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Prodrugs are effective tools in overcoming drawbacks typically associated with 

drug properties in vivo.  This dissertation will first discuss prodrug approaches and how 

they have been successfully applied to a variety of pharmacological agents.  

Metalloenzymes will then be introduced with an emphasis on matrix metalloproteinases 

(MMPs) as therapeutic targets.  A survey of reported prodrugs of metalloenzymes will be 

presented, highlighting the limited number of strategies previously explored.  A 
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discussion of the benefits of site-selective prodrugs that target metalloenzymes will 

follow. 

 In Chapter 2, the development of MMP inhibitor prodrugs (proinhibitors) that 

incorporate acetate promoieties appended directly to the metal-binding pharmacophore 

(MBP) of MMP inhibitors will be explored, for activation in the presence of esterases.  

Additionally, sulfonate ester-based MMP proinhibitors will be explored, activated in the 

presence of hydrogen peroxide (H2O2), a marker of many diseases when present in high 

concentrations. 

 The exploration of novel prodrug strategies, activated in either the presence of 

esterases or H2O2, wherein the triggering moiety is appended to the MMP inhibitor via a 

cleavable linker will be discussed in Chapter 3.  The optimal design of promoieties for 

MMPs incorporating boronic ester triggers will then be detailed. 

 Chapter 4 will discuss the application of the boronic ester-based promoiety for 

MMPi to fluorophores.  These fluorophores are designed to image H2O2 in biological 

settings. 

 The application of the optimal H2O2-sensitive prodrug strategies to nanoparticle 

drug delivery systems will be detailed in Chapter 5.   Here nanoparticles are comprised 

of a hydrophobic MMP proinhibitor and a quenched fluorophore that are activated in the 

presence of H2O2.  Additionally, a hydrophilic ligand that targets high levels of MMP 

activity will be incorporated into the nanoparticle.  Upon delivery, the MMP inhibitor will 

be released, which can be detected as a function of fluorescence. 

 Finally, in Chapter 6, the development of a thiol-activated histone deacetylase 

(HDAC) proinhibitor will be discussed that functions to deliver both a covalent and a 

competitive inhibitor. 
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1.1 Prodrugs 

 Modern medicinal chemistry techniques such as high-throughput screening 

(HTS), combinatorial chemistry, and computational modeling have led to the 

development of many promising drug candidates with therapeutic potential.  However, 

despite the efficacy of modern therapeutic compounds, many drug leads still suffer from 

poor drug-like properties and face significant problems in the clinic.1-3  Chemically 

modified versions of active drugs have been developed in an effort to overcome barriers 

to drug formulation and delivery as illustrated in Figure 1-1.1  These barriers can range 

from poor aqueous solubility, chemical instability, poor bioavailability, toxicity, and other 

pharmacokinetic (PK) properties including absorption, distribution, metabolism and 

excretion (ADME).1-3  The modified, latent version of the drug, termed a prodrug, 

undergoes a transformation in the presence of a chemical or enzymatic stimulus in vivo 

to generate the active agent.  The term “pro-drug” was coined by Adrien Albert in 1958, 

however the prodrug concept had been understood decades prior.  One of the first 

examples was in 1899 with the compound methenamine, a therapeutic used for 

treatment of urinary tract infection.  Methenamine degrades in acidic environments to 

generate formaldehyde, the active, antibacterial agent.1  Currently 10% of all globally 

marketed drugs are classified as prodrugs and approximately 33% of all approved small 

molecule drugs in 2008 were prodrugs, demonstrating the success of the prodrug 

approach.1,2 

 In prodrug design it is most common that a covalent bond is formed between the 

active drug and a chemically or enzymatically labile moiety.  The chemical group 

appended to the active agent renders the drug inactive and is referred to as the 

promoiety.  In the presence of a desired chemical or enzymatic stimulus, the promoiety 
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is cleaved to generate the active drug, thus overcoming the limitations of the parent drug 

(Figure 1-1).  Important factors to be considered when designing a prodrug include:  

functional groups amenable to derivatization, the choice of promoiety, PK properties of 

the parent drug, and the degradation by-products from the promoiety upon drug 

release.1-3  The most common functional groups that are readily derivatized in prodrug 

design includes carboxylic acids, hydroxyl groups, amines, phosphates/phosphonates, 

and carbonyl groups.  The vast majority of prodrugs are in the form of esters, 

carbonates, carbamates, amides, phosphates, and oximes.  Thirteen of the top-selling 

100 drugs in the world in 2009 were prodrugs;1,2 a partial list of these prodrugs is shown 

in Table 1-1, clearly showing the breadth of targets for which prodrugs can be designed.  

Of particular note are the proton pump inhibitors including omeprazole, listed on the 

World Health Organization’s List of Essential Medicines, which functions as a prodrug 

that is converted to an active sulfonamide.  This conversion is achieved site-selectively 

in the acidic conditions of the stomach for the treatment of several gastrointestinal 

diseases.1 

 

 

Figure 1-1.  An illustration of the prodrug concept.  Adapted from Rautio et al.1 
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Table 1-1.  Select prodrugs among the world’s 100 top-selling pharmaceuticals in 2009.  
Adapted from Huttunen et al.2 
!

 
 

The majority of clinically approved prodrugs are activated in the presence of 

esterases, phophodiesterases, or alkaline phosphatases (Figure 1-2).1-4  The 
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widespread distribution of these enzymes has made them attractive triggers for 

prodrugs.  Modification of polar functionalities such as carboxylates and 

phosphates/phosphonates to the corresponding esters assists in improving drug 

properties including oral bioavailability, absorption, solubility, and cellular permeability.  

Although many of these drugs have achieved success and have been approved by the 

FDA, they are most often hydrolyzed rapidly and non-specifically in vivo.  In the case of 

Irinotecan (Figure 1-2), an FDA approved topoisomerase I prodrug used in the treatment 

of colorectal cancer, only 3-4% of the injected dose is converted to the active drug, SN-

38, by carboxylesterase-2 (CES-2).5  Thus, dosing of the prodrug has to be high to 

achieve therapeutic effect.  
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Figure 1-2.  Examples of FDA approved prodrugs.  Promoieties and corresponding 
product functional groups are highlighted in red.1,2 
 

To improve the non-specific activation of ester-based prodrugs, new strategies 

have been developed wherein the prodrug is activated under more specific conditions.  
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metabolic activation, or by antigen targeting.1-3  To achieve site-selective prodrug 

activation, the promoiety can be engineered in a manner where it is cleaved only in the 

disease microenvironment.  For tumor targeting, prodrugs activated by tumor-specific 

enzymes have been described.  For example, Capecitabine relies on a cascade of three 

independent enzymes for the bioconversion to the active drug (Figure 1-3).6  Other 

prodrugs strategies, including antibody-directed enzyme prodrug therapy (ADEPT) and 

gene-directed enzyme prodrug therapy (GDEPT), have been developed to enhance drug 

targeting.1,2  In ADEPT, an enzyme-antibody conjugate binds a tumor-specific antigen 

and the prodrug is activated by the localized, antibody-conjugated enzyme.  The 

principle of GDEPT is similar to that of ADEPT with the enzyme localized to tumor cells 

using a targeting vector to deliver the gene encoding the enzyme.  These strategies 

have led to prodrugs that have progressed to phase I (for ADEPT) and phase III (for 

GDEPT) clinical trials. 

 

 

Figure 1-3.  Capecitabine is a site-selective prodrug, requiring multiple enzymatic 
activation steps.  The liver initiates the activation pathway where human 
carboxylesterases 1 and 2 (CES1 and CES2) cleave the alkyl ester of the carbamate.  
Subsequent spontaneous decarboxylation results in an intermediate that can be 
metabolized by cytidine deaminase (CDA) in the liver or in the tumor microenvironment.  
Finally, thymidine phosphorylase (dThdPase), an enzyme overexpressed in many 
tumors, liberates 5'-Fluorouracil, the active drug.1,6 
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1.2 Metalloenzymes as Medicinal Targets  

Metal ions are essential for numerous biological functions including transcription 

regulation, oxygen transport and activation, and cellular signaling among others.7,8  A 

protein that requires a metal ion for its function is referred to as a metalloprotein.  

Approximately 50% of the human proteome is comprised of metalloproteins, with metal 

ions involved in both structural and catalytic roles.9  Specifically, a metalloprotein that 

utilizes a metal ion in a catalytic role is referred to as a metalloenzyme.  Although vital to 

numerous physiological processes, the misregulation of metalloenzyme activity has been 

implicated in a number of pathologies including cancer, hypertension, and inflammation 

(Table 1-2).7  A number of metalloenzymes have also been identified that are crucial for 

the survival and virulence of both bacteria and viruses.  Several metalloenzymes have 

been validated as medicinal targets, with FDA-approved therapeutics in clinical use. 



 9!

Table 1-2.  Examples of metalloenzymes that have gathered attention as therapeutic 
targets. 
 
Human Enzyme Metal Cofactor Disease 
Adamalysin Zn2+ Cancer 
Angiotensin Converting Enzyme Zn2+ Hypertension 
Carbonic Anhydrase Zn2+ Glaucoma 
Farnesyltransferase Zn2+ Cancer 
Histone Deacetylase Zn2+ Cancer 
Matrix Metalloproteinase Zn2+ Cancer, arthritis, inflammation 
Neprilysin Zn2+ Hypertension 
TNF-α Converting Enzyme Zn2+ Cancer 
Lipoxygenase Fe2+ Asthma 
Histone Demethylase Fe2+ Cancer 
Tyrosinase Cu2+ Cancer 
Methionine Aminopeptidase Mn2+ Cancer 
   
Pathogenic Enzyme Metal Cofactor Organism/Virus 
Anthrax Lethal Factor Zn2+ B. anthracis 
Botulinum Neurotoxin Zn2+ C. borulinum, butyricum, and baratii 
LpxC Zn2+ Gram-negative bacteria 
Metallo-β-Lactamases Zn2+ Gram-negative or positive bacteria 
Methionine Aminopeptidase Fe2+ Gram-negative or positive bacteria 
Peptide Deformylase Fe2+ Gram-negative or positive bacteria 
Influenza Polymerase (PA 
subunit) 

Mn2+ Influenza Virus 

HIV Integrase Mn2+ Human Immunodeficiency Virus 
 

This dissertation will focus specifically on zinc metalloenzymes as therapeutic 

targets of interest.  Zinc is the second most abundant transition metal ion in living 

organisms after iron.10  In proteins, zinc is found only as a divalent cation (Zn2+) in the 

closed d10 electron configuration, making it redox stable under physiological 

conditions.10,11  The intermediate polarizability of the Zn2+ cation is favorable for 

interactions with both hard and soft donor atoms of oxygen, nitrogen, and sulfur.7,10  In 

metalloenzymes zinc is typically bound in a 4-coordinate, tetrahedral coordination 

environment by a combination of amino acid residues including:  the imidazole of 

histidine (His), the thiol of cysteine (Cys), and the carboxylates of aspartic (Asp) or 
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glutamic (Glu) acid.7,11  Catalytic zinc sites are commonly distinguished by the presence 

of a labile water molecule in one of the coordination sites.7  The pKa of the zinc-bound 

water molecule is lower than unbound water, which generates an active nucleophile for 

enzymatic catalysis.7,12  Accordingly, many zinc metalloenzymes function as 

hydrolases.10   

The majority of therapeutics that target zinc metalloenzymes rely on disruption of 

metal-substrate interactions to effectively abolish enzymatic activity.  Inhibitors consist of 

two general components:  a metal-binding pharmacophore (MBP) that coordinates the 

catalytic zinc ion and a backbone designed to interact with the surrounding active site via 

ligand-protein interactions such as hydrogen bonding and hydrophobic contacts.7,13,14  

Due to the large number of metalloenzymes identified, there is an impetus to develop 

target-specific metalloenzyme inhibitors to prevent complications associated with non-

specific inhibition. 

 

1.2.1 Matrix Metalloproteinases 

 Matrix metalloproteinases (MMPs) are a family of Zn2+-dependent 

endopeptidases involved in the homeostasis of the extracellular matrix (ECM).15,16  The 

different isoforms of MMPs are classified largely on their substrate specificity, resulting in 

the division into the following groups:  collagenases, gelatinases, stromelysins, 

membrane-type, matrilysin, metalloelastase, and unclassified.16,17  In normal physiology, 

MMPs are involved in several processes including breakdown of the ECM, embryonic 

development, tissue remodeling, wound healing, angiogenesis, and apoptosis among 

others.15,16   
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MMPs are biosynthesized and secreted as zymogens.15,18  MMP zymogens, or 

pro-MMPs, are activated in vivo by proteases such as trypsin, other MMPs or by 

chemical agents including reactive oxygen species (ROS), sulfur reactive agents, or by 

detergents such as SDS.15,16,18  The propeptide domain of MMPs contains a conserved 

sequence, PRCGXPD, termed the cysteine switch.  The thiol moiety of the conserved 

cysteine residue in this sequence coordinates the zinc ion to maintain enzyme latency.  

When this interaction is disrupted, the catalytic Zn2+ ion becomes coordinatively 

unsaturated, resulting in the binding of a water molecule in the fourth coordination site.  

For all MMPs, the catalytic Zn2+ is coordinated to three histidine residues and the water 

nucleophile in a tetrahedral geometry of the conserved HEXGHXXGXXH sequence as 

shown in Figure 1-4.18 

MMPs are tightly balanced and regulated by four endogenous proteins termed 

tissue inhibitors of MMPs (TIMPs) to maintain normal expression levels.  TIMPs bind the 

catalytic active site of MMPs in a bidentate manner through the amine and carbonyl 

groups of a cysteine residue rather than the sulfhydryl moiety.  The disruption of the 

balance between MMP activity and/or MMP-TIMPs can lead to the development of a 

wide range of pathologies including cancer metastasis, arthritis, inflammation, and 

cardiovascular disease.17-22  Because many MMPs are involved in normal physiological 

processes, there is an impetus to develop isoform-specific inhibitors that possess a high 

therapeutic index aiding in the regulation of MMPs by reducing disease progression 

while maintaining normal function in healthy tissues. 



 12!

 

Figure 1-4.  Structure of MMP-3 (left) with the catalytic site highlighted (right).  The 
active site Zn2+ ion is coordinated by three histidine residues (His201, His205, and 
His211) and a water molecule (PDB: 1CQR).  The Zn2+ ion is shown as an orange 
sphere, the water molecule is represented by a red sphere, and the coordinating 
residues are shown as sticks in color code (carbon = grey, nitrogen = blue). 
 

Efforts toward the development of MMP inhibitors (MMPi) as a means to combat 

diseases have been ongoing for decades.19,20,23,24  As discussed previously, inhibitors of 

metalloenzymes rely on coordination by a MBP and the interaction of the backbone of 

the inhibitor with amino acid residues in the surrounding protein environment.  The first-

generation of MMPi relied on the MBP-backbone inhibitor model with attention focused 

on holding the MBP fixed, generally as either a hydroxamic acid or a carboxylic acid, and 

varying the backbone to generate various peptides to mimic the natural substrate of 

MMPs.25  In general, these compounds were shown to be broad-spectrum inhibitors with 

little specificity for one MMP class or isoform.  Marimastat (Figure 1-5) was one of the 
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first hydroxamic acid MMPi that entered clinical trials; however, it was quickly withdrawn 

due to the onset of adverse side effects.20,25  Structure-based drug design, utilizing 

crystal structures of first-generation MMPi bound to the enzyme target, led to the 

development of second-generation inhibitors with attention focused on backbone 

elaboration outside of peptides.  One of these compounds, CGS 27023A (Figure 1-6) 

was shown to be a potent, broad-based inhibitor of key MMPs implicated in arthritis, with 

similar inhibition against MMP-1 (Ki = 33 nM), MMP-2 (Ki = 20 nM), MMP-3 (Ki = 43 nM), 

and MMP-9 (Ki = 8 nM).26  Protein crystallography confirmed that this MMPi binds with 

the hydroxamate coordinated to the active site Zn2+ ion in a bidentate fashion (Figure 1-

6).  Despite excellent in vitro activity, clinical trials were halted after Phase I with 

cutaneous and musculoskeletal toxicity observed.25  After nearly 30 years of MMPi 

research, only one drug, doxycycline, has been approved by the FDA for the treatment 

of periodontal disease (Figure 1-5).27!

 

 

Figure 1-5. Structure of first-generation MMPi marimastat, containing a hydroxamic acid 
and a peptidic backbone, and FDA approved MMPi doxycycline. 
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Figure 1-6.  Inhibition of MMP-12 by CGS 27023A. A) Chemical structure of CGS 
27023A.  B) Protein crystallography confirms that CGS 27023A binds to the catalytic zinc 
of MMP-12 via the hydroxamic acid.  Coordinating histidine residues (His119, His123, 
and His129) and the inhibitor CGS 27023A are shown as sticks in color code (carbon = 
grey, nitrogen = blue, oxygen = red, sulfur = yellow) and the zinc atom is shown as an 
orange sphere (PDB: 1JIZ).  C) Surface representation of the protein-inhibitor complex. 
 

The low success rate of MMPi partially stems from non-specific targeting of 

multiple MMP isoforms and other off-target effects, leading to the generation of 

undesired side effects.  Of particular note was the onset of musculoskeletal syndrome 

(MSS), which was observed in clinical trials of several first-generation MMPi and is 

attributed to cross inhibition amongst MMPs and related enzymes.19,23,25  Many clinical 

issues are associated with the choice of the hydroxamic acid as the MBP.  Although 

used extensively in the development of metalloenzyme inhibitors, hydroxamic acids are 

considered poor pharmacophores due in part to:  (a) poor cellular permeability, (b) 

hydrolytic instability resulting in the formation of a corresponding carboxylic acid, known 
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to exhibit poor PK and reduced potency, and (c) susceptibility to glucoronidation, leading 

to reduced activity in vivo.7   

To overcome the setbacks for MMPi development, a number of features of these 

inhibitors have been investigated including the identity of the MBP.  Ongoing research by 

Cohen and coworkers has confirmed that the choice of an optimized MBP can modulate 

selectivity between MMP isoforms.13,14,28  These efforts focused on the development of 

non-hydroxamate, isoform selective MMPi to avoid the issues associated with first and 

second generation inhibitors.13,28  The compounds 1,2-HOPO-2 and PY-2 (Figure 1-7) 

were discovered to be potent MMPi showing excellent inhibitory activity against MMP-8 

and MMP-12 with IC50 values <100 nM.28  Importantly, these compounds did not show 

significant inhibitory activity against other MMPs tested (IC50 values range between 1-27 

µM).28   

 

 

Figure 1-7.  Structures of MMPi 1,2-HOPO-2 and PY-2. 
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promoiety will cleave to re-establish the metal-binding ability of the inhibitor, which can 

then effectively coordinate the catalytic Zn2+ ion and abolish enzymatic activity.  Orvig 

and coworkers reported a prodrug approach on a series of metal chelators relevant to 

the development of MMPi prodrugs.  In a series of studies, carbohydrate promoieties 

were introduced to potential Alzheimer’s Disease (AD) therapeutics containing a 

hydroxypyridinone MBP in an effort to increase water solubility, minimize toxicity, and 

improve targeting (Figure 1-8A).29,30  Indeed, glycosylated prodrugs of 

hydroxypyridinones such as 3,hydroxy-1,2-dimethylpyridin-4(1H)-one (3,4-HOPO) were 

shown to be effective in crossing the blood-brain barrier (BBB).  Subsequent release of 

the active MBP in the presence of β-glucosidase was observed and the 

hydroxypyridinone compound could then compete for Cu and Zn-binding sites on Aβ 

peptide.  This therapy has shown promise since the interaction of Aβ with metal ions 

potentiates neurotoxicity via aggregation, oxidation, or cross-linking pathways. 

Metalloenzyme prodrugs (proinhibitors) have not been widely investigated with 

only a few systems reported for MMPs.31-37 Inspired by the studies described above, 

Cohen and coworkers utilized a glucose promoiety on a MMP proinhibitor (Figure 1-

8B).34  Efforts focused on the development of non-hydroxamate based MMP 

proinhibitors to be activated in the presence of β-glucosidase.  To do this, α-D-glucose 

was appended to the MBP of 1,2-HOPO-2, a potent MMPi (Figure 1-10B).  In the 

presence of β-glucosidase, the promoiety is cleaved to generate the MMPi, as evidenced 

by absorption spectroscopy and validated by biochemical assays.  Although glucose-

based promoieties help achieve BBB penetration, this strategy is limited in that it does 

not target MMPs involved in pathological conditions. 
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Figure 1-8.  Glycoconjugate prodrugs for MBP passivation.  A) Appendage of glucose to 
the hydroxypyridinone MBP attenuates metal binding.  In the presence of β-glucosidase, 
the hydroxypyridinone drug is released.29,30  B) Example of a MMPi appended with a 
glucose promoiety.  In the presence of β-glucosidase, the sugar promoiety is cleaved to 
release the active MMPi, 1,2-HOPO-2.34 

 

Another approach developed by Hambley and coworkers involves chelation of 

the hydroxamic acid MBP of a potent MMPi (marimastat) to a Co3+ complex, rendering 

the compound inactive (Figure 1-9).33  This MMPi complex provides an inert chaperone 

that is, in theory, cell permeable.  In tumor microenvironments, bioreductive activation 

leads to the release of marimastat along with the more labile Co2+ complex.  In vitro 

biochemical assays confirmed that the marimastat-Co3+ prodrug complex did not have a 

high affinity for MMP-9 (IC50 = 900 nM); however, in vivo testing was inconclusive with 

no antimetastatic activity observed in reductive tumor models treated with the complex. 
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Figure 1-9.  Example of MMP proinhibitor with MBP of MMPi marimastat bound to a 
Co3+ tris(methylpyridyl)amine complex.  Bioreductive activation in tumor environments 
results in the Co2+ complex, a more labile species that releases MMP inhibitor 
marimastat.33 
 

 A prodrug approach has also been utilized for carboxylate-based MMPi.  In one 

study by Schultz and coworkers, a peptidic sequence specific for MMP-12 was 

covalently appended to a carboxylic acid of a known MMPi derivative to generate an 

amide prodrug (Figure 1-10).38  In this two step activation process, exposure to MMP-12 

first cleaves the peptide sequence to release a carboxylic acid compound that functions 

as a weak MMPi (IC50 = 13 µM).  In the second step, spontaneous hydrolysis leads to the 

release of the potent carboxylate MMPi (IC50 = 0.29 µM).  The limiting step of inhibitor 

release is the spontaneous hydrolysis of the acylated sulfonamide, representing a 

drawback of this approach.  Additionally, like all MMP isoforms, MMP-12 has normal 

physiological functions, and global inhibition would likely result in side effects observed 

in previous clinical trials of MMPi. 
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Figure 1-10.  Example of a prodrug that is selectively activated by its target, MMP-12, to 
release its own inhibitor.  The latent MMPi is highlighted in red and the active MMPi is 
highlighted in blue.38 
 

1.3 Outlook 

 Despite encouraging preclinical data, metalloenzyme-targeted therapeutics have 

shown limited success in the clinic, considering the number of metalloenzymes identified 

and the variety of pathologies in which they are implicated (Table 1-2).  Because many 
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clinically approved prodrugs are activated in the presence of esterases, 

phophodiesterases, or alkaline phosphatases, enzymes that are not unique to a specific 

pathological condition.  These prodrugs are activated systematically and dosing levels 

have to be elevated to achieve a therapeutic effect, representing a significant drawback.  

Thus, prodrugs containing promoieties sensitive to distinct chemical species associated 

with a specific disease state are desired. 

 Site-selective prodrugs that target medicinally relevant metalloenzymes including 

MMPs have been rather unexplored.  This dissertation will detail the development of new 

promoieties that can be covalently appended to the MBP of potent metalloenzyme 

inhibitors to attenuate activity, in an effort to avoid the drawbacks associated with off-

target metalloenzyme inhibition.  Hydrogen peroxide, a common marker for pathologies 

including cancer, cardiovascular disease, diabetes, and others, was chosen as the 

stimulus of interest for prodrug activation for the majority of the studies this dissertation.  

The discovery of H2O2-sensitive sulfonate ester and boronic ester-based metalloenzyme 

prodrugs will be presented in Chapters 2 and 3, respectively.  The application of boronic 

ester promoieties to molecular imaging agents that can readily detect biologically 

relevant concentrations of H2O2 will be described in Chapter 4.  The incorporation of 

these metalloenzyme prodrugs and fluorescent probes into a nanoparticle system for the 

monitoring of drug release will follow in Chapter 5.  Finally, as a counterpart to the H2O2 

activation strategy, a new class of metalloenzyme prodrugs that respond to elevated 

levels of nucleophilic thiols will be presented in Chapter 6.  Accordingly, this dissertation 

demonstrates the development of metalloenzyme prodrugs that are activated under 

either oxidative or reductive conditions. 
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Chapter 2.  Applying Ester-Based Prodrug Strategies to Metalloenzyme Inhibitors 
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2.1 Development of Conventional Esterase-Responsive MMPi 

2.1.1 Introduction 

 As discussed in detail in Chapter 1, prodrugs represent a class of 

pharmaceuticals that are particularly useful in overcoming barriers associated with drug 

formulation and delivery.  Many functional groups that confer potency toward intended 

targets carry liabilities associated with poor drug properties when administered in vivo.1,2  

To overcome these issues, a prodrug approach can be applied whereby the problematic 

functionality is appended with a stimulus-sensitive promoiety.  This promoiety is carefully 

selected such that the new prodrug can overcome the barriers associated with the active 

drug.  

 The most common prodrug approach to delivery pharmacologically potent 

compounds is through esterase bioconversion.2  The esterases involved in drug 

metabolism are mainly localized in the liver; among these are carboxyl- and butyryl-

cholinesterase, which can recognize compounds containing acyl groups as substrates.3-5  

Ester-based prodrugs have been previously shown to improve the properties of small-

molecule drugs including stability, membrane permeability, and oral bioavailability since 

they effectively mask polar moieties with a nonpolar ester bond.5  For example, a simple 

esterification of acyclovir with L-valine to generate valacyclovir, a FDA-approved antiviral 

drug (Table 1-1), improves bioavailability from 12-20% to ~54%.1  Prodrugs containing 

ester-based promoieties are generally easy to synthesize, further adding to the appeal of 

this approach.  Many ester prodrugs mask carboxylic acids and 

phosphates/phosphonates, with fewer accounts documenting their use to release 

hydroxyl and phenolic moieties upon hydrolysis.  In the latter cases, the alcohol is 
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directly esterified, and esterase bioconversion leads to the release of the drug containing 

the hydroxyl functionality. 

 Metalloenzyme inhibitors are a class of compounds that can greatly benefit from 

a prodrug approach.  In fact, the most clinically successful FDA-approved 

metalloenzyme-targeted therapeutics are prodrugs of angiotensin converting enzyme 

(ACE) inhibitors (Figure 2-1).1,2  ACE is a Zn2+-dependent peptidase involved in the 

regulation of vascular resistance, and a series of potent ACE inhibitors containing a 

carboxylic or phosphinic acid MBP were developed for the treatment of hypertension and 

congestive heart failure.2   However, these drugs suffered from limited bioavailability with 

the poor PK properties of the carboxylates/phospinate MBP determined to be the 

cause.6  It was reasoned that modification of these functionalities with esterase-

responsive promoieties would attenuate drug properties.  Indeed, alkyl ester-modified 

prodrugs of ACE inhibitors effectively showed an increase in bioavailability and upon 

absorption, the proinhibitors are hydrolyzed by esterases to release the active MBP that 

can effectively bind the catalytic Zn2+ ion.6,7 

 Other reports of metalloenzyme proinhibitor development include MMPi.8-12  As 

stated in Chapter 1, the overexpression and misregulation of MMPs implicates these 

proteases in a number of pathologies including arthritis and tumor cell metastasis. 

Broad-spectrum and isoform-selective MMPi have had limited clinical success due, in 

part, to undesired side effects from off-target inhibition and poor bioavailability.13,14  Thus, 

MMPi stand to benefit from a prodrug strategy.  For this reason, MMPs were chosen as 

the targets of interest for proof-of-concept studies regarding esterase activation of 

hydroxyl functionalities.  
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Figure 2-1.  Structure of FDA-approved ACE inhibitor prodrugs.  Promoieties are 
highlighted in red. 
 

 The present study was designed to determine if traditional prodrug strategies for 

esterase-triggered release of alcohols could be applied to MMPi.  Here, two distinct 

MBPs, 1-Hydroxypyridin-2(1H)-one (1,2-HOPO) and 3-Hydroxy-2-methyl-4-pyrone 

(maltol), were directly acetylated to inactivate the metal-binding ability of the compound 

to generate compounds 1 and 2 (Figure 2-2).  This study aimed to assess whether or not 

direct acetylation of distinct MBPs attenuates metal binding in the absence or presence 

of esterase.  These MBPs were chosen since they are the basic unit of two potent MMPi, 

1,2-HOPO-2 and PY-2 (Figure 2-3). 
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Figure 2-2.  Structures of MBPs 1,2-HOPO, maltol, and their corresponding ester 
proMBPs, 1 and 2. 
 

 

 

Figure 2-3.  Structures of MMPi 1,2-HOPO-2, PY-2, and their corresponding ester 
proinhibitors 3 and 4. 
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2.1.2  Results and Discussion 

2.1.2.A Assessment of Ester-Responsive Triggers 

  The successful development of ester-based prodrugs of ACE inhibitors validated 

that the metal binding affinity of a metalloenzyme inhibitor could be tuned with an 

esterase-responsive promoiety.  However, these prodrugs mask a carboxylic acid, a 

functional group known to have a weak metal binding ability.  To investigate the scope of 

this approach for more effective MBPs, a simple acetate promoiety was appended to the 

hydroxyl functional group of two compounds that are the basic building units of potent 

MMPi, 1,2-HOPO and maltol.   

The synthesis of 1-2 was relatively high yielding using acetic anhydride and 

acetic acid (Scheme 2-1).  The reactivity of compounds 1-2 with esterase was analyzed 

by UV-Vis absorption spectroscopy.  Upon addition of porcine liver esterase (PLE), the 

absorbance of the reaction mixture was monitored.  The emergence of a new spectrum 

with a λmax coinciding that that of the parent MBP (312 nm for 1,2-HOPO and 272 for 

maltol) was observed with a clear isosbestic point, indicating conversion to the 

respective MBP (Figures 2-4 and 2-5). 
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Scheme 2-1.  Synthesis of proMBPs 1-2. 

 

Figure 2-4.  Absorbance spectra of 1 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of porcine liver esterase (PLE, 4 U) monitored every 30 sec for 30 min.  The 
dashed line represents the initial spectrum and an authentic sample of 1,2-HOPO is 
shown in red.  The arrows indicate changes in spectra over time. 
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Figure 2-5.  Absorbance spectra of 2 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of PLE (4 U) monitored every 30 sec for 30 min.  The dashed line represents 
the initial spectrum and an authentic sample of maltol is shown in red.  The arrows 
indicate changes in spectra over time. 
 

2.1.2.B Applying Ester Triggers to Full-Length MMP Inhibitors 

The esterase-responsive acetate promoiety was then appended to the hydroxyl 

group of 1,2-HOPO-2 and PY-2 to generate full-length MMP proinhibitors (proMMPi).  

The synthesis of MMP proinhibitors containing the esterase-responsive promoiety was 

performed in the same manner as the proMBPs (Scheme 2-2).  Conversion of the 

proMMPi was monitored via analytical HPLC, due to spectral overlap between 

proinhibitors and parent inhibitors observed via UV-Vis spectroscopy.  Analytical HPLC 

confirmed that this approach was readily translated to MMPi containing the 

hydroxypyrone-based MBP in 4 (Figure 2-6).   
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Scheme 2-2.  Synthesis of MMP proinhibitors 3-4. 

 

 

Figure 2-6.  HPLC traces of PY-2 (red), 4 (black) and 4 after treatment with PLE for 1 h 
(blue).  The retention time of 4 + PLE matches that of an authentic sample of PY-2 (RT = 
15.4 min), indicative of deprotection. 
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However, unlike 4, 3 was unstable under simulated physiological conditions (50 

mM HEPES, pH 7.4) where even in the absence of esterase, 3 showed complete 

hydrolysis to 1,2-HOPO-2 over 24 h.  Under these same conditions, only 35% of 4 was 

hydrolyzed to PY-2.  The instability of 3 can partially be explained by the resonance 

character of the 1,2-HOPO MBP (Scheme 2-3).  The chemical structures of 1,2-HOPO-

based proMBPs are essentially locked in the non-aromatic resonance form.  Upon 

deactylation, the MBP can re-establish aromaticity via resonance, which is likely the 

driving force for the deprotection reaction.  Maltol, on the other hand, does not have an 

aromatic resonance structure, and does not undergo notable spontaneous deprotection 

in an aqueous environment.  Collectively, these data demonstrate that an acetylation 

prodrug strategy is not widely applicable for all metalloenzyme proinhibitors, and is 

limited based on the nature of the MBP. 

 

 

Scheme 2-3.  The asymmetric distribution of electrons in 1,2-HOPO analogs such as 1 
can partially explain instability.  The carbon-oxygen sigma bond is weakened due to 
electron polarization, leading to an increased dipole on the carbon of the carbonyl bond.  
In the presence of a nucleophile (Nu), the unstable bond is readily cleaved to release the 
MBP, which can then access a more favorable, aromatic resonance form in solution. 
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MMP activity assays utilizing a cleavable Förster resonance energy transfer (FRET) 

substrate were performed.  Compound 4 was tested at a concentration close the IC50 of 

the active parent molecule PY-2 for MMP-8 (IC50 = 248 nM) and for MMP-12 (IC50 = 85 

nM).  Before treatment with PLE, compound 4 showed essentially no inhibition against 

MMP-8 and MMP-12; however, upon addition of PLE (50 U) the percent inhibition 

increased to 41±4% and 45±7% for MMP-8 and MMP-12, respectively.  This increase is 

indicative of complete activation to PY-2, consistent with the HPLC analysis (Figure 2-7). 

 

 

Figure 2-7.  Inhibition assay results for 4 against MMP-8 and MMP-12 in the absence 
(white bars) and in the presence (red bars) of esterase (50 U) after 1 h incubation at RT.  
Compound 4 was tested at a concentration of 248 nM for MMP-8 and 85 nM for MMP-
12, to match the IC5o of parent compound PY-2.  
 

 The aforementioned studies demonstrate that the traditional prodrug approach of 

esterase-triggered release could be applied to MMPi employing certain hydroxyl-based 

MBPs.  The acetylation of MBPs proved to be facile and the deprotection to release the 
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parent MBP was readily observed.  However, MMPi containing the 1,2-HOPO-based 

MBP are not amenable to this prodrug approach due to aqueous instability, 

demonstrating a drawback of this approach.  Compound 4, containing the hydroxypyrone 

MBP, is much more stable in aqueous conditions and is rapidly cleaved in the presence 

of esterase to generate the active inhibitor.  These results were validated with 

biochemical assays, showing that esterase-responsive prodrugs can be an effective 

class of proMMPi. 

 

2.2 Investigation of Hydrogen Peroxide-Responsive Sulfonate Ester Promoieties 

2.2.1 Introduction 

 Reactive oxygen species (ROS) encompass a wide array of endogenously 

produced intermediates that directly result from oxygen metabolism in biological 

systems.15,16  The chemical biology of ROS, especially hydrogen peroxide, is rather 

complex, as recent studies show that the controlled generation of H2O2 is necessary to 

maintain cellular functions such as growth, proliferation, and immune system function.17-

20  However, misregulation of ROS production can lead to significant oxidative damage 

due to the inability of cells to effectively manage oxidation-reduction equilibrium.17,20  

Indeed, H2O2 is a major ROS byproduct and has been studied as a common indicator for 

oxidative stress in a number of pathologies including cancer, cardiovascular disease, 

neurodegenerative diseases, and diabetes.21-24  Thus, H2O2 can be exploited for 

therapeutic targeting since its concentration in disease states, such as cancer, can 

exceed 50 µM.25 

 To elucidate the complex biological roles of ROS, several fluorescent probes 

have been developed for real-time, noninvasive monitoring of ROS in biological systems.  
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Appendage of a ROS-sensitive protecting group to an active fluorophore such as 

fluorescein effectively quenches the fluorescence; in the presence of ROS, the protecting 

group cleaves, and fluorescence is re-established.  By generating H2O2-responsive 

prodrugs that contain promoieties borrowed from the fluorescent probe literature, a latent 

therapeutic agent can be activated site-specifically in areas of high oxidative stress.  A 

series of H2O2-activated fluorescent probes have been developed employing sulfonate 

ester promoieties (Figure 2-7).26,27  Covalent modification of the phenolic moieties of 

fluorescein and its derivatives with a sulfonate ester locks the compounds in the lactone 

form, which are nonfluorescent.  Upon treatment of the probes with H2O2, the sulfonate 

ester is cleaved and a spontaneous cascade reaction occurs to release the active 

fluorophore in the carboxylic acid form.  
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Figure 2-8. Fluorescent probes containing sulfonate ester H2O2-sensitive promoieties.  
A) The first of the reported probes relies on a single modification of fluorescein with a 
pentafluorobenzene sulfonate ester and one acetate group.26  B) An additional set of 
probes is doubly modified at both the 3 and 11 positions with sulfonate ester promoieties 
to generate a H2O2-sensitive fluorescent probe.27 
 
 
 To determine if metalloenzyme inhibitors are amenable to a prodrug approach 

employing H2O2-sensitive sulfonate ester promoieties, MMPs were chosen as targets of 

interest.  As discussed in Chapter 1, MMPs are initially secreted as zymogens and 

become activated by a variety of pathways through proteolytic cleavage of the 

propeptide domain by MMPs, other proteases, or by ROS.28,29  Owing to the ability of 

MMPs to cleave proteins in the extracellular matrix, overexpression and misregulation of 

MMPs is associated with a variety of pathologic disorders.  Of particular note is MMP 

activation associated with stroke, which is a leading cause of disablement and death.30,31  
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In stroke, the inflammatory response induced by ischemia initiates the formation of ROS, 

which activates MMPs and can lead to the breakdown of the blood-brain barrier (BBB), 

resulting in cell death and tissue damage.30-33  The association of ROS with MMP 

activation after ischemia has generated interest in using MMPi to treat reperfusion injury 

associated with stroke.34  It has been shown that MMP inhibition with broad-spectrum 

inhibitors upon the onset of stroke can reduce the ischemic-related brain injury.33,35,36  

Because MMPs have normal physiological roles, systemic inhibition is undesirable.  

Thus, proMMPi containing H2O2-sensitive promoieties could be useful in the context of 

producing a targeted therapeutic. 

