ECFP). Figure adapted with permission from Copyright © 

2014, American Chemical Society.25 

Next, photocaging the Npu intein excision of the primary structure of Src was analyzed 

(Figure 28c). The photocaged cysteine was incorporated into the primary sequence and 
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photocaged Src was expressed in HEK 293T. Intein insertion between Gly276 and Cys277 

was expected to generate a spliced protein identical to the wild-type Src kinase catalytic 

domain. For efficient splicing, the photocaged Src proteins also contained the S342C 

mutation to install the necessary Cys to enhance splicing efficiency.90 Using a KRas-Src 

sensor (ECFP/YPet FRET reporter) for Src activity,91 the photoactivation of intein excision 

and maturation of Src was analyzed. Activation of Src kinase is known to alter YPet 

absorption of the ECFP donor emission, causing a decrease in YPet fluorescence, thus 

decreasing the fluorescence intensity ratio of YPet/ECFP. HEK 293K cells expressing the 

KRas-Src sensor and photocaged Src proteins were treated with UV irradiation and 

fluorescence quantification was measure on the lysed cells. The FRET ratio of cells 

containing the photocaged inteins is much higher (Figure 28d) than the wild-type Src (data 

not shown), indicating a lack of functioning Src before irradiation. Following UV 

treatment, the fluorescence ratio decreased to match that of cells containing wild-type Src. 

In the pseudocolored transformation of the FRET ratio of YPet fluorescence to ECFP 

fluorescence is indicated by the change in coloration from red to blue (Figure 28d). From 

these data, it is clear photocaging of intein excision sites is an efficient method for 

controlled protein activation at the primary sequence level. 

Manipulation of protein interactions with photocaged proteins 

Understanding protein-protein interactions is an exciting field of interests to chemical 

biologists and light-activated protein-protein interactions allow probing of the mechanisms 

in live cells. While amber codon suppression is widely used to synthesize photocaged 

proteins, total chemical synthesis using SPPS and NCL is also possible allowing systematic 
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probing of photocaging consequences on protein-protein interactions.  In a study by Liu et 

al., the total chemical synthesis of hen egg lysozyme (HEL) was used to identify an ideal 

location to photocage the protein for light-activated antigen/antibody interactions through 

“hot-spot” scanning of key residues.76  This method allowed for high throughput caging at 

a multiple residue level, not achievable by amber codon suppression at this point.  

HEL, a model antigen, is recognized by B-cells through a membrane bound HEL-

specific antibody (HyHEL-10) on the cell surface.92  Residues K96, S100, and D101 were 

screen for activity in binding the HyHEL-10 receptor and identified K96 photocaged as a 

key residue for binding HyHEL-10 using ELISA assays, It was also identified that 

photocaging K96 with 1-(2-nitrophenyl)ethyl (pK4) successfully inhibited the protein-

protein interaction and, importantly, restored antigenicity after uncaging (Figure 29). With 

an optimized photocaged antigen in hand, the uncaging and subsequent BCR interactions 

were measured using total internal reflection fluorescence microscopy (TIRF, Figure 29, 

left). Alexa Fluor 647-labeled MD4 primary B cells were exposed to a glass slide 

containing immobilized, uncaged HEL-pK4, activating B cell spreading responses to form 

microclusters and accumulation of BCRs into the B cells immunological synapse. The ratio 

of the mean fluorescence intensity (mFI) for the accumulation of BCRs was measured over 

time after UV irradiation and indicated a 5-fold increase in the mean fluorescence ratio 

following 300 s after irradiation. This indicates the uncaging of HEL-pK4 and subsequent 

protein-protein interactions between HEL and HyHEL-10 on the cell surface. 
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Figure 29. Synthesis of photocaged hen egg lysozyme (HEL-pK496) and interaction with Alexa Fluor 647-

labeled MD4 primary B cells and calcium probe Fluo-4-stained B-cells. (left) Fluorescence images of UV 

irradiation of HEL-pK496caused B cell spreading responses and accumulation of BCRs into the B cells 

immunological synapse. (right) Fluorescence images of UV irradiation of HEL-pK496 induced calcium influx 

and oscillation as indicated by increased in green fluorescence. Cell images reproduced with permission from 

Copyright © Royal Society of Chemistry 2016.
76

 

Next, oscillation of Ca2+ levels were measure in response to the antigen-antibody 

interaction of HEL and HyHel-10 (Figure 29, right). Calcium imaging was performed by 

prestaining the B-cells with calcium probe Fluo-4 and placing the cells on cover slides. 

HEL-pK4 was flowed over the cells. Only basal amounts of calcium were detected before 

UC irradiation and no oscillation was observed. Following irradiation, uncaged HEL-pK4 

was able to interact with the B-cells, inducing an influx of calcium and successive 
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oscillation at a cycle of 85-90 s. These data indicate light-dependent activation of HEL-

HyHEL-10 protein-protein interactions.   

Solution-phase photocaging of proteins 

Like total chemical synthesis of photocaged proteins, solution-phase photocaging 

is rare and underrepresented in the field when compared to amber codon suppression 

techniques. In an example of installing a uniquely reactive site, cofilin, a protein which 

cleaves F-actin, was photocaged through genetic incorporation of a cysteine residue 

followed by solution-phase photocaging.78 Mutated from the native serine, the cysteine 

mutant remained active prior to photocaging. This cysteine residue was selectively 

photocaged with 2-nitrobenzylbromide alkylating reagent, caging the F-actin cleaving 

activity (bottom, Figure 30). Upon irradiation, the uncaged cofilin activity was restored as 

indicated by the cleavage sites in the F-actin filament (top, Figure 30). 

 

Figure 30. Site selective photocaging of cofilin protein. (top) light microscope image of F-actin in presence 

of uncaged cofilin with cleavage sites (white arrows). (bottom) light microscope image of intact F-actin in 

presence of caged cofilin. Figure adapted with permission from Copyright © 2002, American Chemical 

Society.78 
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Accessing selective photocaging of transmembrane proteins can provide methods for 

understanding the contexts for ion channel flow and function. This solution-phase, 

selective residue photocaging has given access to transmembrane protein photocaging. In 

this example, a transmembrane ion channel porin (OmpG) was genetically encoded to 

contain two  cysteine residues within the transmembrane pore.37 OmpG is a 14-stranded β-

barrel structure consisting of a single chain of amino acids. Simple S-alkylation with a 

photolabile 7-(diethylamino)-4-(hydroxymethyl)-coumarin bromide at the engineered 

cysteine residues serves as a physical blockage of the ion channel (Figure 31). Of note, the 

authors observed that alkylative photocaging can take place in either the native state, or in 

a denatured state prior to refolding. The authors demonstrated 54% increase in ion 

conduction following uncaging of the physical blockage.  

  

Figure 31. Synthesis of photocaged OmpG-2 with DEACM photocaging group to produce the photocaged 

transmembrane porin at the mutated cysteine sites (PDB: 4CTD). Figures were adapted permission from 

Copyright © Royal Society of Chemistry 2018.37 

2.5. Summary and Outlook 

Light-triggered folding, maturation, and activity of peptides and proteins has the 

added benefit that no additional chemicals are necessary. Spatial and temporal controls of 
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protein activity with light are important features of photocaged biomolecules difficult to 

achieve through dependence on cellular reactions for protein activation. The challenges of 

this field still reside in the complexity of polypeptides and proteins and their polyfunctional 

environments, making reaction discovery more challenging than in a traditional organic 

sense. Reaction discovery is further complicated by the necessity for these reactions to take 

place in air and aqueous environments required for working with these biomolecules. At 

this point, the contrast between techniques available for peptide verses protein modification 

is quite extensive, due to the possibility for peptides to react under more traditional organic 

environments. Fortunately, as the peptide modification techniques progress, many of these 

techniques have been or are in the process of transitioning to protein substrates.  

Through this discussion, there are clear triumphs in the past decade of this field: 

the first photocaged protein in vivo, first total synthesis of a photocaged protein, first 

solution-phase backbone modification, and new advances in NCL, to name a few. 

However, there are three themes in the synthesis of both peptides and proteins that stand 

out as limitations and point to the major challenges of this field: (1) majority of examples 

demonstrate photocaging of peptide and protein activity through the amino acid sidechains. 

While proven to be effective in deactivating proteins, some examples do indicate that side-

chain modification is insufficient. For example, Liu et al. indicated that a specific lysine 

was necessary to photocage to completely deplete HEL-HyHEL-10 recognition in their 

total synthesis of photocaged HEL at various amino acid sidechains.75 It is reasonable to 

speculate that backbone photocaging at the protein-protein interface may disrupt the HEL-

HyHEL-10 recognition. Furthermore, allosteric backbone modifications may also tweak 

protein folding to disrupt this interaction. (2) Majority of examples demonstrate 
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photocaging of peptide and protein activity using photocaged amino acid monomers during 

the synthesis of the substrate, either through SPPS or amber codon suppression. While 

effective in the examples discussed, photocaging more challenging substrates unavailable 

through these techniques and require alternative methods. To address these limitations, 

expansion in solution-phase photocaging reactions would be a significant contribution to 

the field. Two contributions challenging this limitation were described in the last year: the 

photocaging of backbone modification through copper-promoted conjugation with boronic 

acids,36 and photocaging a transmembrane porin through selective alkylation of cysteine 

sidechains.37 While it is likely these model proteins could be modified using amber codon 

suppression, these are the first steps in designing selective photocaging in solution. (3) 

majority of examples demonstrate photocaging of peptide and protein activity using UV 

active cages. UV irradiation is not ideal as these techniques venture towards live organisms 

and tissues, due to UV induced damage to the cell, such as in DNA. Thus, expanding to 

visible light-sensitive photocages and two-photon photocages is necessary. Here, examples 

using two-photon sensitive photocages were described, but sorely lack in variety when 

compared to UV-sensitive photocages.16,17 

With these three limitations addressed, the future of this field could expand 

dramatically by giving researchers access to new substrates, new caging techniques, and 

new photocaging reagents. Through this discussion, the successes and limitations of 

photocaging peptides and proteins in the past decade are both numerous. These successes 

and limitations direct the pathway for advances in synthesis techniques and, in turn, 

advances in applications in tissues and live organisms.  
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A vinylogous photocleavage strategy allows direct photocaging 

of backbone amide structure 

Portions of this chapter were previously published in and are adapted from: 

Mangubat-Medina, A. E.; Martin, S. C.; Hanaya, K.; Ball, Z. T. J. Am. Chem. Soc. 2018, 

140, 8401. 

3.1. Introduction 

Protein secondary structure derives primarily from specific backbone amide 

interactions, including requisite hydrogen bonding that determines α-helix and β-sheet 

folds. Since folding determines function, modification of backbone structure is perhaps the 

most direct way to alter or control polypeptide function, biasing against or even disrupting 

natural folding altogether. In limited instances, nature uses modification of the backbone 

structure to control polypeptide function. For example, sulfenyl–amide S–N bond 



 

 

58 

 

formation reversibly inactivates protein tyrosine phosphatase 1B,1 and N-methylation in 

nonribosomal cyclic peptides alters conformation, proteolytic stability, and other 

attributes.2 If chemical backbone modification could be made responsive to an external 

stimulus—such as light, redox potential, or metal ion concentration—the approach could 

offer a direct and predictable way to build responsive or switchable structure and function. 

Photocaging backbone amide structure would be complementary to exiting 

photocaging approaches, including intein caging3 and other side-chain caging 

approaches,4–9 as well as whole photoresponsive protein domains.10,11 In some cases, such 

as photocaged active-site residues, side-chain photocaging is an important and effective 

way to deliver photoswitchable structures.12,13 But altering function with a side-chain 

photocaging agent can be roundabout, difficult to predict, and require empirical 

approaches.14 Despite the rather obvious potential of directly photocaging a specific 

backbone amide bond, the approach has been little studied, largely because access to 

peptides or proteins with backbone-modified structures is extremely limited. Short 

backbone-modified peptides can sometimes be accessed by solid-phase synthesis with N-

alkyl amino acids, which can potentially be integrated into larger sequences by native 

chemical ligation14 or expressed protein ligation.15 However, solid-phase synthesis with N-

alkyl amino acids is plagued by low coupling efficiency, and standard HATU/HOBt 

coupling agents fail in these demanding applications.5,16–18 Quite recently, a photocaged 

backbone approach was used for photocontrol of β-sheet formation, a result conveying both 

the significant potential of backbone photocontrol, but also the significant limitations of 

current methods.19  Many modifications of interest, including N-arylation and N-

alkenylation, are inaccessible by chemical synthesis. Furthermore, it is not yet possible to 
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engineer the few examples of enzymatic backbone modification using general protein 

engineering tools. Ribosomal incorporation of N-alkyl amino acids using unnatural tRNA 

technology has also been demonstrated, but again, capabilities are severely limited.20,21  

3.2. Results and discussion 

This chapter describes a photocleavable backbone N–H modification that allows 

efficient photocaging of folding and function (Figure 33a). Efforts to develop a backbone 

photocaging process stemmed from our recent discovery of predictable access to backbone 

N–H alkenylation and arylation with boronic acid reagents, directed by a neighboring 

histidine residue in the i + 1 position.22,23  

In an initial study for applying the histidine directed backbone modification, a 

photocaged boronic acid was designed to unmask a nucleophilic functional group. A 

masked nucleophilic backbone modification acts as a chemical handle available to be 

controllably unmasked for selective conjugation with electrophiles, perhaps following the 

alkylation of other nucleophiles on the surface. Specifically, the boronic acid (A) was 

designed to mask a thiol group along the backbone (Scheme 14). Thiols are uniquely 

capable of being available for substitution reactions as well as native chemical ligation-like 

reactions. This investigation pivoted when it was discovered the entirety of the backbone 

modification was cleaved when irradiated (Figure 32). Fundamental and applicable 

exploration of this phenomenon revealed a unique ability to photocage the backbones of 

native peptides and proteins, the primary focus of this chapter. 
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Scheme 14. Synthesis of thioether boronic acid A. 

 

 

Figure 32. Modification of angiotensin I (unmod) using boronic acid A (mod) and predicted uncaged thiol 

product (uncaged mod). (inset) MALDI-MS analysis of UV irradiation of modified angiotensin I. 

We envisioned that a well-designed boronic acid could conceivably deliver a 

backbone modification capable of traceless photochemical cleavage. However, traceless 

photochemical cleavage, in biological contexts, typically involves cleavage of a C(sp3)–X 

of a 2-nitrobenzyl derivative.24 In contrast, histidine-directed backbone modification 

requires alkenyl- or aryl-boronic acids, delivering N-alkenyl or N-aryl polypeptide 

products, and thus necessitating photocleavage at a C(sp2)–N bond. Despite extensive 

literature on photocleavage and photodeprotection,24 there is limited precedent for C–X 

cleavage at sp2 carbon atoms, typically involving cleavage of N–acyl bonds producing 
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(formally) hydrolysis products.25,26 In a new approach to this problem, we chose to examine 

a vinylogous27–29 analogue of 2-nitrobenzyl cleavage (Figure 33). In this case, putative 

benzylic hydrogen atom abstraction would provide an extended conjugated system (3.3). 

We hypothesized that, among several possible pathways, nucleophilic attack by water on 

the -carbon of 3 would eventually release a "traceless" polypeptide product, together with 

an unsaturated aldehyde or decomposition product thereof. To explore this proposed 

pathway, a model vinylogous 2-nitrobenzyl amide (3.2) was prepared by analogy to a 

reported condensation.30 Upon treatment with 365-nm light in water in the presence of 

triethylamine as a scavenger, the conversion of caged amide 3.2 to N-methylacetamide 

(3.4) was monitored by 1H NMR, based on the N-methyl resonance shift from 3.16 ppm to 

2.68 ppm upon photocleaveage.31 The clean and efficient photocleavage observed provides 

a sufficient foundation for a vinylogous approach to sp2 C–N bond cleavage in complex 

polypeptides.  



 

 

62 

 

 

Figure 33. Vinylogous photocleavable modification of backbone N–H bonds. (a) Schematic depicting of 

structural perturbation with a photoremoveable reagent. (b) A model photocleavage reaction releasing N-

methylacetamide (3.4) through the presumed intermediacy of C–H abstraction product 3.3. (inset) 1H NMR 

spectra demonstrating release of amide 3.4 upon photoirradiation, following peaks attributed to the N-methyl 

resonances (a) and (b) Conditions: irradiation at 365 nm of a 35-mM trimethylamine/trimethylamine HCl in 

2:3 CD3OD/D2O soln. 

In preparing an appropriate and effective boronic acid "photocaging" reagent, we 

incorporated a 3,4-dimethoxy (6-nitroveratryl) core for red-shifted absorption and 

improved photocleavage efficiency,32 which ultimately led to the design of photocleavable 

reagent 3.1a (Scheme 15). In the course of synthetic investigations, it was determined that 

the 2-propargylnitrobenzene structure, as in alkynes 3.6 and 3.7, is sensitive to basic 

conditions, necessitating careful reaction sequencing, especially in more complex target 
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structures (Scheme 16). In the end, boronate 3.1a was effectively prepared by reduction of 

alcohol 3.6 under acidic conditions, followed by zirconium-catalyzed hydroboration.  

Scheme 15. Synthesis of photocleavable reagent 1a. 

 

We next evaluated the photocaging of a variety of peptides with boronic acid 3.1a 

(Figure 34). Upon treatment with boronic acid 3.1a in the presence of a copper (II) salt, 

clean conversion of peptide to a backbone-modified product was observed for angiotensin 

I, a chymotrypsin substrate peptide (CSP), leuprolide, and a collagen mimetic peptide 

(CMP) (Figure 34 b-e, blue spectra). Gratifyingly, in each case the initial, uncaged peptide 

could be regenerated upon irradiation with 365-nm light to remove the modification (red 

spectra).  

The CMP peptide allowed direct investigation of photocaged folding. The CMP 

sequence consists of repeating Gly-Pro-Hyp units (Hyp = hydroxyproline) and folds into a 

canonical polyproline type-II triple helix.33 Interstrand glycine hydrogen-bonding 

interactions are essential for the formation of the triple helix, and substitutions of backbone 

N–H bonds at glycine completely disrupts folding. The CMP peptide has a single histidine 

residue, which enables backbone modification at the preceding glycine residue. Consistent 

with prior understanding, this histidine-containing peptide exhibits a characteristic 
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polyproline type-II secondary structure, with a circular dichroism (CD) spectrum 

containing a maximum at 225 nm and a cooperative thermal unfolding event (m.p. = 42 

°C, methods section, Figure 45).   After modification at Gly12 with boronate 3.1a, folding 

and trimerization was completely disrupted: the CD spectra of the modified peptide lacked 

any feature at 225 nm (Figure 34f). A CD thermal melt analysis contained no cooperative 

unfolding event (Figure 34g). After three minutes of irradiation with 365-nm light, 

photocleavage of the modification was observed, and the peptide regained the positive CD 

signature at 225 nm, consistent with triple-helix formation (Figure 34f). Furthermore, the 

unmasked CMP peptide exhibited a melting temperature of 43 ºC (Figure 34g), 

indistinguishable from the as-synthesized peptide. 
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Figure 34. Backbone modification and photorelease of peptides. (a) Schematic depiction of modification and 

photocleavage reaction, (b-e) MALDI–MS analysis of various peptides before (top, black) and after (middle, 

blue) N–H modification with boronate 3.1a, and subsequent analysis after photocleavage (bottom, red). (f) 

CMP modification-driven unfolding and photocleavage-driven refolding. CD analysis of unmodified (black) 

and modified CMP (sequence: Ac-(POG)4HOG(POG)3-NH2) before (blue) and after (red) photocleavage 

with 365-nm light. (g) CD thermal melt (integrated, top and differential, bottom) of modified peptide before 

and after irradiation. Peptide modification conditions: 100 μM peptide, 1 mM boronate 3.1a, 10 mM buffer 

(varied pH); angiotensin I: 500 μM Cu(OAc)2, pH 8.5; CSP: 100 μM Cu(OAc)2, pH 6.5; leuprolide: 500 μM 

Cu(OAc)2, pH 8.5; CMP: 100 μM Cu(OAc)2, pH 8.5. Size-exclusion filtration (700 MWCO) was employed 

to remove small molecules prior to CD analyses. 
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Modification of backbone structure is a direct approach to photocaged protease 

susceptibility of peptides, since proteolysis is quite sensitive to backbone N–H substitution 

near the cleavage site.34 To test the potential for light-triggered peptide hydrolysis, we 

synthesized an α-chymotrypsin substrate peptide (CSP, sequence: Ac-SIINFGHKL-NH2 ),  

based a prior study of enzyme selectivity.35 Proteolysis with α-chymotrypsin cleaves this 

peptide between phenylalanine and glycine residues. Histidine-directed modification with 

boronate 3.1a produced a peptide photocaged at glycine. Next, mixtures of caged and 

uncaged peptide were treated with α-chymotrypsin (Figure 35). Subsequent HPLC and MS 

analysis indicated that the unmodified peptide was entirely degraded, while the photocaged 

peptide remained intact. The α-chymotrypsin was deactivated by a pH jump, and the 

peptide was uncaged using 365-nm light, resulting in the formation of the parent CSP. If 

the mixture is irradiated without α-chymotrypsin deactivation, the CSP is consumed as it 

is formed, and thus no full-length CSP is observed after photoirradiation (Figure 36). 
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Figure 35. Photocaged control of a protease substrate, CSP. Protease activity was assessed by MALDI-MS 

and HPLC (inset). A mixture of modified and unmodified CSP (left, green trace), was treated with α-

chymotrypsin, resulting in complete consumption of the uncaged CSP peptide (blue trace). After inactivation 

of α-chymotrypsin by a drop in pH, the parent CSP peptide was regenerated upon irradiation for 5 min at 365 

nm. CSP modification conditions: 200 μM CSP, 200 μM Cu(OAc)2, 2 mM boronate 3.1a, 10 mM NMM 

buffer, pH 6.5. 