 Studies by Maeda and coworkers on H2O2-activated fluorescent probes prompted 

the use of sulfonate ester promoieties for proMMPi that could be cleaved under 

conditions of oxidative stress.  The study described below was designed to validate that 

various sulfonate ester-based proMBPs could be readily developed for activation with 

H2O2.  Four different MBPs employing oxygen donor atoms were selected for this study 

and the ability of H2O2 to liberate the MBPs was assessed.  Suitable candidates were 

developed into full-length proMMPi that show increased potency against MMP-12 in the 

presence of H2O2. 

 

2.2.2  Results and Discussion 

2.2.2.A Assessment of Sulfonate Ester-Responsive Triggers 

The sensitivity of proMBPs containing sulfonate ester promoieties to H2O2 was 

examined.  Four distinct MBPs (1,2-HOPO; maltol; 3-Hydroxy-1,2-dimethylpyridin-4(1H)-

one, 3,4-HOPO; and 2-Hydroxy-2,4,6-cycloheptatrien-1-one, tropolone) were combined 

with a variety of aryl sulfonyl chlorides, containing both electron donating and electron 
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withdrawing groups, to generate proMBPs with sulfonate ester promoieties.  The 

synthesis of 5-8 was straightforward using pyridine and the corresponding sulfonyl 

chloride.  It should be noted that syntheses were high-yielding with the exception of nitro-

containing derivatives.  The reactivity of compounds 5-8 with H2O2 was analyzed by UV-

Vis absorption spectroscopy under simulated physiological conditions (50 mM HEPES, 

pH 7.5).  Excess hydrogen peroxide (18 equiv) was added and the change in 

absorbance was monitored over time.  The emergence of a new absorbance spectrum 

with a λmax coinciding with that of the parent MBP was observed only for 5a-e, indicating 

complete conversion to 1,2-HOPO (Figures 2-8 and 2-9).  All other proMBPs did not 

cleave with an excess of H2O2 (Figures 2-10, 2-11, and 2-12). 
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Scheme 2-4.  Synthesis of proMBPs containing various sulfonate ester promoieties.  
Reagents and conditions: (i) RSO2Cl, pyridine, 0 °C-RT, 18 h. 
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Figure 2-9.  Absorbance spectra of 5a (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (900 µM, 18 equiv) monitored every 5 min for 1 h.  The dashed line 
represents the initial spectrum and an authentic sample of 1,2-HOPO is shown in red.  
The arrows indicate changes in spectra over time. 
 

  

Figure 2-10.  Absorbance spectra of 5e (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (900 µM, 18 equiv) monitored every 5 min for 1 h.  The dashed line 
represents the initial spectrum and an authentic sample of 1,2-HOPO is shown in red.  
The arrows indicate changes in spectra over time. 
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Figure 2-11. Absorbance spectra of 6a (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (900 µM, 18 equiv) monitored every 5 min for 1 h.  
 

 

Figure 2-12. Absorbance spectra of 7a (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (900 µM, 18 equiv) monitored every 5 min for 1 h.  
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Figure 2-13. Absorbance spectra of 8a (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (900 µM, 18 equiv) monitored every 5 min for 1 h.  
 

The fact that only 1,2-HOPO-derived MBPs (5a-5e) out of 17 compounds cleaved 

in the presence of H2O2 strongly suggests that the N-O group of this MBP is essential for 

the observed reactivity.  Representative absorption spectra for 5 (Figures 2-8 and 2-9) 

clearly show a decrease in absorbance at 298 nm over time with a gradual increase in 

absorbance at 312 nm, indicating the emergence of 1,2-HOPO.  Similarly, treatment of 

5b with H2O2 resulted in nearly identical spectra as 5a, whereas 5c and showed rapid 

hydrolysis upon the addition of H2O2 (data not shown).  It should be noted that the 

absorption spectra of 5d were not readily interpreted, due to the overlapping absorption 

profiles of the proMBP and 1,2-HOPO; however, thin-layer chromatography showed the 

emergence of the free MBP demonstrating rapid hydrolytic cleavage, even in the 

absence of H2O2.   
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Taken together, these findings prompted the synthesis of 5e, a more water-

soluble alternative to 5c, containing an electron withdrawing carboxylic acid in the para 

position to the sulfonate ester.  A substantial increase in solubility in buffered solution 

was noted, and the cleavage behavior was similar to the other proMBPs of 5, with a 

dramatic decrease in absorbance at the λmax of 5e (288 nm) and subsequent increase in 

absorbance at 312 nm, indicative of cleavage, after H2O2 treatment (Figure 2-9).    

Similar to the findings from the esterase-activated proMBPs in section 2.A, this result 

can likely be explained by the resonance structures of 1,2-HOPO, demonstrating that 

this approach cannot be broadly applied to metalloenzyme inhibitors (Scheme 2-3).  The 

reactivity of 5a-e with H2O2 is likely enhanced by the driving force of re-establishing 

aromatic character of the free MBP.   

To test the hydrolytic stability of the sulfonate ester proMBPs in buffer, absorption 

spectra for 5a, 5b and 5e were collected over a 24 h time period at ambient temperature.  

These stability studies showed approximately 50% cleavage of 5a and 5e in 6 h, while 

5b was ~30% cleaved after 24 h.  To quantify the rates of conversion of these three 

compounds to the parent MBP upon treatment with H2O2, pseudo first-order kinetic 

measurements were measured using UV-Vis absorption spectroscopy.  The calculated 

rate constants indicate that 5e had the fastest rate constant at 1.3 M-1s-1, whereas rate 

constants of 0.7 and 0.3 M-1s-1 were determined for 5a and 5b, respectively.  It should be 

noted that the rate constants determined do not take into account background 

hydrolysis; however, all kinetic measurements were taken over a 15-30 min time period, 

and the background hydrolysis rate is negligible during this time period.  No rate 

constants were determined for 5c or 5d as complete dissociation was observed in less 

than 3 min.  The rates of conversion for these compounds are consistent with the nature 
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of the respective substituents on the leaving groups.  Compound 5e, which contains an 

electron-withdrawing carboxylic acid group para to the sulfonate ester, dissociates the 

fastest while 5b with an electron donating methyl group in the para position had the 

slowest rate of conversion tested.  Compounds 5c and 5d containing strong electron 

withdrawing nitro groups in the para (5c) or both the para  and ortho positions (5d) were 

rapidly converted to the parent MBP upon H2O2 treatment.  These results are consistent 

with the Hammett relationship.37!

 

2.2.2.B Applying Sulfonate Ester Promoieties to Full-Length MMP Inhibitors 

Having demonstrated the ability of sulfonate esters to act as suitable promoieties 

for 1,2-HOPO, full-length proMMPi containing this functionality were developed.  The 

synthesis of MMP proinhibitors containing an H2O2-responsive sulfonate ester promoiety 

was successfully performed in the same manner as the proMBPs.  Conversion of 

proMMPi 9a and 9b in the presence of H2O2 was monitored via UV-Vis spectroscopy 

due to the noticeable differences in λmax.  Upon treatment of each compound with excess 

H2O2, the gradual decrease in absorbance at 310 nm and the corresponding increase in 

absorbance at 350 nm is clearly observed, indicative of release to the active MMPi 1,2-

HOPO-2 (Figure 2-13).  To confirm that the behavior of the proMBPs was readily 

translated to a full-length proMMPi, a control proinhibitor based on the proMBP 6 was 

synthesized to generate 10.  As expected, treatment of 10 with excess H2O2 did not 

result in cleavage of the sulfonate ester over the course of 1 h, as evidenced by 

absorption spectroscopy (data not shown).  Pseudo first-order rate constants were then 

determined for 9a and 9b with an excess of H2O2 as described for the proMBPs.  Rate 
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constants of 0.3 and 1.1 M-1s-1 were obtained for 9a and 9b, which are in good 

agreement with those determined for the proMBPs 5a and 5e.  

 

 

Scheme 2-5. Synthesis of proMMPi based on 1,2-HOPO-2. 

 

 

Scheme 2-6. Synthesis of control proMMPi based on PY-2. 
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Figure 2-14.  Absorbance spectra of 9b (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (900 µM, 18 equiv) monitored every 5 min for 1 h.  The dashed line 
represents the initial spectrum and an authentic sample of 1,2-HOPO-2 is shown in red.  
The arrows indicate changes in spectra over time. 
 

2.2.2.C MMP Inhibition Studies 

To monitor the ability of the proMMPi to inhibit MMP-12 in the presence of H2O2, 

a FRET-based MMP assay was used.38  Compounds 9a and 9b were tested at a 

concentration that match the IC50 of the active parent molecule 1,2-HOPO-2 for MMP-12 

(IC50 = 18 nM) while 10 was tested at a concentration close to the IC50 of parent 

compound PY-2 for MMP-12 (IC50 = 85 nM).  The percent inhibition of all proinhibitors 

was evaluated after a 30 min incubation with or without H2O2 at 37 °C.  Before exposure 

to H2O2, 9a and 9b were shown to exhibit approximately 20% and 30% inhibition of 

MMP-12, respectively.  This significant level of inhibition is likely due to the hydrolysis of 

these compounds to the active MMPi during the incubation period.  Also, the inhibition 

assays were performed at a higher temperature than the kinetic experiments, which may 
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result in an increase in the rate of hydrolysis and therefore lead to higher inhibition than 

otherwise expected.  However, after treatment with 100 µM H2O2, the percent inhibition 

by proinhibitors increased to ~30% and ~50% respectively, indicative of release of 1,2-

HOPO-2.  Proinhibitor 10 displayed no significant change in inhibitory activity upon 

exposure to H2O2 and served as a negative control.  It should be noted that there was 

essentially no change in inhibition for the parent inhibitors 1,2-HOPO-2 and PY-2 before 

and after treatment with H2O2, validating the stability of the MMPi and protein to assay 

conditions. 

 
Figure 2-15.  Percent inhibition of MMP-12 with proinhibitors 9a, 9b, and 10 tested at 50 
nM in the absence (gray bars) and the presence (black bars) of H2O2 (100 µM) after a 30 
min incubation at RT. 
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These results provide a method to prepare proMMPi that are activated in the 

presence of ROS.  The addition of a sulfonate ester promoiety to the MBP of 

metalloenzyme inhibitors blocks the chelating ability, thereby attenuating activity. The 

sulfonate ester-based proMMPi are readily synthesized, have tunable rates of cleavage 

and can be made reasonably water solution by addition of substituents on the leaving 

group.  Unfortunately, the scope of this approach is limited to inhibitors employing the 

1,2-HOPO MBP for which hydrolytic stability remains a significant drawback, even for 

use with this MBP. 

 

2.3 Experimental 

General Experimental Details:  All chemicals were purchased from commercial 

suppliers (Sigma-Aldrich, Acros Organics, TCI America, Fisher Scientific) and were used 

without further purification.  All reactions were carried out under N2 in oven-dried 

glassware.  E. Merck silica gel (60, particle size 0.040-0.063 mm) was used for flash 

chromatography.   NMR spectra were recorded on a Varian FT 400 MHz or Jeoul 500 

MHz NMR instrument.  Mass spectrometry (MS) was performed at the Molecular Mass 

Spectrometry Facility (MMSF) in the Department of Chemistry and Biochemistry at the 

University of California, San Diego.  Elemental analysis was performed by NuMega 

Resonance Labs, San Diego. 

 

2.3.1 Experimental for Section 2.1 

2-Oxopyridin-1(2H)-yl acetate (1).  1-Hydroxypyridin-2(1H)-one (1,2-HOPO) (0.20 g, 

1.8 mmol) was dissolved in acetic anhydride (15 mL, 158.9 mmol), followed by addition 

of glacial acetic acid (3 mL, 52.4 mmol).  The reaction was heated at 80 °C for 18 h.  The 
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solution was concentrated via rotary evaporation and the resulting residue was dissolved 

in CH2Cl2 (20 mL) and washed with brine (2 × 20 mL).  The organic layer was collected, 

dried over MgSO4, and filtered.  Co-evaporation with MeOH afforded 1 in 64% yield (0.18 

g, 1.2 mmol).  1H NMR (400 MHz, CDCl3)  δ 7.45 (d, J = 5.6 Hz, 1H), 7.19 (d, J = 5.6 Hz, 

1H), 2.36 (s, 3H), 2.27 (s, 3H).  13C NMR (100 MHz, CDCl3)  δ 166.7, 146.4, 139.6, 

135.4, 123.1, 105.3, 18.2.  ESI-MS(+): m/z 153.89 [M+H]+, 175.94 [M+Na]+.  

 

2-Methyl-4-oxo-4H-pyran-3-yl acetate (2).  3-Hydroxy-2-methyl-4H-pyran-4-one 

(maltol) (0.20 g, 1.6 mmol) was dissolved in acetic anhydride (15 mL, 158.9 mmol) 

followed by addition of glacial acetic acid (3 mL, 52.4 mmol), and the reaction was 

heated at 80 °C for 18 h.  The solution was concentrated via rotary evaporation and the 

resulting residue was dissolved in CH2Cl2 (20 mL) and washed with brine (2 × 20 mL).  

The organic layer was collected, dried over MgSO4, and filtered.  Co-evaporation with 

MeOH afforded 2 in 84% yield (0.23 g, 1.3 mmol).  1H NMR (400 MHz, CDCl3)  δ 7.67 (d, 

J = 6.0 Hz, 1H), 6.41 (d, J = 6.0 Hz, 1H), 2.34  (s, 3H), 2.26 (s, 3H).  13C NMR (100 MHz, 

CDCl3)  δ 172.2, 167.7, 159.3, 154.5, 138.8, 117.0, 20.5, 12.5.  ESI-MS(+):  m/z 168.95 

[M+H]+, 191.02 [M+Na]+.  

 

6-(([1,1'-Biphenyl]-4-ylmethyl)carbamoyl)-2-oxopyridin-1(2H)-yl acetate (3). 1,2-

HOPO-239 (0.10 g, 0.3 mmol) was dissolved in acetic anhydride (15 mL, 158.9 mmol) 

followed by addition of glacial acetic acid (3 mL, 52.4 mmol), and the reaction was 

heated at 80 °C for 18 h.  The solution was concentrated via rotary evaporation and the 

resulting residue was dissolved in CH2Cl2 (20 mL) and washed with brine (2 × 20 mL).  

The organic layer was collected, dried over MgSO4, and filtered.  The resulting residue 
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was purified via silica gel chromatography eluting 70% EtOAc in hexanes to afford 3 in 

76% yield (0.09 g, 0.2 mmol).  1H NMR (400 MHz, DMSO-d6)  δ 7.61-7.30 (m, 10H), 6.70 

(d, J = 9.2 Hz, 1H), 6.56 (d, J = 6.5 Hz, 1H), 4.50 (s, 2H), 2.17 (s, 3H).  13C NMR (100 

MHz, CDCl3)  δ 166.2, 160.4, 158.0, 141.3, 140.7, 140.5, 140.0, 137.1, 128.7, 128.1, 

127.2, 127.0, 122.9, 106.2, 42.9, 16.3.  ESI-MS (+): m/z 384.98 [M+Na]+.  

 

2-(([1,1'-Biphenyl]-4-ylmethyl)carbamoyl)-4-oxo-4H-pyran-3-yl acetate (4). PY-239 

(0.05 g, 0.2 mmol) was dissolved in acetic anhydride (15 mL, 158.9 mmol) followed by 

addition of glacial acetic acid (3 mL, 52.4 mmol), and the reaction was heated at 80 °C 

for 18 h.  The solution was concentrated via rotary evaporation and the resulting residue 

was dissolved in CH2Cl2 (20 mL) and washed with brine (2 × 20 mL).  The organic layer 

was collected, dried over MgSO4, and filtered.  The resulting residue was purified via 

silica gel chromatography eluting 70% EtOAc in hexanes to afford 4 in 37% yield (0.02 g, 

0.06 mmol).  1H NMR (400 MHz, DMSO-d6)  δ 9.48 (s, 1H), 8.29 (d, J = 5.6 Hz, 1H), 

7.65-7.63 (m, 4H), 7.45-7.35 (m, 5H), 6.62 (d, J = 5.6 Hz, 1H), 4.68 (d, J = 6.0 Hz, 2H), 

2.23 (s, 3H).  13C NMR (100 MHz, DMSO-d6)  δ 173.0, 167.9, 158.4, 156.6, 149.7, 140.5, 

139.7, 138.2, 129.6, 128.6, 128.0, 127.4, 127.2, 117.5, 42.7, 20.7.  HRMS calcd for 

C21H17NO5Na: 386.0999; Found: 386.1000. 

 

UV-Vis Spectroscopy.  Absorption spectra were collected on a Perkin-Elmer Lambda 

25 UV-visible spectrophotometer. To a 1.0 mL solution at 0.05 mM concentration in 

HEPES buffer (50 mM, pH 7.5) was added PLE (4 U). Spectra were monitored over time 

at room temperature. The dashed curve represents the initial absorbance spectrum, 

while the red curve depicts the absorbance of an authentic sample of the MBP/MMPi. 
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Absorbance curves coinciding with the unprotected red curve are indicative of the 

deprotection of the proMBP/proMMPi by esterase.  Arrows indicate the direction of 

change over time. 

 

HPLC.  Analytical HPLC was performed on a HP Series 1050 system equipped with a 

Vydac® C18 reverse phase column (218TP, 250×4.6 mm, 5 μm).  Separation was 

achieved with a flow rate of 1 mL/min and the following solvents:  solvent A is 5% MeOH 

and 0.1% formic acid in H2O and solvent B is 0.1% formic acid in MeOH.  Starting with 

95% A and 5% B, a linear gradient was run for 15 min to a final solvent mixture of 5% A 

and 95% B, which was held for 5 min before ramping back down to 95% A and 5% B in 

2 min and holding for an additional 4 min.  Compounds were prepared in HEPES buffer 

(50 mM, pH 7.5) at a concentration of 1 mM.  The retention time of PY-2 was determined 

under identical HPLC conditions prior to evaluation of esterase cleavage of the protected 

compounds. 

To evaluate the efficiency of esterase cleavage for the proMMPi, 1 mL samples 

of each compound were prepared at a concentration of 1 mM in HEPES buffer (50 mM, 

pH 7.5).  To each sample was added 50 U of PLE followed by incubation at 25 °C for 1 

h, when the sample was then analyzed. 

To evaluate the hydrolytic stability of the proMMPi, a 1.0 mL sample of each 

compound was prepared at a concentration of 1 mM in HEPES buffer (50 mM, pH 7.5) 

and a trace was obtained immediately.  This sample was incubated in the buffer solution 

for 24 h at room temperature.  A trace was then obtained and the stability percentage 

was calculated based on the difference of the area under the curve. 

Inhibition Assays. MMP-8 (catalytic domain, human, recombinant) and MMP-12 
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(catalytic domain, human, recombinant) were purchased from BIOMOL International. 

MMP activity was measured in 96-well plates using a Bio-Tek Flx800 fluorescence plate 

reader.  The protected MMPi were dissolved in DMSO to a concentration of 1 mM and 

diluted in HEPES buffer (50 mM, pH 7.5) to a concentration of 50 μM. To each sample 

was added PLE such that 50 U of protein was present.  This mixture was incubated for 1 

h at room temperature.  The esterase was removed via micro centrifugation using 10 

kDa molecular weight cut-off filters.  The filtered esterase-treated compounds were then 

added to wells at their respective IC50 values.  Each well contained 20 μL of MMP-8 or 

12 (1.82 U/mL or 0.35U/mL), 60 μL MMP assay buffer (50 mM HEPES, 10mM CaCl2, 

0.10% Brij-35, pH 7.5), and the esterase-treated MMPi (10 μL). After a 30 min incubation 

at 37 °C, a reaction was initiated with the addition of 10 μL (40 μM) of the fluorescent 

substrate (Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2) where Mca = (7-methoxycoumarin-4-

yl)-acetyl and Dpa = N-3-(2,4-dinitrophenyl)-L-α-β-diaminopropionyl)) and activity was 

monitored every 40 sec for 30 min with excitation and emission wavelengths at 335 nm 

and 405 nm, respectively.  Enzyme activity with inhibitor was calculated with respect to 

the control experiment (no inhibitor present). Measurements were performed in duplicate 

in two independent experiments. 

 

2.3.2 Experimental for Section 2.2 

General Procedure for the Synthesis of Sulfonate Ester proMBPs.  The MBP was 

dissolved in pyridine on ice.  To this was added the desired sulfonyl chloride.  The 

solution was removed from the ice bath and left stirring overnight under nitrogen while 

warming to room temperature.  Pyridine was removed by rotary evaporation and the 

resulting oil was re-dissolved in CH2Cl2 (30 mL) and washed with 1 M HCl (30 mL), water 
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(2 × 30 mL), and brine (2 × 30 mL).  The organic layer was isolated, dried over MgSO4, 

filtered, and concentrated via rotary evaporation.  The product was purified by silica gel 

chromatography eluting 1% MeOH in CH2Cl2 unless otherwise noted. 

 

2-Oxopyridin-1(2H)-yl benzenesulfonate (5a).  1,2-HOPO (1.00 g, 9.1 mmol) was 

dissolved in pyridine (75 mL) before the addition of benzenesulfonyl chloride (1.27 mL, 

10.0 mmol). 5a was obtained in 77% yield (1.75 g, 7.0 mmol).  1H NMR (400 MHz, 

CDCl3)  δ 8.02 (d, J = 8.0 Hz, 2H), 7.75 (t, J = 8.0 Hz, 1H), 7.59 (m, 3H), 7.28 (dt, J1 = 

6.9 Hz, J2 = 2.3 Hz, 1H), 6.52 (d, J = 9.8 Hz, 1H), 6.15 (t, J = 7.5 Hz, 1H).  13C NMR (100 

MHz, CDCl3)  δ 157.0, 139.7, 137.1, 136.0, 133.8, 130.0, 129.5, 123.4, 105.4.  ESI-

MS(+): m/z 252.01 [M+H]+, 273.95 [M+Na]+.  Anal. calcd for C11H9NO4S: C, 52.58; H, 

3.61; N, 5.57. Found: C, 52.21; H, 3.99; N, 5.44.   

 

2-Oxopyridin-1(2H)-yl 4-methylbenzenesulfonate (5b).  1,2-HOPO (0.50 g, 4.5 mmol) 

was dissolved in pyridine (40 mL) before the addition of p-toluenesulfonyl chloride (2.57 

g, 13.5 mmol). 5b was obtained in 89% yield (1.06 g, 4.0 mmol).  1H NMR (500 MHz, 

DMSO-d6)  δ 7.82 (d, J = 8.6 Hz, 2H), 7.75 (dd, J1 = 7.5 Hz, J2 = 1.8 Hz, 1H), 7.49 (d, J = 

8.0 Hz, 2H), 7.41 (dt, J1 = 7.5 Hz, J2 = 1.7 Hz, 1H), 6.48 (dd, J1 = 9.2 Hz, J2 = 1.8 Hz, 

1H), 6.21 (dt, J1 = 7.5 Hz, J2 = 1.8 Hz, 1H), 2.42 (s, 3H, CH3).  13C NMR (100 MHz, 

CDCl3)  δ  156.6, 148.9, 141.2, 138.1, 131.1, 130.5, 130.0, 122.9, 106.1, 22.0.  ESI-

MS(+): m/z 266.10, [M+H]+, 287.99 [M+Na]+.  Anal. calcd for C12H11NO4S: C, 54.33; H, 

4.18; N, 5.28. Found: C, 54.24; H, 4.35; N, 5.24. 

2-Oxopyridin-1(2H)-yl 4-nitrobenzenesulfonate (5c).  1,2-HOPO (0.50 g, 4.5 mmol) 

was dissolved in pyridine (40 mL) before the addition of 4-nitrobenzenesulfonyl chloride 
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(3.0 g, 13.5 mmol). 5c was obtained in 92% yield (1.23 g, 4.2 mmol).  1H NMR (500 

MHz, CDCl3)  δ 8.42 (d, J = 8.6 Hz, 2H), 8.23 (d, J = 9.2 Hz, 2H), 7.65 (dd, J1 = 7.5 Hz, 

J2 = 1.8 Hz, 1H), 7.34 (dt, J1 = 9.2 Hz, J2 = 1.7 Hz, 1H), 6.52 (d, J = 9.2 Hz, 1H), 6.22 (t, 

J = 7.7 Hz, 1H).  13C NMR (100 MHz, DMSO-d6)  δ 156.6, 152.3, 141.6, 139.4, 138.3, 

131.8, 125.6, 122.8, 106.4.  ESI-MS(+): m/z 297.28 [M+H]+, 319.02 [M+Na]+.   

 

2-Oxopyridin-1(2H)-yl 2,4-dinitrobenzenesulfonate (5d).  1,2-HOPO (0.50 g, 4.5 

mmol) was dissolved in pyridine (40 mL) before the addition of 2,4-

dinitrobenzenesulfonyl chloride (1.32 g, 5.0 mmol).  5d was obtained in 31% yield (0.48 

g, 1.4 mmol).  1H NMR (500 MHz, CDCl3)  δ 8.96 (d, J = 2.3 Hz, 1H), 8.42 (dd, J1 = 9.2 

Hz, J2 = 2.3 Hz, 1H), 7.68 (dd, J1 = 6.9 Hz, J2 = 1.7 Hz, 1H), 7.50 (dt, J1 = 7.5 Hz, J2 = 

2.3 Hz, 1H), 7.06 (d, J = 8.1 Hz, 1H), 6.82 (dd, J1 = 9.2 Hz, J2 = 1.8 Hz, 1H), 6.35 (dt, J1 

= 6.9 Hz, J2 = 1.8 Hz, 1H).  13C NMR (100 MHz, CDCl3)  δ 157.0, 155.6, 140.5, 135.1, 

129.6, 124.0, 122.9, 116.0, 106.6. 

 

4-(((2-Oxopyridin-1(2H)-yl)oxy)sulfonyl)benzoic acid (5e).  1,2-HOPO (0.21 g, 1.9 

mmol) was dissolved in pyridine (5 mL) before the addition of 4-(chlorosulfonyl) benzoic 

acid (0.62 g, 2.8 mmol).  The solvent was removed via rotary evaporation resulting in a 

yellow oil.  The addition of CH2Cl2 (5 mL) followed by the addition of EtOAc (5 mL) 

allowed for precipitation of 5e in 30% yield (0.17 g, 0.57 mmol).  1H NMR (400 MHz, 

DMSO-d6)  δ 8.18 (d, J = 8.8 Hz, 2H), 8.08 (d, J = 8.4 Hz), 7.88 (dd, J1 = 7.6 Hz, J2 = 2 

Hz), 7.45 (td, J1 = 8.2 Hz, J2 = 2 Hz, 1 H), 6.50 (dd, J1 = 9.2 Hz, J2 = 1.6 Hz, 1 H), 6.26 

(td, J1 = 7 Hz, J2 = 1.6 Hz, 1 H).  13C NMR (100 MHz, CDCl3)  δ 166.5, 156.6, 141.5, 
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138.2, 137.9, 137.3, 131.2, 130.4, 122.8, 106.2.  ESI-MS(-): m/z 294.26 [M-H]-.  Anal. 

calcd. for C12H9NO6S: C, 48.81; H, 3.07; N, 4.74. Found: C, 48.91; H, 3.37; N 4.84.   

 

2-Methyl-4-oxo-4H-pyran-3-yl benzenesulfonate (6a).  Maltol (1.00 g, 7.9 mmol) was 

dissolved in pyridine (75 mL) before the addition of benzenesulfonyl chloride (3.0 mL, 

23.7 mmol).  6a was obtained in 71% yield (1.50 g, 5.6 mmol).  1H NMR (500 MHz, 

CDCl3)  δ 8.12 (d, J = 8.6 Hz, 2H), 7.69 (t, J = 7.5 Hz, 1H), 7.65 (d, J = 5.8 Hz, 1H), 7.58 

(t, J = 8.0 Hz, 2H), 6.33 (d, J = 5.2 Hz, 1H), 2.46 (s, 3H, CH3).  13C NMR (100 MHz, 

CDCl3)  δ 172.1, 163.1, 154.3, 138.4, 136.6, 134.7, 129.2, 129.0, 117.7, 16.3.  ESI-

MS(+): m/z 267.06 [M+H]+, 289.03 [M+Na]+.  

 

2-Methyl-4-oxo-4H-pyran-3-yl 4-methylbenzenesulfonate (6b).  Maltol (0.50 g, 4.0 

mmol) was dissolved in pyridine (40 mL) before the addition of p-toluenesulfonyl chloride 

(2.27 g, 11.9 mmol). 6b was obtained in 64% yield (0.71 g, 2.5 mmol).  1H NMR (500 

MHz, CDCl3)  δ 7.99 (d, J = 8.0 Hz, 2H), 7.64 (d, J = 5.8 Hz, 1H), 7.37 (d, J = 8.0 Hz, 

2H), 6.34 (d, J = 5.8 Hz, 1H), 2.46 (s, 3H, CH3), 2.45 (s, 3H, CH3).  13C NMR (100 MHz, 

CDCl3)  δ 163.2, 154.2, 145.8, 138.4, 133.6, 129.8, 129.0, 127.2, 117.7, 22.0, 16.3.  ESI-

MS(+): m/z 281.01 [M+H]+, 303.03 [M+Na]+.   

 

2-Methyl-4-oxo-4H-pyran-3-yl 4-nitrobenzenesulfonate (6c).  Maltol (0.50 g, 4.0 

mmol) was dissolved in pyridine (15 mL) before the addition of 4-nitrobenzenesulfonyl 

chloride (0.88 g, 4.0 mmol).  6c was obtained in 58% yield (0.71 g, 2.3 mmol).  1H NMR 

(500 MHz, CDCl3)  δ 8.42 (d, J = 9.2 Hz, 2H), 8.31 (d, J = 9.2 Hz, 2H), 7.69 (d, J = 5.7 

Hz, 1H), 6.34 (d, J = 5.8 Hz, 1H), 2.53 (s, 3H, CH3).  13C NMR (100 MHz, CDCl3)  δ 
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171.8, 163.5, 154.6, 151.2, 142.3, 138.6, 130.4, 124.3, 117.6, 16.3.  ESI-MS(+): m/z 

312.06 [M+H]+. 

 

2-Methyl-4-oxo-4H-pyran-3-yl 2,4-dinitrobenzenesulfonate (6d).  Maltol (0.50 g, 4.0 

mmol) was dissolved in pyridine (40 mL) before the addition of 2,4-

dinitrobenzenesulfonyl chloride (1.58 g, 5.9 mmol).  6d was obtained in 28% yield (0.39 

g,  1.1 mmol).  1H NMR (500 MHz, CDCl3)  δ 8.72 (d, J = 2.3 Hz, 1H), 8.56 (dd, J1 = 9.2 

Hz, J2 = 2.3 Hz, 1H), 8.44 (d, J = 8.6 Hz, 1H), 7.71 (d, J = 5.8 Hz, 1H), 6.31 (d, J = 5.8 

Hz, 1H), 2.53 (s, 3H, CH3).  13C NMR (100 MHz, CDCl3)  δ 171.6, 163.3, 154.9, 139.3, 

136.4, 133.8, 126.8, 120.5, 117.5, 16.1.  ESI-MS(+): m/z 357.03 [M+H]+, 378.99 [M + 

Na]+. 

 

1,2-Dimethyl-4-oxo-1,4-dihydropyridin-3-yl benzenesulfonate (7a).  3-Hydroxy-1,2-

dimethylpyridin-4(1H)-one (3,4-HOPO) (0.50 g, 3.6 mmol) was dissolved in pyridine (40 

mL) before the addition of benzenesulfonyl chloride (0.51 mL, 4.0 mmol).  7a was 

obtained in 43% yield (0.43 g, 1.5 mmol).  1H NMR (500 MHz, CDCl3)  δ 8.19 (d, J = 6.9 

Hz, 2H), 7.66 (t, J = 7.5 Hz, 1H), 7.57 (t, J = 7.5 Hz, 2H), 7.23 (d, J = 8 Hz, 1H), 6.34 (d, 

J = 8.1 Hz, 1H), 3.63 (s, 3H), 2.49 (s, 3H, CH3).  13C NMR (100 MHz, CDCl3)  δ 171.3, 

144.8, 140.7, 139.9, 137.3, 134.3, 129.0, 128.9, 118.3, 41.8, 14.7.  ESI-MS(+): m/z 

280.09 [M+H]+. 

 

1,2-Dimethyl-4-oxo-1,4-dihydropyridin-3-yl 4-methylbenzenesulfonate (7b).  3,4-

HOPO (0.20 g, 1.4 mmol) was dissolved in pyridine (10 mL) before the addition of p-

toluenesulfonyl chloride (0.82 g, 4.3 mmol).  7b was obtained in 86% yield (0.35 g, 1.2 
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mmol).  1H NMR (500 MHz, CDCl3)  δ 7.99 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 7.6 Hz, 1H), 

7.33 (d, J = 8 Hz, 2H), 6.40 (d , J = 7.2 Hz, 1H), 3.64 (s, 3H), 2.42 (s, 3H), 2.41 (s, 3H).  

13C NMR (100 MHz, CDCl3)  δ 170.71, 145.67, 145.54, 141.48, 134.07, 129.72, 128.96, 

126.07, 117.53, 42.25, 22.00, 14.7.  ESI-MS(+): m/z 294.05 [M+H]+, 315.97 [M+Na]+. 

 

1,2-Dimethyl-4-oxo-1,4-dihydropyridin-3-yl 4-nitrobenzenesulfonate (7c).  3,4-

HOPO (0.20 g, 1.5 mmol) was dissolved in pyridine (10 mL) before the addition of 4-

nitrobenzenesulfonyl chloride (0.50 g, 2.2 mmol).  7c was obtained in 50% yield (0.23 g, 

0.7 mmol).  1H NMR (400 MHz, CDCl3)  δ 8.41-8.34 (m, 4H), 7.26 (d, J = 7.6 Hz, 1H), 

6.33 (d, J = 7.6 Hz, 1H), 3.67 (s, 3H), 2.53 (s, 3H).  13C NMR (100 MHz, CDCl3)  δ 170.9, 

150.9, 144.9, 143.2, 140.9, 140.1, 130.4, 124.0, 118.4, 41.9, 14.6.  ESI-MS(+): m/z 

325.11 [M+H]+, 346.96 [M+Na]+. 

 

1,2-Dimethyl-4-oxo-1,4-dihydropyridin-3-yl 2,4-dinitrobenzenesulfonate (7d).  3,4-

HOPO (0.10 g, 0.73 mmol) was dissolved in pyridine (10 mL) before the addition of  2,4-

dinitrobenzenesulfonyl chloride (0.3 g, 1.1 mmol).  7d was obtained in 23% yield (0.07 g, 

0.2 mmol).  1H NMR (400 MHz, CDCl3)  δ 8.83 (d, J = 2.8 Hz 1H), 8.37 (dd, J1 = 9.6 Hz, 

J2 = 2.8 Hz, 1 H), 7.82 (d, J = 7.6 Hz, 1 H), 7.03 (d, J = 9.2 Hz, 1 H), 6.25 (d, J = 7.6 Hz, 

1 H), 3.68 (s, 3H), 2.31 (s, 3H).  13C NMR (100 MHz, CDCl3)  δ 169.4, 155.0, 144.0, 

142.6, 141.4, 140.8, 138.54, 129.7, 122.2, 118.2, 116.8, 59.6, 13.3. 

 

7-Oxocyclohepta-1,3,5-trien-1-yl benzenesulfonate (8a).  2-Hydroxycyclohepta-2,4,6-

trienone (Tropolone) (0.20 g, 1.7 mmol) was dissolved in pyridine (5 mL) before the 

addition of benzenesulfonyl chloride (0.63 mL, 4.9 mmol). 8a in 76% yield (0.33 g, 1.3 
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mmol).  1H NMR (400 MHz, DMSO-d6)  δ 7.95 (d, J = 7.6 Hz, 2H), 7.80 (t, J = 7.6 Hz, 

1H), 7.67 (t, J = 8.0 Hz, 2H), 7.43-7.37 (m, 2H), 7.25 (t, J = 8.4 Hz, 1H), 7.14-7.09 (m, 

2H).  13C NMR (100 MHz, CDCl3)  δ 179.2, 154.8, 141.2, 138.2, 136.4, 136.3, 135.6, 

132.0, 131.0, 130.3, 128.8.  ESI-MS(+): m/z 262.97 [M+H]+, 279.72 [M+NH4]+, 284.99 

[M+Na]+. 

 

7-Oxocyclohepta-1,3,5-trien-1-yl 4-methylbenzenesulfonate (8b).  Tropolone (0.20 g, 

1.7 mmol) was dissolved in pyridine (10 mL) before the addition of p-toluenesulfonyl 

chloride (0.41 g, 2.0 mmol).  8b was obtained in 63% yield (0.04 g, 0.1 mmol).  1H NMR 

(400 MHz, CDCl3)  δ 7.92 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 9.2 Hz, 1H), 7.35 (d, J = 8.4 

Hz, 2H), 7.26-7.16 (m, 2H), 7.13-7.06 (m, 1H), 6.98 (t, J = 10 Hz, 1H),  2.45 (s, 3H).  13C 

(125 MHz, CDCl3)  δ 179.41, 155.15, 145.50, 141.23, 136.32, 134.61, 133.41, 130.81, 

130.00, 129.60, 128.59, 21.78.  ESI-MS(+): m/z 277.21 [M+H]+, 293.99 [M+NH4]+. 

 

7-Oxocyclohepta-1,3,5-trien-1-yl 4-nitrobenzenesulfonate (8c).  Tropolone (0.20 g, 

1.7 mmol) was dissolved in pyridine (5 mL) before the addition of 4-nitrobenzenesulfonyl 

chloride (1.1 g, 4.9 mmol).  Upon completion, the addition of 10 mL of water allowed for 

precipitation of 8c in 71% yield (0.38 g, 1.2 mmol) without the need for further 

purification.  1H NMR (400 MHz, DMSO-d6)  δ 8.45 (d, J = 8.8 Hz, 2H), 8.22 (d, J = 8.8 

Hz, 2H), 7.52 (d, J = 9.2 Hz, 1H), 7,46 (dd, J1 = 10.2 Hz, J2 = 3.6 Hz, 1 H), 7.31 (dd, J1 = 

9.8 Hz, J2 = 2 Hz, 1 H), 7.15 (dd, J1 = 10.6 Hz, J2 = 3.6 Hz, 1 H).  13C (100 MHz, CDCl3)  

δ  179.1, 154.9, 151.5, 142.0, 141.3, 138.6, 136.9, 132.1, 131.5, 130.4, 125.4.  ESI-

MS(+): m/z 308.01 [M+H]+, 324.73 [M+NH4]+. 
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7-Oxocyclohepta-1,3,5-trien-1-yl 2,4-dinitrobenzenesulfonate (8d).  Tropolone (0.20 

g, 1.7 mmol) was dissolved in pyridine (10 mL) before the addition of 2,4-

dinitrobenzenesulfonyl chloride (0.54 g, 2.0 mmol).  8d  was obtained in 6% Yield (0.04 

g, 0.1 mmol).  1H NMR (400 MHz, DMSO-d6)  δ 9.00 (d, J = 2.4 Hz 1H), 8.66 (dd, J1 = 

8.8 Hz, J2 = 2.4 Hz, 1 H), 8.38 (d, J = 8.8 Hz 1H), 7.66 (d, J = 9.6 Hz 1H), 7.50 (td, J1 = 

8.4 Hz, J2 = 3.6 Hz, J3 = 1.2 Hz, 1 H), 7.35 (td, J1 = 8.4 Hz, J2 = 2.4 Hz, 1 H), 7.20-7.15 

(m, 2H).  13C (125 MHz, DMSO-d6)  δ 178.7, 155.3, 151.2, 147.9, 141.0, 138.8, 137.1, 

134.6, 133.2, 131.9, 131.6, 127.9, 121.1.  ESI-MS(+): m/z 353.15 [M+H]+, 375.11 

[M+Na]+. 

 

6-(([1,1'-Biphenyl]-4-ylmethyl)carbamoyl)-2-oxopyridin-1(2H)-yl benzenesulfonate 

(9a).  1,2-HOPO-2 (0.05 g, 0.16 mmol) was dissolved in pyridine (3 mL).  To this was 

added benzenesulfonyl chloride (60 µL, 0.5 mmol).  The reaction occurred at room 

temperature overnight.  After 16 h, the solvent was removed via rotary evaporation 

resulting in an orange oil which was dissolved in CH2Cl2 (30 mL) and washed once with 

1 M HCl  (2 × 30 mL) followed by brine (2 × 30 mL).  The organic layer was collected, 

dried over MgSO4, filtered and concentrated.  The crude product was purified on a silica 

gel column eluting 1% MeOH in CH2Cl2 to afford 1a in 67% yield (0.05 g, 0.1 mmol).  1H 

NMR (400 MHz, CDCl3)  δ 8.01 (d, J = 7.6 Hz, 2H), 7.76 (t, J = 7.6 Hz, 1 H), 7.61 (m, 

6H), 7.47 (m, 4H), 7.38-7.31 (m, 2H), 6.62 (d, J = 8.0 Hz, 1H), 6.57 (d, J = 6.4 Hz, 1H), 

4.63 (d, J = 5.2 Hz, 2H).  13C (100 MHz, CDCl3)  δ 159.2, 157.0, 142.7, 141.2, 140.8, 

138.9, 136.0, 134.5, 129.9, 129.5, 129.1, 128.9, 127.8, 127.7, 127.3, 125.2, 107.6, 44.5.  

ESI-MS(+): m/z 461.13 [M+H]+, 483.13 [M+Na]+.  Anal. calcd for C25H20N2O5S ⋅ 0.5 H2O: 

C, 63.95; H, 4.51; N, 5.99.  Found: C, 63.68; H, 5.14; N, 5.99. 
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4-(((6-(([1,1'-Biphenyl]-4-ylmethyl)carbamoyl)-2-oxopyridin-1(2H) yl)oxy)sulfonyl) 

benzoic acid (9b).  1,2-HOPO-2 (0.20 g, 0.6 mmol) was dissolved in pyridine (5 mL).   

To this was added 4-(chlorosulfonyl) benzoic acid (0.21 g, 1.0 mmol).  The reaction 

occurred at room temperature overnight.  The solvent was removed via rotary 

evaporation.  The addition of CH2Cl2 (5 mL) followed by the addition of EtOAc (5 mL) 

allowed for precipitation of 9b in 14% yield (0.04g, 0.08 mmol).  1H NMR (400 MHz, 

DMSO-d6)  δ 9.36 (t, J = 5.6 Hz, 1H, NH), 8.18 (d, J = 8.8 Hz, 2H), 8.06 (d, J = 8.8 Hz, 

2H), 7.66-7.61 (m, 4H), 7.53 (dd, J1 = 7.8 Hz, J2 = 2.8 Hz, 1H), 7.45 (t, J = 7.6 Hz, 2H), 

7.38-7.33 (m, 3H), 6.67 (dd, J1 = 9.2 Hz, J2 = 1.6 Hz, 1H), 6.47 (dd, J1 = 6.4 Hz, J2 = 1.2 

Hz, 1H), 4.27 (d, J = 5.6 Hz, 2H).  13C NMR (100 MHz, DMSO-d6)  δ 166.6, 159.5, 156.9, 

143.2, 140.6, 140.5, 139.7, 138.3, 138.0, 137.6, 131.0, 130.1, 129.6, 128.7, 128.1, 

127.3, 127.3, 124.2, 107.1, 43.1.  ESI-MS(-): m/z 502.89 [M-H]-.  Anal. calcd for 

C26H20N2O7S ⋅ 0.25 HCl: C, 60.80; H, 3.97; N, 5.45.  Found: C, 60.92; H, 4.30; N, 5.73. 

 

2-(([1,1'-Biphenyl]-4-ylmethyl)carbamoyl)-4-oxo-4H-pyran-3-yl benzenesulfonate 

(10).  PY-2 (0.20 g, 0.6 mmoL) was dissolved in pyridine (15 mL).  To this was added 

benzenesulfonyl chloride (240 µL, 1.8 mmol) and the reaction was held at room 

temperature overnight.  After 16 h, the solvent was removed via rotary evaporation 

resulting in a red oil which was dissolved in CH2Cl2 (30 mL) and washed once with 1 M 

HCl (30 mL) followed by brine (2 × 30 mL).  The organic layer was isolated, dried over 

MgSO4, filtered and concentrated.  Precipitation from MeOH afforded 2a in 12% yield 

(0.03 g, 0.07 mmol).  1H NMR (400 MHz, CDCl3)  δ 8.10 (d, J = 8.4 Hz, 2H), 7.80 (d, J = 

5.6 Hz, 1 H), 7.71 (t, J = 7.6 Hz, 1H), 7.61 (m, 6H), 7.47-7.36 (m, 6H), 6.47 (d, J = 6.0 

Hz, 1H), 4.67 (d, J = 6.0 Hz, 2H).  13C NMR (100 MHz, CDCl3)  δ 172.7, 157.3, 154.8, 



! 62!

151.3, 141.2, 140.8, 139.2, 136.0, 135.8, 135.2, 129.3, 129.2, 129.1, 128.9, 127.8, 

127.7, 127.3, 118.4, 44.3.  ESI-MS(+): m/z 461.98 [M+H]+, 484.02 [M+Na]+. 

 

UV-Vis Spectroscopy.  To a 1.0 mL solution at 0.05 mM concentration of each 

compound in HEPES buffer (50 mM, pH 7.5) was added H2O2 (10 µL, 0.09M in HEPES) 

and absorption spectra were monitored over time at room temperature.  Hydrolytic 

stability was measured by monitoring each sample in HEPES buffer over a 24 hour time 

period. 

 

Calculation of Rate Constant.  The pseudo-first order rate constant was calculated 

following literature procedure.  To a 1.0 mL solution of compounds 5a, 5b, 5e, 9a, and 

9b in HEPES buffer at 50 µM was added H2O2 to final concentrations of 150 µM, 250 

µM, 500 µM, 750 µM, and 900 µM.  Spectra were monitored over 15-30 min at room 

temperature with at least 50 spectra recorded at every concentration.  The change in 

absorption at 298 nm for 5a and 5b were monitored, while the change in absorption at 

288 nm was recorded for 5e, and 310 nm for 9a and 9b.  The rate constant (kobs) was 

found from the linear slope of ln[(A-AMBP)/(Ao-AMBP)] vs. time where AMBP is the 

absorbance of a 50 µM sample of the MBP or full-length inhibitor and Ao is the initial 

absorbance of each compound.  The rate of conversion was determined from the slope 

of the line of kobs vs. [H2O2]. 

 

Inhibition Assays.  MMP-12 (catalytic domain, human recombinant) was purchased 

from Enzo Life Sciences.  The assays were carried out in a 96-well plate using a Bio-Tek 

Flx 800 plate reader.  The activity of MMP-12 was evaluated after 30 min incubation in 
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the presence of H2O2 and proMMPi.  The concentration of proMMPi used was selected 

to be close to the IC50 value of the parent full-length inhibitors, 1,2-HOPO-2 and PY-2 40.  

In each well, 1 µL of proinhibitors 9a, 9b, and 10 and the inhibitors 1,2-HOPO-2 and PY-

2 in DMSO (5 µM) were incubated for 30 min at 37 °C with 20 µL of MMP-12 (0.35 

U/mL), 10 µL H2O2 (1 mM in HEPES buffer, pH 7.5), and MMP assay buffer (50 mM 

HEPES, 10 mM CaCl2, 0.10% Brij-35, pH 7.5) for a total volume of 99 µL.  A control 

sample containing 10 µL H2O2 (1 mM in HEPES buffer, pH 7.5) in MMP assay buffer was 

also prepared to confirm that H2O2 did not inhibit MMP-12.  The reaction was initiated by 

the addition of 1 µL (400 µM) of the fluorescent substrate (Mca-Pro-Leu-Gly-Leu-Dpa-

Ala-Arg-NH2 where Mca = (7-methoxycoumarin-4-yl)-acetyl and Dpa = N-3-(2,4-

dinitrophenyl)-L-α-β-diaminopropionyl)) after the 30 minute incubation period and kinetic 

activity was measured every minute for 20 minutes with excitation and emission 

wavelengths at 335 nm and 405 nm, respectively.  Enzyme activity with inhibitor was 

calculated with respect to the control experiment – no inhibitor present.  Measurements 

were performed in duplicate in two independent experiments. 
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3.1 Esterase-Responsive MMPi containing a Self-Immolative Linker 

3.1.1 Introduction 

As discussed in Chapter 1, conventional prodrug strategies rely on a direct 

connection between the triggering promoiety and the active drug via a cleavable 

covalent bond.  This design has been widely investigated for small molecules and 

macromolecular conjugate systems, and works well when the triggering moiety is 

sterically accessible.1  However, when this moiety is sterically hindered, bond cleavage, 

and thus liberation of the active agent, can be significantly impaired.1,2  An alternative 

strategy involves the inclusion of a linker between the specific triggering functional group 

of the promoiety and the active agent.  This linker is chosen so that upon cleavage of the 

triggering group by the desired stimulus, a rapid disassembly event occurs to release 

three components:  an adduct of the triggering group, the decomposed linker, and the 

active drug (Scheme 3-1).1 

 
 
Scheme 3-1.  An illustration of two distinct prodrug strategies.  A) Conventional prodrug 
approaches rely on the direct connection of the triggering functional group to the drug.  
In the presence of a desired stimulus, this group is cleaved to directly release the active 
agent.  B)  For prodrugs employing a self-immolative approach, the triggering 
functionality is installed peripherally via a linker.  After the stimulus activates the trigger, 
a cascade reaction occurs to release the drug.  For this approach, the triggering group 
and the SIL collectively comprise the promoiety. 
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The disassembly event discussed above, which is spontaneous and irreversible, 

leads to the release of independent fragments through a cascade event and is referred 

to as self-immolative elimination (SIE) since the linker structurally “sacrifices” itself to 

elicit the desired function.1,2  This linker approach, referred to as a self-immolative linker 

(SIL) has become increasingly common in prodrug development, molecular sensors, and 

polymeric drug delivery systems.  Katzenellenbogen and coworkers first reported the use 

of SILs in prodrug design in 1981, demonstrating that 4-aminobenzyl alcohol can 

function as an effective spacer between drug and triggering moiety.3  In this report, the 

SIL covalently connects a model drug, 4-nitroaniline (6) to an enzyme substrate for 

trypsin (Scheme 3-2A).  Upon treatment of probe 1 with trypsin, the amide bond is 

hydrolyzed and releases the lysine substrate adduct 2 and intermediate 3.  A 

subsequent 1,6-benzyl elimination event occurs to release the azaquinone-methide 4 

and the desired product 6.  The azaquinone-methide intermediate is highly electrophilic 

and can react with a nucleophile such as water to generate the side product 5.  This 

pioneering work is the inspiration for ongoing studies that explore SILs in prodrug 

design.  A similar SIL was described wherein a quinone-methide intermediate species is 

generated after the elimination event (Scheme 3-2B).2  Similar to the system described 

above, stimulus-mediated removal of the triggering promoiety leads to the formation of a 

phenolate intermediate, which undergoes 1,6-elimination to release the desired reporter 

or drug.  Many groups including Shabat and coworkers have utilized this technique to 

develop dendritic and polymeric systems that can undergo SIE in the presence of a 

desired stimulus.2 
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Scheme 3-2.  SILs in prodrug design.  A) Trypsin-mediated SIE of drug 6.  In the 
presence of trypsin, the amide bond is hydrolyzed to generate aniline species 3, which 
undergoes spontaneous 1,6-benzyl elimination process to release 6.  Intermediate 4 is a 
highly reactive electrophile and is readily converted to 5 in the presence of water.   B) A 
general scheme of a quinone-methide based prodrug approach.  Cleavage of the 
triggering promoiety leads to the formation of a phenoxide intermediate, which 
undergoes 1,6-elmination to release the active drug that contains either a hydroxyl or 
amine functional group.  The highly reactive quinone-methide adduct reacts with water to 
generate 4-hydroxybenzyl alcohol. 

To further develop metalloenzyme inhibitor prodrugs containing unique 
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a SIL using esterase as the stimulus of interest to liberate phosphonates, and this design 

was explored here (Scheme 3-3).4  To assess whether the SIL approach can be applied 

to MBPs and thus metalloenzyme inhibitors, an acetate trigger was covalently appended 

to two MBPs, 1,2-HOPO and maltol, via a benzyl ether linkage (Figure 3-1).  It has been 

reported that the rate of self-immolative elimination can be enhanced by the presence of 

electron-donating substituents on the aromatic ring.5  Thus, a doubly acetylated 

catechol-based linker was also evaluated.  Similar to the studies in Chapter 2, these 

MBPs were chosen since they are the basic unit of potent MMPi, 1,2-HOPO-2 and PY-2.  

Suitable promoieties for the MBPs were then applied to these MMPi to generate 

esterase-responsive proMMPi (Figure 3-2). 

 

 

Scheme 3-3.  Esterase-mediated release of phosphonates via a unique benzyl ether 
SIL.  
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Figure 3-1.  Structures of MBPs 1,2-HOPO, maltol, and their corresponding ester 
proMBPs.  For Approach 1, a benzyl ether promoiety containing an acetylated phenol is 
appended to the MBPs.  For Approach 2, a doubly acetylated catechol linker is utilized 
as the promoiety. 
!

!

Figure 3-2.  Structures of MMPi 1,2-HOPO-2, PY-2, and their corresponding ester 
proinhibitors 11-14. 
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3.1.2  Results and Discussion 

3.1.2.A Assessment of Ester-Responsive SIL Promoieties 

 The successful development of prodrugs wherein the triggering promoiety is 

installed peripherally via a SIL inspired our group to investigate this approach in the 

design of esterase-responsive MMPi.  As detailed in Chapter 1, the most common 

prodrug approach to deliver pharmacologically potent compounds is through esterase 

bioconversion, and this approach was utilized here.  Using the MBPs 1,2-HOPO and 

maltol as a model system, proMBPs 7-8 were synthesized with an acetate trigger 

incorporated via a SIL (Scheme 3-4).  Previous studies have shown that the rate of SIE 

of the benzyl alcohol linker is enhanced by the presence of electron-withdrawing 

substituents.1,5  To examine this, a doubly acetylated promoiety was appended to the 

MBPs to generate 9-10 containing an additional acetyl group (Scheme 3-4).  The 

syntheses of 7-10 were straightforward and relatively high yielding.  The reactivity of 7-

10 with porcine liver esterase (PLE) was analyzed by UV-Vis absorption spectroscopy 

under simulated physiological conditions (50 mM HEPES, pH 7.5) with the absorbance 

spectra were monitored over time following addition of PLE.  The emergence of a new 

feature with a λmax coinciding with that of the parent MBP was observed, indicating 

conversion to the respective MBP, maltol and 1,2-HOPO, was achieved (Figures 3-3, -4, 

-5, and -6).  It is worth noting that these approaches generate side products upon 

cleavage.  That is, a deactylation event by PLE at the para position leads to a 

spontaneous cascade reaction releasing a quinone-methide intermediate.  As mentioned 

above, quinone-methides are electrophilic Michael acceptors that react rapidly with water 

to generate 4-hydroxybenzyl alcohol (Approach 1) and 3,4-dihydroxybenzyl alcohol 

(Approach 2).  This work did not consider the possibly physiological effects of these side 
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products; however, 4-hydroxybenzyl alcohol is a known neuroprotective agent,6 while 

3,4-dihydroxybenzyl alcohol is found in virgin olive oil,7 suggesting an innocuous nature 

for each. 

 

 

Scheme 3-4.  Synthesis of proMBPs containing acetate triggering moieties installed via 
SILs.  Reagents and conditions: (i) K2CO3, DMF, 60 °C, 5 h. 
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Figure 3-3.  Absorbance spectra of 7 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of PLE (4 U) monitored every 30 sec for 9 min.  The dashed line represents 
the initial spectrum and an authentic sample of 1,2-HOPO is shown in red.  The arrows 
indicate changes in spectra over time. 
 

 

Figure 3-4.  Absorbance spectra of 8 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of PLE (4 U) monitored every 15 sec for 4.5 min.  The dashed line represents 
the initial spectrum and an authentic sample of maltol is shown in red.  The arrows 
indicate changes in spectra over time. 
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Figure 3-5.  Absorbance spectra of 9 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of PLE (4 U) monitored every 30 sec for 10 min.  The dashed line represents 
the initial spectrum and an authentic sample of 1,2-HOPO is shown in red.  The arrows 
indicate changes in spectra over time. 
 

 
 

Figure 3-6.  Absorbance spectra of 10 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of PLE (4 U) monitored every 30 sec for 15 min.  The dashed line represents 
the initial spectrum and an authentic sample of maltol is shown in red.  The arrows 
indicate changes in spectra over time. 
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3.1.2.B Applying Ester-Responsive SIL Promoieties to MMP Inhibitors 

UV-Vis absorption spectroscopy clearly indicated conversion of proMBPs 7-10 to 

the parent chelators over time in the presence of PLE (Figures 3-3, -4, -5, and -6).  

These findings prompted the development of full-length proMMPi incorporating the ester-

responsive SIL promoieties.  The syntheses of proMMPi containing either promoiety was 

successfully preformed in the same manner as the proMBPs (Scheme 3-5).  Conversion 

of proMMPi 11 and 13 to 1,2-HOPO-2 was monitored by UV-Vis absorption 

spectroscopy (Figures 3-7 and 3-8).  The emergence of spectral features matching those 

of MMPi 1,2-HOPO-2 was clearly observed.  Conversion of 12 and 14 to PY-2 was 

monitored using analytical HPLC because the absorbance spectra of the proinhibitors 

were too similar to the parent inhibitor for the reaction to be monitored by UV-Vis 

spectroscopy.  Treatment of 12 and 14 with PLE resulted in HPLC traces corresponding 

to an authentic sample of PY-2, indicating successful prodrug release (Figures 3-9 and 

3-10).   
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Scheme 3-5.  Synthesis of proMMPi containing acetate triggering moieties installed via 
SILs.  Reagents and conditions: (i) K2CO3, DMF, 60 °C, 5 h. 
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Figure 3-7.  Absorbance spectra of 11 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of PLE (4 U) monitored every 30 sec for 8 min.  The dashed line represents 
the initial spectrum and an authentic sample of 1,2-HOPO-2 is shown in red.  The arrows 
indicate changes in spectra over time. 
 

 
 

Figure 3-8.  Absorbance spectra of 13 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of PLE (4 U) monitored every 30 sec for 6.5 min.  The dashed line represents 
the initial spectrum and an authentic sample of 1,2-HOPO-2 is shown in red.  The arrows 
indicate changes in spectra over time. 
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Figure 3-9.  HPLC trace of PY-2 (black), 12 (red), and 12 after treatment with PLE (50 
U) for 1 h (blue).  Retention times are 15.4 min for PY-2, 16.7 min for 12 and 15.4 min for 
12 with PLE. 
 

 
 

Figure 3-10.  HPLC trace of PY-2 (black), 14 (red), and 14 after treatment with PLE (50 
U) for 1 h (blue).  Retention times are 15.4 min for PY-2, 16.0 min for 14 and 15.4 min for 
12 with PLE. 
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 Both UV-Vis absorption spectroscopy and analytical HPLC conclusively show the 

responsiveness of the proMMPi to esterase, with release of the parent inhibitors 

observed in each case.  A summary of the activation mechanisms for each esterase-

activated prodrug approach for PY-2 is shown in Scheme 3-6.  To further validate the 

approach, the proMMPi were then evaluated for aqueous stability under simulated 

physiological conditions (50 mM HEPES, pH 7.4).  An initial HPLC trace was obtained 

immediately after preparation in aqueous buffer and a second trace was collected after 

incubation at 37 °C for 24 h.  Unlike the ester proMMPi evaluated in Chapter 2, 11-14 

were all >95% stable to hydrolysis under these conditions, clearly demonstrating the 

superior stability of the benzyl ether linkage over directly acetylated derivatives of these 

proinhibitors. 

 

 

Scheme 3-6.  Activation mechanisms of proMMPi 12 and 14 by esterase to generate 
PY-2, a potent inhibitor of MMP-8 and MMP-12. 
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 To determine the sensitivity of these compounds to esterase in a quantitative 

fashion, pseudo-first-order kinetic paramaters were determined using UV-Vis absorption 

spectroscopy.  The hydroxypyrone-based MBPs 7 and 9 and the full-length proMMPi 12 

and 14 were evaluated to compare the two different approaches.  Compounds 7 and 9 

displayed similar rates of conversion with kobs values of 245±8 s-1 and 280±97 s-1, 

respectively.  Compounds 12 and 14 were determined to have faster rates of conversion 

with kobs values of 742±90 s-1 and 1249±60 s-1, respectively.  The nearly 2-fold faster rate 

of conversion for 14 over 12 is consistent with previous reports that detail faster rates of 

deprotection when electron-donating substituents are substituted on the aromatic ring. 

 

3.1.2.C MMP Inhibition Studies 

 To determine the efficacy of these prodrug approaches, the ability of proMMPi 

11-14 to inhibit MMP-8 and MMP-12 in the absence and presence of esterase was 

performed using a FRET based assay (Figure 3-11).8  Before treatment with PLE, all 

compounds showed minimal inhibition (<10%) against these two isoforms.  Upon 

addition of PLE, the percent inhibition increased to 40-50%, indicative of activation to 

PY-2 and 1,2-HOPO-2.   
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Figure 3-11.  Inhibition assay results for compounds 11-14 against MMP-8 and MMP-12 
in the absence or presence of PLE. 
 

This work examines two different approaches to liberate hydroxyl moieties upon 

conversion by esterase with applications to MMP inhibitor prodrugs.  The benzyl ether 

linkage is superior to the conventional direct linkage of the acetate promoiety (Chapter 2) 

with respect to kinetics and aqueous stability.  Biochemical assay experiments show no 

inhibition of the proinhibitors against MMP-8 or MMP-12 in the absence of esterase.  

Upon treatment with esterase, however, the promoieties effectively cleave to generate 

the active MMPi, which inhibits the targets as expected. 
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3.2 H2O2-Responsive MMPi containing a Self-Immolative Linker 

3.2.1 Introduction 

 The limited scope of sulfonate ester-based promoieties for MMPi described in 

Chapter 2 prompted our group to investigate more broadly applicable strategies for 

proMMPi activated in the presence of H2O2.  As detailed in Chapter 2, the misregulation 

of MMP activity in disease states including stroke and cancer is associated with disease 

progression.9-11  Similarly, high concentrations of ROS, namely H2O2, are also observed 

in these microenvironments.12-14  Thus, proMMPi containing H2O2-sensitive promoieties 

should be considered in producing a targeted therapeutic. 

 Similar to the sulfonate ester promoieties described in Chapter 2, the design of 

new H2O2-sensitive proMMPi was inspired by research into fluorescent sensors.  The 

Chang laboratory has pioneered the development of H2O2-responsive and selective 

fluorophores (Scheme 3-7).15  In an elegant series of studies, aryl boronic ester-

derivatized fluorophores were prepared that are selectively cleaved by H2O2 to generate 

the corresponding phenol, leading to a fluorescent turn-on event after a cascade 

reaction.  These reports have established boronic esters as the triggering motif of choice 

for targeting H2O2 over other biologically relevant ROS. 

 

 

Scheme 3-7.  General design and activation of boronic ester-based H2O2-sensitive 
fluorescent probes pioneered by the Chang laboratory. 
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 The seminal studies by Chang and coworkers led to the investigation of boronic 

esters as promoieties for H2O2-triggered release of MBPs with applications to 

Alzheimer’s Disease (AD) therapeutics.  Oxidative stress has been hypothesized to be 

an early indication of AD progression, resulting in the high concentration of ROS 

including hydrogen peroxide and the highly reactive hydroxyl radical, OH•.  Studies by 

Franz and coworkers demonstrated that the phenolic oxygen of a MBP could be 

concealed with a boronic ester promoiety, resulting in compounds with little to no affinity 

for metal ions.16  In the presence of H2O2, the boronic ester is cleaved to release a 

phenol, which can then bind Fe3+ to form bis-ligated [FeMBP2]+ complexes, preventing 

further oxidative damage (Scheme 3-8).  Thus, boronic esters were validated as 

promoieties that provide a level of specificity for targeting an MBP to localized 

environments distinguished by high levels of ROS.  Because many metalloenzyme 

inhibitors also contain hydroxyl functionalities as part of the MBP, these strategies 

should be translatable to our investigations.  In this way, the activity of potent 

metalloenzyme inhibitors can be localized to tissues distinguished by increased levels of 

oxidative stress. 

 

 

Scheme 3-8.  Activation of a MBP by H2O2 for potential applications in Alzheimer’s 
Disease therapeutics.  MBPs such as salicyladehyde isonicotinoyl hydrazone can be 
concealed by boronic esters for controlled release in the presence of hydrogen peroxide 
with applications to AD therapeutics. 
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 With other studies having established the boronic ester functionality as the motif 

of choice for reactivity with H2O2, our group developed boronic ester-based proMMPi 

incorporating a SIL as part of the promoiety.  This initial study is basis for the work that 

will be described in 3.2.2.17  For this study, prodrugs of 1,2-HOPO-2 and PY-2 were 

synthesized containing a benzyl ether linker and a boronic ester pinacol ester triggering 

moiety (Figure 3-12).  Indeed, UV-Vis absorption spectroscopy demonstrated that 19 

and 20 were converted to the active MMPi in the presence of H2O2.  The mechanisms of 

activation for the boronate-based proMMPi are similar to the proMMPi containing an 

ester triggering moiety (Scheme 3-9).  

 

 

Figure 3-12.  Structures of H2O2-sensitive boronic ester-based proMMPi 
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Scheme 3-9.  Release of the active MMPi PY-2 in the presence of H2O2 through a SIL 
prodrug strategy. 
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 The present study was designed to investigate the scope of SILs in the design of 

H2O2-activated metalloenzyme inhibitors.  The boronic ester triggering group was first 

appended to the hydroxyl functional group of methyl salicylates in an effort to determine 

the best linkage strategy for prodrug design.  Once the optimal linker was established, 

this linkage strategy was applied to a series of structurally diverse MBPs to assess 

generality of the approach.  Finally the ideal linker was functionalized with electron 

donating and electron withdrawing substituents to evaluate rates of activation.   

 

3.2.2  Results and Discussion 

3.2.2.A  Assessment of Boronic Ester Triggers 

 The preliminary studies by our group effectively demonstrated that the activity of 

an MMPi could be triggered by H2O2.  To determine the optimal design of metalloenzyme 

proinhibitors, with respect to a variety of factors including synthetic ease, rates of 

reactivity, and hydrolytic stability, a pilot study was conducted with methyl salicylate as 

the released agent (i.e. model inhibitor).  For this study, three distinct boronate-based 

linkage strategies were investigated to directly compare possible designs of a prodrug 

scaffold: directly appended, linkage via a carbonate ester SIL, and linkage via a benzyl 

ether SIL (Scheme 3-10).  The directly appended strategy represents the most common 

prodrug strategy, where the triggering promoiety is directly attached to the active agent.  

The carbonate ester linkage strategy has become increasingly popular in polymeric 

delivery systems, undergoing a 1,6-benzyl elimination event upon treatment with the 

desired stimulus.  However, unlike the benzyl ether linker, degradation of the carbonate 

ester linkage is thermodynamically driven by the release of CO2 (Scheme 3-10). 
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The synthesis of 21-23 is shown in Scheme 3-17.  Compounds 21 and 22 

required two steps, and the overall yields were relatively low, whereas the synthesis of 

compound 23 was much more straightforward and high yielding (Scheme 3-11). 

 

 

Scheme 3-10.  Three approaches to the development of ROS-activated prodrugs with 
methyl salicylate as the release agent.  
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Scheme 3-11.  Synthesis of 21-23, three distinct prodrugs of methyl salicylate.  
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 Compounds 21-23 were examined for activation in the presence of H2O2 

monitored via analytical HPLC under simulated physiological conditions (50 mM HEPES, 

pH 7.5).  Compounds 22 and 23 were very reactive with H2O2 (1.8 eq) with >90% 

cleavage to the methyl salicylate product observed after a 30 min incubation at RT 

(Figures 3-13 and 3-14).  In contrast, compound 21 was not very reactive, requiring 

treatment with excess H2O2 (18 eq) and 120 min incubation at RT to achieve >90% 

conversion to methyl salicylate (Figures 3-15).   

 

Figure 3-13.  A) HPLC traces of compounds methyl salicylate (black), 22 (red) and 22 
after treatment with H2O2 (1.8 eq) for 30 min (blue).  B) Magnified view of the same 
chromatograms.  Retention times are 14.2 min for methyl salicylate and 13.9 min for 22. 
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Figure 3-14.  A) HPLC traces of compounds methyl salicylate (black), 23 (red) and 23 
after treatment with H2O2 (1.8 eq) for 30 min (blue).  B) Magnified view of the same 
chromatograms (Right).  Retention times are 14.2 min for methyl salicylate and 14.5 min 
for 23. 
 

 

Figure 3-15.  HPLC traces of:  methyl salicylate (black), 21 (red), and 21 after treatment 
with H2O2 (18 eq) for 30 min (blue), 60 min (green) and 120 min (cyan).  Retention times 
are 14.2 min for methyl salicylate and 8.7 min for 21. 
 

 The rates of conversion to methyl salicylate were determined by monitoring the 

change in absorbance under pseudo first-order reaction conditions with an excess of 
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H2O2.  Consistent with earlier reports, the carbonate ester prodrug 22 displayed the 

faster rate of conversion with a kobs values of 2.7±0.1 M-1s-1.  However, 22 also 

underwent spontaneous hydrolytic cleavage in buffer (data not shown).  Introduction of 

the carbonate group into the SIL of 22 leads to hydrolytic instability facilitated by 

nucleophilic attack of water at the carbonyl position.18  In contrast, compound 23 was 

determined to be stable under aqueous conditions.  The rate of conversion from 23 to 

methyl salicylate was ~2.5 times slower than that of 22 with a kobs values of 1.12±0.04 M-

1s-1.  Compound 21 was stable to aqueous buffer, but displayed the slowest rate of 

conversion with a kobs = 0.031±0.002 M-1s-1.  Based on the observed behavior of 

compounds 21-23, the most promising linkage strategy is the benzyl ether SIL used in 

23.  This linkage displays excellent stability in water while maintaining rapid cleavage 

kinetics upon activation. 

 The use of this motif with other leaving groups was examined (Figure 3-16).  

Compounds 26 and 27 were synthesized to study the effects of using sulfur or aniline as 

leaving groups (Scheme 3-12).  Evaluation of 26 and 27 in the presence of H2O2 using 

UV-Vis absorption spectroscopy shows no spectral changes that would indicate 

cleavage of the promoiety, suggesting that this strategy may only be relevant for oxygen-

derived leaving groups (Figures 3-17 and 3-18).  Further evaluation with LCMS revealed 

that the boronic ester of 26 was cleaved to the phenol, but that the cascade reaction did 

not proceed as expected to release the aniline product.  These studies demonstrate that 

this linkage strategy, while possessing many attractive features, may be limited to 

hydroxyl-functionalized compounds. 
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Figure 3-16.  Methyl salicylate derivatives studied to investigate the scope of the boronic 
ester SIL strategy in prodrug design. 
 

 

Scheme 3-12.  Synthesis of 26 and 27 containing a masked amine or sulfur moiety 
linked to the boronate via a SIL. 
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Figure 3-17.  Absorbance spectra of 26 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (18 eq) monitored every 2 min for 30 min.  The red line is the initial 
spectrum and the blue line is the final spectrum.  An authentic sample of methyl 2-
mercaptobenzoate (50 µM) in HEPES (50 mM, pH 7.5) is shown as a green dashed line. 

 

 

Figure 3-18.  Absorbance spectra of 27 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (18 eq) monitored every 2 min for 60 min.  The red line is the initial 
spectrum and the blue line is the final spectrum.  An authentic sample of methyl 2-
mercaptobenzoate (50 µM) in HEPES (50 mM, pH 7.5) is shown as a green dashed line. 
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3.2.2.B Applying the Boronic Ester SIL to MBPs 

 To validate our observations on methyl salicylate with various MBPs relevant to 

metalloprotein inhibitors, a series of H2O2-responsive proMBPs were synthesized 

including tropolone (28), 8-hydroxyquinoline (29), an aminoquinone derivative (30), and 

hydroxamic acid (31) (Figure 3-19).  The synthesis of 28-31 was accomplished using the 

procedure outlined for 26-27, described in detail in Section 3.D.  Compounds 28 and 29 

showed rapid cleavage to the desired MBP in the presence of H2O2, as determined by 

absorption spectroscopy, thus confirming the broader utility of the benzyl ether SIL 

strategy for designing metalloenzyme inhibitors (Figures 3-20 and 3-21). 

 

 

Figure 3-19.  proMBPs designed with a benzyl-ether SIL. 
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Figure 3-20.  Absorbance spectra of 28 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (5 eq) monitored every 2 min for 60 min.  The red line is the initial 
spectrum and the blue line is the final spectrum.  An authentic sample of tropolone (50 
µM) in HEPES (50 mM, pH 7.5) is shown as a green dashed line. 
 

 

Figure 3-21.  Absorbance spectra of 29 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (5 eq) monitored every 2 min for 60 min.  The red line is the initial 
spectrum and the blue line is the final spectrum.  An authentic sample of 8-
Hydroxyquinoline (50 µM) in HEPES (50 mM, pH 7.5) is shown as a green dashed line. 
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 HPLC analysis indicates compound 30 did not cleave in the presence of H2O2, 

consistent with the findings on compound 26 that this strategy is not effective with 

nitrogen-based MBPs.  In the presence of H2O2, 30 shows cleavage of the boronic ester 

to the phenol similar to that seen for 27, but does not undergo elimination to release the 

desired product, as evidenced by LCMS (Figure 3-22).  Hydroxamic acids are the most 

prevalent MBPs utilized in the design of metalloenzyme inhibitors, including MMPi, yet 

attempts to develop proMMPi using hydroxamic acid MBPs have generally not been 

successful.19-22  Therefore, compound 31, which is comprised of phenyl hydroxamic acid 

derivatized with the boronic ester SIL, was evaluated.  In the presence of H2O2, 31 

showed no release of the desired hydroxamic acid product.  Analysis by LCMS indicates 

exposure to H2O2 results in boronic ester cleavage to the phenol, but that the cascade 

reaction does not occur, which would otherwise release the hydroxamic acid (Figure 3-

23). 

 

Figure 3-22.  HPLC traces of compounds N-(quinolin-8-yl)methanesulfonamide (black), 
30 (red) and 30 after treatment with H2O2 (18 eq) for 30 min (blue).  Retention times are 
10.9 min for N-(quinolin-8-yl)methanesulfonamide, 10.7 min for 30 , and 9.9 min for  and 
11.0 min for 30 with H2O2.  LCMS (+) shows an m/z peak of 329.1 [M + H]+ at 9.9 min 
indicative of cleavage of the boronic ester to the phenol intermediate. 
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Figure 3-23.  HPLC traces of compounds N-(quinolin-8-yl)methanesulfonamide (black), 
30 (red) and 30 after treatment with H2O2 (18 eq) for 30 min (blue).  Retention times are 
6.1 min for N-hydroxybenzamide, 11.2 min for 31, and 10.9 min for 31 with H2O2.  LC-
MS (+) shows an m/z peak of 266.1 [M + Na]+ at 10.9 min indicative of cleavage of the 
boronic ester to the phenolic moiety. 
 

3.2.2.C Optimization of the Boronic Ester Promoiety 

 As a final study, we sought to improve upon the design on the SIL for prodrug 

design by enhancing rates of activation without affecting the favorable aqueous stability.  

Previous studies have reported that the rate of SIE is enhanced by the presence of 

electron-withdrawing substituents in certain systems.5  To determine if the rates of SIE 

and thus activation can be controlled based on substituent effects or by the elimination 

reaction (1,4- vs. 1,6-elimination), a series of compounds was synthesized and 

evaluated using maltol as the release product (Figure 3-24).  The synthesis of these 

compounds is depicted in Schemes 3-13, -14, and -15.99 
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Figure 3-24. Maltol-based proMBPs containing distinct promoieties that contain either 
electron-donating or withdrawing functional groups (33-34), or that vary in the geometry 
of the linkage (35). 
 

 

Scheme 3-13. Synthesis of proMBP 33 containing an electron withdrawing nitro 
substituent in the meta position. 
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Scheme 3-14. Synthesis of a proMBPs 34, containing a methoxy substituent. 
 

 

Scheme 3-15. Synthesis of a proMBPs 37 with the boronic ester triggering moiety 
installed on the ortho position. 
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35 were evaluated for reactivity with H2O2 via UV-Vis absorption spectroscopy.  

Interestingly, 33 was not reactive with H2O2, as evidenced by very small changes in the 

absorption profile (Figure 3-25).  However, 34-35 were reactive with H2O2 (18 eq) with 

complete conversion to maltol observed via UV-Vis absorption spectroscopy (Figures 3-

26 and 3-27).  The expected emergence of a new spectrum, indicative of cleavage to 

maltol, was not observed.  It is likely that the boronic ester of 33 is cleaved to the phenol, 

but the electron density becomes localized around the strongly electron withdrawing nitro 

group, preventing a further cascade reaction to release maltol.  To probe the rates of 

activation for 33-35, pseudo-first-order rate constants were calculated by monitoring the 

absorption spectra over time in the presence of H2O2.  A summary of the rates of 

activation is compiled in Table 3-1.  Compound 34, with an electron donating methoxy 

substituent ortho to the methylene has the fastest rates of activation in the presence of 

H2O2 with kobs = 3.9 M-1s-1 compared with a kobs = 2.9 M-1s-1 for the unsubstituted proMBP 

(32).  Compound 35, where the boronic ester trigger is appended ortho to the methylene, 

shows much slower release of maltol (kobs = 0.6 M-1s-1). 
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Figure 3-25.  Absorbance spectra of 33 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (5 eq) monitored every 1 min for 20 min.  The red line is the initial 
spectrum and the blue line is the final spectrum.  An authentic sample of maltol (50 µM) 
in HEPES (50 mM, pH 7.5) is shown as a green dashed line. 
 