 

Figure 36. MALDI-MS of photodeprotection of modified CSP in the presence of active -chymotrypsin. 

m/z 1290.7 corresponds to [M+mod+H]+. m/z 1069.6 corresponds to [M+H]+. m/z 1107.4 corresponds to 

[M+K]+. 

Finally, we examined modification and uncaging of a model protein, soybean 

trypsin inhibitor (SBTI), which contains a single histidine residue (His 71) in an exposed 
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loop region (Figure 40a). To facilitate work with larger proteins, we found it useful to 

develop a bifunctional boronic acid reagent incorporating desthiobiotin36 as a convenient 

handle for purification and analysis (Scheme 16). In designing this bifunctional probe, the 

core 6-nitroveratryl photoactive component was preserved with an addition of a tetraPEG 

linker to assist with water solubility. In collaboration with S. Cody Martin and Kengo 

Hanaya, a convergent synthesis involving coupling of readily-available precursors 3.8 and 

3.9 was carried out, allowing formation of the target structure 3.1b through a reduction–

hydroboration route analogous to that of photocaging agent 3.1a. In this case Zr-catalyzed 

hydroboration of compound 3.10 failed, and so uncatalyzed hydroboration with 

catecholborane furnished the alkenylboronic acid 3.1b, albeit with significant diminution 

in yield. Alkenylboronic acid 3.1b was purified by HPLC (Figure 37) and characterized by 

ESI-MS (Figure 38). 

Scheme 16. Synthesis of photocleavable reagent 3.1b; in collaboration with S. C. 

Martin and K. Hanaya. 
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Figure 37. HPLC analysis of purified boronate 3.1b. Ramp 25-45% MeCN/H2O, UV detection at 254 nm. 

 

Figure 38. ESI-MS of 3.1b positive mode. Peak at m/z 682.4 corresponds to [M+H]+; m/z 664.4 corresponds 

to [M-H2O]+, m/z 704.4 corresponds to [M+Na]+. 

As a first-pass at assessing the reactivity of this compound, leuprolide was modified 

as a peptide model. Successful modification of leuprolide showed correct mass shift of 

alkenylboronic acid 3.1b, indicating the presence of the vinyl boronic acid functional group 

(Figure 39). With this molecule in hand, protein modification studies were pursued. 
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Figure 39. MALDI-MS of leuprolide modification with boronate 3.1b, m/z 1846.1 corresponds to modified 

peptide [M+mod+H]+. m/z 1209.8 corresponds to unmodified peptide [M+H]+. 

In collaboration with S. Cody Martin, SBTI (Figure 40a) was modified with 

boronate 3.1b at Gly70. Affinity purification produced modified protein of sufficient purity 

to test photocleavage, and single modification was confirmed by anti-biotin western blot 

and by mass spectrometry. Gratifyingly, irradiation at 365 nm for 30 minutes led to 

complete removal of the photocaging agent, as judged by mass spectrometry and anti-biotin 

western blot (Figure 40b). 
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Figure 40. Photocleavable modification of soybean trypsin inhibitor (SBTI). (a) SBTI structure showing 

His71 (red). (b) MALDI-MS analysis of modified STBI before and after irradiation. (inset) Coomassi brilliant 

blue (CBB, left) and anti-biotin western blot (right) indicated loss of signal following photocleavage. Protein 

modification conditions: 20 μM SBTI, 500 μM Cu(OAc)2, 500 μM boronate 3.1b, 10 mM NMM buffer, pH 

8. See supporting information for full blot. 

3.3. Conclusion 

A vinylogous 2-nitrobenzylboronic acid enables, for the first time, access to 

photocaged backbone N–H bonds by direct backbone modification of natural polypeptide 

structures. Furthermore, the N-vinylamide photocaging structure significantly perturbs the 

electronics of the amide bond, potentially allowing reversible perturbation of amide 

carbonyl basicity or of the kinetics of cis-trans amide interconversion. In contrast to side 

chain modifications, backbone modification presents a more direct, general, and easily 

designed approach to caging the function of a protein or polypeptide. Incorporation of a 

photocaging group is predictable and can work on natural substrates without sequence 

engineering. 
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3.4. Experimental section 

3.4.1. General information and procedures 

Chemical reagents were purchased and used without further purification. All 

solvents used were ACS reagent grade. Solvents used under inert atmosphere were bought 

and maintained in inert packaging or purified and degassed by a solvent dispensing system 

(Pure Process Technology). A commercial nail curing lamp with 4 x 9W UV light bulbs 

(365 nm) was purchased and used for all irradiation reactions. N-methylmorpholine 

(NMM, 10 mM, pH 8.0 and pH 6.5) buffers were prepared by dissolving NMM in miliQ 

water and adjusting the pH by addition of HCl (2 M) or NaOH (2 M). From 2-

iodonitrobenzene was synthesized aldehyde S1 via previously reported procedures.37 From 

commercially available 3,4-dimethoxybenzaldehyde was synthesized nitrobenzaldehyde 

S2 via previously reported procedures.38 Silica purification was performed with under air 

pressure with 40-63-μm particle size silica gel (Silicycle). 

Instrumentation 

NMR spectra were recorded either on a Bruker Avance 500 MHz or a Bruker Avance III 

HD 600 MHz spectrometer. 1H and 13C spectra were referenced relative to TMS or residual 

solvent peaks. 

ESI–MS analysis was performed on a Bruker Daltonics microTOF instrument.  

MALDI–MS spectra were acquired on a Bruker Autoflex MALDI–ToF instrument. 

Samples were prepared by spotting 1 μL of the sample (directly from reaction mixture) 

onto the MALDI plate, then mixing with 1 μL of sinapic acid matrix (Fluka, >20 mg/mL 
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in 50% MeCN (aq.) with 0.1% trifluoroacetic acid, Millipore). Peak areas for modified and 

unmodified protein were used to determine modification conversions.  

General procedure for MALDI analysis: Sample aliquots (1 L) of the crude reaction 

mixture were diluted 1:1 with DI water. 1 L of this solution was spotted on the MALDI 

target. The saturated matrix solution (1 L) was spotted and mixed with sample on the 

MALDI target for analysis. All MS/MS experiments were performed on the MALDI 

spectrometer. 

 

HPLC 

Reverse-phase HPLC was performed on Shimadzu CBM-20A instrument with 

Phenomenex Jupiter 4 Proteo 90A (250 x 4.6 mm analytical) and Phenomenex Jupiter 4 

Proteo 90A (250 x 15 mm preparative) columns. The columns were eluted with a gradient 

of acetonitrile in water (20-65%) with 0.1% v/v trifluoroacetic acid using a flow rate of 1 

mL/min and 8 mL/min for analytical and preparative columns, respectively. Eluent was 

analyzed at 220 nm and 254 nm. 

Peptide synthesis 

Peptides, CMP (sequence: Ac–(POG)4HOG(POG)3–NH2) and CSP (sequence: Ac–

SIINFGHKL–NH2), were synthesized using standard solid phase peptide synthesis 

methods using rink amide AM resin (P3Biosystems, #52001) and Fmoc-amino acids 

purchased from NovaBiochem. Peptides were purified by reverse phase HPLC, and 

characterized by MALDI-MS and circular dichroism.  
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Circular dichroism 

CD spectral measurements were taken on a JASCO spectropolarimeter (J-815-150S) using 

a 1 mm cuvette (200 L, 50-150 M peptide). Samples were scanned 5 times (250––190 

nm). CD thermal melt measurements were taken using a 1-mm cuvette (200 L, 50––150 

M peptide). Samples were cooled to 5 C for 10 minutes before starting the melt. Samples 

were scanned from 250-190 nm. 

Photocleavage for CD study 

A crude CMP modification reaction (1 mL) was quenched with EDTA (4 equiv) and 

divided into 2 aliquots (A and B). Aliquot A was immediately purified by size exclusion 

chromatography (700 MW cut-off, 10 mM NMM, 100 mM NaCl, pH 8.0). Aliquot B was 

first irradiated with 365 nm light for 5 minutes before purification by size exclusion 

chromatography. Fractions containing peptide (as determined by Nanodrop UV-vis) were 

combined and used for CD experiments. 

-Chymotrypsin digestion assay 

To a reaction solution of modified CSP (300 L, 200 M final concentration) was added 

unmodified CSP (6 L, 5 mM, 100 M final concentration) as an enzymatic activity 

control. Prior to adding enzyme, an aliquot was removed as the time point “zero.” To the 

remaining solution was added -chymotrypsin (0.9 g) in tris/CaCl2 buffer, pH 7.4. 

Aliquots (60 L) were removed at time points and acidified with HCl (1 L, 0.1 M) to 

deactivate the enzyme and leuprolide was added as an internal standard (1 L, 2.5 mM, 20 
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M final concentration). Aliquots were analyzed by MALDI-MS and HPLC to detect 

degradation of peptide. 

NMR analysis of compound 2 irradiation 

To a solution of 3:2 D2O/CD3OD (500 uL) in an NMR tube was added vinylogous 2-

nitrobenzyl amide 3.2 (0.5 mg, 2 mol) and trimethylamine (0.2 mg, 2 

mol)/trimethylamine hydrochloride (0.3 mg, 2 mol) as a scavenger. After measuring a 

zero time point, the tube was irradiated using 365 nm light. After 25 minutes, the 

conversion of 2-nitrobenzyl amide 3.2 to N-methylacetamide 3.3 was complete. 

3.4.2. Experimental procedure for modification reactions  

Modification of angiotensin I 

Angiotensin I (100 μM) was incubated with boronate 3.1a (1 mM) and Cu(NO3)2 (500 μM) 

in NMM buffer (10 mM, pH 8.5) at rt overnight. Specifically, angiotensin I (2 μL, 5 nmol 

of 2.5 mM aq soln), boronate 3.1a (1 μL, 50 nmol of 50 mM DMSO soln),and  Cu(NO3)2 

(0.5 μL, 25 nmol of 50 mM aq soln) were added to solution of NMM buffer (pH 8.5, 46.5 

μL). The crude reaction mixture was analyzed according to the general procedure for 

MALDI analysis, which indicated >70% conversion to the modified product. 

Modification of chymotrypsin substrate peptide (CSP) 

CSP (200 μM) was incubated with boronate 3.1a (2 mM) and Cu(NO3)2 (200 μM) in NMM 

buffer (10 mM, pH 6.8) at rt overnight. Specifically, CSP (2 μL, 10 nmol of 5.0 mM aq 

soln), boronate 3.1a (2 μL, 100 nmol of 50 mM DMSO soln), and Cu(NO3)2 (0.5 μL, 10 

nmol of 20 mM aq soln)were added to a solution of NMM buffer (pH 6.5, 45.5 μL). The 
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crude reaction mixture was analyzed according to the general procedure for MALDI 

analysis, which indicated >90% conversion to the modified product. 

Modification of leuprolide 

Leuprolide (100 μM) was incubated with boronate 3.1a (1 mM) and Cu(NO3)2 (500 μM) 

in NMM buffer (10 mM, pH 8.5) at rt overnight. Specifically, leuprolide (2 μL, 5 nmol of 

2.5  mM aq soln), boronate 3.1a (1 μL, 50 nmol of 50 mM DMSO soln), and Cu(NO3)2 

(0.5 μL, 25 nmol of 50 mM aq soln were added to a solution of NMM buffer (pH 8.5, 46.5 

μL). The crude reaction mixture was analyzed according to the general procedure for 

MALDI analysis, which indicated >90% conversion to the modified product. 

Modification of collagen mimetic peptide (CMP) 

CMP (100 μM) was incubated with boronate 3.1a (1 mM) and Cu(NO3)2 (100 μM) 

in NMM buffer (10 mM, pH 8.0) at rt overnight. Specifically, CMP (1 μL, 5 nmol of 5.0 

mM aq soln), boronate 3.1a (1 μL, 50 nmol of 50 mM DMSO soln), and Cu(NO3)2 (0.5 

μL, 5 nmol of 10 mM aq soln) were added to a solution of NMM buffer (pH 8.5, 46.5 μL). 

The crude reaction mixture was analyzed according to the general procedure for MALDI 

analysis, which indicated >90% conversion to the modified product. 

3.4.3. Chemical synthesis 

Preparation of (E)-N-methyl-N-(3-(2-nitrophenyl)prop-1-en-1-yl)acetamide (3.2) 
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A 5-mL round bottom flask was charged with dry toluene (1.5 mL), S3.1 (75.7 mg, 0.422 

mmol), tosylic acid (2.4 mg, 0.012 mmol), and N-methylacetamide (3.4, 144 μL, 1.89 

mmol). The colorless reaction was refluxed in a Dean–Stark apparatus for 48 h. The toluene 

was removed in vacuo, and the resulting residue was purified by flash chromatography 

(ethyl acetate/hexanes, 1:5→2:5), producing a yellow solid, 3.2 as a 1:2 mixture of amide 

rotamers, (70.5 mg, 79%). 1H NMR (600 MHz, CDCl3)  7.94 – 7.89 (m, 1H), 7.56 (td, J 

= 7.5, 1.3 Hz, 0.7H), 7.53 (td, J = 7.5, 1.3 Hz, 0.3H), 7.49 (dt, J = 14.5, 1.4 Hz, 0.3H), 

7.43–7.32 (m, 2H), 6.76 (dt, J = 13.8, 1.3 Hz, 0.7H), 5.16 (dt, J = 14.4, 7.2 Hz, 0.3H), 5.09 

(dt, J = 14.0, 7.2 Hz, 0.7H), 3.73 – 3.65 (m, 2H), 3.08 (s, 1H), 3.05 (s, 2H), 2.21 (s, 2H), 

2.20 (s, 1H). 13C NMR (151 MHz, CDCl3)  169.3, 169.1, 149.4, 136.2, 135.6, 133.3, 

133.3, 132.1, 131.7, 131.3, 129.1, 127.7, 127.5, 125.0, 124.8, 107.8, 107.5, 34.0, 33.9, 33.2, 

29.6, 22.7, 22.1. ESI-MS calcd for C12H14N2O3 [M+H]+: 235.1 found 235.1. 

Preparation of 1-(4,5-dimethoxy-2-nitrophenyl)prop-2-yn-1-ol (3.6) 

 

A 250-mL round-bottom flask was charged with S3.2 (2.06 g, 9.47 mmol) and purged with 

nitrogen. To the flask was added dry tetrahydrofuran (6 mL), and the flask was cooled to 
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–78 °C bath. Ethynyl magnesium bromide (30 mL, 15.2 mmol) was then added dropwise 

over 5 min. The mixture was allowed to warm to rt and was stirred for 4 h. The reaction 

was quenched with methanol (10 mL) and the solvent removed in vacuo before adding aq 

HCl (100 mL, 1 M) and ethyl acetate (200 mL). The aqueous layer was extracted three 

times with ethyl acetate. Organic layers were collected, washed with brine, and dried over 

sodium sulfate. The solution was then concentrated under reduced pressure, and the 

resulting crude material was purified using flash chromatography (diethyl ether/hexanes, 

1:1), affording a yellow solid, 3.6, 1.78g, 79%. 1H NMR (600 MHz, CDCl3)  7.63 (s, 1H), 

7.45 (s, 1H), 6.09 (dd, J = 5.5, 2.2 Hz, 1H), 4.02 (s, 3H), 3.96 (s, 3H), 3.26 (d, J = 5.5 Hz, 

1H), 2.64 (d, J = 2.3 Hz, 1H). 13C NMR (151 MHz, CDCl3)   153.8, 148.9, 130.2, 110.8, 

108.5, 81.9, 74.9, 61.3, 56.7, 56.6. ESI-MS calcd for C11H11NO5 [M+Na]+: 260.1 found 

260.1. 

Preparation of 1,2-dimethoxy-4-nitro-5-(prop-2-yn-1-yl)benzene (3.7) 

 

A 25-mL vial was charged with 3.6 (516 mg, 2.11 mmol) and purged with nitrogen. To the 

vial was added dry CH2Cl2 (2.5 mL), and the vial was placed in an ice bath. After 5 min 

on ice, triethylsilane (1.02 mL, 6.39 mmol) was added dropwise over 2 min. Trifluoroacetic 

acid (1.5 mL, 19 mmol) was added, and the reaction was stirred on ice for 15 min then was 

allowed to warm to rt. The reaction was stirred for 20 h. Solvents were removed in vacuo 

and the resulting residue was purified using flash chromatography (diethyl ether/hexanes, 
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1:5), affording a yellow solid, 3.7, 312 mg, 67%. 1H NMR (600 MHz, CDCl3)   7.70 (s, 

1H), 7.33 (s, 1H), 4.06 (d, J = 2.6 Hz, 2H), 4.01 (s, 3H), 3.95 (s, 3H), 2.31 (t, J = 2.6 Hz, 

1H). 13C NMR (151 MHz, CDCl3)   153.5, 147.8, 140.3, 126.7, 112.4, 108.5, 80.4, 72.5, 

56.6, 56.5, 23.6. ESI-MS calcd for C11H11NO4 [M+Na]+: 244.1 found 244.1. 

Preparation of (E)-2-(3-(4,5-dimethoxy-2-nitrophenyl)prop-1-en-1-yl)-boronic acid 

pinacol ester (3.1a) 

 

A 2 mL vial was charged with 3.7 (129 mg, 0.59 mmol) and placed under inert atmosphere. 

To the vial was added Cp2ZrHCl (15 mg, 0.059 mmol), pinacolborane (500 μL, 3.4 mmol), 

and triethylamine (8 μL, 0.059 mmol). The mixture was stirred at rt for 18 h. The reaction 

was quenched with methanol, and the solvents were removed in vacuo. The resulting 

residue was purified using flash chromatography (diethyl ether/hexanes, 1:5), affording 

3.1a as a green oil, 94.0 mg, 46%. 1H NMR (600 MHz, CDCl3)   7.63 (s, 1H), 6.77 (dt, J 

= 18.0, 5.9 Hz, 1H), 6.68 (s, 1H), 5.39 (dt, J = 17.9, 1.6 Hz, 1H), 3.94 (s, 3H), 3.93 (s, 3H), 

3.82 (dd, J = 5.9, 1.7 Hz, 2H). 13C NMR (151 MHz, CDCl3)   153.3, 150.3, 147.6, 141.2, 

129.6, 113.8, 108.4, 83.4, 56.5, 39.8, 24.9. ESI-MS calcd for C17H24BNO6 [M+H]+: 350.2 

found 350.2. 
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Preparation of 2-(4-(1-hydroxyprop-2-yn-1-yl)-2-methoxy-5-nitrophenoxy)acetic 

acid (3.9) 

 

To a solution of S3.3 (1100 mg, 4.32 mmol)39 in dry THF (10 mL) at −78 °C was added 

ethynylmagnesium chloride solution in THF and toluene (9.5 mmol, 0.6 M, 15.8 mL). The 

resulting soln was gradually warmed to 0 °C over 2 h. After work-up with aq HCl (2 M, 

20 mL), the organic materials were extracted with CH2Cl2 (50 mL). Acidic compounds 

were extracted with aq NaOH (1 M). The combined aq. layers were washed with CH2Cl2 

(2×10 mL) then acidified with conc. aq HCl to give a precipitate. After gentle heating, the 

mixture was cooled in ice bath and filtered. The solids were washed with cold H2O and 

dried in vacuo to obtain 3.9 as a brown solid (849 mg, 70%). 1H NMR (600 MHz, DMSO-

d6): δ 7.56 (s, 1H), 7.45 (s, 1H), 6.47 (br s, 1H), 5.94 (d, J = 1.9 Hz, 1H), 4.85 (s, 2H), 3.93 

(s, 3H), 3.42 (d, J = 1.9 Hz, 1H). 13C NMR (151 MHz, DMSO-d6): δ 170.1, 153.5, 146.5, 

139.2, 132.7, 110.1, 110.0, 84.3, 75.5, 65.7, 59.0, 56.7. ESI-MS calcd for C12H10NO7 

[M−H]−: 280.1 found 280.1. 

Preparation of desthiobiotin (S3.5) 
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To a suspension of biotin (S3.4) (2004 mg, 8.203 mmol) in H2O (15 mL) was added 

Na2CO3 (889 mg, 8.39 mmol). The suspension was heated to 75 °C until all materials 

dissolved. After adding Raney Ni slurry (32.8 g), the reaction mixture was stirred at 75 °C 

overnight. The reaction mixture was filtered through Celite and the filtrate was 

concentrated in vacuo. The residue was redissolved in H2O (10 mL) and acidified with aq. 

HCl (6 M, 5 mL). The precipitates were collected by filtration and recrystallized from H2O 

to afford S3.5 as crystalline needles (1071 mg, 61%). The data was consistent with that 

previously reported.40 1H NMR (600 MHz, DMSO-d6): δ 11.97 (s, 1H), 6.31 (s, 1H), 6.11 

(s, 1H), 3.61 (dq, J = 6.9, 6.5 Hz, 1H), 3.49–3.46 (m, 1H), 2.19 (t, J = 7.4 Hz, 2H), 1.51–

1.46 (m, 2H), 1.41–1.15 (m, 6H). 13C NMR (151 MHz, DMSO-d6): δ 175.0, 163.3, 55.4, 

50.7, 34.0, 30.0, 29.1, 26.0, 24.9, 16.0. ESI-MS calcd for C10H17N2O3 [M−H]−: 213.1, 

found 213.1. 

Preparation of azido-PEG-desthiobiotin (S3.6) 

 

To a solution of S3.5 (958 mg, 3.76 mmol) in DMF (5 mL) was added a solution of 

desthiobiotin (644 mg, 3.01 mmol), EDC·HCl (721 mg, 3.76 mmol), HOBt (506 mg, 3.74 

mmol), and N.N-diisopropylethylamine (1240 µL, 7.12 mmol) in DMF (6 mL). After 

stirring overnight at rt, the solvent was removed under reduced pressure. The resulting 

residue was purified by silica gel column chromatography (CH2Cl2/MeOH, 20:1→10:1) to 

obtain a yellow oil. The yellow oil was dissolved in CH2Cl2 (100 mL) and washed with sat. 
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KHSO4 (10 mL), sat. NaHCO3 (10 mL) and brine (10 mL). The organic layer was dried 

over Na2SO4, filtered, and evaporated to obtain S3.6 as yellow oil (1192 mg, 88%).1H 

NMR (600 MHz, CDCl3): δ 6.75 (s, 1H), 5.85 (s, 1H), 5.08 (s, 1H), 3.83 (dq, J = 6.9, 6.5 

Hz, 1H), 3.71–3.65 (m, 17H), 2.20 (t, J = 7.3 Hz, 2H), 1.69–1.64 (m, 2H), 1.51–1.26 (m, 

6H), 1.12 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 173.3, 164.0, 70.7, 70.53, 

70.49, 70.12, 70.05, 70.0, 56.1, 51.4, 50.7, 39.2, 35.9, 29.5, 28.6, 25.9, 25.2, 15.7. ESI-MS 

calcd for C18H35N6O5 [M+H]+: 415.3, found 415.3. 

Preparation of amino-PEG-desthiobiotin (3.8) 

 

To a solution of azide S3.6 (1093 mg, 2.64 mmol) in THF (10 mL) was added 20% Pd(OH)2 

on carbon (50% wet, 108 mg). The slurry was stirred under H2 atmosphere at rt for 5 h and 

was filtered through Celite. The filtrate was evaporated to afford 3.8 as a colorless oil (1186 

mg, quant.), which was used for the next reaction without further purification. 1H NMR 

(500 MHz, CDCl3): δ 1H NMR δ 8.17 (t, J = 5.7 Hz, 1H), 6.98 (s, 1H), 4.56 (s, 1H), 4.18–

3.45 (m, 16H), 3.44–3.26 (m, 1H), 3.16 (t, J = 5.0 Hz, 2H), 2.48 (m, 1H), 2.35 (dt, 1H), 

1.92–1.60 (m, 3H), 1.56–1.20 (m, 6H), 1.13 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, 

CDCl3) δ 174.1, 164.1, 70.4, 70.0, 69.8, 69.4, 67.3, 56.2, 51.6, 39.5, 39.0, 34.4, 30.0, 29.7, 

27.4, 24.8, 24.8, 15.8. ESI-MS calcd for C18H37N4O5 [M+H]+: 389.3, found 389.3. 
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Preparation of bifunctional boronic acid (3.1b) from precursors (3 steps) 

 

To a solution of 3.8 (370 mg, 0.952 mmol) in DMF (1 mL) was added a solution of 3.9 

(242 mg, 0.861 mmol), HATU (415 mg, 1.09 mmol), and N,N-diisopropylethylamine (189 

μL, 1.09 mmol) in DMF (2 mL). The reaction mixture was stirred at rt for 16 h and diluted 

with CH2Cl2 (100 mL). The soln was washed with sat. aq. KHSO4 (2×10 mL) and brine 

(20 mL). The organic layer was dried over Na2SO4, filtered, and concentrated in vacuo. 

The resulting residue was purified by silica gel column chromatography (CH2Cl2/MeOH, 

20:1→10:1) to afford 3.10 as yellow amorphous solid (204 mg, 33%). 1H NMR (600 MHz, 

CDCl3): δ 7.65 (s, 1H), 7.56 (s, 1H), 7.42 (br s, 1H), 6.84 (br s, 1H), 6.17 (d, J = 1.4 Hz, 

1H), 5.76 (s, 1H), 5.06 (s, 1H), 4.60 (s, 2H), 4.02 (s, 3H), 3.82 (dq, J = 6.5, 6.9 Hz, 1H), 

3.68–3.37 (m, 17H), 2.59 (d, J = 1.4 Hz, 1H), 2.17 (t, J = 7.4 Hz, 2H), 1.64–1.59 (m, 2H), 

1.46–1.21 (m, 6H), 1.10 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ 173.7, 167.7, 

164.0, 154.1, 146.1, 139.4, 133.3, 111.8, 110.9, 82.8, 73.7, 70.37, 70.35, 70.2, 70.03, 69.93, 

69.7, 69.1, 60.0, 56.6, 56.1, 51.5, 39.2, 39.0, 35.9, 29.4, 28.6, 25.8, 25.3, 15.7. ESI-MS 

calcd for C30H46N5O11 [M+H]+: 652.32, found 652.3 
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To a solution of 3.10 (139 mg, 0.213 mmol) in trifluoroacetic acid (1 mL) was added 

triethylsilane (102 μL, 0.638 mmol). The reaction mixture was stirred at rt for 8 h and 

evaporated in vacuo. The resulting residue was purified by silica gel column 

chromatography (CH2Cl2/MeOH, 15:1) to afford S3.7 as a green amorphous solid (81 mg, 

59 %). 1H NMR (600 MHz, CDCl3): δ 7.72 (s, 1H), 7.38 (s, 1H), 7.31 (s, 1H), 6.52 (s, 1H), 

4.60 (s, 2H), 4.05 (s, 2H), 4.01 (s, 3H), 3.86–3.35 (m, 18H), 2.34 (s, 1H), 2.18 (br s, 2H), 

1.63–1.26 (m, 8H), 1.10 (br s, 3H). 13C NMR (151 MHz, CDCl3): δ 173.5, 168.0, 164.1, 

154.0, 145.5, 140.1, 128.4, 113.0, 112.3, 79.9, 72.7, 70.4, 70.2, 70.1, 70.0, 69.8, 69.1, 56.4, 

56.2, 51.7, 39.1, 39.0, 36.0, 29.7, 29.3, 28.7, 25.8, 25.2, 23.5, 15.4. ESI-MS calcd for 

C30H46N5O10 [M+H]+: 636.3, found 636.3. 

 

To a solution of S3.7 (35 mg, 0.055 mmol) in THF (0.1 mL) was added a solution of 

catecholborane in THF (1 M, 0.11 mL, 0.11 mmol). After stirring at 75 °C for 1 h, an 

additional portion of catecholborane in THF (1 M, 0.11 mL, 0.11 mmol) was added and 

the reaction mixture was stirred at 75 °C for an additional 3 h. The reaction mixture was 

diluted with THF (0.5 mL) and H2O (0.5 mL) and was purified by reverse-phase HPLC 

(35–45% MeCN over 15 min). Lyophilization of the collected fractions afforded boronate 

3.1b as a white powder (2.8 mg, 8%). ESI-MS calcd for C34H48BN5O12 [M+H]+: 682.3, 

found 682.4. 
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3.4.4. Supplemental figures 

 

Figure 41. HPLC of -chymotrypsin digestion assay. (black) Crude modification reaction doped with 

unmodified peptide. Leuprolide was added as an inert internal standard. (red) Analysis 2 h after addition of 

-chymotrypsin. (blue) Acidified solution irradiated with 365-nm light for 30 minutes. Ramp: 20-60% 

MeCN/H2O, UV detection at 220 nm. 

Table 1. Summary of peptides, sequences, and MS spectra. 

name peptide sequence MALDI-MS spectra 

angiotensin I H–DRVYIHPFHL–OH Figure 36b 

CSP Ac–SIINFGHKL–NH2 Figure 36c, 37 

leuprolide Glp–HWSYD Leu-LRP–NHEt Figure 36d 

CMP Ac(POG)3POGHOG(POG)3–NH2 Figure 36e 
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Soybean trypsin inhibitor 

(PDB: 1ABU) 

DFVLDNEGNPLENGGTYYILSDI

TAFGGIRAAPTGNERCPLTVVQS

RNELDKGIGTIISSPYRIRFIAE

GHPLSLKFDSFAVIMLCVGIPTE

WSVVEDLPEGPAVKIGENKDAMD

GWFRLERVSDDEFNNYKLVFCPQ

QAEDDKCGDIGISIDHDDGTRRL

VVSKNKPLVVQFQKLD 

Figure 37b 
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Figure 42. MALDI-MS/MS spectrum of CSP modified with boronate 3.1a. 

 

Figure 43. MALDI-MS/MS spectrum of leuprolide modified with boronate 3.1a.  
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Figure 44. MALDI-MS/MS spectrum of CMP modified with boronate 1a. 

 

 

Figure 45. (a) CD spectrum and (b) thermal melt of pure CMP. 
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Figure 46. Uncropped SDS-PAGE and western blot of photodeprotection of soybean trypsin inhibitor 

(SBTI). (a) Coomassie brilliant blue (CBB) stained SDS-PAGE of wild-type SBTI with protein ladder. (b) 

CBB SDS-PAGE and (c) western blot of modified (lane 1) and photodeprotected (lane 3) SBTI with 

lysozyme (lane 2) as a western blot negative control. 
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 Red-shifted peptide backbone photocaging agents 

Portions of this chapter were previously published in and are adapted from: 

Mangubat-Medina, A. E.; Trial, H.O.; Vargas, R.D.; Setenge, M.T.; Ball, Z. T. J. Org. Lett. 

2019, submitted. 

4.1. Introduction 

Photocleavable protecting groups (photocages) provide exquisite tools for 

selectively unmasking desired functional groups, conformational structure, and molecular 

function. Light is a non-invasive, external stimulus that allows precise spatial and temporal 

control over molecular uncaging, in ways that are difficult to achieve with chemical 

reagents or other stimuli.1,2 The creativity with which chemists deploy photocaged 

structures in diverse applications creates a continual need for new reagents and new 

photocleavage paradigms.1–6 The discovery of copper-catalyzed, histidine-directed, 
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backbone arylation or alkenylation with boronic acid reagents provides access to N-alkenyl 

or N-aryl polypeptide structures that are generally inaccessible by biosynthetic approaches 

or traditional chemical peptide synthesis. This backbone modification directly disrupts the 

hydrogen-bondingthat defines secondary structure and creates an interesting opportunity 

to develop backbone photocaging approaches.  

Following a preliminary report of a vinylogous photocleavage mechanism for 

uncaging native polypeptide structures, we report the synthesis and initial investigation of 

two new boronic acid reagents for backbone photocaging (Figure 47). A crucial 

characteristic of photocaging tools is the wavelength at which uncaging occurs. Many 

photocleavable techniques are available for caging and uncaging small molecules, amino 

acid side chains, and peptides with ultraviolet light.7–10 However, prolonged exposure of 

cells and tis sues to UV light has both DNA- and protein-related consequences, limiting 

the utility of these tools in living systems.11,12 Shifting the cleavage wavelengths of these 

photocages out of the UV range into the visible and near-IR range is an important and 

active area of research.13–16 While substantial progress has been made in the development 

of red-shifted photocleavage of C(sp3)–X and acyl–X bonds, the cleavage of C(sp2)–X 

bonds is largely unexplored. We recently described17 a vinylogous nitroveratryl structure 

(1a, Figure 47a), which effectively promotes cleavage of C(sp2)–N bonds. The putative 

mechanism of this process (Figure 47b) relies on hydrogen-atom abstraction followed by 

selective nucleophilic attack of water on the resulting extended conjugated system. We 

wanted to explore the mechanistic potential and generality of this pathway by testing the 

extent to which modulating the chromophore structure could alter photocleavage 

properties, and especially to improve photocleavage performance at red-shifted 
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wavelengths. In this context, it is worth noting that red-shifted photocleavage of typical 

C(sp3)–X structures has been most successful with other cleavage mechanisms yet to be 

adapted to C(sp2) cases. 13,15,18 Here, nitrobenzofuran derivatives 2-nitrodibenzofuran 

boronate (4.1b) and a  6-dimethylamino-2-nitrodibenzofuran boronate (4.1c) were 

designed as C(sp2)–X photocages.6,19 

Figure 47. Peptide backbone photocaging reagents. (a) Photocaging of peptide backbone structure using 

vinylogous photocaging reagents 4.1a, 4.1b, and 4.1c. (b) Proposed mechanism of C(sp2)–N 

photocleavage. 
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4.2. Results and discussion 

Inspired by a reported nitrodibenzofuran structure used as a cysteine thiol 

photocage with appreciably improved photocleavage kinetics and wavelength 

dependence,6 we designed a nitrobenzofuran-containing alkenylboronic acid (4.1b) and 

developed a synthesis starting from 4-fluoro-2-nitrobenzaldehyde ( 

Scheme 17). The synthetic plan focused on construction of the dibenzofuran moiety 

via a C–H activation/cyclization and late-stage introduction of the propargyl group, 

followed by hydroboration. This approach was necessary to address limited stability of 

both the 2-propargyl nitroaromatic moiety and boronate esters. An Ullman coupling 

allowed access to the diaryl ether 4.2. Precedent for the key cyclization exists with both 

homogeneous (entry 1, Table 2)20 and heterogenous (entries 2-6)21 palladium catalysts. In 

our hands, homogeneous conditions on the acetalized starting material with Pd(OAc)2 gave 

sluggish reactivity, reaching 20% conversion in 16 hours (entry 1). Heterogeneous 

conditions were initially plagued by irreproducibility where yields reported in N,N-

dimethylacetamide (DMA) ranged from 14–40% depending on the batch of DMA (entry 

2). For our substrate, intramolecular C–H arylation in DMF followed by acetal hydrolysis 

and recrystallization of the crude product afforded pure aldehyde 4.3 (entry 6). Switching 

the solvent to DMF allowed this ring-closure reaction, initially the synthetic bottleneck, to 

produce a reliable yield of 66% after acid-catalyzed acetal hydrolysis. It was also possible 

to produce the product aldehyde 4.3 directly without acetalization, albeit in more modest 

yield (38%). Alkynylation with ethynylmagnesium bromide, reduction with triethylsilane 
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under acidic conditions, and uncatalyzed hydroboration with catecholborane followed by 

acidic workup furnished the desired boronic acid 4.1b.  

Scheme 17. Synthesis of boronic acid 4.1b. 

Table 2. Optimization of reaction conditions.a 

 

entry SM catalyst base solvent yield (%) 

1b 4.2a Pd(OAc)2 Cs2CO3 DMA 20c 

2 4.2 Pd/C NaOAc DMA 12-40d 

3 4.2 Pd/C NaOAc NMP <5c 

4 4.2 Pd/C NaOAc + Me2NH DMA <5 

5 4.2 Pd/C NaOAc DMF 27 

6 4.2a Pd/C NaOAc DMF 66e 

aReaction conditions: 4-(2-iodophenoxy)-2-nitrobenzaldehyde (2) (120 mg), catalyst (5 mol %), base (3 

equiv) in 12 mL of solvent, 140 °C. bReaction was carried out over 2 days at 80 °C. cNMR yield. dYield 

dependent on solvent source. e Yield after acetal hydrolysis. 
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The dimethylamino-substituted analogue 4.1c was also targeted to increase light 

absorption at longer wavelengths and access a two-photon photocleavage mechanism 

under IR irradiation.20 The above route was also amenable to accessing 4.1c with some 

changes to reactions and conditions. The synthesis commenced with iodination of 3-

(dimethylamino)phenol.20 With this substrate, diaryl ether formation was best 

accomplished by KOtBu-promoted nucleophilic aromatic substitution in the absence of 

copper.20 Analogous to our previous route, ring closure, Grignard addition, and 

triethylsilane reduction afforded the alkyne 4.8. Surprisingly, formation of a requisite 

alkenylboronate compound 4.1c was best performed with pinacol borane in the presence 

of zirconocene hydrochloride catalyst,22 conditions ineffective for hydroboration of the 

parent alkyne 4.4.  

We first examined the reactivity of photosensitive reagent 4.1b for backbone 

modification and subsequent photorelease of peptide pep1, a collagen-type sequence that 

exhibits triple-helix folding behavior known to be disrupted by backbone N–H 

alteration,17,23 and peptide pep2, a hormone releasing peptide (LHRH) that contains a 

pyroglutamate–histidine motif, which previous efforts have established as an especially 

reactive sequence for histidine-directed backbone modification.  In aqueous buffer at pH 

7.0, pep1 reacted under histidine-directed Chan-Lam coupling conditions, producing a 

peptide with an alkenyl modification at Gly9 in 70% yield as assessed by HPLC and 

MALDI-MS. Peptide pep1b was purified by preparative HPLC to obtain analytically pure 

material (Figure 48b, cyan spectrum). A solution of pep1b in isoamylamine buffer was 

then irradiated with a 450-nm light, which, most pleasingly, cleaved the photosensitive 

modification and released peptide pep1 (Figure 48b, red spectrum).  
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Scheme 18. Synthesis of boronate pinacol ester 4.1c. 
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Figure 48. Modification of collagen mimetic peptide (pep1) with boronic acid 4.1b. (a) Scheme of 

modification conditions. (b) MALDI of pep1 before (black) and after (cyan) treatment to copper conditions. 

Irradiation with 450-nm light (red) causes photocleavage of pep1b and produces unmodified pep1. (insets) 

HPLC of pep1b before (cyan) and after (red) irradiation with 450-nm light. Peak at 11 minutes is a non-

peptidyl impurity. Conditions: pep1 (100 μM), boronate 4.1b (2 mM), Cu(NO3)2 (1 mM), NMM buffer + 

10% v/v DMSO (pH 7.0), 37 °C. 

Similarly, pep2 was modified with 4.1b and 4.1c to full conversion in aqueous 

buffer at pH 6.0 to produce pep2b and pep2c, respectively (Figure 49). Purified peptides 

(cyan spectrum) were then irradiated with 450-nm light in isoamylamine buffer, cleaving 

the modifications to release pep2 in both cases (red spectrum). 