 
Figure 3-26.  Absorbance spectra of 34 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (5 eq) monitored every 2 min for 40 min.  The red line is the initial 
spectrum and the blue line is the final spectrum.  An authentic sample of maltol (50 µM) 
in HEPES (50 mM, pH 7.5) is shown as a green dashed line. 
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Figure 3-27.  Absorbance spectra of 35 (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (5 eq) monitored every 2 min for 60 min.  The red line is the initial 
spectrum and the blue line is the final spectrum.  An authentic sample of maltol (50 µM) 
in HEPES (50 mM, pH 7.5) is shown as a green dashed line. 
 

Table 3-1.  Pseudo first-order rate constant calculate with an excess of H2O2.  
 

Compound Rate Constant (M-1s-1) 
32 2.9 
33 ND 
34 3.9 
35 0.6 

 

A thorough investigation of boronic ester proMBPs demonstrates that the use of 

a benzyl ether SIL provides a superior platform for the development of metalloenzyme 

inhibitors with oxygen-based donor atoms, excluding hydroxamic acids.  These 

compounds show excellent hydrolytic stability as well as fast rates of cleavage to the 

active compounds in the presence of H2O2.  The reported rate constants demonstrate 

that the location of the boronic ester trigger on the benzene ring, in addition to the nature 

of the substituents on the SIL, can attenuate the reaction rate effectively. 
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3.3 Experimental 

General Experimental Details:  All chemicals were purchased from commercial 

suppliers (Sigma-Aldrich, Acros Organics, TCI America, Fisher Scientific) and were used 

without further purification.  All reactions were carried out under N2 in oven-dried 

glassware.  E. Merck silica gel (60, particle size 0.040-0.063 mm) was used for flash 

chromatography, which was performed using a CombiFlash Rf 200 automated system 

from TeledyneISCO (Lincoln, NE, USA).  Microwave reactions were performed in 10 mL 

microwave vials using a CEM Discover S instrument.  NMR spectra were recorded on a 

Varian FT 400 MHz NMR instrument.  Mass spectrometry (MS) was performed at the 

Molecular Mass Spectrometry Facility (MMSF) in the Department of Chemistry and 

Biochemistry at the University of California, San Diego.   

 

3.3.1 Experimental for Section 3.1 

 

p-Tolyl acetate (15). p-Cresol (1.50 g, 13.9 mmol) was dissolved in CH2Cl2 (140 mL) 

and acetic anhydride (4 mL, 41.6 mmol).  To this was added scandium(III) triflate (0.13 g, 

0.3 mmol) at room temperature and stirred or 5 min.  The mixture was washed with a 

saturated NaHCO3 solution (2×50 mL).  The organic layer was collected, dried over 

MgSO4, filtered and co-evaporated with MeOH to afford 15 in 88% yield (1.82 g, 12.2 
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mmol).  1H NMR (400 MHz, CDCl3):  δ 7.19 (d, J = 8.4 Hz, 2H), 6.98 (d, J = 8.4 Hz, 2H), 

2.35 (s, 3H), 2.29 (s, 3H).  ESI-MS(+):  m/z 167.95 [M+NH4]+, 172.96 [M+Na]+. 

 

4-(Bromomethyl)phenyl acetate (16).   15 (1.82 g, 12.1 mmol) was dissolved in CHCl3 

(50 mL) and reacted with N-bromosuccinimide (2.91 g, 16.4 mmol) and benzoyl peroxide 

(0.59 g, 2.4 mmol) in a flame-dried vessel.  The reaction was held at reflux for 18 h.  The 

mixture was cooled to RT, concentrated, brought up in CH2Cl2 (50 mL) and washed with 

brine (2×50 mL).  The organic layer was collected, dried over MgSO4 and filtered.  The 

resulting residue was purified via silica gel chromatography eluting 5% EtOAc in 

hexanes to afford 16 in 43% yield (1.20 g, 5.2 mmol).  1H NMR (400 MHz, CDCl3)  δ 7.40 

(d, J = 7.2 Hz, 2H), 7.07 (d, J = 7.2 Hz, 2H), 4.46 (s, 2H), 2.28 (s, 3H).  ESI-MS(+): m/z 

245.93 [M+NH4]+, 250.91 [M+Na]+. 

 

4-(((2-Oxopyridin-1(2H)-yl)oxy)methyl)phenyl acetate (7).  

1,2-HOPO (0.10 g, 0.9 mmol) was dissolved in dry DMF (10 mL).  To this was added 

K2CO3 (0.37 g, 2.7 mmol) followed by 16 (0.21 g, 0.9 mmol), and the reaction was held 

at 60 °C for 5 h.  The mixture was cooled to RT, and concentrated via rotary evaporation.  

The resulting residue was dissolved in CH2Cl2 (20 mL) and washed with brine (2×20 

mL). The organic layer was collected, dried over MgSO4 and filtered.  The crude product 

was purified via silica gel chromatography eluting 70% EtOAc in hexanes to afford the 

desired product 7 in 34% yield (0.08 g, 0.3 mmol).  1H NMR (400 MHz, CDCl3)  δ 7.40 (d, 

J = 8.6 Hz, 2H), 7.23 (td, J1 = 6.8 Hz, J2 = 2.0 Hz, 1H),  7.12 (dd, J1 = 7.6 Hz, J2 = 2.0 

Hz, 1H), 7.09 (d, J = 8.6 Hz, 2H), 6.68 (dd, J1 = 7.6 Hz, J2 = 1.0 Hz, 1H), 5.96 (td, J1 = 

6.8 Hz, J2 = 2.0 Hz, 1H), 5.25 (s, 2H), 2.28 (s, 3H). 13C NMR (100 MHz, CDCl3)  δ 169.4, 
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159.1, 151.6, 146.4, 138.9, 136.8, 131.4, 122.9, 122.1, 104.8, 77.8, 21.3. ESI-MS(+): 

m/z 260.0 [M+H]+, 282.0 [M+Na]+. 

 

4-(((2-Methyl-4-oxo-4H-pyran-3-yl)oxy)methyl)phenyl acetate (8).  Maltol (0.10 g, 0.8 

mmol) was dissolved in dry DMF (25 mL). To this was added K2CO3 (0.33 g, 2.4 mmol) 

followed by 16 (0.54 g, 2.4 mmol), and the reaction was held at 60 °C for 5 h. The 

reaction was cooled to RT, and concentrated via rotary evaporation.  The resulting 

residue was brought up in CH2Cl2 (30 mL) and washed with brine (2×20 mL).  The 

organic layer was collected, dried over MgSO4 and filtered. The crude product was 

purified via silica gel chromatography eluting 70% EtOAc in hexanes to afford the 

desired purified product 8 in 70% yield (0.15 g, 0.6 mmol).  1H NMR (400 MHz, CDCl3)  δ 

7.57 (d, J = 5.6 Hz, 1H), 7.37 (d, J = 8.8 Hz, 2H), 7.03 (d, J = 8.8 Hz, 2H), 6.31 (d, J = 

5.6 Hz, 1H), 5.08 (s, 2H), 2.22 (s, 3H), 2.06 (s, 3H).  13C NMR (100 MHz, CDCl3)  δ 

169.6, 162.8, 153.7, 150.8, 146.4, 140.4, 134.7, 130.3, 121.8, 117.39, 73.0, 21.4, 15.1. 

ESI-MS(+): m/z 274.95 [M+H]+, 297.06 [M+Na]+. 

 

 

4-Methyl-1,2-phenylene diacetate (17).  4-Methylcatechol  (0.50 g, 4.0 mmol) was 

dissolved in CH2Cl2 (40 mL).  To this was added acetic anhydride (1.5 mL, 16.1 mmol) 

and scandium (III) triflate (0.04 g, 0.08 mmol) at RT.  After 5 min, the reaction was 

complete via TLC and the resulting solution was washed with saturated NaHCO3 (2×50 
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mL). The organic layer was collected, dried over MgSO4, filtered and co-evaporated with 

MeOH to afford 17 in a 98% yield (0.82 g, 3.9 mmol).  1H NMR (400 MHz, CDCl3)  δ 

7.07-7.02 (m, 2H), 6.99 (s, 1H), 2.33 (s, 3H), 2.26 (s, 3H). ESI-MS(+): m/z 226.0 

[M+NH4]+, 231.0 [M+Na]+, 247.0 [M+K]+. 

 

4-(Bromomethyl)-1,2-phenylene diacetate (18).  17 (0.82 g, 3.9 mmol) was dissolved 

in CHCl3 (50 mL) and reacted with N-bromosuccinimide (0.95 g, 5.3 mmol) and benzoyl 

peroxide (0.19 g, 0.80 mmol) in a flame-dried vessel.  The reaction was held at reflux for 

18 h.  The mixture was cooled to RT and concentrated.  The resulting residue was 

brought up in CH2Cl2 (20 mL) and washed with brine (2×50 mL).  The organic layer was 

collected, dried over MgSO4 and filtered.  The crude product was purified via silica gel 

chromatography eluting 15% EtOAc in hexanes to afford 14 in 72% yield (0.82 g, 2.8 

mmol).  1H NMR (400 MHz, CDCl3)  δ 7.23-7.13 (m, 3H), 4.43 (s, 2H), 2.26 (s, 6H). ESI-

MS(+): m/z 306.01 [M+NH4]+. 

 

4-(((2-Oxopyridin-1(2H)-yl)oxy)methyl)-1,2-phenylene diacetate (9).  1,2-HOPO (0.10 

g, 0.9 mmol) was dissolved in dry DMF (10 mL). To this was added K2CO3 (0.37 g, 2.7 

mmol) followed by 18 (0.77 g, 2.7 mmol), and the reaction was held at 60 °C for 5 h.  

The mixture was then concentrated via rotary evaporation, dissolved in CH2Cl2 (20 mL) 

and washed with brine (2×20 mL).  The organic layer was collected, dried over MgSO4 

and filtered. The resulting residue was purified via silica gel chromatography eluting 60% 

EtOAc in hexanes to afford 9 in 37% yield (0.11 g, 0.3 mmol).  1H NMR (400 MHz, 

CDCl3)  δ 7.31 (J = 1.9 Hz, 1H), 7.28-7.16 (m, 4H), 6.65 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 

1H), 5.95 (td, J1 = 6.7 Hz, J2 = 1.7 Hz, 1H), 5.25 (s, 2H), 2.28 (s, 6H).  13C NMR (100 
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MHz, CDCl3)  δ 168.3, 168.2, 159.0, 143.1, 142.4, 139.1, 136.7, 132.7, 128.2, 125.2, 

123.9, 122.9, 105.0, 77.3, 20.9, 20.8.  ESI-MS(+): m/z 318.12 [M+H]+, 335.02 [M+NH4]+, 

340.15 [M+Na]+.  

 

4-(((2-Methyl-4-oxo-4H-pyran-3-yl)oxy)methyl)-1,2-phenylene diacetate (10). Maltol 

(0.10 g, 0.8 mmol) was dissolved in dry DMF (10 mL).  To this was added K2CO3 (0.33 g, 

2.4 mmol) followed by 18 (0.68 g, 2.4 mmol), and the reaction was held at 60 °C for 5 h.  

The mixture was then concentrated, dissolved in CH2Cl2 (20 mL) and washed with brine 

(2×20 mL).  The organic layer was collected, dried over MgSO4 and filtered. The 

resulting residue was purified via silica gel chromatography eluting 60% EtOAc in 

hexanes to afford 10 in 24% yield (0.06 g, 0.2 mmol).  1H NMR (400 MHz, CDCl3)  δ 7.65 

(d, J = 5.6 Hz, 1H), 7.29-7.15 (m, 3H), 6.48  (d, J = 5.6 Hz, 1H), 5.16  (s, 2H), 2.29 (s, 

6H), 2.15 (s, 3H).  13C NMR (100 MHz, CDCl3)  δ 175.4, 168.4, 160.4, 153.9, 142.2, 

135.9, 127.1, 124.1, 123.5, 122.8, 120.8, 117.2, 72.5, 20.8, 15.1. ESI-MS(+): m/z 333.10 

[M+H]+, 355.08 [M+Na]+. 

 

4-(((6-(([1,1'-Biphenyl]-4-ylmethyl)carbamoyl)-2-oxopyridin-1(2H)-

yl)oxy)methyl)phenyl acetate (11).  1,2-HOPO-2 (0.15 g, 0.5 mmol) was dissolved in 

dry DMF (10 mL).  To this was added K2CO3 (0.19 g, 1.4 mmol) followed by 16 (0.32 g, 

1.4 mmol), and the reaction was held at 60 °C for 5 h.  The mixture was then cooled to 

RT and concentrated.  MeOH was added to crude which caused the formation of a white 

precipitate.  The precipitate was filtered to afford the desired product 11 in 38% yield 

(0.08 g, 0.2 mmol).  1H NMR (400 MHz, DMSO-d6)  δ 9.46 (br, s, 1H) 7.62 (d, J = 8.0 Hz, 

2H), 7.54 (d, J = 7.6 Hz, 2H), 7.50-7.43 (m, 3H), 7.41 (d, J = 8.4 Hz, 2H), 7.38-7.36 (m, 
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3H), 7.08 (d, J = 7.2 Hz, 2H), 6.68 (d, J = 7.2 Hz, 1H), 6.38 (d, J = 6.8 Hz, 1H), 5.24 (s, 

2H), 4.48 (d, J = 6.0 Hz, 2H), 2.23 (s, 3H).  13C NMR (100 MHz, DMSO-d6)  δ 161.2, 

160.9, 158.1, 155.3, 151.5, 144,6 139.7, 139.5, 138.2, 132.0, 131.5, 129.6, 128.0, 127.3, 

127.2, 123.1, 122.5, 104.6, 78.3, 42.9, 21.5.  HRMS calcd for C28H24N2O5Na: 491.1577; 

Found: 491.1578.   

 

4-(((2-(([1,1'-Biphenyl]-4-ylmethyl)carbamoyl)-4-oxo-4H-pyran-

3yl)oxy)methyl)phenyl acetate (12).  PY-2 (0.10 g, 0.3 mmol) was dissolved in dry 

DMF (10 mL).  To this was added K2CO3 (0.13 g, 0.9 mmol) followed by 16 (0.21 g, 0.9 

mmol), and the reaction was held at 60 °C for 5 h.  The mixture was then cooled to RT 

and concentrated.  MeOH was added to crude which caused the formation of a white 

precipitate.  The precipitate was filtered afford the desired product 8 in 56% yield (0.08 g, 

0.2 mmol).  1H NMR (400 MHz, DMSO-d6)  δ 9.18 (t, J = 5.6 Hz, 1H), 8.22 (d, J = 5.6 Hz, 

1H), 7.63 (d, J = 7.2 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 7.47 (t, J = 7.2 Hz, 2H), 7.38-7.33 

(m, 4H), 7.05 (d, J = 8.4 Hz, 2H), 6.54 (d, J = 5.6 Hz, 1H), 5.14 (s, 2H), 4.45 (d, J = 6 Hz, 

2H), 2.22 (s, 3H).  13C NMR (100 MHz, DMSO-d6)  δ 175.7, 169.7, 159.5, 156.2, 150.9, 

150.8, 145.3, 140.5, 139.5, 138.2, 134.5, 130.3, 129.6, 128.7, 128.0, 127.3, 127.2, 

122.3, 117.7, 73.7, 42.9, 21.5.  HRMS calcd for C28H23NO6Na: 492.1418; Found: 

492.1419.   

 

4-(((6-(([1,1'-Biphenyl]-4-ylmethyl)carbamoyl)-2-oxopyridin-1(2H)-yl)oxy)methyl)-

1,2-phenylenediacetate (13).  1,2-HOPO-2 (0.10 g, 0.3 mmol) was dissolved in dry 

DMF (10 mL). To this was added K2CO3 (0.129 g, 0.9 mmol) followed by 18 (0.267 g, 

0.933mmol), and the reaction was held at 60 °C for 5 h.  The mixture was then cooled to 
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RT, concentrated, brought up in CH2Cl2 (40 mL) and washed with brine (2×50 mL).  The 

organic layer was collected, dried over MgSO4 and filtered. The resulting residue was 

purified via silica gel chromatography eluting 70% EtOAc in hexanes to afford the 

desired product 12 was obtained in 16% yield (0.03 g, 0.05 mmol).  1H NMR (400Hz, 

DMSO-d6)  δ 7.58-7.52 (m, 5H), 7.45 (t, J = 7.2 Hz, 2H), 7.37-7.33 (m, 3H), 7.23 (td, J1 = 

8.4 Hz, J2 = 2.0 Hz, 2H), 7.16 (s, 1H), 7.07 (d, J = 8.0 Hz, 1H), 6.48 (d, J = 8.4 Hz, 1H), 

6.35 (d, J = 5.6 Hz, 1H), 5.15 (s, 2H), 4.53 (d, J = 6.0 Hz, 2H), 2.26 (s, 3H), 2.20 (s, 3H).  

13C NMR (100 MHz, DMSO-d6)  δ 168.5, 168.2, 160.5, 158.8, 143.2, 142.8, 142.1, 

140.8, 140.7, 138.5, 136.7, 132.2, 129.1, 129.0, 128.7, 127.8, 127.7, 127.3, 125.7, 

124.1, 123.9, 106.5, 64.3, 43.7, 20.8, 20. 7. HRMS calcd. for C30H26N2O7Na: 549.1632; 

Found: 549.1631.  

 

4-(((2-(([1,1'-Biphenyl]-4-ylmethyl)carbamoyl)-4-oxo-4H-pyran-3-yl)oxy)methyl)-1,2-

phenylene diacetate (14).  PY-2 (0.10 g, 0.3 mmol) was dissolved in dry DMF (10 mL).  

To this was added K2CO3 (0.129 g, 0.9 mmol) followed by 18 (0.27 g, 0.9 mmol), and the 

reaction was held at 60 °C for 5 h.  The mixture was then cooled to RT, concentrated, 

brought up in CH2Cl2 (20 mL), and washed with brine (2×50 mL).  The organic layer was 

collected, dried over MgSO4 and filtered.  The resulting residue was purified via silica gel 

chromatography eluting 70% EtOAc in hexanes to afford the desired product 9 in 46% 

yield (0.08 g, 0.2 mmol).  1H NMR (400 MHz, DMSO-d6)  δ 9.21 (br, s, 1H), 8.24 (d, J = 

5.6 Hz, 1H), 7.64-7.56 (m, 4H), 7.47 (t, J = 7.2 Hz, 2H), 7.36-7.30 (m, 5H), 7.22 (d, J = 

8.0 Hz, 2H), 6.56 (d, J = 5.6 Hz, 1H), 5.13 (s, 2H), 4.46 (J = 6.0 Hz, 2H), 2.25 (s, 3H), 

2.23 (s, 3H).  13C NMR (100 MHz, DMSO-d6)  δ 175.7, 168.8, 159.5, 156.3, 151.0, 145.2, 

142.4, 140.5, 139.6, 138.2, 136.0, 129.5, 128.6, 128.0, 127.3, 127.2, 127.0, 124.1, 
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123.9, 117.8, 73.3, 42.8, 21.0, 20.9.  HRMS calcd. for C30H25NO8Na: 550.1472; Found: 

550.1471.  

 
UV-Vis Spectroscopy.  Absorption spectra of compounds 7-11 and 13 were collected 

on a Perkin-Elmer Lambda 25 UV-visible spectrophotometer. To a 1.0 mL solution at 50 

µM in HEPES buffer (50 mM, pH 7.5) was added PLE (4 U). Spectra were monitored 

over time at room temperature.  

 

Calculation of Rate Constants.  Pseudo-first order rate constants were calculated by 

monitoring the absorption spectra over time in the presence of PLE.  To 1.0 mL of a 50 

μM solution of each compound in HEPES buffer (50 mM, pH 7.5) was added PLE so that 

each sample contained 0.178 U of protein. Spectra were monitored over 10-20 min at 

room temperature with at least 100 spectra recorded for each sample.  The change in 

absorption was monitored at 274 nm for the maltol series (8,10) and at 338 nm for the 

PY-2 series (12,14). The rate constant (kobs) was determined by linear regression of a 

plot of ln[(Amax - A)/(Amax)] vs. time where Amax is the absorbance of a 50 μM sample of 

maltol (at 274 nm) for 8 and 10 or PY-2 (at 338 nm) for 12 and 14. 

 

HPLC.  Analytical HPLC was performed on a HP Series 1050 system equipped with a 

Vydac® C18 reverse phase column (218TP, 250×4.6 mm, 5 μm). Separation was 

achieved with a flow rate of 1 mL/min and the following solvents: solvent A is 5% MeOH 

and 0.1% formic acid in H2O and solvent B is 0.1% formic acid in MeOH. Starting with 

95% A and 5% B, a linear gradient was run for 15 min to a final solvent mixture of 5% A 

and 95% B, which was held for 5 min before ramping back down to 95% A and 5% B in 
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2 min and holding for an additional 4 min. Compounds were prepared in HEPES buffer 

(50 mM, pH 7.5) at a concentration of 1 mM. Retention times of compounds PY-2, and 

1,2-HOPO-2 were determined under identical HPLC conditions prior to evaluation of 

esterase cleavage of the protected compounds. 

To evaluate the efficiency of esterase cleavage for the proMMPi, 1 mL samples 

of each compound were prepared at a concentration of 1 mM in HEPES buffer (50 mM, 

pH 7.5).  PLE (50 U) was added to each sample and incubated at 25 °C for 1 h prior to 

analysis. 

To evaluate the hydrolytic stability of the proMMPi, a 1.0 mL sample of each 

compound was prepared at a concentration of 1 mM in HEPES buffer (50 mM, pH 7.5) 

and a trace was obtained immediately. The samples were incubated in the buffer 

solution for 24 h at room temperature. A trace was then obtained and the stability 

percentage was calculated based on the area under the curve. 

 

Inhibition Assays. MMP-8 (catalytic domain, human, recombinant) and MMP-12 

(catalytic domain, human, recombinant), were purchased from BIOMOL International. 

MMP activity was measured in 96-well plates using a Bio-Tek Flx800 fluorescent plate 

reader. The protected MMPi were dissolved in DMSO to a concentration of 1 mM and 

diluted in HEPES buffer (50 mM, pH 7.5) to a concentration of 50 µM. To each sample 

was added PLE such that 50 U of protein was present.  This mixture was incubated for 1 

h at room temperature. The esterase was removed via micro centrifugation using 10 kDa 

molecular weight cut-off filters. The filtered esterase-treated compounds were then 

added to wells at their respective IC50 values. Each well contained 20 µL of MMP-8 or 12 

(1.82 U/mL or 0.35U/mL), 60 µL MMP assay buffer (50 mM HEPES, 10mM CaCl2, 0.10% 
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Brij-35, pH 7.5), and the esterase-treated MMPi (10 µL). After a 30 min incubation at 37 

°C, a reaction was initiated with the addition of 10 µL (40 µM) of the fluorescent 

substrate (Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2) where Mca = (7-methoxycoumarin-4-

yl)-acetyl and Dpa = N-3-(2,4-dinitrophenyl)-L-α-β-diaminopropionyl)) and kinetic activity 

was monitored every 40 sec for 30 min with excitation and emission wavelengths at 335 

nm and 405 nm, respectively. Enzyme activity with inhibitor was calculated with respect 

to the control experiment (no inhibitor present). Measurements were performed in 

duplicate in two independent experiments. 

 

3.3.2 Experimental for Section 3.2 

Methyl 2-(((trifluoromethyl)sulfonyl)oxy)benzoate (24).  Methyl 2-hydroxybenzoate 

(0.17 mL, 1.3 mmol was dissolved in anhydrous DMF (10 mL) followed by N-phenyl 

bis(trifluoromethanesulfonate) (0.56 g, 1.5 mmol), and DIPEA (0.68 mL, 3.9 mmol).  The 

reaction was stirred at room temperature for 16 h. The mixture was cooled to RT and the 

solvent was removed by rotary evaporation.  The resulting residue was dissolved in 

EtOAc (30 mL) and washed with water (3×50 mL) and once with brine (50 mL). The 

organic layer was collected, dried over MgSO4, filtered, and concentrated.  The resulting 

residue was purified via silica gel chromatography eluting 10% EtOAc in hexanes to 

afford the desired product 24 was obtained in quantitative yield (0.36 g, 1.3 mmol).  1H 

NMR (400 MHz, CDCl3)  δ 8.03 (dd, J1 = 7.8 Hz, J2 = 1.7 Hz, 1H), 7.58 (td, J1 = 8.2 Hz, 

J2 = 1.7 Hz, 1H), 7.42 (td, J1 = 7.6 Hz, J2 = 1.1 Hz, 1H), 7.28 (dd, J1 = 7.8 Hz, J2 = 2.0 

Hz, 1H), 3.91 (s, 3H). 13C NMR (100 MHz, CDCl3)  δ 164.6, 148.5, 134.6, 132.3, 129.8, 

128.7, 124.5, 117.3, 52.9. APCI-MS (+): m/z 284.88 [M + H]+.  
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Methyl 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (21).  20 (0.15 g, 0.5 

mmol) was dissolved in andydrous DMF (5 mL) followed by Pd(dppf)Cl2 (0.04 g, 0.05 

mmol), bis(pinacolato)diboron (0.19 mg, 0.75 mmol) and KOAc (0.15 mg, 1.5 mmol).  

The reaction was stirred at 80 °C for 16 h.  Upon cooling to room temperature, the 

reaction was filtered twice through celite and the resulting filtrate was concentrated via 

rotary evaporation.  The resulting residue was purified via silica gel chromatography 

eluting 5% EtOAc in hexanes to afford the desired product 21 in 18% yield (24 mg, 0.09 

mmol). 1H NMR (400 MHz, CDCl3)  δ 7.93 (d, J = 7.7 Hz, 1H), 7.50 (m, 2H), 7.40 (m, 

1H), 3.91 (s, 3H), 1.42 (s, 12H).  13C NMR (100 MHz, CDCl3)  δ 133.8, 133.0, 132.5, 

129.2, 128.9, 128.5, 84.4, 74.3, 25.6.  ESI-MS (+): m/z 262.88 [M + H]+. 

 

4-Nitrophenyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl carbonate (25).  

4-(Hydroxymethyl)phenylboronic acid pinacol ester (0.50 g, 2.1 mmol) was dissolved in 

dry THF (20 mL).  Triethylamine (0.6 mL, 4.3 mmol) was added followed by 4-nitrophenyl 

chloroformate (0.47 g, 2.3 mmol) and the reaction was stirred at room temperature for 1 

h.  The reaction was diluted with EtOAc (30 mL) and washed with 1.0 M HCl (30 mL) 

followed by saturated NaHCO3 (30 mL).  The organic layer was dried over MgSO4, 

filtered and concentrated.  The resulting residue was purified via silica gel 

chromatography eluting 5% EtOAc in hexanes to afford the desired product 21 in 60% 

yield (0.51 g 1.3 mmol).  1H NMR (400 MHz, CDCl3)  δ 8.25 (d, J = 9.2 Hz, 2H), 7.85 (d, 

J = 8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 9.2 Hz, 2H), 5.31 (s, 2H), 1.35 (s, 

12H).  13C NMR (100 MHz, CDCl3)  δ 155.7, 152.7, 145.6, 137.2, 135.4, 127.9, 125.5, 

122.0, 84.2, 71.0, 25.1.  ESI-MS(+): m/z 417.19 [M + NH4]+, 422.20 [M + Na]+. 
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Methyl2-((((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)carbonyl)oxy) 

benzoate (22).  Methyl 2-hydroxybenzoate (0.04 mL, 0.32 mmol) was dissolved in 

anhydrous DMF (5 mL) followed by 25 (0.10 g, 0.25 mmol), and K2CO3 (0.10 g, 0.75 

mmol).  The reaction was stirred at 80 °C for 1.5 h.  The solvent was removed by rotary 

evaporation and the residue was dissolved in EtOAc (30 mL) and washed with water 

(3×50 mL) and once with brine (50 mL).  The organic layer was collected, dried over 

MgSO4, filtered, and concentrated.  The resulting residue was purified via silica gel 

chromatography eluting 10% EtOAc in hexanes to afford the desired product 22 in 34% 

yield (35 mg, 0.085 mmol).  1H NMR (400 MHz, CDCl3)   δ 8.02 (dd, J1 = 7.8 Hz, J2 = 1.7 

Hz, 1H), 7.83 (d, J = 8.0 Hz, 2H), 7.56 (td, J1 = 7.7 Hz, J2 = 1.4 Hz, 1H), 7.45 (d, J = 7.6 

Hz, 2H), 7.34 (td, J1 = 7.7 Hz, J2 = 1.2 Hz, 1H), 7.19 (dd, J1 = 8.1 Hz, J2 = 1.2 Hz, 1H), 

5.32 (s, 2H), 3.76 (s, 3H), 1.35 (s, 12H).  13C (100 MHz, CDCl3)   δ 153.6, 150.9, 138.0, 

135.3, 134.2, 132.2, 127.8, 126.7, 125.5, 123.6, 123.4, 122.0, 84.2, 70.6, 52.5, 25.1.  

ESI-MS (+): m/z 429.94 [M + NH4]+, 434.94 [M + Na]+. 

 

Methyl 2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)benzoate (23).  

Methyl 2-hydroxybenzoate (0.09 mL, 0.66 mmol) was dissolved in acetonitrile (5 mL) 

followed by the addition of K2CO3 (0.27 g, 2.0 mmol), and 4-bromomethylphenyl boronic 

acid pinacol ester (0.22 mg, 0.73 mmol).  The reaction was heated to 70 °C for 16 h.  

The reaction mixture was cooled to RT and the solvent was removed via rotary 

evaporation.  The resulting residue was dissolved in EtOAc (30 mL) and washed with a 

saturated NaHCO3 (3×50 mL).  The organic layer was collected, dried over MgSO4, 

filtered and concentrated.  The resulting residue was purified via silica gel 

chromatography eluting 5% EtOAc in hexanes to afford the desired product 23 in 77% 
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yield (186 mg, 0.5 mmol).  1H NMR (400 MHz, CDCl3)   δ 7.85 – 7.81 (m, 3H), 7.49 (d, J 

= 7.6 Hz, 2H), 7.40 (dt, J1 = 8.4 Hz, J2 = 1.8 Hz, 1H), 7.00-6.96 (m, 2H), 5.20 (s, 2H), 

3.90 (s, 3H), 1.35 (s, 12H). 13C NMR (100 MHz, CDCl3)   δ 140.2, 135.2, 133.6, 132.0, 

126.2, 121.0, 120.8, 114.0, 84.0, 70.7, 52.3, 25.1. ESI-MS (+): m/z 368.82 [M + H]+, 

385.69 [M + NH4]+. 

 

Methyl 2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)amino)benzoate 

26).  The synthesis of 26 was accomplished following the procedure outlined for 23 using 

methyl 2-aminobenzoate (0.09 mL, 0.6 mmol), 4-bromomethylphenyl boronic acid 

pinacol ester (0.22 g, 0.73 mmol), and K2CO3 (0.27 g, 1.98 mmol) in anhydrous DMF (5 

mL) to afford 26 in 33% yield (82 mg, 0.22 mmol).  1H NMR (400 MHz, CDCl3)   δ 8.20 (t, 

J = 5.3 Hz, 1H, NH), 7.91 (dd, J1 = 7.8 Hz, J2 = 1.8 Hz, 1H), 7.78 (d, J = 8.1 Hz, 2H), 

7.35 (d, J = 8.2 Hz, 2H), 7.26 (dt, J1 = 7.2 Hz, J2 = 1.6 Hz, 1H), 6.58 (m, 2H), 4.47 (d, J = 

5.8 Hz, 2H), 3.87 (s, 3H), 1.34 (s, 12H).  13C NMR (100 MHz, CDCl3)   δ 169.3, 151.3, 

142.5, 135.4, 134.8, 131.8, 126.6, 115.1, 112.0, 110.5, 83.9, 51.7, 47.3, 25.1. ESI-MS 

(+): m/z 367.98 [M + H]+. 

 

Methyl 2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)thio)benzoate (27). 

The synthesis of 27 was accomplished following the procedure outlined for 23 using 

methyl 2-mercaptobenzoate (0.32 g, 1.9 mmol), 4-bromomethylphenyl boronic acid 

pinacol ester (0.62 g, 2.1 mmol), and K2CO3 (0.78 mg, 5.7 mmol) in anhydrous DMF (8 

mL) to afford 27 in 40% yield (0.29 g, 0.76 mmol).  1H NMR (400 MHz, CDCl3)   δ 7.95 

(dd, J1 = 7.9 Hz, J2 = 1.4 Hz, 1H), 7.75 (d, J = 8.1 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 7.38 

(td, J1 = 7.2 Hz, J2 = 1.6 Hz, 1H), 7.30 (dd, J1 = 8.0 Hz, J2 = 0.8 Hz, 1H), 7.15 (td, J1 = 
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7.8 Hz, J2 = 1.2 Hz, 1H), 4.17 (s, 2H), 3.90 (s, 3H), 1.34 (s, 12H).  13C (100 MHz, CDCl3)   

δ 141.9, 139.7, 135.2, 132.6, 131.5, 128.6, 127.8, 126.3, 124.3, 84.0, 52.3, 37.6, 25.1. 

ESI-MS (+): m/z 384.87 [M + H]+, 401.71 [M + NH4]+. 

 

 

2-((4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)cyclohepta-2,4,6-

trienone (28). The synthesis of 28 was accomplished following the procedure outlined 

for 23 using 2-hydroxycyclohepta-2,4,6-trienone (tropolone) (0.10 g, 0.82 mmol), 

bromomethylphenyl boronic acid pinacol ester (0.27 g, 0.90 mmol), and K2CO3 (0.34 g, 

2.46 mmol) in acetonitrile (10 mL) to afford 28 in 60% yield (0.16 g, 0.48 mmol). 1H NMR 

(400 MHz, CDCl3)   δ 7.81 (d, J = 8 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.24-7.18 (m, 2H), 

6.93 (td, J1 = 9.6 Hz, J2 = 1.2 Hz, 1H), 6.85-6.82 (m, 1H), 6.68 (d, J = 9.6 Hz, 1H), 5.31 

(s, 2H), 1.34 (s, 12H).  13C NMR (100 MHz, CDCl3)   δ 180.94, 164.48, 138.63, 137.62, 

136.64, 135.41, 132.73, 128.50, 126.25, 115.09, 84.10, 70.96, 25.08.  ESI-MS(+): m/z 

338.82 [M + H]+. 
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8-((4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)quinoline (29). The 

synthesis of 29 was accomplished following the procedure outlined for 23 using 8-

hydroxyquinoline (0.12 g, 0.8 mmol), 4-bromomethylphenyl boronic acid pinacol ester 

(0.26 g, 0.88 mmol), and K2CO3 (0.33 g, 2.4 mmol) in 10 mL of acetonitrile to afford 29 in 

22% yield (0.06 g, 0.17 mmol).  1H NMR (400 MHz, CDCl3)   δ 8.96 (dd, J1 = 4.4 Hz, J2 = 

1.2 Hz, 1H), 8.09 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 7.79 (d, J = 7.6 Hz, 2H), 7.49 (d, J = 

7.6 Hz, 2H), 7.40 (dd, J1 = 8 Hz, J2 = 4 Hz, 1H) 7.34-7.28 (m, 2H), 6.95 (dd, 7.79 J1 = 7.2 

Hz, J2 = 1.6 Hz, 1H), 5.47 (s, 2H), 1.31 (s, 12H).  13C NMR (100 MHz, CDCl3)   δ 154.38, 

149.60, 140.69, 140.42, 136.13, 135.32, 129.70. 126.77, 126.26, 121.84, 120.11, 

110.25, 84.01, 70.87, 25.08.  ESI-MS(+): m/z 362.02 [M + H]+. 

 

 

N-(Quinolin-8-yl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzyl)methanesulfonamide (30).  N-(quinolin-8-yl)methanesulfonamide was 
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synthesized as previously described.23  N-(quinolin-8-yl)methanesulfonamide (0.08 g, 

0.34 mmol) was dissolved in MeCN (3 mL).  To this was added K2CO3 (0.14 g, 1.0 

mmol) followed by 4-bromomethylphenyl boronic acid pinacol ester (0.11 g, 0.37 mmol).  

The reaction took place in a microwave reactor at 90 °C for 30 min.  The solvent was 

removed and the resulting residue was purified by silica gel chromatography eluting 30% 

EtOAc in hexanes to afford the desired product 30 in 63% yield (0.09 g, 0.21 mmol). 1H 

NMR (400 MHz, CDCl3)   δ 8.97 (dd, J1 = 4 Hz, J2 = 1.6 Hz, 1H), 8.18 (dd, J1 = 8.4 Hz, J2 

= 1.6 Hz, 1H), 7.74 (dd, J1 = 8.4 Hz, J2 = 1.2 Hz, 1H), 7.64 (d, J = 8 Hz, 2H), 7.50 (dd, J1 

= 7.2 Hz, J2 = 1.2 Hz, 1H), 7.46 (dd, J1 = 8.4 Hz, J2 = 4.4 Hz, 1H), 7.36 (t, J = 7.6 Hz, 

1H), 7.22 (d, J = 8 Hz, 2H), 5.20 (s, 2H), 3.20 (s, 3H), 1.30 (s, 12H).  13C NMR (100 MHz, 

CDCl3)   δ 150.30, 145.18, 140.39, 137.00, 135.36, 135.17, 134.93, 129.74, 129.06, 

128.25, 126.75, 121.68, 83.98, 55.08, 40.37, 25.08.  ESI-MS(+): m/z 438.96 [M + H]+, 

460.97 [M + Na]+.  

 

N-((4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)benzamide (31). N-

hydroxybenzamide (0.17 g, 1.2 mmol) was dissolved in MeOH (8 mL).  To this was 4-

bromomethylphenyl boronic acid pincaol ester (0.40 g, 1.30 mmol). A 40% aqueous 

solution of NaOH (2 mL) was then added dropwise and the reaction was left to stir at 

reflux for 18 h.  The reaction mixture was cooled room temperature and concentrated via 
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rotary evaporation.  To the resulting residue was added concentrated HCl to pH 1.  The 

resulting solution was then extracted with EtOAc (3×50 mL), and washed with brine 

(2×50 mL). The organic layer was collected, dried over MgSO4, filtered and 

concentrated.  The resulting residue was purified via silica gel chromatography eluting 

5% EtOAc in hexanes to afford the desired product 31 in 6% yield (0.03 g, 0.07 mmol).  

1H NMR (400 MHz, CDCl3)   δ 8.61 (br, 1H, NH), 7.83 (d, J = 8 Hz, 2H), 7.64 (d, J = 7.6 

Hz, 2H), 7.51-7.37 (m, 5H), 5.04 (s, 2H), 1.35 (s, 12H).  13C NMR (100 MHz, CDCl3)   δ 

166.67, 138.45, 135.32, 132.35, 132.10, 128.95, 128.72, 127.25, 84.18, 78.45, 25.10.  

ESI-MS(+): m/z 354.10 [M + H]+, 376.10 [M + Na]+. 

 

4,4,5,5-Tetramethyl-2-(4-methyl-2-nitrophenyl)-1,3,2-dioxaborolane (36).  1-Bromo-

4-methyl-2-nitrobenzene (0.50 g, 2.3 mmol) was dissolved in 1,4-dioxane (20 mL) and 

the mixture was stirred at RT for 15 min. To this solution was added KOAc (0.77 g, 8.1 

mmol), Pd(dppf)Cl2 (0.17 g, 0.2 mmol), and bis(pinacolato)diboron (0.88 g, 3.5 mmol).  

The reaction was held at reflux for 18 h.  The mixture was then cooled to RT, and the 

solvent was removed via rotary evaporation.  The resulting residue was purified by silica 

gel chromatography eluting 1-10% EtOAc in hexanes to afford the desired product 36 in 

56% yield (0.34 g, 1.3 mmol).  1H NMR (400 MHz, CDCl3)   δ 7.89 (s, 1H), 7.39-7.36 (m, 

2H), 2.36 (s, 3H), 1.36 (s, 12 H).  

 

2-(4-(Bromomethyl)-2-nitrophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (37).  36 

(0.34 g, 1.3 mmol) was dissolved in CHCl3 (10 mL). To this was added NBS (0.50 g, 2.8 

mmol) followed by benzoyl peroxide (0.09 g, 0.4 mmol).  The reaction was held at reflux 

for 18 h.  The reaction mixture was cooled to RT and the solvent was removed via 
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rotatory evaporation.  The resulting residue was purified by silica gel chromatography 

eluting 1-5% EtOAc in hexanes to afford the desired product 37 in 28% yield (0.12 g, 0.4 

mmol). 1H NMR (400 MHz, CDCl3)   δ 8.14 (s, 1H), 7.65 (dd, J1 = 10 Hz, J2 = 1.6 Hz, 1 

H), 7.50 (d, J = 10 Hz), 4.48 (s, 2H), 1.40 (s, 12H).  

 

2-Methyl-3-((3-nitro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-4H-

pyran-4-one (33).  Maltol (0.02 g, 0.2 mmol) was dissolved in DMF (2 mL).  To this was 

added Cs2CO3 (0.11 g, 0.3 mmol) over ice followed by 37 (0.06 g, 0.2 mmol), and the 

mixture was warmed to RT.  After 5 min, the reaction was complete via TLC, and the 

mixture was filtered and concentrated.  The resulting residue was purified by silica gel 

chromatography eluting 50% EtOAc in hexanes to afford the desired product 33 in 54% 

yield (0.03 g, 0.1 mmol). 1H NMR (400 MHz, CDCl3)   δ 8.20 (s, 1H), 7.70 (d, J = 7.6 Hz, 

1H), 7.60 (d, J = 5.6 Hz, 1H), 7.53 (d, J = 7.6 Hz, 1H), 6.34 (d, J = 5.6 Hz, 1H),  2.19 (s, 

3H), 1.41 (s, 12H).  ESI-MS(+): m/z 388.20 [M + H]+, 410.20 [M + Na]+, 426.10 [M + K]+. 

 

2-(3-Methoxy-4-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (38).  3-

methoxy-4-methylbenzene boronic acid (0.30 g, 1.8 mmol) was dissolved in toluene (10 

mL).  To this was added pinacol (0.24 g, 2.0 mmol), and the reaction was held at reflux 

for 2 h.  The reaction mixture was cooled to RT and concentrated via rotary evaporation.  

The resulting residue was purified by silica gel chromatography eluting 5% EtOAc in 

hexanes to afford the desired product 38 in 90% yield (0.40 g, 1.6 mmol). 1H NMR (400 

MHz, CDCl3)   δ 7.33 (d, J = 7.2 Hz, 1H), 7.24 (s, 1H), 7.15 (d, J = 8.0 Hz, 1H), 3.88 (s, 

3H), 2.24 (s, 3H), 1.35 (s, 12H). 
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2-(4-(Bromomethyl)-3-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(39).  38 (0.40 g, 1.6 mmol) was dissolved in CCl4 (10 mL).  To this was added NBS 

(0.35 g, 1.9 mmol) and benzoyl peroxide (0.16 g, 0.7 mmol) and the reaction was held at 

reflux for 18 h.  The reaction mixture was cooled to RT and concentrated via rotary 

evaporation.  The resulting residue was purified by silica gel chromatography eluting 2-

5% EtOAc in hexanes to afford the desired product 39 in 45% yield (0.24 g, 0.7 mmol). 

1H NMR (400 MHz, CDCl3)   δ 7.40 (d, J = 7.2 Hz, 1H), 7.34 (d, J = 7.6 Hz, 1H), 7.31 (s, 

1H), 4.57 (s, 2H), 3.94 (s, 3H), 1.34 (s, 12H). 

 

3-((2-Methoxy-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-2-methyl-

4H-pyran-4-one (34).  Maltol (0.07 g, 0.6 mmol) was dissolved in DMF (10 mL).  To this 

was added Cs2CO3 (0.37, 1.1 mmol) before the addition of 39 (0.20 g, 0.6 mmol).  The 

reaction was held at RT for 18 h.  The reaction mixture was concentrated via rotary 

evaporation and the resulting residue was purified by silica gel chromatography eluting 

15-25% EtOAc in hexanes to afford the desired product 34 in 7% yield (0.01 g, 0.04 

mmol).  1H NMR (400 MHz, CDCl3)   δ 7.56 (dd, J1 = 5.6 Hz, J2 = 0.8 Hz, 1H), 7.38-7.72 

(m, 2H), 7.26 (s, 1H), 6.35 (dd, J1 = 5.6 Hz, J2 = 0.8 Hz, 1H), 5.22 (s, 2H), 3.85 (s, 3H), 

2.04 (s, 3H), 1.35 (s, 12H).  13C NMR (100 MHz, CDCl3)   δ 175.5, 160.2, 157.4, 153.5, 

144.2, 130.6, 128.5, 127.3, 117.3, 115.8, 84.2, 69.0, 55.5, 25.1, 14.8.  ESI-MS(+): m/z 

373.07 [M + H]+, 395.18 [M + Na]+. 

 

2-(2-(Bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (40). (2-

(bromomethyl)phenyl)boronic acid (0.20 g, 0.9 mmol) was dissolved in toluene (10 mL).  

To this was added pinacol (0.12 g, 1.0 mmol), and the reaction was held at reflux for 1 h.  
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The mixture was cooled to RT and concentrated via rotary evaporation.  The resulting 

residue was purified by silica gel chromatography eluting 20% EtOAc in hexanes to 

afford the desired product 40 in 80% yield (0.22 g, 0.7 mmol). 1H NMR (400 MHz, CDCl3)   

δ 7.84 (d, J = 7.2 Hz, 1H), 7.42-7.28 (m, 3H), 4.94 (s, 2H), 1.40 (s, 12H).  

 

2-Methyl-3-((2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-4H-pyran-4-

one (37).  Maltol (0.09 g, 0.7 mmol) was dissolved in DMF (10 mL).  To this was added 

Cs2CO3 (0.66 g, 2.0 mmol) on ice before the addition of 40 (0.22 g, 0.7 mmol) and the 

reaction was held at 0°C for 1 h.  The reaction mixture was filtered, rinsing with CH2Cl2.  

The mixture was then concentrated via rotary evaporation.  The resulting residue was 

purified by silica gel chromatography eluting 15% EtOAc in hexanes to afford the desired 

product 37 in 26% yield (0.06 g, 0.2 mmol).  1H NMR (400 MHz, CDCl3)   δ 7.80 (dd, J1 = 

7.6 Hz, J2 = 1.2 Hz, 1H), 7.57 (d, J = 5.6 Hz, 1H), 7.50 (d, J = 7.6 Hz, 1H), 7.42 (td, J1 = 

7.6 Hz, J2 = 1.6 Hz, 1H), 7.31 (td, J1 = 7.6 Hz, J2 = 1.6 Hz, 1H), 6.36 (d, J = 5.6 Hz, 1H), 

5.39 (s, 2H), 2.00 (s, 3H), 1.32 (s, 12H).  13C NMR (100 MHz, CDCl3)   δ 175.4, 160.1, 

153.5, 144.4, 143.2, 136.1, 131.2, 130.1, 127.6, 117.4, 84.0, 73.0, 25.1, 15.0.  ESI-

MS(+): m/z 343.18 [M + H]+, 365.21 [M + Na]+. 

 

UV-Vis Spectroscopy.  Absorption spectra were taken on a Perkin-Elmer Lambda 25 

UV-visible spectrophotometer.  To a 1.0 mL solution at 0.05 mM concentration in HEPES 

buffer (50 mM, pH 7.5) was added H2O2.  Spectra were monitored over time at room 

temperature. 
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Calculation of Rate Constants.  The pseudo-first order rate constant was calculated by 

monitoring the absorption spectra over time in the presence of excess H2O2.  To 1.0 mL 

solution of compounds 21-23 and 32-35 in HEPES buffer (50 mM, pH 7.5) at 50 µM was 

added H2O2 to final concentrations of 150 µM, 250 µM, 500 µM, 750 µM, and 900 µM.  

Spectra were monitored over 15-30 min at room temperature with at least 50 spectra 

recorded.  The change in absorption was monitored at 302 nm for 21-23, and 260 nm for 

32-35.  For compounds 21-23 the rate constant (kobs) was found from monitoring the 

appearance of the monitored absorption peak by plotting the linear slope of ln[(Amax-

A)/(Amax)] vs. time (where Amax is the absorbance of a 50 µM sample of the methyl 

salicylate.  For compounds 32-35 the rate constant (kobs) was found from monitoring the 

disappearance of the monitored absorption peak by plotting the linear slope of ln[(A-

AMaltol)/(Ao-AMaltol)] vs. time (where AMaltol is the absorbance of a 50 µM sample of maltol 

and Ao is the initial absorbance of 32-35).  The rate of conversion was determined from 

the slope of the line of kobs vs. [H2O2]. 

 

HPLC.  Analytical HPLC was performed on a HP Series 1050 system equipped with a 

Vydac® C18 reverse phase column (218TP, 250×4.6 mm, 5 μm).  Separation was 

achieved with a flow rate of 1 mL/min and the following solvents:  solvent A is 5% MeOH 

and 0.1% formic acid in H2O and solvent B is 0.1% formic acid in MeOH.  Starting with 

95% A and 5% B, a linear gradient was run for 15 min to a final solvent mixture of 5% A 

and 95% B, which was held for 5 min before ramping back down to 95% A and 5% B in 

2 min and holding for an additional 4 min.  Compounds were prepared in HEPES buffer 

(50 mM, pH 7.5) at a concentration of 1 mM.  Retention times of compounds were 

determined under identical HPLC conditions prior to and after reaction with H2O2.  LC-
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MS (+) was performed on compounds 30 and 31 to confirm cleavage of the boronic ester 

to the phenolic moiety. 
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Chapter 4:  Boronic Ester-Based Fluorescent Probes for Imaging Hydrogen 
Peroxide in Vitro 

!



! 131!

4.1 Applying Boronic Ester Promoieties to Fluorescent Probes 

4.1.1 Introduction 

 As detailed in Chapter 2, H2O2 is a major component of oxygen metabolism in 

biological systems that, when present in high concentrations in the intracellular  (>1 µM) 

or extracellular (>10 µM) environment, can lead to oxidative stress.1  To combat this 

threat, organisms have evolved in a way to help regulate the levels of ROS with 

molecular systems including antioxidant metalloenzymes (such as superoxide dismutase 

and catalase) and the biosynthesis of intracellular reductants (such as glutathione) that 

function as antioxidants.2-4  Overall misregulation in the production of ROS can lead to 

significant oxidative damage due to the inability of the cellular systems to regulate and 

manage the oxidation-reduction equilibrium.  In high concentrations, ROS can cause 

oxidative damage to cellular proteins, nucleic acids, and lipids contributing to aging3,5 

and disease states including cancer,6,7 diabetes,8,9 cardiovascular disease,9 and 

neurodegeneration.10  Indeed, H2O2 is a major ROS byproduct and has been studied as 

a common indicator for oxidative stress in each of these pathologies.  It is therefore 

crucial to understand the roles and implications of H2O2 generation in biological systems. 

 Molecular imaging of H2O2 with fluorescent probes is a noninvasive approach 

used to monitor the chemistry of this particular ROS in living systems.  In this way, the 

specific spatial and temporal distribution of H2O2 can be elucidated within cells and 

tissues.  Several selective probes have been reported for the detection of a number of 

ROS including nitric oxide,11,12 peroxynitrite,13,14 superoxide,15-17 singlet oxygen,18,19 and 

others.  As mentioned in Chapter 3, Chang and coworkers have pioneered the 

development of H2O2-sensitive and selective fluorophores for biological imaging.2,20  This 

work validated the use of a boronic ester as an effective triggering moiety for H2O2 over 
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other biologically relevant ROS.  Additionally, these studies confirmed that the boronate 

switch can be installed onto a diverse array of fluorescent probes.  Indeed,  >20 probes 

have been synthesized containing a boronate trigger that all effectively detect H2O2 

utilizing either an intensity based turn-on mechanism, or by ratiometric detection.2  A 

selection of these probes, 1-4, is shown in Figure 4-1, highlighting the structural diversity 

of fluorophores amenable to this approach.  Included in this collection is a fluorophore 

that contains a boronic acid trigger installed via a benzyl ether SIL (4).  This probe was 

developed by Chang and coworkers after our report was published that detailed the 

benefits of this linkage (Chapter 3).  Despite the ideal optical imaging properties of these 

probes, drawbacks are apparent including synthetic accessibility, and the ability to 

produce these compounds on a large scale (>1g).21-23  For example, the two steps 

required for the synthesis of 1 are shown in Scheme 4-1, which includes an air free 

Miyaura Borylation reaction utilizing a Pd(0) catalyst.  Additionally, it should be noted that 

only 30 mg of 1 was synthesized under these conditions.22    

 

 

Figure 4-1.  A selection of H2O2-sensitive fluorescent probes incorporating a boronic 
ester or acid trigger developed by the Chang laboratory.2 
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Scheme 4-1. Synthesis of H2O2-sensitive fluorophore 1 by Chang and coworkers. 
 

 When designing a fluorescent probe for biological imaging of H2O2, several key 

factors must be considered including:  synthetic ease, aqueous solubility and stability, 

rates of activation, exhibiting a fluorescent turn-on response, and cell permeability.  

Ideally, a probe will also have the ability to image biologically relevant levels of H2O2 
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 The studies detailed in Chapter 3.B demonstrate that the benzyl ether-linked 

boronic ester promoiety is superior to other linkage approaches, including direct 

incorporation.  In the present study, the boronic ester-benzyl ether linkage strategy is 

utilized to prepare synthetically accessible fluorescent probes for imaging H2O2.  These 

probes overcome both of the aforementioned limitations, namely the detection of 

endogenous H2O2 and a one-step, highly accessible synthetic procedure that allows for 

gram-scale preparation using routine synthetic methods. 

 

4.2 Results and Discussion 

4.2.1 Development of H2O2-Sensitive Probes 

 Having elucidated the benefits of the benzyl ether linked system with respect to 

synthetic ease, kinetics, and hydrolytic stability, we applied this promoiety design to 

molecular imaging agents for use in detecting H2O2 in biological media.  Fluorescein was 

selected as an inexpensive and widely used dye for cellular imaging due to its high 

quantum yield, low toxicity, and excellent water solubility.24  To investigate the synthetic 

generality of this approach, 7-hydroxycoumarin (umbelliferone) was also considered.  

Because fluorescein has two free phenol moieties, a latent fluorophore (profluorophore) 

was designed where the benzyl ether boronic ester is appended at both the 3! and 6! 

positions.  In order to evaluate the sensitivity of these probes to H2O2, structurally similar 

control compounds were designed that do not contain the boronate triggering moiety 

(Figure 4-2).   
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Figure 4-2.  Structures of latent, H2O2-sensitive fluorophores FBBBE and CBBE, along 
with their corresponding controls, FBn and CBn. 
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Scheme 4-2. Synthesis of profluorophores FBBBE and CBBE. 
 

FBBBE and CBBE were evaluated for reactivity with H2O2 under simulated 

physiological conditions (50 mM HEPES, pH 7.5).  For the fluorescein-based probes, the 

installation of the two benzyl protecting groups forces the compound to remain in the 

closed lactone form, rendering FBBBE (and FBn) nonfluorescent.  UV-Vis absorption 

spectroscopy reveals a baseline absorption profile in the visible region for FBBBE.  Upon 

the addition of H2O2 to FBBBE, the absorption spectrum of FBBBE changes 

considerably with a large increase in the visible absorption band (λmax = 494 nm) 

observed (Figure 4-3).  Fluorescence emission spectroscopy confirms that FBBBE is 

nonfluorescent.  Upon the addition of H2O2, a large increase in fluorescence is observed 

with a maximum of λmax = 521 nm, indicative of conversion to fluorescein (Figure 4-4).  
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concentrations to demonstrate a linear relationship in relative emission response.  To do 
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showed a linear correlation (Figure 4-5).  As expected, FBn does not show any changes 

in emission upon treatment with excess H2O2 (Figure 4-6).  

 

 

Figure 4-3.  Absorption spectra of FBBBE (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (18 eq, 900 µM) monitored every 10 min for 5 h.  The dotted line is the 
initial spectrum and an authentic sample of fluorescein (50 µM) in 50 mM HEPES (pH 
7.5) is shown in green. 
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Figure 4-4.  Fluorescent response of FBBBE (50 µM) in HEPES (50 mM, pH 7.5) to 
H2O2 (5 eq, 250 µM) (λex = 480 nm).  The dotted line represents the initial spectrum and 
subsequent spectra were recorded every 4 min for 36 min.   
 

 
Figure 4-5. Fluorescent response of FBBBE (10 µM) to various concentrations of added 
H2O2 at RT for 15 min (inset).  The collected emission spectra were integrated between 
500-700 nm (λex = 480 nm).  
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Figure 4-6.  Fluorescent response of FBn (50 µM) in HEPES (50 mM, pH 7.5) to H2O2 (9 
eq, 450 µM) (λex = 480 nm).  The black line represents the initial spectrum and the blue 
lines shows the emission spectrum after 1 h incubation with H2O2 at RT.   
 

To determine whether the cleavage of one or both benzyl ether protecting groups 

from FBBBE is necessary to generate fluorescence, a second fluorescein derivative (in 

the free carboxylic acid form, FBBE) was synthesized (Scheme 4-3).  UV-Vis 

spectroscopy revealed a profile that showed strong absorption in the visible region 

(Figure 4-7).  Emission spectroscopy confirmed that this compound is highly fluorescent 

with an emission profile identical to that of fluorescein (data not shown).  After treating 

FBBE with H2O2, the absorption profile shifts to that of one matching fluorescein (Figure 

4-7).  Taken together, these data suggest only one H2O2 mediated deprotection event is 

necessary to turn-on fluorescence for FBBBE.  However, as shown by absorption 

spectroscopy, treatment of the doubly substituted FBBBE with H2O2 quickly converts the 

compound to fluorescein (Figure 4-8), showing negligible accumulation of FBBE.  This 

suggests that FBBE is a short-lived intermediate that does not contribute significantly to 
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FBBBE’s response.  A summary of the proposed mechanism of activation for FBBBE in 

the presence of H2O2 is shown in Scheme 4-4. 

 

Scheme 4-3.  Synthesis of FBBE. 

 

Figure 4-7.  Absorption spectra of FBBE (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (18 eq, 900 µM) monitored every 2 min for 20 min.  The dotted line is 
the initial spectrum and an authentic sample of fluorescein (50 µM) in 50 mM HEPES 
(pH 7.5) is shown in green. 
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Figure 4-8.  Absorption spectra of FBBBE (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (18 eq, 900 µM) monitored every 10 min for 5 h.  The dotted line is the 
initial spectrum and an authentic sample of fluorescein (50 µM) in 50 mM HEPES (pH 
7.5) is shown in green.  The absorption spectra of FBBE (50 µM) in HEPES (50 mM, pH 
7.5) is shown in red. 
 

 

 

Scheme 4-4.  Activation mechanism of FBBBE in the presence of H2O2. 
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Similar to FBBBE, the absorption spectrum of CBBE changes substantially after 

the addition of H2O2, with spectral features matching that of an authentic sample of 7-

hydroxycoumarin, indicating complete conversion to the active fluorophore (Figure 4-9).  

Emission spectroscopy confirms that CBBE is also nonfluorescent in the absence of 

H2O2.  However, the fluorescence of CBBE is quickly recovered in the presence of H2O2, 

with a maximum of λmax = 453 nm (Figure 4-10) observed.  A calibration plot similar to 

that of FBBBE was obtained for CBBE, showing a linear correlation between H2O2 added 

and observed fluorescent response (Figure 4-11).  As expected, the control compound, 

CBn, shows no change in the emission spectra after treatment with H2O2 (Figure 4-12). 

 

 
 

Figure 4-9.  Absorption spectra of CBBE (50 µM) in HEPES (50 mM, pH 7.5) in the 
presence of H2O2 (9 eq, 450 µM) monitored every 2 min for 60 min.  The dotted line is 
the initial spectrum and an authentic sample of 7-hydroxycoumarin (50 µM) in 50 mM 
HEPES (pH 7.5) is shown in green. 
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Figure 4-10.  Fluorescent response of CBBE (5 µM) in HEPES (50 mM, pH 7.5) to H2O2 
(4 eq, 25 µM) (λex = 370 nm).  The dotted line represents the initial spectrum and 
subsequent spectra were recorded every 4 min for 60 min.   
 

 

Figure 4-11.  Fluorescent response of CBBE (5 µM) to various concentrations of added 
H2O2 at RT for 15 min (inset).  The collected emission spectra were integrated between 
410-700 nm (λex = 370 nm).   
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Figure 4-12.  Fluorescent response of CBn (50 µM) in HEPES (50 mM, pH 7.5) to H2O2 
(9 eq, 450 µM) (λex = 370 nm).  The black line represents the initial spectrum and the 
blue lines shows the emission spectrum after 1 h incubation with H2O2 at RT.   
 

 Additional studies were performed to quantify the fluorescence turn-on for each 

probe to directly compare the sensitivity to H2O2.  FBBBE shows a 52-fold increase in 

fluorescence in response to excess H2O2, while CBBE shows a 57-fold increase (Figures 

4-13 and 4-14).  The fluorescent turn-on responses are excellent when compared with 

similar fluorophores reported for endogenous imaging of H2O2 (~3-50-fold turn-on),2 

further demonstrating the value of these probes for sensing H2O2 in biological systems.  

To determine the rates of reactivity of FBBBE and CBBE to H2O2, pseudo-first-order 

kinetic measurements were calculated utilizing UV-Vis absorption spectroscopy.  The 

observed rate constants for FBBBE and CBBE activation by H2O2 were kobs = 

3.1±0.5x10-5 s-1 and kobs = 4.6±0.9x10-3 s-1, respectively.  It was determined that the 

deprotection of CBBE was much faster than FBBBE, likely due to the fact that FBBBE 

undergoes a two-step activation mechanism to establish fluorescence (Scheme 4-4).  

Recent studies have shown that boronic ester-based probes can be sensitive to other 
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biologically relevant ROS, including hypochlorite.25  Indeed, FBBBE can also react with 

OCl-, but it is far less sensitive when compared to H2O2 (Figure 4-15). 

 

 

Figure 4-13.  Fluorescence turn-on of FBBBE (1 µM) in HEPES 50 mM, pH 7.5).  The 
black line represents the initial spectrum and the red line is the final spectrum after 1.5 h 
incubation with H2O2 at RT (300 eq, 300 µM) (λex = 480 nm). 
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Figure 4-14.  Fluorescence turn-on of CBBE (1 µM) in HEPES 50 mM, pH 7.5).  The 
black line represents the initial spectrum and the red line is the final spectrum after 1.5 h 
incubation with H2O2 at RT (300 eq, 300 µM) (λex = 370 nm). 
 

 
Figure 4-15.  Fluorescent responses of FBBBE (1 µM) to H2O2 and to hypochlorite  
(OCl-).  Data shown are for 100 µM of each ROS.  H2O2 and OCl- were prepared from 
30% and 5% aqueous solutions, respectively.  Spectra were acquired in HEPES (50 mM, 
pH 7.5) and all data were obtained after incubation with each ROS at 25 °C.  Collected 
emission was integrated between 500 and 700 nm (λex = 480 nm) and bars represent 
relative responses at 5 (white), 15 (light gray), 30 (gray), 45 (dark gray), and 60 min 
(black) after the addition of the appropriate ROS. 
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4.2.2 Cellular Imaging Studies 

 With a clear understanding of the chemistry of these probes in vitro, FBBBE was 

examined for H2O2 detection in biological samples using confocal microscopy.  Murine 

macrophage RAW 264.7 cells were treated with phosphate-buffered saline (PBS) buffer 

(unstimulated cells), lipopolysaccharide (LPS, stimulated cells), or with exogenous H2O2, 

followed by incubation with either FBBBE (Figure 4-16A-C) or FBn (Figure 4-16D-F).  

The inflammatory effects of LPS in macrophages are well established and result in a 

burst of ROS and reactive nitrogen intermediates, among other inflammatory 

signatures.26-28  Thus, LPS was used here as a biological stimulant of H2O2.  

Fluorescence from activated FBBBE was observed for all treatment conditions (Figure 4-

13A-C).  Experiments with the control probe FBn show no fluorescence turn-on in any of 

the treatment conditions.  The observed results suggest that FBBBE is responsive to the 

intracellular, endogenous levels of H2O2 in this leukemia cell line.   

Further studies are needed to better evaluate the turn-on of fluorescence over 

time for FBBBE for the RAW 264.7 leukemia cell.  If an increase in fluorescence is 

shown to occur in a time-dependent manner, this result would suggest that the basal 

levels of H2O2 in this particular cell line are sufficient to activate the probe over time.  

This study will be conducted concurrently with a different, healthy cell line known to have 

low intracellular levels of H2O2 (<10 nM).  Collectively, these results can help 

demonstrate the ability of FBBBE to become activated under truly endogenous levels of 

H2O2. 
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Figure 4-16.  Molecular imaging of H2O2 in RAW 264.7 cells.  Confocal fluorescence 
image of cells treated with FBBBE (50 µM) in:  A) PBS; B) LPS (1 µg mL-1) for 24 h, and 
with C) H2O2 (100 µM) for 1 h.  Confocal fluorescence image of cells treated with FBn 
(50 µM) in:  D) PBS; E) LPS (1 µg mL-1) for 24 h, and with F) H2O2 (100 µM) for 1 h.  
Scale bar: 50 µm. 
 

4.2.3 Tissue Imaging Studies 

The results obtained from the cellular studies inspired us to extend our studies to 

a more physiologically relevant model for H2O2 detection.  H2O2 is particularly active in 

the brain and neuronal tissue, triggered by the metabolism of neurotransmitters.29  The 

brain and spinal cord from three-to four-week-old female C57BL/6J mice were excised, 

frozen in optimal cutting temperature (OCT) medium, and 10 µm sagittal cryosections 

were prepared for staining with FBBBE and FBn.  At this age, the mice are undergoing 

extensive neuronal development and remodeling, which is associated with higher levels 

of neurotransmitter activity and high concentrations of ROS in both neurons and 
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microglial cells in the brain.  Consistent with the previous experiments, the sections were 

either incubated with PBS (untreated) or H2O2 (Figure 4-17).  Similar to the cell-based 

studies, endogenous levels of H2O2 appeared sufficient to active the probe (FBBBE), 

and the exogenous addition of H2O2 did not alter the fluorescence levels observed 

(Figure 4-17A and D).  The probe seems to be activated intracellularly, based on its 

proximity to a nuclear stain (Figure 4-17C and F).  When identical studies using the 

control FBn were performed, no fluorescence turn-on was observed (Figure 4-18).  The 

minimal fluorescence signal observed is likely attributed to tissue autofluorescence. 

 

 

Figure 4-17.  Confocal fluorescence images of H2O2 in mouse brain treated with FBBBE 
for 1 h.  Brain tissue treated with PBS (A-C) or H2O2 (100 µM, D-F).  Images on the left 
(A, D) are with FBBBE (50 µM); images in the middle (B, E) are of nuclear staining with 
4!,6-diamidino-2-phenylindole (DAPI, blue); images on the right (C, F) are an overlay of 
the FBBBE and DAPI staining.  Scale bar 50 µm. 
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Figure 4-18.  Confocal fluorescence images of H2O2 in mouse brain treated with FBn for 
1 h.  Brain tissue treated with PBS (A-C) or H2O2 (100 µM, D-F).  Images on the left (A, 
D) are with FBn (50 µM); images in the middle (B, E) are of nuclear staining with DAPI; 
images on the right (C, F) are an overlay of the FBn and DAPI staining.  Scale bar 50 
µm. 
 

 To further investigate whether FBBBE is activated by endogenous levels of H2O2, 

our efforts focused on evaluating the probe in the spinal cord.  It is well established that 

the spinal cord consists primarily of white matter (myelinated axons), gray matter 

(axons), glial cells, and some fibrous tissue with few axon terminals and macrophages.  

The presence of ROS is ubiquitous at axon terminals associated with neurotransmitter 

activity and metabolism.29  Thus, in a healthy, uninjured spinal cord, the presence of 

ROS such as H2O2 is not typical.28  Spinal cord sections were either incubated with PBS 

(untreated) or H2O2, in a manner identical to the brain tissue studies.  Confocal 

fluorescence images of the untreated spinal cord tissue incubated with FBBBE shows 
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that the probe remains essentially inactive with a weak fluorescence signal observed 

(likely due to tissue autofluorescence), confirming that in areas of low ROS levels, the 

probe remains latent (Figure 4-19).  The addition of exogenous H2O2 to the spinal cord 

tissue shows a minimal amount of fluorescence when compared to the brain tissue.  The 

lack of fluorescence signal from the H2O2 treated samples may be due to the inability of 

FBBBE to penetrate the spinal cord tissues, which may have been washed away before 

the image was taken.  Alternatively, FBBBE may be able to penetrate the spinal cord 

tissue, but the externally added H2O2 is impermeable to the spinal cord cells and hence 

unable to activate FBBBE.  Nonetheless, in both tissues it appears that the exogenous 

addition of H2O2 does not potentiate the fluorescence signal, implying that probe 

activation may be caused by endogenous H2O2 activity in the brain not present in the 

spinal cord.  These experiments suggest that the turn-on response of FBBBE is not 

found indiscriminately in all tissue types.  
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Figure 4-19.  Confocal fluorescence images of H2O2 in mouse spinal cord treated with 
FBBBE for 1 h.  Brain tissue treated with PBS (A-C) or H2O2 (100 µM, D-F).  Images on 
the left (A, D) are with FBn (50 µM); images in the middle (B, E) are of nuclear staining 
with DAPI; images on the right (C, F) are an overlay of the FBBBE and DAPI staining.  
Scale bar 50 µm. 
 

In conclusion, the synthesis, reactivity, and imaging properties of a new class of 

fluorescence-based molecular probes for detecting endogenous H2O2 in biological 

systems was elucidated.  These probes can be accessed in a single synthetic step with 

two commercially available starting materials.  Both fluorescein and coumarin-based 

probes are sensitive for the detection of H2O in the biologically-relevant micromolar 

range.1  The fluorescein-based probe was particular effective in imaging endogenous 

H2O2 levels with and without stimulation in murine macrophage cells using confocal 

microscopy, and ex vivo imaging of endogenous H2O2 was effectively demonstrated in 

mouse brain.  The combined synthetic ease, stability, solubility, fast reaction kinetics, 
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and relatively high fluorescent turn-on response of these probes in comparison to other 

fluorophores demonstrate great potential for molecular imaging.  In fact, a provisional 

patent was filed for probes FBBBE and CBBE, and the technology has been licensed by 

Cayman Chemical Company and Strem Chemicals, Inc.  The probes are currently being 

sold by Strem Chemicals, Inc. at: http://www.strem.com/catalog/v/96-

0350/33/biological_hydrogen_peroxide_imaging_kit_fbbbe_cbbe 

 

4.3 Experimental 

General Experimental Details:  All chemicals were purchased from commercial 

suppliers (Sigma-Aldrich, Acros Organics, TCI America, Fisher Scientific) and were used 

without further purification.  All reactions were carried out under N2 in oven-dried 

glassware.  E. Merck silica gel (60, particle size 0.040-0.063 mm) was used for flash 

chromatography, which was performed using a CombiFlash Rf 200 automated system 

from TeledyneISCO (Lincoln, NE, USA).  NMR spectra were recorded on a Varian FT 

400 MHz NMR instrument.  Mass spectrometry (MS) was performed at the Molecular 

Mass Spectrometry Facility (MMSF) in the Department of Chemistry and Biochemistry at 

the University of California, San Diego.   

 

3',6'-Bis((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-3H-

spiro[isobenzofuran-1,9'-xanthen]-3-one (FBBBE):  Fluorescein (2.45 g, 7.3 mmol) 

was dissolved in MeCN (50 mL).  To this was added Cs2CO3 (7.21 g, 22.1 mmol) 

followed by 4-bromomethylphenyl boronic acid pinacol ester (6.57 g, 22.1 mmol).  The 

reaction was held at reflux for 18 h.  The mixture was then cooled to RT, filtered, and 

rinsed with CH2Cl2.  The solvent was removed and the product was purified by silica gel 
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chromatography, eluting 20-30% EtOAc in hexanes to afford FBBBE in 31% yield (1.72 

g, 2.3 mmol).  1H NMR (400 MHz, CDCl3)  δ 8.01 (d, J = 7.6 Hz, 1H), 7.85 (d, J = 7.6 Hz, 

4H), 7.62 (m, 2H), 7.43 (d, J = 7.6 Hz, 4H), 7.15 (d, J = 7.6 Hz, 1H), 6.82‐6.81 (m, 2H), 

6.70-6.67 (m, 4H), 5.11 (s, 4H), 1.35 (s, 24H).  13C NMR (100 MHz, CDCl3)  δ 169.7, 

160.5, 153.4, 152.6, 139.6, 135.3, 135.2, 129.9, 129.4, 127.0, 126.7, 125.2, 124.2, 

112.5, 111.7, 102.1, 84.1, 83.4, 70.4, 25.1. ESI-MS(+): m/z 765.44 [M + H]+, 787.37 [M + 

Na]+. 

 

 

3',6'-Bis(benzyloxy)-3H-spiro[isobenzofuran-1,9'-xanthen]-3-one (FBn):  Fluorescein 

(0.75 g, 2.3 mmol) was dissolved in MeCN (15 mL).  To this was added Cs2CO3 (2.21 g, 

6.8 mmol) followed by benzyl bromide (1.1 mL, 9.0 mmol).  The reaction was heated to 

reflux for 18 h.  The mixture was then cooled to RT, filtered, and rinsed with CH2Cl2.  The 

solvent was removed and the product was purified by silica gel chromatography, eluting 

5-25% EtOAc in hexanes to afford FBn in 50% yield (0.58 g, 1.1 mmol).  1H NMR (400 

MHz, CDCl3)  δ 8.03, (d, J = 7.2 Hz, 1H), 7.69-7.60 (m, 2H), 7.45-7.33 (m, 10H), 7.17 (d, 

J = 7.2 Hz, 1H), 6.85 (s, 2H), 6.71-6.79 (m, 4H), 5.10 (s, 2H).  13C NMR (100 MHz, 

CDCl3)  δ 169.7, 160.7, 153.3, 152.7, 136.5, 135.2, 129.9, 129.4, 128.9, 128.4, 127.7, 

127.1, 125.2, 124.2, 112.5, 111.7, 102.1, 83.4, 70.5.  ESI-MS(+): m/z 513.15 [M + H]+. 
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7-((4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-2H-chromen-2-one 

(CBBE).  7-Hydroxycoumarin (1.25 g, 7.7 mmol) was dissolved in anhydrous DMF (15 

mL).  To this was added of K2CO3 (3.20 g, 23.1 mmol) followed by 4-bromomethylphenyl 

boronic acid pinacol ester (6.18 g, 20.8 mmol).  The reaction was heated to 80 °C for 18 

h.  The mixture was then cooled to RT, filtered, and rinsed with CH2Cl2.  The filtrate was 

then washed with water and brine, dried over MgSO4, filtered, and concentrated.  The 

resulting residue was purified via silica gel chromatography eluting with 20% EtOAc in 

hexanes to afford CBBE in 69% yield (2.01 g, 5.3 mmol).  1H NMR (400 MHz, CDCl3)  δ 

7.83 (d, J = 8.1 Hz, 2H), 7.63 (d, J = 9.5 Hz, 1H), 7.42 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 

8.6 Hz, 1H), 6.90 (dd, J1 = 8.6 Hz, J2 = 2.4 Hz, 1H), 6.87 (d, J = 2.4 Hz, 1H), 6.25 (d, J = 

9.5 Hz, 1H), 5.15 (s, 2H), 1.35 (s, 12H).  13C NMR (100 MHz, CDCl3)  δ 162.0, 161.4, 

156.0, 143.6, 139.0, 135.4, 129.0, 126.8, 113.5, 113.4, 113.0, 102.2, 84.1, 70.6, 25.1.  

ESI-MS (+) m/z: 378.95 [M + H]+, 395.79 [M + NH4]+. 

 

 

7-(Benzyloxy)-2H-chromen-2-one (CBn):  7-Hydroxycoumarin (0.65 g, 4.0 mmol) was 

dissolved in MeCN (20 mL).  To this was added Cs2CO3 (2.61 g, 8.0 mmol) followed by 

benzyl bromide (1.0 mL, 8.0 mmol).  The reaction was heated to 80 °C for 18 h.  The 

mixture was then cooled to RT, filtered, and rinsed with CH2Cl2.  The solvent was 

removed and the resulting residue was purified by silica gel chromatography eluting with 

20-50% EtOAc in hexanes to afford CBn in 78% yield (0.78 g, 3.1 mmol).  1H NMR (400 

MHz, CDCl3)  δ 7.62 (d, J = 9.6 Hz, 2H), 7.44-7.35 (m, 6H), 6.91 (dd, J1 = 8.4 Hz, J2 = 

O OHO

Br
+ Cs2CO3, MeCN

18 h, 80oC
78%

O OO

CBn
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2.4 Hz, 1H), 6.87 (d, J = 2.4 Hz, 1H), 5.12 (s, 2H).  13C NMR (100 MHz, CDCl3)  δ 162.1, 

161.4, 156.0, 143.6, 136.0, 129.1, 129.0, 128.6, 127.8, 113.5, 113.4, 112.9, 102.1, 70.7.  