Similar results were obtained with peptide pep3 (the hormone leuprolide with N-

terminal pyroglutamate–histidine motif). When treated with boronic acid 4.1b, clean 

conversion of leuprolide to modified pep3b was observed by HPLC in as little as 1.5 h 
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(Figure 50b, cyan spectrum), and subsequent irradiation with 455-nm light smoothly 

released the parent peptide pep3. Effective photorelease of peptides caged with our initial 

reagent 4.1a is limited to short-wavelength irradiation (≤400 nm). Initial release kinetics 

confirmed this observation of improved photorelease with irradiation above 400 nm: 

cleavage of pep3b was significantly faster than that of pep3a (Figure 50c and Figure 53-

55).17 Following irradiation, complete uncaging of pep3b was observed (Figure 50b, red 

spectrum). 
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Figure 49. Modification of hormone releasing peptide (pep2) with boronic acid 4.1b and 4.1c. (a) Scheme 

of modification conditions. (b/c) MALDI of pep1 before (black) and after (cyan) treatment to copper 

conditions. Irradiation with 450-nm light (red) causes photocleavage of pep2b and pep2c, produceing 

unmodified pep2. (insets) HPLC of pep2b and pep2c before (cyan) and after (red) irradiation with 450-nm 

light. Conditions with boronate 1b: pep2 (100 μM), boronate 4.1b (2 mM), Cu(NO3)2 (1 mM), NMM buffer 

+ 40% v/v DMSO (pH 6.0), 37 °C. Conditions with boronate 4.1b: pep2 (100 μM), boronate 4.1b (2 mM), 

Cu(NO3)2 (1 mM), NMM buffer + 40% v/v DMSO (pH 6.0) 37 °C. Conditions with boronate 4.1c: pep2 

(100 μM), boronate 4.1c (2 mM), Cu(NO3)2 (1 mM), NMM buffer + 40% v/v DMSO (pH 6.0) 37 °C. 
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Figure 50. Modification and uncaging kinetics of pep3 with boronates 4.1b and 4.1c. (a) Scheme of 

leuprolide modification with boronates 4.1b and 4.1c to form peptides pep3b and pep3c. (b) MALDI of 

leuprolide before (black) and after (cyan) treatment to copper conditions with boronates 4.1b and 4.1c. 

Irradiation of peptides pep3b and pep3c with 455-nm light (red) causes cleavage of the modification and 

produces unmodified pep3. (insets) HPLC of pep3b and pep3c before (cyan) and after (red) irradiation with 

455-nm light. (c) Relative kinetics of uncaging peptides pep3a, pep3b, and pep3c using 455 nm light. Peptides 

pep3b and pep3c uncage 5 and 7.5 times faster than peptide pep3a, respectively; n = 3, error bars = std dev. 

(d) UV-vis absorbance spectra of boronates 1a, 1b, and 4.1c. Conditions with boronate 1a: pep3 (200 μM), 

boronate 1a (1 mM), Cu(NO3)2 (1 mM), NMM buffer (pH 7.0), 37 °C. Conditions with boronate 4.1b: pep3 

(200 μM), boronate 4.1b (2 mM), Cu(NO3)2 (3 mM), NMM buffer + 10%v/v DMSO (pH 7.0), 37 °C. 

Conditions with boronate 4.1c: pep3 (100 μM), boronate 4.1c (4 mM), Cu(NO3)2 (1 mM), NMM buffer + 

20%v/v DMSO (pH 7.0), 37 °C. 
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Two photon excitation provides myriad benefits, including spatial localization, 

tissue penetration, and decreased off-target activity. The boronate ester 4.1c was designed 

to optimize two-photon uncaging, based on a previous report of a related structure for 

photouncaging.20 Caged peptide pep3c was prepared by a reaction analogous to the 

preparation of pep3b. The reagent 4.1c was used as a boronate ester, rather than first 

hydrolyzing to a boronic acid, due to difficulty in the handling and purification of the 

boronic acid. Photocleavage of the pep3c conjugate under 455-nm irradiation proceeds 

with similar efficiency to that of the parent pep3b. In a previous study of the 

dimethylamino-substituted nitrodibenzofuran structure, very little to no 1-photon uncaging 

was observed, leading to the use of this fluorophore as a 2-photon-only chromophore.20 In 

the context of pep3c, with its different release mechanism, uncaging is observed. 

Interestingly, despite the much stronger absorption of 4.1c (black, Figure 50d) at 455 nm 

compared to 4.1b (dark grey), pep3c does not exhibit significantly enhanced photocleavage 

kinetics suggesting that the quantum efficiency of pep3c uncaging is significantly lower 

than that of pep3b. 

Finally, two-photon uncaging experiments indicated that boronate 4.1b and 4.1c 

are effective reagents for 2-photon uncaging. Pure samples of caged peptides pep3b and 

pep3c were irradiated with a Ti:sapphire laser at 800 nm. The progress of the uncaging 

was followed by single ion monitoring (SIM) LC/MS (Figure 51). Following 20 minutes 

of irradiation, pep3b shows modest conversion to pep3 (Figure 51b, teal/green), while 

pep3c  exhibited >90% conversion to pep3 (Figure 51c, teal/green). Significantly longer 

irradiation times were needed to reach similar conversion with pep3b (Figure 51b, 

red/pink), consistent with the molecular design principles of the substituted system.20 
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Figure 51. Two-photon photouncaging of peptides pep3b and pep3c. (a) Scheme of modification of pep3 

with boronates 4.1b/c to form peptides pep3b/c. Peptide pep3 was recovered after irradiation with 800-nm 

light. (b/c) Single ion monitoring (SIM) chromatographs of pep3 (darker colors) and pep3b/c (lighter colors) 

before (blue/cyan), after 20 minutes (green/teal) and 40 minutes (red/pink) of irradiation with 800-nm light. 

Peptide pep3b was partially uncaged to peptide pep3 following 20 m of irradiation and neared complete 

decomposition after 40 m. Peptide pep3c was uncaged to peptide pep3 following 20 m of irradiation with 

little additional uncaging after 40 m. Conditions with boronate 4.1b: pep3 (200 μM), boronate 4.1b (2 mM), 

Cu(NO3)2 (3 mM), NMM buffer + 10%v/v DMSO (pH 7.0), 37 °C. Conditions with boronate 4.1c: pep3 

(100 μM), boronate 4.1c (4 mM), Cu(NO3)2 (1 mM), NMM buffer + 20%v/v DMSO (pH 7.0), 37 °C. 
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4.3. Conclusion 

In summary, we have developed two efficient, 2-photon and visible light sensitive 

photocages that cleave at sp2 hybridized carbon atoms. Unlike photocleavage at carbon sp3 

centers, cleavage of carbon–heteroatom structures at sp2 hybridized carbon atoms is largely 

unstudied outside acyl systems. In this study we report two new boronic acid reagents for 

photocaging N–H bonds in polypeptides. The extended conjugation afforded by the 

nitrodibenzofuran core in comparison to the nitroveratryl design allows more efficient 

uncaging at longer wavelengths. The absorption, photocleavage, and two-photon-

absorption profiles of these reagents mirror those of analogous systems for cleavage at sp3 

carbon atoms and should be more generally applicable to protein photocaging applications 

in cells and tissues than our previous nitroveratryl system. These findings are indicative of 

how knowledge gained from traditional photocleavage frameworks may be readily applied 

to our new C(sp2)–N photocleavage mechanism.  

4.4. Experimental section 

4.4.1. General information and procedures 

Generally, chemicals were purchased from commercial companies and used without 

purification. Specifically, the 10% Pd/C was purchased from Strem chemicals and THF 

was purified through a PPt solvent system before use. Peptides pep2 and pep3 were 

purchased from Sigma and Alfa Aesar, respectively. Peptide pep3 was synthesized by 
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SPPS. Photocleavage reactions were conducted with a commercial blue light flashlight 

(nominal 455 nm) or a Penn PhD Photoreactor M2 with a 450-nm lamp. 

Instrumentation 

NMR spectra were obtained on Bruker AVANCE 600 or AVANCE 500 spectrometers. 

ESI-MS was performed on a Bruker Daltonics MicroTOF spectrometer. 

MALDI-MS was performed on a Bruker Daltonics Autoflex Speed MALDI-TOF/TOF 

spectrometer. Sinapinic acid satd aq matrix solns were made by dissolving 1 mg of matrix 

in 50 L (20 mg/mL) of a 1:1 soln of water/MeCN with 0.1% TFA.  

General procedure for MALDI analysis: Sample aliquots (1 L) of the crude reaction 

mixture were diluted 1:5 with 5 L of water and 1 L of this soln was spotted on the 

MALDI target. The satd aq matrix soln (1 L) was spotted and mixed with sample on the 

MALDI target for analysis. All MS/MS experiments were performed on the MALDI 

spectrometer. 

HPLC 

Reverse-phase HPLC was performed on Shimadzu CBM-20A instrument with 

Phenomenex Jupiter 4 Proteo 90A (250 x 4.6 mm analytical) and Phenomenex Jupiter 4 

Proteo 90A (250 × 15 mm preparative) columns. The columns were eluted with a gradient 

of MeCN in water (20–70%) with 0.1% v/v TFA using a flow rate of 1 mL/min and 8 

mL/min for analytical and preparative columns, respectively. Purification was monitored 

using 220 nm and 330 nm UV for peptide detection. 
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General procedure for HPLC analysis: Sample aliquots (20 L) of crude reaction mixture 

were diluted with MeCN (1:1 ratio, 20 L) before injection onto the HPLC. 

Buffers 

NMM buffer: To water was added N-methylmorpholine (11 L, 0.1 mM), and the solution 

was adjusted to pH 7.0 or pH 6.0 using 2 M HCl before bringing the final volume to 10 

mL. 

photocleavage buffer: To water was added N-methylmorpholine (110 L, 1.0 mmol), 

isoamylamine (116 L, 1.0 mmol), and NaCl (584 mg, 10.0 mmol). The buffer was 

adjusted to pH 6.8 using 2 M HCl before bringing the final volume to 100 mL. 

Peptide synthesis 

Collagen mimetic peptide (pep1, sequence: Ac–(POG)4HOG(POG)3–NH2) was 

synthesized according to the reported procedure using standard solid phase peptide 

synthesis methods with rink amide AM resin (P3Biosystems, #52001) and Fmoc-amino 

acids purchased from NovaBiochem. Peptide was purified by reverse phase HPLC and 

characterized by MALDI-MS and circular dichroism.16 

Table 3. Summary of peptide sequences 

name peptide sequence MALDI-MS spectra 

pep1  Ac–(POG)3POGHOG(POG)3–NH2 Figure 48 

pep2  pE–HWSYGLRPG-NH2 Figure 49 

pep3  pE–HWSY-DLeu-LRP–NHEt Figure 50, Figure 51 
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4.4.2. Overview of experimental procedures for peptide modification 

Modification of pep1 with 4.1b. 

A collagen mimetic peptide (pep1, 200 μM) was incubated with boronate 4.1b (2 mM) and 

Cu(NO3)2 (1 mM) in NMM buffer (pH 7.0) with 10 v/v% DMSO at rt overnight. 

Specifically, pep1 (160 nmol, 64 μL of 2.5 mM aq soln), DMSO (80 μL),  boronate 4.1b 

(1.6 μmol, 32 μL of 50 mM DMSO soln), and Cu(NO3)2 (0.8 µmol, 16 μL of 50 mM aq 

soln) were added to a soln of NMM buffer (pH 7.0, 608 μL) and heated to 45 °C for 2 d. 

The crude reaction mixture was analyzed according to the general procedure for HPLC 

analysis, which indicated 50% conversion to the modified product.  

Modification of pep2 with 4.1b 

Pep2 (200 μM) was incubated with boronic acid 4.1b (1 mM) and Cu(NO3)2 (3 mM) in 

NMM buffer (pH 7) with 14% v/v DMSO at 37 °C for 96 h. Specifically, pep2 (40 nmol, 

16 μL of 2.5 mM aq soln), boronate 4.1c (250 nmol, 10 μL of 50 mM DMSO soln), and 

Cu(NO3)2 (1500 nmol, 30 μL of 50 mM aq soln) were added to a soln of NMM buffer (pH 

7.0, 370 μL) and heated at 37 °C for 1 h. At this point an additional 250 nmol of boronate 

4.1b were added to the soln for a total boronate 4.1b concentration of 1 mM, and the 

reaction was heated at 37 °C for 1h. The crude reaction mixture was analyzed according to 

the general procedure for HPLC and MALDI analysis, which indicated complete 

conversion to the modified product. 

Modification of pep2 with 4.1c 

Pep2 (100 μM) was incubated with boronic acid 4.1c (2 mM) and Cu(NO3)2 (1 mM) in 

NMM buffer (pH 6) with 40% v/v DMSO at 37 °C for 4 days. Specifically, pep2 (40 nmol, 
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16 μL of 5 mM aq soln), boronate 4.1c (800-nmol, 160 μL of 5 mM DMSO soln), and 

Cu(NO3)2 (800-nmol, 16 μL of 50 mM aq soln) were added to a soln of NMM buffer (pH 

6.0, 448 μL) and heated at 37 °C for 24 h. At this point additional boronate 4.1b (800-nmol, 

160 μL of 5 mM DMSO soln) was added to the soln for a total boronate 4.1b concentration 

of 2 mM, and the reaction was heated at 37 °C for 72 h. The crude reaction mixture was 

analyzed according to the general procedure for HPLC and MALDI analysis, which 

indicated complete conversion to the modified product. 

Modification of pep3 with 4.1b 

Pep3 (200 μM) was incubated with boronate 4.1b (2 mM) and Cu(NO3)2 (3 mM) in NMM 

buffer (pH 7.0) with 16% v/v DMSO at 37 °C for 2 h. Specifically, pep3 (160 nmol, 64 μL 

of 2.5  mM aq soln), boronate 4.1b (800-nmol, 96 μL of 8.3 mM DMSO soln), and 

Cu(NO3)2 (2.4 µmol, 48 μL of 50 mM aq soln) were added to a soln of NMM buffer (pH 

7.0, 576 μL) and heated at 37 °C for 1 h. At this point additional boronate 4.1b (800-nmol, 

96 μL of 8.3 mM DMSO soln) was added to the soln for a total boronate 4.1b concentration 

of 2 mM, and the reaction was heated at 37 °C for 1 h. The crude reaction mixture was 

analyzed according to the general procedure for HPLC and MALDI analysis, which 

indicated complete conversion to the modified product.  

Modification of pep3 with 4.1c 

Pep3 (d100 μM) was incubated with boronate 4.1c (4 mM) and Cu(NO3)2 (1 mM) in NMM 

buffer (pH 6.0) with 20% v/v DMSO at 37 °C for 1 h. Specifically, pep3 (80 nmol, 32 μL 

of 2.5  mM aq soln), boronate 4.1c (1600 nmol, 80 μL of 20 mM DMSO soln), and 

Cu(NO3)2 (800-nmol, 16 μL of 50 mM aq soln) were added to a soln of NMM buffer (pH 
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6.0, 576 μL) and heated at 37 °C for 24 h. At this point additional boronate 4.1c (1600 

nmol, 80 μL of 20 mM DMSO soln) was added to the soln for a total boronate 4.1c 

concentration of 4 mM, and the reaction was heated at 37 °C for 5 days. The crude reaction 

mixture was analyzed according to the general procedure for HPLC and MALDI analysis, 

which indicated quantitative conversion to the modified product. 

One-photon uncaging experiments 

Modified peptide (pep3a, pep3b, or pep3c) in Photocleavage buffer was sealed in an 8-

mL screwcap vial. The vial was then placed in the Penn PhD photoreactor (450 nm lamp) 

for 2–4 h. Aliquots (150 µL) were removed at time points 2 h and 4 h for HPLC analysis. 

Modified peptides pep2b, pep2c, pep3b, and pep3c in Photocleavage buffer with 10 mM 

DTT were sealed in 8 mL screwcap vials. The vials were placed in the photoreactor (450 

nm) for 2-4 h. From the samples, 150 µL were removed at time points 2 h and 4 h for HPLC 

analysis.  

4.4.2.1. Experimental overview for irradiation experiments 

One-photon kinetics experiments 

Modified peptide (pep3a, pep3b, or pep3c) in Photocleavage buffer was added to a quartz 

cuvette, and the cuvette was then covered with parafilm. The cuvettes were placed at a 

tilted angle in a beaker lined with aluminum foil and a blue-light flashlight (455 nm) was 

secured directly above the samples. From the samples, 60 µL were removed at time points 

0 s, 30 s, 1 m, 2 m, 5 m, 10 m, and 20 m and 45 µL were used for HPLC analysis.  
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Two-photon uncaging experiments 

Two-photon experiments were performed according to reported procedures described in 

detail elsewhere.6 A home-built regeneratively amplified Ti:Sapphire laser operating at 1 

kHz with the pulse power maintained at 70 mW centered around 800-nm was used. Each 

pulse had a Gaussian profile with a full width at half maximum of 80 fs. The beam was 

sent through a 35 cm focusing lens and then through the sample. Samples (30 μL) were 

irradiated in a quartz microcuvette (Starna 16.10-Q-10/Z15, 1mm x 1 mm sample window, 

10 mm path length) 15 cm after the focal plane of the lens. Samples were irradiated in 

Photocleavage buffer with DTT (15 mM) for 20 and 40 min before being analyzed using 

LCMS. 

4.4.3. Synthetic procedures 

Preparation of aldehyde 4.3. 

 

Step 1: acetalization of the carboxaldehyde. Ether 4.2 was synthesized from previously 

reported methods.22 To a 25-mL round bottom containing ether 4.2 (1.0 g, 2.72 mmol) and 

p-toluenesulfonic acid (152.4 mg, 0.81 mmol) was added toluene (12 mL) and 

ethylenglycol (1.0 mL, 17.9 mmol). The reaction was stirred under reflux in a Dean Stark 

apparatus for 18 h. After completion, the reaction was diluted with EtOAc and washed with 

satd aq NaHCO3, water, and brine before being dried over Na2SO4. The solvent was 
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concentrated under reduce pressure and the crude product was dry loaded on SiO2 and 

purified by flash chromatography (10% Et2O/hexanes) to yield the protected aldehyde 

(1.31 g, 83%). 1H NMR (600 MHz, chloroform-d) δ 7.91 (dd, 1H, J = 7.9, 1.3 Hz), 7.75 

(d, 1H, J = 8.6 Hz), 7.41 (d, 1H, J = 2.6 Hz), 7.39 (td, 1H, J = 7.9, 1.5 Hz), 7.15 (dd, 1H, J 

= 8.6, 2.4 Hz), 7.03 (dd, 1H, J = 8.1, 1.3 Hz), 6.99 (td, 1H, J = 7.5, 1.3 Hz), 6.40 (s, 1H), 

4.05 (d, 4H, J = 1.9 Hz). 

Step 2: palladium-catalyzed cyclization. A 25-mL vial was charged with product from the 

previous step (120 mg, 0.30 mmol). To the vial was added sodium acetate (75 mg, 0.915 

mmol), and 10% Pd/C (15 mg, 0.125 mmol) and the vial was purged with nitrogen before 

adding dry DMF (6 mL). The reaction was stirred at 140 °C for 18 h. The reaction was 

diluted with EtOAc and passed through a pad of silica to remove Pd/C particles. The 

resulting soln was washed with water and brine before being dried over Na2SO4 and then 

was concentrated under reduced pressure. The resulting crude product was transferred to a 

20-ml vial. 

Step 3: acetal deprotection. To the 20-mL vial was added THF (1.5 mL) and 4 M HCl (1.5 

ml, 6 mmol), and stirred at rt for 1h. The crude reaction was extracted using EtOAc, and 

the organic layer was washed with water and brine before being dried over Na2SO4. The 

solvent was concentrated under reduced pressure and the remaining crude product was 

purified by recrystallization in MeCN to yield aldehyde 4.3 as a yellow crystalline solid 

(45.8 mg, 66% over 2 steps). 1H NMR (600 MHz, chloroform-d) δ 10.51 (s, 1H), 8.58 (s, 

1H), 8.34 (s, 1H), 8.09 (d, 1H, J = 7.9 Hz), 7.70 (d, 1H, J = 8.5 Hz), 7.60 (td, 1H, J = 7.3, 

1.1 Hz), 7.5 (t, 1H, J = 7.3 Hz).  13C NMR (150 MHz, chloroform-d) δ 187.7, 158.6, 157.1, 



 

 

113 

 

148.7, 130.3, 129.4, 127.2, 124.6, 122.2, 122.12, 122.08, 112.5, 108.9. Experimental 

melting point: 173-180 °C. 

Preparation of propargyl alcohol S1. 

 

A 50-mL round bottom flask was charged with aldehyde 4.3 (137 mg, 0.567 mmol) and 

the flask was purged with nitrogen before adding dry THF (8 mL). Aldehyde 4.3 was 

completely dissolved before the flask was cooled to –46 °C in a dry ice-MeCN bath. To 

the soln, a 0.5 M ethynylmagnesium bromide soln in THF (1.48 mL, 0.738 mmol) was 

added dropwise. The reaction was allowed to warm to rt and was stirred for 18 h. The 

reaction was quenched with satd aq NH4Cl (3 mL) and aq HCl (1 mL, 4 M soln). The 

resulting soln was diluted with EtOAc, washed with water and brine, and dried over 

Na2SO4. The solvent was concentrated under reduce pressure and the crude product was 

dry loaded on SiO2 and purified by flash chromatography (20% Et2O/hexanes) to afford 

propargyl alcohol S4.1 (120 mg, 79%). 1H NMR (600 MHz, chloroform-d) δ 8.54 (s, 1H), 

8.25 (s, 1H), 8.06 (d, 1H, J = 7.7 Hz), 7.65 (d, 1H, J = 8.4 Hz), 7.61 (t, 1H, J = 7.4 Hz), 

7.45 (t, 1H, J = 7.4 Hz), 6.20 (d, 1H, J = 2.2 Hz), 2.71 (d, 1H, J = 2.2 Hz). 1H NMR (600 

MHz, chloroform-d) δ 158.4, 154.4, 146.3, 130.5, 129.6, 129.1, 123.9, 122.5, 121.8, 120.9, 

112.3, 109.3, 82.2, 74.7, 70.0. Experimental melting point: 141-143 °C. 
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Preparation of alkyne 4.4. 