ESI-MS(+): m/z 253.03 [M + H]+, 269.72 [M + NH4]+.  

 

Methyl 2-(3-oxo-6-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-3H-

xanthen-9-yl)benzoate (5):  Fluorescein methyl ester30 (2.09 g, 6.0 mmol) was 

dissolved in anhydrous DMF (20 mL).  To this was added K2CO3 (2.50 g, 18.1 mmol) 

followed by 4-bromomethylphenyl boronic acid pinacol ester (3.23 g, 10.9 mmol).  The 

reaction was held at 80 °C for 18 h.  The mixture was then cooled to RT and filtered, 

rinsing with CH2Cl2.  The solvent was removed and the resulting residue was purified by 

silica gel chromatography eluting 50-90% EtOAc in hexanes to afford 5 in 49% yield 

(1.66 g, 3.0 mmol).  1H NMR (400 MHz, DMSO-d6)  δ 8.20 (d, J = 8.0 Hz, 1H), 7.86 (td, 

J1 = 8.0 Hz, J2 = l.2 Hz, 1H), 7.77 (td, J1 = 8.0 Hz, J2 = l.2 Hz, 1H), 7.70 (d, J = 8.0 Hz, 

2H), 7.48 (t, J = 8.0 Hz, 3H), 7.28 (d, J = 2.8 Hz, 1H), 6.95 (dd, J1 = 9.2 Hz, J1 = 2.4 Hz, 

1H), 6.83 (d, J = 8.8 Hz, 1H), 6.78 (d, J = 9.6 Hz, 1H), 6.37 (dd, J1 = 9.6 Hz, J1 = 2.0 Hz, 

1H), 6.22 (d, J = 2.0 Hz, 1H), 5.32 (s, 2H), 3.57 (s, 3H), 1.28 (s, 12H).  ESI-MS(+): m/z 

563.2 [M + H]+. 

 

2-(3-Oxo-6-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-3H-xanthen-

9-yl)benzoic acid (FBBE):  1 (1.00 g, 1.8 mmol) was dissolved in THF (30 mL) and 4% 

KOH (aq) (30 mL).  The reaction was held at RT for 12 h under nitrogen.  The solvent 

was then removed and the resulting residue was brought up in H2O (20 mL) and 1 M HCl 

(20 mL).  An extraction with EtOAc (4 x 50 mL) was performed, collecting the organic 

layer.  This layer was dried over MgSO4, filtered and concentrated.  The solvent was 
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removed and the resulting residue was purified by silica gel chromatography eluting 30-

70% EtOAc in hexanes to afford FBBE in 56% yield (0.59 g, 1.1 mmol).  1H NMR (400 

MHz, CDCl3)  δ 8.01 (d, J = 7.6 Hz, 1H), 7.83 (d, J = 7.6 Hz, 1H), 7.68-7.59 (m, 2H), 7.42 

(d, J = 6.4 Hz, 2H), 7.16 (d, J = 7.2 Hz, 1H), 6.80 (d, J = 2.8 Hz, 1H), 6.73 (J = 2.8 Hz, 

1H), 6.67-6.65 (m, 2H), 6.58 (dd, J1 = 8.8 Hz, J2 = 0.8 Hz), 6.54-6.51 (m, 1H), 5.11 (s, 

2H), 1.35 (s, 12H).  ESI-MS(+): m/z 549.2 [M + H]+. 

 

Luminescence Spectroscopy. Fluorescence emission spectra were recorded with a 

Perkin-Elmer LS-55 fluorescence spectrometer.  To a 2.0 mL solution of probe of varying 

concentrations in HEPES buffer (50 mM, pH 7.5) was added H2O2 in HEPES to monitor 

fluorescence turn-on.  Spectra were monitored over time at RT with quartz cuvettes.  

 

UV-Vis Spectroscopy.  Absorption spectra were taken on a Perkin-Elmer Lambda 25 

UV-visible spectrophotometer.  To a 1.0 mL solution of 50 µM probe in HEPES buffer (50 

mM, pH 7.5) was added varying concentrations of H2O2 in HEPES to monitor 

deprotection.  Spectra were monitored over time at RT with quartz cuvettes.  

 

Calculation of Rate Constants.  The pseudo-first order rate constant was calculated by 

monitoring the absorption spectra over time in the presence of excess H2O2.  To a 1.0 

mL solution of 50 μM FBBBE or CBBE in HEPES buffer (50 mM, pH 7.5) was added 

H2O2 to a final concentration of 10 mM.  Spectra were monitored over 5-15 min at RT 

with at least 100 spectra recorded.  The change in absorption at 494 nm for FBBBE and 

370 nm for CBBE were monitored.  The rate constant (kobs) was determined by linear 

regression of a plot of ln[(Amax-A)/(Amax)] vs. time where Amax is the absorbance of a 50 
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μM sample of fluorescein (at 494 nm) for FBBBE and 7-hydroxycoumarin (at 370 nm) for 

CBBE.  All rate constants were measured in triplicate using three independent 

experiments. 

 

Calculation of Fluorescence Turn-on.  To quantitate the fluorescence turn-on, a 

sample of each probe (1 µM in 50 mM HEPES pH 7.5) was prepared.  An excess of 

H2O2 (300 eq, 300 µM) was added to the latent fluorophore and spectra were recorded 

until no increase in fluorescence intensity was observed, signifying a complete reaction.  

The collected initial and final emission spectrum were integrated, and the ratio reports 

the fluorescence turn on. 

 

Cell Imaging Experiments.  RAW 264.7 macrophages were grown in DMEM 

supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 

μg/mL penicillin, and 100 μg/mL streptomycin (Life Technologies, Carlsbad, CA).  For 

confocal microscopy, the RAW 264.7 cells were seeded at 250,000 in glass bottom 35 

mm dishes (MatTek Corporation, Ashland, MA) and post-adhering (5 h), some dishes 

were treated with 1 µg/mL of LPS (Sigma-Aldrich, St. Louis, MO) for 24 h.  Other dishes 

were treated the next day after plating with either 100 µM H2O2 for 1 h or PBS for 1 h.  

Cells were washed twice with PBS and fixed in ice-cold 95% ethanol for 15 min.  Cells 

were twice rinsed with PBS and incubated with either 50 µM probe (FBBBE) or 50 µM 

control (FBn) for 1 h at RT.  Cells were washed twice with PBS and coverslips were 

mounted over cells using Aqua Mount (Thermo Scientific, Waltham, MA).  Confocal 

images were obtained at 80×magnification on an Olympus FV1000 confocal laser 

scanning microscope.  Images were processed using ImageJ software (NIH).  



! 159!

Immunohistological Studies.  3-4 week old female C57BL/6J mice were purchased 

from Jackson Laboratory (Bar Harbor, ME).  Mice were sacrificed and perfused with 

sterile PBS.  The brain and spinal cord were harvested and imbedded in Tissue-Tek® 

OCT Compound (Sakura Finetek USA, Torrance, CA) and frozen in dry ice before 

storage at -80˚ C.  All animal studies were reviewed and approved by the University of 

California, San Diego Institutional Animal Care and Use Committee (La Jolla, CA). 

For confocal microscopy, the frozen tissue was cut into 10-µm sections on a Leica 

cryomicrotome and mounted on slides.  Tissue sections were fixed in ice-cold 95% 

ethanol for 15 min and rehydrated in PBS for 5 min at RT in a humidity chamber.  Tissue 

sections were either incubated with PBS or 100 µM H2O2 for 1 h at RT in a humidity 

chamber, followed by a 1 h incubation with either 50 µM probe (FBBBE) or 50 µM 

control (FBn) and a 10 min nuclear stain (DAPI, 4',6-diamidino-2-phenylindole).  The 

sections were rinsed in PBS and hydrated in water.  Coverslips were mounted using 

Aqua Mount (Thermo Scientific, Waltham, MA).  Confocal images were obtained at 40× 

or 80×magnification on an Olympus FV1000 confocal laser scanning microscope.  

Images were processed using ImageJ software.  
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Chapter 5.  Dual H2O2/Enzymatic Controlled Release from Nanoparticle Drug 
Delivery Systems 
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5.1 Nanoparticle Drug Delivery Systems  

5.1.1 Introduction 

 As discussed in Chapter 1, the therapeutic administration of small molecules 

faces significant challenges, as many compounds suffer from nonspecific mechanisms 

of activation, rapid clearance from the body, and limited uptake by the intended target.1,2  

There has been an immense push in the drug delivery field to develop smart nanoscale 

systems that simultaneously circumvent these issues and increase treatment efficacy.  

While great advancements have been made in reducing harmful side effects of potent 

therapeutics, considerable challenges remain, including the precise control of drug 

delivery with spatiotemporal resolution.3-5 

 Nanoparticle drug delivery systems (nDDS) have been shown to be effective at 

improving pharmacokinetic properties of metabolites.3,5  An attractive feature of nDDS is 

that their surface functionalities can be tuned to respond to desired stimuli including pH, 

light, enzymes, or by ROS, providing target specificity.6  Additionally, the use of a 

nanoscale delivery vehicle provides the ability to append diagnostic agents to track the 

material in vivo.  Numerous stimuli-responsive nanoparticle systems have been 

investigated, yet few of these systems have the ability to target diseased tissues directly.  

In cancer therapy, for example, the vast majority of nDDS rely on the EPR effect, in 

which nanomaterials passively accumulate preferentially in tumor tissue for extended 

periods of time due to the unorganized vasculature in the tumor microenvironment.7  

Alternative targeting mechanisms that are predicated on more than the EPR effect can 

allow for more precise control of material accumulation.8 

 Targeting challenges aside, nearly all nDDS rely on noncovalent encapsulation of 

the compound of interest.  When the system encounters the appropriate stimulus, a 
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change in the carrier (i.e. swelling, degradation, or morphology change) results in cargo 

release.6  Though noncovalent encapsulation is the most common mode of drug loading 

for clinical applications,9 many setbacks limit the potential of the materials, namely 

irregular drug leaching, and the release of cargo upon entrance to the bloodstream.  

Covalent incorporation of the therapeutic agent within a nDDS may overcome the 

drawbacks and limitations of current drug delivery systems, with drug release occurring 

in a unique disease microenvironment. 

 Monitoring the accumulation of an active drug at the disease site in real-time 

remains challenging, as this process is often slow.  Delivery systems that integrate both 

molecular imaging agents and therapeutics represent a new class of materials to monitor 

the delivery of active metabolites in real-time.  In nanomedicine, these systems have 

been designated as theranostics (fusion of therapeutics and diagnostics), and are 

designed to directly track the biodistribution and release of a drug in a noninvasive 

manner with spatiotemporal resolution.10,11  Information obtained from theranostic nDDS 

can be exploited to fine-tune therapeutic doses while observing disease progression.10,12  

While elegant in design, the majority of these systems rely on processes such as ester 

hydrolysis and disulfide bond reduction for the release of the active drug or imaging 

agent.10,12-16  These approaches can be disadvantageous since cellular reducing agents 

are ubiquitous and ester hydrolysis occurs rapidly in aqueous environments in the 

presence of constitutively active and abundant esterases.  Therefore, a theranostic 

nDDS with a more target-specific triggering stimulus is desirable. 

 Previously, Gianneschi and coworkers investigated the ability to accumulate 

nanomaterials preferentially within tumor tissue using enzyme-responsive nDDS.17,18  

Briefly, nDDS that consist of a peptide substrate for cancer-associated enzymes (MMP-
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2, MMP-9)19,20 were labeled with donor or acceptor fluorescent dyes.  The nDDS self-

assembled into fluorescent micellar nanoparticles with the peptide substrate present as 

a hydrophobic shell at the outer surface of the micelles.  In vitro models clearly 

demonstrated an alteration in spherical morphology upon exposure to MMP, resulting in 

cleavage of the peptide substrate and subsequent assembly into micrometer-scale 

network aggregates.18  To determine if MMP signals within tumor tissue could 

accumulate nanoparticles in vivo, a human cancer model known to overexpress MMPs 

within nude mice (HT-1080 xenograft) was utilized.  Indeed, FRET signals increased in 

intensity over time in the tumor tissue, indicative of micelle accumulation.  Ex vivo 

analysis concluded that significantly less material accumulation occurred in other organs 

(liver, spleen, heart, lung, and kidney).18 

Drawing inspiration from this technique, we designed a norbornene-based 

amphiphilic nanoparticle that covalently incorporates an inactive drug, a quenched 

fluorophore, and a second-generation peptide substrate (PS) (Figure 5-1).  The 

hydrophilic PS will coat the outer shell of the nanoparticle while the hydrophobic drug 

and fluorophore will be manifested as the inner core.  In this way, the nanoparticle will be 

directed to tumorigenic areas characterized by high levels of MMP activity, and the 

morphology of the nanoparticles will be altered to microscale aggregates upon exposure 

to MMPs. 
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Figure 5-1.  General design of theranostic nanoparticle system comprised of a 
fluorophore (green), drug (red), and the MMP substrate (blue), the latter of which 
functions as the hydrophilic targeting ligand. 
 

 The release motif of our therapeutic and diagnostic agents involves subsequent 

degradation of the exposed hydrophobic portion (inner core) of the nDDS.  To deliver 

these agents site-specifically, we employ an approach inspired our prodrug work where 

a unique promoiety is covalently appended to a drug or fluorophore to render the 

metabolite inactive.  An H2O2-sensitive promoiety is desirable here, because some tumor 

microenvironments are characterized by high concentrations of H2O2.21,22  As an 

extension of our previous work, a promoiety optimized for H2O2 activation was 

considered.  The studies in Chapter 3 demonstrate that the triggering boronic ester 

moiety can be appended to a MBP via a SIL in either the para or ortho position, with 

effective elimination cascades occurring to release the MBP after H2O2 exposure.  In this 

chapter, nanoparticles will be designed to target tumorigenic areas, which are associated 

with high levels of ROS and MMP activity.  After the targeting ligand of the micelle is 

cleaved by MMPs, the inner, hydrophobic portion will be exposed.  Subsequently, the 

elevated concentration of H2O2 will lead to release of an MMPi in addition to a 
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fluorescent sensor.  In this way, the delivery and activation of the therapeutic agent can 

be monitored in real-time, demonstrating theranostic potential. 

 

5.2 Results and Discussion 

5.2.1 Design and Evaluation of Monomers 

 The present study details the development of a new class of theranostic 

nanoparticles with distinct targeting and release motifs partly based on the boronic ester 

prodrug strategies described in Chapters 3-4.  These particles are comprised of 

amphiphilic copolymers that spontaneously self-assemble into discrete nanostructures.  

The PS employs a modified version of the previously published peptide that cleaves in 

the presence of MMPs.17,18  In the first generation design, the peptide was conjugated to 

a pendant activated ester in the polymer.  To generate a monomer that can be directly 

polymerized by Ring Opening Metathesis Polymerization (ROMP), a norbornene 

functionality was appended to the N-terminal glycine residue of a known MMP substrate 

to afford the peptide substrate of interest, PS.  Similar to the first generation substrate, 

the hydrophilic sequence, GPLGLAGGERDG, is cleaved by MMPs on the N-terminal 

side between glycine (G) and leucine (L) as shown in monomeric form in Scheme 5-1.  

To confirm the susceptibility of the PS to proteolysis by MMP-12, analytical HPLC 

experiments were performed (Figure 5-2).  HPLC traces were taken at various time 

points to determine the optimal cleavage conditions.  HPLC analysis suggests that the 

PS is completely cleaved by MMP-12 after 4.5 h; the peak at Rt = 11.45 min is indicative 

of the cleaved PS.  As a control, a D-amino acid version of the PS (PSC) was 

synthesized, which is not recognized by MMPs.  Indeed, HPLC analysis shows that PSC 

is not vulnerable to degradation by MMP-12, with no cleavage observed (Figure 5-2). 
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Scheme 5-1.  Proteolysis of the MMP peptide substrate (PS) in monomeric form.  

 

 

Figure 5-2.  HPLC traces of PS (monomer) after treatment with MMP-12 at time 0 min 
(gray), 45 min (purple), 90 min (blue), 135 min (green), 4.5 h (orange), and 5.5 h (red) at 
RT.  HPLC trace of PSC after treatment with MMP-12 for 5.5 h (black) at RT.  The 
retention time for the cleaved product is 11.45 min. 
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 We chose to append a boronic ester SIL promoiety to an MMP inhibitor, PY-2, 

and a fluorophore, 7-hydroxycoumarin (7-HC), which can be covalently incorporated into 

the nanoparticles.  As detailed in Chapters 2-3, PY-2 exhibits excellent potency against 

across a variety of MMPs overexpressed in disease states.23  7-HC was chosen as the 

imaging agent of choice since its fluorescence properties are well understood, it has a 

high quantum yield, it exhibits relatively low toxicity, and is inexpensive.24-26  The studies 

in Chapter 4 also confirm that the fluorescence properties of 7-HC can be tuned with a 

boronic ester SIL promoiety.  To covalently incorporate both the norbornene functionality 

and the boronic ester moiety into PY-2 and 7-HC to generate useful monomers, a 

multistep synthetic route was utilized exploiting the well-known azide-alkyne 1,3-dipolar 

cycloaddition “click” reaction in the final step.27  Alkylation of the hydroxyl functionality of 

both PY-2 and 7-HC with a boronic ester-substituted m-xylene dibromide group 

effectively abolishes the activity of each agent, leaving a pendant benzyl bromide moiety 

free, which can be further derivatized to an azide.  Concurrently, a norbornyl-derivatized 

alkyne can be readily synthesized in high yield.  Copper-mediated cycloaddition affords 

the monomers of interest, PD1 and PF1, containing both the norbornene functionality 

along with the H2O2-sensitive boronic ester linked via a triazole ring.   The representative 

synthesis of PD1 is shown in Scheme 5-2.  The same synthetic steps were utilized for 

each monomer and are detailed in Section 5.3.  Direct analogs, PD1C and PF1C, were 

synthesized that do not contain the boronic ester motif that function as control monomers 

unreactive to H2O2 (Figure 5-3).   
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Scheme 5-2.  Synthesis of monomer PD1. 
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Figure 5-3.  Structure of active drug PY-2 and fluorophore 7-HC along with their 
corresponding latent monomers, PD1 and PD2 appended with the SIL containing a 
norbornene functionality.  Control compounds for each, not containing the boronic ester 
group, are designated PD1C and PF1C. 
 

 The novelty of these nanoparticle systems is provided by the fact that the 

targeting ligand, PS, leads to nanoparticle accumulation at the site of high MMP activity, 

wherein subsequent release of cargo results in direct inhibition of MMPs.  Because the 

release of 7-HC and PY-2 occur concurrently, drug release can be monitored via 

fluorescence in real-time, demonstrating true theranostic potential. 

 Both analytical HPLC and fluorescence spectroscopy were utilized to evaluate 

the sensitivity of PF1 to H2O2 under simulated physiological conditions (50 mM HEPES, 

pH 7.4).  HPLC demonstrates nearly quantitative conversion of PF1 to 7-HC after H2O2 
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treatment, with a resulting HPC trace that directly corresponds to an authentic sample of 

7-HC (Figure 5-2).  Additionally, fluorescence spectroscopy confirms that the 

fluorescence character of PF1 is effectively quenched in the absence of H2O2.  Upon 

treatment of the probe with H2O2, fluorescence is established with an emission maximum 

of 453 nm (Figure 5-3).  Control compound PF1C is not fluorescent and is completely 

unreactive to H2O2, as evidenced by analytical HPLC (Figure 5-4) and by fluorescence 

emission spectroscopy (Figure 5-5).  Additionally, H2O2 itself does not affect the stability 

of 7-HC.  In a similar manner, HPLC shows quantitative deprotection of PD1 in the 

presence of H2O2 (Figure 5-6), but PD1C does not react under identical conditions 

(Figure 5-7).  Similar to 7-HC, PY-2 itself is unreactive with H2O2.  The proposed 

mechanism of activation for PF1 is shown in Scheme 5-3.  

 

 

 



! 174!

 

Figure 5-4.  HPLC traces of PF1 (1 mM) (blue), PF1 after treatment with H2O2 (20 equiv, 
20 mM) for 2 h at 37 °C (red), and 7-HC (black).  Retention times are 12.16 min for PF1 
and 5.66 min for 7-HC. 
 

 

Figure 5-5.  Fluorescent response of PF1 (1 µM) in HEPES buffer (pH 7.4) to H2O2.  The 
dotted line represents the initial spectrum and subsequent spectra were recorded every 
5 min after the addition of H2O2 (100 equiv, 100 µM) at RT (λexc = 370 nm). 
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Figure 5-6.  HPLC traces of PF1C (1 mM) (green), PF1C after treatment with H2O2 (20 
equiv, 20 mM) for 2 h at 37 °C (blue), and 7-HC (red), and 7-HC after treatment with 
H2O2 (20 equiv) for 2 h at 37 °C (black).  Retention times are 10.31 min for PD1C and 
5.66 min for 7-HC. 
 
 
 
 
 



! 176!

 

Figure 5-7.  Fluorescent response of PF1C (1 µM) in HEPES buffer (pH 7.4) to H2O2.  
The dotted line represents the initial spectrum and the red line is the spectrum after the 
addition of H2O2 (100 equiv, 100 µM) for 1 h at RT (λexc = 370 nm). 
 

 

Figure 5-8.  HPLC traces of PD1 (blue), PD1 after treatment with H2O2 (20 equiv) for 2 h 
at 37 °C (red), and PY-2 (black).  Retention times are 12.61 min for PD1 and 9.82 min 
for PY-2. 
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Figure 5-9.  HPLC traces of PD1C (1 mM) (green), PD1C after treatment with H2O2 (20 
equiv, 20 mM) for 2 h at 37 °C (blue), and PY-2 (red), and PY-2 after treatment with 
H2O2 (20 equiv, 20 mM) for 2 h at 37 °C (black).  Retention times are 11.25 min for 
PD1C and 9.82 min for PY-2. 
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Scheme 5-3.  Activation mechanism of monomer PF1 in the presence of H2O2 resulting 
in the release of active fluorophore 7-HC. 
 
 

5.2.2 Copolymer Synthesis and Nanoparticle Formation 

 Amphiphilic copolymer systems incorporating different combinations of PF1, 

PD1, PF1C, PD1C, PS, and PSC were generated via ROMP.  The 

hydrophobic:hydrophilic ratio of the polymer governs the ability to form nanoparticles; 

therefore, the block lengths for each system were optimized individually for both cargo 

loading and micellization ability.  Based on previous studies, the hydrophilic block length 

was limited to a maximum of n=4 (where n is the repeat unit), since efficiency of 
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proteolysis by MMPs is greatly hindered at higher lengths.17,18  An example of the 

polymerization of the active triblock nanoparticle (PF1-PD1-PS) is shown in Scheme 5-4. 

 

 

Scheme 5-4.  Synthesis of an active theranostic polymer (PD1-PF1-PS) comprised of an 
H2O2-responsive MMP inhibitor (red), an H2O2-responsive fluorophore (green), and the 
MMP substrate, PS (blue), which functions as a targeting ligand.  A modified version of 
Grubb’s second generation catalyst was used for polymerization. 
 

 With these polymer systems in hand, an array of nanoparticles was prepared via 

dialysis of phosphate-buffered saline (DPBS, 1X) against DMSO (Table 5-1).  The 

approximate block lengths for each system, along with the number average molecular 

weight (Mn), and the polydispersity index (PDI) were measured by static light scattering 

(SLS) and are reported in Table 5-1.  The hydrodynamic radius of all systems was 

determined by dynamic light scattering (DLS) and compared to negative stain, dry state 

transmission electron microscopy (TEM, uranyl acetate stain).  Prior to enzymatic 
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degradation of the peptide shell, all systems formed spherical nanoparticles with 

approximate hydrodynamic diameters of ~100 nm. 

 

Table 5-1.  Polymeric properties of all systems, where m, n, and o represent the number 
of repeat units, Mn is the number average molecular weight, and PDI is the 
polydispersity index. 
 

 

 

5.2.3 Evaluation of Controlled Release 

 To evaluate the ability of the targeting motif of the micelles, PS, to respond to 

MMP-12, DLS experiments were conducted.  Indeed, for PF1-PS, the particle size is 

small before treatment with MMP-12, with a hydrodynamic radius of ~33 nm (Figure 5-

10), indicative of a nanoparticle.  It should be noted that the micelles formed from PF1-

PS as shown in Figure 5-10 are nonuniform (polydisperse), as evidenced by DLS.  After 

treatment with MMP-12, DLS measurements show a varying range of hydrodynamic 

radii, signifying cleavage of the PS by MMP-12 to generate large aggregates.  

Alternatively, for the PF1-PSC system, exposure to MMP-12 has no effect on the particle 

size, as evidenced by the DLS trace (Figure 5-11).  
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Figure 5-10. DLS of PF1-PS (100 µM) before (black) and after (red) treatment with 
MMP-12 (100 nM). 
 
 
 



! 182!

 

Figure 5-11.  DLS of PF1-PSC (100 µM) before (black) and after (red) treatment with 
MMP-12 (100 nM). 
 

 With this data in hand confirming the ability of the micelles to respond to MMP-

12, we sought to further determine if the morphology of the micelles is further altered 

with concurrent MMP-12 and H2O2 treatment.  To do this, a TEM image of a given 

micelle was taken before and after exposure to the stimuli.  As shown in Figure 5-12A, 

the morphology of PF1-PD1-PS, responsive to both MMP-12 and H2O2, is drastically 

changed from nanoparticles to micrometer scale network aggregates.  Similarly, PF1C- 

PD1C-PS, responsive to only MMP-12, undergoes the same morphology change (Figure 

5-12B).  As expected, the morphology of PF1-PD1-PSC is conserved after treatment 

with MMP-12 and H2O2, confirming the ability of PS to degrade in the presence of MMP, 

and suggesting that H2O2 does not affect the structural integrity of the micelles (Figure 5-

12C).   



! 183!

 

Figure 5-12.  TEM images of micelles (100 µM) before and after concurrent treatment 
with MMP-12 (100 nM) and H2O2 (200 µM) at RT for 2 d.  A) PF1-PD1-PS, B) PF1C-
PD1C-PS, and C) PF1-PD1-PSC.  Scale bar 100 nm. 
 

With a clear understanding of micelle response to the stimuli of interest, our 

efforts focused on evaluating the diblock micelles for simplicity, that will show either an 

increase in fluorescence signal (PF1-based diblock micelles) or an increase in MMP-12 

inhibition (PD1-based diblock micelles), indicative of cargo release.  The ability of each 

system to respond the desired stimuli will be evaluated by subjecting the micelle to three 

different degradation conditions:  1) MMP-12 only, 2) H2O2 only, and 3) MMP-12 and 
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H2O2.  An illustration of the cleavage of the active triblock PF1-PD1-PS is shown in 

Scheme 5-5 for clarity.  In the presence of MMP-12 only, we expect the nanoparticles to 

undergo a large morphology change, but the drug/fluorophore cargo should not be 

released.  In the presence of H2O2 only, we hypothesized that a minimal release of cargo 

would result, since H2O2 is a small molecule likely able to penetrate the micelle.  In the 

presence of MMP-12 and H2O2, the nanoparticle will undergo a large morphology 

change and the cargo will be released.  The outcomes of these experiments can be 

evaluated by fluorescence spectroscopy, MMP inhibition studies, and analytical HPLC, 

and particle degradation can be confirmed by TEM and DLS analysis. 

 

 

Scheme 5-5.  The active triblock micelle can be treated with:  1) MMP-12 only, 2) H2O2 
only, or 3) both MMP-12 and H2O2.  With MMP-12 only the micelles should undergo a 
morphology change to large micrometer aggregates but no cargo release will be 
observed.  For H2O2 only a minimal amount of cargo may be released.  For both MMP-
12 and H2O2, the micelle morphology is changed, leading to exposure of the micelle 
interior, which should result in a substantial cargo release. 

 

For our initial proof-of-concept studies, thermolysin, a metalloproteinase 

produced by the Gram-positive bacteria Bacillus thermoproteolyticus, was utilized.  
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Thermolysin is a widely used protease known to tolerate extreme conditions including 

high temperatures and low pH, and can be considered a surrogate for MMPs.28  Thus, 

thermolysin was used to determine optimal incubation conditions.  The active diblock 

micelle PF1-PS was first evaluated for reactivity with thermolysin and/or H2O2 as 

described above.  As shown in Figure 5-13A, at 0 h, the emission spectra of all 

conditions are identical.  After a 24 h incubation at RT, the emission spectrum for the 

control (neither thermolysin nor H2O2 added), matches the emission spectrum of the 

micelles treated with only thermolysin.  An increase in fluorescence is observed in the 

emission spectra for the micelles treated with only H2O2 with a maximum of 453 nm, 

indicative of 7-HC release.  The most significant increase in fluorescence at 453 nm 

occurs for the micelles treated with thermolysin and H2O2.  This signal is indicative of a 

large release of the 7-HC cargo.  Collectively, this data is consistent with our central 

hypothesis that the release of maximum cargo is achieved in the presence of a 

metalloenzyme protease and H2O2. 
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Figure 5-13.  Fluorescent response of micelle PF1-PS (100 µM) after exposure to buffer 
(black), thermolysin only (1 µM) (red), H2O2 only (200 µM) (blue), and thermolysin (1 µM) 
and H2O2 (200 µM, green) after:  A) 0 h and B) 24 h at RT (λex = 370 nm). 
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5.2.4 Future Directions 

 With proof-of-concept demonstration of the reactivity of the diblock micelle (PF1-

PS) with thermolysin and H2O2, our future efforts will focus on the evaluation of the 

reactivity of the micelles with MMP-12 and H2O2.  The fluorescence studies detailed 

above will be repeated in the same manner using MMP-12 and H2O2 for PF1-PS (active 

micelle), PF1-PSC, and PF1C-PS (control micelles).  Additionally, MMP-12 inhibition 

studies will be conducted utilizing a FRET-based assay routinely utilized to assess 

release of PY-2 for PD1-PS (active micelle), PD1-PSC, and PD1C-PS (control 

micelles).29  These studies will verify the controlled release of the desired agent (PY-2 or 

7-HC) and will establish ideal incubation conditions for future experiments.  Finally, a 

cell-based assay will be utilized with the triblock nanoparticles, PF1-PD1-PS (active 

micelle) and PF1C-PD1C-PS (control micelle).  The HT-1080 cell line (human 

fibrosarcoma) will be used for these studies, as it has been previously shown to have 

elevated levels of cancer-associated MMPs including MMP-2, MMP-9 and MMP-12.17,18  

Cellular proliferation will be measured with the active and control micelles to assess the 

ability of PY-2 to function as an inhibitor of cancer cell growth.  Confocal microscopy will 

also be utilized in these experiments to demonstrate accumulation of the active agents, 

PY-2 and 7-HC, in the cells.  All appropriate control experiments will be carried out to 

confirm findings. 

 Collectively, this work details the development of nanoparticles that can target 

tumorigenic areas based on a dual-mode motif.   The design of these particles is unique 

in that the targeting ligand (PS) will lead to accumulation of the micelles in areas 

associated with high MMP activity.  The cleavage of the outer portion of the micelles will 

lead to the exposure of the inner core, which, upon exposure to H2O2, will release a 
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therapeutic agent.  This process can be monitored in real-time as a function of 

fluorescence, since an active fluorophore is simultaneously released.  Pending the 

successful studies with cancerous cells, future studies will evaluate the accumulation of 

the drug (PY-2) at tumor sites in nude mice.  The fluorescence intensity will indicate 

where the drug is delivered, and subsequent ex vivo analysis will conclude where the 

material has been preferentially accumulated, to evaluate the efficacy of this nDDS. 

 

5.3 Experimental 

General Experimental Details:  All chemicals were purchased from commercial 

suppliers (Sigma-Aldrich, Acros Organics, TCI America, Fisher Scientific) and were used 

without further purification.  All reactions were carried out under N2 in oven-dried 

glassware.  E. Merck silica gel (60, particle size 0.040-0.063 mm) was used for flash 

chromatography, which was performed using a CombiFlash Rf 200 automated system 

from TeledyneISCO (Lincoln, NE, USA).  NMR spectra were recorded on a Varian FT 

400 MHz NMR instrument.  Mass spectrometry (MS) was performed at the Molecular 

Mass Spectrometry Facility (MMSF) in the Department of Chemistry and Biochemistry at 

the University of California, San Diego.  

 

N-([1,1'-Biphenyl]-4-ylmethyl)-3-((3-(bromomethyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzyl)oxy)-4-oxo-4H-pyran-2-carboxamide (1).  2-(2,6-

bis(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane30 (0.70 g, 1.8 mmol) 

was dissolved in MeCN (15 mL).  To this was added K2CO3 (0.75 g, 5.4 mmol) and the 

reaction was heated to 60ºC.  After 30 min, a solution of PY-2 (0.29 g, 0.9 mmol) in DMF 

(15 mL) was added to the first mixture over the course of 10 min.  Upon addition, the 
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reaction was held at 60ºC for 1 h.  The reaction mixture was cooled to RT and the 

solvent was removed via rotary evaporation.  The resulting crude product was purified by 

silica gel chromatography eluting 5-80% EtOAc in hexanes to afford the desired product 

in 36% yield (0.20 g, 0.3 mmol).  1H NMR (400 MHz, Acetone-d6)  δ 4.32 8.30 (t, J = 6.0 

Hz, 1H), 8.09 (d, J = 5.6 Hz, 1H), 7.63 (d, J = 8.4 Hz, 2H), 7.47-7.33 (m, 8H), 7.18 (d, J = 

8.4 Hz, 2H), 6.50 (d, J = 5.6 Hz, 1H), 5.54 (s, 2H), 4.84 (s, 2H), 4.42 (d, J = 6.0 Hz, 2H), 

1.37 (s, 12H).  ESI-MS(+): m/z 652.20 [M+Na]+. 

 

N-([1,1'-Biphenyl]-4-ylmethyl)-3-((3-(azidomethyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzyl)oxy)-4-oxo-4H-pyran-2-carboxamide (2).  1 (0.30 g, 0.5 

mmol) was dissolved in DMF (15 mL).  To this was added NaN3 (0.09 g, 1.4 mmol) and 

the reaction was held at RT for 18 h.  The solvent was then removed via rotary 

evaporation and the resulting crude product was purified by silica gel chromatography 

eluting 70% EtOAc in hexanes to afford the desired product in 94% yield (0.27 g, 0.4 

mmol).  1H NMR (400 MHz, DMSO-d6)  δ 4.32 8.28 (t, J = 6.0 Hz, 1H), 8.09 (d, J = 5.6 

Hz, 1H), 7.63 (d, J = 7.2 Hz, 2H), 7.52-7.35 (m, 8H), 7.16 (d, J = 8.4 Hz, 2H), 6.50 (d, J = 

5.6 Hz, 1H), 5.57 (s, 2H), 4.55 (s, 2H), 4.40 (d, J = 6.0 Hz, 2H), 1.36 (s, 12H).  ESI-

MS(+): m/z 593.21 [M+H]+, 615.20 [M+Na]+. 

 

2-(Prop-2-yn-1-yl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione (3).  

cis-5-norbornene-exo-2,3,dicarboxylic anhydride (2.30 g, 14.0 mmol) was dissolved in 

toluene (120 mL).  To this was added propargylamine (0.99 mL, 15.4 mmol) and 

triethylamine (Et3N) (0.9 mL, 7.0 mmol) and the mixture was heated to reflux for 2 h.  

The mixture was cooled to RT and the solvent was removed via rotary evaporation.  The 
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resulting residue was brought up in CH2Cl2 (30 mL) and washed with 1 M HCl (3 × 30 

mL).  The organics were collected, dried over MgSO4, and filtered rinsing with CH2Cl2 

(50 mL).  The solvent was removed via rotary evaporation to afford the purified product 

in 92% yield (2.61 g, 13.0 mmol).  1H NMR (400 MHz, CHCl3)  δ 6.30 (t, J = 2.4 Hz, 2H), 

4.24 (d, J = 2.0 Hz, 2H), 3.30 (t, J = 2.0 Hz, 2H), 2.73 (s, 2H), 2.19 (t, J = 2.4 Hz, 1H), 

1.52 (m, 1H), 1.28 (m, 1H).  APCI-MS(+): m/z 202.10 [M+H]+. 

 

N-([1,1'-Biphenyl]-4-ylmethyl)-3-((3-((4-((1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

methanoisoindol-2-yl)methyl)-1H-1,2,3-triazol-1-yl)methyl)-2-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)benzyl)oxy)-4-oxo-4H-pyran-2-carboxamide (PD1).  2 (0.26 

g, 0.4 mmol) was dissolved in dry THF (15 mL) and DMF (15 mL).  To this was added 3 

(0.12 g, 0.6 mmol) and DIPEA (0.12 mL, 0.7 mmol) and the mixture was stirred at RT for 

15 min.  To this was added CuI (17 mg, 0.09 mmol) and the reaction was held at 60ºC 

for 24 h.  The solvent was then removed via rotary evaporation and the resulting crude 

product was purified by silica gel chromatography eluting CH2Cl2 followed by 10% MeOH 

in CH2Cl2.  The product was further purified by reverse phase prep HPLC eluting a 

gradient of 5-100% acetonitrile in water (both contain 0.1% formic acid) to obtain the 

purified product in 30% yield (0.11 g, 0.1 mmol).  1H NMR (400 MHz, Acetone-d6)  δ 8.24 

(t, J = 6.0 Hz, 1H), 8.10 (d, J = 5.6 Hz, 1H), 7.76 (s, 1H), 7.64 (d, J = 7.2 Hz, 2H), 7.52-

7.33 (m, 7H), 7.22 (d, J = 7.2 Hz, 1H), 7.14 (d, J = 8.0 Hz, 2H), 6.50 (d, J = 5.6 Hz, 1H), 

6.29 (t, J = 2.0 Hz, 2H), 5.68 (s, 2H), 5.56 (s, 2H), 4.61 (s, 2H), 4.36 (d, J = 6.0 Hz, 2H), 

3.10 (t, J = 2.0 Hz, 2H), 2.66 (s, 2H), 1.36 (s, 12H) 1.31 (m, 2H).  13C NMR (100 MHz, 

Acetone-d6)  δ 176.9, 175.4, 158.8, 155.3, 147.8, 147.2, 142.6, 141.9, 140.8, 139.9, 

138.0, 137.8, 130.8, 129.9, 129.5, 129.1, 128.1, 127.5, 127.1, 127.0, 123.1, 117.4, 85.0, 
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74.9, 53.4, 47.8, 45.3, 42.7, 42.6, 33.6, 24.7.   HRMS (ESI) calcd for [C45H44BN5O8Na]+: 

815.3211; Found: 815.3209. 