 

A 25-ml vial was charged with propargyl alcohol S4.1 (115 mg, 0.431 mmol) and purged 

with nitrogen before adding TFA (7.9 mL). The vial was cooled in an ice bath before adding 

triethylsilane (0.690 mL, 4.32 mmol) dropwise. The reaction was allowed to warm to rt 

and was stirred for 18 h. The reaction was then diluted with toluene (10 mL) and all solvents 

were removed under reduced pressure. The resulting residue was dry loaded on SiO2 and 

purified by flash chromatography (100% hexanes) to afford the pure alkyne 4.3 (35.2 mg, 

38%). 1H NMR (600 MHz, chloroform-d) δ 8.38 (s, 1H), 8.30 (s, 1H), 8.06 (d, 1H, J = 7.6 

Hz), 7.65 (d, 1H, J = 8.3 Hz), 7.60 (t, 1H, J = 7.9 Hz), 7.44 (t, 1H, J = 7.3 Hz), 4.16 (d, 2H, 

J=2.6), 2.37 (t, 1H, J=2.6). 13C NMR (150 MHz, chloroform-d) δ 158.4, 153.9, 146.6, 

129.5, 129.1, 127.9, 126.3, 123.8, 122.4, 122.2, 121.8, 112.3, 109.2,  80.2, 72.5, 23.5. 

Experimental melting point: 110-112 °C. 

Preparation of vinyl boronic acid 4.1b. 

 

A 4-ml vial was charged with alkyne 4.4 (30 mg, 0.12 mmol) and purged with nitrogen 

before adding THF (210 µL). A soln of catechol borane (0.359 mL, 0.359 mmol, 1 M in 

THF) was added, and the reaction was stirred for 24 h at 75 °C. To the completed reaction 



 

 

115 

 

was added aq TFA (0.5 mL., 0.1% soln) and the soln was stirred for 4 h at 75 °C. The 

resulting soln was diluted with THF and passed through a syringe filter before purification 

by reverse-phase HPLC (50-65% MeCN in H2O, 0.1% TFA) to afford boronic acid 4.1b 

as a white solid (14.8 mg, 42%). 1H NMR (600 MHz, acetone-d6) δ 8.29 (s, 1H), 8.25 (d, 

1H, J = 7.75 Hz), 8.21 (d, 1H, J =  Hz), 7.74 (d, 1H, J = 8.45 Hz), 7.67 (ddd, 1H, J = 8.85, 

7.2, 1.3 Hz), 7.50 (td, 1H, J = 7.5, 0.8 Hz), 6.87 (s, 2H), 6.76 (dt, 1H, J = 17.8, 6 Hz), 5.44 

(dt, 1H, J = 17.8, 1.5 Hz), 3.92 (dd, 2H, J = 6, 1.5 Hz). 13C NMR (150 MHz, acetone-d6) δ 

159.95, 155.36, 149.91, 148.75, 131.32, 131.25, 130.3, 125.8, 125.71, 124.24, 123.93, 

113.81, 110.25, 71.98, 40.3. Experimental melting point: 121-122 °C (decomposition 

occurred). 

Preparation of aldehyde 4.6 (3 steps). 

 

Step 1: acetalization of the carboxaldehyde.  Ether 4.6 was synthesized by previously 

reported methods.18 To a 25-mL round bottom containing ether 4.6 (175 mg, 0.426 mmol) 

and p-toluenesulfonic acid (28 mg, 0.110 mmol) was added toluene (4 mL) and 

ethylenglycol (0.157 mL, 2.81 mmol). The reaction was stirred under reflux in a Dean Stark 

apparatus for 40 min, darkening to a mulberry color as the reaction progressed. After 

completion, the reaction was diluted with EtOAc and washed with satd aq NaHCO3, water, 

and brine before being dried over Na2SO4. The solvent was concentrated under reduce 
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pressure and the crude product was dry loaded on SiO2 and purified by flash 

chromatography (5-15% EtOAc/hexanes) to yield the protected aldehyde (152 mg, 78%).  

Step 2: palladium-catalyzed cyclization. A 25-mL vial was charged with the product from 

the previous step (73.6 mg, 0.16 mmol), sodium acetate (39.6 mg, 0.483 mmol), and 10% 

Pd/C (6.9 mg, 0.0064 mmol) and purged with nitrogen before adding dry DMF (3.6 mL). 

The reaction stirred at 140 °C for 48 h. The reaction was diluted with EtOAc and passed 

through a pad of silica to remove Pd/C particles. The resulting soln was washed with water 

and brine before being dried over Na2SO4 and then was concentrated under reduced 

pressure. The resulting crude was transferred to a 20-ml vial.  

Step 3: acetal deprotection. To the 20-mL vial was added THF (2 mL) and 4 M HCl (2 

mL, 8 mmol), and the reaction was stirred at rt for 1h. The crude reaction was diluted with 

EtOAc and washed with NaHCO3, DI water, and brine before being dried over Na2SO4. 

The solvent was concentrated under reduced pressure and the remaining crude was purified 

by recrystallization in MeCN to yield aldehyde 4.7 as a red/brown crystalline solid (36.7 

mg, 80% over 2 steps). 1H NMR (600 MHz, chloroform-d) δ 10.51 (s, 1H), 8.27 (s, 1H), 

8.22 (s, 1H), 7.82 (d, 1H, J = 8.7 Hz), 6.84 (dd, 1H, J = 8.7, 1.9 Hz), 6.81 (d, 1H, J = 1.9 

Hz), 3.13 (s, 6H). 13C NMR (150 MHz, chloroform-d) δ 188.7, 161.6, 156.6, 152.7, 146.1, 

130.8, 127.9, 122.5, 119.3, 110.7, 110.3, 108.0, 93.7, 40.7. Experimental melting point: 

232-234 °C (decomposition occurred). 
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Preparation of propargyl alcohol S4.2. 

 

A 25-mL round bottom flask was charged with aldehyde 4.7 (210 mg, 0.739 mmol) and 

the flask was purged with nitrogen before adding dry THF (2 mL). Aldehyde 4.7 was 

completely dissolved before being cooled to –46 °C in a dry ice-MeCN bath. To the soln, 

a 1.0 M ethynylmagnesium bromide soln in THF (1.12 mL, 1.12 mmol) was added 

dropwise. The reaction was allowed to warm to rt and was stirred for 2 h. The reaction was 

quenched with satd aq NH4Cl (3 mL) and 4 M HCl (1 mL). The resulting soln was extracted 

with EtOAc, and the combined organic layers were washed with water and brine before 

being dried over Na2SO4. The solvent was concentrated under reduced pressure, and the 

crude product was dry loaded on SiO2 and purified by flash chromatography (10-30% 

EtOAc/hexanes) to afford propargyl alcohol S4.2 (212 mg, 93%). 1H NMR (600 MHz, 

acetone-d6) δ 8.45 (s, 1H), 8.17 (s, 1H), 8.01 (d, 1H, J = 8.6 Hz), 6.92 (dd, 1H, J = 8.6, 2.2 

Hz), 6.91 (d, 1H, J = 2.2 Hz), 6.29 (ddd, 1H, J = 5.8, 2.2, 0.6 Hz), 5.52 (d, 1H, J = 5.8 Hz), 

3.13 (s, 6H), 3.09 (d, 1H, J = 2.2 Hz). 13C NMR (150 MHz, acetone-d6) δ 162.2, 154.6, 

153.8, 145.0, 133.4, 131.0, 123.4, 118.7, 112.0, 111.0, 108.9, 94.5, 84.7, 74.9, 60.84, 60.75, 

40.9. Experimental melting point: 175-180 °C (decomposition occurred). 
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Preparation of alkyne 4.8. 

 

A 25-ml vial was charged with propargyl alcohol S4.2 (20.2 mg, 0.064 mmol) and purged 

with nitrogen and TFA (1.5 mL) was added, turning the rxn colorless. The vial was cooled 

in an ice bath and triethylsilane was added (0.690 mL, 4.32 mmol) dropwise. The reaction 

was heated to 50 °C and stirred for 3 h. The reaction was then diluted with toluene (10 mL) 

and all solvents were removed under reduced pressure. The resulting residue was dry 

loaded on SiO2 and purified by flash chromatography (5-10% EtOAc/hexanes) to afford 

the pure alkyne 4.8 (9.9 mg, 51%).1H NMR (600 MHz, chloroform-d) δ 8.20 (s, 1H), 8.09 

(s, 1H), 7.77 (d, 1H, J = 9.3 Hz), 6.78 (m, 2H), 4.13 (d, 2H, J = 2.3 Hz), 3.10 (s, 6H), 2.35 

(t, 2H, J = 2.3 Hz). 13C NMR (600 MHz, chloroform-d) δ 161.2, 153.5, 152.3, 143.9, 130.6, 

126.9, 122.2, 112.0, 111.2, 109.6, 108.5, 93.8, 80.7, 72.2, 40.7, 29.7, 23.9. Experimental 

melting point: 133-136 °C (decomposition occurred). 

Preparation of boronate 4.1c. 

 

 

In a glovebox, alkyne 4.9 (24.0 mg, 0.082 mmol) in a 2-mL vial was treated sequentially 

with Schwartz’s reagent (2 mg, 0.008 mmol), pinacolborane (300 µL, 2.06 mmol), and 
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triethylamine (1.13 µL, 0.0082 mmol). The resulting mixture was stirred at room 

temperature for 18 h. As the reaction progressed, it changed from a heterogeneous red 

mixture to an opaque pale orange slurry. The crude reaction was removed from the 

glovebox and quenched with MeOH (1 mL). The resulting crude product was dry loaded 

onto silica and purified by flash chromatography (3-10% EtOAc/hexanes) to afford 

boronate 4.1c as a bright orange solid (20.3 mg, 59%). 1H NMR (600 MHz, chloroform-d) 

δ 8.15 (s, 1H), 7.74 (d, 1H, J = 8.3 Hz), 7.61 (s, 1H), 6.85 (dt, 1H, J = 17.9, 6 Hz), 6.78 (m, 

2H),  5.46 (d, 1H, J = 17.9 Hz), 3.95 (dd, 2H, J = 6, 1.1 Hz), 3.10 (s, 6H), 1.25 (s, 12 H). 

13C NMR (150 MHz, chloroform-d) δ 161.1, 153.4, 152.3, 150.9, 144.9, 130.3, 129.8, 

122.0, 121.5, 111.2, 109.6, 108.3, 93.9, 83.2, 83.1, 40.7, 39.9, 24.8. Experimental melting 

point: 137-140 °C (decomposition occurred). 

4.4.4. HPLC 

 

Figure 52. HPLC of purified 4.1b. Ramp: 20-70% MeCN/H2O, UV detection at 220 nm. 
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Figure 53. HPLC kinetics of pep3 modification with 4.1a photocleavage with 455-nm light. Aliquots were 

removed at 0 m, 30 s, 1 m, 2 m, 5 m, 10 m, and 20 m and 45 µL were injected for analysis. Ramp: 20-70% 

MeCN/H2O, UV detection at 220 nm. 
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Figure 54. HPLC kinetics of pep3 modified with 4.1b photocleavage with 455-nm light. Aliquots were 

removed at 0 m, 30 s, 1 m, 2 m, 5 m, 10 m, and 20 m and 45 µL were injected for analysis. Ramp: 20-70% 

MeCN/H2O, UV detection at 220 nm. 
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Figure 55. HPLC kinetics of pep3 modified with 4.1c photocleavage with 455-nm light. Aliquots were 

removed at 0 m, 30 s, 1 m, 2 m, 5 m, 10 m, and 20 m and 45 µL were injected for analysis. Ramp: 20-70% 

MeCN/H2O, UV detection at 220 nm. 

 

 

 

 



 

 

123 

 

4.4.5. LC/MS analysis of 2-photon uncaging 

 

Figure 56. LC/MS analysis of pep3b before irradiation with 800-nm light. 

 

Figure 57. LC/MS analysis of pep3b after 20 min irradiation with 800-nm light. 
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Figure 58. LC/MS analysis of pep3b after 40 min irradiation with 800-nm light. 

 

Figure 59. LC/MS analysis of pep3c before irradiation with 800-nm light. 
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Figure 60. LC/MS analysis of pep3c after 20 min irradiation with 800-nm light. 

 

Figure 61. LC/MS analysis of pep3c after 40 min irradiation with 800-nm light. 

4.5. References 

(1)  Klán, P.; Šolomek, T.; Bochet, C. G.; Blanc, A.; Givens, R.; Rubina, M.; Popik, V.; 

Kostikov, A.; Wirz, J. Chem Rev 2013, 113, 119–191. 

(2)  So, W. H.; Wong, C. T. T.; Xia, J. Chinese Chemical Letters 2018, 29, 1058–1062. 



 

 

126 

 

(3)  Wood, J. S.; Koszelak, M.; Liu, J.; Lawrence, D. S. J. Am. Chem. Soc. 1998, 120, 

7145–7146. 

(4)  Ren, W.; Ji, A.; Ai, H. J. Am. Chem. Soc. 2015, 137, 2155–2158. 

(5)  Nadler, C.; Nadler, A.; Hansen, C.; Diederichsen, U. European Journal of Organic 

Chemistry 2015, 2015, 3095–3102. 

(6)  Mahmoodi, M. M.; Abate-Pella, D.; Pundsack, T. J.; Palsuledesai, C. C.; Goff, P. 

C.; Blank, D. A.; Distefano, M. D. J. Am. Chem. Soc. 2016, 138, 5848–5859. 

(7)  Cellitti, S. E.; Jones, D. H.; Lagpacan, L.; Hao, X.; Zhang, Q.; Hu, H.; Brittain, S. 

M.; Brinker, A.; Caldwell, J.; Bursulaya, B.; Spraggon, G.; Brock, A.; Ryu, Y.; Uno, 

T.; Schultz, P. G.; Geierstanger, B. H. J Am Chem Soc 2008, 130, 9268–9281. 

(8)  Deiters, A.; Groff, D.; Ryu, Y.; Xie, J.; Schultz, P. G. Angewandte Chemie 2006, 

118, 2794–2797. 

(9)  Wu, N.; Deiters, A.; Cropp, T. A.; King, D.; Schultz, P. G. J. Am. Chem. Soc. 2004, 

126, 14306–14307.  

(10)  P. Sinha, R.; Häder, D.-P. Photochemical & Photobiological Sciences 2002, 1, 225–

236. 

(11)  Teresa, M.; Petersen, S.; Prakash, G. UV Light Effects on Proteins: From 

Photochemistry to Nanomedicine. In Molecular Photochemistry - Various Aspects; 

Saha, S., Ed.; InTech, 2012. 

(12)  Hammer, C. A.; Falahati, K.; Jakob, A.; Klimek, R.; Burghardt, I.; Heckel, A.; 

Wachtveitl, J. J. Phys. Chem. Lett. 2018, 9, 1448–1453. 

(13)  Lin, Q.; Yang, L.; Wang, Z.; Hua, Y.; Zhang, D.; Bao, B.; Bao, C.; Gong, X.; Zhu, 

L. Angew. Chem. Int. Ed. Engl. 2018, 57, 3722–3726. 

(14)  Fournier, L.; Aujard, I.; Le Saux, T.; Maurin, S.; Beaupierre, S.; Baudin, J.-B.; 

Jullien, L. Chemistry – A European Journal 2013, 19, 17494–17507. 

(15)  Shembekar, V. R.; Chen, Y.; Carpenter, B. K.; Hess, G. P. Biochemistry 2007, 46, 

5479–5484. 

(16)  Mangubat-Medina, A. E.; Martin, S. C.; Hanaya, K.; Ball, Z. T. J. Am. Chem. Soc. 

2018, 140, 8401–8404. 

(17)  Lin, Q.; Yang, L.; Wang, Z.; Hua, Y.; Zhang, D.; Bao, B.; Bao, C.; Gong, X.; Zhu, 

L. Angew. Chem. Int. Ed. Engl. 2018, 57, 3722–3726. 

(18)  Becker, Y.; Unger, E.; Fichte, M. A. H.; Gacek, D. A.; Dreuw, A.; Wachtveitl, J.; 

Walla, P. J.; Heckel, A. Chem. Sci. 2018, 9, 2797–2802. 

(19)  Panda, N.; Mattan, I.; Nayak, D. K. J. Org. Chem. 2015, 80, 6590–6597. 

(20)  Tumey, L. N.; Bhagirath, N.; Brennan, A.; Brooijmans, N.; Lee, J.; Yang, X.; 

Boschelli, D. H. Bioorganic & Medicinal Chemistry 2009, 17, 7933–7948. 



 

 

127 

 

(21)  Kusebauch Ulrike; Cadamuro Sergio A.; Musiol Hans‐Jürgen; Lenz Martin O.; 

Wachtveitl Josef; Moroder Luis; Renner Christian. Angew. Chem., Int. Ed. 2006, 45, 

7015–7018. 

(22)  Lusic, H.; Uprety, R.; Deiters, A. Org. Lett. 2010, 12, 916–919. 



 

 

128 

 

 

Library screening of bis-dirhodium catalysts for the 

development of new protein modification tools 

Portions of this chapter were adapted from: Mangubat, A. E., Qualifying Exam, 2016. 

5.1. Introduction 

Bioconjugation is commonly used in chemical biology to modify proteins and 

forms bonds between biomolecules and small molecules, probes, or even other 

biomolecules.1 Bioconjugation allows for the creation of new structures, alteration of 

protein function, development of new protein-based pharmaceuticals, and interrogation of 

protein mechanism and activity via attachments such as fluorophores.2 This thesis focuses 

on a chemical method for site-selective modification of peptides and proteins using 

canonical amino acids. Here, a sequence selective bioconjugation method was designed 
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using a peptide library and rhodium catalysts. This work focused on searching for unique 

reactivity between catalysts and peptide sequences containing canonical amino acids.  

Chemical modification techniques are fundamental for introducing chemical 

handles to proteins. The current “tool box” of chemical techniques allows chemoselective 

modification and labeling of aspartate, glutamate, cysteine, lysine, tyrosine, tryptophan, 

and protein termini (Table 4).3 Highly specific protein modification is a powerful technique 

used to introduce chemical handles and improve detection and analysis of proteins, 

however, these chemistries have limitations. Techniques either require customized 

engineering specific to an individual protein or only install a single type of functional 

group. Even recent chemoselective techniques are limited in site-selectivity and result in 

alteration of multiple surface amino acids.4 

In addition to chemical tools, protein modification has been addressed using genetic 

techniques to install fluorescent proteins (such as GFP) and unnatural amino acids.5–11 

While useful under certain circumstances, there are several limitations in existing genetic 

modification techniques. A disadvantage of fluorescent protein tags is the sheer size of the 

tag. Genetically engineered GFP or other fluorescent tags can interfere with the properties 

of the native protein to which they are attached.5 Installation of unnatural amino acids into 

proteins is a useful minimalistic tool, but hinders large scale production11 because it 

requires elaborate genetic engineering including stop codon tRNA suppression,6 codon 

expansion,8,9,12 and auxotrophic cell strains10. Missing capabilities in current genetic and 

chemical methods can be addressed by developing a new modification tool based on 
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minimalist recognition. Minimalist recognition is focused on defining the smallest number 

of interactions required to facilitate specific catalyst–substrate recognition. 

Table 4. Examples of amino acid-specific modifications.3,4,13 Stars represent possible 

functional groups at that location on the molecule.  

 

 

New minimalist modification tools are needed that are generalized to a wider scope 

of proteins while remaining site- specific. In contrast to current methods, which are specific 

to a single protein. In addition, this single tool should have the ability to add a variety of 

different functional groups to proteins. It was envisioned the use of minimalist recognition 

of natural amino acids to dock a rhodium catalyst near a desired modification site for 
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proximity-driven catalytic reactions. Rhodium tetracaboxylate catalysts are ideal due to 

their activity in catalyzing X–H and C–H insertions in water.14 Furthermore, this method 

took advantage of inherent dirhodium tetraacetate interactions with lewis basic amino acids 

in order to bring the rhodium catalyst close to the peptide surface and encourage 

modification of tryptophan or other aromatic residues. A variety of methods were studied 

to improve chemical modification of tryptophan residues, including work in the Francis 

lab, in which dirhodium tetraacetate was used to selectively modify tryptophan residues in 

myoglobin at various aqueous conditions.13  

Dirhodium tetraacetate is a paddlewheel-shaped molecule containing two rhodium 

atoms with a discrete bond between them (Figure 62). Surrounding the rhodium atoms are 

four acetate ligands in the equatorial positions, leaving the two axial positions available. 

These axial positions form strong interactions with Lewis bases and catalytically 

decompose diazo compounds for carbene transfer reactions (Figure 63).13 This chemistry 

is effective on a variety of amino acid sidechains, particularly on tryptophan, tyrosine, and 

phenylalanine as described by Popp and Ball.15  

 

Figure 62. Dirhodium tetraacetate complex with axial positions labeled.  
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Figure 63. Proposed rhodium mechanism for N–H or C–H insertion of a diazo compound into tryptophan 

bonds.16 

Previously, dirhodium tetraacetate was used to achieve protein modification with 

high specificity and efficiency by conjugating the rhodium catalyst to different molecular 

species. This conjugation was achieved by replacing one acetate ligand with trifluoracetate, 

which is preferentially displaced over remaining acetate ligands to attach a variety of 

carboxylate-containing molecules. As an example, our lab functionalized peptides with the 

rhodium core (shown in green, Figure 64) and used the axial positions for effective, 

proximity-driven protein modification (Figure 64).17 This catalytic system modified the 

protein substrate, a Src homology 3 (SH3) domain, at a single residue even in the presence 

of other potential modification targets.17 However, this catalyst is highly specific for an 

individual protein and general use requires customized engineering for individual proteins. 
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Figure 64. Proximity driven modification of a protein through metallopeptide (green)–protein (blue) 

interactions. Figure from Vohidov et al.17  

The Ball lab also conjugated the rhodium complex to small molecules increasing 

the binding affinity between a small molecule drug and the SH3 domain of a Src family 

kinase through axial Lewis base interactions (Figure 65). In figure 4, the interaction 

between the protein (blue) and small molecule (green triangle) is normally very weak. The 

axial interaction with a local histidine increases binding affinity from the micromolar range 

to the nanomolar range, supporting the notion that Lewis base interactions with rhodium 

are nontrivial.18 

 

Figure 65. Small molecule (green) binding affinity for the SH3 domain of a Src family kinase (blue) can be 

increased through Lewis base interactions with the axial position of the rhodium complex. Figure modified 

from Kundu et al.19 

By combining these two uses of the rhodium axial positions, a system was 

developed in which a bis-dirhodium catalyst that docks at a specific location on a protein 

through axial Lewis base interactions with one rhodium catalyst. Once docked, the second 

rhodium catalyst was expected to catalytically modify local aromatic amino acids, such as 

tryptophan (Figure 66). Using peptides as a simplified protein model,15 a combinatorial 
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peptide library was used to screen thousands of different amino acid sequences within a 

single experiment.20 Using split-and-pool and Fmoc solid-phase peptide synthesis 

techniques, a library was created where each bead of the solid support features multiple 

copies of a single peptide sequence. The bis-dirhodium complexes were screened against 

the peptide library seeking reactive peptides. It was hypothesized that once “hit” sequences 

are identified and the solid support beads were isolated, reaction optimization would 

proceed to develop a peptide–catalyst pairing that depends on minimalist recognition 

between the peptide and catalyst. The reactive peptide sequence, which will only contain 

nine residues, will be expressed on protein termini, poised for future manipulation. In 

comparison to previous genetic engineering techniques, my method will be smaller and 

more generalized for a wider variety of proteins. Herein, a novel approach that addresses 

current limitations by virtue of being small, specific, and containing only natural amino 

acids. 

 

Figure 66. A bis-dirhodium catalyst may be anchored to a peptide surface (blue line) though Lewis base 

(LB) interactions with one rhodium complex [Rh2]. The second rhodium complex remains free for catalytic 

modification of a local tryptophan. 
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5.2. Results and discussion 

An assay was developed to identify the sequences of modified peptides. The 

identification of modified peptides among unmodified peptides while “on-bead” was 

crucial to the success of this project. Peptides are considered “on-bead” when they have 

not been cleaved from the solid support. The assay installs a terminal alkyne onto 

tryptophan through carbene transfer. Next, a fluorescent molecule is added to the modified 

tryptophan through an alkyne-azide cycloaddition (click reaction, Scheme 19).21,22 

Model peptides, Ac-WWAAASNAG and Ac-AAASNAG, were synthesized using 

standard Fmoc solid-phase peptide synthesis on Tentagel-S OH resin as substrates for the 

assay. Tentagel-S OH resin has polyethylene glycol (PEG) linkers with a terminal alcohol, 

and peptides are bound to the resin through an ester linkage. Based on work from the 

Francis lab, sequence “SNAG” was selected as a base linker between the peptide and 

resin.23 Glycine was coupled to the resin first because more harsh conditions are required 

to install the first amino acid onto this particular resin. The conditions of 

diisopropylecarbodiimide/4-dimethylaminopyridine as the acid activator can cause 

epimerization of α-carbon. Serine and asparagine residues assist with water solubility via 

hydrogen bonding and polarity.23 Alanine, a neutral residue, was added to increase length 

both in the base linker and extending from “SNAG.” The two terminal tryptophan residues 

act as the target of modification. In addition to the peptide substrates, a positive control for 

this assay was necessary. As a positive control for the click reaction, 4-pentynoic acid was 

coupled directly to the PEG-OH resin surface to install a terminal alkyne. 
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Previously, a “turn-on” fluorescent molecule, coumarin azide (5.1), was used to 

identify proteins modified with a terminal alkyne.24 Coumarin azide only becomes 

fluorescent following the click reaction, while unreacted 5.1 is not fluorescent, a useful 

characteristic to eliminate false positives. Unfortunately, after using 5.1 in several 

experiments, it was clear the post-click fluorescence was not strong enough to differentiate 

between the autofluorescence of the resin and the emission of the coumarin.  

Scheme 19. Click reaction: alkyne-azide cycloaddition. 

 

The click partner was changed to a red dye molecule based on work from the 

Francis lab.  Disperse Red 1 (5.2) is a dye that is functionally suitable for my assay and 

when it reacts with a functional group on the peptide the resin appears red.23 For this work, 

5.2 was treated with 4-toluenesulfonyl chloride, followed by sodium azide to install the 

azide click partner (Scheme 20).25 After reacting 3 with resin that contains a terminal 

alkyne, the beads of the resin were dyed red. 

Scheme 20. Synthesis of azido-Disperse Red 1 (5.3).a 

 

a.Reagents and conditions: (a) 4-toluenesulfonyl chloride, triethylamine, dichloromethane, 45 C, 80%. (b) 

sodium azide, DMF, 50 C, 85%.25
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Once I confirmed the alkyne functionalized resin would successfully click with 3, 

I set out to modify the model peptides using rhodium. First, I synthesized diazo 1 using 

published methods from the Ball lab.17 Next, the model peptides were treated with a 

rhodium(II) catalyst and diazo 1 in an aqueous buffer to add the terminal alkyne to 

tryptophan. Following the modification reaction, the resin was exposed to the click reaction 

conditions. The peptides were then cleaved from the peptide resin using sodium hydroxide 

(Scheme 21). As a result, the red dye was cleaved from the peptide as well, producing the 

modified peptide in Scheme 3 that was analyzed by MALDI-TOF MS. 
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Scheme 21. Modification of Ac-WWAAASNAG with diazo and rhodium (II).a 

 

a.Reagents and conditions: (a) dirhodium tetraacetate, [75 mM] t-butylhydroxylamine/H2O, pH 4.1. (b) 3, 

copper(I) sulfate, tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA), DMSO/H2O (c) aqueous 

sodium hydroxide solution (0.1 M).  
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Resin beads with tryptophan-containing peptides turned red after the modification 

and click reactions, while peptides without tryptophan remained colorless (Figure 67a-c). 

Resin beads that were a darker red were modified more successfully than other lighter 

colored beads when analyzed by matrix assisted laser desorption ionization-time of flight 

mass spectrometry (MALDI-TOF MS) (Figure 68a). Colorless beads were not modified by 

any detectable degree (Figure 68b). Figure 68c is the MALDI matrix background.  

 

 

Figure 67. Resin beads following rhodium modification and click reaction with 3.3: (a) Ac-AAASNAG on 

bead, (b) Ac-WWAAASNAG on bead and (c) a mix of both peptides. Red color indicates successful peptide 

modification. 
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Figure 68. MALDI-TOF MS spectra of (a) modified Ac-WWAAASNAG peptide (red beads) and (b) 

unmodified Ac-AAASNAG peptide (white beads) run under scheme 3 conditions. (c) Matrix background 

without peptide. 
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Research accomplishments 

This assay was used to differentiate between modified and unmodified peptides on-

bead. Using the three model peptides and a positive control, the reactions run with the 

rhodium catalyst showed varying degrees of red coloration depending on the sequence of 

the peptide attached to the resin. The positive control was the darkest red, the tryptophan-

containing peptides were varying degrees of red, and the peptides without tryptophan 

(negative control) were colorless when run under the same conditions, in the same pot. The 

modification and peptide sequences were confirmed by MALDI-TOF MS and MALDI-

TOF MS/MS. This indicated the ability to identify modified peptides within a reaction with 

a large number of different peptides, an ability fundamental to the peptide library screening 

process.  

Peptide library synthesis. Amino acids were selected and synthesized into a peptide library 

using standard Fmoc solid-phase peptide synthesis and split-pool, “one-bead, one 

compound,” methods.20,23,26,27 The variable region of the peptide library is achieved by 

dividing the resin into portions, coupling the various amino acids, recombining the resin, 

and repeating this process. The peptide library was designed to maximize possibilities for 

a hit by including a variety of amino acids with varied functionalities. The variability in 

amino acid functionality is important to allow constructive interaction with linkers of the 

bis-dirhodium catalyst linkers. Hydrogen bonding, charge-charge and polarity interactions, 

hydrophobic interactions, and peptide flexibility may all contribute to constructive 

peptide–catalyst interactions. A total of eleven amino acids were selected, including two 

Lewis-basic residues, for four variable positions. This variability will statistically produce 
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~14,000 peptide library members. Glutamic acid (E) and aspartic acid (D), lysine (K), and 

serine (S) were selected to add charges (E, D, K), polarity, and hydrogen bonding partners. 

Glycine (G) and proline (P) were selected to increase and decrease peptide flexibility, 

respectively. Phenylalanine (F) and valine (V) were selected to add hydrophobic surfaces. 

Methionine (M) and histidine (H) were selected as the Lewis-basic (LB) amino acids. 

Finally, tryptophan (W) was selected to increase the number of possible modification sites 

on the peptide. My minimalist recognition method requires the presence of LB amino acids 

to allow the catalysts to dock on the peptide surface. Since the catalytic system depends on 

the presence of LB residues (M and H), the library was synthesized with a bias to contain 

an increased number of these residues (Table 5). 

The synthesis bias doubled the probability of a LB at each position of the peptide 

library. Without biasing the library, there would be a substantial number of peptide 

sequences in the library (44.7 %) that would not contain any LB residues. By biasing the 

peptide library to contain more LBs during the synthesis, the number of sequences without 

LB residues will decrease (23.0 %).  In order to bias the peptide library, at each step the 

resin was divided into eleven total portions, nine equal portions for treatment with non-LB 

residues and two double portions of resin for the LBs. This statistically increased the 

number of viable peptide library members. 
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Table 5. Statistical analysis of peptide library sequences and probability of sequences 

that include 0-4 LB residues. 

 Percent of library sequences 

# LBs in 

sequence 
Unbiased Biased 

0 44.7% 23.0% 

1 39.7% 40.8% 

2 13.2% 27.2% 

3 2.0% 8.1% 

4 0.4% 0.9% 

 

Peptide library synthesis. The peptide library was synthesized using standard Fmoc 

solid phase synthesis using Tentagel-S OH resin.26,27 The library was synthesized using 

split-pool, “one-bead, one-compound” methods.20,23 First, a non-variable region (SNAG) 

was synthesized. The resin was then divided into 11 portions (9 equal and 2 double 

portions) and the 11 amino acids were coupled. The resin was then recombined, and the 

process was repeated for four variable regions. The peptide sequences were terminated 

with a tryptophan and the N-terminus was acetylated. To test the success of the peptide 

library, several individual beads were isolated, and the peptide was cleaved from the resin 

and analyzed by MALDI-TOF MS/MS to determine peptide sequences. Methodologies to 

ease the process of peptide sequencing were explored.  

Sequencing design. Several sequencing methods were explored including 

“truncation ladders” and MALDI-TOF MS/MS with/without assistance of an isotope 

signature. Based on work in the Francis lab, installation of a “truncation ladder” during the 

synthesis eases sequencing.23 Capping 10% of the total peptide using 4-bromobenzoic acid 
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(5.4) prior to each residue coupling made a ladder of truncated peptides on the surface of 

every bead which differed by one amino acid ( 

Figure 69b-c).23 This is very similar to Sanger sequencing, a biological method for 

sequencing DNA.28 Peptides that differ by a single amino acid can be identified using 

MALDI-TOF MS and the simulated data in Figure 8c is an example of what I expected in 

the MALDI-TOF MS. Unfortunately, a sparing number of peptide ladder truncations were 

visible by MALDI-TOF MS ( 

Figure 69d). This may be due to incomplete coupling during the synthesis, or 

possibly due to detection limitations of the instrument. After MALDI-TOF MS/MS, it 

became clear that peptides synthesized were incomplete; the peptide sequences only 

appeared to have a maximum of 3 variable positions (Figure 70). The terminal tryptophan 

was also missing. From the MALDI-TOF MS/MS, I did confirm that terminating the N-

terminus of the peptide with a molecule containing a bromine atom assisted in identifying 

b-ions (N-terminus ions where cleavage occurs at the amide bond). In the MALDI-TOF 

MS/MS spectrum, b-ions contained the bromine isotope splitting signature, which allowed 

me to easily identify them within the complex spectrum.  From here, I redesigned the 

peptide library with the intention to increase MALDI-TOF signal by ensuring a complete 

synthesis of each peptide on the resin surface. I accomplished this by removing the 

truncation ladder, thus increasing the number of completed peptides on the surface of the 

resin. 
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Figure 69. (a) Peptide capping agent, 4-bromobenzoic acid (4), (b) cartoon depiction of peptide truncation 

ladder, (c) expected data MALDI-TOF MS data of a truncation peptide ladder appearance, (d) actual MALDI-

929

927
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TOF MS collected from a single bead of the peptide library showing incomplete truncation ladder. Inset: 

zoom of m/z = 929 with isotope splitting.  

The synthesis of the peptide may have been hindered by the capping step in the 

previous library design due to truncation of too many peptides on the surface of the beads. 

In redesigning the library synthesis, two methods were explored. First, the peptide library 

was simply terminated by acetylating the N-termini to assist with peptide stability. The 

peptides were analyzed using MALDI-TOF MS and MALDI-TOF MS/MS to determine 

peptide sequences. While the peptide library was synthesized, the complex spectrum 

retrieved from MALDI-TOF MS/MS was more difficult to decipher without an isotope 

splitting signature. While this is not inherently problematic, it would ease the process of 

peptide sequencing if the fragmentation peaks were distinctive.  

 

Figure 70. MALDI-TOF MS/MS analysis of a brominated peptide sequence from a single bead of resin. 

Each peak has the bromine isotope splitting signature. 
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A second method was developed to analyze the peptide library using MALDI-TOF 

MS/MS. The bromine cap was used as a tool for sequence identification; however, due to 

potential steric and electronic interference with the catalyst caused by the capping 

molecule, 5.4, not all sequences were capped on the resin surface. To address this concern, 

a half equivalent of 5.4 was coupled after the final tryptophan is installed. The remaining 

peptides had a free N-terminus to mimic nature. This allowed an increase in the mass 

spectrometry signal by increasing the number of completed peptides on the surface of the 

resin, while still using the bromine isotope splitting signature to identify sequences (Figure 

9). Easy identification of peptide sequences becomes especially important when 

differentiating between many unknown peptide sequences.  

Synthesis of bis-dirhodium complexes. In designing bis-dirhodium complexes, it came to 

my attention from the literature that the synthesis of such compounds has not previously 

been reported. Since the docking targets are peptide, it was important while designing the 

rhodium catalyst linkers that they remain functionally simple and interact constructively 

with a peptide surface. This means avoiding bulky groups, nucleophilic species, and labile 

functional groups. These linkers also require the presence of two carboxylic acids to allow 

conjugation with the rhodium catalyst. Ligand exchange of the equatorial positions of the 

rhodium catalyst is easily accomplished using dirhodium trisacetatemonotrifluoroacetate 

(Rh2(OAc)3(tfa)), 5.5, by displacement of trifluoroacetate (tfa) ligands with carboxylate 

groups. Using this chemistry, a series of bis-dirhodium complexes with varying 

functionality were synthesized (5.6-5.8). These complexes were synthesized using two 

equivalents of rhodium reacting with the corresponding diacid. While it was important to 

keep the functionality simple, I had to bear in mind that intermolecular interactions were 
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possible between the peptide docking site and the linkers. I approached synthesis of these 

complexes by first synthesizing the diacid, 5.6a.  

The diacid precursor of 5.6 was synthesized by treating catechol with 2-

chloroacetic acid and heating in a sodium hydroxide solution (Scheme 22).29 The crude 

was purified by recrystallization in water to give product 5.6a, in a 33% yield.  

Scheme 22. Synthesis of aromatic diacid linker (5.6a).29 

 

Product 6a, pimelic acid, and diglycolic acid were treated with 5.5 and heated in an 

aqueous MES buffer producing bis-dirhodium complexes 5.6, 5.7, and 5.8, respectively ( 

Scheme 23).15 The bis-dirhodium complexes were purified by reverse phase HPLC 

and recollected in quantitative (5.6 and 5.8) and 91% (5.7) yields. These compounds were 

also characterized using ESI-MS and 1H NMR. 
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Scheme 23. Synthesis of bis-dirhodium complexes (6, 7, 8) from diglycolic acid.a 

 

a.Reagents and conditions: (a) Rh2(OAc)3(tfa), MES/H2O, pH 4.1, 50 C, 5.6 and 5.8, quantitative; 5.7, 

91%.15 

After completion of peptide library synthesis, I the bis-dirhodium complexes were 

screened against the peptide library. There are approximately 890,000 beads in one gram 

of Tentagel-S OH resin. To ensure that the maximum number of peptide library members 

are represented, ~20 mg of resin will be used for each reaction screening. First, the peptide 

library was be reacted with rhodium tetraacetate to test the basic levels of reactivity. 

Subsequent screening reactions were run with the bis-dirhodium complexes. All reactions 

and the alkyne functionalized resin, as a positive control, were then be exposed to the click 

reaction conditions to install the Disperse Red 1 dye.  
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While it was expected to see a mix of resin beads with varying degrees of red based 

on modification success, the resin did not indicate varying levels of color—basically, 

everything turned red. Several red beads were isolated and the peptide will be cleaved from 

the bead. Using MALDI-TOF MS and MALDI-TOF MS/MS, the peptide mass and 

sequence was not discernable. It was hypothesized that peptide sequences would be 

identified based on their reactivity with the different bis-dirhodium complexes and the 

reaction between the resulting peptide–catalyst pairs will be optimized further. However, 

following multiple attempts, sequences were not identified as having exception reactivity 

with the rhodium complexes. It hypothesized that the best peptide–catalyst pairs following 

reaction optimization would be used to tag a protein for selective modification. 

The conclusion of this project was to engineer peptide sequence into model proteins 

and selectively modify purified proteins. Following identification of an efficient peptide–

catalyst pair, the peptide sequence would have been be genetically engineered into model 

proteins, such as bovine serum albumin protein (BSA). BSA in particular has N– and C–

termini that are not folded into the protein.30 First, the peptide sequence would have been 

engineered into a plasmid to express it at the terminus of BSA. The designed DNA would 

have been ligated into a plasmid though restriction enzyme cleavage and ligation.31 Next, 

the plasmid would have been transformed into Escherichia coli (E. coli) in order to 

overexpress the engineered protein.32 E. coli is transformed by first making the cells 

competent to absorb plasmids. This is accomplished by chemical and thermal irritation. 