 

 

N-([1,1'-Biphenyl]-4-ylmethyl)-3-((3-(bromomethyl)benzyl)oxy)-4-oxo-4H-pyran-2-

carboxamide (4).  1,3-bis(bromomethyl)benzene (0.74 g, 2.8 mmol) was dissolved in 

dry THF (15 mL).  To this was added K2CO3 (0.26 g, 1.9 mmol) and the reaction was 

heated to 60ºC.  After 30 min, a solution of PY-2 (0.30 g, 0.9 mmol) in DMF (15 mL) was 

added to the first mixture over the course of 2 h.  Upon addition, the reaction was held at 

60ºC for 3 h.  The reaction mixture was cooled to RT and the solvent was removed via 

rotary evaporation.  The resulting crude product was purified by silica gel 

chromatography eluting 5-80% EtOAc in hexanes to afford the desired product in 54% 

yield (0.26 g, 0.5 mmol).  1H NMR (400 MHz, DMSO-d6)  δ 9.19 (t, J = 6.0 Hz, 1H), 8.21 

(d, J = 5.6 Hz, 1H), 7.63 (d, J = 7.2 Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H), 7.45 (t, J = 7.6 Hz, 

3H), 7.49-7.33 (m, 4H), 7.30 (d, J = 5.2 Hz, 2H), 6.54 (d, J = 5.6 Hz, 1H), 5.14 (s, 2H), 

4.63 (s, 2H), 4.46 (d, J = 6.0 Hz, 2H).  ESI-MS(+): m/z 526.19 [M+Na]+. 
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N-([1,1'-Biphenyl]-4-ylmethyl)-3-((3-(azidomethyl)benzyl)oxy)-4-oxo-4H-pyran-2-

carboxamide (5).  4 (0.26 g, 0.5 mmol) was dissolved in DMF (30 mL).  To this was 

added NaN3 (0.07 g, 1.0 mmol) and the reaction was held at RT for 18 h.  The solvent 

was then removed via rotary evaporation and the resulting crude product was purified by 

silica gel chromatography eluting 70% EtOAc in hexanes to afford the desired product in 

89% yield (0.21 g, 0.5 mmol).  1H NMR (400 MHz, DMSO-d6)  δ 9.19 (t, J = 6.0 Hz, 1H), 

8.21 (d, J = 5.6 Hz, 1H), 7.62 (d, J = 7.2 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 7.45 (t, J = 7.2 

Hz, 2H), 7.37-7.30 (m, 7H), 6.54 (d, J = 5.6 Hz, 1H), 5.17 (s, 2H), 4.46 (d, J = 6.0 Hz, 

2H) 4.39 (s, 2H).  ESI-MS(+): m/z 489.15 [M+Na]+. 

 

 

N-([1,1'-Biphenyl]-4-ylmethyl)-3-((3-((4-((1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

methanoisoindol-2-yl)methyl)-1H-1,2,3-triazol-1-yl)methyl)benzyl)oxy)-4-oxo-4H-

pyran-2-carboxamide (PD1C).  5 (0.30 g, 0.6 mmol) was dissolved in dry THF (15 mL).  
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To this was added 3 (0.17 g, 0.8 mmol) and N,N-diisopropylethylamine (DIPEA) (0.17 

mL, 1.0 mmol) and the mixture was stirred at RT for 15 min.  To this was added CuI (24 

mg, 0.13 mmol) and the reaction was held at 60ºC for 2 h.  The solvent was then 

removed via rotary evaporation and the resulting crude product was purified by silica gel 

chromatography eluting CH2Cl2 followed by 10% MeOH in CH2Cl2.  The product was 

further purified by reverse phase prep HPLC eluting a gradient of 5-100% acetonitrile in 

water (both contain 0.1% formic acid) to obtain the purified product in 73% yield (0.31 g, 

0.5 mmol).  1H NMR (400 MHz, Acetone-d6)  δ 8.41 (t, J = 6.0 Hz, 1H), 8.02 (d, J = 5.6 

Hz, 1H), 7.79 (s, 1H), 7.64 (d, J = 6.8 Hz, 2H), 7.59 (d, J = 8.0 Hz, 2H), 7.44 (t, J = 7.2 

Hz, 2H), 7.39 (d, J =8.8 Hz, 3H), 7.37-7.32 (m, 2H), 7.28 (t, J = 7.2 Hz, 1H), 7.23 (dt, J1 = 

7.6 Hz, J2 = 1.2 Hz, 1H), 6.44 (d, J = 5.6 Hz, 1H), 6.26 (t, J = 2.0 Hz, 2H), 5.48 (s, 2H), 

5.30 (s, 2H), 4.66 (s, 2H), 4.54 (d, J = 6.0 Hz, 2H), 3.10 (t, J = 2.0 Hz, 2H), 2.67 (s, 2H), 

1.31 (m, 2H).  13C NMR (100 MHz, Acetone-d6)  δ 177.1, 175.5, 158.9, 155.4, 148.9, 

146.2, 142.8, 140.8, 140.1, 138.0, 137.9, 137.1, 136.4, 129.3, 129.2, 129.1, 128.9, 

128.6, 128.5, 127.6, 127.2, 127.0, 123.1, 117.4, 73.9, 53.3, 47.8, 45.3, 42.9, 42.7, 33.7.  

HRMS (ESI) calcd for [C39H33N5O6Na]+: 690.2323; Found: 690.2322. 

 

 

7-((3-(Bromomethyl)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-2H-

chromen-2-one (6).  2-(2,6-bis(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane1 (0.83 g, 2.1 mmol) was dissolved in dry THF (10 mL).  To this was added 
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K2CO3 (0.20 g, 1.4 mmol) and the reaction was heated to reflux.  After 30 min, a solution 

of 7-hydroxycoumarin (0.12 g, 0.7 mmol) in dry THF (10 mL) was added to the first 

mixture over the course of 4 h.  Upon addition, the reaction was held at reflux for 16 h.  

The reaction mixture was cooled to RT and the solvent was removed via rotary 

evaporation.  The resulting crude product was purified by silica gel chromatography 

eluting 5-20% EtOAc in hexanes to afford the desired product in 47% yield (0.16 g, 0.3 

mmol).  1H NMR (400 MHz, Acetone-d6)  δ 7.64 (d, J = 9.6 Hz, 1H), 7.38-7.36 (m, 4H), 

6.91-6.89 (m, 2H) 6.25 (d, J = 9.6 Hz, 1H), 5.27 (s, 2H), 4.84 (s, 2H), 1.33 (s, 12H).  ESI-

MS(+): m/z 471.07 [M+H]+. 

 

 

7-((3-(Azidomethyl)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)oxy)-2H-

chromen-2-one (7).  6 (0.23 g, 0.5 mmol) was dissolved in DMF (10 mL).  To this was 

added NaN3 (0.05 g, 0.7 mmol) and the reaction was held at RT for 16 h.  The solvent 

was then removed via rotary evaporation and the resulting crude product was purified by 

silica gel chromatography eluting 30% EtOAc in hexanes to afford the desired product in 

83% yield (0.18 g, 0.4 mmol).  1H NMR (400 MHz, Acetone-d6)  δ 7.62 (d, J = 9.6 Hz, 

1H), 7.42-7.29 (m, 4H), 6.90-6.88 (m, 2H), 6.23 (d, J = 9.6 Hz, 1H), 5.28 (s, 2H), 4.58 (s, 

2H), 1.30 (s, 12H).  ESI-MS(+): m/z 434.06 [M+H]+, 450.99 [M+NH4]+, 456.14 [M+Na]+. 
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2-((1-(3-(((2-Oxo-2H-chromen-7-yl)oxy)methyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)benzyl)-1H-1,2,3-triazol-4-yl)methyl)-3a,4,7,7a-tetrahydro-1H-4,7-

methanoisoindole-1,3(2H)-dione (PF1).  7 (0.11 g, 0.2 mmol) was dissolved in dry 

CH2Cl2 (10 mL).  To this was added 3 (0.05 g, 0.2 mmol) and DIPEA (0.05 mL, 0.3 

mmol) and the mixture was stirred for 10 min at 0ºC.  To this was added CuI (9 mg, 0.05 

mmol) and the reaction was held at 0ºC for 30 min and allowed to warm to RT over the 

course of 16 h.  The solvent was then removed via rotary evaporation and the resulting 

crude product was purified by silica gel chromatography eluting 30-80% EtOAc in 

hexanes.  The product was further purified by reverse phase prep HPLC eluting a 

gradient of 5-100% acetonitrile in water (both contain 0.1% formic acid) to obtain the 

purified product in 81% yield (0.13 g, 0.2 mmol).  1H NMR (400 MHz, Acetone-d6)  δ 7.91 

(d, J = 9.6 Hz, 1H), 7.84 (s, 1H), 7.61 (dd, J1 = 6.4 Hz, J2 = 2.8 Hz, 1H), 7.54 (d, J = 7.6 

Hz, 1H), 7.45 (t, J = 7.6 Hz, 1H) 7.21 (d, J = 7.6 Hz, 1H), 7.01-6.98 (m, 2H), 6.31 (t, J = 

2.0 Hz, 2H), 6.23 (d, J = 9.6 Hz, 1H), 5.79 (s, 2H), 5.39 (s, 2H), 4.67 (s, 2H), 3.12 (t, J = 

2.0 Hz, 2H), 2.70 (s, 2H), 1.31 (m, 14H).  13C NMR (100 MHz, Acetone-d6)  δ 177.0, 

162.2, 160.3, 156.2, 143.9, 142.6, 142.2, 141.4,  138.0, 130.7, 129.5, 129.2, 123.2, 

113.1, 113.0, 112.9, 101.7, 84.5, 70.8, 53.3, 47.8, 45.3, 42.6, 33.7, 24.7. HRMS (ESI) 

calcd for [C35H35BN4O7Na]+: 656.2527; Found: 656.2531. 
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7-((3-(Bromomethyl)benzyl)oxy)-2H-chromen-2-one (8).  1,3-

bis(bromomethyl)benzene (1.47 g, 5.6 mmol) was dissolved in dry THF (20 mL).  To this 

was added K2CO3 (0.51 g, 3.7 mmol) and the reaction was heated to reflux.  After 30 

min, a solution of 7-hydroxycoumarin (0.30 g, 1.9 mmol) in dry THF (20 mL) was added 

to the first mixture over the course of 2 h.  Upon addition, the reaction was held at reflux 

for 18 h.  The reaction mixture was cooled to RT and the solvent was removed via rotary 

evaporation.  The resulting crude product was purified by silica gel chromatography 

eluting 5-20% EtOAc in hexanes to afford the desired product in 71% yield (0.45 g, 1.3 

mmol).  1H NMR (400 MHz, Acetone-d6)  δ 7.88 (d, J = 9.6 Hz, 1H), 7.62 (s, 1H), 7.58 (d, 

J = 8.8 Hz, 1H), 7.48-7.40 (m, 3H), 7.00 (dd, J1 = 8.8 Hz, J2 = 2.4 Hz, 1H), 6.98 (d, J = 

2.4 Hz, 1H), 6.22 (d, J = 9.6 Hz, 1H), 5.26 (s, 2H), 4.68 (s, 2H).  ESI-MS(+): m/z 345.20 

[M+H]+, 367.13 [M+Na]+. 

 

 

7-((3-(Azidomethyl)benzyl)oxy)-2H-chromen-2-one (9).  8 (0.38 g, 1.1 mmol) was 

dissolved in DMF (30 mL).  To this was added NaN3 (0.14 g, 2.2 mmol) and the reaction 

was held at RT for 18 h.  The solvent was then removed via rotary evaporation and the 
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resulting crude product was purified by silica gel chromatography eluting 15% EtOAc in 

hexanes to afford the desired product in 70% yield (0.23 g, 0.8 mmol).  1H NMR (400 

MHz, Acetone-d6)  δ 7.83 (d, J = 9.6 Hz, 1H), 7.55-7.43 (m, 4H), 7.37 (d, J = 7.2 Hz, 1H), 

6.97 (dd, J1 = 8.8 Hz, J2 = 2.4 Hz, 1H), 6.94 (d, J = 2.4 Hz, 1H), 6.20 (d, J = 9.6 Hz, 1H), 

5.24 (s, 2H), 4.47 (s, 2H).  ESI-MS(+): m/z 330.21 [M+H]+. 

 

 

 

2-((1-(3-(((2-Oxo-2H-chromen-7-yl)oxy)methyl)benzyl)-1H-1,2,3-triazol-4-yl)methyl)-

3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione (PF1C).  9 (0.38 g, 1.2 

mmol) was dissolved in dry CH2Cl2 (10 mL).  To this was added 3 (0.32 g, 1.6 mmol) and 

DIPEA (0.3 mL, 1.5 mmol) and the mixture was stirred for 10 min at 0ºC.  To this was 

added CuI (0.05 g, 0.2 mmol) and the reaction was held at 0ºC for 30 min and allowed to 

warm to RT over the course of 12 h.  The solvent was then removed via rotary 

evaporation and the resulting crude product was purified by silica gel chromatography 

eluting 30-80% EtOAc in hexanes.  The product was further purified by reverse phase 

prep HPLC eluting a gradient of 5-100% acetonitrile in water (both contain 0.1% formic 

acid) to obtain the purified product in 70% yield (0.44 g, 0.9 mmol).  1H NMR (400 MHz, 

Acetone-d6)  δ 7.91 (s, 1H), 7.87 (d, J = 9.6 Hz, 1H), 7.56 (d, J = 8.4 Hz, 1H), 7.48-7.47 

(m, 2H), 7.40 (t, J = 7.6 Hz, 1H), 7.30 (d, J = 7.6 Hz, 1H), 6.98-6.94 (m, 2H), 6.27 (t, J = 
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2.0 Hz, 2H), 6.21 (d, J = 9.6 Hz, 1H), 5.63 (s, 2H), 5.20 (s, 2H), 4.68 (s, 2H), 3.10 (t, J = 

2.0 Hz, 2H), 2.68 (s, 2H), 1.31 (m, 2H).  13C NMR (100 MHz, Acetone-d6)  δ 177.1, 

162.0, 160.3, 156.1, 143.9, 142.8, 138.0, 137.5, 136.8, 129.6, 129.3, 128.0, 127.9, 

127.5, 123.3, 113.2, 113.1, 101.8, 70.1, 53.4, 47.8, 45.4, 42.6, 33.7. HRMS (ESI) calcd 

for [C29H24N4O5Na]+: 531.1639; Found: 531.1637. 

 

HPLC Analysis (polymers).  Analytical HPLC was performed on a Jupiter Proteo90A 

Phenomenex column (4.6×150mm), using a Hitachi-Elite LaChrom L2130 pump with a 

UV-Vis detector (Hitachi-Elite La Chrome L-2420) monitoring at 214 nm.  Separation was 

achieved with a flow rate of 1 mL min-1 and the following mobile phase: 0.1% 

trifluoroacetic acid in H2O (A) and 0.1% trifluoroacetic acid in ACN (B).  Starting with 

100% A and 0% B, a linear gradient was run for 30 min to a final solvent mixture of 33% 

A and 67% B, which was held for 5 min then escalated to 0% A and 100% B and held for 

for 5 min before ramping back down to 100% A and 0% B over the course for 5 min with 

constant holding at this level for 5 additional min.  All compounds were prepared in 1X 

DPBS buffer (pH 7.4) at a concentration of 100 µM. 

 

HPLC Analysis (monomers).  Analytical HPLC was performed on a HP Series 1050 

System equipped with a Poroshell 120 reverse-phase column (EC-C18, 4.6×100mm, 

2.7µm).  Separation was achieved with a flow rate of 1 mL min-1 and the following mobile 

phase: 2.5% ACN + 0.1% formic acid in H2O (A) and 0.1% formic acid in ACN (B).  

Starting with 95% A and 5% B, a linear gradient was run for 15 min to a final solvent 

mixture of 5% A and 95% B, which was held for 5 min before ramping back down to 95% 

A and 5% B over the course of 2 min, with constant holding at this level for 4 additional 
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min.  All compounds were prepared in HEPES buffer (50 mM, pH 7.4) at a concentration 

of 200 µM.  Authentic samples of PY-2 and 7-hydroxycoumarin were prepared to 

compare with reaction traces.  To determine the efficiency of cleavage of the monomers, 

a 1 mM solution of test compound (1.0 mL) in HEPES buffer (50 mM, pH 7.4) was 

prepared and treated with H2O2 (20 equiv, 20 mM).  The sample was incubated at 37ºC 

for 2 h prior to analysis. 

 

Fluorescence Spectroscopy (monomers).  Fluorescence emission spectra were 

recorded with a Perkin-Elmer LS-55 fluorescence spectrometer.  To a 2.0 mL solution of 

probes PF1 or PF1C (1 µM) in HEPES buffer (50 mM, pH 7.4) was added H2O2 (100 eq, 

100 µM) in HEPES to monitor fluorescence turn-on.  Spectra were monitored every 5 

min for 1 h using quartz cuvettes. 

 

Peptide (PS, PSC) Synthesis.  Peptides were synthesized using an AAPPTEX Focus 

XC automated synthesizer. Both L- and D-amino acids were purchased from AAPPTEC 

and NovaBiochem. N-(hexanoic acid)-cis-5-norbornene-exo-dicarboximide was prepared 

according to published protocols.17 Peptide Monomers (PS, PSC) were synthesized via 

standard FMOC-based peptide synthesis using Rink Amide MBHA resin (AAPTEC) in a 

standardized fashion. FMOC was deprotected using a solution of 20% 4-

methylpiperidine in DMF. Amino acid couplings were carried out using HBTU and DIPEA 

(resin/amino acid/HBTU/DIPEA 1:3.5:3.4:4). The final peptide monomers were cleaved 

from the resin using a mixture of TFA/H2O/TIPS (95:2.5:2.5) for 40 minutes. The 

peptides were precipitated and washed with cold ether. For purification and analysis, the 

peptides were dissolved in a solution of 0.1% TFA in water and analyzed via RP-HPLC 
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and purified via preparative HPLC. Peptide identities and purities were confirmed using 

ESI-MS and RP-HPLC monitoring at Iabs = 214 nm.  

 

Diblock Copolymer Synthesis.  The monomers were polymerized via ROMP, using 

Grubbs’ modified second generation catalyst [(H2IMES)(pyr)2(Cl)2Ru=CHPh]. The 

catalyst (1 equiv) was dissolved in DMF-d7 and added to PF1, PD1, PF1C, or PDC1, 

depending on which polymer was desired (10 equiv) in DMF-d7 to a final volume of 500 

μL in a 1.5 mL Eppendorf tube, in an inert environment. The resulting mixture was 

monitored by NMR and checked for completion every 10 minutes for a total of 2 hours. 

Once complete, 30 μL was removed for analysis via SEC-MALS. To generate two 

diblocks whose hydrophobic blocks were identical, 235 μL of polymer solution was 

transferred to a new Eppendorf tube, and PSC (4 equiv) was added to the new aliquot, 

while PS (4 equiv) was added to the original polymer solution. Once complete (monitored 

by NMR), the polymerizations were terminated with ethyl vinyl ether (2 equiv). The full 

polymers were characterized via SEC-MALs. 

 

Triblock Copolymer Synthesis.  The same procedure was followed in the generation 

of triblock copolymers (PF1-PD1-PS, PF1-PD1-PSC, PF1C-PD1C-PS, PF1C-PD1C-

PSC), except a second hydrophobic block was polymerized, prior to the addition of the 

hydrophilic peptide monomers (PS, PSC). 

 

Nanoparticle Formulation.  All diblock and triblock copolymers were dissolved 

separately in DMSO at concentrations of 1.0 mg/mL with respect to polymer, followed by 

addition of equivalent volume of Dulbecco’s phosphate buffered saline (DPBS, 1X, no 
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calcium, no magnesium, pH 7.4). This solution was then transferred to Slide-A-Lyzer 

mini dialysis cups (500 μL capacity, 3.5K MWCO) and dialyzed to DPBS overnight, 

switching out the dialysis buffer for fresh DPBS after 12 hours. Nanoparticle formulation 

was confirmed by DLS using a Wyatt Dynapro NanoStar. 

 

Transmission Electron Microscopy (TEM).  Small (3.5 μL) aliquots of nanoparticle 

sample were utilized via standard procedure. Briefly, the sample was loaded onto carbon 

grids (Ted Pella Inc.) that had previously been glow-discharged, using an Emitech K350 

glow discharge unit, and plasma-cleaned for 90s in an E.A. Fischione 1020 unit. The 

sample grid was then transferred to a grid holder, and analyzed via an FEI Sphera 

microscope operating at 200 keV. Micrographs were recorded on a 2K x 2K Gatan CCD 

camera. 

 For the degradation experiments the nanoparticles were prepared at 100 µM.  To 

this was added MMP-12 and H2O2 concurrently such that the final concentrations were 

100 nM and 200 µM, respectively.  The micelles were incubated at 25 °C for 2 d before 

images were taken. 

 

Fluorescence Spectroscopy (micelles).  Fluorescence measurements were taken on 

a PTI QuantaMaster Fluorimeter.  The nanoparticles were prepared at 100 µM.  To this 

was added either A) buffer (control), B) thermolysin only (1 µM), H2O2 (200 µM), or 

concurrent thermolysin and H2O2 such that the final concentrations were 100 nM and 

200 µM, respectively.  The micelles were incubated at 25 °C. 
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Chapter 6.  Development of a Dual-Mode, Thiol-Activated Histone Deacetylase 
Proinhibitor  
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6.1 Histone Deacetylases as Targets 

6.1.1 Introduction 

 Transcription, the process by which RNA polymerase uses a particular segment 

of DNA to synthesize RNA, is a tightly regulated biological process that is the first step in 

gene expression.1-3  In eukaryotic cells, sequence-specific DNA binding factors control 

the flow of genetic information from DNA to RNA thereby regulating transcription.  In 

cells, DNA is tightly compacted into chromatin, a highly organized and dynamic complex 

between DNA and proteins.  The nucleosome is the fundamental subunit of chromatin, 

and it is composed of an octamer of four core histone proteins (H2A, H2B, H3, and H4) 

and approximately 147 base pairs of DNA.1,2  When gene transcription is activated, the 

DNA is made accessible to transcription factors via nucleosome modification. The local 

architecture of chromatin, which is influenced by post-translational modifications of 

histones, can regulate gene expression.1-3  These modifications include methylation, 

phosphorylation, and acetylation of core histones. 

 Histone acetylation, arguably the most well understood modification, occurs at 

the ε-amino groups of conserved lysine residues at the N-termini.  Acetylation levels of 

core histones are a result of the balance between histone acetyltransferases (HATs) and 

histone deacetylases (HDACs).1-4  Increased levels of histone acetylation are associated 

with transcriptional activity whereas decreased levels of histone acetylation are 

associated with repression of transcription and therefore gene expression (Figure 6-1).  

When histones are primarily deacetylated, the positively charged lysine tail can interact 

with the negative charge of the phosphate backbone of DNA inducing a closed-

chromatin configuration, preventing transcription from occurring.  Alternatively, when the 
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histone tails are acetylated, this electrostatic interaction is diminished and the open form 

of chromatin undergoes transcription.1,4 

 

Figure 6-1.  Chromatin structure is modified by HATs and HDACs.  HATs acetylate 
lysine residues, neutralizing the positive charge, allowing for an open chromatin model 
where transcription proceeds.  HDACs deacetylate the lysine tails of histones, and the 
resulting positive charge makes an electrostatic interaction with the negatively charged 
phosphate backbone of DNA to induce a closed chromatin structure, repressing 
transcription.  Methylated (Me) and Acetylated (Ac) histones are shown as cartoons with 
the DNA phosphate backbone designated as P.  Adapted from Grant, et. al.5 
 

 Two distinct families of enzymes have been identified that have HDAC activity: 

the sirtuins and the metal-dependent HDAC family.1,5,6  Sirtuins are a family of NAD+-

dependent proteins and will not be discussed here.  The metal-dependent HDAC family 

is comprised of 11 proteins that contain a conserved deacetylase domain.  Sequence 

homology and protein crystallography have been used to show that all members of the 

metal-dependent HDAC family contain a catalytic Zn2+ ion coordinated by two aspartic 

acid residues, one histidine residue, and a water molecule (Figure 6-2).  HDAC isoforms 

are classified into four families, which differ in structure, function, subcellular localization, 
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and expression patterns:  class I, IIa, IIb, and IV.1  Class I HDACs include HDAC-1, -2, -

3, and -8, which are localized in the nucleus and are expressed ubiquitously.  The class 

IIa HDAC family, which shuttles between the nucleus and cytoplasm, is comprised of 

HDAC-4, -5, -7, and -9.  The class IIb HDAC family is comprised of HDAC-6 and HDAC-

10.  HDAC-6 is unique from all other HDACs in that it contains two deacetylase domains.  

Little is known about the function of HDAC-10.  HDAC-11 is the only HDAC in class IV 

and little is known about its function.1 

 

Figure 6-2.  Structure of HDAC-7 (left) with the catalytic site highlighted (right).  The 
active site Zn2+ ion is coordinated by two aspartic acid residues, one histidine residue 
(Asp707, Asp801, and His709), and an axial water molecule (PDB:  3COY).  The Zn2+ 
ion is shown as an orange sphere, the water molecule is represented by a red sphere, 
and the coordinating residues are shown as colored sticks (carbon = grey, nitrogen = 
blue, oxygen = red). 
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6.1.2  HDAC Inhibitors 

Histone deacetylase inhibitors (HDACi) have been developed as a class of 

therapeutic agents intended to target aberrant epigenetic states associated with a variety 

of pathologies, most notably cancer.  Recent findings have shown that the relief of 

oncogenic transcriptional repressors by HDACi can induce apoptosis.1-4  This is because 

many cancers have evolved in a way such that the pro-apoptotic pathways are 

transcriptionally repressed via histone deactylation, resulting in the closed-chromatin 

architecture.  HDACi can prevent deactylation of the lysine residues of the histone tails, 

neutralizing the positive lysine tail, which in turn leads to transcriptional activation, gene 

expression, and cell death. 

The development of HDACi has been ongoing, with hydroxamic acids being the 

most commonly studied class.3  In fact, the HDACi Vorinostat (suberoylanilide 

hydroxamic acid, SAHA), received FDA approval in 2006 for the treatment of cutaneous 

T-cell lymphoma (CTCL) (Figure 6-3).7  Interestingly, the mode of action for SAHA was 

not known when the drug was initially discovered.  The development of SAHA began in 

1971 by Marks and coworkers when it was shown that DMSO caused growth arrest and 

terminal differentiation in transformed cells.  Over the course of ~25 years, SAHA was 

developed as a potent anticancer agent, with the discovery that it acts as an HDACi 

revealed in 1998.6 

The determination of the protein crystal structures of HDLP (a HDAC-like protein 

isolated from Aquifex aelicus) and later HDAC-8 reveal the active site sits at the bottom 

of a deep (~12 Å), narrow tunnel that accommodates the acetylated lysine for the 

catalytic reaction (Figure 6-3).8  Subsequent crystallization of SAHA with HDAC-8 

supported a pharmacophore model involving the covalent linkage of a metal-binding 
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pharmacophore (MBP), a capping group designed to form favorable interactions with 

amino acid residues at the entrance to the active site tunnel, and a linker between them.  

The linker length was a variable that was optimized in the development of SAHA.6,8 

 

 

Figure 6-3.  Structure of HDAC-8 with Vorinostat (SAHA). A) Chemical structure of 
SAHA.  B) Vorinostat bound to the catalytic Zn2+ ion of HDAC-8 via the hydroxamic acid 
MBP (PDB:  1T69).  Coordinating aspartic acid and histidine residues (Asp178, Asp267, 
and His180) and the inhibitor SAHA are shown as colored sticks (carbon = grey, nitrogen 
= blue, oxygen = red) and the Zn2+ ion is shown as an orange sphere.  C) Surface 
representation of the protein-inhibitor complex demonstrates the positioning of the alkyl 
chain through a narrow channel. 
 

6.1.2.A  HDAC Proinhibitors 

To date, at least 10 HDACi other than SAHA have progressed to clinical 

development.  These inhibitors can be subdivided into six classes based on their 

chemical structure including:  hydroxamic acids, short-chain fatty acids, benzamides, 

cyclic tetrapeptides, electrophilic ketones, and miscellaneous.7  Of these, only one other 

drug, Romidepsin (Scheme 6-1), has been approved by the FDA for treatment of 

refractory CTLC.9,10  Romidepsin is a bicyclic peptide isolated from a soil bacterium 
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(Chromobacterium violaceum) initially found to be an anti-tumor agent and only later 

determined to be a potent HDACi.10  Unlike other HDACi employing the aforementioned 

pharmacophore model, Romidepsin is structurally distinct in that it contains an 

intramolecular disulfide bond, resulting in a stable, inactive compound.  Upon cellular 

uptake, cleavage of the disulfide bond by reducing agents, such as glutathione, 

produces two sulfhydryl groups, one of which acts to bind the active site Zn2+ ion, 

effectively inhibiting enzymatic activity (Scheme 6-1).10  Thus, Romidepsin functions as a 

HDACi prodrug. 

 

 

Scheme 6-1.  Chemical structure of the FDA-approved HDACi prodrug Romidepsin.  
Upon cellular delivery, reduction of the disulfide bond results in the release of two 
sulfhydryl groups, one of which binds to the catalytic Zn2+ ion of HDACs, resulting in 
inhibition.  The disulfide promoiety is highlighted in red. 
 

Only a handful of reports have investigated HDAC prodrugs involving other MBP 

blocking strategies, with most studies focused on developing acyl derivatives of SAHA or 

similar hydroxamic acid-based HDACi.  These studies have focused on the addition of 

an optimized promoiety to the hydroxamic acid to enhance cell permeability and 

hydrolytic stability (Figure 6-4A).11  As expected, these prodrugs showed little activity as 

HDAC inhibitors and biochemical assays suggest that the acylated prodrugs are cell 
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permeable and are activated in vivo.  A similar report investigated a carbamate prodrug 

concept for hydroxamate HDACi including SAHA to improve the drug-like properties, 

including cellular permeability (Figure 6-4B).12  However, both of these strategies rely on 

hydrolysis in vivo to release the active drug and do not improve drug-target specificity for 

selected disease states or sites of disease. 

 

Figure 6-4.  Examples of prodrugs developed for SAHA.  A) An acyl promoiety was 
appended to the N-hydroxyl moiety of SAHA to increase cellular permeability.11  B) A 
carbamate-based prodrug of SAHA was developed to increase the poor drug properties 
associated with hydroxamates.12 

 

6.1.3  Clinical Evaluation of HDACi 

Both SAHA and Romidepsin represent first-in-class drugs that act universally on 

all isoforms of the Zn2+-dependent HDAC family and are regarded as broad-spectrum 

HDAC inhibitors.  Despite promising clinical results for CTCL treatment for each, these 

drugs have not been effective in clinical trials involving solid tumors.  In fact, both drugs 

have been associated with the onset of serious side effects including:  fatigue, 

gastrointestinal issues (diarrhea, nausea, vomiting), and hematologic complications 
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(thrombocytopenia, anemia, neutropenia).7,9  SAHA and Romidepsin have also been 

associated with serious cardiotoxicity in numerous studies.9  Clinical studies in humans 

determined the major metabolic pathways of SAHA involve glucoronidation by UDP-

glucoronosyltransferases (UGTs) to generate inactive 1.  Alternatively, hydrolysis of 

SAHA to the carboxylic acid analog (2), followed by β-oxidation generates the inactive 4-

anilino-4-oxoxbutanoic acid (3, Scheme 6-2).7,13  Studies showed that, when compared 

with SAHA, the mean steady state serum exposures of 1 and 2 were 4-fold and 13-fold 

higher, respectively.  Additionally, the apparent t1/2 of SAHA was ~1.5 h for patients 

receiving single doses of 400 mg SAHA.7,13  The poor PK properties of SAHA are similar 

for other hydroxamic acid-based drug candidates and involve chemical instability and 

rapid elimination.  In fact, the FDA has approved SAHA for CTCL only in patients with 

“progressive, persistent, or recurrent disease that are on or have already followed two 

systemic therapies” due to the poor drug properties.9  Similarly, the FDA has approved 

Romidepsin for CTCL treatment in patients who have received at least one prior 

systemic therapy.9  The onset of these side effects are believed to originate, in part, from 

the lack of selectivity of these drugs for a specific HDAC enzyme or enzymes. 
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Scheme 6-2.  Metabolism of SAHA.  Upon systemic circulation, UGT enzymes localized 
in the liver can convert SAHA to a SAHA β-D-glucuronide (1) rendering the drug inactive.  
A different pathway involves initial hydrolysis of SAHA to the corresponding carboxylic 
acid (2), followed by oxidation to 3. 
 

6.1.4  Determination of an Optimal Promoiety for HDACi Prodrugs 

 Similar to the sulfonate ester and boronic ester-based promoieties described in 

Chapters 3-5, the design of new promoieties for HDACi was inspired by research into 

fluorescent probes.  Huang and coworkers reported the development of a long-

wavelength fluorescent probe involving a quinone-methide-type reaction that can detect 

physiologically relevant thiols (Scheme 6-3).14  Although the quinone promoiety functions 

as an electrophilic Michael acceptor, it was determined that other nucleophiles were 

unreactive with this functionality.  Cysteine (Cys) and glutathione (GSH) are involved in 

the endogenous antioxidant systems that maintain cellular redox potential.15  Oxidation-

reduction reactions between thiols and the corresponding disulfides are reversible and 

aid in regulating the intracellular redox environment.  In fact, the ratio of GSH to the 

disulfide adduct (GSSG) is a key indicator of oxidative stress.15,16  Accordingly, GSH 

levels are highly elevated in many types of cancer, including colon, lung, breast, liver, 

and others.17!!
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Scheme 6-3.  A) Activation of a quinone-based, thiol-sensitive fluorescent probe 
developed by Huang and coworkers.14  B) Activation mechanism of the profluorescent 
probe by a generic nucelophilic thiol, RSH. 
 

The selective delivery of HDACi to a specific disease site may aid in preventing 

the aforementioned deleterious side effects that result from nonspecific inhibition.  

Having established that metalloenzymes inhibitors are a class of compounds that can 

greatly benefit from a prodrug approach, HDACs were considered here.  Alkylation of 

hydroxamates has shown to be effective in improving PK properties including hydrolytic 

stability, cellular permeability, and glucoronidation.11,18,19  Similar to other MBPs, the 
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metal-binding ability of the drug.  In the presence of high levels of GSH, characteristic of 

disease states, the promoiety is cleaved to generate the active hydroxamate, an 

effective MBP for HDACs.  As detailed in Chapter 3, the benzyl ether SIL utilized in 

Chapters 3-5 cannot be applied to hydroxamic acids; therefore, this approach was not 

considered here. 

 

6.1.5 Results and Discussion 

6.1.5.A Development of a Unique HDACi Prodrug 

As a counterpart to the ROS-activated strategy for the development of 

metalloenzyme inhibitor prodrugs discussed in Chapters 2-3, thiol-sensitive prodrugs of 

HDACs were considered.  SAHA was chosen as the drug of interest because it is 

already an FDA-approved drug for CTCL and has been well studied.  A prodrug of SAHA 

containing a quinone-based, thiol-sensitive promoiety was designed, termed SAHA-TAP 

(TAP = thiol activated prodrug) (Figure 6-5).  To develop SAHA-TAP, the promoiety was 

first synthesized using a modified literature procedure.14  The promoiety was then 

appended to SAHA, which was synthesized according to a previously reported 

procedure,20 under basic conditions to generate SAHA-TAP (Scheme 6-4). 
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Scheme 6-4. Synthesis of SAHA-TAP. 

 

 A control compound, SAHA-OBn was synthesized in a similar manner (Scheme 

6-5).  This compound contains a benzyl protecting group appended to SAHA via the N-

hydroxyl functionality.  SAHA-OBn was designed to have a similar structure to SAHA-

TAP, but which would be unreactive toward nucleophilic thiols. 

 

 

Scheme 6-5. Synthesis of SAHA-OBn. 

 

6.1.5.B Assessment of SAHA-TAP Reactivity with GSH 

 To evaluate the reactivity of SAHA-TAP and SAHA-OBn with GSH, analytical 

HPLC was utilized under simulated physiological conditions (50 mM HEPES, pH 7.4).  

Treatment of SAHA-TAP with GSH (2 mM, 2 eq) resulted in a HPLC chromatogram with 

three distinct peaks (Figure 6-5); LCMS confirms that the identity of the first peak is the 

quinone methide intermediate, the second peak is SAHA, and the third peak is 
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unreacted SAHA-TAP.  The activation of SAHA-TAP by GSH is summarized in Scheme 

6-6.  However, treatment of SAHA-OBn with GSH under the same conditions resulted in 

no change in the HPLC chromatogram, indicative of no reaction occurring (Figure 6-6). 

 

 
Figure 6-5.  HPLC trace of SAHA (black), SAHA-TAP (blue), and SAHA-TAP after 
treatment with GSH (2 mM, 2 eq) for 2 h at RT (red).  Retention times are 10.7 min for 
SAHA, 14.7 min for SAHA-TAP, and 10.5 min for the quinone-methide GSH adduct 
generated from the reaction.  LCMS (+) shows an m/z peak of 470.3 [M+H]+ at 10.5 min 
indicative of the quinone-methide side product.  
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Scheme 6-6.  Activation of SAHA-TAP by GSH.  In the presence of GSH, the sulfhydryl 
moiety can attack the electrophilic quinone moiety.  Subsequent rearrangement releases 
SAHA along with a quinone-methide adduct and SAHA. 
 

 
Figure 6-6.  HPLC traces of SAHA (black), SAHA-OBn (blue), and SAHA-OBn after 
treatment with GSH (2 mM, 2 equiv) for 2 h at RT (red).  Retention times are 10.7 min for 
SAHA, 14.9 min for SAHA-OBn. 
 

 Having shown that SAHA-TAP reacted rapidly with GSH, the aqueous stability of 
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a second trace was collected after incubation at 37 °C for 24 h (Figure 6-7).  SAHA-TAP 

was determined to be >97% stable to hydrolysis under these conditions. 

 

 

Figure 6-7.  HPLC trace of SAHA (black), SAHA-TAP (blue), and SAHA-TAP after 
incubation in HEPES (50 mM, pH 7.4) for 24 h at 37 °C.  Retention times are 10.7 min 
for SAHA and 14.7 min for SAHA-TAP. 

 

6.1.5.C HDAC Inhibition of SAHA-TAP 

 To determine the efficacy of the SAHA-TAP prodrug strategy, the ability of SAHA-

TAP and SAHA-OBn to inhibit HDAC-1, -2, -3, -6, and -8 was evaluated using an 

optimized homogenous fluorescence-based assay.  Surprisingly, even in the absence of 

exogenous thiols SAHA-TAP was an effective inhibitor of all HDACs tested with an IC50 

value only slightly less potent (2- to 50-fold) than the parent inhibitor SAHA (Table 6-1).  