The cells would then be induced to overexpress BSA containing my reactive peptide at its 

N-terminus. Following cell lysis and purification, the engineered protein would have been 

modified with the bis-dirhodium complex pairing.  
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5.3. Conclusions  

The method of selectively modifying purified proteins described in this chapter is 

minimalistic and may interact less with natural protein function. This small addition to the 

protein is more universally applicable to allow modification of a variety of proteins. 

Furthermore, diazo compounds can be synthesized with great variability and therefore a 

greater variety of different functional groups can be transferred onto the protein. Upon 

successful modification in model proteins, this chemical tool for protein modification could 

be immediately useful for biochemists and chemical biologists. This method would assist 

in the modification proteins for mechanistic observation, function alteration, as well as 

development of antibody-drug conjugates and other protein-based drugs.  

It is valuable to discuss here the limitations of the techniques used in exploring this 

method of protein modification. The major challenges of this project were found in the 

colormetric identification of reactive sequences. Given that majority of the sequences 

indicated reactivity, it was difficult to discriminate between sequences with high reactivity 

verses moderate/low reactivity. This was quite surprising given the calculated percent of 

non-reactive sequences (sequences lacking a Lewis base) indicated that 1-in-4 resin beads 

should be decorated with a non-reactive peptide species. Attempts to optimize reactivity 

was unsuccessful in that the resin continued to appear red with little distinguishing shades.  

To conclude this chapter, this project developed a variety of skills including peptide 

library design, peptide synthesis, organic synthesis, metal complex synthesis, and 

screening design. While the potential of this project was not fully explored, it is clear 
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reactivity is colormetrically visible and the outcomes of this project are proof of concept 

for future use of this screening technique.  

5.4. Experimental section 

General information 

Chemicals used were bought and used as received from Acros, Sigma-Aldrich, 

ChemImpex, and Alfa Aesar. Amino acids and peptide synthesis reagents were bought and 

used as received from Novabiochem. MALDI–TOF MS and MALDI–TOF MS/MS were 

performed on a Bruker Daltonics Autoflex MALDI–TOF/TOF mass spectrometer. 

Aqueous solutions were cocrystallized on Bruker Daltonics PAC384 AnchorChip with 

Alpha-CHC matrix in 1:1 MeCN/H2O with 0.1% v/v TFA. NMR data was acquired using 

Bruker Avance 600 MHz or Bruker Avance 500 MHz instrument. 1H and 13C NMR spectra 

were referenced relative to residual solvent or TMS. Reverse-phase HPLC analyses of the 

bis-dirhodium complexes were performed on a Shimadzu CBM-20A instrument with 

Phenomenex Jupiter 4μ Proteo 90Å columns (preparative 250 × 15 mm) and Phenomenex 

Jupiter 4μ Proteo 90Å (analytical, 250 × 4.6 mm). Flow rates of 8 mL/min and 1 mL/min 

were used for the preparatory and analytical columns, respectively. UV detection of the 

bis-dirhodium complexes was performed at 254 and 300 nm.  

Peptide synthesis procedures 

Peptide synthesis of Ac-WWAAASNAG and Ac-AAASNAG 
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Using a disposable 20-mL reaction vessel with frit (BioLabs), Tentagel S OH resin 

(600 mg, 0.16 mmol assuming 0.27 mmol/g loading) was rinsed with aliquots of 

dichloromethane (DCM) and N,N-dimethylformamide (DMF). The resin was swelled in 

10 mL DMF and gently shaken on a LabQuake shaker for 30 min. Glycine (447 mg, 6.0 

mmol) was preactivated in DMF (3 mL) with diisopropylcarbodiimide (DIC, 94.5 mg, 0.75 

mmol) and incubated on ice for 20 min. N,N-dimethylaminopyridine (DMAP, 0.1 equiv., 

1.80 mg) was added to the preactivated glycine solution.23 The entire glycine solution was 

added to the resin and the volume was increased to 10 mL with DMF. The reaction was 

shaken for 1.5 h. This glycine addition was monitored using UV-vis (see section 1.1.2). 

The remaining amino acids were coupled using a standard solid-phase Fmoc procedure.26,27 

After the peptides were treated with a final Fmoc deprotection step, the N-terminus was 

acetylated. The resin was exposed to acetic anhydride (580 µL, 6.1 mmol) and 

diisopropylethylamine (DIEA, 129 µL, 0.74 mmol) in DCM and shaken for 2 h. The side-

chains were then deprotected by shaking in a solution of 95:2.5:2.5 trifluoroacetic 

acid/triisopropylsilane/water (15 mL) for 2 h. The resin was rinsed with phosphate buffer 

and dried under a stream of air. 

Glycine coupling determination procedure 

First amino acid (glycine) coupling success was determined by UV–vis using a 

Nanodrop 2000. A standard curve was made using two different methods: increasing 

amounts of fluorenylmethyloxycarbonyl chloride (Fmoc-Cl) in 25% piperidine/DMF and 

increasing amounts of Fmoc-glycine in 25% piperidine/DMF. Unprotected glycine in 25% 
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piperidine/DMF was used as a negative control and, 25% piperidine/DMF was used as a 

blank.  

UV–vis of Fmoc-Cl in 25% piperidine/DMF solution.  Fmoc-Cl (12.90 mg, 0.0500 

mmol) was dissolved in 3 mL of 25% piperidine/DMF to make a stock solution. The 

dilutions were made using the following table: 

Dilution # 
Final 

(mM) 
[Abs] (AU) 

1 0.167 0.109 

2 0.333 0.212 

3 0.5 0.315 

4 0.667 0.409 

5 0.833 0.51 

6 1 0.624 

The absorbance was measured using 1 µL of each dilution and recorded. The 

absorbance versus Fmoc-Cl (mmol) was plotted with a linear regression. 

 

y = 0.6108x + 0.0069

R² = 0.9994
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UV-vis of Fmoc-glycine in 25% piperidine/DMF solution. Fmoc-Glycine (14.96 

mg, 0.0500 mmol) was dissolved in 3 mL of 25% piperidine/DMF to make a stock solution. 

The dilutions were made using the following table: 

Dilution # 
Final 

(mM) 
[Abs] (AU) 

1 0.167 0.103 

2 0.333 0.207 

3 0.5 0.096* 

4 0.667 0.427 

5 0.833 0.515 

6 1 0.607 

The absorbance was measured using 1 µL of each dilution and recorded. The 

absorbance versus Fmoc-glycine (mmol) was plotted with a linear regression. Using 

Grubbs’ outlier test, dilution #3* was determined to be a statistical outlier.  

 

Using these standardized curves, the resin loading was calculated. Resin (5 mg) 

was weighed into a vial and 25% piperidine/DMF solution (3 mL) was added. The 

y = 0.6103x + 0.0056

R² = 0.9982
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absorbance was measured and was used to determine concentration from the standard 

curves and backtrack to resin loading using the following calculations: 

Calculation of Fmoc (mmol) using Fmoc-Cl standard: 

[𝑚𝑚𝑜𝑙 𝑓𝑚𝑜𝑐 ] = (
𝑎𝑏𝑠

0.6108
−

0.0069

0.6108
) ∗ 0.003 𝐿 

Calculation of fmoc (mmol) using fmoc-glycine standard: 

[𝑚𝑚𝑜𝑙 𝑓𝑚𝑜𝑐 ] = (
𝑎𝑏𝑠

0.6103
−

0.0056

0.6103
) ∗ 0.003 𝐿 

Resin loading calculation: 

𝑅𝑒𝑠𝑖𝑛 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (
𝑚𝑚𝑜𝑙 𝑝𝑒𝑝𝑡𝑖𝑑𝑒

𝑔
) = 𝑚𝑚𝑜𝑙 𝑓𝑚𝑜𝑐 ∗

1 𝑚𝑚𝑜𝑙 𝑝𝑒𝑝𝑡𝑖𝑑𝑒

1 𝑚𝑚𝑜𝑙 𝑓𝑚𝑜𝑐 
∗

1

5 𝑚𝑔 𝑟𝑒𝑠𝑖𝑛
∗ 1000

𝑚𝑔

𝑔
  

A second glycine coupling was performed to increase peptide loading as needed. 

General considerations for synthesis of the peptide library 

A library of peptides with a standard form of WXXXXSNAG (X = W, G, P, D, E, 

K, V, F, S, H, M) was synthesized. The library was synthesized on resin beads using 

standard solid-phase Fmoc techniques and a split-and-pool technique.20,26,27 Lewis-basic 

residues H and M were coupled to a double portion of resin to bias the library to include 

more Lewis-basic amino acids. The non-variable region (SNAG) of the peptide library was 

synthesized using standard solid-phase peptide synthesis on Tentagel-OH resin. 

Variable region peptide library synthesis 

Following the completion of the non-variable region of the peptide library, split-

and-pool synthesis methods were utilized for the variable region.20 The drained resin was 
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washed with DCM and set under pressurized air to dry. Dried resin was removed from the 

frit and divided into eleven scintillation vials for each amino acid. The vials for H and M 

residues contained double portions of resin. Each vial of resin was exposed to Fmoc 

coupling conditions (10 equiv. amino acid, 10 equiv. HATU, 20 equiv. DIEA) and shaken 

for 10 minutes. The vials were recombined for rinsing. These steps were repeated until the 

required number of variable amino acids had been coupled. In the final step, all resin beads 

were terminated with a tryptophan residue.  

Capping peptide library for sequencing 

Following the completion of the peptide library, the resin was rinsed and capped by 

deprotecting the N-terminus using 20% piperidine/DMF. Resin was exposed to 4-

bromobenzoic acid (0.15 equiv.), HATU (0.1 equiv.), and DIEA (1 equiv.).  

Coupling of 4-pentynoic acid to resin (Click reaction (+) control)  

Using a disposable 20-mL reaction vessel with frit, Tentagel S OH resin (300 mg, 

0.08 mmol assuming 0.27 mmol/g loading) was rinsed with aliquots of DCM and DMF. 

The resin was swelled in DMF (10 mL) and gently shaken for 30 min. DIC (63 μL, 0.40 

mmol) and 4-pentynoic acid (79.4 mg, 0.80 mmol) were preactivated in DMF/DCM for 30 

min in a 20-mL vial on ice. DMAP (1.3 mg, 0.008 mmol) was added to the vial before 

addition of the solution to the resin. The reaction was shaken for 1.5 h. The resin was 

washed with aliquots of DMF and DCM and dried under a stream of air.  
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Rhodium modification of peptide resin 

Ac-WWAAASNAG and Ac-AAASNAG (~1 mg, 600 μM), were weighed into 

microcentrifuge tubes. A t-butylhydroxylamine buffer solution (1 mL, 75 mM, pH 4.2) was 

added to the resin. Diazo 5.1 (0.18 mg, 0.4 μmol) was added to the reaction with dirhodium 

tetraacetate (0.01 mg, 0.02 μmol). The tubes were shaken for 16-18 hours in the dark. Resin 

was rinsed with acetone, methanol, and water to remove excess diazo. 

Copper catalyzed alkyne–azide cycloaddition (Click reaction) 

To a microcentrifuge tube containing modified peptides on-bead (0.5 mg, ~300 

µM) in 1:1 DMSO/water (0.6 mL final volume) was added sodium ascorbate (1 mg/mL), 

copper sulfate (300 μM), tris(benzyltriazolylmethyl)amine (100 μM), and azido-Disperse 

Red 1 (Section 1.2.3, 300 μM). The reaction was shaken at room temperature for 4 h in the 

dark. The reaction solution was removed, and the resin was washed with acetone, methanol, 

and water to remove remaining reagents.  

Single bead isolation and peptide cleavage from resin 

Resin beads were placed on a glass slide in ethanol. Beads were visualized using 

Evos core XI dissecting microscope. Using a glass capillary tube, a single bead was 

removed manually. After verifying single bead on the capillary tip, the capillary was dipped 

into a 0.5 mL microfuge tube containing 10 μL EtOH. The capillary tip was visually 

checked to ensure removal of bead. Microfuge tube was left open overnight to allow 

evaporation of EtOH. Peptides were cleaved from the resin bead by incubating the resin 

for 30 min in 30 μL of 0.1 M sodium hydroxide. 
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Synthesis procedures 

Synthesis of azido-Disperse Red 1 (5.3).25 

 

Step 1: tosylation of Disperse Red 1.  

Disperse Red 1, (184 mg, 0.58 mmol), 4-toluenesulfonyl chloride (173 mg, 0.91 

mmol), and triethylamine (145 mg, 1.43 mmol) were dissolved in DCM (2 mL) at room 

temperature. The reaction was stirred for 24 h. The reaction was diluted in DCM and 

washed with 1M HCl, water, and brine. The organic phase was dried over sodium sulfate 

and the solvent was removed in vacuo. The residue was purified by silica gel 

chromatography (eluent: 50% ethyl acetate/hexanes with 1% triethylamine) resulting in a 

red solid. Yield: 218 mg, 80%, 1H NMR (500 MHz, CD3CN) δ 1.20 (t, J = 7.1 Hz, 3H), 

2.40 (s, 3H), 3.44 (q, J = 7.1 Hz, 2H), 3.71 (t, J = 6.0 Hz, 2H), 4.22 (t, J = 6.0 Hz, 2H), 

6.63 (d, J = 9.4 Hz, J = 8.9 Hz, 2H), 7.28 (d, 1H), 7.73 (dt, J = 8.3, 2.0 Hz, 2H), 7.84 (dt, 

J = 9.3, 3.6 Hz, 2H), 7.93 (dt, J = 9.1, 2.2 Hz, 2H) 8.34 (dt, J = 9.0, 2.0 Hz, 2H). ESI–MS 

m/z: calculated: 468; found: 469.2 [M+H]+, 490.0 [M + Na]+. 
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Step 2: Azide substitution of Disperse Red 1 

Compound DR1-OTs (55.1 mg, 0.118 mmol) and sodium azide (12.5 mg, 0.192 

mmol) were dissolved in DMF (2.5 mL). The reaction was stirred for 4 h. Subsequently, 

the reaction was quenched with water, diluted with ethyl acetate, and washed with water. 

The organic layer was dried with magnesium sulfate. Solvent was removed in vacuo 

resulting in a red solid (DR1-azide). Product was used without further purification. Yield: 

33.8 mg, 85%, 1H NMR (500 MHz, CD3CN) δ 1.20 (t, 3H), 3.54-3.59 (m, 4H), 3.63 (t, J 

= 3.6 Hz, 2H), 6.79 (d, J = 9.3 Hz, 2H), 7.87 (d, J = 9.2, 2H), 7.91 (d, J = 8.9, 2H), 8.32 

(dt, J = 9.2, 2H). ESI–MS m/z: calculated: 339; found: 340 [M]+. 

Synthesis of diazo 5.1.17 

 

Step 1: esterification with asymmetric PEG and 4-pentynoic acid 

Asymmetric PEG, S5.2, (201 mg, 1.04 mmol), 4-pentynoic acid (125 mg, 1.22 

mmol), and DIC (258 mg, 1.25 mmol) were dissolved in acetonitrile (10 mL). The reaction 

was stirred for 19 h. The reaction was filtered and filtrate was purified by silica gel 

chromatography (eluent: 2% methanol/DCM). The resulting product was a yellow oil 

(S5.3). Yield: 160 mg (56%). 1H NMR (500 MHz, CDCl3): δ 2.02 (t, J = 2.8 Hz, 1H), 2.43 

(t, J = 7.2 Hz, 2H), 2.50-2.54 (m, 2H), 3.45-3.78 (m, 17H). 
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Step 2: esterification of S5.3 wtih trans-styrylacetic acid 

S5.3 (50 mg, 0.18 mmol), trans-styrylacetic acid (29.9 mg, 0.185 mmol), DIC (44.6 

mg, 0.216 mmol), and 4-dimethylaminopyridine (2.60 mg, 0.02 mmol) were dissolved in 

acetonitrile (1 mL).  The reaction stirred for 16 h. The reaction was filtered and filtrate was 

purified by silica gel chromatography (eluent: 2% methanol/DCM). The resulting product 

was a yellow oil (S5.4). Yield: 58 mg (75%). 1H NMR (500 MHz, CDCl3): δ 2.04 (t, J = 

3.0 Hz, 1H), 2.40 (t, J = 6.0 Hz, 2H), 2.49-2.54 (m, 2H), 3.28 (d, J = 7.2, 2H), 3.45 (q, J = 

5.2 Hz, 2H), 3.54 (t, J = 4.8 Hz, 2H), 3.58-3.68 (m, 8H), 3.72 (t, J = 4.8 Hz, 2H), 4.28 (t, J 

= 4.4 Hz, 2H), 6.30 (dt, J = 15.6, 14.0 Hz, 1H), 6.49 (d, J = 16 Hz, 1H), 7.23 (t, 1H), 7.30 

(t, J = 6.8 Hz, 2H), 7.37 (d, J = 7.5 Hz, 2H). 

 

Step 3: diazo transfer to AEM2-140 

S5.4 (48.4 mg, 0.116 mmol) and p-acetamidobenzene sulfonyl azide (54.5 mg, 

0.227 mmol) were dissolved in acetonitrile (1 mL). 1,8-Diazabicyclo[5.4.0]undec-7-ene 

(DBU, 35.3 mg, 0.232 mmol) was added dropwise to the solution. The reaction was stirred 

for 5 h in the dark. The solvent was removed in vacuo and the red residue was purified by 
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silica gel chromatography (eluent: 50% ethyl acetate/hexanes). The resulting product was 

a pale yellow oil (diazo 5.1). Yield: 27.3 mg (54%). 1H NMR (500 MHz, CDCl3): δ 2.03 

(t, J = 2.6 Hz, 1H), 2.40 (t, J = 7.0 Hz, 2H), 2.52 (td, J = 7.5, 3.0 Hz, 2H), 3.47 (q, J = 5.0 

Hz, 2H), 3.56 (t, J = 5.0 Hz, 2H), 3.61-3.70 (m, 8H), 3.75 (t, J = 5.0 Hz, 2H), 4.43 (t, J = 

5.0 Hz, 2H), 6.20 (d, J = 16 Hz, 1H), 6.48 (d, J = 16 Hz, 1H), 7.21 (t, J = 7 Hz, 1H), 7.30-

7.37 (m, 4H). ESI–MS m/z: calculated: 443; found: 444 [M+H]+, 466 [M + Na]+. 

Synthesis of Aromatic diacid (5.6a).29 

 

A mixture of catechol (500 mg, 4.5 mmol) and 2-chloroacetic acid (1.29 g, 13.6 

mmol) was heated in at 90 °C. A 33% w/v sodium hydroxide solution (2.19 g, 54 mmol in 

4.875 mL H2O) was added dropwise. The mixture was stirred for 2 h at 90 °C. It was cooled 

to r.t. before being transferred to an ice bath. While stirring on ice, concentrated HCl (0.5 

mL) was added dropwise to the solution. The mixture was brought to r.t. and the white 

precipitate was filtered and washed with cold H2O. The product was used without further 

purification; yield: 316.0 mg (33%). 1H NMR (600 MHz, D2O) δ 4.54 (s, 4H), 6.99 (d, J = 

45 Hz, 4 H). 13C NMR (150 MHz, D2O) δ 67.0, 112.7, 121.6, 146.8, 176.5. 
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General procedure for metalation of diacids (5.6, 5.7, 5.8) 
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To a mixture of diacid (0.08 mmol) and Rh2 (OAc)3(tfa) (22 mg, 0.044 mmol) was 

added MES buffer (4 mL, 128 mM, pH 4.47). The pH was adjusted to pH 4.5 following 

the addition of the buffer. The mixture was stirred overnight at 50 °C. Metallated 

compounds were purified by preparative reverse-phase HPLC using a water–acetonitrile 

eluent containing 0.1% trifluoroacetic acid. The sample was then dried by lyophilization. 

(5.6) HPLC: 22 minutes, 15-60% gradient MeCN/H2O. 17.5 mg isolated 

(quantitative yield). 1H NMR (400 MHz, DMSO) δ 6.78-6.80 (dd, 2H, J = 6.0, 3.6), 6.51-

6.53 (dd, 2H, J = 6.0, 3.6), 4.42 (s, 4H), 1.79-1.80 (m, 18H). ESI–MS m/z: calculated: 989; 

found: 990 [M+H]+, 1012 [M+Na]+.  

(5.7) HPLC: 25 minutes, 10-60% gradient MeCN/H2O. 15.8 mg isolated (91%). 1H 

NMR (600 MHz, CD3CN) δ 1.99 (t, J = 7.5 Hz, 4H), 1.77 (s, 6H), 1.75 (s, 12H), 1.24-1.29 

(quin, J = 7.6 Hz, 4H), 0.84-0.90 (quin, J = 7.6 Hz, 2H). ESI–MS m/z: calculated: 923; 

found: 924 [M+H]+, 946 [M+Na]+. 

(5.8) HPLC: 25 minutes, 5-35% gradient MeCN/H2O. 19.9 mg isolated 

(quantitative yield). 1H NMR (600 MHz, CD3CN) δ 3.67 (s, 4H), 1.78 (s, 12H), 1.77 (s, 

6H). ESI–MS m/z: calculated: 897; found: 898 [M+H]+, 920 [M+Na]+. 

MALDI–TOF MS sample preparation 

C18 Ziptip procedure for concentration and desalination of isolated peptide 

C18 Ziptip pipette tip columns were used to concentrate peptide samples for 

MALDI–MS. A Ziptip was loaded onto a 10-μL micropipette. To wet the pipette, several 

10-μL portions of 50:50 MeCN/H2O were aspirated and dispensed into waste. To 
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equilibrate the Ziptip column, this process was repeated with a 0.1% TFA/H2O solution. 

The aqueous peptide sample (pH 2) was similarly aspirated and dispensed back into the 

vessel 10 times. The Ziptip column was washed to remove salts by aspirating 10 μL of a 

0.1% TFA/5% MeCN/water solution 3 times. The peptides were eluted onto the MALDI 

plate in a 50:50 MeCN/water mixture containing 0.1% TFA and saturated with either 

CHCA or sinapinic acid. 
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6.1. Stapled peptide stability to enzymatic degradation 

Cysteine modification is common in selective protein modification1–4 given its low 

abundance5 and nucleophilic characteristics. S-Arylation, however, is less studied, with a 

substantially decreased number of reported methods and require more expensive catalysts 

and difficult reagent synthesis. Our lab reported a Ni-promoted S-arylation using o-nitro-

arylboronic acids and cheap, commercially available reagents. This chemistry allowed for 

selective protein modification and unique peptide stapling. 

My contribution to this work was analyzing peptide stability when our method was 

used to staple the cysteine containing peptide, oxytocin. Peptide stapling is widely used for 

improving peptide stability in biological contexts.6 In stapling a peptide in a specific 

conformation, proteases have a decreased access to binding sites necessary for degradation. 

Common methods of peptide stapling include olefin metathesis,6,7 click alkyne-azide 

cycloaddition,8 and, most related to this work, alkyl/aryl thioether formation.9–11 Using the 

Ni-promoted cysteine modification developed in our lab, oxytocin was S-arylated then 

treated with nucleophilic aromatic substitution conditions to staple the peptide. The 

stability of this peptide to enzymatic degradation and biological plasma was analyzed by 

HPLC. I analyzed the peptide stability when exposed to enzymatic digest by -

chymotrypsin.  
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6.1.1.  Results and discussion 

Analysis by HPLC was performed to assess stapled peptide stability over time in 

the presence of a-chymotrypsin. First, a stapled version of oxytocin (Figure 71, 1), the 

reduced form of oxytocin (Figure 71, 2), and a variety of other peptides were assessed for 

stability when exposed to enzymatic cleavage conditions with α-chymotrypsin. In 

comparison to the non-stapled peptides, the stapled oxytocin was significantly more stable 

after 2 h, with 85% intact peptide remaining (Figure 72a). In contrast, only 7% of the 

reduced oxytocin and 0% of the peptides in the peptide mixture remained (Figure 72b-c).  

This indicates a slowing of degradation of the stapled peptide in the presence of a-

chymotrypsin. In a parallel study by Katie Miller, this same group of peptides were exposed 

to blood plasma to assess stability. In comparison to the non-stapled peptides, the stapled 

oxytocin was more stable after 18 h, with 64% intact peptide remaining. This indicates a 

slowing of degradation of the stapled peptide in the presence of blood plasma. 

  

Figure 71. Structures of reduced oxytocin and stapled oxytocin. 
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Figure 72. Stability analysis of (a) stapled oxytocin (15), (b) reduced oxytocin, and (c) peptide mixture under 

enzymatic degradation conditions. 

6.1.2. Experimental methods 

Stapled oxytocin: A stock solution of stapled oxytocin (15, 20 μL, 2.5 mM in H2O) 

was diluted with Tris buffer (103 μL, 100 mM Tris, 10 mM CaCl2, pH 7.8). Prior to adding 

enzyme, an aliquot (15 μL) was taken as the 0-h time point. To the remaining solution was 

added -chymotrypsin (2 μL, 0.16 mg/mL in Tris buffer). The resulting mixture was 

incubated at rt for 2 h and an aliquot (15 μL) was taken as the 2 h time point. Aliquots were 

acidified with 30% TFA in MeCN (15 μL) to deactivate the enzyme. The mixture (15 μL) 

was analyzed by RP-HPLC for analytical scale (15–55% MeCN over 20 min) with UV 

detection at 220 nm. The relative ratio of remaining 15 was calculated by comparing the 

peak area after 2 h to that of the peak area at 0 h.  

Reduced oxytocin: After pretreatment of oxytocin (17 μL, 2.5 mM in H2O) with 

TCEP (4 μL, 16 mM in H2O) at 37 °C for 40 min, a part of the reaction mixture was diluted 

with H2O to prepare a solution of reduced oxytocin (100 μL, 200 μM in H2O). Reduction 
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of oxytocin was confirmed by RP-HPLC for analytical scale. Prior to adding enzyme, an 

aliquot (15 μL) was taken as the 0 h time point. To the remaining solution was added -

chymotrypsin (5.4 μL, 0.16 mg/mL in Tris buffer). The resulting mixture was incubated at 

rt for 2 h and an aliquot (15 μL) was taken as the 2 h time point. Aliquots were acidified 

with 30% TFA in MeCN (15 μL) to deactivate the enzyme. The mixture (15 μL) was 

analyzed by RP-HPLC for analytical scale (15–55% MeCN over 20 min) with UV 

detection at 220 nm. The relative ratio of remaining reduced oxytocin was calculated by 

comparing the peak area after 2 h to that of the peak area at 0 h. 

Peptide mixture of angiotensin I, leuprolide, 10-mer peptide, and bradykinin: A 

mixed solution of angiotensin I, leuprolide (pEHWSYlLRP-NH2), 10-mer peptide 

(HPHPFHFFVYK-OH), and bradykinin (H-RPPGFSPFR-OH) (103 μL in total, 100 μM 

of each peptide) in Tris buffer was prepared. Prior to adding enzyme, an aliquot (15 μL) 

was taken as the 0 h time point. To the remaining solution was added -chymotrypsin (2 

μL, 0.16 mg/mL in Tris buffer (100 mM Tris, 10 mM CaCl2, pH 7.8)). The resulting 

mixture was incubated at rt for 2 h and an aliquot (15 μL) was taken as the 2 h time point. 

Aliquots were acidified with 30% TFA in MeCN (15 μL) to deactivate the enzyme. The 

mixture (15 μL) was analyzed by RP-HPLC for analytical scale (15–55% MeCN over 20 

min) with UV detection at 220 nm. The relative ratio of remaining native oxytocin was 

calculated by comparing the peak area after 2 h to that of the peak area at 0 h. 
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6.2. Drug development strategies for treating AML 

Acute myeloid leukemia (AML) is an aggressive disease that, despite equally 

aggressive treatment, results in a near 40% relapse rate.12 While highly toxic chemotherapy 

and even bone marrow transplants are used as treatment, the relapse of these pediatric 

patients is thought to be due to survival of a small number of cancerous cells. Furthermore, 

the relapsed leukemia cells are chemoresistant, decreasing the likelihood of a second 

remission. The mechanisms of these chemoresistace pathways include the phosphorylation 

of signal transducer and activator of transcription 3 (STAT3), a key mediator of anti-

apoptosis gene expression, in response to the activity of inflammatory cytokine, 

Interleukin-6 (IL-6). This phosphorylation causes STAT3 to dimerize with the SH2 domain 

of another STAT3 molecule. Reduction of IL-6 activity using an FDA approved drug, 

atovaquone, and inhibition of STAT3 dimerization though organic-inorganic based 

inhibitors are two pathways explored as targets for drug development. In collaboration with 

Prof. Alexandra Stevens at Texas Children’s hospital and my colleague, Matthew Minus, 

I contributed to both areas of drug development through analysis of atovaquone 

concentrations in mouse and patient blood plasma and synthesizing an organic-inorganic 

rhodium inhibitor analogue of STAT3. 

6.2.1. Atovaquone for treatment of AML 

Atovaquone is FDA approved as an anti-parasitic drug to prevent or treat infections 

caused by Pneumocystis jiroveci pneumonia.13 While technically approved for this use, it 

was recently reported to have anti-tumor activity in multiple myeloma and acute myeloid 



 

 

173 

 

leukemia.14 This activity is attributed to atovaquones ability to reduce the activity of 

inflammatory cytokine IL-6 and, in turn, decrease phosphorylation and dimerization of 

STAT3. Furthermore, a reduction in tumor hypoxia was also reported, increasing cancer 

cell susceptibility to radiation treatment.15 In a study conducted at Texas Children’s 

Hospital, pre-clincal testing of atovaquone was performed on AML cell lines and NSG 

immunodeficient mice. My contribution to this work is the analysis of atovaquone 

concentrations in the blood plasma of mouse and clinical trials. 

6.2.2. Results and discussion 

The concentration of atovaquone (AQ) was analyzed using RP-HPLC by creating 

a calibration curve of known concentrations of AQ in human plasma from a healthy subject. 

With this calibration, the concentration of AQ in mouse samples was determined (Figure 

73).  Mouse #3 showed the greatest blood plasma concentration of atovaquone following 

treatment (Table 6). 

 

Figure 73. Atovaquone concentration calibration curve. 
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Table 6. Concentration of atovaquone in mouse subjects. Concentration of AQ in 

mouse plasma was calculated by comparing the peak area of unknown AQ 

concentration to the AQ calibration curve. 

 

Currently, these methods are being used to determine atovaquone concentrations in 

the blood plasma of pediatric patients. Ideally, AQ blood concentrations should reach the 

dosing concentration of 20 µM based on in vitro studies. Results are shown for seven 

patients in the study where the blood concentration was monitored for 29 days for patients 

1-3, 5, and 6; 40 days for patient 4; and 22 days for patient 7. Patient 1 was determined to 

have an AQ level of 10 µM on the final day of the study with an end of induction (EOI, 

point where blood and bone marrow cell counts have recovered following chemotherapy 

and returned to normal levels) plasma concentration of 13 µM (Table 7). Patient 2 had 

vanishingly small amounts of AQ blood concentration throughout the study with an AQ 

level below the detectable limit on the final day. Patient 3, while slightly higher than patient 

2, also had AQ blood concentration levels below the dosing amount.  It was determined 

that patient 4 had the highest levels of atovaquone blood concentration with a maximum 

of 49 µM during the 40-day period with an EOI plasma concentration of 54 µM and bone 

marrow concentration of 50 µM. 
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Table 7. Atovaquone blood plasma concentration in human subjects. 

 

The differences in AQ blood concentrations are hypothesized to vary based on the 

health of the gastrointestinal track of the patient. Given the lipophilicity of AQ, it is best 

absorbed when taken with fatty foods, however, the rigor of chemotherapy on these patients 

can have detrimental effects on gastrointestinal absorption. Specialized diets and feeding 

tubes can decrease absorption of AQ. Patient 2 and patient 3 both experienced 

gastrointestinal distress (such as nausea and diarrhea) during treatment, contributing to the 

low retention of AQ blood concentrations. In contrast, patient 4 did not experience 

gastrointestinal complications which allowed increased absorption of AQ and a higher 

steady state of AQ blood concentration. 

6.2.3. Experimentals 

Calibration: Using a stock solution of AQ in DMSO (1 mM), a calibration curve 

was made by diluting the stock AQ into mouse or human plasma at various concentrations 
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(Error! Reference source not found.) with a total volume of 30 uL. To each calibration w

as added 120 uL of MeCN:0.1% TFA, and salts immediately precipitated from solution. 

The calibration samples were vortexed for 10 s and centrifuged for 1 min at 10,000 rmp. 

The resulting supernatant was separated before being analyzed by RP-HPLC (80-90 % 

MeCN over 15 min) with UV detection at 330 and 370 nm, using 330 nm for analysis. 

Shimadzu EZ start software was used to analyze relative peak area of the peak with 

retention time between 11-12 minutes. 

Sample analysis: To a 30-uL aliquot of treated plasma was added 120 uL of 

MeCN:0.1% TFA. The resulting heterogeneous solution was vortexed for 10 s and 

centrifuged at 10,000 rpm for 1 min. The resulting supernatant was separated before being 

by RP-HPLC (80-90 % MeCN over 15 min) with UV detection at 330 nm. Shimadzu EZ 

start software was used to analyze relative peak area of the peak with retention time 

between 11-12 minutes and this area was compared to the calibration curve (Figure 73) to 

calculate AQ concentration (Table 8). 
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Table 8. Sample data from patient using calibration curve to calculate AQ 

concentration. 

Sample HPLC Area Calc [AQ] (µM) 

Day 1 0 1.47 

Day 6 0 1.47 

Day 11 1342 4.33 

Day 13 968 3.53 

Day 15 1850 5.41 

Day 18 918 3.42 

Day 20 888 3.36 

Day 22 702 2.96 

Day 29 1137 3.89 

EOI PB 5081 12.30 

EOI BM 8950 20.54 

 

6.3. An inhibitor-dirhodium conjugate analogue for STAT3 

Inhibition of the intramolecular dimerization of STAT3 with the SH2 protein domain16 

was explored as a drug target. Given this interaction is a protein-protein interaction, the 

binding pocket for a small molecule inhibitor is quite shallow in comparison to a binding 

pocket meant for small molecules.17,18 With this limitation, the Ball Lab explored possible 

inorganic binding interactions to enhance binding affinity of small molecules for this 

shallow pocket (Figure 74). Organic-inorganic conjugates were synthesized to include a 

lead compound and a dirhodium core. 
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Figure 74. Enhanced binding through inorganic interactions. 

The dirhodium core is a metal complex containing two rhodium atoms bound 

together by equatorial carboxylate ligands, leaving the axial positions of the rhodium atoms 

available for interaction.19 These complexes are easily conjugated to small molecules 

through displacement of a carboxylate ligand with an acid moiety on the organic molecule 

of interest. Inhibitor-dirhodium conjugates allow for the inhibitor to be stabilized in the 

binding pocket through axial interactions with the dirhodium core and surrounding 

functional groups.19 My contribution to this work was the synthesis of an inhibitor-

dirhodium conjugate that explored the effect of three trifluoroacetate equatorial ligands on 

binding. It was hypothesized that adding more electron withdrawing groups to the 

dirhodium core would enhance binding with potential electron donors in the axial positions. 

6.3.1. Results and discussion 

Inhibitor-dirhodium conjugate 36-Rh was synthesized and my colleague, Matthew 

Minus, performed SPR IC50 measurements to determine binding affinity. The parent 

compound, 31-Rh ester, was found to have a SPR IC50 of 20 µM (Table 9, entry 31-Rh). 

Conjugation of the dirhodium core to this parent compound enhanced the SPR IC50 to 1.2 

µM. Other analogues with a variety of equatorial ligands were trialed, including fluorescein 

as a dye marker. Most interestingly, the lowest SPR IC50 of 40 nM was found in compound 
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35-Rh, where one of the equatorial ligands was changed to the electron-withdrawing 

group, trifluoroacetate (tfa). I synthesized the tris-tfa analogue (36-Rh) of this compound 

to analyze the effects of increasing the number of electron-withdrawing ligands (Table 9, 

entry 36-Rh). The SPR IC50 of inhibitor 36-Rh was 220 nM, a five-fold increase from its 

mono-tfa counterpart. Matt, with Jaime Munos from the Stevens lab at Texas Children’s 

Hospital also treated Kasumi cells with my compound, 36-Rh, and monitored for STAT3 

phosphorylation. Cells treated with compound 36-Rh required more inhibitor to eliminate 

STAT3 phosphorylation in comparison to the mono-tfa compound, 35-Rh. The addition of 

three tfa ligands decreases the binding affinity and ability to inhibit the STAT3 

phosphorylation that causes protein dimerization that leads to anti-apoptosis gene 

expression. In conclusion, the addition of the dirhodium core substantially enhances 

binding affinity, indicating the medicinal impact in designing organic–inorganic 

cooperative binding inhibitors. In targeting weak binding ligands such as carboxylate, 

imidazole, and other residues, the scope of these cooperative binders is expanded, 

demonstrating not only the opportunities of using rhodium-based inhibitors, but the 

benefits of metalloinhibitors as a whole. 
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Table 9. SPR IC50 of various linkers and rhodium ligands 

 

6.3.2. Experimentals 

 

N,N-Diisopropylethylamine (8.7 µL, 0.050 mmol) was added to a solution of 3 

(22.6 mg, 0.050 mmol) and Rh2(tfa)4 (32.9 mg, 0.050 mmol) in 2,2,2-trifluoroethanol (0.5 

mL) and stirred at 50 °C for 18 h. The crude reaction mixture was evaporated onto silica 

and purified using flash chromatography (20% EtOAc/hexanes) to obtain 36-Rh as a green 

solid (7.3 mg, 15%). 1H NMR (600 MHz, chloroform-d) δ 8.47 (d, J = 8.3 Hz, 1H), 8.28 

(d, J = 8.6 Hz, 1H), 8.03 (d, J = 9.0 Hz, 1H), 7.98 (d, J = 7.9 Hz, 1H), 7.79 (t, J = 7.7 Hz, 
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1H), 7.72 (t, J = 7.6 Hz, 1H), 7.67 (d, J = 9.0 Hz, 1H), 7.56 – 7.35 (m, 5H), 3.61 (m, 1.5H), 

3.57 – 3.48 (m, 1.5H), 3.22 (m, 0.5H), 3.12 (m, 0.5H), 2.44 (dd, J = 7.4, 4.8 Hz, 2H), 2.06 

(s, 1H), 1.35 – 1.24 (m, 2H). MS (ESI), [M-H]- [C30H19F9NO12Rh2S]- 993.86 found 993.84 
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Appendix i:  Chapter 3 characterization 

ESI-MS of purified molecules 

 

Figure 75. (3.2) (positive mode). m/z 235.1 corresponds to [M+H]+ ; m/z 257.1 corresponds to [M+Na]+. 
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Figure 76. (3.6) (positive mode). m/z 220.1 corresponds to [M–OH]+; m/z 260.1 corresponds to [M+Na]+. 

 

Figure 77. (3.7) (positive mode). m/z 244.1 corresponds to [M+Na]+. 
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Figure 78. (3.1a) (positive mode). m/z 350.2 corresponds to [M+H]+; m/z 367.2 corresponds to [M+H2O]+; 

m/z 372.2 corresponds to [M+Na]+. 

 

Figure 79. (S3.3) (negative mode). m/z 280.1 corresponds to [M-H]-. 
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Figure 80. (S3.5) (negative mode). m/z 213.1 corresponds to [M-H]-.  

 

Figure 81. (S3.6) (positive mode). m/z 415.3 corresponds to [M+H]+; m/z 437.3 corresponds to [M+Na]+. 
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Figure 82. (3.8) (positive mode). m/z 389.3 corresponds to [M+H]+. 

 

Figure 83. (3.10) (positive mode). m/z 652.3 corresponds to [M+H]+; m/z 674.3 corresponds to [M+Na]+; 

m/z 636.3 corresponds to [M-O+H]+ (protonated nitroso compound). 
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Figure 84. (S3.7) (positive mode). m/z 636.3 corresponds to [M+H]+. 

 

Figure 85. (3.1b) (positive mode). m/z 682.4 corresponds to [M+H]+; m/z 664.4 corresponds to [M-H2O]+, 

m/z 704.4 corresponds to [M+Na]+. 
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NMR spectra 

NMR spectra of photoirradiation of 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 86. Compound 3.2 in D2O/CD3OD, trimethylamine buffer, 0 min irradiation. 
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Figure 87. Compound 3.2 in D2O/CD3OD, trimethylamine buffer, 25 min irradiation. 
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Appendix ii:  Chapter 4 characterization 

ESI-MS spectra 

 

Figure 88. (4.1c, positive): m.z 341.1 corresponds to [M-pinacol+H]+. 
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UV-vis determined extinction coefficient 

 

Figure 89. Absorption spectrum of boronic acid 4.1b.  

 

Figure 90. Absorption spectrum of boronic acid 4.1c. 
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NMR spectra 
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Appendix iii:  Chapter 5 characterization 

ESI characterization 

 

Figure 91. ESI-MS of compound 5.1. 

 

Figure 92. ESI-MS of bis-dirhodium compound 5.6. 
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Figure 93. ESI-MS of bis-dirhodium compound 5.6. 

 

Figure 94. ESI-MS of bis-dirhodium compound 5.6. 
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NMR Spectra 
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