This result was unexpected since the metal-binding ability of the hydroxamic acid MBP 

of SAHA-TAP is abolished due to the promoiety, which should render the drug inactive.  
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To determine if a component of the biochemical assay resulted in SAHA-TAP activation, 

analytical HPLC was utilized.  SAHA-TAP was incubated with either BSA (5 mg/mL) or 

trypsin (5 mg/mL) at 37 °C for 2 h (to exceed assay conditions), but SAHA-TAP was 

found to be >95% stable in the presence of either of these assay components (data not 

shown). 

 

Table 6-1.  IC50 values (nM) of SAHA, SAHA-TAP, and SAHA-OBn against several 
HDAC isoforms using an in vitro fluorescence based assay. 
 

 SAHA SAHA-TAP SAHA-OBn 
HDAC-1 34 371 >10,000 
HDAC-2 5 255 >10,000 
HDAC-3 40 149 >10,000 
HDAC-6 11 23 >10,000 
HDAC-8 1337 3842 >10,000 

 

 Sequence homology analysis of the Zn2+-dependedent HDAC isoforms reveals 

that a single Cys residue is conserved in all isoforms (Figure 6-8).  Importantly, this Cys 

comprises part of the catalytic site pocket for these HDAC.  The crystal structure of 

HDAC-8 complexed with SAHA reveals that the sulfhydryl moiety of Cys153 is ~5.6 Å 

away from the hydroxamic acid of SAHA (Figure 6-9).  Because SAHA-TAP is a larger 

molecule and the metal-binding ability is abolished, allowing for more conformational 

freedom (due to the lack of metal binding), the promoiety may be positioned even closer 

to Cys153.  This positioning could be ideal for nucleophilic attack of the sulfhydryl 

moiety, leading to covalent modification and SAHA release.  We therefore hypothesized 

that the Cys153 residue activates SAHA-TAP, resulting in a covalent modification of the 

protein and subsequent release of SAHA, a competitive inhibitor.  It is important to note 

that there are many other Cys residues in these HDAC isoforms (e.g. 10 total Cys 
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residues in HDAC-8), and activation of SAHA-TAP by these residues is likely responsible 

in part for the release of SAHA as shown in Scheme 6-7. 

 
 
Figure 6-8.  Amino acid sequence alignment of human HDAC enzymes.  Conserved 
residues amongst all isoforms are highlighted in yellow, and the only Cys conserved in 
all isoforms is highlighted in green.  Amino acids involved in the formation of the active 
site pocket are indicated by the orange bar.  Adapted from Furumai, et al.10 
 

 

 

Figure 6-9.  Protein crystal structure of HDAC-8 complexed with SAHA.  The distance 
between the sulfhydryl moiety of Cys153 and the nitrogen atom of the MBP of SAHA 
was determined to be ~5.6 Å.  SAHA and Cys153 are shown as sticks in color code 
(carbon = grey, nitrogen = blue, oxygen = red, sulfur = yellow) and the Zn2+ ion is shown 
as an orange sphere (PDB: 1T69).   
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Scheme 6-7.  Activation of SAHA-TAP by Cys153 in HDAC-8.  Cys153 can be 
covalently modified, leading to release of SAHA. 
 

 
6.1.5.D Proteomic MS Experiments 

To investigate whether the active site Cys153 is covalently modified with the 

SAHA-TAP promoiety, mass spectrometry techniques were utilized.  Digestion of wild 

type (WT) HDAC-8 with trypsin yields an 18 amino acid peptide containing Cys153, 

which can be used to monitor the modification via mass spectrometry (MS, Figure 6-

10A).  If a covalent modification occurs at this position after treatment of WT HDAC-8 

with SAHA-TAP, the expected MS ion for this peptide fragment will be different from the 

unmodified parent ion (Figure 6-10B). 

 

A) DEASGFCYLNDAVLGILR 
              B) 

Fragment Type Expected Ion [M+2H]2+ 

WT HDAC-8 1006.98 m/z 
SAHA-TAP treated HDAC-8 1060.16 m/z 

 
Figure 6-10.  A) Expected HDAC-8 peptide upon digestion with trypsin.  The active site 
Cys153 is highlighted in red.  B) The expected MS ion for the WT protein is shown along 
with the expected ion for the protein including the covalent addition of the TAP promoiety 
on Cys153. 
 

HDAC-8 (WT with or without SAHA-TAP) was digested with trypsin, and the 

resulting peptides were analyzed by liquid chromatography-tandem mass spectrometry 
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(LCMS).  A search of the expected parent ion for the WT HDAC-8 peptide was 

consistent with a peak at Rt = 84.5 min (Figure 6-11A).  Similarly, a peak at Rt = 88.5 min 

corresponds to the expected parent ion for the SAHA-TAP treated HDAC-8 peptide 

(Figure 6-11B).   To account for the fact that other digestion products could account for 

this ion, further MS techniques were considered to verify that these ion peaks 

correspond to the peptide sequence of interest. 

 

 

Figure 6-11.  A) The tryptic fragment of WT HDAC-8 (Rt = 84.5 min) is consistent with 
the expected [M+2H]2+ ion.  B) After treatment of HDAC-8 with SAHA-TAP (12 eq) and 
digestion with trypsin, a peak aligning with the expected [M+2H]2+ ion is observed (Rt = 
88.5 min). 
 

 Tandem mass spectrometry (MS2 or MS/MS) is used routinely used in 

proteomics to characterize amino acid sequences of proteins, where peptides undergo 

further fragmentation to amino acid aggregates.21  Fragment ions are indicated by the 

following nomenclature:  a, b, or c if the charge is retained on the N-terminus and by x, y, 
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or z if the charge is retained on the C-terminus, as shown in Figure 6-12.22  The 

fragmentation patterns observed in the MS/MS spectra of tryptic peptides for WT HDAC-

8 and SAHA-TAP treated HDAC-8 can provide further insight into a possible covalent 

modification of Cys153.   

 

 

Figure 6-12.  Peptide fragmentation nomenclature.  R groups represent amino acid side 
chains. 
 

Table 6-2 summarizes the expected monoisotopic masses for the y ion series in 

both WT HDAC-8 and the SAHA-TAP treated sample.  The expected y fragment ions for 

both peptides align until Cys153 (y12), where this ion and each subsequent ion have 

different masses.  Indeed, the MS/MS fragmentation spectrum for the WT HDAC-8 

tryptic peptide (parent ion m/z = 1006.98, [M+2H]2+)  shows many of the expected y ions 

(Figure 6-13).  Similarly the MS/MS fragmentation spectrum for the SAHA-TAP treated 

HDAC-8 tryptic peptide (parent ion m/z = 1059.53 [M+2H]2+) shows many y ions 

including the characteristic peak of m/z = 1511.82 (Figure 6-14).  This peak is indicative 

of a covalent modification of m/z = 162.1 for the HDAC-8 tryptic fragment at Cys153.  

This data proves that the covalent modification of Cys153 is occurring to form an adduct 

containing the SAHA-TAP promoiety, as shown in Scheme 6-7.  Unfortunately, MS 

analysis indicated that other Cys residues in HDAC-8 were also modified with the TAP 

moiety.  Overall, modification of some of these other Cys residues was observed, and in 
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other cases the peptides of interest (containing Cys residues) could not be mapped with 

tryptic digestion.  Nonetheless, the hypothesized mechanism of activation involving a 

covalent modification of Cys153 was observed, which can partially explain the inhibition 

of HDACs by SAHA-TAP even in the absence of exogenous nucleophilic thiols. 

 

Table 6-2.  Fragment Ion Table (y ion series) of the monoisotopic mass for the tryptic 
fragment (DEASGFCYLNDAVLGILR) of HDAC-8 (WT and treated).  The expected mass 
y ions 12-20 are highlighted in yellow, indicative of a covalent modification of Cys153 
with the SAHA-TAP promoiety. 

 

 

 

 



! 227!

 

Figure 6-13. MS/MS fragmentation spectrum for the WT HDAC-8 tryptic fragment, 
DEASGFCYLNDAVLGILR.  The y series ions detected are indicated by dashed lines. 
 

 

Figure 6-14. MS/MS fragmentation spectrum for the SAHA-TAP treated HDAC-8 tryptic 
fragment, DEASGFCYLNDAVLGILR.  The y series ions detected are indicated by 
dashed lines.  The y12 ion shows the mass increase expected for covalent attachment of 
the SAHA-TAP promoiety. 
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6.1.5.E  In vitro Time Dependence of SAHA-TAP HDAC Inhibition 

With the MS data in hand confirming covalent modification of Cys153 of HDAC-8, 

we sought to further investigate the kinetics of inhibition for SAHA-TAP against HDAC-8 

using an optimized Fluor-de-Lys assay.23  For this assay, the ‘Flour-de-Lys’ HDAC-8 

substrate (Enzo Life Sciences) contains an acetylated lysine side chain.  Deacetylation 

of the substrate sensitizes it such that upon the addition of a developer, a fluorophore is 

generated; HDAC activity can be measured as a function of fluorescence.  An initial test 

of HDAC-8 activity with varying SAHA-TAP preincubation times showed loss of 

enzymatic activity within the first 0.5 h (data not shown).  To more accurately determine 

the kinetics for the time dependent inhibition of SAHA-TAP, HDAC-8 progress curves 

were measured at various concentrations of inhibitor.  For these reactions, substrate 

(150 µM) and SAHA-TAP (0-20 µM) were added to each assay before the reactions 

were initiated by the addition of WT HDAC-8 (0.5 µM) (Figure 6-15).  Analysis of the 

progress curves for SAHA-TAP demonstrates a non-linear dependence with respect to 

time, with an initial linear rate observed followed by an exponential decay, leading into a 

second linear rate.  These HDAC-8 progress curves were fit to Equation 1: 

 

                        (Equation 1) 

 

where P represents product formation, vs and vo represent steady state and initial 

velocities, respectively, t is time, C is the Y-intercept and kobs is the rate constant for the 

transition from initial velocity to steady state velocity.  Thus, this equation represents a 

curve with two linear regions, connected by an exponential region.  

€ 

P =
(vs ∗ t )+ (v 0 −vs )∗ [1−exp(−kobs ∗ t )]

kobs +C
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The fit reveals that the initial rate decreases with increasing inhibitor 

concentration (Figure 6-16A).  This type of inhibition is characteristic of a two-step 

mechanism in which the first step happens rapidly compared to the second step.  In a 

one-step mechanism of inhibition (such as the inhibition of HDAC-8 with competitive 

inhibitor SAHA), a change in vs would occur without an effect on vo.  The first-order rate 

constant for HDAC-8 inhibition by SAHA-TAP can be determined through fitting the 

progress curves with Equation 1.  Here, kobs is a measure of the transition from v0 to vs.  

As shown in Figure 6-16B, kobs increases as the concentration of SAHA-TAP increases, 

consistent with a two-step inhibition mechanism. 

 

 
Figure 6-15.  HDAC-8 progress curves with increasing concentrations of SAHA-TAP.  
Time dependence of HDAC-8 (0.5 µM) inhibition by 0, 2, 4, 6, 8, 12, and 20 µM SAHA-
TAP.  HDAC-8 was not pre-incubated with inhibitor and was used to initiate each 
reaction.  
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Figure 6-16.  A) Initial rate as a function of SAHA-TAP concentration.  Initial rates were 
calculated by fitting the initial linear range of the progress curves with Equation 1.  B) 
First-order rate constant kobs as a function of SAHA-TAP concentration. These values 
were calculated from fitting the progress curves with Equation 1. 
 

For comparison, HDAC-8 inhibition for the competitive inhibitor SAHA and for 

SAHA-OBn, a negative control, was evaluated.  Progress curves were measured for 

HDAC-8 with increasing concentrations of both inhibitors.  These assays were performed 

in the same manner as the SAHA-TAP progress curves, where substrate and inhibitor 

were added prior to initiating the reaction with HDAC-8.  The progress curves fit a linear 

regression for all concentrations of SAHA (Figure 6-17) and SAHA-OBn (Figure 6-18).  

As expected, SAHA strongly inhibits HDAC-8 for the concentration range tested (2-8 µM) 

with >90% inhibition.  SAHA-OBn (2-8 µM) does not inhibit the activity of HDAC-8; in fact 

the activity slightly increases after treatment with SAHA-OBn, which may be attributed to 

fluorescence interference with the assay.  The lack of inhibition for SAHA-OBn is 

consistent with our previous IC50 data (Table 6-1).  Taken together, these data conclude 

that SAHA-TAP has a unique mode of inhibition for HDAC-8 relative to SAHA.  It does 

not function as a typical competitive inhibitor, such as SAHA, which shows a linear, time-
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independent inhibition.  Instead, the kinetic data suggests that SAHA-TAP inhibits 

HDAC-8 in a novel, two-step mechanism. 

 

 

Figure 6-17.  WT HDAC-8 (0.5 µM) progress curves with increasing concentrations of 
SAHA (0, 2, 4, and 8 µM).  HDAC-8 was not pre-incubated with inhibitor and was used to 
initiate each reaction. 
 

 

Figure 6-18.  WT HDAC-8 (0.5 µM) progress curves with increasing concentrations of 
SAHA-OBn (0, 2, 4, and 10 µM).  HDAC-8 was not pre-incubated with inhibitor and was 
used to initiate each reaction. 

 

To determine the role of Cys153 on the time dependent inhibition of HDAC-8, a 

Cys153Ala (C153A) HDAC-8 mutant was expressed and purified.  In vitro assays for the 
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mutant were conducted under the same conditions used for WT HDAC-8.  This HDAC-8 

C153A mutant was inhibited nominally by SAHA-TAP (Figure 6-19) and significantly by 

SAHA (Figure 6-20).  Progress curves for these assays demonstrate dose-responsive 

inhibition; however, no time-dependence was observed.  Additionally, SAHA-OBn did not 

inhibit the activity of C153A HDAC-8 in the concentration range tested (Figure 6-21), 

further confirming the two-step activation mechanism of SAHA-TAP.   

To further evaluate the inhibition of SAHA-TAP with HDAC-8, the percent 

inhibition was calculated from the progress curves, and these results were directly 

compared with SAHA.  As expected, SAHA (4 µM) shows little discrimination between 

both WT HDAC-8 and the C153A mutant, with ~93-95% inhibition observed.  

Importantly, SAHA-TAP (4 µM) inhibits WT HDAC-8 at ~97% while showing only weak 

(~17%) inhibition for the mutant.  These data are consistent with our central hypothesis, 

that SAHA-TAP itself is a poor HDACi, and must be activated by HDAC itself to generate 

the active inhibitor, SAHA.  The inhibition data for the C153A mutant further supports the 

hypothesis that C153 plays a key role in the activation of SAHA-TAP.  While other Cys 

may also contribute to the activation of SAHA-TAP, the inhibition data presented here 

are highly suggestive of the importance of the active site C153 for the activation 

mechanism. 
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Figure 6-19.  Cys153Ala HDAC-8 progress curves with increasing concentrations of 
SAHA-TAP.  Time dependence of HDAC-8 (0.5 µM) inhibition by 0, 2, 4, 6, 8, 12, and 16 
µM SAHA-TAP.  HDAC-8 was not pre-incubated with inhibitor and was used to initiate 
each reaction.  
 

 

 
 

Figure 6-20.  Cys153Ala HDAC-8 progress curves with increasing concentrations of 
SAHA.  Time dependence of HDAC-8 (0.5 µM) inhibition by 0, 2, 4, and 8 µM SAHA.  
HDAC-8 was not pre-incubated with inhibitor and was used to initiate each reaction. 
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Figure 6-21. Cys153Ala HDAC-8 (0.5 µM) progress curves with increasing 
concentrations of SAHA-OBn (0, 2, 4, and 10 µM).  HDAC-8 was not pre-incubated with 
inhibitor and was used to initiate each reaction. 
 

6.1.5.F  Plasma Stability 

 As mentioned in section 6.1.3, SAHA suffers from poor PK properties, including 

hydrolytic instability with t1/2 ~1.5 h.  To determine the stability of SAHA-TAP in a 

biologically relevant model, human plasma stability studies were conducted as 

previously reported.24  After preparing a sample of SAHA or SAHA-TAP in human 

plasma, aliquots were withdrawn at various time points (0, 15, 30, 60 and 120 min), 

quenched with acetonitrile, filtered, and evaluated via analytical HPLC.  The percent 

parent compound remaining was determined by integrating the area under the curve and 

comparing this number with the initial sample of parent compound at an incubation time 

of 0 min.  Approximately 72% of SAHA-TAP remained after 1 h incubation at 37 °C while 

only ~60% of SAHA remained under identical conditions. Only ~50% of either parent 

compound remained after a 2 h incubation at 37 °C (Figure 6-22).  Analysis of the HPLC 

traces can provide insight as to the mechanism of degradation of SAHA-TAP.  For the 2 

h incubation HPLC trace of SAHA-TAP, the major degradation peak (~23%) aligns with 
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SAHA with ~52% SAHA-TAP remaining and ~25% other products, suggesting that 

hydrolysis to SAHA is a major component of degradation (Figure 6-23).  For comparison, 

after a 2 h incubation of SAHA in human plasma under identical conditions, the HPLC 

chromatogram shows the emergence of a series of new unidentifiable peaks (~45%) 

with ~55% SAHA remaining (Figure 6-23).   Even though the prodrug gradually degrades 

over this 2 h period, it is a relatively slow process that results in the release of the active 

drug, SAHA.  Efforts to identify the product peaks via LCMS were inconclusive.  Overall, 

this study clearly demonstrates the benefits of SAHA-TAP over SAHA with respect to 

stability in human plasma. 

 

 

Figure 6-22.  Plasma stability for SAHA and SAHA-TAP over time (mean ± sd, n=2). 

 



! 236!

 

Figure 6-23.  HPLC trace of SAHA-TAP after incubation in human plasma at 37 °C at 0 
min (green) and 120 min (blue).  HPLC trace of SAHA after incubation in human plasma 
at 37 °C at 0 min (red) and 120 min (black). 
 

6.1.5.G Cell Proliferation Studies 

 With the kinetics of activation and plasma stability of SAHA-TAP elucidated, we 

then studied the effect of SAHA-TAP on the proliferation of a variety of cell lines.  

Because SAHA is FDA approved for CTCL, we selected HH (CTCL) and Jurkat (T-cell 

leukemia) cell lines for analysis.  The viability of NIH/3T3 (mouse embryo fibroblast) was 

also tested to determine the toxicity of each compound for a non-cancer cell line.  The 

EC50 values of SAHA, SAHA-TAP, and SAHA-OBn are shown in Table 6-3 for each cell 

line.  The observed EC50 values of SAHA for HH and for Jurkat cell lines were 1.03±0.21 

μM and 1.66±0.14 μM, respectively, consistent with previously reported data.25,26  SAHA-

TAP is ~3-4-fold less potent than SAHA, but is still a potent compound, with calculated 
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EC50 values of 3.38±0.30 μM and 6.05±0.14 μM for HH and Jurkat cells, respectively.  

Interestingly, SAHA is rather toxic against NIH/3T3 cell lines, with a calculated EC50 of 

4.80±0.99 μM. Other studies also report cytotoxicity of healthy kidney cells (Vero) after 

treatment with SAHA (EC50 = 5.20±0.96 μM).26  SAHA-TAP is ~2-fold less toxic than 

SAHA with an EC50 value of 9.37±1.21 μM.  As expected, cell proliferation is unaffected 

by the addition of SAHA-OBn for all cells studied.  These results further suggest that 

SAHA-TAP functions as a prodrug, where it is activated to generate SAHA in cellular 

proliferation studies, since a similar analog (SAHA-OBn) does not inhibit cancer cell 

growth.  Future experiments will validate the intracellular target by measuring the 

acetylation of tubulin, an endogenous substrate of HDACs, via western blot analysis. 

 

Table 6-3.  Cellular EC50 values (µM) obtained from the MTS cell proliferation assay.  NI, 
no inhibition at 50 µM. 
 

Compound HH Jurkat NIH/3T3 
SAHA 1.03±0.21 μM  1.66±0.21 μM 4.80±0.99 μM 

SAHA-TAP 3.38±0.30 μM  6.05±0.14 μM 9.37±1.21 μM 
SAHA-OBn NI NI NI 

 

 

6.1.5.H Conclusions 

A thiol-sensitive prodrug of the FDA-approved HDACi SAHA has been developed 

that displays a time-dependent inhibition of HDACs.  SAHA-TAP functions as a dual-

mode HDAC inhibitor because it is positioned in the catalytic pocket such that it is 

susceptible to nucelophilc attack by the conserved Cys residue in the catalytic domain.  

This Cys residue can then become covalently appended with the promoiety, inactivating 

the enzyme, followed by the release of the competitive inhibitor SAHA.  Proteomic MS 
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confirms that this modification occurs, and the kinetics of inhibition show unambiguous 

time-dependent inhibition of HDAC-8 by SAHA-TAP, indicative of a covalent modification 

with subsequent competitive inhibitor release.  The activity of C153A HDAC-8 is 

nominally inhibited by SAHA-TAP under identical conditions, further supporting our 

hypothesis that the active site Cys plays a key role in the activation of SAHA-TAP.   The 

plasma stability of SAHA-TAP is enhanced with slow conversion to SAHA observed, 

whereas SAHA is readily degraded to undesired side products, consistent with previous 

literature reports. Finally, cellular proliferation studies show a clear dose-response 

relationship with SAHA-TAP for two distinct cancer cell lines, with only moderately 

inferior EC50 values compared to SAHA.  To the best of our knowledge, SAHA-TAP is 

the first dual-mode HDAC proinhibitor that exploits the catalytic site Cys residue to 

generate a covalent adduct in addition to releasing a competitive inhibitor.  It is our hope 

that future studies will expand upon this work, and exploit the conserved catalytic site 

Cys in the development of covalent HDAC inhibitors. 

 

6.2 Experimental 

General Experimental Details:  All chemicals were purchased from commercial 

suppliers (Sigma-Aldrich, Acros Organics, TCI America, Fisher Scientific) and were used 

without further purification.  All reactions were carried out under N2 in oven-dried 

glassware.  E. Merck silica gel (60, particle size 0.040-0.063 mm) was used for flash 

chromatography, which was performed using a CombiFlash Rf 200 automated system 

from TeledyneISCO (Lincoln, NE, USA).  NMR spectra were recorded on a Varian FT 

400 MHz NMR instrument.  Small molecule mass spectrometry (MS) was performed at 
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the Molecular Mass Spectrometry Facility (MMSF) in the Department of Chemistry and 

Biochemistry at the University of California, San Diego.   

 

(2,5-Dimethoxy-3,4,6-trimethylphenyl)methanol (4): 2,5-Dimethoxy-3,4,6-

trimethylbenzaldehyde14 (1.28 g, 6.2 mmol) was dissolved in anhydrous DMF (10 mL). A 

separate solution of LiAlH4 (0.35 g, 9.23 mmol) in anhydrous DMF (40 mL) was 

prepared.  The first suspension was added to the LiAlH4 suspension slowly over ice, and 

the reaction was held at 0 °C for 1 h.  The reaction was quenched by the addition of 

MeOH (10 mL) followed by water (15 mL).  The solvent was removed via rotary 

evaporation, and the resulting residue was dissolved in CH2Cl2 (100 mL) and washed 

with 1 M HCl (2×100 mL). The organic layer was collected, dried over MgSO4, and 

concentrated via rotary evaporation.  The resulting crude product was purified by silica 

gel chromatography eluting 30-50% EtOAc in hexanes to afford 4 in 85% yield (1.10 g, 

5.2 mmol). 1H NMR (400 MHz, CDCl3)  δ 4.73 (d, J = 6.0 Hz, 2H), 3.74 (s, 3H), 3.65 (s, 

3H), 2.32 (s, 3H), 2.20 (s, 3H), 2.18 (s, 3H), 2.04 (t, J = 6.0 Hz, 1H).  

 

1-(Bromomethyl)-2,5-dimethoxy-3,4,6-trimethylbenzene (5): 4 (0.50 g, 2.4 mmol) 

was dissolved in CH2Cl2 (25 mL) and cooled on ice before the addition of PPh3 (0.81 g, 

3.1 mmol) and NBS (0.55 g, 3.1 mmol).  After 0.5 h, the solvent was removed via rotary 

evaporation, and the product was purified by silica gel chromatography eluting 5% 

EtOAc in hexanes to afford 5 in 85% yield (0.55 g, 2.0 mmol).  1H NMR (400 MHz, 

CDCl3)  δ 4.65 (s, 2H), 3.82 (s, 3H), 3.65 (s, 3H), 2.32 (s, 3H), 2.20 (s, 3H), 2.18 (s, 3H). 
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2-(Bromomethyl)-3,5,6-trimethylcyclohexa-2,5-diene-1,4-dione (6): 5 (0.30 g, 1.1 

mmol) was dissolved in MeCN (6 mL).  A separate solution of ceric ammonium nitrate 

(CAN) (1.57 g, 2.9 mmol) dissolved in H2O (4 mL) was prepared.  This solution was 

added to the first solution slowly.  After 4 h, water (20 mL) was added to the solution and 

an extraction with CH2Cl2 (3×30 mL) was preformed.  The organic layer was collected, 

dried over MgSO4, and concentrated by rotary evaporation.  The resulting crude product 

was purified by silica gel chromatography eluting 2% EtOAc in hexanes to afford 6 in 

34% yield (0.09 g, 0.4 mmol). 1H NMR (400 MHz, CDCl3)  δ 4.32 (s, 2H), 2.09 (s, 3 H), 

2.03-2.02 (m, 6H). 

 

N1-Phenyl-N8-((2,4,5-trimethyl-3,6-dioxocyclohexa-1,4-dien-1-

yl)methoxy)octanediamide (SAHA-TAP): SAHA20 (0.06 g, 0.2 mmol) was dissolved in 

MeOH (2 mL). To this was added 6 (0.07 g, 0.3 mmol) followed by 40% (w/v) NaOH 

(0.02 mL) dropwise.  The reaction was held at RT for 18 h.  The solvent was then 

removed via rotary evaporation. The resulting residue was dissolved in H2O (1 mL) and 

acidified to pH 1 dropwise with 1 M HCl.  An extraction was then preformed with EtOAc 

(3×15 mL).  The organic layer was collected, dried over MgSO4, filtered, and 

concentrated by rotary evaporation.  The resulting crude product was purified by silica 

gel chromatography eluting 50% EtOAc in hexanes to afford SAHA-TAP in 74% yield 

(0.08 g, 0.2 mmol). 1H NMR (400 MHz, CDCl3)  δ (br, 1H, NH), 8.17 (br, 1H, NH), 7.52 

(d, J = 7.6 Hz, 2H), 7.25 (t, J = 7.6 Hz, 2H), 7.04 (t, J = 7.2 Hz, 1 H), 4.83 (s, 2H), 2.29 (t, 

J = 6.8 Hz, 2H), 2.15 (s, 3H), 2.04-2.03 (m, 2H), 1.96 (s, 6 H), 1.66-1.58 (m, 4H), 1.31-

1.29 (m, 4H). 13C NMR (100 MHz, CDCl3)  δ 187.72, 186.43, 172.21, 171.61, 146.04, 

141.27, 140.87, 138.41, 136.12, 129.08, 124.29, 120.09, 68,78. 37.46, 33.04, 33.04, 
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28.76, 28.68, 25.53, 25.23, 12.89, 12.69, 12.60.  HRMS (ESI) calcd for [C24H30N2O5Na]+: 

449.2047; Found: 449.2049.  

 

N1-(Benzyloxy)-N8-phenyloctanediamide (SAHA-OBn):  

SAHA (0.05 g, 0.2 mmol) was dissolved in MeOH (2 mL). To this was added benzyl 

bromide (0.03 mL, 0.3 mmol) followed by 40% (w/v) NaOH (0.04 mL) dropwise.  The 

reaction was held at RT for 18 h.  The solvent was then removed via rotary evaporation. 

The resulting residue was dissolved in H2O (3 mL) and acidified to pH 1 dropwise with 1 

M HCl.  An extraction was then preformed with EtOAc (3×15 mL).  The organic layer was 

collected, dried over MgSO4, filtered, and concentrated by rotary evaporation.  The 

resulting crude product was purified by silica gel chromatography eluting 50-75% EtOAc 

in hexanes to afford SAHA-OBn in 46% yield (0.03 g, 0.09 mmol).  1H NMR (400 MHz, 

CD3OD)  δ 7.53 (d, J = 8.4 Hz, 2H), 7.41-7.32 (m, 5H), 7.29 (t, J = 7.2 Hz, 1H), 7.07 (td, 

J1 = 7.6 Hz, J2 = 1.2 Hz), 4.83 (s, 2H), 2.35 (t, J = 7.6 Hz, 2H), 2.05 (t, J = 7.6 Hz, 2H), 

1.68 (p, J = 7.2 Hz, 2H), 1.59 (p, J = 7.2 Hz, 2H), 1.41-1.29 (m, 4H).  HRMS (ESI) calcd 

for [C21H26N2O3Na]+: 377.1834; Found: 377.1836. 

 

HPLC Cleavage/Stability Analysis.  Analytical HPLC was performed on a HP Series 

1050 system equipped with a Vydac® C18 reverse phase column (218TP, 250×4.6 mm, 

5 μm). Separation was achieved with a flow rate of 1 mL/min and the following solvents: 

solvent A is 5% MeOH and 0.1% formic acid in H2O and solvent B is 0.1% formic acid in 

MeOH. Starting with 95% A and 5% B, a linear gradient was run for 15 min to a final 

solvent mixture of 5% A and 95% B, which was held for 5 min before ramping back down 
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to 95% A and 5% B in 2 min and holding for an additional 4 min. Compounds were 

prepared in HEPES buffer (50 mM, pH 7.4) at a concentration of 1 mM prior to injection. 

 

IC50 Assays.  HDAC-1, -2, -3, -6 and -8 activity was determined in vitro with an 

optimized homogenous assay performed in a 384-well plate.  Recombinant, full-length 

HDAC protein (BPS Biosciences) was incubated with fluorophore conjugated substrate, 

MAZ1600 and MAZ1675, at [Substrate] = Km (MAZ1600; 11 μM for HDAC-1, 18 μM for 

HDAC-2, 9 μM for HDAC-3, 4 μM for HDAC6; MAZ1675; 263 μM for HDAC8).  

Reactions were performed in assay buffer (50 mM HEPES, 100 mM KCl, 0.001% 

Tween-20, 0.05% BSA and pH 7.4.  Additional 200 μM TCEP was added for HDAC6) 

and followed by fluorogenic release of 7-amino-4-methylcoumarin from substrate upon 

deacetylase and trypsin enzymatic activity.  Flourescence measurements were obtained 

every five minutes using a multilabel plate reader and plate-stacker (Envision; Perkin-

Elmer).  Each plate was analyzed by plate repeat, and the first derivative within the linear 

range was imported into analytical software (Spotfire DecisionSite). Replicate 

experimental data from incubations with inhibitor were normalized to DMSO controls 

([DMSO] < 0.5%). IC50 values are determined by logistic regression with unconstrained 

maximum and minimum values. 

 

Proteomic Mass Spectrometry Experiments. 

Preparation. An aliquot of HDAC-8 (1.7 µM) was incubated with SAHA-TAP (12 eq, 20 

µM) at 37 ºC for 1 h.  The protein was purified by SDS-PAGE analysis followed by 

Commassie staining prior to analysis. 
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In Gel Digest. The gel slices of interest were cut to 1 mm cubes and destained 3 times 

by first washing with 100 mM ammonium bicarbonate (100 mL) for 15 minutes, followed 

by the addition of ACN (100 mL) for 15 minutes.   The supernatant was collected and 

samples were dried in a speedvac.  The samples were then reduced by the addition of of 

100 mM ammonium bicarbonate-10 mM DTT (200 mL) and incubated at 56 °C for 30 

min. The liquid was removed and 100 mM ammonium bicarbonate-55 mM 

iodoacetamide (200 mL) was added to gel pieces and incubated at RT in the dark for 20 

min.  After the removal of the supernatant and one wash with 100 mM ammonium 

bicarbonate for 15 minutes, the same volume of ACN was added to dehydrate the gel 

pieces.  The solution was then removed and the samples were dried in a speedvac.  For 

digestion, enough solution of ice-cold trypsin (0.01 mg/ml) in 50 mM ammonium 

bicarbonate was added to cover the gel pieces, andt they set on ice for 30 min.  After 

complete rehydration, the excess trypsin solution was removed, replaced with fresh 50 

mM ammonium bicarbonate, and left overnight at 37 °C. The peptides were extracted 

twice by the addition of 0.2% formic acid and 5% CAN (50 ml) and vortex mixing at RT 

for 30 min.  The supernatant was removed and saved.  A total of 50 mL of 50% ACN-

0.2% formic acid was added to the sample, which was vortexed again at RT for 30 min.  

The supernatant was removed and combined with the supernatant from the first 

extraction. The combined extractions are analyzed directly by liquid chromatography (LC) 

in combination with mass spectrometry.  

LC-MS/MS. Trypsin-digested peptides were analyzed by HPLC coupled with tandem 

mass spectrometry (LC-MS/MS) using nano-spray ionization.  The nanospray ionization 

experiments were performed using a TripleTof 5600 hybrid mass spectrometer 
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(ABSCIEX) interfaced with nano-scale reversed-phase HPLC (Tempo) using a 10 cm-

100 micron ID glass capillary packed with 5-mm C18 ZorbaxTM beads (Agilent 

Technologies, Santa Clara, CA).   Peptides were eluted from the C18 column into the 

mass spectrometer using a linear gradient (5–60%) of ACN at a flow rate of 250 mL/min 

for 1 h.  The buffers used to create the ACN gradient are:  Buffer A (98% H2O, 2% ACN, 

0.2% formic acid, and 0.005% TFA) and Buffer B (0.2% formic acid and 0.005% TFA in 

ACN).  MS/MS data were acquired in a data-dependent manner in which the MS1 data 

was acquired for 250 ms at m/z of 400 to 1250 Da and the MS/MS data was acquired 

from m/z of 50 to 2,000 Da.  For Independent data acquisition (IDA) parameters MS1-

TOF 250 milliseconds, followed by 50 MS2 events of 25 milliseconds each. The IDA 

criteria, over 200 counts threshold, charge state +2-4 with 4 seconds exclusion. Finally, 

the collected data were analyzed using MASCOT® (Matrix Sciences). 

 

Protein Expression and Purification.  Recombinant human HDAC-8 was expressed 

and purified according to Gantt and coworkers,27 with the following modifications:  

Elutions from the nickel columns were performed over a linear gradient (10-250 mM 

imidazole).  In the preparation of apo-enzyme, HDAC-8 was dialyzed twice at 4 °C 

against 4 L of 25 mM MOPS, 1 mM EDTA, 5 mM KCl, 1 mM TCEP, pH 7.5.  The EDTA 

was then dialyzed out in 4 serial dialyses, each with 2 L of 25 mM MOPS, 5 mM KCl, 1 

mM TCEP, pH 7.5.  All components were metal-free and dialysis occurred in plasticware 

that had been washed with EDTA and rinsed with Milli-Q ddH2O.  Apo enzyme was 

stored at -80 °C in the same metal free buffer.  Cys153Ala HDAC-8 mutant was 

constructed using a QuikChange site-directed mutagenesis kit. 
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HDAC-8 Progress Curves.  Recombinant WT or Cys153Ala mutant human HDAC-8 

was reconstituted for 1 h on ice at a 1:1 stoichiometry (at 10 µM) with Zn2+ in 1× HDAC 

assay buffer (25 mM HEPES, 3 mM KCl, 137 mM NaCl, pH 8.0).  During this incubation, 

serial dilutions of 5 and 50 mM SAHA-TAP, SAHA-OBn, and SAHA stocks were 

performed into decreasing concentrations of DMSO to maintain solubility of the 

compounds while diluting them to a workable range.  Reaction mixtures of 1× HDAC 

assay buffer, 150 µM Fluor-de-Lys peptide substrate (R – H – K(Ac) - K(Ac) - 

fluorophore) (Enzo Life Sciences), and various concentrations of inhibitors (SAHA-TAP, 

SAHA-OBn, or SAHA) were prepared and allowed to equilibrate at 30 °C.  The final 

DMSO content was <1%.  Assays were initiated by addition of wild-type (0.5 µM) or 

Cys153Ala mutant (2 µM) HDAC-8.  At various time points, the mixture (5 µL) was added 

to a Fluor-de-Lys quench solution (45 µL).  Assays were read in 96-well plates (Corning 

3686) using a PolarStar Fluorescent plate reader.  Both product formation (λex = 340 nm, 

λem = 450 nm) and remaining substrate (λex = 340 nm, λem = 450 nm) were measured and 

the ratio of product formed/remaining substrate is reported. 

 

Cell Proliferation Studies.  HH and Jurkat cell lines were obtained from ATCC 

(Manassas, VA, USA), and the NIH 3T3 cell line was kindly donated by Dr. Richard 

Klemke and grown on recommended medium supplemented with 10% fetal bovine 

serum (Gibco, Grand Island, NY, USA) at 37 °C in an incubator with 5% CO2.  The 

CellTiter 96 AQueous One Solution Cell Proliferation assay (MTS) kit was purchased 

from Promega (Madison, WI, USA).  The NIH 3T3 cell line was maintained in DMEM 

supplemented with 10% FBS while all other cell lines were maintained in RPMI 1640 

supplemented with 10% FBS.  The NIH 3T3 cell lines were incubated on 96-well plates 



! 246!

for 18 h prior to the drug treatment, while Jurkat and HH cells were incubated in media 

containing the various compounds for 72 h.  Cell viability was measured using the MTS 

assay according to the manufacturer protocol.  Drug concentrations tested ranged from 

0.5 μM to 128 μM. 

 

Plasma Stability.  The plasma stability of SAHA and SAHA-TAP was investigated with 

pooled normal human plasma (Innovative Research, Novi, MI).  In duplicate, plasma (1.0 

mL) was pre-incubated for 2 min at 37 °C followed by the addition of 20 µL of a 5.0 mM 

stock solution (DMSO).  Aliquots (100 µL) were withdrawn at 0, 15, 30, 60, and 120 min 

and immediately quenched with 100 µL ACN to precipitate the proteins.  The samples 

were vortexed thoroughly and centrifuged for 2 min at 13,000 RPM.  The supernatant 

was collected and centrifuged through 0.2 µm spin filters (Corning) for 5 min at 8,000 

RPM.  Samples were then frozen until analyzed by HPLC with the following method: 

Analytical HPLC was performed on a HP Series 1050 System equipped with a Poroshell 

120 reverse-phase column (EC-C18, 4.6×100 mm, 2.7 µm).  Separation was achieved 

with a flow rate of 1 mL min-1 and the following mobile phase: 2.5% ACN + 0.1% formic 

acid in H2O (A) and 0.1% formic acid in ACN (B).  Starting with 95% A and 5% B, a 

linear gradient was run for 15 min to a final solvent mixture of 5% A and 95% B, which 

was held for 5 min before ramping back down to 95% A and 5% B over the course of 2 

min, with constant holding at this level for 4 additional min.  
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